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| INTRODUCTION

This Report on the Effectiveness of the Groundwater Recovery Well System in the
Upper Flow Zone (UFZ) is being submitted pursuant to an Administrative Order on
Consent dated October 1, 1988, for the Sparton Technology, Inc. (Sparton) facility located
on Coors Road in Albuquerque, New Mexico. In accordance with Section IV.A.1.(a) of
the Consent Order, a groundwater recovery well network installed in the upper flow zone
and a treatment/disposition system was implemented in December 1988. The purpose
of this Interim Measure was to mitigate further off-site migration of contaminants in the
upper flow zone. This report presents the results of an evaluation of the effectiveness of
that recovery system pursuant to the requirements of Section IV.A.1.(a)ii) of the Consent
Order. As required, this report is being furnished within 30 days of receipt of notification
by EPA that the Final RCRA Facility Investigation (RF1) report has been approved. The
EPA correspondence approving the RFl was dated July 1, 1992, and received by Sparton

on July 8, 1992.

As described in the Final RFI report, the pond and sump area located on the north
side of the main building is believed to be the source of soil and groundwater
contamination at the site. A site layout diagram is shown on Figure 1. Although the
historic content of the ponds or sump is not known, the predominant constituents can be
inferred from groundwater analyses. It appears that the primary hazardous constituents
include trichloroethylene (TCE) and 1,1,1-trichioroethane (TCA) with lesser amounts of
methylene chloride (MeCl), 1,1-dichloroethylene (DCE), acetone, and various metals
including chromium and lead.
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I GROUNDWATER LEVELS AND FLOW DIRECTION

IN THE UPPER FLOW ZONE

To establish groundwater levels at the site, bi-weekly water level measurements have
been taken at the site since early 1989. A summary of the bi-weekly readings taken
during the past year is included in Appendix 1. Maximum water levels occur to the north
of the Sparton facility. The highest groundwater conditions, shown on Figure 2 (Figure
25 fr'om Final RFI Report), occur at the end of the irrigation (recharge) season in
November. The lowest groundwater conditions, shown in Figure 3 (Figure 26 from Final

RFI Report), occur prior to the start of the irrigation season in April.

As shown on Figures 2 and 3, groundwater gradients in the upper flow zone (UFZ)
are generally to the southwest across the Sparton site. Between the facility and Irving
Boulevard, the gradients are generally to the west and northwest. Beyond Irving
Boulevard, the gradients begin a gradual arc back to the established southwestward

regional gradient.
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il DESCRIPTION OF GROUNDWATER CONTAMINATION

IN UPPER FLOW ZONE

As described in the final RFI report, routine quarterly groundwater analyses were
instituted in 1985 under a state-approved program for a number of on-site monitoring
wells. The analysis of groundwater from wells in the upper flow zone encountered
primarily TCE and TCA with lesser amounts of acetone, DCE, MeCl, and various metals.
TCE is the predominant contaminant with respect to concentration as well as areal and
vertical extent. Furthermore, there is a much more extensive historical database on TCE
analyses. As a result, this report will focus on the fate of TCE in the groundwater in the

upper flow zone.

The general areal configuration of the TCE contaminant plume has been determined
by contouring TCE concentration data from 22 upper flow zone (UFZ) wells. The TCE
plume configuration as of June 1991 is graphically shown on Figure 4. The June 1991
TCE data as well as the previous TCE concentrations and sampling dates are tabulated
on Figure 4 (Figure 55 from Final RFI Report). The less than 5 micrograms per liter
(mg/1) isopleth or contour represents the detection limit of the perimeter of the plume.
Based upon this boundary, the longitudinal length of the plume in June 1991 is
approximately 2100 feet northwest from the facility’s western property line. The transverse

width of the plume is approximately 1400 feet.
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TGCE concentration levels in groundwater samples taken from upper flow zone (UFZ)
wells in June 1991 varied from 17,000 ng/l in MW-16 to non-detection (less than 5 ug/)
in several wells. The historic maximum concentration detected in the on-site groundwater

is 37,000 g/l in MW-186.
Comparison of the June 1991 data with data obtained in 1989 and 1990 indicates
that the areal extent and concentrations of TCE are both decreasing. In addition, the

plume migration has apparently stopped in response to source removal, on-site

remediation, and various fate and transport processes.
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IV GROUNDWATER RECOVERY WELL NETWORK

IN THE UPPER FLOW ZONE

A. General

Pursuant to the requirements of the Consent Order, a groundwater recovery well
network was installed in the upper flow zone as an Interim Measure. The purpose of this
Interim Measure was to mitigate the spread of the shallow contaminant plume off-site.
In order to maximize contaminant removal, the recovery well network utilized a number
of on-site wells located in the more contaminated portions of the contaminant plume. The
recovery network was designed and constructed according to the provision of the Interim
Measures Workplan approved by EPA on March 1, 1989. The network became

operational in December 1988.

B. Description of Recovery Well Network in Upper Flow Zone

The network is comprised of eight wells (PW-1, MW-18, MW-23, MW-24, MW-25,
MW-26, MW-27, and MW-28) constructed over a four-year period and installed in the
upper flow zone of the site at the locations shown on Figure 5. The wells are set in the
upper flow zone (UFZ) with sbreened interval depths ranging from 60 to 78 feet below the
existing ground surface. Recovery wells PW-1, MW-18, MW-25, MW-27, and MW-28 are
screened across both the highest and lowest groundwater levels. Two of the recovery
wells, MW-23 and MW-26, are screened below the lowest groundwater levels. Recovery
well MW-24 is screened below the highest groundwater level and across the lowest
groundwater level. Table 1 lists the pertinent construction details for each of the eight
wells.

000733
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TABLE 1
Recovery Network Well Construction Details

Depth of Elevation

Well Well Screened at top
Diameter Screen Riser Interval of Screen Construction
Well No. (inches) Material Material (feet) (ft., MSL) Date
PW-1 10 pvct PVC  60-70 4984.54 9/84
MW-18 4 PVC PVC 68-78 4977.58 5/86
MW-23 2 ss®@ PVC  72-77 4976.51 8/86
MW-24 2 SS PVC 68.4-73.4 4980.30 12/86
MW-25 2 SS PVC 67.7-72.7 4981.30 12/86
MW-26 2 SS PVC 73-78 4972.71 5/88
MW-27 2 SS PVC 67-72 4978.50 5/88
MW-28 2 SS PVC 65-70 4977.69 5/88

(1) Polyvinyl chloride
(2) Stainless Steel

Compressed-air-operated, positive-displacement pumps were installed at or near fﬁe
bottom of each well. The compressed air is supplied by a central air compressor located
in the control building. Air is pumped through piping to the well pumps and pump
controllers. Four controllers are provided to control pump operations. Two pumps are
controlled by each controller. Each well pump is equipped with a remote well operator
to allow independent adjustment of pumping rates for each well. Each well pump
discharges through flexible tubing into a common gravity drain or header. Each
discharge line is equipped with a two-way sampling valve for sample collection and flow

measurement.

The well pumps are operated by air supplied from the air compressor. Timing
devices located in the pump controllers are present to regulate the time to fill the pump
chamber and the evacuation time. The timers in the controllers initiate pneumatic signals

000735
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to the remote well operator located at each wellhead via a 1/4-inch air line. Upon
receiving a signal, the remote well operator actuates the pump by allowing air to enter the
pump chamber, thus forcing the liquid out of the discharge tubing. Another signal to the
remote well operator stops the air flow to the pump chamber. The pump chamber is then
allowed to refill for another cycle. An air exhaust vent located at the well cap allows air
to be vented from the pump chamber as it fills. The pumping rate of the well may be
further adjusted with a throttling valve on the remote.well operator. The pump operatién

sequence is visually depicted on Figure 6.

Groundwater extracted simultaneously at each well location is piped to an air stripper
system for treatment and ultimate use in the Sparton Facility. The collection piping
system consists of discharge lines encased in secondary piping to provide leak detection
and containment. Table 2 describes the pumping flow rate for each recovery well as of

late February 1992.

TABLE 2
Current Recovery Well Network Flow Rates

Well No. Flow Rate
(gal/hr)
PW-1 3.7
MW-18 10.0
MW-23 21.3
MW-24 1.0
MW-25 1.8
MW-26 2.0
MW-27 13.4
MW-28 2.9
TOTAL 56.1

0090736
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C. Hydraulic Properties of the Upper Flow Zone

1.  Aquifer Pumping Tests

Aquifer pumping tests in the upper flow zone wells were performed at the
Sparton site on three separate occasions in 1987 and 1988. The tests were performed,
analyzed, and reported by Metric Corporation (Metric Corporation 1987, 1988a, 1988b).

Copies of these reports are included in Appendix 2.

Pumping tests were performed in all eight recovery wells and MW-16.
Monitoring well MW-16 is a two-inch diameter PVC well with a screen depth interval of 68
to 73 feet below the ground surface. The elevation of the top of the screen is at 4979.50
feet. This well is screened below the highest and lowest groundwater levels. The initial
aquifer test (1987) was performed in recovery wells MW-18 and MW-24 as well as
monitoring well MW-16. The initial aquifer test used constant drawdown techniques on
MW-16 and MW-24 and constant discharge techniques on MW-18 over a relatively long
duration (49-72 hours). The pumping tests on MW-16 and MW-24 included drawdown
observations in both the pumped well and adjacent observation wells (multiple well tests).
The pumping test on MW-18 measured drawdown observations in the pumped well only

(single well test).

The second aquifer test (19_88a) was performed in recovery wells MW-25 and
PW-1 using constant discharge techniques over a relatively long duration (69-72 hours).
Both pumping tests included observations in both the pumped well and adjacent
observation well (multiple well tests).
000738
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The third aquifer test (1988b) was performed in recovery wells MW-23, MW-26,
MW-27, and MW-28 using constant discharge techniques over a relatively long duration
(70-72 hours). These pumping tests, however, only measured drawdown in the pumped

wells (single well tests).

2. In Situ Permeability

Average flow rates during these tests varied from 0.07 to 0.32 gallons/minute.
Maximum drawdown distances observed during the tests varied from approximately 2.2
to 5.0 feet. Based upon the results of the pumping tests, Metric Corporation estimated
in situ field permeabilities ranging from 3.91 x 10° cm/sec to 4.75 x 10° cm/sec. These
permeability values correspond to soils having a mixture of sand, silt, and clay such as

clayey sands and silty sands.

An independent analysis of the pumping test data was performed using
Hvorslev’s (1951) formulas for determination of in situ soil permeability. A copy of the
original Corps of Engineers publication describing Hvorslev's procedures is included in
Appendix 3. The recovery portion of the pumping test data, taken after pump shut-down,
was used for these analyses. Based upon the subsurface soils and well construction,
Hvorslev’s Case G, Well Point-Filter in Uniform Soil, was selected as best representing the

site conditions. The recovery portion of the pumping test data represents a variable

00073
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head test. As a result, the following formula was utilized in our analysis of in situ soil

permeability:
d?In [_"Z_%E] H ol
K, = ——— 2 In_1, for 0= > 4
8 L (t,-t,) H, D
WHERE : K, = Horizontal Coefficient of Permeability

K, = Vertical Coefficient of Permeability

m = Transformation Ratio = K, /K,
d = Diameter, standpipe
D = Diameter, intake pipe
L = Length of intake
t = time
H, = Drawdown at time t,
H, = Drawdown at time t,

In our analysis, the ratio of K, to K, was approximated as 10. In addition, the

diameter of the standpipe was equal to the diameter of the intake pipe in all of the tested

wells.

The in situ permeability values determined with Hvorsiev's equation are
summarized in Table 3. Sample calculations are given in Appendix 4. These results are

very similar to permeability values calculated with methods described in NAVFAC DM-7.1,

Soil Mechanics (U.S. Department of the Navy, 1982). For comparison, the values

previously determined by Metric Corporation (see Appendix 2) are also listed in Table 3.
Considering the methods of analysis used and the inherent assumptions involved, the

Metric values compared very well with the Hvorslev values.

000740
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TABLE 3
Calculated In Situ Field Permeabilities

3. Radius of Influence

HDR, Inc. ™  Metric Corporation
Well No. (cm/sec) (cm/sec)
PW-1 3.24 x 10* 1.00 x 10°
MW-16 2.39 x 10™ 4.18 x 10°
MW-18 3.46 x 10° 3.26 x 10*
MW-23 253 x 10° 8.54 x 10
MW-24 4.36 x 10™ 4.75 x 103
MW-25 450 x 10* 2.18 x 107
MW-26 3.56 x 10™ 3.91 x 10°
MW-27 2.90'x 10° 9.08 x 10™*
MW-28 2.91 x 10° 1.07 x 10°

(1) Using Hvorslev’'s Formula for Case G, Variable Head Test

Evaluation of the radius of influence for the nine wells used in the aquifer pump

tests utilized Sichardt’s method (U.S. Department of the Army, 1971, and Powers, 1981).

Excerpts discussing Sichardt’s procedures from each of these references are included

in Appendix 3. The analysis was based on the permeability values determined with

Hvorslev’'s Formula and a saturated upper flow zone thickness of 10 feet. Estimation of

the radius of influence utilized the following formula:

f,=C (H -h,) VK

WHERE : r, = Radius of Influence, feet
C = Empirical Relation of K vs. r,
H = Height of water table (saturated thickness), feet
h, = Head of water in well, feet

K = Coefficient of Permeability, microns/sec (1 micron = 1 x 10™* cm)

000741
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In the analysis, C was assumed to be 3 for a single well and the term (H-h,)

represents well drawdown which was assumed to equal the full saturated thickness of |

10 feet. Results of the analysis are summarized on Table 4.

Also described in Table 4 are the minimum observed radii of influence for

aquifer test locations with muitiple well readings.

These minimum radii of influence

represent the horizontal distance between the pumped well and farthest observation well

showing identifiable drawdown effects. Due to the limited number of observation wells,

the actual radii of influence may exceed these minimum values.

Well
No.

TABLE 4

Radius of Influence

_ Calculated Minimum observed
Radius of Influence, r, Radius of Influence

(ft)

(ft)

PW-1

MW-16
MW-18
MW-23
MW-24
MW-25
MW-26
MW-27
MW-28

54
46
56
136
63
93
57
162
35

(1) Single well tests

10

50
-

M

60

25
)

-
-0

The permeability values and radii of influence vary because of the

heterogeneous and anisotropic nature of the upper flow zone. Figure 7 visually shows

the variability of the radius of influence at the recovery well locations.

Recwell.Sys
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4. Transmissivity and Storage Coefficient

Assuming an upper flow zone saturated thickness, b, of 10 feet and using the
field permeability, K, values described above, transmissivity, T, values for each well
location were calculated using the relation T = Kb. These values of T are given in Table
5. The aquifer storage coefficient, S, is proportional to transmissivity, T, and time, and
inversely proportional to the square of the radius of influence, r,. Using the transmissivity,
T, and radius of influence, r,, values previously calculated, the calculated storage
coefficient at each well location is also listed in Table 5. The equation used to calculate
the storage coefficient, S, was derived by Jacob (Lohman, 1979) to determine S from
distance-drawdown graphs (see sample calculations in Appendix 4). The calculated

storage coefficients indicated semi-confined conditions exist.

TABLE 5
Transmissivity and Storage Coefficient

Well Transmissivity, T Storage

No. (gal/day/ft Coefficient, S
PW-1 68.7 0.0205
MW-16 50.7 0.0217
MW-18 73.4 0.0144
MW-23 536.4 0.0261
MW-24 92.5 0.0214
MW-25 85.5 0.0095
MW-26 75.5 0.0207
MW-27 615.0 0.0206
MW-28 6.2 0.0045

000744
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D. Recovery Well Network Operation

The recovery well network became operational in December 1988. Since start-up,
approximately 2.2 million gallons of water have been pumped from the ground. The
system has operated in accordance with design expectations and has required only

routine maintenance.

000745
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V TREATMENT AND DISPOSITION

Groundwater pumped from the recovery wells is discharged to a collection piping
system which transports the fluid to a collection tank. The collection piping system
consists of discharge lines encased in secondary piping to provide leak detection and
containment. Junction boxes, which house the remote well operators and sampling

valves, are located at.each well and at pipe junctions.

The produced groundwater is collected in a 550-gallon fibérglass-coated steel tank.
The double wall tank has a leak detection system with a visual and audible alarm in the
control building. A centrifugal transfer pump, which is controlled by the water level in the
collection tank, transports water from the collection tank to the top of the packed tower

(air stripper).

The 20 gpm packed tower, shown on Figure 8, receives untreated water from the
transfer pump and discharges to the storage tank. A 400 cfm blower provides a counter-
current flow of air to remove volatile organic compounds from the water. A recirculation
line is provided on the packed tower discharge to allow a portion of the flow to be
recirculated to the collection tank. The recirculation shortens the time between pumping
cycles of the transfer pump. This procedure maintains the tower packing in a wet
condition, thus improving treatment efficiency. The rate of recirculation may be adjusted

by setting the butterfly valve on the recirculation line.
0090746
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Effluent from the packed tower is discharged to a 15,000-gallon fiberglass-coated
steel tank for storage. The double-walled tank has a leak detection system with a visual
and audible alarm in the control building. Water from the storage tank is used in the main
plant building as cooling and flushing water and eventually discharged into the sewer

system.

To date, approximately 2.2 million gallons of water have been treated in the packed
tower. The air stripping system has demonstrated an average contaminant removal
efficiency of 99 percent for the measured indicators, which include 1,1-dichloroethylene,
methylene chloride, 1,1,1-trichloroethane, and trichloroethylene. Influent concentrations
(total) have exceeded 1000 micrograms per liter (ppb). Air stripper treatment is producing
effluent concentrations in the range of one microgram per liter (ppb) for each constituent
being monitored. Monthly progress reports are sent to EPA, Region 6, describing

bi-weekly water level measurements and monthly air stripper removal efficiencies.

0006748
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VI ANALYSIS AND CONCLUSIONS

Since start-up in December 1988, the Upper Fiow Zone Groundwater Recovery Well
System has continuously operated in accordance with design requirements and has
required only routine maintenance. The system has removed over two million gallons of
contaminated groundwater and has successfully treated the water to allow beneficial use
of the effluent water. The system is assisting in source removal in the immediate vicinity

of the Sparton facility.

As shown on Figures 9 through 14, time-history plots of TCE concentration in the
upper flow zone obtained from the quarterly monitoring database indicate a steady
decrease in concentration over time. Plume contouring based on groundwater sampling
and analyses conducted since early 1989 also indicate that the contaminant plume is
shrinking in areal and vertical extent. Soil gas analyses conducted since 1987 further
confirm that the plume is shrinking in areal extent. It should be noted that other
processes such as off-gassing, hydrolysis, and/or biodegradation may be contributing

to the decrease in constituent concentrations.
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FIGURE
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.
Regression Output. MW-15
0.6 - - Constant 0.833
Std Err of Y Est 0.116
R Squared 0.661
0.5 - No. of Observations 22
. Degrees of Freedom 20
X Coefficient(s) -0.0244
| Std Err of Coef. 0.0039
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TCE CONCENTRATION VS TIM
MW-15 (UPPER FLOW ZONE)
SPARTON TECHNOLOGY, INC.
ALBUQUERQUE, NEW MEXICO
FIGURE
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| Regression Output: MW-16
Constant 33.960
26 a Std Err of Y Est 3.220
R Squared 0.637
. a . No. of Observations 22
24 | Degrees of Freedom 20
] X Coefficient(s) -0.6403
Std Err of Coef. 0.1082
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TCE CONCENTRATION VS TIM
MW-16 (UPPER FLOW ZONE)
SPARTON TECHNOLOGY, INC.
ALBUQUERQUE, NEW MEXICO

FIGURE
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TCE (mg/L)

2.5

[ ]
) Regression Output: MW-21
] Constant 2.588
Std Err of Y Est 0.331
R Squared 0.626
s No. of Observations 22
Degrees of Freedom 20
X Coefficient(s) -0.0645
Std Err of Coef. 0.0111
15
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TCE CONCENTRATION VS TIM
MW-21 (UPPER FLOW ZONE)
SPARTON TECHNOLOGY, INC.
ALBUQUERQUE, NEW MEXICO

FIGURE
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TCE (mg/L)

0.4

]
0.35 + Regression Output: MW-22
Constant 0.369
Std Err of Y Est 0.051
R Squared 0.585
0.3 No. of Observations 22
Degrees of Freedom 20
" X Coefficient(s) -0.009
0.25 1 Std Err of Coef. 0.002
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]
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0.1
]
0.05
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TCE CONCENTRATION VS TIM
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SPARTON TECHNOLOGY, INC.
ALBUQUERQUE, NEW MEXICO

FIGURE
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Multiple aquifer pumping tests have been conducted to evaluate hydraulic conditions
in the upper flow zone. Upper flow zone aquifer parameters vary due to the
heterogeneous and anisotropic subsurface conditions. A summary of parameters

developed from the aquifer pumping tests is as follows:

Permeability, K = 2.91x10° to 2.90x10"® cm/sec
Radius of Influence, r, = 35 to 162 feet
Transmissivity, T = 6.2 to 615 gal/day/ft
Storage Coefficient, S = 0.0045 to 0.0261 (semi-confined conditions)

These parameters seem reasonable and compare favorably with the geologic conditions

observed in the upper flow zone.

In accordance with Section IV.A.1.(a) of the Administrative Order on Consent, the
Upper Flow Zone Groundwater Recovery Well System was installed in December, 1988,
and has been operated continuously since that time. The system is accomplishing its
goal of mitigating further off-site migration of contaminants in the upper flow zone. The
effectiveness of this Interim Measure is the result of locating the recovery wells in the
most concentrated area of the contaminant plume and downgradient of the source.
Effectiveness of the system is further confirmed by the following:

1.  Recovery and treatment of approximately 2.2 million gallons with an average

air stripper efficiency of ninety-nine percent.

2. Observed decrease in volatile organic constituent concentration in the upper

flow zone wells since early 1989.
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APPENDIX 1

BI-WEEKLY WATER LEVEL READINGS
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09.600

SPARTON TECHNOLOGY, INC.
COORS ROAD FACILITY
BIWEEKLY WATER LEVEL MEASUREMENTS

[rommmmr e e Water Level Elevation - Feet Above MSL ------~------o-ommommnmmonmooonooeonnoann ]
DATE MW-7 My-9 Mu-12 MW-13 MW-14 Mu-15 MW-16 MW-17 Mu-21 MW-22 MW-33 Mu-34 MW-35 MW-36 My-37

11/13/90 498098 4977.52 4976.90 A9TB.43 A975.15 49TT.52 4981.25 4981.33 4960.92 A9B1.13 497631 497791 497552 9Te.05 497274
11/28/90 4980.48 4977.10 4976.65 4978.01 4974.90 4977.43 4981.25 4981.33 4980.83 4980.80 4975.98 4977.35 4975.21 4973.79 4972.51
12/12/90 4980.15 4976.77 4976.32 4977.60 4974.49 4977.18 4980.83 4980.99 4980.67 4980.47 4975.98 4976.96 4974.97 4973.67 4972.48
12/27/90 4979.98 4976.60 4975.98 4977.18 4974.32 4977.14 4980.83 4980.91 4980.58 4980.22 4975.81 4976.54 4974.68 4973.42 4972.31
01/709/91 4980.15 4976.77 4976.32 4977.60 4974.49 4977.18 4980.83 4980.99 4980.67 4980.47 4975.98 4976.96 4974.97 4973.67 4972.48
01/723/91 4979.98 4976.60 4975.98 4977.18 4974.32 4977.14 4980.83 4980.91 4980.58 4980.22 4975.81 4976.54 4974.68 4973.42 4972.31
02/06/91 4979.23 4975.85 4975.48 4976.68 4973.99 4976.68 4980.42 4980.49 4980.33 4979.63 4975.23 4975.89 4974.15 4973.00 4972.07
02/20/91 4979.15 4975.85 4975.40 4976.43 4973.8B2 4976.35 4980.33 4980.49 4980.17 4979.55 4975.06 4975.75 4974.03 4972.86 4972.04
03/06/91 4978.90 4975.60 4975.40 4976.35 4973.65 4976.27 4980.33 4980.33 4980.08 4979.47 4975.06 4975.61 4973.90 4972.80 4971.89
03/20/91 4978.81 4975.43 4975.07 4976.35 4973.65 4976.10 4980.00 4980.16 4980.08 4979.22 4975.06 4975.53 4973.82 4972.83 4971.94
04/04/91 4978.81 4975.43 4975.07 4976.35 4973.65 4975.93 4980.00 4980.08 4980.00 4979.22 4974.81 4975.57 4973.75 4972.75 4971.86
04/718/91 4979.23 4975.85 4975.40 4976.68 4973.99 4975.93 4980.08 4980.08 4979.29 4979.47 4975.06 4975.85 4973.79 4972.78 4971.79
05/01/91 4979.65 4976.27 4975.65 4977.01 4974.07 4976.18 4980.00 4980.33 4980.08 4979.80 4975.48 4976.56 4974.28 4973.00 4972.00
05/15/91 4980.15 4976.60 4976.32 4977.60 4974.40 4976.60 4980.33 4980.49 4980.08 4980.05 4975.89 4977.09 4974.53 4973.17 4972.04
05/29/91 4980.56 4977.02 4976.65 4978.35 4974.74 4976.77 4980.42 4980.58 4980.42 4980.47 4976.08 4977.69 4974.94 4973.46 4972.22
06/12/91 4980.98 4977.27 4976.82 4978.43 4974.90 4977.10 4980.83 4980.83 4980.50 4980.80 4976.31 4977.84 4975.10 4973.60 4972.33
06/26/91 4981.31 4977.43 4976.82 4978.43 4974.90 4977.10 4980.83 4980.91 4980.58 4980.88 4977.28 4977.93 4975.26 4973.71 4972.36
07/10/91 4981.31 4977.43 4976.82 4978.51 4974.90 4977.18 4981.17 4980.99 4980.50 4980.97 4976.31 4977.94 4975.32 4973.76 4972.38
07/24/91 4981.48 4977.52 4977.15 4978.51 4975.07 4977.43 4981.25 4981.24 4980.50 4981.13 4976.39 4978.19 4975.42 4973.85 4972.46
08/07/91 4981.31 4977.10 4976.73 4978.18 4974.90 4977.27 4981.25 4981.08 4980.58 4980.80 4976.23 4977.73 4975.25 4973.75 4972.36
08/21/91 4980.98 4977.18 4976.73 4978.26 4974.90 4977.43 4981.17 4981.16 4980.58 4980.80 4976.23 4977.75 4975.20 4973.76 4972.33
09/05/91 4981.31 4977.52 4977.23 4978.85 4975.32 4977.27 4981.33 4981.33 4980.83 4981.22 4976.64 4978.42 4975.51 4973.94 4972.51
09/18/91 4981.31 4977.52 4977.15 4978.51 4975.15 4977.35 4981.33 4981.41 4980.75 4981.22 4976.56 4978.12 4975.53 4973.97 4972.54
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AQUIFER TESTING
AT THE
SPARTON TECHNOLOGY, INC.
COORS ROAD PLANT

Aquifer tests were performed in three wells at the Sparton
Technology, Inc., Coors Road Plant during March 1987. The
purpose of the testing was to estimate the aquifer per-
meability of the "upper flow zone".  The resulting informa-
tion will be used in design of a pollution recovery well
network, and possibly a recharge well ‘network. The "upper
flow zone" consists generally of the upper 5 to 10 feet of
the saturated zone at the Coors Road site separated from the
remainder of the saturated zone by a fine grained aquitard
unit.

Pumping tests were conducted in three wells; MW-16 and MW-24
in the pond and sump area on the northwest side of the
building, and in MW-18 located about 60 feet west of the west
corner of the building.

The tests were conducted as follows:

Well: MW-16

Test Type: Constant Drawdown

Test Drawdown: 2.38 ft

Available Drawdown: 5.4 ft *

Duration of Pumping: 4325 min I 72 hr

Average Discharge: 0.145 gpm

Observations Taken in Wells: MW-16 (recovery), MW-24, Mw-25,
Mw-17

Well: MwW-24

Test Type: Constant Drawdown

Test Drawdown: 3.26 ft '

Available Drawdown: 8.1 ft ¢

Duration of Pumping: 4390 min < 73 hr

Average Discharge: 0.205 gpm

Observations Taken in Wells: MW-24 (recovery), MW-16, Mw-25,
Mw-17
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Well: MW-18 oy
Test Type: Constant Discharge w.
Maximum Drawdown: 5.02 ft

Available Drawdown: 12.6 ft ¢

Duration of Pumping: 2940 min = 49 hr

Average Discharge: 0.264 gpm

Observations Taken in Wells: MW-18

Since wells MW-16 and MW-24 are 2-inch i.d. wells, the tests
were conducted using a l1.67~inch o.d. positive displacement
pump having a maximum capacity of about 2.5 gpm. The com~
bination of small well diameter (making it difficult to obtain
reliable water levels in the pumped well with small drawdowns,
i.e., less than 3.5 feet) and low well éapacities i.e., less
than 0.25 gpm (making it difficult to maintain a constant
discharge) resulted in the selection of a constant drawdown
test for wells MW-16 and MW-24. Also significant is the

fact that MW-16 and MW-24 are only 1l1l.3 feet apart, providing
a close observation well for each test.

Well MW-18 is a four-inch diameter well with no close obser-
vation wells available. As a result, a constant discharge
test was performed on MW-18, with drawdown and recovery
measurements taken in the pumped well.

All water level measurements were made with electronic sounders
and are felt to be accurate to within * 0.01 ft.

Volatile organic samples were collected periodically during
each of the tests, and metal samples were collected near the
end of each test.

The water level and discharge data collected during each test
is presented in APPENDIX A.
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The results of the aquifer testing are presented in TABLE 1.
The constant drawdown data from the pumped wells (MW-16

and MW-24) were analyzed by Lohman, 1972, The residual-
drawdown data from the pumped wells and the time-drawdown
and residual-drawdown data from the observation wells were
analyzed using Jacob plots (wells MW-16, and MW-24 tests)
Lohman, 1972 suggests that the recovery method is strictly
applicable only to tests of constant discharge and variable
drawdown or recovery, however, recovery tests generally give
values of T in close agreement with constant drawdown tests.

The testing performed on MW-18 consisted of a constant dis-
charge test with measurements taken in the pumped well. The
data were analyzed using Jacob plots.

All of the plots are presented in APPENDIX B.

The time drawdown plots were checked to ensure that u < 0.05
and, thus, validate the use of the Jacob solution.

The MW-18 data were checked using a procedure suggested by
Schafer, 1978 to establish which portions of the data are
casing storage affected.

Based on the previously described testing, it is felt that

the best estimate for the permeability (hydraulic conductivity)
of the upper flow zone in the pond and sump area is about

5 x 10°® cm/sec. (see TABLE l). Likewise, the best estimate
for the permeability of the upper flow zone in the vicinity

of MW-18 is about 3 x 10 * cm/sec. (see TABLE 1).

The residual-drawdown curves (APPENDIX B) show some evidence

that a "recharge effect®” may be occurring during the pumping
period. The residual drawdown curves generally show a t/t'
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Aquifer Testing

TABLL

Sparton Technology, Inc. Coors Road Plant

Apparent Apparent
Pumped Observations T b K
Well at Curve (gpd/ft) (ft) (ft/day) (cm/sec) Comments
MW-16 MW-16 s t 57.3 5.4 1.41 5.000 x 10 * Represents Grouted
wvs _ Zone Near MW-16
Q r,
Early R-D 14.1 5.4 0.35 1.23 x 10 * Represents Grouted
Zone Near MW-l16
Late R-D 49.1 5.4 1.22 4.29 x 10 “ Represents Grouted
Zone Near MW-16
MUI-16 MW-24 Early T-D 479 5.4 11.9 4.18 x 10 * Selected Value
Early R-D 2734 5.4 67.7 2.39 x 10?2 *“Recharge" Affected
Late R-D 781 5.4 19.3 6.82 x 10 * Good Value
MW-24 MW-24 Sy vs © 275 8.05 4.57 1.61 x 10°° Well Loss Affected
Q r °
w .
Early R-D 22.9 8.05 0.38° 1.34 x 10 * Well Loss Affected
Late R-D 846 8.05 14.0 4.96 _x 107 ® selected Value
MW-24 MW-16 T-D 773 8.05 12.8 4.53 x 10 ? sSelected Value
Early R-D 410 8.05 6.81 2.40 x 10 ! Good Value
Late R-D 1203 8.05 20.0 7.05 x 10 ' "Recharge" Affected
MW-18 MW-18 Early T-D 29.0 12.6 0.31 1.09 x 10 * cCasing Storage Affect
Late T-D 87.1 12.6 0.92 3.26 x 10 * Selected Value
Early R-D 131 12.6 1.39 4.90 x 10 *. Casing Storage and
Recharge Affected
Late R-D 15.2 12.6 0.16 5.69 x 10 ° casing Storage

Affected




value greater than 2 at zero drawdown, suggesting a "recharge
effect". Possible explanations of the apparent "recharge
effect"” include reduction or reversal of prevailing down-
ward vertical leakage in the cone of depression during the
tests or induced flow from a more permeable burried channel(s)
existing within the upper flow zone. Evaluation of the
analyses of volatile organic samples collected during the
pumping tests (see APPENDIX C) indicates that if a "recharge
effect" is ceccurring the recharge water has approximately the
same organic contaminant levels as the water adjacent to the
well.
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APPENDIX A

PUMP TEST DATA
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Date 3/3/87=3/2//

CONSTANT DRAWDOWN AQUIFER TEST

WELL MW=-16

DRAWDOWN

2.38'

Static Water Level gg6.98"

b ) t Total c
time t t' t/t? -2 . Discharge Water N
(h:m:s) (min) (min) T , (gpm) Removed |
(m/££7) J (gal) |(ftem
1:20:00 18 1532 0,251 9.
1:28:00 23 2349 0.267 8.
13:29:00 24 2451 0.198 12.
L3:33:30 28.5 2910 0.192 12.
13:35:00 30 3063 .0,195 12,
3:40:00 35 3574 0.264 9.
3:48:00 43 4391 0.227 10.!
3:51:00 46 4697 0.213 11..
3:56:00 51 5208 0.231 10.:
4:09:00 64 6535 0.203 11.°
" 9155 75 7659 0.251 9.
- 4728:30 83.5 8527 0.240 R
4:38:25 93 9497 0.236 10.:
4:48:30 103.5 10569 0.243 9.
4:59:40 114.5 11692 0.236 10.
5:19:00 134 13684 0.229 lOi:
5:38:00 153 15624 0,227 10.:
3:03:45 179 18279 0.216 11,
3:33:45 209 21342 0.198 12. 1
1,03:33 238.5 24355 0.190 12..
1:04:30 299.5 30584 0.186 55 gal lZ.j
1:03:34 358.5 16600 0.198 12.
):02:30 417.5 42634 0.195 12.5
.+03:55 479 48914 0.189 12..
204:18 | 539 55041 0.203 11.
:03:30 | 598.5 61117 0.205 11.
. =10 660 67397 0.193 110 gqal 12.
<09:12 184 80059 0.211 QOO 11.
\SAVAVAF AN A
208:13 303 92211 0.160 14.
:12:15 1027 104873 0.165 165 aal 14.



