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EXECUTIVE SUMMARY

The results of this study are summarized as:
1) the effect of piezometer construction, installation,
and development techniques on water sample turbidity,
and 2) the effect of piezometer installation and
development techniques on calculated hydraulic conduc-

tivity.

Turbidity Results
Major conclusions concerning the effect of
monitoring well construction, installation, and
"development practices on the turbidity of water samples
obtained from monitoring wells installed in
fine-grained glacial till can be summarized as follows:

1. The turbidity of water samples obtained from wells
that were installed after water had begun filling
the bottom of the borehole was 50 to 200 times
greater than in samples from wells that were
installed in essentially dry boreholes.

2. Monitoring wells that were surged produced water
samples with 3 to 100 times greater turbidity than
wells that were only bailed.

3. For the given sand pack material, there are no
inherent differences in water turbidity obtained
from monitoring wells finished with factory slot,
factory slot with Mirafi wrap or continuous
slot screens.

4. The turbidity of water samples obtained from surged
wells did not show a significant decrease with the
second sampling, but the turbidity of samples
obtained from wells that were bailed-only decreased
by a factor of 3.
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5. Commonly available well screens and sand packs are
not capable of filtering out clay-sized particles
in fine-grained glacial tills. The optimal well
design will require a silt-sized sand pack and a
very fine-meshed screen ( < 0.05 mm) .

Hydraulic Conductivity Results
Major conclusions concerning the effect of
monitoring well construction, and development practices
on hydraulic conductivity calculated from bail-slug
test on monitoring wells installed installed in
fine-grained glacial till can be summarized as follows:

1. The hydraulic conductivity of the screen and sand
pack material used in this study have been deter-
mined to be approximately four orders of magnitude
greater than the hydraulic conductivities deter-
mined from bail-slug tests in the field. There
fore, the screen and sand pack materials used in
this study have no effect on the bail-slug test
calculated hydraulic conductivity.

2. Near-surface damage of the augered holes was

* observed during piezometer installation. Turbidity
results suggest that well development by surging is
effective in removing formation material on the
borehole wall and pulling the suspended material
into the well annulus. Development by surging,
therefore, should be effective in reducing any
auger-induced skin effects. However, the hydraulic
conductivity results of this study indicate that
development by surging has no significant effect of
reducing skin effects and increasing the hydraulic
conductivity calculated from field tests over
development by only bailing.

3. Bail test recovery data plotted as relative head
versus time should yield a straight line on a
semi-log plot. Deviations in the early portion of
the total water level recovery versus time curve
may suggest effects of sand pack dewatering or
unsaturated recovery within the sand pack itself.
Evaluation of a non-linear plot by any of the
currently used bail tests solutions will produce
hydraulic conductivities that are not
representative of formation material.
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Formation hydraulic conductivities as calculated by
the slug-bail test solution of Bouwer and Rice
(1976) are consistently 0.75 times those calculated
by the method of Hvorslev (1951). 1In contrast,
formation hydraulic conductivities as calculated by
the method of Cooper, et al. (1967) - Papadopulos,
et al. (1973) are approximately three times those
calculated by the method of Hvorslev (1951).

The range of hydraulic conductivities as determined’
from bail-slug tests indicates a bimodal distribu-
tion of values for the gray silty-clay till of the
Oak Creek Formation. Evidence for lenses of sand
and/or gravel was not observed in turnings from

the drilling process or in Shelby tube soil samples
collected in the field. However, a fracture was
observed in hand sample. This suggests that
fracture flow may occur in some of the wells,

- resulting in higher measured hydraulic conduc-

tivities.

Hydraulic conductivity determined from time-
consolidation data has been shown to give results
which are within an order of magnitude of triaxial
permeabilities. However, due to unavoidable
operator error, instrument error, and error intrin-
sic in the graphical interpretation of time
consolidation tests, hydraulic conductivity as
determined in the triaxial cell produces conducti-
vities which are more truly representative of the
intergranular hydraulic conductivity of the
formation.

The triaxial cell hydraulic conductivity results of
this study agree within a factor of two of the
lower formation hydraulic conductivities as
calculated by the methods of Hvorslev (1951) and
Bouwer and Rice (1976). However, intergranular
triaxial cell hydraulic conductivities may not be
representative of the bulk hydraulic conductivity
of the formation as shown by the bimodality of
slug-bail test results in this study. If large
(order of magnitude) discrepancies occur between
laboratory triaxial cell and slug-bail test
hydraulic conductivities of a fine-grained
formation material (K < 106 cm/sec), primary
structures such as sand and gravel stringers and
secondary structures such as fractures should be
thoroughly evaluated when considering the material
for waste containment.
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RECOMMENDATIONS

The overall recommendations regarding monitoring
well construction, installation, and development
techniques necessary tovobtain representative formation
hydraulic conductivities from bail tests and sediment
free water samples based on the results of this study

are as follows:

1. A non-surged factory slot piezometer set in an
essentially dry borehole and packed with TDS2150
sand is the optimal monitoring well design which
will result in bail test hydraulic conductivities
which are representative of the formation conduc-
tivity and produce essentially turbidity-free
water.