Date 3/3/87-3/07/87

CONSTANT DRAWDOWN AQUIFER TEST

WELL

MW-16

DRAWDOWN

2.38'

Static Water Level 66.98°

t Total s

time t t' t/t -2 . Discharge { Water v

1:m:s) (min) (min) Tw (gpm) Removed Q
L (m/££2) ! (gal)  |(ftem/c
10:09:50 | 1265 129177 0.157 220 gal 15.:
13:02 1437 146741 0.176 13.°5
14:00:00 | 1495 152664 0.156 15.3
15:03:00 | 1558 159097 0.160 14.9
16:17:00 ] 1632 166654 0.166 14.3
17:07:00 | 1682 17160 0,151 275 gal 15.8
18:04:00 | 1739 177580 0.170 | 14.0
20:42:00 1897 193715 0.166 14.3
21:58:001 1973 201476 0.166 14.3
23:06:00 ] 2041 208419 0.151 15m8

+40 2075 - - 330 gal =
24:09:061 2104 214853 0.144 16.5
:05:511 2221 226800 0.156 15.3
4:06:15] 2341 239054 0.145 16.4
6:07:00! 2462 251410 0.147 385 gal 16.2
8:07:14] 2582 263664 0.147 16.2
L0:44:41] 2740 279799 0.145 16.4
12:06:00] 2821 288070 0.145 16.3
4:28] 2939.5 300171 0.140 440 gal 17.0
6:03:00] 3058 312272 0.121 19.7
8:11:30] 3186.5 325394 0.119 20 0
10:07:20] 3302.5 337239 0.126 18.9
2:14:10 3429 350157 0.123 495 gal 19.4
4:9:00 3544 . 361900 0.122 19.5
1:57:36| 3652.5 372980 0.132 535 gal 18.0
+-07:48| 3783 386306 0.127 1
_08:00/ 3903 398560 0.117 20.4
8:09:00| 4024 410916 0.117 000771  30.3
0:07 4142 492066 0.118 20.2

1:00 4195 - - 590 aal -




“sako

CONSTANT DRAWDOWN AQUIFER TEST

WELL

MuW=16

DRAWDOWN

2.38'

Static Water Level g6.98"

DL 2L 00 2 D

t Total s
time t t’ t/t? 2. Discharge Water -
(h:m:s) (min) (min) T 5 (gpm) Removed C
(m/£ft) J (gal) (ft-m
12:40:00] 4295 438590 0.115 590 gal 20
13-03: 4319 441040 0.090 625 26

N {ﬁ“’

00

g1
L &




@ Twa e W - e -_— -

Date:3/3/87-3/07/87

Pumped Well MW-16

Measurements at Well MW-16 -
Pump Speed: - Q: - gpm
Static Water Level
time t 'g' £/t Drawdown |
(h:m:s) (min) (min) (ft) Comments
13:10 4325 0
13:17:30 | 4332.5 7.5 578 .83 i PR
13:17:44 4332.7 7.7 563 .76
13:17:56 4332.9 7.9 548 .73
13:18:22 4333.4 8.4 516 .70
13:18:34 4333.6 8.6 504 .68
13:18:52 4333.9 8.9 487 .65
| 13:20:00 4335 10 434 .55
22:00 4337 12 361 .42
24:00 4339 14 310 .31 .
26:00 4341 16 271 .24 .
28:00 4343 18 241 .21
13:30:00 4345 20 ' 217 .15
35 4350 25 174 .09
40 4355 30 145 .06
45 4360 35 125 .04
50 4365 40 109 .03
14:00:00 4375 50 87.5 .03
14:10:00 4385 60 73.1 .02
14:20:00 4395 70 62.8 .02
14:30:00 4405 80 55,1 .02 .
| 14:40:00 4415 90 49.1 .02
| 14:50:00 4425 100 44.25 .02
15:00:00 4435 110 40.3 .01
15:20:00 4455 130 34.3 .01
15:40:00 4475 150 29.8 .01 o
15:58 4493 168 26.7 0 |
16:49:56 4545 220 20.7 .01
18:16:09 | 4631 306 15.1 .01 0007
19:08:00 4683 358 13.1 .01




Page 5 of _ 5

Date: 3/3/87-3/07/87

Pumped Well MW-16

Measurements at Well MW-16

Pump Speed: - Q: - gpm

Static Water Level

time t ?' e/t | Drawdown :
(h:m:s) {min) {min) (ft) Comments
120:26:00 4761 436 10.9 .01
22:22 4877 552 8.8 .01
[24:10 4985 660 7.6 0
| 2:08 5103 778 6.6 , 0
3:27 5182 857 6.0 .01
6:11 5346 1021 5.2 0
9:10 5525 1200 4.6 0

Test Terminate
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Date: 3/3/87-3/07/87

Pumped Well MW~16 #5
Measurements at Well MwW-24 |
Pump Speed: Q: gpm
Static Water Level 67.32"
time t t! £/t Drawdown
(h:m:s) (min) (min) (ft) Comments
| 13:05:00 0.00 Pump_ON
13:06:195 1 0,00
13:11:52 7 0.05
13:18:09 13 0.06
13:23:32 18.5 0.06
13:26:54 22 0.06
 13:32:55] 28 0.06
13:38:03 33 0.07
13:42:50 38 0.07
13:48:07 43 0.07 .
13:52:40 8 0.08 1
13:57:55 S3 0.08
14:06:00 61 0.08
14:17:10 72 0.10
14:25:48 81 0.11
14:35:30 90.5 0.11
14:46:00 101 0.11
14:56:57 112 0.11
15:16:04 131 0.11
15:35:41 151 0.12
16:00:58 176 0.12 s
16:31:03! 208 0.12
17:00:48! 23§ 0.13
18:01:00! 294 0.14
19:01:22} 354/.5 0.14
19:59:20| 414,5 0.15 -~
.21:01:061 476 0.15 —
22:01:38] S36.5 0.15 000 />
23:01:13 596 0.14
24:05:09 660 0. .14




-

]

Static Water Level 67.32"
time t g' e Drawdown
(h:m:s) (min) (min) (£t) Comments
2:02-30 7772.8 0,14
4:04:32 899.5 0,14
6:03:47 1019 0,14
9:00:46 1196 _0.13
13:06:12 1441.0 0.12
13:55:33 1490.5 0,12
14;59:33] 1555.5 0.13
16:13:59 1629 0.12
17:00:00 1675 0.13
-f” 18:01 1736 0.14
Swe 20:37:00 1892 0.14
| 21:55 1970 0.14
| 23:02 2037 0.13
| 24:03:42] 2099 0.12
2:01:13 2216 0.13
4:03:16 2338 0.13
6:04:30 2460 0.14
8:01:40 2577 0.13
10:00:00 2695 0.13
12:00:54 2816 0.12
14:07:28 2942.5 0.12
16:15:56) 3071 0.12 j
18:14:40 3190 0.13
20:10:25 3305.5 0.13
22:17:00 3432 0.13
24:03:49 3539 0.12
e 1:53:37| 3648.5 0.13
4:02:30 3777.5 0.13 000776
5:59:00 3894 0.13
8:00:00 4015 0.13

Pump Speed:

Pumped Well

MH=16

Page 2 of 4

Date:3/3/87-3/07/87

Measurements at Well

MW-24
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Date:3/3/87-3/07/87

Pumped Well Mw-16

Measurements at Well Mw-24

Pump Speed: Q: gpm
Static Water Level
time t t! ' Drawdown
(h:m:s) (min) (min) t(t (ft) Comments
10:02:00 4137 0.12
12:25:30] 4281 0.11
13:10:00] 4325 0 - 0.08 D o Taitiad
13:10:15]  4325,25 0.25 17301 . 0.08 i '
13:10:30{ 4325.50 0.50 8651 0.085
45|  4325.75 0.75 5767 0.085
11:00 4326.00 1.0 4326 0.085
15|  4326.25 1.25 3461 0.085
30|  4326.50 1.50 2904 0.085 oo
45l 4326 75 1.75 | 2472 0.085 -
13-12-00 4327 .0 2.00 2163.58 Q.088
12-301 4327 .8 2.50 1731 0.085
13:0 4328.0 3.00 1443 0.08
13:30 4328.5 3.50Q0 1237 0.08
14:00/  4329.0 4.00 1082 0.08
14:301  4329.5 4,50 962 0.075
15:000  4330.0 5.00 866 0.075
16:00  4331.0 6.00 722 0.075_
17:00l 4332 7.00 619 0.075
18:00 4333 8.00 542 0.075
19:000 4334 9,00 482 0.075 _
13:20:00 4335 10.00 434 0.075
21:000 4336 11.00 394 0.075
22:00 4337 12:00 361 0.075
23:00 4338 13.00 334 0.07 PR
24:00 4339 14,00 310 0.07 . —
25:00 4340 15.00 289 0.07
27:0 4342 17.00 255 0.07 Q00777
29:00 4344 19.00 229 0.07
13:31:000 4346 21.00 207 0.07




Pumped Well

MW-16

Page

4 of 4

Date: 3/3/87-3/07/87

Measurements at Well

=24

Pump Speed: : gpm
Static Water Level
time t t! ' Drawdown
(h:m:s) (min) (min) t/t (ft) Comments
35:00] 4350 25.00 174 0.065
13:40:00] 4355 30.00 145 0.06
| 13:45:00] 4360 35.00 125 0.06
13:50:00! 4365 40.0 109 0.06
14:00:43] 4376 51.0 85.8 0.06
| 14:11:05| 4386 61.0 71.9 0.06
14:21:10| 4396 71.0 61.9 0.05
'14:31:30{ 4407 82.0 53.7 0.05
14:41:31) 4417 92.0 -48.0 0.045
. 14:51:20] 4426 101.0 43.8 0.045
[ 15:;01:10 4436 111.0 40.0 0.045
15:20:53| 4456 131.10 34.0 0.04
15:;40:51] 4476 151.10 29.6 0.04
15:55:04] 4490 165.0 27.2 0.02
16:48:34] 4544 219.0 20.7 0.02
| 18:15:00 4630 305.0 15.1 0.02
19:07:09 4682 357.0 13.1 0.02
20:25:11 4760 435.0 10.9 0.02
22:21 4876 551.0 8.95 0.02
24:09:00] 4984 659.0 7.6 0.01
2:08 5103 778.0 7.6 0.01 .
3:28 5183 858 6.0 0.02
6:11 5346 1021 5.2 0.03
9:04 5519 1194 4.6 0.04 Test Terminated

000777
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Date: 3/3/87-3/07/87

of 3

Pumped Well MW-16
Measurements at Well MW=25
Pump Speed: Q: gpm
Static Water Level 67.59
ufime t g' £/t Drawdown
tm:s) (min) (min) (£t) Comments
13:05:00 0.02
| _13:07:53 8 0.02
13:13:22 8.5 -.04
13:20:49 16 - 0.00
13:24:20) 19.5 0.00
13:30:36 26 0.00
13:35:40 31 -0.01
13:40:27] 35.5 0.00
13:45:23] 40.5 -0.01
13:50:24] 45.5 -0.01
13:55:40f 51.0 0.00
14:06:51 62 0.01
14:18:03 73 0.01
14:26:40 82 0.00
14:36:15 91 0.00
14:46:53] 102 0.01
14:57:46 113 0.01
15:16:50, 132 0.01
15:36:20Q 151.5 0.01
16:01:40 177 0.01
16:31:40 207 0.01
17:01:3Y 236,5 0.01
18:02:00 297 0.03
19:02:10 357 0.03
20:00:13 415 0.03
21:01:59 477 0.02
22:02:24 537 0.02
23:01:59 597 . 0.02
24:06:0i 661 0.03 000779
2:04:03 779 0.02

i ‘m,%
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Date:3/3/87-3/07/87

Pumped Well MW-16

Measurements at Well MW-25

Pump Speed: Q: ___ gpm
Static Water Level 67.59
time t t* g/t' Drawdown
(h:m:s) (min) (min) (ft) Comments
4:05:31 901 ' 0,03
6:06:13 1021 Q.03
9:01:47 1197 0.04
13:06:46 1442 . 0.00
13:56:12 1491 0.01
| 15:00:15 1555 0.01
16:15:00! 1630 0.01
| 17:01:12! 1676 0.02
18:01:30 1737 : < 0.02
" .20:38 1893 0.03
\- 21:55:30f 1971 0.03
23:03 2038 0.02
24:04:43 2100 0.03
2:01:59 2217 0.02
4:05:15| 2340 0.03
6:06:16 2461 0.03
8:02:18 2577 ) 0.03
10:40:00{ 2735 0.03
12:01:25 2816 0.02
14:06:45 2942 0.02
16:14:00 3069 0.02
18:13:50 3189 0.02
20:09:05 3304 0.03
22:16:00 3431 0.03
24:05 3540 0.02
i 1:54:18 3649 _ 0.02
. 4:03:30] 3779 0.02
6:00:00| 3895 0.02 000,80
8:02-00 4017 0.02
10:03:00 4138 0.02




(%4}

Page _3 of 3

Date:3/3/87-3/07-87

Pumped Well _ MW-16 ”mﬁﬂ

Measurements at Well MW-25

Pump Speed: Q: gpm
Static Water Level
time t g' Ny Drawdown
(h:m:s) (min) (min) (£t) Comments
12:27:40 4283 0.01
| 13:10:00! 4325 Q9 0.00 _|_Pump OFF
13:23:27 4338 13 333.7 =0.01
13:27:26 4342 17 . 255 .4 .-0.01
13:32:00 4347 29 197.6 -0.01
13:35:40 4351 26 167.34 -0.01
13:40:40 4356 31 140.5 =0.02
'13:45:45 4361 36 121,31 -0.02
13:50 4365 40 109.1 -0.02 i
14:01:25 4376 51 a5 8 -0.02 fﬁ
14:12:33 4388 g3 9.7 -0.02
14:21:50 4398 73 60.2 -0.02
14:33:00 4409 84 52.5 -0.02
| 14:42:25 4418 93 47.5 -0.02
14:52:26 4428 103 43.0 -0.02
15:01:41 4438 113 39.3 -0.02
15:22:11| 4458 133 33.5 -0.03
15:41:40 4478 153 29,3 -0.02
15:58:50 4495 170 26.4 -0.02
16:50:07 4526 221 20.6 -0.02
18:17:02 4633 308 15.0 -0.02
19:09:00 4685 360 13.0 -0.02
20:27 4763 438 10.9 -0.02
22:23 4879 554 8.8 =0.02
24:11 4987 662 7.5 -0.03
2:09 5105 780 6.5 -0.03
3:30 5186 861 6.0 -0.03 . 000781
6:12 5348 1023 5,2 -0.03
9:12 5528 1203 4.6 -0.04 Test Terminated
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Date:3/3/87-3/07/87

Pumped Well MW-16

Measurements at Well MW-=17

Pump Speed: Q: gpm
Static Water Level 68.30
time t p' /e Drawdown
(h:m:s) (min) (min) (£t) Comments
31 13:05:00 0 0
| 13:09:29 4 0
13:16:03] 11 0
| 13:22:25| 17 0
13:25:27 20 0
13:31:43 27 0
13:36:42 32 0
13:41:34 37 0
13:46:50 42 0
- ~~13:51:23| 46 0
T 13:56:45 52 0
14:04:37 60 0
14:21:19 76 0
14:30:00 85 0
14L39:26 94 0
14:49:00} 104 0
15:00:04| 115 0
15:20:06) 135 0
15:39:05| 154 0
16:05:15( 180 0
16:35:27} 210 0.00
17:06:00{ 241 0.01 -
18:05:41] 301 . 0.01
19:08:12| 363 | 0.02
20:04:18{ 419 0.01
..21:06:30] 482 0
we22:05:50] 541 0
23:05:22| 600 0 000782
} 0:06:18] 661 0
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Date: 3/3/87-3/07/87

Pumped Well MW-16

s
Measurements at Well MW-17
Pump Speed: Q: gpm
Static Water Level _ 68,30
time _ t t! e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
2:05:15! 780 0
4:04:37 900 0
9:03:37| 1099 | 0.01
| 13:04:56] 1440 -0.01
| 14:01:29] 1496 ~0.02
| 15:04:24] 1559 -0.02
16:19:11| 1634 -0.01
'17:08:30! 1684 0.00
18:05:00] 1740 . 0.00
20:43 1898 0.00 )
21:59:00| 1974 ' 0.00
23:07 2042 0.00
24:06:03| 2101 0.00
2:05:14] 2220 0.00
4:00:15] 2335 0.00
6:03:17| 2458 0.00
8:03:40] 2579 ) 0.01
10:41:11} 2736 0.01
12:02:35| 2818 0.00
14:08:55] 2944 0.00
16:17:16] 3072 0.00
18:16:30f 3192 0.01
20:13:00f 3308 0.01
22:18:00{ 3433 0.01
24:15:00{ 3550 0.01
1:59:00{ 3654 0.01 g
4:09:00] 3784 0.01 -
6:10:00{ 3905 0.00
8:10:00{ 4025 0.00 PPV
12:28:40| 4284 0.00 b
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Date: 3/3/87-3/07/87

Pumped Well MW-16

Measurements at Well Mw-17

Pump Speed: Q: gpm

Static Water Level

time t g' N Drawdown
(h:m:s) (min) (min) (£t) Comments
| 13:10:00 4325 0.00
13:56:05 4371 0.00
14:13:15 4388 0
14:23:40 4399 0.01
14:34:33 4410 0.01
14:44:36 4420 0.01
14:53:43 4429 0.01
15:02:43 4438 0.01
15:23:47 4459 : 0.0
75:42:20 4477 0.01
~{5:54:00 4489 0.0
16:47:18 4542 0.0
18:13:46 4629 0
19:05:39 4681 0
20:23:45 4759 0
22:20:00 4875 0
24:08:00 4983 0
2:06 5101 0
3:20 5175 0
6:10 5345 -0.01
9:33 5548 -0.02 Test Terminated
0007384
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Date _3/10/87-3/13/87

CONSTANT DRAWDOWN AQUIFER TEST

WELL MW=-24 =

DRAWDOWN 3.26' = S

Static Water Level: 68.40'

t Total s
time t t! t/e|] . T2 . Discharge | Water v
1:m:S) (min) (min) Tw 9 (gpm) Removed Q
_ (m/££°) J (gal) (ftem/qga
12:16 16 1634 0,258 12.6
12:22 22 2247 0.256 12.8
12:27 27 2757 0.251 13.0
12:31 21 " 3166 0,243 13.4
12:36 36 3676 i - =
12:40 40 4085 0.243 v 13.4
f}2:50 50 5106 0.23% ‘ 13.9
_13:01 61 6229 0.241 13.5
13:13 73 7454 0,246 13—
13:18 78 7965 0.241 135
3:34 94 samplled 9599 0.263 12.4
14:25 145 14807 n.2a80 12.5
14:38 158 16134 0,270 12.1
15:01 181 18483 0,265 12.3
15:32 212 21649 0,257 50 12.7
16:04 244 24918 0,248 13.2
16:36 276 28184 0.242 13.5
17:03 303 30941 0.258 12.6
18:03 363 37068 0.255 12.8
19:03 423 43195 0.239 100 13.6
20:03 483 49322 0.273 11..9
_21:03 543 55449 0.252 13.0
22:03 603 61576 0,252 13.0
23:03 663 67703 0.240 150 13.6
24:00 720 sampled 73524 0.231 14,
1:00 780 79651 Q0 245 13.3
2:00 840 85778 0.239 000783 .5 .
3:00 900 91905 Q.244 200 134
4:00 960 98032 0.2413 13.4
5:00 1020 104159 | 0.239 T




Date 3/10/87-3/13/8

CONSTANT DRAWDOWN AQUIFER TEST

WELL MJ=24
DRAWDOWN 3.26"
Static Water Level: 68.40'

. t Total s
time t t t/t? -2 . Discharge Water - v

(h:m:s) (min) (min) X 5 (gpm) Removed Q
(m/£+7) (gal) (ft-m/c
L6200 108Q sam @‘g 110286 0.242 13,5
7:00 1140 116413 0.247 250 13.2
8:00 1200 122540 0.233 14.0
9:00 1260 128667 0.236 13.8
10:00 1320 134794 0,235 13.9
11:00 1380 140921 0.239 300 _13.6
_12:00 1440 147048 0.240 13.6
13:00 1500 153175 0.235 13.9
_14:00 1560 159301 0.236 350 13.8
15:00 1620 165428 0.233 14.0
- A\ 200 1680 171555 0.231 14.1
17:00 1740 177682 0.246 13.3
18:00 1800 183809 0.238 400 13.7
19:00 1860 189936 0.244 13.4
20:00 1920 196063 0.243 13.4
21:00 1980 202190 0.243 13.4
22:00 2040 208317 0.241 450 13.5
23:00 2100 214444 0.2139 13.6
24:00 2160 220571 0,225 14,5
1:00 2220 226698 0.223 500 14.7
2:00 2280 232825 0.218 15+ C
3:00 2340 238952 0,223 14,
4:00 2400 245073 0.222 14,7
5:00 2460 . 251206 0.219 525 14.¢
6:08 7698 258150 0.214 15,
}aOS 2585 263971 0.218 545 15,
07 2647 270302 0.256 12. 1
2:05 2705 276225 0.253 585 12.
10:06 2766 282454 0.251 13

11:00 2820 287968 0.254 000'78¢ -



Date 3/10/87-3/13/87
CONSTANT DRAWDOWN AQUIFER TEST
WELL MW-24 .
DRAWDOWN 3.26'
Static Water Level 68.40"
€ Total s
time t t! t/t? 2. Discharge |Water w
1:m:S) (min) (min) Tw 5 (gpm) Removed Q
— (m/£t°) (gal) (ftem/ga
12.06 2886 samplied 294708 0.256 £35.gal 12.8
13:04 | 2944 300631 0.258 _12.6
14:03 3003 306655 0.249 13.1
15:06 3066 - 313089 0.236 13.8
16:03 3123 318909 0.231 _14.1
17:04 3184 325138 0.233 14.0
18.04 3244 331268 0.227 14 .3
1a-01 3301 337086 0.232 685 qall 14.9
20:-06 3366 343724 0.235 13.9
~1:03 3423 349544 0.248 137 _
_2:04 3484 355773 0.233 1470
23:03 3543 3161798 0.248 735 13 2
24:00 3600 samplled 367619 0.245 133
1:00 3660 373746 0.241 125
2:00 3720 3179873 0.244 13.4
3:00 3780 3186000 0.242 790 13 5
4:00 3840 395127 0,240 13 ¢
_5:00 3900 398254 0.240 12 5
6:00 3960 4041381 0.244 12 4
7:00 4020 410508 0.245 845 13.3
8:00 4080 416635 0.228 14 2
3:00 4140 422762 0.227 4.4
10:00 4200 428889 0.229 5 14 2
Pump—speeft
11:00 4260 - 0.507 to 75 -
11:11 4271 436139 0.226 14.4
12:00 4320 441143 0.220 14 .
2300 4380 447270 0.209 15.6
13:10 4390 0 900 Pump OFF
QCOHTAL
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Date: 3/10/87-3/13/87

Pumped Well MiW-24

Measurements at Well _ Mw-24

Pump Speed: - Q: - gpm
Static Water Level 68' 4 3/4"

time A t g' e/e Drawdown
(h:m:s) {min) (min) (ft) Comments
| _13:15 4395 5 879 0. 8as

13:17 4397 7 628 0.172

13:17:30] 4397.5 7.5 __586 064

13:18 4398 8 550 0.57

13:18:30! 4398.5 8.5 517 _0.48

13:19 4399 9 489 0.42

13:19:30/ 4399.5 9.5 463 Q.38

13:20 4400 10 440 0.32

13:20:30 4400.5 10.5 419 Q.28
L3:21 4401 11 400 Q.25
\..3:21:30| 4401.5 11.5 383 Q.22

13:22 4402 12 367 0.20

13:22:30] 4402.5 12.5 352 -

13:23 4403 13 339 0.16
13:23:30]  4403.5 13.5 326 0.15

13:24 4404 14 315 0.14

13:24:30|  4404.5 14.5 304 0.13

13:25 4405 15 294 0.10

13:25:30 44Q05.5 15.5 284 0.10

13:26 4406 16 275 0.10

13:26:30 4406.5 16.5 267 0.10

13:27 4407 17 259 0.09

13:28 4408 18 245 0.09

13:29 4409 19 232 0.09

13:30 4410 20 221 0.08

13:31 4411 21 210 0.08
{ 3:32 4412 22 201 0.07

13:33 4413 23 192 0.07 -

13:34 4414 24 184 0.07 000738
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Date: 3,10/87-3/13/87

Pumped Well _. my-24
Measurements at Well MW-24
Pump Speed: - Q: = gpm
Static wWwater Level gg' 4 3/4" '
time g g' e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
13:35:00 4415 25 177 0.06
13:135 4416 26 170 0.06
13:37 4417 27 164 0.05
1J3:40:00 4420 30 147 0.05
[ 13:42 4422 32 138 Q.05
13:45 44285 35 126 0.05
13:48 4426, 36 123 0.05
13:48 4428 38 117 0.05
13:50 4430 40 111 0.05
13:55:00 4435 45 99 0.05 - |
14:00:00 4440 50 89 0.04 -
14:10:00 4450 60 74 0.04
14:20:00 4460 70 64 0.04
14:30:00 4470 80 56 0.03
114:40 4480 90 50 0.02
1 14:50 4490 100 45 0.02
14:10 4510 120 38 0.02
15:35 4535 145 31 0.01
15:50 4550 160 28 0.01
16:10 4570 180 25 0
16:40 4600 210 22 (0]
17:10 4630 240 19 0 '
17:40 4660 270 17 0
18:10 4690 300 16 0.01
19:10 4750 360 13 0.02
0007¢3




Date: 3/10/87-3/13/87

Pumped Well MW-24

Measurements at Well MW-16

Pump Speed: - Q: - gpm
Static Water Level
time t t' Ny " Drawdown
(h:m:s) (min) (min) (ft) Comments
12-00-00 0.25 0.00 Pump ON
0.50 0.00
0.75 0.00
1.0 0.00
1.5 - 0.00
2.0 ~ 0.00
3.0 0.01
4.0 ‘ 0.02
5.0 0.03
6.0 0.03
7.0 ' 0.04
8.0 0.04
9.0 | 0.05
10.0 0.06
12.0 0.06
14,0 0.06
16,0 0.06
18.0 - 0.06
20.0 0.08
25.0 _0.08
12:30:00] 30.0 0.08
35.0 0.08
42.0 0.08
45.0 0.08
50.0 0.08
13:00:00 60.0 : 0.08
70.0 0.09
80.0 ' 0.09
" 13:30:00 90.0 0.10 000190
100 0.11




Date: 3/10/87-3/13/87

Pumped Well My-24

Measurements at Well MW-16

Pump Speed: - Q: - gpm
Static Water Level
time t t! e/ Drawdown
(h:m:s) (min) (min) (£t) - Comments
120 | 0.12
[ 14:20:00 140 0.12
160 0.12
15:00:00 180 0.13
210 : _0.13
16:00:00 240 - 0.14
270 | 0.14
17:00:00 300 0.14
| 18:00:00 360 | 0.15
19:00 420 0.17
_20:00 480 ' 0.17
21:00 540 0.17
22:00 600 | 0.18
23:00 660 0.18
24:00 720 0.18
1:02 782 0.18
2:02 842 0.17
3:03 903 0.16
4:02 962 0.18
5:02 1022 0.18
6:02 1082 0.18
7:02 1144 0.18
8:02 1202 0.19
9:02 1262 0.18
10:01 1321 0.17
11:02 1382 ' 0.18
11:45 1425 . 0.14 pump Speed £Q 40k~
12:00 1440Q 0.15 Pump Speed to 50,
13:00 1500 0.16 @ 11:46
14:00 | 1560 0.15

000731



Date: 3,109/87-3/13/87

Pumped Well MW-24

Measurements at Well MW-16
Pump Speed: - Q: - gpm
Static Water Level
time t g' £/t Drawdown
(h:m:s) (min) (min) (ft) Comments

1 15:00 1620 0.16
| 16:00 1680 0.16
| 17:00 1740 0.17
| 18:00 1800 0.18
19:00 1860 i 0.19
20:00 1920 "~ 0.19
21:00 1980 0.20
22:00 2040 0.20
23:00 2100 0.20
724:00 2160 0.20
C20__1:01 2221 0.20
. T _=2:01 2281 0.21
[ 3:01 2341 0.20
4:01 2401 0.20
5:01 2461 0.20
6:10 2530 0.20
7:02 2582 0.20
8:04 2644 0.21
9:01 2701 0.22
10:01 2761 0.22
12:05 2885 0.20
13:00 2940 0.19
14:00 3000 0.19
15:02 3062 0.19
16:00 3120 0.19
17:03 3183 : 0.19
18:00 3240 0.21
~ 19:00 3300 0.21
7 20:01 3361 0.22
21:00 3420 0.22

000793
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Date: 3/10/87-3/13/87

Pumped Well Mw-24

Measurements at Well—MW-16 W%'
Pump Speed: - Q: - gpm
Static Water Level
time t g' £/t Drawdown
(h:m:s) (min) (min) (ft) Comments
| 22:00 3480 n.21
23:00 3540 0,22
0:02 3602 n.22
1:01 3661 0.22
3:01 3781 0.22
4:01 3841 " 0.22
5:01 3901 0.22
6:01 3961 Q.23
7:01 4021 Q.23
8:01 4081 0,23
9:01 4141 Q.22
__10:01 4201 0.20
11:01 4261 Q.19
12:00 4320 0.19
13:00 4380 0.16
13:00 4390 0 - 0.16 Pump OFF
4390.25 258 17561 0.16
4390.50 g0 8781 0.16
4390.75 15 5854 0.16
13:11  14391.0 1.0 4391 0.16
4391.5 1.5 2928 0.16
13:12 4392.0 2.0 2196 0.16
4392.5 2.5 1757 0.16
13:13 4393.0 3.0 1464 0.16
4393,5 3.5 1255 0.16
13:14  14394.0 4.0 1099 0.16
4394.5 4.5 977 0.155
13:15 4395.0 5.0 879 0.155
13:16 4396 6 733 0.15
13:17 4397 7 628 0.15 AL O
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YV

Pumped Well

MW-24

Date:

Measurements at Well MW-1l6

3/10/87-3/13/87

Pump Speed: - - gpm
Static Water Level
time t g' ey Drawdown
(h:m:s) (min) (min) (£t) Comments
13:18 4398 8 550 0.15
13:19 4399 489 0.14
13:20 44900 10 440 0.135
4401 11 400 0.13
4402 12 ~ 367 0.125
4404 14 315 " 0.115
4406 16 275 0.11
13:30 4408 18 245 0.10
13:20 4410 20 221 0.10
4415 25 177 0.085
4420 30 147 0.075
4425 35 126 0.065
4430 40 111 0.065
4435 45 99 0.065
14:00 4440 50 89 0.065
4450 60 74 0.06
4460 70 64 0.06
14:30 4470 80 56 0.06
4480 90 50 0.055
15:00 4490 100 45 0.05
4510 120 38 0.05
4534 144 31 0.05
4550 160 28 0.02 :
16:10 4570 180 25 0.04
4600 210 22 0.03
17:10 4630 240 19 0.03
4660 270 17 0.03
7" 8:10 4690 300 16 0.05
19:10 4750 360 13 0.06 End of Test
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Date: 3/10/87-3/13/87

Pumped Well MW-24

Measurements at Well MW-25

Pump Speed: - Q: - gpm
Static Water Level
time t Q' £/t Drawdown
(h:m:s) (min) (min) (£t) Comments
12:04 0.00
| 12:07 0.01
12:09 n ' 0.01
12:13 0.01
[ 12:17 - 0.01
12:19 © 0.01
12:26 0.02
12:33 0.01
12:51 0.01
13:02 0.01
13:08 ' 0.01
13:14 - 0.01
13:30 0.01
13:40 0.01
14:01 0.02
14:21 0.02
14:38 0.02
15:01 0.03
15:31 0.03
16:00 0.04
16:33 | 0.04
17:01 0.05
18:03 0.05
19:03 | 0.06
20:02 0.06
21:01 0.06
22:01 " 0.07
23:01 0.07
24:01 0.07
1:01 0.07
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Date: 3/10/87-3/13/87

Pumped Well _ Mw-24

Measurements at Well MW-25

Pump Speed: - Q: - gpm
Static Water Level
time t q‘ e/t Drawdown
(h:m:s) (min) (min) (£t) Comments
2:01 0.06
3:03 0.05
4:02 0.05
5:01 0.06
6:01 Q.06
7:02 0.07
8:02 0.07
9:01 0.07
10:01 0.07
11:01 0.06
12:01 3 4320 - 0?04
©13:01 0.05
14:01 0.04
15:01 0.05
16:01 0.05
17:01 0.06
18:01 0.07
19:01 0.08
20:01 0.08
21:01 _0.09
22:01 0.08
23:01 0.08
24:01 0.09
1:01 0.08
2:01 0.09
3:01 0.09
4:01 0.09
©3:01 0.09
_6:10 0.09
7:01 0.09

000726




Date: 3/10/87-3/13/87

Pumped Well wmy-24

A,

Measurements at Well MW=25
Pump Speed: - Q: - gpm
Static Water Level
time g ' tf e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
8:03 0.09
9:00 0.09
10:01 0.09
12:04 7Awn 0.07
13:01 ( 0.06
14:01 0.06
15:04 0.05
16:01 0.07
17:03 0.08
18:01 0.06
19:01 0.07
—20:01 0.07
| 21:01 0.06
22:01 0.07
| 23:01 0.06
_24:01 0.06
1:01 0.05
2:01 0.07
3:01 0.07
4:01 0.09
5:01 0.09
6:00 0.09 -
7:01 0.07
8:01 0.06
9:01 0.07
10:01 0.06
11:01 0.06
12:01 0.053\
1:00 |=4320460 (__ o0.05 J
1:10 h | pump orr

000797




Date: 3/10/87-3/13/87

Pumped Well Mw-24

Measurements at Well MW=-25

Pump Speed: - Q: - gpm

Static Water Level

time g ;' e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
13:44 -0.03
13:48 : -0.01
13:56 -0.01
14:01 -0.01
14:06 : -0.01
14:16 -0.01
14:31 -0.01
14:41 -0.01
14:51 -0.02
15:11 -0.01
15:37 ' -0.02
" 15:51 -0.02
" 16:11 . -0.02
16:41 -0.02
17:11 -0.02
17:41 -0.02
18:11 -0.01
19:11 0.00 End of test

C00'798
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of 3

Date:

3/10/87-3/13/87

Pumped Well _Mw-24
Measurements at Well L W=17
Pump Speed: - Q: - gpm
Static Water Level
| time t p‘ £/t Drawdown
(h:m:s) (min) (min) (£t) Comments
12:00 0.00 Pump ON
12:11 0.00 '
12:21 0.00
12:31 -0.01
12:58 -0.,01
| 13:16 0,00
13:32 0.00
| 14:02 0.00
14:36 0.00 e
15:03 0.00 i
15:44 0.00
16:35 0.00
17:04 0.02
18:04 0.02
19:05 0.03
20:06 0.02
21:04 0.03
22:05 0.03
23:03 0.03
24:07 0.03
1:05 0.03 .
2:06 0.03
3:06 0.03
4:07 0.03
5:07 003 A
6106 0.04
7:07- 0.04
/.03 ‘0.02
9-03 0.04 0Co 789
10:03 0.02




Page _2 of _3

Date: 3/10/87-3/13/8"
Pumped Well Mw-24
Measurements at Well Mw-17
Pump Speed: - Q: = gpm
Static Water Level
time t t" £/t Drawdown
(h:m:s) (min) (min) (£t) Comments
11:03 0.01
12:08 0.01
13:03 -0.01
14:03 -0.01
15:03 0.00
16:03 -0.01
17:03 0.00
- 18:03 0.01
19:03 0.02
C20:02 0.02
ﬁﬁ,ZI:OZ 0.03
22:03 0.02
23:04 0.02
24:04 0.03
2 1:04 0.03
2:03 0.03
3:03 0.04
4:03 0.04
5:03 0.03
6:20 0.03
7:03 0.05_
8:05 0.05
9:02 - 0.05
10:03 0.05
11:00 0.03
2210 0.03
23203 -0.01
|_14:03 a4 on
15:05 001 000500
16:05 o a1




rPage _3 of _3
Date: 3/10/87-3/13/87
Pumped Well MW-24 T
Measurements at Well wmw-17
Pump Speed: - Q: - gpm
Static Water Level
time t g' e/t Drawdown
(h:m:s) (min) (min) (£t) Comments
172:05 0.01
18:03 0.03
19:03 0.03
20:03 0.05
21:03 0.02
22:03 0.03
23:03 0.03
24:03 0.03
1:03 0.03
2:03 0.03 o
3:03 0.03 ]
4:03 0.03
5:03 0.04
6:03 0,04
7:04 0.03
8:03 0.02
9:03 O-Q;
10:03 0.06
11:02 -0.01
12:00 =0.01
13:10 Pump OFF
14:03 =0.01
14:22 =0,01
15:39 0.00
l6:12 -0.01
16:44 0.00 ”mj
17:05 0.00 ”
17:12 0.01 0003801
18:12 0.01 _
20:30 0.02 End of test
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Date: 3/07/87-3/09-87

Pumped Well MW-18

Measurements at Well Mw-18

Pump Speed: Q: 0.25 gpm
Static Water Level
time t g' e Drawdown
(h:m:s) (min) (min) (£t) Comments
11:.00 0 0 Speed 39
.25 -
.5 0.20
.75 -
11:01 1.0 0.35
1.5 | 0.55
11:02 2.0 0.65
2.5 1 0.80
11:03 3.0 K 0.90
- 3.5 1.00
" 11:04 4.0 ~ 1.10
4.5 1.18
11:05 5.0 1.25
11:06 6.0 1.39
11:07 7.0 1.51
11:08 8.0 1,62
11:09 9.0 ' 1.74
11:10 [10.0 1.85
11:11 |11 | 1.96 12/51.04sec
11.14 |14 2.30 Adj to 38
11.16 | 16 2.45 12/54.49
11.18 |18 2.57 Adj to 37
11:20 | 20 2.69 12/57.30sec
11:25 | 25 2.85 12/60.70sec
11:30 | 30 3.06
~~ 11:35 | 35 3.22 12/56.70
= 11:40 | 40 3.38 12/56.82
11:45 45 3.47 sampled
11:50 | 50 3.51 12/59.03sec
12:00 | 60 0002302 3.58 1¢/58.76sec
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Date: 3/07/87-3/09/87
Pumped Well MwW-138 -
Measurements at Well MW-18
Pump Speed: Q: 0.25+ gpm
Static Water Level
time t q' e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
| 12:10 70 ’ 3.67
12:20 80 3.73 12/60.61
12:30:00 90 o 3.83 19/56.74
12:40:00] 100 . 3.87 19/57.83
13:00:00] 120 189 12/58.09
13:20:00] 140 1 9q 12/58.45
13:40:00/ 160 1 9¢ 12/58.23
~14:00:00{ 180 4.19 12/57.48
14:30:00| 210 4.19 1¢/56.41 .
15:00:00{ 240 4,30 12/57.03 (o
15:47:00( 287 4.20 12/60.92
16:00 300 4.24
17:00 360 4,04 12/60.56
18:00 420 3.53 Hﬁ% aope
19:00 480 4.02 12/59.67
20:00 540 3.97 12/61.43
21:00 600 ] 3.75 12/59.90
22:00 660 3.27 12/63.18
23:00 720 4.75 H,0 sample
6 80—taken
24-00_ 780 4.42 1¢/59 24
1-00 840 467 l12/60.41
2:00 ana 4.50Q 12/58.85
3.00 ag0 4.23 12/61 07
4:00 1020 | 4.20 12/61 46
5:00 1080 4,11 12 /65.20 Jog,
£:00 1140 4,55 12/57.15 |
2:00 11200 5.02 12/57.40
B-00 1260 6.58 12/49,.55 Adi 61.87
9:00 | 1320 000803 .| s.14 1¢/58.95 Adj 60)8¢
10:00 1380 4.48 857.90




Pumped Well

Page

3 _of 5

Date: 3/07/87-3/09-87

Measurements at Well  Mw-18
Pump Speed: : Q.25 dgpm
Static Water Level
time -t q' e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
11:00 1440 4.50 sampled 56.97 ad
12:00 1500 . 4.17 60.27 °-°°
13:00 15690 4.10 12/60.71
14:00 1620 - 3.94 12/61.95
15:00 1680 .15 12/58.43
16:00 1740 3.94 12/61.31
17:00 1800 4.08 12/60.46
18-00 1860 3.96. 12/58.95 adj 60.{
19.00 1920 3.92 12/68.45 adj 60.%
20-00 1980 4.41 12 /60.04
21:00 2040 4.06 12 /59.26
22:00 2100 4.16 12 /58.64
H,U sample taken
23:00 2160 4.21 68.54 adj 62.6
24-:00 2220 4.40 12 /1:05:43 adiy §t
1:00 2280 4.11 61.01
2:00 2340 4.66 58.13
3:00 2400 5.09 60.58
4:00 2460 5.47 57.28 adj 60.06
5:00 2520 5.52 64.70 adj 58.67
6:00 2580 4.80 59.14
7:00 2640 4.88 60.04
8:00 2700 4.97 57.10 adj 61.39
9:00 2760 4.52 59.24
10:00 2820 5.04 58.80
11:00 2880 4.66 67.58 adj 58.95
12:00 2940 5.02 Pump OFF

000504




Pumped Well

MW-18

Page 4 of 5

Date: 3/7/87-3/9/87

Measurements at Well

MwW-18

Pump Speed: : 0.25+tgpm
Static Water Level
time ; g' £/t Drawdown
(h:m:s) (min) {min) (£t) Comments
12:00:15%5 2940.25 .25 11761 4.90
2940.5 .5 5881 4.81
2940.75 .75 3921 4.72
12:01 2941 1.0 2941 4.63
2941.5 1.5 1961 4.44
12:02 2942 2.0 1471 4.26
2942.5 2.5 1177 4.09
12:03:00 2943 3.0 981 3.91
2943.5 3.5 841 3.74
12:04:00 2944 4.0 736 3.57
2944.5 4.5 - 654 3.40
12:05 2945 5.0 589 3.23
2946 a 491 2.89
2947 7 421 _ 2.57
2948 8 369 2.27
. 2949 9 28 2.03
12:10:00! 2950 10 295 1.79
2952 12 246 1.44
2954 14 211 1.16
2956 16 185 .93
2958 18 164 .75
12:20:00 2960 20 148 .60
2965 25 119 .35
12:30:00 2970 30 99.0 .25
2975 35 85.0 .20
2980 40 74.5 .17
2985 45 66.3 .15 .
29350 50 59.8 .14
3000 60 50.0 .11 0eoE0x-
3010 70 43.0 .11




Pumped Well

MW-18

Page 5 Oof 5

Date: 3/7/87-3/9/87

Measurements at Well

Pump Speed:

Static Water Level

Mw-18

Q: . _0.25: gpm

time ? _ g' £/t Drawdown
(h:m:s) (min) (min) (£t) Comments
13:20 3020 80 37.8 .10
13:30 3030 90 33.67 .09
13:40 | 3040 100 30.40 .12
14:00 3060 120 25.50 .02
14:20 3080 140 22.0 .00 End of Test
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APPENDIX B

AQUIFER TEST DATA PLOTS
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Pumped Well : MW-16 Residual-Drawdown HMETRIC Corporation
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METRIC Corporation

Date: 3/87

Residual-Drawdown

MW-16

Pumped Well

0.145

Q

MW-24

Observations at Well:

1

H

” ’ 8
& ¥
~ F a
5 o
4 o
‘ -~
: 57 2
b —i <p = ~
s QM
[ ] ya
QN =
. E==== = =
ni = =
- 0N
2 £
. 3 2
— ——— & =2
= Hﬂﬁ -.~ = > —
a X S :
A L
]
7 ?
1
_ o
(-]
[ ]
k4
e
) &
- ~
o]
. .3 ==
==t 2 O = : = =
== (=] =+ : :
2 : ® : =
orr~ - _
1
nun
MT Af Q
4
_ o
: —
[ ]
4
[ ]
: <
a
3
= —_—
2
1 H m
o ~ < [V (=] (=]
o o it < -
. 4 * . .
S s 9 S S 000810
Residual Drawdown (feet)



Ol u
%

115000

0

10

15

20

25

30

Pumped Well MW-24

Observations at Well Mw-24

[

||

103

e

»

9 &6 N80 -

10

]

Sw Vs
G_

a6 NV . N %

t
¥z d =
w

HLI

103

q i@gg»,
%%h#‘

2 3/8"

[3

a4 6 N8s -

METRIC Corporation

Date:

3-87

“ » w adaed

As = 0.96;
T = 275 gpd/ft

1]

108

s
*'zn
A



Pumped Well: MW-24
Observations at Well : MW-16
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APPENDIX C
WATER QUALITY ANALYSES

* NOT INCLUDED *
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AQUIFER TESTING

AT THE
SPARTON TECHNOLOGY, INC.
COORS ROAD PLANT

Aquifer tests were performed in two wells at the Sparton
Technology, Inc., Coors Road Plant during February, 1988.

The purpose of the testing was to estimate the aquifer per-
meability of the "upper flow zone". The resulting informa-
tion will be used in design of a groundwater recovery system.
The "upper flow zone" consists generally of the upper 5 to

10 feet of the saturated zone at the Coors Road site separ-
ated from the remainder of the saturated zone by a fine
grained aquitard unit.

Pumping tests were conducted in two wells, MW-25 in the pond
and sump area on the northeast side of the building and in
PW-1 located near the center of the southwest property line.

The tests were conducted as follows:

Well: Mw-25

Test Type: Constant Discharge

Test Drawdown: 3.2 ft.

Available Drawdown: 7.3 ft. #

Duration of Pumping: 4129 min = 69 hr.
Average Discharge: 0.32 gpm

Observations Taken in Wells: MW=-25, MW-24

Well: PW-l

Test Type: Constant Discharge

Test Drawdown: 2.26 ft.

Available Drawdown: 4.2 ft. #

Duration of Pumping: 4174 min # 70 hr.
Average Discharge: 0.13 gpm
Observations Taken in Wells: PW-1l, MW-9

000819



Well MW-25, a 2-inch i.d. PVC well with a wirewound stain-
less steel screen, was pumped with a 1.67-inch o.d. positive
displacement pump having a maximum discharge of about 2.5 gpm.
Water levels in the pumped well were monitored with an airline
and a water monometer using a water/anitfreeze mixture (due

to freezing weather) having a specific gravity of 1.06. Water
levels in the observation well (MW-24) were monitored with an
electronic sounder. All water level measurements were taken
to the nearest 0.01 feet.

Well PW-1l, 2 10-inch i.d. PVC well, was pumped with a 1/2

hp submersible pump having a maximum discharge of about 10
gpm. Water levels in both the pumped well and the observa-
tion well (MW-9) were monitored with electronic sounders.

All water level measurements were taken to the nearest 0.01
feet.

Water quality samples were collected once per day at a approx-
imate 24 hour intervals, during the aquifer testing and three
days after pumping ceased. Pumping tests for both wells were
begun on February 23, 1988 and ended on February 26, 1988.

The samples collected on February 23 were obtained about one
hour after the pumping started. The samples collected on
February 26 were obtained about one hour before the pumping
was stopped. The February 29 samples were collected about

one hour after the pumps were restarted. The purpose of the
sampling was to determine whether or not water quality changes
with time might be expected when the recovery system is put
into operation.

The water level and discharge data collected during each test
is presented in APPENDIX A. - The results of the aquifer test-
ing are summarized in TABLE 1. The data were analyzed using
the Jacob solution (semi-log plots) to the Theis equation (see
APPENDIX B).
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SPARTON TECHNOLOGY,

AQUIFER TESTING
INC. COORS ROAD PLANT

TABLE 1

Pumped Observations Curve Apparent Adjusted b ft/day cm/sec Caments
Well At T T (ft)
(gpd/ft) (gpd/£ft)
MA-25 MW-25 Early T-D 56.3 - 7.3 1.03 3.64x10 “ Near Well
Late T-D 281.6 - 7.3 5.16 1.82x10 * Away from Well
Early R-D 48.3 - 7.3 0.885 3.12x10 * Near Well
Late R-D 337.9 - 7.3 6.19 2.18x10 * Away from Well
: Selected
-1 PW-1 Late T-D 22.8 - 4.3-];/ 0.709 2.5x10 * Casing Storage
Affected
Late R-D 22.8 - 4.31/ 0.709 2.5x10 * Casing Storage
< Affected
S
-
gg
R Adjusted for Casing Storage Effect 91.5 .3 2.8 1x10 ? Selected Value

1/ PW-1 has 2' blank below aquifer



The time-drawdown data were checked to ensure that u<0.05
and, thus, validate the use of the Jacob solution. In the
l;%%£i§, u was set equal to 0.05, and the time,
t, was determined after which the Jacob solution is valid.
TABLE 2 shows that the pumped well data are valid while the

observation well data are not, and as a result, were not used

equation u =

in the analysis.

The data were also checked using a procedure suggested by

Schafer, 1978 to determine which portions of the data might

be casing storage affected. Only the first few minutes of

the MW-25 data appear to be casing storage affected, while

virtually all of the PW-1l data appears to be casing storage
affected. As a result, the selected transmissivity value for

PW-1 was adjusted (see TABLE 1) by a procedure also suggested

by Schafer, 1978 assuming a well afficiency of 100%. This seems
justified since only 0.13 gpm was being pumped from a 1l0-inch ™
well screen with a substantial open area.

Based on the testing described above, it is felt that the best
estimate for the permeability (hydraulic conductivity) of the
upper flow zone in the vicinity of MW-25 is about 2 x 10 °
cm/sec. (see TABLE 1l). Likewise, the best estimate for the
permeability of the upper flow zone in the vicinity of PW-1 is
about 1 x 10 ° cm/sec. (see TABLE 1).

The residual-drawdown curve (APPENDIX B) for PW~1l shows some
evidence that a "recharge effect” may be occurring during the
pumping period. The residual drawdown curve shows a t/t' value
greater than 2 at zero drawdown, suggesting a "reéharge effect".
Possible explanations of the apparent "recharge effect" include
reduction or reversal of prevailing downward vertical leakage

in the cone of depression during the test or induced flow from
a more permeable burried channel(s) existing within the upper
flow zone.

4 0008522



TABLE 2
JACOB VALIDATION

Well r T t :
(ft.) (gpd/£ft.) (days) (min)

PW~1 0.63 91.5 0.03 46

MW-9 20.0 91.5 32.7 47,087

Mw-25 0.29 _ 56.3 - 0.011 16

MW=-24 23.0 56.3 70.3 101,207

t =1.87 r® s

=
S =0.20
u = 0.05

00082



Estimated well capacities have been computed for each of

the wells being considered for inclusion in the groundwater
recovery system (see TABLE 3). The capacities were com-
puted based on specific capacities observed in testing to
date and assuming 100% drawdown. This would tend to yield
conservatively high values, however, some of the wells might
respond favorably to additional development which could
increase the capacities beyond the values presented.

The results of the water quality sampling and analyses are
summarized in TABLES 4 and 5 and include APPENDIX C. The
solvent concentrations appear to have increased with time
during the pumping test of MW=-25. This possibly indicates
that the area of maximum solvent concentration in the ground
water is some short distance away from Mw-25.

The elevated, and decreasing with time values of TDS, Hardness,
and pH observed in PW-1l during the pumping test (see TABLE 5)
rare probably the result of the bottom portion of the

well having recently been plugged with portland cement.

. ‘t;w*%



TABLE 3

ESTIMATED WELL CAPACITY

well Date  Q(gpm) Drawdown Specific =~ Putping  Total Water  Available Estimated

ft. Capacity Time Removed Drawdown Capacity

(gp/£t.) (min.) - (gal.) (ft.) (gpm)
Mi-16  3/7/87 0.145 2.38 0.0609 4325 627 5.4 0.33
M4-18  3/9/87 0.264 5.02 0.0526 2940 776 12.6 0.66
M4-23  10/23/86  0.48 7.22 0.07 2 15 8.76 0.61
M4-24  3/13/87  0.205 3.26 0.0629 4390 900 8.1 0.51
M4-25  2/27/88  0.317 3.0. 0.106 4129 1309 7.30 0.77
PW-1 2/27/88  0.13 2.12 0.06 4174 543 4.3 0.26

MA-14 \ 0.75*

A 0.75%

B | 0.75%

* Estimated

doLS
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TABLE 4
SAMPLE ANALYSIS

MW-25
Date Sampled

* Parameter 2-23-88 2-24-88 2-25-88 2-26-88 2-29-88

Cyanide (mg/%) ND ND ND ND ND
TDS (mg/¢) 820 960 900 900 860
Hardness (mg/t) 132 253 828 288 288
pH (pH units) 7.4 7.5 7.4 7.4 7.4
Total Chramium (mg/2) 0.036 D 0.036 M 0.027
Methylene Chloride (ug/:) 3,800 9,400 2,800 2,700 4,200
1,1-Dichlorvethylene (ug/s) 1,500 . 3,400 1,900 2,200 2,100

1,1,1-Thrichloroethane (ug/z) 24,000 39,000 37,000 35,000 42,000

Thrichlorcethene (ug/1) 32,000 54,000 46,000 43,000 47,000

ND -~ Not Deteched

00082



TABLE 5
SAMPLE ANALYSIS
PW-1

9,000

Date Sanpled

- Parameter 2-23-88 2-24-88 2-25-88 2-26-88 2-29-88
Cyanide (mg/%) D ND ND ND ND
08 (mg/2) 1,200 1,000 840 650 680
Hardness (mg/%) 469 " 352 321 196 179
pH (pH units) 12 1.7  11.3  10.1 1
Total Chramium (mg/2) 0.033  0.029  0.031  0.026  0.029
Methylene Chloride (ug/2) 16,000 16,000 11,000 10,000 10,000
1,1-Dichloroethylene (ug/:) 980 990 560 670 610
1,1,1-Thrichlorcethane (ug/t) 2,100 2,100 1,700 1,700 1,400

. Thrichlorcethene (ug/t) 8,000 7,200 7,400 6,200

*ND - Not Detected

0006827
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| 2/23 - 2/27
Well MW-25
Q 50 _sec/%
Static Water Level
I )
time t t t/t'| Pressure Drawdown Meter
(h:m:s) (min) (min) (PSIG) (ft) (gal)
16;11:00 0 1.85 0.000 P;‘;ml; gg
16:11:30 .5 1.85 0.053 Psampled
16:12:00] 1.0 1.90 0.032
| 16:12:30] 1.5 1.90 0.021
16:13 2.0 1.90 -0.021
| 16:14 3.0 1.80 0.329
' 16:15 4.0 1.75 0.445
. 16:16 5.0 1.65 0.594
| 16:17 6.0 1.20 1.283
16:19 8.0 - 2.915 .
| 16:21 10.0 - 3.265 47seclr
(126 15.0 — 3.710 .
. 16:31 20.0 3.095 47sec/s
_16:34:30/ 23.5 2.533 _
_16:37:30| 26.5 2.449 52sec/t
16:41 30.0 _— J
16:56 45.0 2.555 52sec/t _
17:01 50.0 N - _
17:11 60.0 3.562 :
17:21 70.0 3,042 |
17:31 80.0 . 2,555 40sec/s _
17:41 0.0 3,074 49sec/s
18:01 110.0 2.714 52sec/s
18:21 130.0 2.544 52sec/8
18:45 154.0 2.533 S2sec/%
19:20 189.0 2.745 52sec/t
19:4¢ 215.0 2.798 Slsec/f
“"46__1335.0 2.618 _
J3.46 | 395.0 2.873 52sec/s
23:42 | 451.0 2.565 0003 5ycec/s
24-44 515.0° 2.777 2sec/t
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2/23 - 2/27
Well Mw-25
Q 50 sec/2 -
Static Water Level
time t t! t/t'| Pressure Drawdown Meter
h:m:s) (min) (min) (PSIG) (ft) (gal)

1:47 576.0 2.777 52sec/t
___2:46 635.0 2.798 S2sec/y
__3:47 696.0 2.841 52sec/y
__4:49 758.0 3.106 50sec/y
__S5:47 816.0 2.915 SOsec/

6:49 878.0 _2.830 Slsec/2

7:46_ 935.0 2.798 2sec/?

8:48 997.0 _2.968 Slsec/8
_9:43 1052.0 2.979 52sec/t

10:55 | 1124.0 4.229 S53sec/2
11:03 1132.0 3.212 SOSeCLk?
_11:54 1183.0 2.639 50sec
_13:00 | 1249.0 __2.597 Slsec/s
13:57 1306.0 2.915 49sec/t
14:51 1360.0 3.403 S50sec/1
15:58 1427.0 3.169 S0sec/%
16:53 1482.0 3.180 S50sec/%
—17:48 1535.0 2.936
19:40 1649.0 2.904 S2sec/1
20:31 1700.0 3,053 Slsec/yg
21:46 1775.0 . 3,032 49sec/y
22:46 1835.0 2.618 52sec/y
23:44 1893.0 _2.650 53sec/y
_24:46 1955.0 2,523 50sec/%

1:45 | 2014.0 2.767 52sec/t

2:45 2074.0 3.148 S5lsec/%

3:47 2136.0 3.010 SOSEC/&%_

4:46 2195.0 2.820 52sec/

© 5:41 2250.0 2.724 50sec/y

6:47 2316.0 2.703 50sec/y,

7:41 | 2370.0 3.021 0008734 50sec/,
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2/23 - 2/27
Well M2 5
Q _50 secl/t
Static Water Level
time ' t t* t/t'| Pressure Drawdown Meter
(h:m:s) (min) (min) . (PSIG) (£t) (gal)
8:41 2430.0 _2.830 S0sec/?
9:45 2494.0 2,985 88sec/?
10:48 | 2557.0
11:41 | 2610.0 2.894 52sec/¢
13:20 2709.0 2,533 S53sec/g
14:50 2799.0 3.180 S54sec/%
15:59 2868.0 3.127 S0sec/2
17:49 2978.0 2.703 SOsec/%
18:46 3035.0 2.947 50sec/t
19:54 3103.0 2.947 52sec/ %
21:55 3224.0 3.201 52sec/%
- 1:56 3285.0 2.745 50sec/s
_24:43 | 3392.0 3.095 50sec/s
2:40 3499.0 3,222 —
4:50 3639.0 3,106 _
6:11 3720.0 3.021 S50sec/%
6:48 3757.0 3.021 Slsec/%
8:45 3874.,0 3.010 52sec/%
10:42 3991.0 2.809 50sec/2
13:00:00 | 4129.0 0 2.894 Pump Off
13:00:15 | 43129,25| 0.25 6517.0 2.184 _
13:00:30 | 4129.5 0.50 8259,0 1.664 _
13:00:45 | 4129.75| 0.75 5506, 3 1.367 _
13:01:00 4130.0 1.00 4130.0 1.134 _
13:01:30 | 4130.5 1.5 2753,7 0.933 J
13:02:00 | 4131.0 2.0 2065,5 0.763
13:02:30 | 4131.5 2.5 1652,6 0.615
7 N3:00 | 4132.0 3.0 1377,.3 0.562 .
3703:30 | 4132.5 | 3.5 | 1180.7 0.519 ]
13:04:00 | 4133.0 4.0 1033.3 0.466 *;an 32
13:04:30} 4133.5 4.5 218 g 0.424




2/23 - 2/27

Well MW~25

Q 50 sec/2

Static Water Level

R

time

t t t/t'| Pressure Drawdown Meter
h:m:s) (min) (min) (PSIG) (£ft) (gal)
13:05 | 4134.0 s.0 | 826.8 0.413
_13:06 4135.0 6.0 | 689.2 0.392
13:07 4136.0 7.0 | 590.9 0.371
_13:08 4137.0 8.0 | 517.1 0.350
13:09 4138.0 9.0 | 459.8 _0.339
_13:10 4139.0 10.0 | 413.9 0.329
_13:12 4141.0 12.0 | 345.1 0.307
13:14 4143.0 14.0 | 295.9 0.297
_13:16 4145.0 16.0 | 259.1 0.286
13:18 4147.0 18.0 | 230.4 0.286
_13:20 4149.0 20.0 | 207.5 0.281
.3:25 4154.0 25.0 | 166.2 0.265 Py
13:30 | 41s9.0 30.0 | 138.8 0.260 —
_13:35 4164.0 35.0 119.0 0 249
13:40 4169.0 40.0 104.2 6235
13:45 4174.0 45.0 92.8 _0.233
13:50 4179.0 50.0 83.6 0.233
13:55 4184.0 55.0 " 76.1 0.228
14:00 4189.0 60.0 69.8 0.223
14:20 4209.0 80.0 52.6 0.217
14:40 4229.0 100.0 42.3 p.196
15:10 4259.0 130.0 32.8 0.175
15:40 4289.0 160.0 26.8 0.159
16:10 4319.0 | 190.0 22.7 0.164
16:40 4349.0 | 220.0 19.8 ' 9.154
17:00 4369.0 | 240.0 18.2 0.154
18:00 4429.0 | 300.0 14.8 0.148
19:00 4489.0 | 360.0 12.5 0.148 -
20:00 4549.0 | 420.0 10.8 0.143 e
21:00 4609.0 | 480.0 9.6 0.138
22:00 4669.0 | 540.0 8.6 0.127
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2/23 - 2/27
Well MW=25
Q __S0sec/%
Static Water Level
time t t! t/t'| Pressure Drawdown Meter
(h:m:s) (min) (min) (PSIG) (£t) (gal)
23:00 4729.0 | 600.0 | 7.9 0.106
1_24:00 4789.0 660.0 7.3 0.106
. 1:00 4849.0 720.0 6.7 0.117
2:00 4909.0 780.0 6.3 0.085
3:00 4969.0 840.0 5.9 0.085
4:00 5029.0 900.0 5.6 0.095
5:00 5089.0 960.0 5.3 0.095
6:00 5149.0 | 1020.0 5.0 0.085
7:00 5209.0 | 1080.0 4.8 0.085
8:00 5269.0 | 1140.0 4.6 0.085
9:00 5329.0 | 1200.0 4.4 0.074 J
{ fl;so 5379.0 | 1250.0 4.3 0.053 _
[12:50 5559.0 | 1310.0 4.2 0.021 -
15:19 - | 5708.0 | 1459.0 3.9 0.021 )
[ 18:00 5869.0 | 1620.0 3.6 0.048
' 21:00 6049.0 | 1800.0 3.4 0.074 End of T
l -
l
I —
A ]
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METR'C A | Date: 2/23 ~ 2/27
Corporation

Pumped Well _Mw-25
oy
Measurements at Well Mw-24
Pump Speed: Q: 50sec/2
Static Water Level
time 1 t t.' e/t | Drawdown
(h:m:s) (min) (min) (£ft) Comments
3 16:36 0.0 0.00
17:04 28.0 0.00
17:14 38.0 0.13
17:24 48.0 0.00
17:32 56.0 0.003
17:43 67.0 0.015
18:04 88.0 0.015
18:20 104.0 Q.02
18:48 132.0 0.03
19:24 168.0 0.04 .
o 19:47 191.0 ' 0.03 el
21:52 316.0 ' 0.04
22:46 370.0 0.04
23:45 429.0 0.04

4 24:46 490.0 0.04
1:47 551.0 g 0.05
2:46 610.0 ' 0.05
3:47 671.0 0.055
4:50 734.0 0.06
5:49 793.0 0.07
6:51 855.0 0.07
7:46 910.0 0.08
8:48 972.0 0.07
9:42 1026.0 ' 0.06

10:58 1102.0 0.07

11:48 1152.0 0.07 o,
12:58 1222.0 0.10

13:57 1281.0 0.09

14:50 1334.0 0.06

15:55 1399.0 0.07 0028325



METRIC

Corporation

Pumped Well MW-25

Measurements at Well

Pump Speed:

Static Water lLevel

Page 2 of 5

Date:

MW-24

Q: S0sec/?f

2/23 - 2/27

- time t g' /e Drawdown
(h:m:s) (min) (min) (£t) Comments
] 16:51 1455.0 0.08
17:49 1513.0 0.08
19:45 ° 1629.0 0.08
20:32 1676.0 0.10
21:46 1750.0 0.10
22:44 1808.0 Q.10
23:44 1868.0 0.10
5| 24:43 1927.0 0.06
1:42 1986.0 0.11
< 2:43 2047.0 0.10
LN 3343 2107.0 0.10
4:45 2169.0 0.11
5:40 2224.0 0.11
6:46 2290.0 6.12
7:42 2346.0 0.13
8:40 2404.0 0.12
9:47 2471.0 ' 0.11
10:48 2532.0 0.10
11:43 2587.0 0.11 S
13:22 2686.0 0.09
14:52 2776.0 0.11
15:58 2842.0 0.11
17:48 2952.0 0.12
18:48 3012.0 0.11
19:53 3077.0 0.12
. _21:58 3202.0 0.13
o 22357 3261.0 0.14 O
6 24:43 3367.0 0.13 00976
| 2:41 3485.0 0.12
4:50 3614.0 0.13
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METRIC Date: 2/23 -~ 2/27
Corporation
Pumped Well MW-25 ﬂ%
Measurements at Well Mw-24
Pump Speed: Q: 50sec/2 — .
Static Water Level
time t t t' /e Drawdown
(h:m:s) (min) (min) (ft) Comments
6:12 3696.0 0.14
6:48 3732.0 0.15
8:44 3848.0 0.16
10:40 3964.0 0.14
13:00 4104.0 0 - 0.11 Pump Off (Recove:
13:00:15 4104.25 0.25 16417.0 0.11
13;00:30 | 4104.50 0.5 8209.0 0.11
| 13:00:45 | 4104,75 0.75 5473.0 0.11
13:01:00 | 4105.0 1.0 4105.0 0.11 ™
13:01:30 | 4105.50 1.5 2737.0 0.11 -
13:02:00| 4106.0_ 2.0 2053.0 0.11
13:02:30} 43106.50 2.5 1642.6 0.11
13:03:00] 4107.0 3.0 1369.0 0.11
13:03:30) 4107.50 3.5 1173.6 0.11
13:04:001 4108.0 4.0 1027.0 0.11
13:04:30| 4108.5 4.5 913.0 0.11
13:05 4109.0 5.0 821.8 0.11
13:06 4110.0 6.0 685.0 0.11
13:07 4111.0 7.0 587.3 0.11
13:08 4112.0 8.0 514.0 0.11
13:09 4113.0 9.0 457.0 0.105
13:10 4114.0 10.0 411.4 0.103
13:12 4116.0 12.0 343.0 0.102
13:14 4118.0 14.0 294.1 0.10
13:16 4120.0 16.0 257.5 0.10 o
13:18 4122.0 18.0 229.0 0.10
~ 13:20 4124.0 20.0 206.2 0.095
13:25 4129.0 25.0 165.2 0.09 000837
13:30 4134.0 30.0 137.8 0.088
1T9.9¢ A1 (0O | -~ A a1 A - -
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METR'C Date:/23 - 2/27
Corporation
Pumped Well Mw-25
Measurements at Well MW-24
Pump Speed: Q: S0sec/%
Static Water Level
time t t_' e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
| 13:40 4144.0 40.0 _103.6 0.085
13:45 4149.0 45.0 92.2 0.085
13:50 4154.0 _50.0 83.1 0.083
13:55 4159.0 55.0 75.6 0.082
| 14:00 4164.0 60.0 69.4 0.082
14:20 4184.0 80.0 52.3 0.072
14:40 4204.0 _100.0 42.0 0.073
15:10 4234.0 130.0 32.6 0.070
_15:40 4264.0 160.0 26.7 0,062
(‘fw 16:10 - 4294.0 190.0 22.6 0.070
T 16:40 4324.0 220.0 19.7 0.075
17:00 4344.0 240.0 18.1 0,070
18:00 4404.0 300.0 14.7 0.070
19:00 4464.0 360.0 12.4 0070
20:00 4524.0 420.0 10.8 a 070
21:00 4584.0 480.0 9.6 0.060
22:00 4644.0 540.0 8.6 9.0549
. 23:00 4704.0 600.0 7.8 0.050
1 24:00 4764.0 660.0 7.2 0.070
| 1:00 4824.0 720.0 6.7 0.070
2:00 4884.0 780.0 6.3 0.070
3:00 4944.0 840.0 5.9 0.070
4:00 5004.0 9000 5.6 0.070
5:00 5064.0 aEn 0 5.3 0.070
6:00 5124.0 10200 5.0 0.045
T __1:00 5184.0 1080.0 4.8 0.038
™ 8:00 5244.0 1140.0 4.6 0.052
9:00 5304.0 1200.,0 4.4 0.040 000838
12:50 5534.0 1430.0 3.9 0.040
L 15.9n 5684 .0 1 1580.0 3.6 0.015
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METRIC Date:j ;53 - 2/27
Corporation .
Pumped Well MW-25 -
Measurements at Well MW-24
Pump Speed: Q: Sosec/s
Static Water level
time 4 t A e/t ' Drawdown
(h:m:s) (min) {(min) (ft) Comments
18:00 5844.0 1740.0 3.4 0.015 End of Test
™
.




Page _] of _4

METRIC Date: 2/23 - 2/27

Corporation
Pumped Well PW-1

Measurements at Well PwW-1l

Pump Speed: Q: l2/2min
Static Water Level
time 1 t t! £/t Drawdown
(h:m:s) (min) (min) (ft) Comments
23 [ 17:11:00 0 0.00 Pump On
17:11:30 0.5 ' 0.00
17:17:00 6.0 : 0.12
| 17:20:00 9.0 0.17 12/2:00min
17:24:00 13.0 0.19 12/2:00min
17:34:00 23.0 0.31
17:48:00 37.0 0.39
17:58:00 47.0 0.43
18:06:00 55.0 0.42
- ,18:28:00 77.0 0.33 1¢/1:48min
“48:56:00 |  105.0 0.14 12/2:02min
19:33:00 142.0 0.66 12/1:98min
20:16:00 185.0 0.75 1%/2:00min |
20:54:00 223.0 ' 0.92 12/2:00min
29.03:00 292.0 1.13 12/2:00min
2:52:00 341.0 : 1.19 12/2:02min
23:53:00 402,0 ; 1.33 14/2:0lmin
041 24:52:00 461.0 1.24 13/2:02min
‘ 1:52:00 521.0 0.79 1¢/1:99min
2:53:00 582.0 0.71 1¢/1:98min
3:49:00 638.0 0.62 19/2:00min
4:54:00 703.0 0.66 12/2:00min
5:54:00 763.0 0.79 12/2:00min
6:55:00 824.0 0.87 12/2:02min
7:58:00 887.0 0.72 12/2:00min
...8:54:00 943.0 0.95 14/2:03min
_ s 9:45:00 994.0 1.00 New valve instal
|_10:38:00| 1047.0 1.29 12/2:08min
11:58:00] 1127.0 N 0.86 1¢/2:06nmin
13:03:00| 1192.0 . "UKRJQi* 0.89 12/2:02min
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METR'C Date: 2/23 - 2/27
Corporation
Pumped Well PW~1 i,
Measurements at Well PW~-1
Pump Speed: Q: l2/2min
Static Water Level
time 1 ? g' £/t Drawdown
(h:m:s) (min) (min) (ft) Comments
14:03:00 1252.0 0.96 12/2.06min
14:55:00 1304.0 0.86 12/2:04min
15:43:00] 1352.0 0.70 1¢/2:06min
| 16:57:00] 1426.0 0.70 12/2:00min
17:58:00 1487.0 0.99 12/2:04min
19:50:00 1599.0 1.20 12/2:04min
20:39:00 1648.0 0.68 12/2:06min
21:53:00{ 1722.0 1.19 12/2:03min
22:52:00/ 1781.0 0.39 14/2:03min .|
23:52:00 1841.0 0.39 12/2:04min <y
24:53:00]  1902.0 0.99 -
1:49:00 1958.,0 0.64 1£/2:00min
_2:49:00| 2018.0 0.62 12/2:02min
3:51:00 2080.0 0.61 12/2:04min
4:52:00] 23141.0 0.67 12/2:00min
5:48:00 2197.0 0.39 12/2:02min
6:52:00 2261,0 i 0.62 12/2:04man
7:59:000  2328.0 0. a8 12/2:04min
8:48:00 2377.0 1.01 12/2:00min
9:55:00 2444.0 0.84 12/2:08min
10:56:00{ 2505.0 0.88 14/2.22min
11:53:00| 2562.0 1.34 1£/1:55min
12:53:00 2622.0 1.60 12/1:58min
13:58:00 2687.0 1.67 12/1:57min
14:53:00] 2742.0 1.78 12/2:00min L.
15:45:000 2794.0 1.83 13/2:02min__ ¢+
16:38:00  2847.0 1.86 12/2:00min
17:41:00 2910.0 1.86 12/2:00min
| 18:55:00,  2984.0 .()Q{)gqii 1.80 12/2:00min
19:59:00 3048.0 1.86 12/2.02min
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METR'C Date: 2/23 -~ 2/27

Corporation
Pumped Well PW-1

Measurements at Well PW-1

Pump Speed: . Q: 12/2min
Static Water Level
time 1 t g' t/er Drawdown
(h:m:s) (min) (min) (ft) Comments
22:05:00] 3174.0 1.88 12/2:00min
23.06:00] 3235.0 1.88 12/2:00min
|_24:49:00] 3338.0 1.92 12/2:00min
2:47:00 3456.0 1.86 12/2:00min
4:59:00] 3588.0 1.72
5:17:00] 3606.0 1.94 12/2:02min
6:54:00 3703.0 5 00 12/2:00min
8:55:00[° 3824.0 2.26 12/2:00min
10:58:00 3947.0 2.01 12/2:00min
©13:34:00] 4103.0 ‘E_lé’
. 14:20:00] 4149.0 | 2.07
14:45:00, 4174.0 0 .- 1.98 Pump Off (Recove
14:45:15] 4174.25 0.25 16697.0 1 gc
14:45:30{ 4174.50 0.50 8345.0 1.95
14:45:45 4174.75 0.75 5566 .3 1.94
14:46:00 4175.0 1.0 4175.0 1.93
14:46:30 4175.5 1.5 2783.7 1.91
14:47:00 4176.0 2.0 _2088.0 1.90
14:47:3d 4176.5 2.5 1670.6 1.88
14:48:04d 4177.0 3.0 1392.3 1.87
14:48:3d  4177.3 3.5 1193.5 1.86
14:49:04 4178.0 4.0 1044.5 1.84
14:49:3d  4178.3 4.5 928,85 1.82
14:50:049 _ 4179.0 5.0 835.6 1.80
14:51:00 4180.0 6.0 696.7 1.73
14:52:04 4181.0 7.0 _597.3 1.72
.« 14:53:0Q  4182.0 8.0 522.8 1.71
| __14:54:04 4183.0 9.0 464:8 1.68 000842
14:55:04 4184.0 10.0 418.4 1.66
14:57:0Q 4186.0 12.0 348.8 1.63
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METR'C Date: 2/23 - 2/27
Corporation :
Pumped Well PW-1 .
Measurements at Well PW-1 :
Pump Speed: Q: 12/2min
Static Water Level
time 1 t t! L/t Drawdown
(h:m:s) (min) (min) (£ft) Comments
14:59:00 4188.0 14.0 _299.1 1.55
15:01:00 |  4190.0 16.0 261.9 1.53
15:03:00 4192.0 _18.0 232.9 1.50
15:05:00 4194.0 20.0 209.7 1.46
15:10:00 4199.0 25.0 168.0 1.35
15:15:00 4204.0 30.0 140.1 1.25
| 15:20:00 4209.0 35.0 120.3 1.16
| 15:25:00 4214.0 40.0 105.4 1.04
15:30:00 4219.0 45.0 93.8 0.96
15:35:00 4224.0 50.0 84.5 0.93 ot
15:45:00 | 4234.0 60.0 70.6 0.76 =
16:05:00 4254.0 80.0 53.2 0.585
16:25:00 4274.0 100.0 42.7 0.42
16:55:00 4304.0 130.0 13,1 0.25
17:25:00 4334.0 160.0 _27.1 0.14
17:55:00 4364.0 1%0.0 23.0 0.07
18:25:00 4394.0 220.0 20.0 0.03
18:45:00 4414.0 240.0 18.4 0.01
19:45:00 | 4474.0 300.0 14.9 | -0.02
20:45:00 4534.0 360.0 12.6 ~0.04
21:45:00 4594.0 420.0 10.5 -0.05
6:20:00 5109.0 935.0 5.5 -0.04 End of Test
0090843
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METR'C Date: 2/23 -~ 2/27
Corporation
Pumped Well
Measurements at Well MW-9
Pump Speed: Q: _12/2.00 min
Static Water Level
time t t.' e/t Drawdown
(h:m:s) (min) (min) (ft) Comments
12:11 0.0 0.00 Pump On
17:23 12.0 0,00
17:34 23.0 0.00
17:49 38.0 0.01
17:59 48.0 0.01
18:10 59.0 0.01
18:26 75.0 0.00
18:58 107.0 -0.07
19:35 144.0 -0.02
> 20:14 183.0 -0.07
20:50 219.0 -0.02
22:00 289.0 0.03
22:50 339.0 0.03
23:51 400.0 0.04
24:50 459.0 0.03
1:51 520.0 0.03
2:52 581.0 0.03
3:48 637.0 0.03
4:53 702.0 0.03
5:53 762.0 0.08
6:57 826.0 0.02
7:59 888.0 0.03
8:55 944.0 0.03
9:45 994.0 0.01
10:38 1047.0 0.01
~=11:59 1128.0 -
T713:05 1194.0 0.02
14:04 11253.0 0.01 0090844
14:56 1305.0 0.00
15:44 1353.0 0.01
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METRIC Date: 2/23 - 2/27

Corporation .
Pumped Well _ pw-1
Measurements at Well MW=9 %
Pump Speed: Q: _12/2.00 min
Static Water Level ‘
time 1 t t.' e/er Drawdown
(h:m:s) (min) (min) (£t) Comments
16:58 | 1427.0 0.02
17:59 1488.0 Q.03
19:48 1597.0 0.08
20:37 1646.0 0.06
21:51 1720.0 0.02
22:50 1779.0 0.01
23:50 1839.0 0.03
24:51 _1900.0 0.03
1:48 1957.0 Q.03
2:48 2017.0 ' 0.03 o,
3:50 2079.0 0.03 e
4:50 |  2139.0 0.03
5:47 2196.0 0,03
6:53 2262.0 0.03
7:58 2327.0 0.03
9:33 2442.0 , 0.03
10:58 2507.0 ‘ 0.02
11:52 | 2561.0 ' : 0.02
12:54 2623.0 ' 0,02
13:58 2687.0 0.03
14:55 2744.0 0.03
15:46 2795.0 0.02
16:39 2848.0 0.02
17:43 2912.0 0.04
18:53 2982.0 | 0.03
19:59 3048.0 0.05 |,
22:06 3175.0 0.05 e
23:05 3234.0 0.05 _
24:49 3338.0 0.05 0090845
2:46 3455.0 0.04
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METRIC

Corporation

Pumped Well pw-1

Measurements at Well _Mw-9

Pump Speed: Q: 12/2.00 min

Static Water Level

Dates: 2/23 - 2/27

time ~

? g' e/t Drawdown
(h:m:s) (min) (min) (£t) Comments
4:57 3586.0 0.04
6:19 3668.0 0.04
6:55 3704.0 0,04
8:57 ~3826.0: 0.05
| _10:56 3945.0 0.04
13:34 4103.0 0.03
14:20 4149.0 ~-0.07
14:45:00 4174.0 0 0.02 Pump Off (Reco
14:45:15]  4774.25 0.25 16697.0 0.02
14:45:301 4174.50 0.50 8345.0 0.02
14:45:45| 4174.75 0.75 5566.3 0.02
14:46:00 4175.0 1.0 4175.0 0.02
14:46:30] 4175.5 1.5 2783.7 0.02
14:47:000 4176.0 2.0 2088.0 0.02
14:47:30 4176.5 2.5 1670.6 0.02
14:48:00] 4177.0 3..0 1392.3 0.02
14:48:30] 4177.5 3.5 1193.5 0.02
14:49:000 4178.0 4.0 1044.5 0.02
14:49:300 4178.5 4.5 928.5 0.02
14:50 4179.0 5.0 835.6 0.02
14:51 4180.0 6.0 696.7 0.02
14:52 4181.0 7.0 597.3 0.02
14:53 4182.0 8.0 522.8 0.02
15:54 4183.0 9.0 464.8 0.02
15:55 4184.0 10.0 418.4 0.02
- 14:57 4186.0 12.0 348.8 0.02
%: 14:59 4188.0 14.0 299.1 0.02
15:01 4190.0 16.0 261.9 0.02 000836
15:03 ' 4192.0 18.0 i:§32.9 0.02
15:05 4194.0 20.0 209.7 0.02
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METR'C Date: 2/23 - 2/27
Corporation
Pumped Well PW-1l iy
Measurements at Well wmw.-gq
Pump Speed: Q: 12/2.00 min~
Static Water Level
time t £ £/t Drawdown
(h:m:s) (min) (min) (ft) Comments
15:10 4199.,0 25.0 168.0 0.02
15:15 4204.0 30.0 140.1 0.019
: 15:20 4209.0 35,0 120.3 0.014
15:25 4214.0 40.0 105.4 0,01
15:30 4219.0 45.0 93.8 0.01
15:35 4224.0 50.0 84.5 0.009
15:40 4229.0 55.0 76.9 0.009
15:45 4234.0 60.0 70.6 0.009
16:05 4254.0 80.0 53.2 0.00 .
16:25 4274.0 100.0 42.7 0.00 T
- §!
16:55 4304.0 130.0 33.1 0.00
17:25 4334.0 160.0 27.1 0.00
17:55 4364.0 190.0 23.0 0.00
18:15 4384.0 210.0 20.9 0.00
19:15 4444.0 270.0 16.5 0.00
20:15 4504.0 330.0 13.6 0.00
21:45 4594.0 420.0 10.5 0.00
6:20 £109.0 935.0 5. 8 0.00 End of Test
000847
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AQUIFER TEST DATA PLOTS
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APPENDIX C
WATER QUALITY ANALYSES

* NOT INCLUDED *
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AQUIFER TESTING
AT THE
SPARTON TECHNOLOGY, INC,
COORS ROAD PLANT

Aquifer tests were performed in four groundwater recovery
wells at the Sparton Technology, Inc., Coors Road Plant
during September and October 1988. The purpose of the
testing was to estimate well capacity and further define
aquifer permeability of the "upper flow zone". The well
capacities were used to develope estimates of the total
capacity of the groundwater recovery system for equipment
sizing and water rights requirements. The "upper flow zone"
consists generally of the upper 5 to 10 feet of the saturated
zone at the Coors Road site sepérated from the remainder of
the saturated zone by a fine grained agquitard unit.

Pumping tests were conducted in four wells, MW-23 and MW-26
located along the south side of the plant building, MW=-27
located along the west side of the plant building and MW-28
located at the west property corner. Each of the four wells
are included in the groundwater recovery system.

The tests were conducted as follows:

Well: Mw-23 _

Test Type: Constant Discharge
Test Drawdown: 2.5 ft.

Available Drawdown: 7.7 ft.
Duration of Pumping: 72.0 hrs.
Average Discharge: 0.26gpm
Observations Taken in Wells: MwW-23

Well: Mw-26 '

Test Type: Constant Discharge
Test Drawdown: 2.5 ft.

Available Drawdown: 13.4 ft.
Duration of Pumping: 71l.1 hrs.
Average Discharge: 0.019gpm
Observations Taken in Wells: MW-26
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Well: MW-27 :

Test Type: Constant Discharge
Test Drawdown: 2.2 ft.

Available Drawdown: 8.0 ft.
Duration of Pumping: 70.0 hrs.
Average Discharge: 0.117gpm
Observations Taken In Wells: Mw-=27

Well: MWw-28

Test Type: Constant Discharge
Test Drawdown: 2.67 ft.

Available Drawdown: 4.1 ft.
Duration of Pumping: 72.0 hrs.
Average Discharge: 0.0705gpm
Observations Taken in Wells:- MW-28

Each of the pumped wells are 2-inch, i.d. PVC wells with wire-
wound stainless steel screens. The wells were installed in
7-inch diameter hollow stem auguer borings. They were pumped
with a 1.66~inch o.d. positive displacement piston pump having

a maximum discharge of about 2.5gpm. Water levels in the pumped
wells were monitored with an airline and a water monometer.

All water level measurements were taken to the né;;;;t 0.01 feet.
Discharge measurements were made with a graduated cylinder

and stop watch.

The water level and discharge data collected during each test
are presented in APPENDIX A. The data were analyzed using
semi~log plots of time-duration and residual drawdown data
(see APPENDIX B).

The time-~-drawdown data were checked using a procedure suggested
by Johnson, 1972 to ensure that u<0.05 and, thus, validate the
use of the Jacob solution, In the equation u ='lL%%£:§, u was
set equal to 0.05, and the time, t, was determined after which
the Jacob solution is valid. The effective radii of the wells

were assumed to be 0.29 ft. because the wells were installed in

2 000856
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7-inch (0.58 ft.) diameter boreholes. TABLE 1 shows that
all but the early data are valid. The selected hydraulic
conductivities were all determined from data for which the
Jacob solution is valid.

The data were also checked using a procedure suggested by
Schafer, 1978 to determine which portion of the data might
be casing storage affected. The early portion of the time-

drawdown data is casing storage affected in each case as
shown in TABLE 2.

For determination of aquifer permeability, the residual draw
data were used rather than the time-drawdown data because the
time-drawdown was affected by fluctuations in the pump dis-
charge and because the residual drawdown data is generally
considered to be more reliable when only pumped well data are
available as is the case here. Additionally, the middle or
late residual drawdown data were used because the early data
appears to be casing storage affected.

Based on the above described testing, it is the opinion of
the investigators that the best estimate for the permeability

(hydraulic conductivity) of the upper flow zone in the vicinity

of each of the wells tested is as follows (see TABLE 3):

Well Hydraulic Conductivity
(cm/sec)
MW=-23 8.54 x 10 *
MW-26 3.91 x 10~ 8
MW=-27 } 9.08 x 10 *
MwW-28 1.07 x 1073
000857



TABLE 1

JACOB VALIDATION

Well r T . t
(£t) (gpd/ft) days min.
MW-23 0.29 139 0.0045 6.52
MW-26 0.29 ) 11.1 0.057 8l.6
MW-27 0.29 154 0.0041 5.88
MW-28 0.29 93.1 0.0068 9.73
_1.87 r* s 1.87 (.29)% (.2)
uT 0.05(T)
= 0.20
= 0.05

0008558
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TABLE 2

CASING STORAGE AFFECT

Well Q S . Q/s tc
(gpm) (ft) (gpm/£ft) - (min)
MW-23 0.264 2.2 0.12 7.6
MW-26 0.019 2.3 0.0082 112
MW-27 0.117 3.0 0.0390 23.5
MW-28 0.0705 1.1 0.0641 14.3
d = 2.07
o4
d = 1.66
P
toc = 0.6 (dc?-dp?) _ 0.6 (2.07%-1.667%)
Q/s Q/s
_ 0.9176
Q/s
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TABLE 3

AQUIFER TESTING
SPARTON TECHNOLOGY, INC. COORS ROAD PLANT

Hydraulic Conductivity

Pumped Observations Curve Apparent b ft/day cm/sec Comments
Well At T (ft)
(gpd/ft)
MW-23 MW-23 Early T-D 33.0 Casing storage affected
Late T-D 456
Early R-D 45.0 _  Casing storage affected
Late R-D -+ 139 7.7 2.42 B.54 x 10 * selected
MW-26 MW-26 Early T-D 1.58 Casing storage affected*
Late T-D 24.9 . :
Early R-D 2.94 _ - Casing storage affected
Late R-D 11.1 13.4 0.11 3.91 x 10 * gelected
MW-27 MW~27 Early R-D 27.3 '
Late R-D 154 8.0 2.57 9.08 x 10”* selected
MW-28 MW-28 Early T-D 18.1 Casing storage affected
Middle T-D 62.0
g Late T-D 19.6 Impermeable boundary
S Early R-D 27.8 : __  Casing storage affected
o Middle R-D 93.1 4.1 3.04 1.07 x 10 ® selected
g Late R-D 12,0 Impermeable boundary

* Jacob Solution Not Valid



The residual-drawdown curves (APPENDIX B) for MW-23, MW-26,

. MW-27, and to a lesser extent MW-28, show evidence that a
"recharge effect" may be occurring during the pumping period.
The residual drawdown curves show a t/t' value greater than

2 at zero drawdown, suggesting a "recharge effect". Possible
explanations of the apparent "recharge effect" include
reduction or reversal of prevailing downward vertical leakage
in the cone of depression during the test or induced flow from
a more permeable burried channel(s) existing within the upper
flow zone.

Estimated well capacities have been computed for each of

the wells included in the groundwater recovery system (see
TABLE 4). The capacities were computed based on specific
capacities observed in testing to date (see METRIC Corp.,
April 1987 and May 1988) and assuming 100% drawdown. This
would tend to yield conservatively high values, however,

MW-24 has undergone additional development since it was tested.
This might increase its capacity beyond that shown in TABLE 4.
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TABLE 4

ESTIMATED WELL CAPACITIES

Specific Available Estimate:
Well # Pumping Drawdown Discharge Capacity Drawdown Capacity

Time (hrs) (ft) (gpm) (gpm/ft) - (£t) (gpm)
18 49.0 5.02 0.264 0.0526 12.6 0.66
23 72.0 2.47 0.260 0.1054 7.65 0.81
24 73.2 3.26 0..205 0.0629 8.1 0.51
25 68.8 3.0 0.317 0.106 7.3 0.77
26 71.1 2.53 0.019 0.008 13.4 0.10
27 70.0 2.21 0.117 0.053 8.0 Q.42
28 72.0 2.67 0.070 0.026 4.1 0.11
pu-1 69.6 2.12 0.13 0.06 4.3 0.26
Total 3.64
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METRIC Date: 9-27-88
Corporation
' Pumped Well Mw-23
Measurements at Well MW-23
Pump Speed: Q: 0,26417 9gpm
Static Water Level
time : t! T Drawdown Discharge
(h:m:s) (min) {(min) (£t) (min.sec/%)
8:15:00 0
15 .25 0.60
30 .5 0.59
45 .75 - 0.56
16:00 1.0 0.11
16:30 1.5 0.42
17:00 2.0 0.60
17:30 2.5 0.56
18:00 3.0 0.66
18:30 3.5 0.97
19:00 | - 4.0 0.41
19:30 4.5 -
20:00 5.0 0.86
21 6 1.88
22 7 2.06
23 8 2,45
24 9 2.1
25 10 wra
27 12 2.37 1'09"/4
29 14 2,43
31 16 2.42
33 18 2.19
35 20 1.93 1'09"/2
40 25 2.06 1'07"/8
45 30 2.08 1'07%/2
30 35 2.11 1'00"/%
.9:00 45 2.41 1'00"/%
- 9:30 75 _ 2.43 55"/%
10:00 105 003565 2.31 1109"
10:30 135 2.16 1'05"
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METRIC Date: 5-27-gs
Corporation
Pumped Well MW-23 o
Measurements at Well MW-23 o
Pump Speed: Q: gpm
Static Water Level
time 1 >? g' e/t . Drawdown D%scharge
h:m:s) (min) (min) (ft) (min.sec/2)
11:00 165 218 1'0o"
_12:00 225 5 ¢ 47" adj 56"
13:00 285 2.86 59" 58"
_14:00 | 345 : 3,00 49" adj
_15:00 405 3.01 49" adj
_16:00 465 2.89 59"
~17:00 525 5 &1 13"
18:00 585 2,52 1's"
_ 19:00 645 2,46 1'16™ adj 1'007
20:00 705 2.51 1'01" "*
+ 21:00 765 2.66 101"
22:00 825 2.55 0'59" °
_23:00 885 2,39 1'02"
24:00 - 945 2.47 l1'os"
1:00 1005 2.45 1'06"
2:00 1065 : 2.46 1'05"
3:00 1125 : 2.36 1'05°"
| 4:00 1185 2.42 _1l'o3"
__5:00 1245 2 139 1'02"
6:00 1305 2 44 1'01°
7:00 1365 2,44 114"
8:00 1425 2.54 1'6" adjy
9:00 1485 2 .60 57"
10:00 1545 2,58 55" adi
11:00 . 1605 2.57 56" adj
12:00 1665 2 .66 110" ™
13:00 1725 Aracca 2.66 58"
14:00 1785 . |IYYeRP 2.70 55" adj
15:00 1845 2.62 | 55" adj
16:00 1905 ! 2.63 55" adj
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METRIC Date: 5-27-gg
Corporation
' Pumped Well MW-23
Measurements at Well MW=-23
Pump Speed: Q: gpm
Static Water Level
time t g' e/t Drawdown D%scharge
(h:m:s) (min) (min) (ft) (min-.sec/2)
17:00 1965 2.51 60"
18:00 2025 2.80 1'6" adj
19:00 2085 2 27 1'01"
20:00 2145 - 2 5g 1'02"
21:00 2205 2.51 1'05"
22:00 2265 2.59 0'sg"
23:00 2325 2.44 1'00"
24:00 2385 2,43 1'00"
1:00 2445 2.46 1'03"
2:00 2505 2.48 1'01*"
3:00 2565 2.37 1'04"
4:00 2625 2.53 g's58"
5:00 2685 2,49 0's7"
6:00 2745 245 102"
7:00 2805 9 B¢ o's7"
8:00 2865 5 71 112"
9:00 2925 9 &g 1'o0"
10:00 2985 5 &9 11"
11:00 3045 2,62 1'02"
12:00 3105 2,64 58"
13:00 3165 2.73 1'0"
14:00 3225 2,88 52" adj
15:00 3285 2,55 58"
16:00 3345 2.59 56"
17:00 3405 2.64 1t
-~ 18:00 3465 2.71 1'6" adj

19:00 3525 2.60 59"
20:00 3585 00066 2.49 59"
21:00 3645 2.56 1'6"
22:00 3705 2.44 58"
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METRIC Date: 4 _57-8s
Corporation
' Pumped Well MW=2 3 .
Measurements at Well MW-23 )
Pump Speed: Q: gpm
Static Water Level
time t g' £/t . Drawdown » D@scharge
(h:m:s) (min) (min) (ft) (min-sec/%)
| 23:00 3765 2.34 1'03"
_24:00 3825 2.65 1'05"
1:00 3885 2.53 56"
2:00 3945 - 2.37 1'07" 1'01"
3:00 4005 2.39 104"
4:00 4065 2.58 1'02"
5:00 4125 2.24 1'02°
6:00 4185 ‘ 2,217 1'06" adj
7:00 4245 2.47 5g" ‘NL
8:00 4305 2.46 1'04" 3
8:15:15) - 4320,25 .25 17,281 1.39 Pump off @8:15
:30 4320.50 .50 8,641 0.83
:45 4320.75 .75 5,761 0.68
8:16:00 4321.00} 1.0 4,321 0.36
8:16:30]  4321.5 | 1.5 2,881 0.19
8:17:00] 4322.0 2.0 2,161 0.14
8: 330 4322.5 2.5 1,729 0.09
8:18:000  4323.0 | 3.0 1,441 0,07
:30 4323.5 3.5 1,235 0.07
19:00 4324.0 4.0 1,081 0.07
:30 4324.5 4.5 961 0.07
20:00 4325.0 5.0 865 0.08
21:0 4326 6 721 0.07
292 .00 4327 7 618 0.06
23:() 4328 8 © 541 0.07
24:0 4329 9 481 0.08
2540 4330 10 433 0.09
-;'zzloc 4332 | 12 361 0.07 00C0LES.
_29:0( 4334 14 1310 0.08
30:0( 4336 16 271 0.08




-30

METRIC

Page S of S5

Date:

9<27-88
Corporation
' Pumped Well
Measurements at Well MW=-23
Pump Speed: gpm
Static Water Level
u:ime t g' £/t Drawdown Discharge
:m:s) (min) (min) (ft) (min.sec/2)
33:00 4338 18 241 0.05
35:00 4340 20 217 0.07
40:00 4345 Pr 174 0.07
45:00 4350 30 145 0.07
50:00 4355 35 124 0.07
55:00 4360 40 109 0.07
9:00 4365 45 97 0.07
9:15 4380 60 73 0.06
9:30 4395 75 59 0.06
10:00 4425 105 42 0.06
11:00 4485 165 27 0.04
11:30 4515 195 23 0.03
13:19 4624 304 15 003
15:10 4735 415 11 002
17:01 4846 526 9 0.00

- 0048869
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METRIC Date: 5_14.8
Corporation
‘ Pumped Well Mw-26 oty
Measurements at Well MwW-26
- Pump Speed: Q: 0.01887 gpm
Static Water Level
time ] t t e/t Drawdown Discharge
(h:m:s) (min) {min) (ft) (min/ %)
8:05:00 0 » 0
218 0.25 . 0.23
230 0.50 0.47
:45 _0.75 - 0.67
6:00 1.00 0.93
+30 1.50 1.37
7:00 2.00 1.76
:30 2.50 2.20
8:00 3.00 . 2.27 o,
:30 3.50 2.28 e
9:00 : 4.00 2.28
- 30 4.50 2.29
10:00 5,00 2.33
11:00 6 2.37
12 7 2.41
13 8 _2.38
_14 9 ' : 2,38
15 10 2.41
17 12 2.57
19 14 2.53 14 min/g
21 16 2.52 :
23 18 2.50
_25 20 : 2,28
30 25 2.44
35 30 | 2,62 14 .
40 e 1 2.77
50/ 45 , 3.03 14
9.:1)/0 55 : 2.71 11
9:2Q 75 000279 2.61 14
9:40 95 | 2.48 12
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METRIC

Date: 9~14~-88
Corporation
Pumped Well MW=-26
- Measurements at Well MW-26
Pump Speed: Q: gpm
Static Water Level
time 1 t t-' £/t Drawdown Disgharge
(h:m:s) (min) (min) (ft) (min/2)
14| 10:00 115 3,53 8
10:30 145 3.48 10
| _11:00 175 2.57 14, 12
11:30 205 2.25 11, 14
12:00 235 2.83 13, 11
13:00 295 2.15 12, 15
| _14:00 355 3,55 12, 11, 13, 12, 9
15:00 415 3,72 15, 15, 11, 9.9, 1
16:00 475 3,25 16, 10, 12
21200 535 3.25 11, 10, 9,11, 11
e 8300 cog 2,85 10, 11, 12, 11
19:00 55 .03 10, 13, 15, 11
20:00 715 _2.55 10, 13, 15
- 21:00 775 2.42 11, 13, 11, 12
r_zz:oo 835 2,35 12, 11, 9, 9
23:00 895 2.47 13, 12, 14, 11
24:00 _955 2,88 11, 9, 13, 10, 17
15 __1:00 1015 2.07 16,12, 17, 17
2:00 1075 1.68 12, 11, 16
3:00 1135 3.24 14, 13, 15, 13
4:00 1195 1.50 11, 9,10, 9
5:00 1255 5.17 9, 8, 12, 10
6:00 1315 4.75 10, 11, 17, 10
7:00 1375 4,60 13,11
8:00 1435 2,78 9, 12, 17
..9:a0 1495 2.26
9105 1500 2.18
9:10 1505 2.10 15
9:15 1510 2.16 008871
) 9:20 1515 1.84




METRIC

LA - A ~d

A o wF

Date: 9-14-88

Corporation
Pumped Well wmyw-2¢
Measurements at Well _ mw-26 -
Pump Speed: Q: gpm
Static Water Level
time J t t" £/t Drawdown Discharge
(h:m:s) (min) (min) : (£t) (min/ )
5 9:25 1520 2.57 14
30 1525 3.30
35 1530 2 46 13
40 1535 - 2.08
45 1540 2.00
50 1545 1.72 15
55 1550 2.77
10:00 1555 . 2,63
05 1560 2.78 12
10 1565 ' 2. @sg |
15 1570 2.83 g
20 1578 2.93 11
25 1580 3.05
a0 1585 2.82 11
35 1590 2.78
40 1595 3.17 10
45 1600 ' . 2.6
20 1605 2.05
55 1610 1.84
11:00 1615 1.92
Q5 1620 1,71 22
10 1625 2,30
15 1630 2.65
20 _1635 2.54
25 1640 ' 2.20
30 1645 1.99 14
35 1650 : 2,90
40 1655 | 3.14 ' _
45 1660 2.07 000872
50 1665 2.44 14
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METRIC Date: g_34-gg

Corporgation

Pumped Well _ Mw-26

Measurements at Well MW=26

Pump Speed: Q: gpm
) Static Water Level
i time 1 ? . Q' e/er - | Drawdown Discharge
(h:m:s) (min) (min) (ft) (min/2)
-15{ 11:55 1670 : 9 89
© o 1.12:00 1675 2.70 12
05 1680 ' 2.53
10 1685 2.43
15 1690 2.55 13
20 1695 2.53
25 1700 - 2.49 .
30 1705 2.52 14
35 1710 ‘ 2.30
! 40 17158 4 2.06 14
( et 45 1720 2.70
o 50 1725 2,35
33 1730 1.89
13:00 1735 2.10
05 1740 2 .45 16
10 1745 2,31
15 1750 - 2,29
20 1755 _2.32 14
25 1760 2.32
10 1765 2.21
a5 1770 2.39
A0 1775 . 2.47 12
45 1780 2.58
S0 1785 2.49
55 1790 | 2.54
| .14:00 1795 2.55 14
i»«wl4:05 . 1800 2.52 .
‘ 00TV
10 1805 2.80
15 1810 ' 1.65
20 1815 2.80 "] 15




Page _> OrI _<3
METRIC Pate: 9-14-88
Corporation

Pumped Well MW-26 -
Measurements at Well MW-26
Pump Speed: Q: gpm
Static Water Level
time t g' e/t Drawdown Discharge
(h:m:s) . (min) (min) (ft) {min/%)

14:25 1820 2.18
10 1825 2.77
35 1830 3.36 9
40 1835 - 3.30
45 1840 3.00 10
50 1845 2.83
55 1850 1.83

15:00 _1855 274 12
0s 1860 273
10 1865 ' 2.13 -y
15 1870 | 2. 49 14 |
20 1875 | 3 48
25 1880 344
30 1885 2.92
35 1890 2 12 15
40 1895 2.94
45 1900 2.91
50 1905 2.83 14
55 1910 2.32

16:00 - 1915 2.07
ns 1920 2.16 15.5
10 1925 2.54
15 1930 2.77
20 19135 2.62 13.5
25 1940 2.68
30 1945 2.44 o,
35 1950 2.37 14 i
40 1955 2.37 000857
45 1960 2.61 Start aerator
50 1965 2.55 12.5
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METRIC Date: g.14-88
Corporation
Pumped Well Mw-26
- Measurements at Well Mw-26
Pump Speed: Q: gpm
i Static Water level
time t £ £/t Drawdown Discharge
(h:m:s) (min) (min) (ft) (min/2)
-15{ __16:55 1970 2.57
17:00 1975 2.29
05 1980 2 09 16
10 1985 5 9e '
15 ‘1990 2,26
20 1995 2.43 12
25 2000 3.23
30 2005 3.24
35 2010 3,37
~ 40 2015 3.15
(W 45 2020 3.35 10
1 50 2025 4.09
53 2030 4.09 10
18:00 2035 3.78
05 2040 3,15
10 2045 3.05 15
15 2050 2.70
20 2055 2.21
25 2060 1.98
30 2065 2.52 18
35 2070 . 1.89
40 2075 5 g% _
45 2080 2,13 ggggfr'ogooggznhoi
50 2085 2,52 14.5
35 2090 2.56
19:00 2095 2.43 15
.05 2100 1.92 e
] 10 2105 1.48 0095775
15 2110 1.28
20 2115 1.87 12
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METRIC Pate: 9-14-88
Corporation
Pumped Well MW-26 o
Measurements at Well MW-26 -
Pump Speed: gpm
Static Water Level
time t ?' R Drawdown Disgharge
(h:m:s) (min) (min) (ft) (min/2)
LS 19:25 2120 2,73
30 2125 2.49 12
35 2130 2.78
40 2135 2.98 11
45 2140 1.10
50 2145 3,06
55 2150 3,00 12
20:00 2155 3.03
05 - 2160 2.67 12 |
10 2165 2.27 fﬁ‘
) 15 2170 2.25
‘ 20 2175 2.33
25 2180 1.84
30 2185 2.95 11
35 2190 3.47 9
40 2195 3.54
45 2200 2.95
50 2205 2.93 12
55 2210 3.20
21:00 2918 3.10 11
05 2220 3.17
10 2225 3.37 10
15 2230 3.35
20 2235 3.20 11
25 2240 3.09 A
30 2245 2.90 »
33 2250 2.78 12 _
40 2255 2.61 _OTUEAb
45 2260 2,71 13
50 2265 2.79
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METRIC Date: 9-14-88
Corporation
Pumped Well MW-26
Measurements at Well MW=-26
Pump Speed: Q: gpm
Static Water Level
time ., ¢ t! £/t Drawdown Discharge
- |(h:m:s) (min) (min) (ft) (min/2)
-15| 21:55 2270 2 79
‘ 22:00 2275 2.85 12
05 2280 2.81
10 2285 __2.50
15 2290 2.43 14
20 2295 2.16
25 2300 1.93 12
30 2305 3.05
35 2310 3.10 12
40 2315 2.96
o4 2320 2 1= .
-1 50 2325 3.12 12
>3 2330 3.48
23:00 2335 3.07 11
05 2340 2.57
10 2345 3.26 12
15 2350 3.60
20 2355 3.42 10
25 2360 3.15
30 2365 3.26 11
35 2370 3.23
40 2375 3,16 11
45 2380 3.11
50 2385 2,97 12
35 2390 2.43 Pump Off
24:00 2395 1.88
o ___03 2393 2.08 -
05 2400 2.20 0008?7
10 2405 2,40
- 20 2415 2.35
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METRIC Date: g_j74.gg
Corporation
Pumped Well MW-26 -
Measurements at Well MW~-26
Pump Speed: gpm
Static Water Level
time ] t t £/t Drawdown Discharge
(h:m:s) (min) (min) (£t) (min/2)
4:25 2420 2.18 18
30 2425 2.40
35 3,01 11
40 3.36 10
45 1.19
50 3.48
35 3,71 10
1:00 1.85
QS 2.27
10 2.53 14 ™
15 2.55 |
20 2.75
25 2,80
30 2485 2.54 13
35 2.61
40 2.50
45 2.65 12
50 2.71
55 2.75
2:00 2.72
05 2.71 15
10 2.40
15 2.66
20 2.70 12
25 3.07 10
30 2545 3.35 S
35 3.05 000878 ‘
40 2.40 15
45 2.43
50 2.55 13
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METRIC Date: 4_14-g8
Corporation
Pumped Well MW=-26
Measurements at Well MW=26
Pump Speed: gpm
Static Water Level |
time t g' L/t . Drawdown Disgharge
(h:m:s) (min) {min) (£t) (min/2)
__55 2,45 14
3:00 2.61
08 2.47
10 2:59
15 2.65 11
20 2.72
25 1.91 11
30 2605 2.08% 12
35 2.39 13
40 2.51
45 2.37 13
50 2,33
55 1.99
4:00 2.60
05 2,10 12
10 2.98
15 3.25 10
20 3.27
25 3.25 1l
30 2665 3.15
35 3.18 11
40 3.11
45 3.07
50 2.50 12
55 3,02
—5:00 2,93 _13
. 05 2.75
” 2. 80 009879
15 2.60
20 3.28 11
25 1 8o
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METRIC Date:g.)4-88
Corporation
' Pumped Well  Mw-26 -
Measurements at Well MW-26
Pump Speed: Q: gpm
Static Water Level
time t t.' t/tey - Drawdown Disgharge
(h:m:s) (min) (min) (ft) (min/2)
5-30 2725 2.50 13
a5 2.85
40 2,46
45 3.42 11
50 3.01
55 3.54 12
6:00 2.73
Q5 2.87 11
10 3,35
15 2,92 12 »
20 3.25
25 2.27
30 2785 2.63 13
35 2.81
40 3.26 10
45 3,57
50 _2.56
55 3.14 12
7:00 2.36
05 0.98
10 2.69
15 1.95
20 2.82 13
25 2.68
30 2845 2.46
35 2.80 ’
40 3.08
45 2.51 14
50 2.08 0¢850
55 1.90
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METRIC Date: g.14.5g
1 Corporation
' Pumped Well MW-26
_ Measurements at Well MW=-26
Pump Speed: Q:
3 Static Water lLevel
time t t! . . Drawdown Discharge
® |(h:m:s) (min) (min) v/t (£t) (min/ )
-16|___8:00 2,00
b 05 2.25 16
10 2.48
A 15 3.30 10
20 3.40
1 25 2.62
30 2905 2.24 14
1 35 1.78
40 1.53
N 45 2.21 17
- 50 2.58
:' 55 2.90 11
9:00 3,12
05 2.20
! 10 2.03
15 2.08 17
l 20 3.17
25 2,29
1 30 2965 2,32
35 2.36 14
L 40 2.42
45 2.38
| 50 2.44 14
55 2.49
) 10:00 2,46
05 2.63 13
“T 1o 2.59
) 15 2.83 12
20 2.59
I 25 2.29 000881




METRIC

Corporation

Pumped Well

Pump Speed:

Static Water Level

MW-26

Page 13

Date:

Measurements at wWell

MW-26

of 23

9-14-88

time t t! e/t - Drawdown Discharge
(h:m:s) (min) (min) (ft) (min/2)

10:30 3025 2.12

35 2.05 15

40 2.17

45 2.36

50 2.44 14

55 2.27
11:00 2.09

05 2.17 15

10 2.30

15 2.36

20 2.50

25 2.48 13

30 3085 2.52

35 2.64

40 2,70 12

45 2.26

50 2.17

55 1.93 17
12:00 1.86 ——

Q5 1.80

10 _1.63

15 1.86 16

20 2.29

25 2.53

30 3145 2.74 13

35 2.43

40 2.46

45 2.43 14

50 2.38 000882

55 X, 2.48
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METRIC

Corporation

Pumped Well mw-26

rage

A4 Of g3

Date: g9.714-88

" Measurements at Well Mw-26
Pump Speed: gpm
b Static Water Level
. .time t t! £/ Drawdown Discharge
(h:m:s) (min) (min) (ft) (min/2)
)=16] __13:00 2.35
h 05 2.15
10 2.19
- 15 2.07 16
20 1.91
v 25 1.18
30 3205 Epmp, started-ad
v 35
40 2.80
- 45 2.50 _
(. 50 2.07 18 .
o
: 55 2.03 _
14-00 1.92 _
0s 1.99 16 _
' 10 1.95 _
15 1.97 _
" _20 1.93 _
25 1.74 18 _
» 30 3265 2.33 _
35 2.62 10 _
L 40 2.87 ]
45 1.81 2:2350-9:46:06
\ 30 2.44 12 i
55 2.88 _
15:00 31.00 _
L 05 2.74 -
10 2.54 12
15 2.43 |
20 5 a4 000C&3 )
L 25 2 .47
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METRIC

LR Al

ol e

Date: 9~14-88
Corporation
' Pumped Well Mw-26 .
Measurements at Well Mw-26 e
Pump Speed:
Static Water Level
time t g' £/t Drawdown Discharge
(h:m:s) (min) (min) (ft) (min/ %)
:30 3325 2.39
35 2.21
40 2.44
45 2.27
50 2.33 13
55 2.40
16:00 2.39
0s 2.18
10 2.28 15
1S 2.23 o
20 2.16 ]
25 2.13 14
30 3385 2,37
35 2.18
40 2.10 15
45 2.14
30 2.07
55 2.10 15
17:00 1.97
as 2.11
10 2.07
15 1.97
20 1.83
25 1.79 15
30 3445 2.87
35 2,43 12 o,
40 2.46 ,
45 2.56 000884
50 2.76
55 2.19 15
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METRIC Date: g_y4-g8
Corporation

Pumped Well MW-26

Measurements at Well MW=-26

Pump Speed: Q: gpm
Static Water Level
time ] t ?' e/t Drawdown Discharge
(h:m:s) (min) (min) _ (£ft) (min/2)
18:00 1.77
05 1.80
10 ' 1.63 15
15 o 2,87
20 3.23
25 2.30 12
30 3505 2.52
35 2.22
40 2,18 14
45 2.16
50 _2.35
55 2.35
19:00 2.10 15
as 1.85
10 1,57 15
15 2.60
20 . 2.02
25 2.09
30 3565 - 2,37 14
35 2.23
40 1.85
45 2.47 14
50 _ 2,48
55 2.34 13
20:00 ' 2.78
- 05 | 2.45
10 2.07 14
15 2.70 :
20 ~ 2.03 0005RS
25 2.17




METRIC

o NE - - i

Date: g-14-88

Corporation
‘ Pumped Well MW-26 )
Measurements at Well MW-26 &%
Pump Speed: gpm
Static Water Level
time t t.' £/t - Drawdown Disc;harge
(h:m:s) (min) (min) (£t) (min/2)

30 3625 2.45 14
35 2.33
40 2.18 14
45 2,32
50 2.57
55 2.84 12

21:00 2.95
05 2.62 13
10 2.04
15 2.00 ol
20 2.55 14 s’
25 2.69
30 3685 2.41
33 2.30 13
40 2,20
45 2.35 14
50 2,81
55 2.92

22:00 2.02 13
QS 192
10 2..1a
15 2 .20 15
20 2,11
25 2.40 13
30 3745 2,46
35 2.74 11 L.
40 3.38 =
45 3.15 15
50 1.69 000886
55 1.84
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rage 1o Ol <o

METRIC PATEt 9-14-88

Corporation

Pumped Well MW-26

Measurements at Well Mw-26

Pump Speed: ___ . Q: gpm

Static Water Level

time t g' £/t - Drawdown Disgharge
(h:m:s) (min) {min) (£t) (min/2)

23:00 1.65
05 2.34
10 2.43 14
15 2.28
20 2.43 14
25 2.43
30 3805 2.37
35 2.60 15
40 2,50
45 2,45
50 2.43 14
55 2.28

24:00 2.20
0s 2.25 14
10 2.30
15 2.88 10
20 .20
23 3.18 11
30 3865 2 .93
35 2.81
40 2,10 14
45 1.25
50 1.94
35 2.10 15

1:00 _2.56
0s 3.50 N.R.
- 10 3.07 -

15 2.16 0008z
20 2.01
25 2.07
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METRIC Date: 9.14-88
Corporation
' Pumped Well _ Mw-26 o,
Measurements at Well _ Mw-26 |
Pump Speed: gpm
Static Water Level
time t t! £/t Drawdown Discharge
(h:m:s) (min) {min) (£t) (min/2)
1:30 3925 1.92 N.R.
35 1.66
40 2.15
45 2.80
30 1.30 14
35 2.43
2:00 2.47
05 2.27
10 2.31
15 2.26 M:?
20 2.26 13
25 2.65
30 3985 2.48
35 _2.23 14
40 2.57
45 2.00
50 2.39 14
55 2.54
3:00 3.25 9
0s 2.85
10 2,90
15 2.82 13
20 2,85
25 2.29 14
30 4045 2.35 =
35 2.90 11
40 2.32
45 5 e 000888
50 2.08
55 1.97 N.R




METRIC

AR

Corporation

Pumped Well

MW-26

rayc

eV Wa b&J

Date: 9?14"‘88

Measurements at Well mMw-26

Pump Speed: gpm
Static Water Level
time t t' £/t - Drawdown Dis?harge
(h:m:s) (min) (min) (£t) (min/2)
4:00 1.88
05 1.74 14
10 2.77
15 2.20
20 1.85
25 2.53 15
30 4105 2.54
35 2.39 14
40 2.41
45 2.95 14
50 '2.58
33 2.60
5:00 2,75 13
Q5 2,66
10 3.45
15 2.77
20 2.49
25 2.15
30 4165 2.09 15
35 2.40
40 1.69
45 1.81 15
50 1.91
35 2.09
6£:00 2.29 14
0s 3.02
4 10 i 2.15
_ 15 197 14
20 2 .13 -
25 1 ag 000089
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METRIC Date: 4. 14-88

Corporation

Pumped Well MW-26

Measurements at Well MW=-26

Pump Speed: Q: gpm

Static Water Level

time 1 t t t/t; Drawdown Discharge
(h:m:s) (min) (min) - ' (ft) (min/2)

30 4225 ; 2.03 15

35 1.82

40 ' 2.06

45 - 2,45 14

50 2,42

55 2,49 13

2:00 2.52

Q5 2.53 Stop Pump

10 4265 2.53

15

20

25

- 30

35

40

45

50

50 ' 009890
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Page _22 of 213

METRIC Date: 91488

Corporation RECOVERY
‘ Pumped Well _ mw-26

Measurements at Well _Mw-26

Pump Speed: Q: gpm

Static Water level

time ] t t! £/t Drawdown Disc;harge
(h:m:s) (min) (min) (£t) (min/2)
7:10:00 | 4265 0 - 2.53
15 | 4265.25 0.25 17061 2.38
30 | 4265.50 0.50 8531 2.28
45 | 4265.75 0.75 - 5688 2.13
11:00 | 4266.0 1.0 4266 2.01
30 | 4266.5 1.5 2844 1.77
12:00 | 4267.0 2.0 2134 1.63
an | 4267.5 2.5 1707 1.39
13:00 | 4268.0 3.0 1423 1.29
30 | 4268.5 3.5 1220 1.19
14-00 | 4269.0 4.0 1067 1.10
ag | 4269.5 4.5 949 1.00
15.00 | 4270.0 5.0 854 0.95
16 4271 6 712 0.77
17 4272 7 610 0.65
18 4273 8 534 0.57
19 4274 9 475 0.53
20 4275 10 428 0.46
22 4277 12 356 0.33
24 4279 14 306 0,27
26 4281 16 268 0.23
28 4283 18 238 0,20
30 4285 20 214 0.15
35 4290 25 172 0.15
40 4295 30 143 0.10
45 4300 35 123 0.06
50 4305 40 . 108 0.04
8:00 4315 50 | 86 0.09 0008531

10 4325 60 72 0.05

——

29 4335 70 62 0.07
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METR,‘C Date: 4_14.g8
Corporation

Pumped Well MW=-26

Measurements at Well MW=26

Pump Speed: Q: gpm

Static Water level

I

time ﬁ t t! £/e0 Drawdown Discharge
(h:m:s) (min) (min) (ft) (min/2)

8:30 4345 80 54 0.06
9:00 4375 110 40 0.07
9:30 4405 140 31 Q.07

10:00 4435 170 ~ 26 0.05

11:00 4495 2130 20 0.03

12:00 4555 200 16 0.01

13:00 4615 280 13 0.04

14:00 4675 410 11 0.05

15:00 4735 470 10 0.07

18:00 4915 650 7.6 0,12

000022




METRIC

raye

A O

Date: 9.20-88
= Corporation
1 ' Pumped Well Mw-27
Measurements at Well MW=27
Pump Speed: Q: 0.11741 gpm
o Static Water Level
- time ] t t* £/t Drawdown Discharge
(h:m:s) (min) (min) (ft) (min-.sec/¢)
)=-20{ 10:10:00 0 0
15 .25 _
30 -3 0.43
- 45 .75 1.48
10:11:00 1 2.32
- 30| 1.5 3.08
12.00 2.0 3.43
- 30 2.5 3.67
13:00 3.0 3.78
- 30!l 3.5 3.79 _
N 14:00] 4.0 3.48 |
L 30| 4.5 3.38 .l
15:00 5 3.48 _J
16:00 6 3.64 |
) 17:00 7 3.71 i
18:00 8 3.66 {
: 19:00 9 3.45
20:00] 10 3,28 Discharge 2'16"
. 22 12 3.04
24 14 2.85
. 26 16 2.88
28 18 2.78
. 30 20 2_£9
‘ 35 25 2.65 2'16"/8
40 30 2.86
' 45 35 2.80 2'10"/¢
s 50 40 2.98
B 55 45 2.95 000893
‘ 11:00:00 50 3.25
- 11:10:00 60 2.25 2'07"/2




. -
e T ———

METRIC
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Date: 9_20<88
Corporation
. Pumped Well  jy-27
Measurements at Well MW=27 A
Pump Speed: Q: gpm
Static Water Level
time 1 t g' L/t Drawdown D%scharge :
(h:m:s) (min) (min) (£ft) (min-sec/2) (
L 11:20 20 2.98 2'15"/¢
[__11:30 80 2.86
11:40 90 2.25 2'19"/2
11:50 100 ‘ 2.58
12:00 110 2.90 2'12"/2
12:20 130 2.56 2'18"/%
40 150 3.03 219" /3
13:00 170 3.25 2'12"/2
30 200 3.13 2'13"/¢
14:00 230 2,87 2'11%/¢2 o
30 | 260 2.72 2'23"/¢
15:00 290 3.06 2'13",2'26"%,2'9", 2" X
30 320 2,94 2'23", 2'14"
16:00 350 2.73 2'23", 2'19"
17:00 410 2.68 2'7", 26"
_30 440 2.79 2'13"
18:00 470 2.68 2'35% adj 2'21"
19:00 530 2.69 2'14", 2'12"
20:00 590 2.85 2'10"
21:00 650 2.48 2'3", 2'25"
22:00 710 2.70 28"
23:00 770 2.66 2'15"
24:00 830 2.72 210% ads
1:00 890 2.54 L
2:00 950 2.68 2113"
3:00 1010 2.75 2'10" .
4:00 1070 2.96 1'52" adi 2'1H*
5:00 1130 2.88 211qgm
6:00 1190 009524 3.01 2119w
7:00 1250 3.38 1'48" adj 2'14"
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METRIC Date: 9-20-88
Corporation _
‘ Pumped Well MwW-27
Measurements at Well Mw-27
Pump Speed: gpm
Static Water Level
F—time t t! " /'t' ' Drawdown DJ:.scharge
(h:m:s) (min) {min) (ft) (min-.sec/%)
8:00 1310 3.24 2'10"/¢
9:00 1370 2,39 2'15"/32
10:00 1430 2.36 2'17"/4
11:00 1490 - 2.78 2'15"/4
12:00 1550 2.87 2'17"/%
13:00 1610 2.51 2'18"/%
14:00 1670 2.47 -2'15" /¢
15:00 1730 2.95 211n /8
16:00 1790 3.15 2117%/%
17:00 1850 3.18 2'11n/2
18:00 1910 3.68 211" /8
- 19:00 1970 3.19 2174m
20:00 2030 3.04 2'3" adj
21:00 2090 3.00 _2'11n
22:00 2150 3.18 2t10"
23.00 2210 2.85 2'10"
24:00 2270 2.77 2'22"
1:00 2330 2,81 2'11"
2:00 2390 2.94 2'6"
3:00 2450 2.83 2'15"
4:00 2510 2.88 2'27" adj
5:00 2570 2.66 2t14"
6:00 2630 2.87 -
7:00 2690 2.58 2'15"/3g
8:00 2750 3.11 217" /g
9:00 2810 2.56 2'17" /2
10 .00 2870 2.46 adj to 210"
(™ 11.00 2930 2.61 2'14"
12-00 2990 008533 2,71 2'12"
13:00 3050 2.98
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METRIC Date: 5-20-83
Cxxrxxchn

Pumped Well _ mw-27 -

Measurements at Well MW=27

Pump Speed: Q: gpm
Static Water level
time : t t.' t/th Drawdown D:i.scharge
(h:m:s) (min) (min) (£ft) (min.sec/%)

14:00 3110 2.61 2'19"/
15.00 3170 2.61 2'29"/
16:00 3230 ' 2.86 2'8"/

17:00 3290 ) 2.48 2'23"/
18:00 3350 2.54 2'9"/

19:00 3410 2.87 2'11"
20:00 3470 3.01 . 2'9°
21:00 3530 # 2.83 2'28"
22:00 3590 2.98 1'48" adj
_23:00 3650 2 .78 2'18" jz
24:00 3710 - 2,85 218"

1:00 3770 ~ 2,80 2'16"

2:00 3830 _2.54 2'17"

3:00 3890 2.90 2'12"

4:00 3950 3.11 2'10"

5:00 4010 , 2.93 2'7" adj

6:00 4070 ‘ 2.80 2'19"

7:00 4130 2.54 2'25" adj

8:00 4190 2.22 2014"

8:10 4200 1.88 Stop pump |

0090526
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METR'C Date: 9<20-88
Corporation RECOVERY
o Pumped Well MW=-27
Measurements at Well Mw-27
Pump Speed: Q: gpm
Static Water Level
time t t" e/t Drawdown D::Lscharge
(h:m:s) (min) (min) (ft) (min-sec/%)
8:10:00 4200 0.0 1,88 .
:10:15 4200.25 0.25 16801 1.10
30 4200.50 0.50 8401 0.73
45 4200.75 0.75 5601 0.47
11:00 4201.00 1.00 4201 0,35
11:30 4201.5 1.50 2801 0,20
12:00 4202.0 2.00 2101 0.11
12:30 4202.5 2.50 1681 Q.09
13:00 4203.0 3.00 1401 0.07
13:30 4203.5 3.5 1201 0.05
14:00 4204 .0 4.0 1051 0.04
14:30 | 504 = 4.5 934 0.03
15:00 4205 .0 5.0 841 0.03
16:00 | 4204 6 701 0.01
17 4207 7 601 0.01
18 4208 8 _ 526 0.01
19 4209 9 468 0.00
20 4210 10 421 0.0
22 4212 12 351 0.0
24 4214 14 301 0.0
26 4216 16 264 0.0
28 4218 18 234 +0.01
8:30 4220 20 211 +0.02
35 4225 25 169 +0.02
40 4230 30 141 +0.02
45 4235 34 121 +0.03
-~ 50 4240 40 106 +0.03 .
55 4245 45 94 +0.02 005597
9:00 4250 50 85 0.03
9:10 4260 60 71 0.03 —
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METRIC | Date: 9-20-88
Corporation |
Pumped Well MW-27 ﬂ?}.
Measurements at Well MW-27
Pump Speed: Q: ' gpm

Static Water Level

time 1 t t £/E Drawdown Discharge
(h:m:s) (min) (min) (£t) (min.sec/1)
9:20 4270 70 61 +0.03
9:30 "~ 4280 80 54 +0.03
10:00 4310 110 39 +0)03
11:27 -
13:49 1497 197 22 +0.03
16:47 4539 339 13 +0.07
4717 407 11 +0.09

Ty,

00085238
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METRIC

Corporation

Pumped Well

Mw-28

fFage

Vi -

Date:lo_ll_ég

Measurements at Well

Pump Speed:

Static Water lLevel

Mw-28

0.07045 gpm

time W t BN R £/t Drawdown Discharge
(h:m:s) (min) (min) (ft) {min.sec/%)
12:20:00 0 0.05
:15 .25 0.08
:30 .50 0.16
:45 .75 0.18
21:00 1.0 0.21
21:30 1.5 0.25
22:00 2.0 0.31
22:30 2.5 0.37
23:00 3.0 0.42
23:30 3.5 0.45
24:00 4.0 0.49
24:30 4.5 0.55
25:30 5 0.56
26 6 0.63
27 7 0.70
28 8 0.77
29 9 0.83 Reduced motor st
30 10 0.87
12:32 12 0.93
12:34 14 0.99
36 16 1.04
38 18 1.11
40 20 1.13
45 25 1.20 4'12"/¢
50 30 1.24
55 35 1.23
~13:00 40 1.28 3'02"/y
1™13:20 60 1.32 4'29'/,
13:40 80 00089 1.43 4'36"/2
14:00 100
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Date: 10-11-88
Corporation
Pumped Well Mw-28
Measurements at Well MW-28 %
Pump Speed: gpm
Static Water Level
time t t.‘ e/t Drawdown D;:Lscharge
(h:m:s) (min) {(min) - (£t) (min.sec/2%)

14:30 130 1.44 4'32" adj
15:00 160 1.68 3'36% adi
15:30 190 1.58 5'26" adq
16:00 220 - 1.71 4'50" adj
17:00 280 1.88 2'06" adi
18:00 240 1.86 31'39" adj
19:00 400 1.73 3'49" adj
20:00 460 1.82 §5'23" adj
21:00 520 1.81 3'45" tech adi.
22:00 580 1.94 313g" o
23:00 640 2,11 313" o
24:00 700 2.20 348"

1:00 260 2.20 4'00"

2:00 820 2.16 3149"

3:00 agQ 2.11 4'06"

4:00 940 2.18 3'55¢4

5:00 1000 2.19 347"

6:00 1060 2.30 3'47"

7:00 1120 2.21 3147"

8:00 1180 2.33 3147"

9:00 1240 2.30 3'43"
10:00 1300 2.43 3'44"
11:00 1360 2.52 3'46"
12:00 1420 . 2.59 3'45"
13:00 1480 2.69 343"
14:00 1540 2.45 3'42" .
15:00 1600 2.48 EXVEL
16:00 1660 4 2.50 314"
17:00 1720 000300 2.52 31430
18:00 1780 2.54 3144"
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-

e &

Date: 10-11-88
Corporation
Ti Pumped Well MW-28
' | Measurements at Well MW-28
I Pump Speed: gpm
= Static Water Level
: time 1 t t.' e/t Drawdown Discharge
-} (h:m:s) (min) (min) : (ft) (min.sec/1)
0/12_19:00 1840 2 .49 3'45"
2 20:00 1900 2 G€ 3'44"
‘ 21:00 1960 5 &g 3'46"
B 22:00 2020 - 2.67 3'48"
\ 23:00 2080 2.39 3'52"
~ 24:00 2140 2.29 4'00"
| 1:00 2200 2.17 4'08"
5 2:00 2260 2.62 3'46"
; 3:00 2320 2.74 344"
‘ 4:00 2380 2.74 3'45"
f),ﬂm 5:00 2440 2.63 3'48"
“iver 6100 2500 2.58 3'48"
' 7:00 2560 2.61 3'48"
8:00 2620 2.68 3'48"
2 9:00 2680 2.42 3'47"
10:00 2740 2.59 3'49"
' 11:00 2800 2.68 3'47"
12:00 2860 2.53 3147"
. 13:00 2920 2.53 3'46"
14:00 2980 2.51 3'46"
. 15:00 3040 2.53 3145"
16:00 3100 2.50 3'45"
17:00 3160 2.69 344"
' 18:00 3220 2.71 3143"
19:00 3280 2.61 Jr45"
! 20:00 3340 2.65 3142"
e 21200 3400 2.70 3144"
G 22:00 3460 2.56 3'44"
23:00 3520 000901 2.66 3144"
L 24:00 3580 2,63 3'45"




METRIC Pate: ., 11-g8
Corporation
Pumped Well MW~28
Measurements at Well MW-28
Pump Speed: Q: gpm
Static Water Level
time t t ' e/t" Drawdown D@scharge
(h:m:s) (min) (min) (ft) (min.sec/%)
1:00 3640 2,68 348"
2:00 3700 2.59 3+48"
3:00 3760 2.54 3'49"
4:00 3820 - 2.57 3149"
5:00 3880 2.66 3'50"
6:00 3940 2.46 31sqn  Hole
7:00 4000 2.71 3'36"
8:00 4060 2.72 3143"
9:00 4120 2.63 3'43"
10:00 4180 2.64 343" -
11:00 4240 2.65 3'43" P
12:00 4300 2.67 345"
12:20 4320 0 2.56 Pump Off
12:20:15 4320.25 .25 17,281 2.45
:20:30|  4320.50 .5 8,641
£20:45 4320.75 .75 5,761 2.15
:21:00 4321.0 1.0 4,321 2.14
:21:30 4321.5 1.5 2 .881 2.11
$22:00 4322.0 2.0 2,161 2.10
:22:30 4322,5 2.5 1,729 2,08
:23:00 4323.0 3.0 1.444 2.06
:23:30 4323.5 3.5 1,235 2.05
=24:00 4324.0 4.0 1,081 2.03
.94-3 4324.5 4.5 961 2.01
:25:Q 4325 5.0 865 2.00
: 26 4326 6 721 1.97 F
227 4327 7 618 1.94 ‘ff
;28 4328 8 541 1.92
:29 4329 9 481 1.89 000902
:30 4330 10 433 1.87
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METRIC | Date: 15_73-88

Corporation

Pumped Well M=-28

Measurements at Well Mmw-28

Pump Speed: Q: gpm
Static Water level

time t t.' £/t . Drawdown Discharge
(h:m:s) (min) (min) (ft) (min.sec/2)
12:32 4332 12 __361 1.82
34 4334 14 310 1.77
36 4336 16 271 1.71
38 4338 18 - 241 1.66
40 4340 20 217 1,62
50 4350 30 145 1,44
55 4355 35 124 1.33
13:00 4360 40 109 1.26
13:30 4390 70 63 0.85
14:00 4420 100 44 0.56
14:30 4450 130 34 0.32
15:00 4480 160 28 0.20
16:00 4540 220 21 0.07
17:00 4600 280 16 0.01 _
18:00 4660 340 14 0.00
19:00 4720 400 12 0.00

009203
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" PREFACE

)

With the advance of soil mechanics and its applications in the design and con~
struction of foundation and earth structures, the influence of ground-water levels and
pore-water pressures is being considered to a much greater extent than a decade
or two ago. Rapid andreliable determinationof such levelsand pressures is assum-
ing increasing importance, and sources of error which may influence the measure-

ments must be eliminated or taken into account.

A reviewofirregularities in ground-water conditions and the principalsources
of error in ground-water observations is presented in the first part of this paper..
Many of these sources of error can be eliminated by proper design, installation, and
operation of observation wells, piezometers, or hydrostatic pressure cells. How-
ever, other sources of error will always be present and will influence the observa-
tions to a greater or lesser degree,depending on the type of installationand the soil
and ground-water conditions. Conspicuous among the latter sources of error is the
time lag or the time required {or practicaleliminationof differences betweenhydro-

static pressures in the ground water and within the pressure measuring device.

Theoretical and experimental methods for determination of the time lag and
its influence on the results of ground-water observations are proposed in the second
part of the paper. Simplifications are obtained by introducinga term called the basic
time lag, and solutions are presented for both static, uniformly changing, and fluc-
tuating ground-water conditions. The influence of a secondary or stress adjustment
time lag, caused by changes in void ratio or water content of the soil during the ob-

servations, is discussed.

The third part of the paper contains data which will assist in the practical
application of the proposed methods. Formulas for determination of the flow of
water through various types of intakes or well points are summarized and expanded
to include conditions where the coefficients of the vertical and horizontal permeabil-
ity of the soil are different. Examples of computations and a table facilitate prelim-
inary estimates of the basic time lagfor the principal types of installations and soils,
and determination of the actual time lag is illustrated by several examples of field

observations and their evaluation.

Determination of the coefficients of vertical and horizontal permeability for
the soil in situby means of time lagobservationsis theoretically possible and is dis-
cussed briefly in the closing section of the paper. Such field determinations of per-
rmeability have many potentialadvantages, but further researchis needed in order to

eliminate or determine the influence of various sources of error.

An abstract of the paper was presented in January 1949 at the Annual Meet~
ing of the American Society of Civil Engineers, and a limited number of copies of
the first draft were distributed. In this final version of the paper the individual

sections have been rearranged and amplified to some extent,and some new sections
have been added.

000916 39578
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NOTATION

Distance from ref. level to piezometer level for steady state, cm.
Distance from ref. level to piezometer level, transient state, cm.

Distance from reference level to the outside piezometric level, cm.
Values of x, y, and z for t =0, cm.

Amplitude of fluctuating piezometer levels for steady state, cm.

Amplitude of fluctuating outside piezometric levels, cm.

Increment change in active head, cm.
Active head, H=z - y, cm.
Active head for t =0, cm.

Constant piezometric head, cm.

Increment change in transient differential head, cm.
Transient differential head, H' = y - x, cm.

Transient differential head for t =0, cm.

Area of casing, piezometer, manometer, or pressure cell, cmz.
Diameter of piezometer, manometer, or pressure cell, cm.
Diameter of effective intake, boring, or well point, cm.

Base of natural logarithms, no dimension.

Equalization ratio, E = (H, - H)/Ho, no dimension.

Intake shape factor, from q = FkH, cm.

Length of effective intake or well point, cm.

Coefficient of permeability, cm/sec.

Coefficient of horizontal perme.ability, undisturbed soil, cm/sec.
Mean coefficient of permeability, km = ky - K. cm/sec.
Coefficient of vertical permeability, undisturbed soil, cm/sec.
Coefficient of vertical permeability, soil in casing, cm/sec.

Transformation ratio, m =+ ky/k,, no dimension.

Rate of flow at time t and head H, cm3/sec.
Rate of flow at time t =0 and head H,, cm3/sec.
Time, seconds unless otherwise indicated.

s Seconds)

m Minutes) . .
h Hours ) Used only in Figs. 14, 16, 17.

d Days )

Phase shift of sinusoidal wave, seconds unless otherwise indicated.
Basic time lag, T = V/q, seconds unless otherwise indicated.
Period of sinusoidal wave, seconds unless otherwise indicated.

Total volume of {low required for pressure equalization, cm?3.

Rate of linear change in pressure, cm/sec.
Unit weight, g/cm3.
Deflection of diaphragm in pressure cell, cm. 000920
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TIME LAG AND SOIL PERMEABILITY IN GROUND-WATER
OBSERVATIONS

by

M. Juul Hvorslev*

. INTRODUCTION

Accurate determination of ground-water levels and pressures is required,
not only in surveys of ground-water supplies and movements, but also for proper
design and construction of most major foundation and earth structures. The depth
to the free ground-water level is often a deciding factor in the choice of types of
foundations, and it governs the feasibility of and the methods used in deep excava-
tions. A recent fallor rise in ground-water levels may be the cause of consolidation
or swelling of the soil with consequent settlement or heaving of the ground surface
and foundations. The existence of artesian or excess pore-water pressures greatly
influences the stability of the soil; determination of pore-water pressures permits
an estimate of the state or progress of consolidation, and it is often essential for
checking the safety of slopes, embankments, and foundation structures. In general,
determination of both free ground-water levels and pore-water pressures at various
depths is usually a necessary part of detailed subsurface explorations, and the ob-
servations are often continued during and for some period after completion of foun-

dation and earth structures.

Ground-water levels and pore-water pressures are determined by means of
borings, observation wells, or various types of piezometers and hydrostatic pres-
sure cells. During the advance of a bore hole or immediately after installation of a
pressure measuring device, the hydrostatic pressure within the hole or device is
seldom equal to the original pore-water pressure. A flow of water to or from the
boring or pressure measuringdevice then takes place until pressure differences are
eliminated, and the time required for practical equalization of the pressures is the
time lag. Such a flow with a corresponding time lag also occurs when the pore-water
pPressures change after initial equalization. It is not always convenient or possible
to continue the observations for the required length of time, and adequate equaliza-
tion cannot always be attained when the pore-water pressures change continually
during the period of observations. In such cases there may be considerable differ-
ence between the actual and observed pressures, and the latter should then be cor-

rected for influence of the time lag.

* Consuitant, ASoils Division, Waterways Experiment Station. 00092



The magnitude of the time lag depends onthe type and dimensions of the pres-

sure measuring installation, and it is inversely proportional to the permeability of
the soil. A preliminary estimate of the time lag is necessary for the design or se-
lection of the proper type of installation for given conditions. The actual time lag
should be determined by field experiments so that subsequent observations may be
corrected for its influence, when conditions are such that corrections are required

or desirable.

Theoretical and experimental methods for determination of the time lag and
its influence on the results of pressure measurements are presented in this paper.
These methods are based on the assumptions usually made in the theories on flow
of fluids through homogeneous soils, and the results are subject to corresponding
limitations. In addition tothe time lag, ground-water observations may be influenced
by severalother sources of error and by irregular and changing ground-water con-
ditions. Therefore, an initialreview of ground-water conditions in general and of the
principal sources of error in determination of ground-water levels and pressures is
desirable in order to clarify the assumptions on which the proposed methods are

based, and to delimit the field of application of these methods.
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PART I: GROUND-WATER CONDITIONS AND OBSERVATIONS

Irregularities and Variations

Several sources of error in determination of ground-water levels and pres-
sures occur primarily when irregular and/or rapidly changing ground-water con-
ditions are encountered. Regular conditions, with the piezometric pressure level
equal to the free ground-water level at any depth below the latter, are the exception
rather than the rule. Irregular conditions or changes in piezometric pressure level
with increasing depth may be caused by: (a) perched ground-water tables or bodies
of ground water isolated by impermeable soil strata; (b) downward seepage to more
permeable and/or better drained strata; (c) upward seepage from strata under ar-
tesian pressure or by evaporation and transpiration; and (d) incomp_lete processes
of consolidation or swelling caused by changes in loads and stresses. For a more
detailed description of these conditions reference is made to MEINZER (20)* and
TOLMAN (30); a general discussion of ground-water observations is found in a re-

cent report by the writer (16).

Ground-water levels and pressures are seldom constant over considerable
periods of time but are subject to changesby: (a) precipitation, infiltration, evapora-
tion, and drainage; (b) load and stress changes and/or seepage due to seasonal or
diurnal variations in water levels of nearby rivers, lakes, estuaries, and the sea;
(c) construction operations involving increase or decrease in surface loads and re-
moval or displacement of soil; (d) pumping ahd discharge of water; (e) variations in
temperature and especially freezing and thawing of the upper soil strata; and (f)
variations in atmospheric pressure and humidity. The last mentioned variations
may cause appreciable and rapid changes in ground-water levels, but the interrela-
tionship between atmospheric and ground-water conditions is not yet fully explored
and understood; see HUIZINGA (13), MEINZER (20), and TOLMAN (30). The possi-
bility that minor but rapid changes in ground-water levels and pressures may occur
should be realized, since such changes maybe misinterpreted and treatedas errors,

and since they may affect the determination of corrections for actual errors.

Sources of Error in Measurements

The principal sources of error in determination of ground-water levels and

* Numbers in parentheses refer to references at end of paper.
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pressures are summarized in Fig, 1, and some further details are presented in the

following paragraphs.

Hydrostatic time lag

When the water content of the soil in the vicinity of the bottom of a bore hole
or intake for a pressuremeasuringdevice remains constant,and when other sources
of error are negligible, the total flow or volume of water required for equalization
of differences in hydrostatic pressure in the soil and in the pressure measuring de-
vice depends primarily on the permeability of the soil, type and dimensions of the
device, and on the hydrostatic pressure difference. The time required for water to
flow to or from the device until a desired degree of pressure equalization is attained,
may be called the hydrostatic time lag. In order to reduce the time lag and in-
crease the sensitivity of the installation to rapid pressure changes, the volume of
flow required for pressure equalization should be reduced to a minimum, and the

intake area should be as large as possible.

Stress adjustment time lag

The soil structure is often disturbed and the stress conditions are changec
by advancing a bore hole, driving a well point or installing and sealing a pressure
measuringdevice, and by a flow of water to or from the device. A permanent and/or
transient change in void ratio and water content of the affected soil mass will then
take place, and the time required for the corresponding volume of water to flow to
or from the soilmaybe called the stress adjustment time lag. The apparentstress
adjustment time lag will be increased greatly by the presence of air or gas bubbles
in the pressure measuring system or in the soil; see Items 6 to 8, Fig. 1. This time
lag and its influence on the results of observations are discussed in greater detail
in Part II, pages 21-29.

General instrument errors

Severalsources of error may be foundin the design, construction, and method
of operation of the pressure measuring installation. Among such sources of error
may be mentioned: (a) inaccurate determination of the depth to the water surface in
wells and piezometers; (b) faulty calibration of pressure gages and cells; (c) leakage
through joints in pipes and pressure gage connections; (d) evaporation of water or
con-densation of water vapors; (e) poor electrical connections and damage to or de-
terioration of the insulation; (f) insufficient insulation against extreme temperature

variations or differences, especially inactivation or damage by frost. The effect of

leakage through joints and connections is similar to thatof seepage along the outside

of conduits, discussed below.
000224

Seepage along conduits

Seepage along the casing, piezometer tubing, or other conduits may take
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1. Sources of error in determination of ground-water pressures




place, especially when irregular ground-water conditions are encountered. As shown

in the figure, such seepage may increase or decrease the pore-water pressure in
the soil at the bottom of the hole or at the intake for a pressure measuring device.
Even under regular ground-water conditions seepage may occur in closed systems
with attached manometer or pressure gage, and it will always affect experimental
determination of the time lag of the system and of the permeability’ of the soil. To
avoid seepage, the entire piezometer or the well point is often driven into the soil;
but this method causes increased disturbance of the soil, and in many cases it is
also desirable to surround the well point with a graded sand filter. When the well
point is installed in an oversized bore hole, the space between the standpipe and the
wall of the hole must be sealed above the well point, preferably in a fairly imper-
meable stratum. Puddled clay, bentonite mixtures, and cement grout have been
used for sealing, but it is not always easy to obtain a tight seal and at the same time
avoid stress changes in the surrounding soil because of swelling of the sealing ma-
terial. A seal consisting of alternate layers of sand and clay balls, compacted by
means of an annular tamping tool, has been developed and used successfully by A.
CASAGRANDE (2) and (3).

Interface of liquids

To avoid corrosion or inactivation and damage by frost, manometer and pres-
sure gages and the upper part of piezometers may be filled with kerosene or other
oils. The difference in specific gravity of water and the liquid used, as well as the
position of the interface, must be taken into consideration in determining the pore-
water pressure. However, when observations are extended over long periods of
time, the position of the interface may change because of evaporation and/or leakage

and be difficult to determine. If the interface is in the wall of a well point with very

fine pores, or in fine-grained soil outside the well point, additional and considerable

errors may be caused by the menisci formed in the pores and by the difference in

surface tension of water and the liquid in the pipe and well point.

Gas bubbles in open systems

Air or gas bubbles in an open observation well or piezometer may influence
the time lag and cause the stabilized level inthe pipe to rise above the ground-water
or the piezometric pressure level for the soil. Therefore, the interior of the pipe
should be smooth, downward protruding edges or joints should be avoided, and the
diameter of the pipe should be large enough to cause the bubbles filling the cross
section to rise to the surface. These requirements are fulfilled by use of seamless
and jointless plastic tubing, CASAGRANDE (2) and (3), and when the inside diameter

of such tubing is 3/8 in. or more.

Gas bubbles in closed systems

Air or gas bubbles in a closed pipe connected to a manometer or pressure
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gage will increase the time lag, but gas above the connection to the pressure gage,
and small gas bubbles adhering to the walls of the pipe, will not affect the stabilized
pressure indicated by the gage. Gas bubbles below the gage connection and filling
the entire cross section of the pipe will influence the indicated stabilized pressure.
The pipe should be provided with an air trap and outlet valve at top, and should be
smooth, without protruding joints, and of a diameter large enough to permit freerise
of gas bubbles. At least, facilities for occasional flushing should be provided and
the entire installation should be composed of materials which do not cause develop-

ment of gases through electrolysis.

Gas entrapped in the water-filled space below the diaphragm of a hydrostatic
pressure cell of the type shown in CasSe 9,Fig.13 -~ or in the perforated cover plate
or porous stone -- will not influence the ultimate pressure indicated but will greatly
increase the time lag of the pressure cell. It is conceivable that a material accu-
mulation of gas below the diaphragm may cause the time lag of a hydrostatic pres-
sure cell to be considerably greater than that of a closed piezometer with attached

manometer or Bourdon pressure gage.

Gas bubbles in soil
N

Air and other gases are often entrapped in the pores of the soil, even below
the ground-water level, or dissolved in the water. When the gas bubbles migrate to
and cluster around the well point or are released there from solution in the water,
the time lag will be increased on account of volume changes of the gas and because
the gas bubbles decrease the permeability of the soil. The well point should consist
of materials which do not cause development of gases through electrolysis. It is
also advisable to avoid an excessive decrease of the hydrostatic pressure inside the
well point and a consequent decrease of the .pore—water pressure in the surrounding
soil, since a decrease in hydroéta_tic pressure may cause release of gases dissolved

in the water. -

Sedimentation and clogging

Sediment in the water of the standpipe or piezometer will ultimately settle
at the bottom of the pipe. When a solid porous well point is used, the sediment may
form a relatively impervious layer on its top and thereby increase the time lag.
Therefore, a hollow well point should be used, the pipe should be filled with clean
water, and facilities for occasional cleaning and flushing are desirable. An outward
flow of water from the pipe and well point may carry sediment in the pipe into the
pores of the walls of the point or of the surrounding soil and may thereby cause
clogging and a further increase in time lag. Therefore and insofar as possible, a

strong outward flow of water from well point should be avoided.

Erosion and development

A strong inward flow of water may carry fine particles from the soilinto the
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pipe, thereby increasing the permeability of the soil in the vicinity of the well point
and decreasing the time lag of the installation. An initialstrong inward flow of water
and ‘‘development'’ of the well point may in some casesbe desirable in order to de-
crease the time lag, provided the well point and pipe thereafter are cleaned out and
filled with clean water. Uncontrolled erosion or development is undesirable on ac~
count of consequent unknown changes in the time lag characteristics of the installa-
tion, and because the soil grains may cause clogging of the well point, or the soil
grains may be carried into the pipe, settle at the bottom, and ultimately increase
the time lag. The porosity of, or openings in, the well point should be selected in
accordance with the composition and character of the soil, or the well point should

be surrounded with a properly graded sand or gravel filter.
Summary comments

It should be noted that several of the above mentioned sources of error re-
quire conflicting remedialmeasures, and for each installation it must be determined
which one of these sources of error is most serious. Those listed under ltems 3,
4,5, and 6 in Fig. | will affect the results of the observations, even when these are
made after practical equalization of the inside and outside pressures is attained.
Those described under Items 7, 8, 9, and 10 primarily influence the time lag, but
they may also affect the final results when the direct field observations are cor-
rected for influence of the time lag. It is possible that these sources of error may
develop or may disappear and that their influence on the observations may vary
within wide limits during the life of a particular installation. Therefore, it is de-
sirable that facilities be provided for controlled changes of the hydrostatic pressure
inside the well point, so that the time lag characteristics may be verified or deter-

mined by methods to be described in the following sections of the paper.

The time lag characteristics of a hydrostatic pressure cell may be deter-
mined by laboratory experiments, but it should be realized thatthese characteristics
may be radically altered and the time lag greatly increased by an accumulation of
gases below the diaphragm after the pressure cell has been installed. When a hydro-
static pressure cell is to be left in the ground for prolonged periods, it would be de-
sirable but also very difficult to provide means for releasing such gas accumula-

tions and for verifying the basic time lag of the pressure cell in place.
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PART II: THEORY OF TIME LAG

The Basic Hydrostatic Time Lag

In this and the following sections concerning the hydrostatic time lag, it is

assumed that this time lag is the only source of error or that the influence of the

stress adjustment time lag and other sources of error, summarized in Fig. 1, is

negligible. Derivation of the basic dif-
ferentialequation for determination of the
hydrostatic time lag, Fig. 2, is similar to
that of the equations for a falling~head
permeameter andis based onthe assump-
tion that Darcy's Law is valid and that
water and soil are incompressible. It is
alsoassumed that artesian conditions pre-
vailor that the flow required for pressure
equalization does not cause any. percepti-
ble draw-down of the ground-water level.
The active head, H, at the time t is
H=2z -y, where z maybe a constant or
a function of t. The corresponding flow,
q, may thenbe expressed by the following

simplified equation,
q=FkH=Fk (z - y) (1)

where F is a factor which depends on the
shape and dimensions of the intake or well
point and k is the coefficient of permea-
bility. This equation is validalso for con-
ditions of anisotropic permeability pro-

vided modified or equivalentvalues F and

] sumrace

NN

PIEZOMETRIC
LEVEL

PIEZOMETER
AREA = A

t+dt
t

T

dy

t=0

' COEFF.OF
I} PERMEA-
BILITY

':
-

RATE OF INFLOW AT

G=FkH=F-k{z-y) Q)

VOLUME OF FLOW IN Time dt

q-d+ = A-dy
AND
.k
v = dt @

TOTAL FLOW FOR EQUALIZA-
TION OF PRESSURE DIFF. H

Vv =A"H

BASIC TIME LAG - T- DEFINED

Basic definitions and equations

k are used; see pages 32-35. It is assumed that the friction losses in the pipe are

negligible for the small rates of {low occurring during pressure observations. Con-

sidering the volume of flow during the time dt,

qdt = A dy

the following equation is obtained,

where A isthe cross-sectionalarea of the standpipe or an equivalent area expres-

sing the relationship between volume and pressure changes in a pressure gage or

cell. By introducing q from equation(l), the differentialequation canbe written as,

dy
zZ -y

(2)
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The total volume of flow required for equalizationof the pressure difference, H, is
V = AH. The besic time lag, T, is now definedas the time requiredfor equaliza-
tion of this pressure difference when the original rate of flow, q = FkH, is main-

tained; that is,

T=¥. AH . A | (3)

and equation (2) can then be written,

dy dt
zZ-y - T (4)

This is the basic differential equation for determination of the hydrostatic
time lag and its influence. Solutions of this equation for both constant and variable
ground-water pressures are derived in the followiné sections, and methods for de-
termination of the basic time lag by field observations are discussed. Examples of
theoretical shape factors, F, and preliminary estimates of the basic time lag by

means of equation (3) are presented in Part lII, pages 30-37.

Applications for Constant Ground-Water Pressure

When the ground-water levelor piezometric pressure is constant and z = H,,
Fig. 3, equation (4) becomes
AN
o-y T
and with y = 0 for t =0, the solutionis,
Letngeo = 1n e
T Ho -y - '"H (5)

The ratio t/T may be called the time lag ratio. The head ratio, H/H is deter-

mined by the equation

ol

t
H _°T (6)
H, ~ °
and the equalization ratio, E, by
t _
y H T ’
E=-2=1-2-=1-, T (7)
H, H,
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A diagram representing equations (6) and (7)is shown in Fig.3-C. It should be noted
that the basic time lag corresponds to an equalization ratio of 0.63 and a head ratio
of 0.37. An equalization ratio of 0.90 may be considered adequate for many practical
purposes and corresponds to a time lag equal to 2.3 times the basic time lag. An

equalization ratio of 0.99 requires twice as long time as 90 per cent equalization.

When the stabilized pressure level, or initial pressure difference, is not
known, it may be determined in advance of full stabilization by observing successive
changes in piezometer level, h), hz, h3, etc., for equal time intervals; see Fig, 3-B.

The time lag ratio is then equal for all intervals, or according to equation (5),

to, B My H
.T 1In H], = nHZ = nH3,etc.

and hence,

H1 H> H; - H, hy
or,
h h
t 1 2
7 = ln~ = ln v, etc. 8
T=Ing, R, © (8)
and since H} = Hy - hl' H; = Hy - hZ.’ etc.,
hZ 2
h
1 2
H, = H) = ————, etec. (9)

It is emphasized that these equations can be used only when the influence of the
stress adjustment time lag, air or gas in soil or piezometer system, clogging of the

intake, etc., is negligible, or when

L2 3
4

Equations (9) form a convenient means of estimating the stabilized pressure level.
In actual practice it is advisable to fill or empty the piezometer to the computed
level and to continue the observations for a period sufficient to verify or determine

the actual stabilized level.

When the head or equalization ratios, or the ratios between successive pres-
sure changes for equal time intervals, have been determined, the basic time lag may
be found by means of equations (5), (7), or (8). However, due to observational er-

rors, there may be considerable scattering in results, especially when the pressure
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changes are small. In general, it is advisable to prepare an equalization diagram
or a semi-logarithmic plot of head ratios and time, as shown in Fig. 3-D. When the
assumptions on which the theory is based are fulfilled, the plotted points should lie
on a straight line through the origih of the diagram. The basic time lag is then de-
termined as the time corresponding to a head ratio of 0.37. Examples of both straight
and curved diagrams of the above mentioned type are discussed in Part III, pages
38-43,

Applications for Linearly Changing Pressures

When the ground-water or piezometric pressure level, as shown in Fig. 4,
is rising at a uniform rate, + a, or falling at the rate - «, then

z = Hy + at (10)
and equation (4) may be written,
4y _dt
Hy+at -y T (11)

With y = 0 for t =0, the solution of equation (11) is,

y-at “T (12)

which corresponds to equation (7) for constant ground-water pressure. Theoreti~
cally o, T, and H, may be determined, as shown in Fig. 4-B, by observing three
successive changes in piezometer level at equal time intervals, t, and expressing

the results by three equations similar to equation (12). By successively eliminating
t

(Ho -aT) and e T from these ecquations, the following solutions are obtained,

2
gt = S1P3Th2 (13)
hl +h3—2h2
h; - at
LI S
’T‘lnhz-at (14)
(h, -ozt;)2
Hg, =aT+W (15)
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These equations correspond to equations (8) and (9) for constant ground-water pres-
sure. However, the form of equation (13) is such that a small error in determina-~
tion of the increment pressure changes may cause a very large error in the com-
puted value of @t. In general, itis better to determine the basic time lag and the

actual ground-water pressures after the steady state, discussed below, is attained.

Referring to Fig. 4-C, equation (12) represents the transient state of the
piezometer curve. With increasing values of t, the right side of this equation ap-
proaches unity and thé curve the steady state. Designatingthe ordinates of the steady

state of the piezometer curve by x, this curve is represented by,

x -at 1
H -aT ~
o
or by means of equation (10),
z - x = T = constant . (16)

That is, the difference between the actual ground-water pressure and that indicated
by the piezometer is constant and equal to a@ T during the steady state. The dif-
ference between the pressures corresponding to the transient and steady states of

the piezometer curve
H' =y -x (17)

may be called the transient pressure differential. For the conditions shown in Fig.
4-C, this differential is negative. With
x=H,-aT+at and H =aT-H
o o

equation (17) can be written,

and by means of equation (12)
H' = Hj e (18)

This equation is identical with equation (6) for constant ground-water pressure; that
is, the transient pressure differential can be determined as if the line representing
the steady state were a constant piezometric pressure level. As will be seen in Fig.
4-C and also the diagram in Fig. 3-C, the steady state may for practical purposes
be considered attained at a time after a change in piezometer level, or start of a

change in the rate @, equal to three to four times the basic time lag.

When the piezometer level incrcases or decreases linearly with time, it may
be concluded that the steady state is attained and that the rate of change, @, is equal
to that for the ground-water pressure. If the piezometer level now is raised or
lowered by the amount H;, and the transient pressure differentials are observed,

then the basic time lag may be determined by means of a semi-logarithmic plot of
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the ratios H'/H(') and the time, t, as in Fig. 3-D; that is, the basic time lag is the
time corresponding to H'/H; = 0.37. To complete the analogy with constant ground-
water pressures, the transient pressure differential may be observed at equal time

intervals, t, and the basic time lag determined by,

]
H H)
—% = lnH—? = ln——'l, etc,
1 Hj
or by
h) h,
‘—t" = ln—Tl = Iln —2". etc.

where hl" hl, h'3 are the increment pressure differentials. However, it is gen-
erally advisable to use the ratios H'/H; and a diagram of the type shown in Fig.
3-D. Having thus determined the basic time lag, the difference between the piezom-

eter and ground-water levels, QT, can be computed.
Applications for Sinusoidal Fluctuating Pressures

Periodic fluctuations of the ground-water pressure, in form approachinga
sinusoidal wave, may be produced by tidal variations of the water level of nearby
open waters, Fig.5-A. Such fluctuations of the ground-water pressure may be rep-

resented by the equation

z=zasin%‘—n\:{E (19)

where 2z, is the amplitude and T,, the period of the wave. By means of the basic
differential equation (4) the following equation for the fluctuations of the piezometer

level is obtained,

d 1 . 2nt
g);' = 7 (zysinF— - y) (20)
w
y -t
Through the temporary substitution of a new variable v and y =ve T, setting
2nt '
ZﬂT _ S d ith - . - . -
Tw - tan Ty, and wi Y =Yy for t=0, thefollowingsolution of the equation is
obtained,
_ i 2ty | 2wty _L
)’-Zacos—,l',vs1nﬂ(t-ts)+ Yo t 2, cos » sin e T
w

i
:
i
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t

For large values of t, e T becomes very small and is zero for the steady state,

for which the following equation applies, substituting x for vy,

Zﬂts . Zﬂ'
X = z, cos T, sin T, (t - tg)

This equation represents a sinusoidal wave with the phase shift tg, determined by,

2nt
tan s _2nT (21)
Tw T,
and the amplitude
Zﬂts za
Xy = 2z, COS = (22)
a Ta Tw N1+ (2xT/T,)2
The equation for the steady state can then be written,
- in 25 (¢ -t 23
x—xas1n,rW - tg) (23)
and the equation for the transient state,
t
2rt -
2 n . nts T
= in —— - + 24
y = x_ sin T, (t t)+ (yo x, sin Tw) e (24)
The transient pressure differential, H'= y = %, is determined by
f i 21( ts _.E. . —%
H=(yo+xa51n Tw)eT=Hoe (25)

where H, is the transient differential for t = 0. Equation (25) is identical with
equations (6) and (18), and the transient pressure differential can also in this case
be computed as if the steady state were a constant pressure level, H' may be de-
termined as a function of Hclx by means of the diagram shown in Fig. 3-C, and it
will be seen that for practical purposes the steady state is reached after elapse of a
time equal to three to four times the basic time lag.

Equations (22) and (23) are represented by the diagram in Fig.5-B, by means
of which the phase shift and the decrease of amplitude in the piezometer can easily
be determined. If the fluctuations of the piezometer level have reached the steady
state and the wave period, Tw, and the phase shift, t,, can be observed in the

field, it is theoretically possible to determine the basic time lag by means of the
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diagram in Fig. 5-B. However, it is difficult to determine the phase shift by direct
observation, since it cannot be assumed that the pressure fluctuations in the ground
water are in phase with those of the surface waters. When the fluctuations in the
ground-water pressure are caused by load and stress changes without material
secepage and volume changes of the soil, it is possible that the phase shift in pore-
water pressures, with respect to the surface water, may be insignificant eventhough
a material decrease in amplitude occurs. On the other hand, when pressure changes
in the pore water in part are caused by infiltration or are accompanied by changes
in watef content of the soil, then it is possible that there also will be a material
shift in phase of the pressure fluctuations. The basic time lag may be determined
during the steady state by raising or lowering the piezometer pressure, observing
the transient pressure differentials, and plotting the ratios H'/Hc': and the elapsed

time in a diagram similar to that shown in Fig. 3-D.

Corrections for Influence of the Hydrostatic Time Lag

The characteristics of an installation for determination of ground-water
levels and pressures may change with time because of sedimentation, clogging, and
accumulation of gases in the system or in the soil near the intake. When observa-
tions of such levels and pressures are to be corrected for influence of the hydro-
static time lag, thé first task is to determine the basic time lag and verify that the
4ssumptions, on which the general theory is based, are satisfied. This is best ac~-
complished during periods when the ground-water pressure is constant, but as shown
in the foregoing sections, the verification may also be performed during the steady

state of lincar and sinusoidal variations in the ground-water and piezometer levels.

Verification by means of transient pressure differentials can be used irrespective of the
form of the curve representing the steady state of pressure variations. The pressure variations
may be represented by the following generalequations, z = F(t) for the ground-water pressure;
x = {(t) for the steady state of the piezometer pressure; and y = g(t) for the transient state or
dfter the piezometer pressure has been raised or lowered by an arbitrary amount H'. The tran-
slent pressure differential is the H' =y - x, and according to equation {(4), which applies to all
¢onditions,

dy _ dt dx dy - dx _ dH'

z-y T zZ - X X -y H
or
mn':-.;.,»rc
and with H':Hc" for t=0
Hl
.
H

;’;‘:u}‘\ 1s identical with equation (5). Therelore, when the piezometer pressure varies in such a
Sonabelr lthat the press.urz?s can be predicted with sufficient accuracy for a future period of rea-
Sure be ength,.the basic time lag' may be determined by raising or lowering the piezor'neter pres-
ting th: ::t'arbltr'ary'amount, Ho_' obse.rving the transientpressure differentials, H, and plot-
tion (a) o 105: H /H° as a hfnctu_)n of time as shown in Fig. 3-D. Applicationof the basic equa-

equires that the points in the semi-logarithmic plot fall on a straight line through the

Origin of the diagram.
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Having determined the basic time lag and verified that the assumptions are

satisfied, corrections for influence of the time lag in case of linear or sinusoidal
variations may be determined as shown in Figs. 4 and 5. In case of irregular fluc-
tuations, it should first be noted that when the piezometer curve passes through a
maximum or minimum, the pressure indicated by the piezometer must be equal to
that of the ground water. In this connection it is again emphasized that the fluctua-
tions of the ground-water pressure are not necessarily in phase with those of the
water level of nearby surface waters. The maxima or minima of the piezometer
variations may be used as starting points for the corrections, which may be deter-
mined by assuming either an equivalent constant value or, alternatively, an equiva-

lent constant rate of change of the ground-water pressure during each time interval.

The first of these methods is shown in Fig. 6-A. The difference, Hc' be-~
tween the equivalent constant ground-water pressure and the piezometer pressure
at the start of the time interval may be determined by equation (7) and substituting

H. for H, and h for y; thatis,
h
He = & (26)

where h is the change in piezometer pressure and E is the equalization ratio for
the time interval, t, or time lag ratio t/T; see Fig. 3-C. It is now assumed that
the actual ground-water pressure in the middle of the time interval is equal to the

equivalent constant pressure during the interval.

In applying the second method of correction, Fig. 6-B, it is assumed that the
pressure difference at the beginning of the time interval, Ho' has beendetermined,
for example by starting the operations at a maximum or minimum of the piezometer
curve. Designating the equivalent uniform rate of change in ground-water pressure
by o, the totalchange during the time interval, H; = at, canbe computed by means
of equation (12), or when solving for at and introducing the equalization ratioc E,

h—EHO (27)
Hy = T
l-E—t'

This method will usually give more accurate results than the method of equivalent
constant pressure, but the latter method is easier to apply. The results obtained by
the two methods are compared in Fig. 6~C, and it will be seen from the equations
and the diagram that the difference in results is only a few per cent when the initial
pressure difference islarge and the time interval is small, in which case the easier
method of equivalent constant pressures may be used. On the other hand, there is
considerable difference in results ana the method of equivalent constant rate of

change should be used when the initial pressure difference is small and the time lag

ratio is large. 000940
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Fig. 6. Corrections for influence of hydrostatic time lag

Influence of the Stress Adjustment Time Lag

In absence of detailed theoreticaland experimentalinvestigations of the stress
adjustment time lag and its influence on pressure observations, the following dis-
Cussion is tentative in character, and its principal object is to call attention to the

problems encountered.
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As mentioned in discussing Fig. !, the stress adjustment time lag is the time
required for changes in water content of the soil in the vicinity of the intake or well
point as a result of changes in the stress conditions. A distinction must be made

between the initial stress changes and adjustments, which occur only during and im-

mmediately after installation of a pressure measuring device, and the transient but

repetitive changes which occur each time water flows to or from the intake or well

point during subsequent pressure observations.

Initial disturbance and stress changes

When a boring is advanced by removal of soil, the stresses in the vicinity of
its bottom or section below the casing will be decreased with a consequent initial
decrease in pore-water pressure and tendency to swelling of the soil. A flow of
water from the boring to the soil will increase the rate of swelling, and the com-
bined initial hydro'static and stress adjustment time lags will pfobably be decreased
when the initial hydrostatic pressure inside the boring or well point is slightly above

the normal ground-water pressure, Fig. 7-A,

. START WITH INSIOE r § /]
INSIOE PRES— ABOVE THE NORMAL SIS o E— PIPE 7, &y DIAPHRAGM PIPE
F4  ouTsioe PREsSURE = F== 0=1ha~ | 3 4 -
OUTSIDE PRES. =tha / 3 D=1
PRE SSURE CELL—
Epe] F=1  START WITH INSIOE 7 /’ 2
BELOW THE NORMAL ’
OUTSIDE PRESSURE DIAPHRAGM— ¢
CAUSE: CAUSES:
REMOVAL OF DISTURBANCE OF SOIL, :;:c;:::ﬂi?: BE-
SOIL FROM DISPLACEMENT OF SOIL. FILLED WiTH WATER
BORE HOLE COMPACTION OF FILTER. FLOW FROM ’
SWELLING OF SEALING, 20NE OF PORES AND HOLES
INCREASED IN POINT ARE OF
v rone QATER CAPILLARY SIZE,NO
N2 ~ \ LOSS OF WATER.
) \_>PRESSURE 12 HOLES
/ FLOW TO ZONE OF o L/
]~ P \ 4
\ DECREASED PORE R !
\ WATER PRESSURE \ Vo SHOE— 1 3 /-::)ENETL
A AN\ 4] _—POROUS STONE !
SWELLING CONSOLIDATION M.J.H -194) BOITEN-PLANTEMA
A 8 A 8
Fig. 7. Initial disturbance and stress changes Fig. 8. Points for pressure sounding rod

A zone with increased pore-water pressures and a tendency to consolidation of
the soil may be caused by disturbance and displacementof soil during the driving of
a well point and by compaction of a sand filter or a seal above a well point or pres-
sure cell installed in an oversize bore hole, Fig. 7-B. Subsequent swelling of the
sealing material may also cause consolidation of the surrounding soil, but its effect
on the pore-water pressures in the vicinity of the well point is uncertain. A flow of
water from the soil to the well point willincrease the rate of consolidation, and when

the basic time lag of the installation is large, the combined initial hydrostatic and
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stress adjustment time lags will probably be decreased when the initial hydrostatic

pressure inside the well point is below the normal ground-water pressure.

The initial stress adjustment time lag depends on the dimensions of the zone
of stress changes and on the permeability, sensitivity to disturbance, and consolida-
tion characteristics of the soil. The initial stress adjustment time lag will be small
compared to the hydrostatic time lag when the total volume change of the soil is
small compared to the required increase or decrease of the volume of water in the
pressure measuring device, as in case of a boring or observation well in coarse-
grained soils. On the other hand, the stress adjustment time lag may be very large
compared to the hydrostatic time lag for a pressure cell installed in fine-grained

and highly compressible soils.

The initial stress adjustment time lag can be reduced by decreasing the di-
mensions of the well point and/or filter, but this will increase the hydrostatic time
lag. When the ground-water observations are to be extended over a considerable
period of time, the hydrostatic time lag is usually governingand the well point should
be large. On the other hand, when it is desired to make only a single or a fewmeas-
urements at each location and depth, and when a sensitive pressure measuring de-
vice is used, then the well point should be small in order to reduce the zone of dis-
turbance and the initial stress adjustment time lag. Even then there is an optimum
size,and when the dimensions of the well point are made smaller than that size, the
consequent decrease in the initialstress adjustment time lag may be more than off-

set by an increase in the hydrostatic time lag.

-Examples of points for pressure measuring devices, similar to sounding rods
and intended for reconnaissance exploration of ground-water conditions in soft or
loose soils,are shown in Fig. 8. The one to the left,designed by the writer {14, 15),
has a larger intake area than the one shown tothe right and designed by BOITEN and
PLANTEMA (1), but the latter is sturdier and will probably cause less disturbance

of the soil in the immediate vicinity of the point.
Transient consolidation or swelling of soil

When water is flowing to or from a pressure measuring device, the pore-
water pressures, the effective stresses in, and the void ratio of the soil in the vi-
cinity of the well point or intake will be subject to changes. As a consequence, the
rate of flow of water to or {rom the intake will be increased or decreased, and this
will influence the shape of the equalization diagrams. The above mentioned changes
are more or less transient, and with decreasing difference between the piezometer
and ground-water pressures, the stress conditions and void ratios will approach

those corresponding to the pore-water pressures in the soil mass as a whole. The
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probable sequence of consolidation and swelling of the soil around a rigid well point

when the piezometer level is lowered or raised is shown in Fig. 9.

It is difficult by theory or ex-

PIEZOMETER LEVEL LOWERED PIEZOMETER LEVEL RAISED
. i . . .
o a-2 a-2 a1 perxmegt to determine the changes in
IMMEDIATE OELAYED DELAYED IMMEDIATE void ratio and water content around a
FREE RISE FREE RISE FREE FALL FREE FALL . . .
well point, but similar changes occur
during soil permeability tests with a
rising or falling head permeameter, and
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o E W ! : . .
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g5 o 9 25813 usually furnish too high values for the
$%3 ER °g <32 . 1 .
2 J& 323 242 coefficient of permeability and are dis-
3 z 22 - 8 zZ z =
z o @ 30 .
243 z 3 293 carded as unreliable. Although the
- ] a 3 9
J sy P
ey 12 iz “aZs stress conditions around a rigid well
<9 oz 35 <5 . . :
L x =5 Eow point are more complicated than in a
z 3 G v z "
soil test specimen in a permeameter,
\/ the results of permeability tests, which g
jnowoswﬂsni‘ \ are extended until practicalequalization"

/"\\(

""'% ! i /\ of the water levels is attained, will fur-

d
RIGID WELL POINT/

PRI, .
- T -

/& nishan indication of the magnitude of the
transient consolidation and swelling and
on the resulting shape of equalization

THE RESULTING TIME LAG OR HEAD RATIO CURVES WILL PROBABLY

RESEMBLE THOSE SHOWN IN FIG. 10 diagrams for a rigid well point*., A

series of such tests were performed

Fig. 9. Transient changes in void ratio with Atlantic muck, a soft organic clay,
and the testing arrangement and some
test results are shown in Fig. 10. The volume changes during these permeability
tests were very small since the test specimens were overconsolidated in order to

obtain nearly equal consolidation and swelling characteristics.

When the water level in the standpipe, Fig. 10, is raised and immediately
thereafter allowed tofall -- corresponding to Case B-1 in Fig. 9 -- an initial swell-
ing of the soil takes place, since the total verticalstresses remain constant whereas
the pore~-water pressure has been increased and the effective stresses tend to de-
crease. As a consequence, the rate of flow from the standpipe to the soil sample is
increased and the initial slope of the equalization diagram becomes steeper. As the
swelling progresses and the water level in the standpipe falls, the rate of excess
flow decreases; the equalization diagram acquires a concave curvature, and a con-

dition will be reached where the void ratio of the soil corresponds to the pore-water

* The relatively simple conditions shown in Fig.9,and a comparison with the conditions in a permeameter,
may not apply in case of an open bore hole, when the well point or intake is not rigid, and when the pres-
sure in Case B is so great that the soil is deflected and a clearance is created between the well point and

the soil.
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Fig. 10. Volume changes during laboratory permeability tests

pressure indicated by the standpipe level. With further fall in this level and de-
crease in pore-water pressures, a reconsolidation of the soil takes place with a con-
sequent deficiency in rate of flow from the standpipe. The curvature of the equaliza-
tion diagram decreases; the diagram becomes fairly straight and may even acquire
a slight convex curvature as it approaches the normal diagram, obtained when there
is no change in void ratio of the soil. However, the ultimate shape and slope of the
diagram could not be determined from the results of tests so far performed, since

these results were influenced by very small temperature changes in the laboratory.

When the water level in the standpipe is raised and maintained in its upper
position until the initial swelling of the soil sample is completed and then allowed to
fall -~ Cases B~2 in Figs. 9 and 10 -- a gradual re-consolidation of the soil takes
place during the actual test, and an equalizationdiagram which lies above the normal
diagram is obtained, but its lower part is more or less parallel to the lower part of

the diagram for immediate fall.

009505 39578



Similar diagrams were obtained by rising head tests. When the water level

in the U-tube is lowered and immediately thereafter allowed to rise, Case A-1l in
Figs.9 and 10, the soil will be subjected to an initial consolidation with a consequent
increase in rate of flow to' the U-tube, but this volume decrease of the soil will later
.be eliminated by a swelling and a corresponding .deficiency in rate of flow to the
U-tube. The resulting equalization diagram has a concave curvature and lies below
the normal diagram. When the water level in the U-tube is maintained in its lower
position until the initial consolidation is completed and then allowed to rise,a gradual
swelling of the soil takes place; the rate of flow to the U-tube is decreased, and the

equalization diagram lies above the normal diagram.

All the above mentioned tests were repeated several times with both undis-
turbed and remolded soil, and the results obtained were all similar to those shown
in Fig,10. A slight sudden drop in head ratio in case of immediate fall -- or rise --
is probably due to a small amount of air in the systermm., As already indicated, the
shape of the lower part of the diagrams was influenced by small amounts of leak-
age and evaporation and by temperature changes. The temperature in the laboratory
did not vary more than 1.5° F from the meantemperature, but even such small var-
iations are sufficient to cause conspicuousirregularities in the testresults when the
active head is small. However, it is believed that the results are adequate for dem-
onstration of the consolidation and swelling of the soil during permeability tests and

of the resulting general shape of the equalization diagrams.
Volume changes of gas in soil

The influence of gas bubbles in an open or closed pressure measuring sys-
tern is summarized in Fig. 1 and discussed briefly on pages 6 and 7. Whereas such
gas bubbles may cause a change in both the ultimate indicated pressure and the time
lag or slope of the equalization diagram, they will not materially influence the shape
of the latter, since changes in pressure and volume of the gas bubbles occur nearly
simultaneously with the changes in hydrostatic pressure within the system. On the
other hand, when the gas bubbles are in the soil surrounding the well point and their
volurme and the water content of the soil are changed, there will be a time lag be-
tween changes in hydrostatic pressure in the system and corresponding changes in
pressure and volume of the gas bubbles, and this time lag will cause a change in
both slope and shape of the equalization diagrams, The general effect of the gas
bubbles is an increase in the apparent compressibility of the soil, and the equaliza-

tion diagrams should be similar to those shown in Fig. 10.

The change in volume of the gas bubbles, when the piezometer level is low-
ered or raised, and probable resulting equalization diagrams are shown in Fig. 11,
This figure and the following discussion are essentially a tentative interpretation of
the results of the laboratory permeability tests and the field observations shown in

Figs. 10 and 17.

000246




:r level
A-1lin
sequent
1l later
to the
53 below
s lower
sradual
and the

undis-
» shown
rise --
ed, the
f leak-
ratory
11l var-
‘hen the

¢ dem-
sts g

g sys-
1s such
e time
- shape
nearly
On the
d their
ag be-
1ges in
nge in
the gas

1aliza-

s low-~

ig. 11.

;Ltion(;fc
ownN%..

w

Bl

£

Al ioiers

el eI A i

27

PIEZOMETER LEVEL LOWERED '~°Z T T T 000.  PIEZOMETER LEVEL RAISED
Al r A2 - NOTE:DIAGRAMS FOR ILLUSTRATION ONLY I 8-2 h B-1
w ' AND DO NOT REPRESENT ACTUAL TESTS. x
IMMEDIATE DELAYED : * DELAYED IMMEDIATE
FREE RISE FREE RISE 9 v FREE FALL FREE FALL
@ DELAYED OBSERVATIONS w
° \
3 ] f
~ DELAYED |RISE b4
2 Hp \ 4'04 r -
= < fe o« z e Ml e
= T ° ¥ \ s =] ===
v o F
@ 5 . w £ oo 0.90 « @
A sa < ~ 4 a0
s 2 = « 3 s 2 zZ 2z
z 9 EI a < & <0
<Ea Ez N TANGENT {PARALLEL 3 3¢ 50
z 3w Qe T w c Z STy
S aa h -] To | A-8 o 5aa
0 3 z 35
a k@ [ <3 < xX m
zz2 zn a x w 2
40 ® G W X o 2@
a0 4, v 3 w 5z wn
e 3 2 IMMEDIATE RISE AND .3 Sw <
s Z é @ 335 23"°
<5 < 0 a3 @ <uw
- -V
£ 3 83 39 E s
W 2
Za o0t | 0.99 Y Za
at = | w
]
0 < R IMMEDIATE RISE AND 085.|§ 9 "
4 Y <
Y u v
<u Z P——— 9 W ©
S 7 —40°% w
[ w
? 3 a A\\ DELAYED |OBSERV, B w3 g
s
v 5 (?1 \\u I < 3
9« Tl %o
I \_“_\—‘ 5 >
P DELAYED |RISE 5] 2
[} TIME (LINEAR SCALE) T

Fig. 11. Influence of volume changes of gas in soil

When the piezometer level suddenly is lowered and immediately thereafter
allowed to rise, Case A-1l, the pressure in the pore water is decreased, and the gas
bubbles tend to expand and force an excess amount of water into the well point; that
is, the initial rate of rise of the piezometer level will be increased and the equali-
zation diagram, A-C, will have a steeper slo;;e than the normal diagram, A-B, and
a concave curvature. Itis emphasized that the normal diagram, A-B, corresponds
to the condition of no volume change of the gas bubbles and not to complete absence
of gas bubbles in the soil. Even when the volume of the gas bubbles does not change,
the presence of these bubbles will decrease the eflective permeability of the soiland
increase the time lag of the piezometer. As the piezometer level rises, the differ-
ence between the pressures in the gas bubbles and the surrounding pore water de-
creases. At the time T, these pressures are equalized, and the rate of excess in-
flow ceases; that is, the tangent to the equalization diagram, A-C, at the time T,
should be parallel to the normal diagram, A-B. With a further rise in piezometer
level, the pore-water pressure around the well point increases; the volume of the
gas bubbles decreases,and there will be a deficiency in inflow of water. The curva-
ture of the equalization diagram decreases and may eventually become zero or, per-
haps, even change to a slight convex curvature as the volume of the gas bubbles ap-

proaches its original value.

1f the observations were startedat the time of reversalof the volume changes,

T,, the volume of the gas bubbles would decrease throughout the observations; there
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would be a deficiency in the rate of inflow, and the equalization diagram,A-C', would
be above the normal diagram. A similar but higher-lying diagram, A-D, would be
obtained if the piezometer level is not allowed to rise immediately after lowering
but is maintained in its lower position until the initial swelling of the gas bubbles is
completed, Case A-2. The two diagrams A-C and A-D should ultimately become
parallel, and the normal diagram is a straight line between these limiting diagrams

and is tangent at ‘*A"'’ to diagrams A-C' and A-D.

When the piezometer level suddenly is raised and immediately thereafter is
allowed to fall, Case B-1l, the volume of the gas bubbles at first decreases with a
consequent excess outflow of water from the piezometer. Later on the gas bubbles
expand until their original volume is attained, and during this period there will be a
corresponding deficiency in rate of outflow. The resulting equalization diagram is
similar in form to A-C for Case A-1. When the piezometer level is maintained in
its upper position until the initial contraction of the gas bubbles is completed and

then is allowed to fall, an equalization diagram similar to A-D is obtained.

Normal operating conditions

The discussions in the foregoing sections concern mainly time lag tests dur-
ing which the piezometer level suddenly is changed whereas the general ground-
water level or pore-water pressure remains constant. In normal operation the
ground-water pressure changes first, and the piezometer level follows these changes
with a certain pressure difference or time lag. When the ground-water level or
pore-water pressure changes, the void ratio of the soil and the volume of gas bubbles
below the ground-water level also tend to change, but the rate of such changes gen-
erally decreases in the immediate vicinity of a well point or intake for a pressure
measuring installation on accountof the pressure difference and time lag. However,
all changes progress in the same direction and there is no initial increase in void
ratio and water content followed by a decrease -~ or vice versa -- as in the case of

time lag tests.

In general, normal operating conditions resemble in most cases those of de-
layed fall or rise, or rather delayed observations, shown in Figs. 10 and 11, It 15
probable that the time lag during normal oferating conditions corresponds to an
equalization diagram which, for practical purposes, may be represented by a straight
Line through the origin of the diagram and parallel to the lower portions of the
diagrams obtained in time lag tests. However, sufficient experimentaldata for veri-
ficationof the suggestedapproximation-- especially comparative tests during rapidly
changing ground-water pressures and with several pressure measuring installations

having widely different basic time lags -- are not yet available.

As indicated by permeability tests of the type shown in Fig. 10, it is probable
that the influence of swelling or consolidation of the soil is very small or negligible

when observation wells or open piezometers are used in ground-water observations,
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but it is also possible that such changes in void ratio may cause appreciable distor—-
tion of the equalizationdiagrams and increase in actual time lag when pressure gages
or cells with a small basictime lag are usedand the soil is relatively compressible.
On the other hand, gas bubbles in the soilaround a well point may cause considerable
distortion of the equalizationdiagrams and increase in actual time lag even for open
piezometers; see Fig. 17. Accumulation of gas in the pressure measuring system
causes no curvature of the equalization diagram but materially decreases its slope

and increases the effective time lag under normal operating conditions.
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PART III -- DATA FOR PRACTICAL DETERMINATION AND USE OF TIME LAG

Flow through Intakes and Well Points

For the purpose of designing or selecting the proper type of pressure meas-
uring installation for specific soil and ground-water conditions, the basic time lag
may be computed by means of equation(3). In order to facilitate such computations,
formulas for flow through various types or shapes of intakes or well points are as-
sembled in Fig. 12. These formulas are all derived on the assumption that the soil
stratum in which the well point is placed is of infinite thickness and that artesian
conditions prevail, or that the inflow or outflow is so small that it does not cause
any appreciable change in-the ground-water level or pressure. Except when other-
wise noted by subscripts, as in kv and kp, itis also assumed that the permea-

bility of the soil, k, is uniform throughout the stratum and equal in all directions,

The formula for Case 1 is that for a point source, and by reasons of sym-
metry the flow in Case 2 is half as great, but the formula for this case has also been
derived directly by DACHLER (6). Derivation of the formula for Case 3 is given in
the books by FORCHHEIMER (9) and DACHLER (6). A simple formal mathematical
solution for Case 4 is not knewn to the writer, and the formula shown in Fig. 12 is
empirical and based on experiments by HARZA (12) and a graphicalsolution through
radial flow nets by TAYLOR (28). The formulas for Cases 5 and 6 are derived by
addition of the losses in piezometric pressure head outside the casing -- Cases 3
and 4 -- and in the soilinside the casing. The formulas are only approximately cor-
rect since it is assumed that the velocity of flow is uniformly distributed Qver the
length and cross section of the soil plug. Itis taken into consideration that for soil
within the casing the vertical permeability is governing and may be different from

that of the soil below the casing on account of soil disturbance and sedimentation,

The formula given for Case 7 is derived by DACHLER (6) on basis of flow
from a line source for which the equipotential surfaces are semi-ellipsoids. There-
fore,and as emphasized by DACHLER, the formula canprovide only approximate re~
sults when it is applied to a cylindricalintake or well point. In Case 8 it is assumed
that the flow lines are symmetrical with respect to a horizontal plane through the
center of the intake, and the formula for Case 7 is then applied tothe upper and lower
halves’ of\..t intake. The accuracy of these formulas probably decreases with de-
creasing veﬁ‘q@s*qf ‘L/R and L/D. When these ratios are equal to unity, Cases 7
and 8 correspg:nd to Cases 2 and 1, respectively, but furnish 13.4 per cent greater
values for the flow. For large values of L/R and L/D the following simplified
formulas may be used, '

2nLkH

CASE 7. q = 1317g)

2nLkH_ 0090250

CASE 8, q-= -l_n——(_Z_L.—/D)

e s A A e e RN

ool
Seillh

: iﬁ; s ke STy ERe T TR L O MO
)

Wil 1 goefin, HRS Fiaiedi y AR 25025 w et s it afioe: o1 ableb Ahiur 4.%.

&




1€ LAG

> meas-~
time lag
tations,
are as-
the soil
rtesian
. cause
1 other-
:rmea-

.ctions.

{ sym-
;0 been
iiven in

natical

or soil
:t from
tation.

f flow
"here-
tte re-
sumed
3h the
lower
th de-
ses 7
‘eater
blified

CASING

7 % Z

SPHERICAL INTAKE OR WELL POINT

@

BASED ON

O]

OR
DACHLER

CASING

AN
Thhsm

q=no'kH

SEMI - SPHERICAL SOIL BOTTOM
AT IMPERVIOUS BOUNDARY

FORCHHEIMER

N
N
N

®

N

FORMULA
ay

N

n

psl

N
AN

nwe

DACHLER

CASING

q=20-kH

SOIL FLUSH WITH BOTTOM
AT IMPERVIOUS BOUNDARY

IN UNIFORM SOIL

@

EMPIRICAL,
DATA BY
HARZA
TAYLOR

q=2.750-kH

SOIL FLUSH WITH BOTTOM
IN UNIFORM 501L

®

BASED ON

©)]

SOIL N
CASING
VERTICAL
PERMEA -~
BILITY ki,

o
B

N

7

s

7 E

7

CASING

]

= 20D kH
"5 8Lk
w ky

SOIL IN CASING WITH BOTTOM
AT IMPERVIOUS BOUNDARY

®

BASED ON "
@

soIL IN
CASING
VERTICAL
PERMEA-
BILITY K,

SOIL IN CASING WITH BOTTOM
IN UNIFORM S0OiL

APPROX. //./ g

FORMULA BY 7/ o
DACHLER, % o
CYLINDER / T

REPLACED // T
WITH SEMI- Ty I
ELLIPSOID -

CASING

WELL POINT OR HOLE EXTENDED
AT IMPERVIOUS BOUNDARY

APPROX.
BASED ON

@

CYLINDER
REPLACED
WITH AN

ELLIPSOID

9

_2WL - kH

A5 e (57)

WELL POINT OR HOLE EXTENDED
IN UNIFORM S0iL

®

7 .
EFFECTIVE /"

RADIUS TO // .
iy

SQURCE OF //
s /

Y g
SUF'I:L g
Rg s ‘IJ

||2R]

WELL POINT-—_ ]

T

T

WELL POINT THROUGH PERMEABLE
LAYER BETWEEN IMPERVIOUS STRATA

G = RATE OF FLOW IN CMYSEC,

H=HEAD IN CM,

k = COEF. OF PERMEABILITY IN CM/SEC,

in=log,, DIMENSIONS IN Ccm.

CASES | TO 8: UNIFORM PERMEABILITY AND INFINITE DEPTH OF PERVIOUS STRATUM ASSUMED

FORMULAS FOR ANISOTROPIC PERMEABILITY GIVEN IN TEXT

Fig. 12.

27 L l(y\"\

Inflow and shape factors X —_—
000251 n &
R



In this form the formulas were derived earlier by SAMSIOE (26). When L/R or
I__./D is greater than four, the error resulting from use of the simplified formulas
is less than one per cent. In Case 9 the flow lines are horizontal and the coefficient
of horizontal permeability, ky, is governing, The effective radius, R,, depends
on the distance to the source of supply and to some extent on the compressibility of
the soil, MUSKAT (22) and JACOB (17, 18). It may be noted that the simplified for-
mula for Case 7 is identical with the formula for Case 9 when R, = 2L. For flow
through wells with only partial penetration of the pervious stratum, reference is
made to MUSKAT (22) and the paper by MIDDLEBROOKS and JERVIS (21).

The assumptions, on which the. derivation of the formulasin Fig. 12 are based,
are seldom fully satisfied under practical conditions. It is especially to be noted
that the horizontal permeability of soil strata generally is muchlarger thanthe ver-
tical permeability. Correction of the formulas for the effect of anisotropic permea-
bility is discussed in the following section. Even when such corrections are made,
the formulas should be expected only to yield approximate results, since the soil
strata are not infinite in extent and are rarely uniform in character. However and
taking into consideration that the permeability characteristics of the soil strata sel-
dom are accurately known in advance, the formulas are generally adequate for the
purpose of preliminary design.or selection of the proper type of pressure measur-
ing installation, but the basic time lag obtained by the formulas should always be

verified and corrected by means of field experiments,

Influence of Anisotropic Permeability

As first demonstrated by SAMSIOE (26) and later by DACHLER (6) for two-
dimensional or plane problems of flow through soils, the influence of a difference
between the coefficients of vertical and horizontal permeability of the soil, k, and
ky, may be taken into consideration by multiplying all horizontal dimensions by the
factor v kv/kh and using the mean permeability k., =~/—k_v—-E;, whereafter for-
mulas or flow nets for isotropic conditions may be used.

A generalsolutionfor three-dimensional problems and different but constant
coefficients of permeability k,, ky, and k, in direction of the coordinate axes is
given by VREEDENBURG (31) and MUSKAT (22). With k, an arbitrarily selected
coefﬁci‘én\t\mg"f?llowing transformation is made,

gy <

Kk
x'=x'¢ko/kx y'= yo ko/ky z'=z~]ko/k (28)
and when an equivalent coefficient of permeability
= . X,z :
ke - ko k ko k (29)
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is used, then the problem may be treated as if the conditions were isotropic. In ap-
plying these transformations to problems of flow through intakes or well points in
soil with horizontal isotropic permeability, k;, and vertical permeability k., it

is convenient to use the following substitutions,

ko =k, =k k, =k, = ky and m=~/kh/kv (30)
whereby the transformations assume the following form,

x' = x/m y' = y/m or r'=r/m and z' =z (31)

k, = k,¥ m? - mé =k, - m? = Kk (32)
That is, the problems can be treated as for isotropic conditions when the horizontal
dimensions are divided by the square root of the ratio between the horizontal and
vertical coefficients of permeability and the flow throughthe transformed well points
is computed for a coefficient of permeability equal to k;. When these transforma-
tions are applied to Cases 1 and 2 in Fig. 12, the sphere and semi-sphere become an
ellipsoid, respectively a semi-ellipsoid, and formulas corresponding to those for
Cases 7 and 8 should then be used. In Cases 5 and 6 the transformations should be
applied only to flow through soil below the casing and not to soil within the casing.

With introduction of the mean coefficient of permeability,
kmz‘]kv'kh=m'kv=kh/m (33)

the flow through the intakes and well points shown in Fig. 12 can be expressed as

follows:

2nDkyH

CASE 1. g
ln(m+*/ 1 + mé)

n DkyH

n

CASE 2. g
In (m+\/l + m?2)

CASE 3. q= 2Dk H
CASE 4. q= 2.75DkH
2Dk_H
CASE 5. q= b
8 L kem
1 +— =
nDkv
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CASE 6. q= 17—

2nLkyH

CASE 7. q=— (mL/R + ¥ 1 + (mL/R)2)

) ZnLth

CASE 8. =
1 In (mL/D + ¥ 1 + (mL/D)?)

The formula for Case 9 in Fig. 12 is already expressed in terms of the horizontal
permeability and is not affected by the transformation. The modified formulas for
Cases 1 and 2 should be considered as being only approximately correct, and for
isotropic conditions or m =1 they yield 13.4 per cent greater values of flow than
obtained by the basic formulas in Fig. 12. In Cases 7 and 8 and for large values of

mL/R or mL/D the denominators may be replaced with In (2ZmL/R), respectively
In (2mL/D).

Computation of Time Lag for Design Purposes

Examples of computation of the basic time lag, using the flow formulas in
Fig. 12,are shown in Fig. 13. In all cases it is assumed that the soil is uniform and
the permeability equal in all directions; this applies also to soil in the casing as
shown in Case 1. The porous cup point in Case 7 is replaced with a sphere of equal
surface area and the flow computed as through a spherical well point. This trans-
formation furnishes a time lag which is slightly too small, since flow through a
sphericalwell point is greater than through a pointof any other shape and equal sur-
face area. The pressure cell shown in Cases 9 and 10 is similar tothe one described
in a report by the WATERWAYS EXPERIMENT STATION (33). It may be noted that
hydrostatic pressure cells with a diaphragm diameter of only 3/4 in. have been built
and used successfully by the Waterways Experiment Station, and that a pressure cell
with a diaphragm diameter of about one inch is describedin a paper by BOITEN and
PLANTEMA (l); see also Fig. 8-B. It is emphasized that the basic time lags for
Cases 9 and 10 are computed on the assumption that there is no accumulation of

gases below the diaphragm or in the sand filter; see discussion on pages 7 and 8.

A few general rules may be deduced from the examples shown in Fig.13. In
all cases the basic time lag is inversely proportional to the coefficient of permea-

bility, When the ratio between the effective length and the diameter of the intake,
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TIME LAGS FOR 90 PERCENT EQUALIZATION = Tg BASIC
TIME LAG
APPROXIMATE SOIL TYPE SAND SILT CLAY T
COEFFICIENT OF PERMEABILITY IN M/ sec 107! 1072 1073 1074 1075 1076 1077 1078 107 | o710 1076
| 2" CASING - SOIL IN CASING, L =3D=6" 6™ ih 1oh 4.29 1939
2 | 2" CASING - SOIL FLUSH BOTTOM CASING oe™ | &M (h 1oh 4.29 179
3 | 2" CASING-HOLE EXTENDED, L=30=6" 5™ | 5™ | 2s8P | 25h 109 459
4 | 2" CASING-HOLE EXTENDED, L=12D= 24" &M i h ioh 42¢% 429 a7h
%" PIEZOMETER WITH WELL POINT
() m m h h d m
5 DIAMETER 14", LENGTH 18" 3 30 > >0 2l 130
3/" PIEZOMETER WITH WELL POINT
4 m h h d d m
6 1 AND sanD FILTER, D= 6% L = 36" 12 2 20 8.3 83 51
7 Yie' MERCURY MANOMETER, SINGI;E TUBE” ONE-HALF OF VALUES FOR om >o™M 3 3h 33h ’4d 528
WITH POROUS CUP POINT, D=t} tL=2 Yie" MERCURY U-TUBE ‘ :
g | Vis" MERCURY MANOMETER, SINGLE TUBE MANOMETER OR 4 )" " h h 4 .
WITH WELL POINT, D=1Y,", L=18" BOURDON GAGE, 6 I 10 4.2 16
9 3" W. E.S. HYDROSTATIC PRESSURE CELL m h h s
IN DIRECT CONTACT WITH SOIL 16 2.6 26 4
10 3" W.E.S. HYDROSTATIC PRESSURE CELL m h .
IN SAND FILTER, D=6" L = 8" 16 26 04

SYMBOLS: 8 =SECONDS, m=MINUTES, h=HOURS, d = DAYS — ASSUMPTIONS: CONSTANT GROUND-WATER
PRESSURE AND INTAKE SHAPE FACTOR, ISOTROPIC SOIL, NO GAS, STRESS ADJUSTMENT TIME LAG NEGLIGIBLE,
THE COMPUTED TIME LAGS HAVE BEEN ROUNDED OFF TO CONVENIENT VALUES

Fig. 14. Approximate hydrostatic time lags
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Fig. 14, Approximate hy’rostatic time lags
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L/D, remains constant, the basic time lag is inversely proportional to the diameter
of the intake and directly proportional to the cross-sectional area or the square of
the diameter of the piezometer or manometer tube. When furthermore the diameters
of the intake and piezometer are equal, Cases | to 4, the basic time lag is directly

proportional to the diameter.

The results of the examples in Fig.13 are summarizedin a slightly different
form in the last column in Fig. 14. The basic time lags are here given for a coeffi-
cient of permeability k = 10-6 cm/sec., and these time lags may be used as a rat-
ing of the response to pressure changes for the various types of installations. For
the .examples shown in Figs. 13 and 14 this rating time lag varies from 193 days for
a 2-in.boring with 6 in. of soil in the casing to 0.4 seconds for a 3-in. pressure cell

placed in a 6-in. by 18-in. sand filter,

In the central part of Fig. 14 the basic time lags for various coefficients of
permeability have been multiplied by 2.3 and indicate the time lags for 90 per cent
equalization of the original pressure difference, which approximately is the time lag
to be considered in practical operations. As mentioned on page 12, the time lag for
99 per cent equalization is twice as great as for 90 per cent equalization. Accord-
ing to data furnished the writer by Dr.A. WARLAM, the volume change of a 4-1/2-in.
Bourdon pressure gage is 0.5 to 1.0 cm3 for 1.0 kg/cm2 change in pressure, or ap-
proximately half of that for a 1/16-in., single-tube, mercury manometer. There-
fore, when the standpipe in Cases 7 and 8 is connected to a 4-1/2-in. Bourdon gage
or to a double-tube mercury manometer with 1/16-in. inside diameter, the time lags
will be about one-half those shown for a 1/16-in., single~tube mercury manometer.
It is possible that the above mentioned volume change for a Bourdon pressure gage
includes deformations of pliable rubber or plastic tube connections used in the ex-
periments, and that the volume changes and corresponding time lags are smaller

when rigid connections are used.

In all cases the computed time lags should be considered as being only ap-
proximate values, and they have been rounded off to convenient figures. The actual
time lags may be influenced by several factors not taken into consideration in the
above mentioned computations, such as stress adjustment and volume changes of
soil and gases in the soil or pressure measuring system, sedimentation or clogging
of the well point, filter, or surrounding soil, etc. The actual time lags may there-
fore be considerably greater or smaller than those indicated in Figs. 13 and 14, and
special attention is called to the fact that the horizontal permeability of the soil, be-
cause of stratifications, often is many times greater than the vertical permeability
as generallydetermined by laboratory tests and often used as a measure of the per-
meability of the soilstratum as a whole. Nevertheless, the examples shown in Figs.
[3 and 14 will furnish some indication of the relative responsiveness of the various
types of installations and permit a preliminary selection of the type suited for spe-

cific conditions and purposes.
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Examples of Field Observations and Their Evaluation

Logan International Airport, Boston

Observations of pore-water pressures in the foundation soil of Logan Inter-
national Airport at Boston are described in papers by CASAGRANDE (3) and GOULD
(10). Most of the piezometers used were of the Casagrande type, shown diagrammat-

ically in Fig. 15-A. The results of a series of time lag tests for piezometer C are
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Fig. 15. Piezometers used in tests Fig. 16, Time lag tests at L.ogan Airport, Boston

summarized in the paper by GOULD and further details were placed at the writer's
disposal by CASAGRANDE. The filter or intake for this piezometer is installed in
soft Boston Blue clay at a depth of 47 {t below the finished grade of fill.

The equalization diagrams obtained in two of the above mentioned tests, per-

formed a year apart, are shown in Fig. 16. The first of these diagrams is straight,
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thareby indicating thatthe influence of transientstress adjustments or volume changes
of the soil and gas in the voids is negligible; the basic time lag determined by this .
diagram is 0.98 hours. The equalizationdiagramobtained a year later shows a slight
curvature and a basic time lag of 1.76 hours. Since the curvature is very small, the
increase in time lag is probably caused by clogging of the porous tube or point and
the filter. Estimates of the coefficients of permeability of the soil were obtained by
means of new methods of settlement analysis, GOULD (10), and it was found that
k, variesbetween (28 and 35) x 10-9 cm/sec and k, between(940and 1410) x 10-9

cm/sec. Using the average values kv =31.5 x 10-9 cm/sec and ky = 1175 x 10-9

cm/sec, the transformation ratio, m, is then -

m =V k,/k, = ¥37.5 = 6.1

The dimensions of the installation as given in the paper by GOULD are: diameter
of filter D = 2.5 in. = 6.35 cm; length of filter L = 54 in. = 137.2 cm; inside dia-
meter of piezometer d = 0.375 in. = 0.95 ecm. The rate of flow for the active head

H is obtained by the simplified formula for Case 8 on page 35 -

Zr(Lth
9% Tn (2mL/D)

and the total volume of flow required for equalization is,

=X 42
V-4dH

The basic time lag as determined by equation 3 is then,

) .
_V _d%1In(2mL/D) _ 0.95% in (263.6) ¢ _ B
T—q = 8Lk = 8-137.2-117510 = 3910 sec = 1.09 hours (34)

which agrees closely with the actual time lag, T = 0.98 hours.

Vicinity of Vicksburg, Mississippi

A preliminary series of comparative tests with various types of observation
wells and piezometers has been performed by the WATERWAYS EXPERIMENT STA-
TION (34). The wells and piezometers were installed behind the Mississippi River
levees at two locations, Willow Point and Reid Bedford Bend. Time lag tests were
made one to eight months after installation, and some of the equalization diagrams
obtained in these tests are shown in Fig.17. All the diagrams show a distinct initial
curvature,and the period of observations was often too short, covering only the first
and curved part of the diagrams. It was observed that gas emerged [from some of
the piezometers, and it is probable that the initial curvature of the equalization

diagrams is caused by transient volume changes of gas bubbles accumulated in the
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soil near the well points or filters. The individual piezometers in the two groups are
only 15 ft apart, and it is possible that time lag tests on a piezometer to a minor ex-

tent were influenced by flow to or from neighboring piezometers.

Laboratory tests on soil samples from the vicinity of the intakes for these
installations indicate that the coefficients of vertical permeability vary between (10
and 150) x 10-9 cm/sec. Data on the coefficients of horizontal permeability are not
available, and the soils at Reid Bedford Bend were jointed. Therefore, reliable es-
timates of the theoretical basic time lags cannot be made, but the basic time lags
obtained by means of the equalization diagrams fall between those computed on basis
of isotropic conditions and coefficients of permeability equal tothe above mentioned

upper and lower limits of the coefficients of vertical permeability.

Piezometer No. 1 at Willow Point is of the modified Casagrande type, Fig.
15-B, and is installed 92.5 ft below ground surface in a soft dark clay, locally known
as ‘“*blue mud.'' The first part of the equalization diagram,Fig. 17-A, is curved but
the lower part is fairly straight, possibly with a slight reverse curvature. If the ob-
servations are started 23.5 hours after the piezometer level was lowered, the dia-
gram A-C' would be obtained; this diagram is parallel to the lower part, B-C, of the
main diagram. As indicated on page 28,1t is probable that the effective equalization
diagram [or the piezometer under normal operating conditions may be represented
by a straight line throughthe origin and parallelto the lower and fairly straight part
of the diagram obtained in a time lag test. By drawing such a line in Fig. 17-A, an

effective basic time lag T = 18 hours is obtained.

In a second time lag test a Bourdon pressure gage was attached to the pie-
zometer so that a closed system was formed. The pressure in the system was low-
ered by bleeding off a small amount of watezi, but the piezometric pressure level
was above the gage level throughout the test. The equalization diagram obtained by
observing the subsequent rise in pressure, Fig. 17-B, is lower and has considerably
greater curvature than the one for an open system, which can be explained by the
fact that the total amount of flow required for pressure equalization in the closed
system is materially decreased, and the influence of volume changes of the gas bub-

bles and the soil consequently is greater.

Piezometer No. 8 at Reid Bedford is also of the modified Casagrande type
and is installed 30 {t below ground surface in a gray, jointed, medium clay. The ir-
regular, cloSely spaced joints in this clay are probably caused by previous drying,
and the surfaces of some of the joints are covered with a thin layer of silt, but the
joints at the depth of the piezometer intake are probably closed. The equalization
diagram, A-B-C in Fig. 17-C, shows a pronounced initial curvature, but the lower
part of the diagram is fairly straight. A straight line through the origin and parallel
to the lower part of the diagram indicates an effective basic time lag T = 9 hours.
In a second test the head -- H, = 9.98 [t -~ was maintained for one hour before the
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piezometer level was allowed to fall and the observations were started. The result-
ing equalization diagram, A-D, is above the first diagram and notso strongly curved.
If the full head had been maintained for at least 24 hours, it is probable that a dia-

gram similar to A-C "or the lower portion, B-C, of the main diagram would have
been obtained.

Piezometer No. 10 at Reid Bedford is installed 15 ft from piezometer No. 8
and at the same depth. The sand filter has the same dimensions as for No. 8, but
the porous tube is replaced with a well point screen extending through the whole
length of the filter,and the piezometer proper is a 3/4-in. standard pipe; Fig.15-C.

Equalization diagrams were obtained for both falling and rising piezometer levels
and are shown in Fig, 17-D. The periods of observation are too short for definite

determination of the effective basic time lag, which is greater than 4.2 hours but

probably smaller than the 9 hours obtained for piezometer No. 8. The initial curva-'

ture of the diagrams is considerably less than that of the diagrams for piezometer
No. 8, which may be explained by the fact that the cross-sectional area of the pie-
zometer pipe is (0.824/0.37‘5)2 = 4.8 times as great and that the influence of volume
changes of soil and gas bubbles consequently is smaller. However, the basic time
lag should then also be 4.8 times as great, since the dimensions of the sand filters
for piezometers 8 and 10 are identical, but the equalization diagrams indicate - a
smaller time lag. This inconsistency may be due to local joints and other irregu-
larities in soil conditions, but it is also probable that the well point screen is less
subject to clogging than a porous tube, and that gases can escape more easily since
the screen extends to the top of the sand filter.

Piezometer No. 11 at Reid Bedford consists of a 3/4-in. standard pipe with
its lower end in the center of a sand filter at the same depth and with the same di-
mensions as the filters for piezometers 8 and 10, The time lag observations for
piezometer No. 1l are incomplete but indicate that the effective basic time lag is at
least 25 hours. It is probable that this increase in time lag, in comparison with pie-
zometers 8 and 10,is caused by clogging of the sand in the immediate vicinity of the
end of the pipe and of sand which may have entered the lower part of the pipe. Clean-
ing of the pipe and subsequent careful surging would undoubtedly decrease the time

lag, but it is probable that clogging would re-occur in time.

P\;ezometer No. 15 at Reid Bedford is a 3/4-in. standard pipe with a solid
drive point and a 4-in.-long, perforated section above the point. The pipe was driven
to the same depth as the other piezometers and then withdrawn one foot. In a time
lag test the piezometer level was raised 7.48 ft,and in 22.7 hours it fellonly 0.12 ft.
The lower part of the equalization diagram, during which the piezometer level fell
from 7.45 ft to 7.36 ft in 17 hours, is fairly straight. For such a small drop in pie-
zometer level it is better to compute the effective basic time lag by means of equa~
tion (5) than to determine it graphically; that is,

009562

BRI A e e BB 1

1

BT st

PR

ek

£
¥

CE i NG

Pt

SR 13 Jurs S

.
33
i

Rkt

£y

HISREE WU RN CPR-SI- S ESUE X

'i
r

il




vith
di-
for

at

W

e -
the

an-

b

43

t 17 .
T = In (HO/H)  In (7.45/7.36) - 1730 hours = 72 days (35)

Because of the solid drive point, it is doubtful that withdrawalof the pipe for one foot
materially affects flow to or from the perforated section, and the effective length of
the latter would then be less than 4 in., even when the perforations remain open.

However, it is possible that the perforations have been filled with molded soil during

the driving, that a smear layer of remolded soil is formed around the pipe, and that

this layer has covered the joints inthe clay and decreased its effective permeability.

Determination of Permeability of Soil in Situ
Basic formulas

When the dimensions or shapefactor, F, of a pressure measuring installa-
tion are known, it is theoretically possible to determine the coefficients of permea-

bility of the soil in situ by field observations.
For constant head, H_, and rate of flow, q, equation (1) yields,

q (36)

For variable head but constant ground-water levelor pressure, the heads H;
and H, corresponding to the times t; and t;, and A =£‘dz the cross-sectional

area of the standpipe, the following expression is obtained by means of equation (5),

2=t = Tlng - “Hl)'Fk " H,
A Hy
k = === In— (37)

This is also the formula commonly used for determination of coefficients of permea-

bility in the laboratory by means of a variable head permeameter.

The simplest expression for the coeflicient of permeability is obtained by
determination of the basic time lag, T, of the installation and use of equation (3);
that is,

A

KEFT

(38)

The shape factors, F, [or various types of observation wells and piezom-
clers may be obtained from the formulas in Fig. 12 and on pages 33 and 35 by elimi-

nating the flactors (kH), respectively (k H) or \th), from the right side of the
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equations. Explicit formulas for determination of coefficients of permeability by
constant head, variable head, and basic time lag tests with permeameters and various
types of borings and piezometers are summarized in Fig. 18. For a permeameter,
Case A, the rate of flow for the head H is q =% D2 kH/I_., or F =%DZ/I_.. In
cases D and E the coefficientof vertical permeability of soil in the casing is usu-
ally governing,-and the equations have been solved for this coefficient and appear in
a form slightly different from that corresponding to Cases (5) and (6) in Fig. 12 and
on pages 33 and 35. Simplified formulas for d = D, k, = k,, and the ratio (mL/D)

greater than 2 or 4, are given below the main formulas in each case.

The basic time lag is easily determined by means of an equalization diagram
-~ or a semilogarithmic plot of time versus head -~ as the time T corresponding
to H = 0.37H0; i.e., In (HO/H) = 1. The work involvedin plotting the diagram is off-
set by simpler formulas for computing the coefficient of permeability, compared to
the formulas for variable head, and the diagram has the great advantage that it re-
veals irregularities caused by volume changes or stress adjustment time lag and
permits easy advance adjustment of the results of the tests. It is emphasized that
the above mentioned methods and formulas are applicable only when the basic as-

sumptions for the theory of time lag, page 9, are substantially correct.

Examples of applications

The following dimensions apply to the permeability tests on Atlantic muck,
Fig.10: D = 4,25 in, = 10.8 cm; L = 0.87 in. = 2.21 cm; d = 0.30 cm. The basic time
lag obtained from the probable normal diagram in Fig. 10is T = 178 minutes, and

hence

2 Z .2
_ d“L  0.30 21 - 159 x 10-9 cm/sec.

k= =
vV DZT 10.8%.178 - 60

The slope of the lower parts of the equalization diagrams corresponds to a basic
timelag T = 210 min and k, =135 x 10-9 cm/sec. Larger basictime lags and cor-
respondingly smaller values of the coefficients of permeability were obtained in sim-

ilar tests with other undisturbed samples of Atlantic muck,.

The first test with piezometer C at Logan International Airport, Fig. 16,
gave a basictimelag T = 0.98 hours = 3530seconds. With k_ =31.5x 1079 cm/sec
and the dimensions given on page 39, the coefficient of horizontal permeability of

Boston Blue clay may be determined as follows:

=233.5-10"7 . In (m - 43.2)

—
L ]

2mL/D)  0.95% In (m . 43.2)
T ~ 7 8.137.2.3530
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This equation may be solved by estimating the value of m =« kh/kv and successive

corrections, which yield
kp = 1310 x 1079 em/sec  and  k /k_ = 1310/31.5 = 41.6

These values lie within the limits obtained by other methods, GOULD (10), and dis-

cussed on page 39.

The second time lag test with piezometer C gave T = 1.76 hours and indi-
cated thereby that clogging of the porous tube had taken place. Therefore, reliable
values of the coefficient of permeability can no longer be obtained by means of this
installation. This applies also to the installations at Willow Point and Reid Bedford,
Fig. 17, since the strong initial curvature of the equalization diagrams indicates
large transient volume changes and probably accumulation of gas bubbles inthe sand
filters and surrounding soil with a consequent decrease in permeability of this soil

and increase in time lag.
Advantages and limitations

Observation of the basic time lag for borings and piezometers provides theo-
retically a very simple method for determination of the permeability of soil in situ,
even for anisotropic conditions. However, many difficulties are encountered in the
practicalexecution of such permeability tests and evaluation of the results obtained,
since the latter are subject to the same sources of error as those of pressure ob-
servations discussed in Part I, and since methods of correction for the influence of

some of these sources of error have not yet been devised.

The shape factor of the installation must be computed, but some of the for-
mulas in Figs. 12 and 18 are empirical or only approximately correct, and they are
all based on the assumption of infinite thickness of the soil layer in which the well
point or intake is installed. When sand filters are used, the dimensions must be de-
termined with greater accuracy than is required for pressure observations. The
greatest part of the h);draulic friction losses occur near the intake, and the results
of a test consequently indicate the permeability of the soil in the immediate vicinity
of the intake. Misleading results are obtained when the permeability of this soil is
changed by disturbance of the soil during advance of a bore hole or installation of
filters or well points. Leakage, clogging of the intake or removal of fine-grained
particles from the surrounding soil, and accumulation of gases near the intake or
within the pressure measuring .systom may render the installation wholly unreliable
as a means of determining the permeability of the undisturbed seil. Gas bubbles
in the soil near the intake will decrease the permeability, cause curvature of the
equalization diagram, and increase the effective basic time lag. Gas bubbles in a

coarse-grained filter or within the pressure measuring system will not cause any
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appreciable curvature of the equalization diagram but will materially decrease the
slope of the diagram and increase the basic time lag so that too small values of the

coefficients of permeability are obtained.

Many of the above mentioned sources of error are avoided in the commonly
used pumping tests, during which the shape of the draw-down curve is determined
for a given rate of flow, but such tests are expensive and time consuming. Deter-~
mination of the permeability of soil in situ by means of the time lag of observation
wells and piezometers has so many potential advantages that it is to be hoped that
systematic»research will be undertaken in an effort to develop reliable methods of
calibration or experimental determination of shape factors, and also of methods for
detection, correction, or elimination of the various sources of error in the observa-
tions. Until such research is successfully completed, it is advisable to exert great

caution in the practical application of the results obtained by the method.
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APPENDIX IV

METHODS OF ANALYSIS FOR GROUNDWATER FLOW
TO A DEWATERING OR DRAINAGE SYSTEM

SECTION 1. MATHEMATICAL ANALYSES

1. INTRODUCTION.

a. Design of a dewatering system requires determination of the number,
size, spacing, and penetration of wells or wellpoints and the rate at which
water must be removed from the pervious strata to achieve the required
groundwater lowering or pressure relief. The size and capacity of pumps
and collectors also depend on the required discharge and drawdown. This
appendix presents fundamental relations between well and wellpoint dis-
charge and corresponding drawdown. The equations presented assume that
(a) laminar flow exists, (b) the pervious stratum is homogeneous and iso-
tropic, (c) water draining into the system is pumped out at a constant rate,
and (d) flow conditions have stabilized. Procedures for transforming an an-
isotropic aquifer, with respect to permeability, to an isotropic section are
presented in appendix V.

b. The equations in this appendix are in two groups: (1) drawdown for
flow to slots and (2) drawdown for flow to wells. Equations for slots are ap-
plicable to flow to trenches, French drains, and similar drainage systems.
They may also be used where the drainage system consists of closely spaced
wells or wellpoints., Assuming a well system equivalent to a slot usually
simplifies the ahalysis; however, corrections must be made to consider that
the drainage system consists of wells or wellpoints rather than the more ef-
ficient slot. These corrections are given with the well formulas discussed in
paragraph 3 of this appendix. When the well system cannot be simulated with
a slot, well equations must be used. The figures in which these equations
appear are listed in table IV-1, The equations for slots and wells do not
consider the effects of hydraulic head losses Hy in wells or wellpoints;
procedures for accounting for these effects are presented separately.

2. FLOW TO A SLOT.

a. Line Slots. Equations presented in figures IV-1 through IV-5 can be
used to compute flow and drawdown produced by pumping either a single or a
double continuous slot of infinite length. These equations assume that the
source of seepage and the drainage slot are infinite in length and parallel,
and that seepage enters the pervious stratum from a vertical line source. In
actuality, the slot will be of finite length and the flow at the ends of the slot
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for a distance of about L/2 (where L equals distance between slot and
source) will be greater, and the drawdown less than for the central portion
of the slot. Flow to the central portion of a long slot will be approximately
that computed for an assumed infinite length. Flow to the ends of a fully
penetrating slot can be estimated, if necessary, from flow-net analyses
subsequently presented,

b, Circular and Rectangular Slots. Equations for flow and drawdown
produced Fy circular and rectangular slots supplied by a circular seepage
source are given in figures IV-6 through IV-9. Equations for flow from a
circular seepage source assume that the slot is located in the center of an
island of radius R . However, for many dewatering projects R is the
radius of influence rather than the radius of an island, and procedures for
determining the value of R are discussed in paragraph 4 of this appendix.
Dewatering systems of relatively short length are considered to have a cir-
cular source when they are far removed from a line source such as a river
or reservoir,

3. FLOW TO WELLS.

a, Flow to Wells from a Circular Source.

(1) Equations for flow and drawdown produced by a single well sup-
plied by a circular source are given in figures IV-10 through IV-12. It
is apparent from figure IV-11 that considerable computation is required
to determine the height of the phreatic surface and resulting drawdown in
the immediate vicinity of a gravity well (r/h less than 0.3). The draw-
down in this zone usually is not of special interest in dewatering systems
and seldom needs to be computed. However, it is always necessary to com-
pute the water level in the well for selection and design of the pumping
equipment.

(2) The general equations for flow and drawdown produced by pumping a
group of wells supplied by a circular source are given in figure IV-13.
These equations are based on the fact that drawdown at any point is the
summation of drawdowns produced at that point by each well in the
system [31, 34]. The drawdown factors, F , to be substituted into the gen-
eral equations in figure IV-13 appear in the equations for both artesian and
gravity flow conditions. Consequently, the factors given in figure IV-14 for
commonly used well arrays are applicable for either condition.

(3) Flow and drawdown for circular well arrays can also be computed, in

a relatively simple manner, by first considering the well system to be a slot,

as shown in figure IV-15 or IV-16. However, the piezometric head in the
vicinity of the wells (or wellpoints) will not correspond exactly to that deter-
mined for the slot due to conveyance of flow to the wells. As discussed by
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Engelund [32], the piezometric head in the vicinity of the well is a function
of (a) well flow, Q. ; (b) well spacing, a ; (c) well penetration, W ; (d) ef-
fective well radius, ry ; (e) aquifer thickness, d, or gravity head, H; and
(f) aquifer permeability, k . The equations given in figures IV-15 and IV-16
consider these variables,

B. Flow to Wells from a Line Source,

(1) Equations given in figures IV-17 through IV-19 for flow and draw-
down produced by pumping a single well or group of fully penetrating wells
supplied from an infinite line source were developed using the method of
image wells. The image well (a recharge well) is located as the mirror
image of the real well with respect to the line source, and supplies the per-
vious stratum with the same quantity of water as that being pumped from
the real well.

(2) The equations given in figures IV-18 and IV-19 for multiple-well sys-
tems supplied by a circular source are based on the fact that the drawdown
at any point is the suimmation of the drawdown produced at the point by each
well in the system. Consequently, the drawdown at a point is the sum of the
drawdown produced bv the real wells and the negative drawdown produced by
the image or recharge wells.

(3) Equations are given in figures IV-20 through IV-22 for flow and
drawdown produced by pumping an infinite line at wells supplied by a line
source. The equations are based on the equivalent slot assumption. As
noted in figure IV-17, the source is to be considered circular when the ra-
dius of influence, R (tig., IV-23), of the real well or wells is less than twice
the distance between the source and well (2L 2 R).

4. RADIUS OF INFLUENCE R . Equations for flow to drainage systems
from a circular secepage source are based on the assumption that the system
is centered on an island of radius R . Generally R 1is the radius of influ-
ence which is defined as the radius of a circle beyond which pumping of a de-
watering system has no significant effect on the original groundwater level
or piezometric surface. The value of R can be estimated from the equa-
tion and plots in tigure IV-23. Where there is little or no recharge to an
aquifer, the radius of influence will become greater with pumping time and
with increased drawdown in the area being dewatered. Generally R is
greater for coarse, vary pervious sands than for finer soils. If the value of
R 1is large relative to the size of the excavation, a reasonably good approx-
imation of R will serve adequately for design because flow and drawdown
for such a condition are not especially sensitive to the actual value of R .
As it is usually impossible to determine R accurately, the value should be

selected conservatively from pumping test data or, if necessary, from
figure IV-23.
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5. HYDRAULIC HEAD LOSS H,

a. The equations in figures IV-1 through IV-22 do not consider hydraulic
head losses that occur in the filter, screen, collector pipes, etc. These
losses cannot be neglected, however, and must be accounted for separately.
The hydraulic head loss in a well and wellpoint system can be estimated
from figures IV-24 and IV-25, respectively.

b. Well screen and filter entrance losses, Hg , for designed and in-
stalled wells are generally small and can be estimated from figure IV-24a.
Figure IV-24a was developed from data from a field pumping test of a
16-in.-diameter well with a 100-sq-in. screen of 5/32-in. slots and a 6-in.-
thick filter. Entrance losses through other types of screens are discussed
by Peterson, Rohwer, and Albertson [22]. Head losses in the screened sec-
tion of well, Hg , are calculated from figure IV-24b. This head loss is
based on equal inflow per unit of screen surface and turbulent flow inside the
well, and is equivalent to the entire well flow passing through one-half the
screen length., Other head losses can be determined directly from fig-
ure IV-24, Hydraulic head loss within a wellpoint system can be estimated
from figure IV-25. Figure IV-26 gives the equivalent length of straight pipe
for various fittings for use in computing head loss in the fittings.
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SECTION 3 OF THE TEXT.

(Courtesy of McGraw-Hill Book Co.)

Figure IV-23., Determination of the radius of influence R [modified from ref 45]
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108 Hydrologic Analysis of Dewatering Systems

excavation of length x. The wells are staggered at a distance r, from the
center of the trench. The northward and southward flow from the line
sources at distance L can be approximated from the trench equation 6.9.
However, equation 6.9 assumes a drainage trench of infinite length. Since
the length of the actual system is finite, the end effects must be considered.
This can be done by assuming that at each end of the system, there is a flow
equal to one half the flow to a circular well of radius r,. The total flow to the
system may be approximated by adding equations 6.3 and 6.9.

7K (H? — h?) <K (H? - h?) ¢
_ 12
Q mRar. 2 ( 30 ) (6.12)

While the total Q from this model is usually a reliable approximation, it is
obvious that the wells at the ends will pump more than those in the center, if
spacing is constant. In practice, such systems are leapfrogged as the trench
excavation continuously progresses, so a given well will at times be any-
where in the system. It is good practice therefore to design each well and its
pump for the high capacity it will yield when near the end of the system.

6.6 Radius of Influence R,

The equivalent radius of influence R, that appears in equations 6.1-6.5 is a
mathematical convenience. As discussed in Section 5.3, the sum of the
recharge to the aquifer is assumed to create an effect similar to that of a
constant source on a vertical cylindrical surface at R,,. Thus the concept is to
a degree nebulous. Because R, appears as a log function in equations
6.1-6.4, precision in estimating it is not necessary. However, the author has
seen R, vary from 100 to 100,000 ft (30 to 30,000 m) on various projects. The
literature cites instances of even greater magnitude. So the possibility of
gross error exists.

The most reliable means of estimating R, is by Jacob analysis of a pumping
test, as described in Chapter 8. Only this method will reveal recharge from
other aquifers, and the degree of connection with surface water bodies. It is
necessary also to extrapolate from the conditions existing during the pump-
ing test to others that may occur within the life of the dewatering system. We
have seen the Q of a dewatering system increase by 20, 40, or even 100%
during high river stages, particularly when accompanied by inundation of
large surface areas (Section 5.3).

Lacking a pumping test, it is necessary to make rough approximations of
R, from topography and areal geology, or from estimated aquifer param-
eters. In an ideal aquifer, without recharge, R, is a function of the transmis-
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Jacob formula (equa
without recharge as

Units to be used in
pumping time ¢ is se
the time available to

The value compute
on the basis of judgm
for confined aquifers
sonable, provided th
original saturated thi
computed for a typic
greater than that in a
transmissibility, pum,
large values for R, ai

An empirical relatic
of drawdown H — #

where H — /i is in fee
independent of drawd
appear in the Sichart
reasonable values in

In many problems. -
vertical line source at
the vertical cylindrical
o a well as a circular
equations 6.1 and 6.3

Chapter 9 discusses ¢

6.7

The equilibrium formy
transmissibility 7 is d
CYuivalent isotropic tr

0090202g

e —————star A




B N LA

'y

gered at a distance r, from the

southward flow from the line
{ from the trench equation 6.9,
trench of infinite length. Since
end effects must be considered.
nd of the system, there is a flow
of radius r,. The total flow to the
juations 6.3 and 6.9.

) 2 _ h'l
r—K—(’—{——l) (6.12)

2L

y a reliable approximation, it i
more than those in the center, if
ns are leapfrogged as the trench
iven well will at times be any-
efore to design each well and its
n near the end of the system.

ence R,

ppears in equations 6.1-6.5 is a
n Section 5.3, the sum of the
te an effect similar to that of a
ace at R,. Thus the concept is to
s a log function in equations
>ssary. However, the author has
,000 m) on various projects. The
1agnitude. So the possibility of

s by Jacob analysis of a pumpine
ethod will reveal recharge from
 with surface water bodies. It is
itions existing during the pump-
fe of the dewatering system. We
crease by 20, 40, or even 1007

accompanied by inundation of

» make rough approximations of
from estimated aquifer param-
R, is a function of the transmi»

A RO S Sy A B

)

6.7 Permeability K and Transmissibility T 109

Jibility, the storage coefficient and the duration of pumping. By adapting the
jacob formula (equation 4.5), we can estimate the order of magnitude of R,,
without recharge as follows:

_ Tt
R() =TIy + Jc4 C_v

Units to be used in this equation are given in Table 4.2. The value for
pumping time ¢ is selected from schedule or cost considerations regarding
the time available to accomplish the result.

The value computed for R, by equation 6.13 should be adjusted downward
on the basis of judgments as to possible recharge. Equation 6.13 is valid only
jor confined aquifers, but results obtained for water table aquifers are rea-
wnable, provided the drawdown H — h is not a large percentage of the
original saturated thickness H. It is apparent from equation 6.11 that R,
computed for a typical confined aquifer (C, = 0.001) will be some 14 times
creater than that in a typical water table aquifer (C, = 0.2), with the same
iransmissibility, pumped for the same time. Experience confirms that very
lirge values for R, are typical of confined aquifers.

An empirical relationship developed by Sichart (43) gives R, as a function
of drawdown H — h and K:

R,=3H -h) VK

(6.13)

(6.14)

where H — h is in feet and K is in microns per second. Theoretically R, is
:ndependent of drawdown, and is related to pumping time, which does not
sppear in the Sichart relationship. Nevertheless, the formula has produced
reasonable values in some situations.

in many problems, the source of water is conveniently approximated by a
\»rtical line source at distance L from the center of the system, rather than
‘he vertical cylindrical source at R,.. A line source will produce the same flow
‘o a well as a circular source at twice the distance. For use in equilibrium
cquations 6.1 and 6.3,

R, =2L 6.15)

Chapter 9 discusses estimates of the distance L to a line source.

6.7 Permeability K and Transmissibility T
The equilibrium formulas assume an isotropic homogeneous aquifer. When

ansmissibility T is determined by Jacob analysis of a pump test, it is an
juivalent isotropic transmissibility T,, or the transmissibility of an isotropic

SO e pramy
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6.13 Capacity of the Well Q,, 123

therefore on the net Q.. Sichart has suggested that r . should be such that the
radial velocity at the cylindrical surface of the well bore does not exceed a
critical value, related to the permeability.

Permeability K

it is evident that Q. is a function of the permeability K of the sands which the
well contacts. If the filter pack made perfectly unobstructed contact with the
natural sand, it is possible that Q, could approach a value such that the
gradient at the contact is theoretically almost unity, Terzaghi's critical
gradient. This concept can be written in terms of D’Arcy’s law:

___? <2mro K (6.23)

e

or

Qv 2
e < K (6.24)

where A is the cylindrical surface of the well bore. Theoretically, if this vaiue
of Q../A were exceeded, the well would be subject to sand packing or piping.
In an actual well, however, perfect contact between filter and aquifer cannot
be achieved, and if equation 6.24 were used to predict 0, /A, unrealistically
high values would be indicated.

Sichart’s empirical relationship (43) is useful in predicting Q,.. He suggests
that a practical value of Q /A is a function of the square root of permeability.
It can be expressed as follows:

Q. =0035/r, VK (US) (6.25)

where Q. is in gallons per minute, /. in feet, r,. in inches, and K in gallons per
day per square foot.

Q.= 0.02471,r, VK  (metric) (6.26) .

where Q is in I/min, /,. in meters, r, in millimeters, and K in microns per
second.

The Sichart refationship has given conservative values for predicting Q. in
wells that have been constructed and completed in accordance with good
practice, as discussed in Chapter 16. Other formulas have been suggested.
Minster (34) states that in the Soviet Union Q,/A is predicted as a multiple
of the cube root of permeability.

Normally, r, is selected on the basis of drilling method, difficulty in
penetration, type of wellscreen available and other factors. The radius
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124 Hydrologic Analysis of Dewatering Systems

ranges from 4 in. (100 mm) for wells constructed by jetting, or small rotan
drills, up to 21 in. (525 mm) for wells constructed by bucket augers or
reverse circulation drilling.

One procedure of predicting Q. for the purposes of preliminary design i«
as follows:

1. r, is selected at a reasonable value based on drilling method und
difficulty.

2. A value of 0/, is estimated from equation 6.25, or read from the curve.
of Fig. 6.15. .

3. A value of Q,. is assumed, and the necessary length of wetted screen for
this Q.. is calculated.

4. An analysis is made of the available /,. under the predicted job conditions
to check the assumed Q..

(a) In a confined aquifer, /,. can be assumed equal to the thickness B.
unless it is desired to use partial penetration, either to reduce the total
flow, the cost of drilling or for some other reason.

{b) In a water table analysis, an approximate estimate of /,. in the dewa-
tered condition can be made using a plot of the type in Fig. 6.4.
Knowing K, H, and R,,, and with the assumed @, a value of H? — /i*
at the well can be estimated by cumulation, and /,. calculated. For
more accurate work the Borelli correction should be used.
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6.14 Flow Net Analysis 125

A precautionary note is in order. Since Q. is critical to the design, and the
cost of executing the dewatering program, appropriate safety factors should
be used. The most reliable method of predicting Q,. is to conduct a step
drawdown test during the pumping test prior to design (Chapter 8). An
estimated Q. in the dewatered condition can be extrapolated from the results
of the step drawdown test.

6.14 Flow Net Analysis

For aquifer situations which are of irregular geometry, the simple mathe-
matical models described previously are suitable for only rough approxima-
tions. For more precise analysis, the flow net method has been used effec-
tively. The construction of flow nets and the use of the method in dewatering
analysis has been discussed in detail by Cedergren (16) and Mansur &
Kaufman (32).

Figure 6.16 shows a plan flow net of a rectangular system of wells to
dewater a trench excavation for the circulating water lines for a power
house. Because the ratio of length to width of the rectangular system of wells
is large, and because the distance L to the line source is small, the use of a
simplified mathematical model would result in serious error. Because the
source is close, the cumulative drawdown method is unsuitable, since it

Equipotential

Equivalent line source el Sheet
piles

Fig. 6.16 Plan flow net analysis.
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Discharge v ¥/ 2g l
(gpm) (ft/sec) (ft)

i Inch Nominal

1.0 0.602  0.00563
1.5 0.903  0.0127
2.0 1.20 0.0225
25 1.50 0.0352
3.0 1.81 0.0506
3.5 2.1 0.0689

4.0 2.41 0.0900
4.5 2.7 0.114
5.0 3 0.141
6.0 3.61 0.203
7.0 4.21 0.27¢
8.0 4.81 0.360
9.0 5.42 0.456
10 6.02 0.563
11 6.62 0.681
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SAMPLE CALCULATIONS

UPPER FLOW ZONE

Calculation of In Situ Field Permeability, K

1. Using the pump test drawdown values measured after the pump was shut
off, the permeability may be calculated with:
d?In [g—mﬁk] oo
K, = ———o 2 In (Hvorslev,1951)*
8L (tz't1) H2

" Case G, well point-filter in uniform sand, for variable head tests with the condition
m L/D > 4 (see Figure 1).

WHERE : K, = Horizontal Coefficient of Permeability
K, = Vertical Coefficient of Permeability

m = Transformation Ratio = K, /K,
d = Diameter, standpipe
D = Diameter, intake pipe
L = Length of intake
t = time
H, = Drawdown at time t,
H, = Drawdown at time t,

2. An example of the calculations for Recovery Well PW-1 follows:
Using these parameters for Recovery Well PW-1,

m = 3 (approximated)
d= 254cm
D= 254cm
L = 304.8 cm
mL/D = 36 > 4

Hvorslev’s equation reduces to

Kp = t1'13t In (H,/H,)

2 1

page 1
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AS SUMPTIONS

{ 8 ) B ¢
SOIL AT INTARE, INFINITE OEPTH ANO OIRECTIONAL 1SOTROPY (l\‘ AND k), CONSTANT) - NO DISTURBANCE, SECRECATION, SWELLING OR CONSOLIDATION OF
SOIL =~ NO SEDIMENTATION OR LEAKAGE - MO AIR OR CAS IN SO, WELL POINT, OR PIPE - HYORAULIC LOSSES IN PIPES, WELL POINT ORFILTER NECLIGIBLE

Formulas for determination of permeability

Figure 1.
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The permeability for various values of H,, H,, t,, t, was calculated, then
averaged for a reported value as shown in Table 1 below.

Table 1
H, @) | t, (sec) | H, (1) | t, (sec) | In(H,/H,) | tt,(sec) | K, (cm/sec) |
1.98 0 190 | 120 | 0041 | 120 | 3.86x10*

1.94 45 1.86 210 0.042 165 2.88 x 10 |
1.88 | 150 173 | 30 | 0083 | 210 4.47 x 10
180 | 300 1.66 600 0.081 300 3.05 x 107
163 720 1.50 | 1080 0.083 360 2.61.x 107
- 1.50 | 1080 0.93 | 3000 0.478 1920 2.81 x 10™
0.93 | 3000 0.42 | 6000 0.795 3000 2.99 x.10*

average K,: 3.24x10™ cm/sec

Table 2 providés a summary of field permeabilities for all eight Recovery
“Wells and MW-16.

[P

Table 2

In situ field
Well No. permeabilities

(cm/sec)
PW-1 3.24 x 10"
MW-16 2.39 x 10°
MW-18 3.46 x 10™
MW-23 2,53 x 10°
MW-24 4.36 x 10"
MW-25 |  4.50 x 10
‘MW-26 3.56 x 10
MW-27 290 x 10°
L_Mw-28 2.91 x 10°
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2.

Using the permeabilities calculated with Hvorslev’'s equation and a well
drawdown equal to the upper flow zone saturated thickness, the Radius of
Influence (r,) at each well location may be calculated with the following
equation: ‘ T

e === (Sichargt’s method, U.S. De-
C (H - hy) VK _ partment of the Army, 1971)

Radius of Influence, ft

WHERE: r, =
C = Empirical Relation of K vs. r
H = Height of water table (saturated thickness), ft
' h,, = Head of water in well, ft
. K=

Coefficient of Permeability, microns/sec

An example of the calculations for Reccvery WeII PW-1 follows:

C = 3 (for a single well) L ¥
K, = 3.24 x 10 cm/sec = 3.24 microns/sec

H-h, = 10 ft
r, = 3 (10 ft) (/3.24)
, =54 ft

page 4
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Table 3 provides a summary of -calfculated Radii of Influence for all eight™
Recovery Wells and MW-16.

o ~iae s

Sorlicsn o Tabled

.I[';Well‘ No.- Calculatéﬁ Radius ;
| | of Influence (ft)
e Pwe 54
MW-16 46
MW-18 56
MW-23 136
MW-24 63
MW-25 93
I Mw-26 57 ’
1 mwer | 162 “'
o . MW-28 - 3

C. Calculation of Transmissivity, T

1. Using the permeability values calculated with Hvorslev's equation and an
upper flow zone saturated thickness of 10 feet, the Transmissivity, T, for
each well location may be calculated with the following equation:

T=kb

WHERE: T = Transmissivity
k = Permeability

b = saturated thickness
2. An example of the calculations for Recovery Well PW-1 follows:
k = 3.24x10™* cm/sec = 0.28 m/day
b=10f =305m
T = (0.28 m/day) (3.05 m) (80.5 gal/day/ft per m?/day)
T = 68.7 gal/day/ft

page 5°

001CC8



1.

Table 4 provides a summary of Transmlssmty values for ai! erght Recovery
Wells and MW-16. ,

Tabled . .
| weino | T T
PW-1 ‘| ... 687
MW-16 |- . 50.7
MW-18 | 73.7
MWw-23 : 536.4
S Mwe2s | 92.5
MW-25 95.5
MW-26 | 755 ... .
MW-27 615.@:-_.__5,;,; _
Mw-28 | 62" 1

Using the Transmissivity, T, and Radius of‘lllhfIUé'nce, r,, values pré§/iously
calculated, as well as the elapsed time from’ pump test start to finish, the
Storage Coefﬁc:ent S, for each well Iocauon may be calculated with:

$ =225 T[ ] - (Lohman, 1979)
S YT
WHERE: S = Storage Coefficient
T = Transmissivity
t = time
r, = Radius of Influence

o & 0041CC9
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2.

An example of the calculat:on for Recovery Well PW- 1 follows

T

Ve

i

(;A

Table 5 provides a summary of Storage Coefﬂcrent values for all eight

= 0.0205. . Af:f-i”'?%

s

2 25 (o 84 m2/day) 3. o days)

(15'5 m)?

Recovery Wells and MW 16 : ~e]

Table 5

- well No,,.ﬂ'i:-‘

Storage
Coefficient, S

MW-16

992@5—
0.0217 |

MW-18

0.0144 -

Mw-23

0.0261

T MW-27

Mw-22 |- 00214
‘MW-25 | D.0095
MW-26 0.0207

0.0206
MW-28 0.0045

page 7

= 68.7 gal/day/ft = 0.84 fﬁz/day R
t= 4332 min = 3.0 days
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