2. Surging has little influence on calculated hydrau-
lic conductivity measured from bail tests, but
increases water sample turbidity. The effect is an
overall increase in the cost of a sampling program.
Therefore, surging is not recommended as a develop-
ment technique in fine-grained materials.

3. Turbidity results from this study have shown no
differences between the various screen-filter
combinations used and their ablility to keep
suspended material out of the well annulus.
Therefore, factory slot screen alone is recommended
because it is the cheapest method of obtaining
representative water samples and formation hydrau-
lic conductivities.

4. A monitoring well which is set in an essentially
"dry" borehole is best for reducing water sample
turbidity. Setting the piezometer in a borehole
partially filled with water allows water carrying
suspended material into the well annulus prior to
setting the sand pack. The result is sediment
build-up in the bottom the piezometer. This
sediment was observed to be brought into suspension
especially when the bailer was allowed to strike
the bottom. The use of a bailer to remove such
sediment is not effective. Some surging of the
water present in the monitoring well may be
necessary to suspend the bottom sediment so that
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it may be removed from the well annulus. The use
of a sampling pump to remove bottom sediment may
also be an effective means of removing sediment

present in the bottom of piezometers.

Hydraulic conductivity as calculated by the
methods of Hvorslev (1951) and Bouwer and Rice
(1976) have been shown to be within a factor of two
of the intergranular triaxial cell permeabilities.
Both methods are recommended for the determina-
tion of aquitard hydraulic conductivity. If a
monitoring well is installed in a homogeneous
medium of infinite vertical extent, the analytical
solution of Hvorslev (1951) should be used. If
the monitoring well is partially penetrating, the
analytical solution of Bouwer and Rice should be
used. The method of Cooper, et al. (1967) -
Papadopulos, et al. (1973) is not recommended for
evaluating bail test hydraulic conductivities
because the assumptions and boundary conditions for
the aquifer solution are not representative of a
well installed in an aquitard. This method
produces hydraulic conductivities which are a
factor of 3 times greater than those calculated by
the methods of Hvorslev (1951) and Bouwer and Rice
(1976).

Downward leakage due to a near-surface friction
fitting connecting two lengths of PVC was observed
in this study. To avoid this problem and any
biases that may result from such leakage, it is
recommended that joints connecting lengths of PVC
standpipe be threaded and grouted. Bentonite
pellets as a sand pack sealant in fine-grained
materials should not be used to avoid problems

that may develop because of bridging and wetting-up
of the pellets.



THE EFFECT OF CONSTRUCTION, INSTALLATION, AND
DEVELOPMENT TECHNIQUES ON THE PERFORMANCE OF
MONITORING WELLS IN FINE-GRAINED GLACIAL TILLS

ABSTRACT

Twenty monitoring wells were installed in the
fine-grained glacial of the Oak Creek Formation in .
southeastern Wisconsin to evaluate the effects of
piezometér construction, installation, and development :
on the calculated formation hydraulic conductivity and
well-water turbidity. The types of well screens used
in construction of the piezometer were factory slot,
factory slot with a filter wrap, continuous slot, and
porous stone tips. Some of the wells were installed
after the borehole began to fill with water while
others were installed in essentially dry boreholes.
About half of the wells were developed by surging while
others were developed by only bailing.

Installation of monitoring wells in essentially
dry boreholes produced water samples of very low
turbidity compared to those wells which were installed
in wet boreholes. Water samples of surged wells were
much more turbid than the water samples from wells .
which were bailed-only. The type of screen and sand -
pack materials used had no effect on prohibiting

suspended materials from entering the well annulus.
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Hydraulic conductivity of surged wells increased
less than a factor of two with repeated surging. The
hydraulic conductivity of bailed-only wells also
increased by a factor of two with repeated bailing.

The type of screen and sand pack materials used had no
effect on bail-slug test calculated hydraulic conducti-
vity.

Formation hydraulic conductivities as calculated
by the slug-bail test solution of Bouwer and Rice
(1976) are consistently 0.75 times those calculated by
the method of Hvorslev (1951). In contrast, formation
hydraulic conductivities as calculated by the method of
Cooper, et al. (1967) - Papadopulous,ket al. (1973) are
approximately three times those calculated by the
method of Hvorslev (1951). Intergranular hydraulic
conductivities of Shelby tube samples as determined in
the triaxial cell are within a factor of two of the
lower formation hydraulic conductivities as calculated
by the method of Hvorslev (1951) and Bouwer and Rice

(1976) .
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INTRODUCTION

The protection of groundwater resources from
contamination by hazardous and non-hazardous pollutants
is a national concern. Better protection of ground-
water quality and the public health is afforded
through the installation of monitoring wells in the
vicinity of waste disposal sites. These wells are used
to measure the groundwater quality, the potentiometric
surface within the aquifer and/or aquitard, and the
hydraulic parameters of the material in which the well
was completed. This information can then be used to
predict the rate and direction at which contaminants
are leaving a waste disposal site.

Many monitoring wells in Wisconsin are, or will
be, completed within fine-grained glacial tills.
Standard monitoring well construction and development
procedures used in coarse-grained materials may not be
adequate for fine-grained formations. The use of
improper construction and development techniques within
these tills can result in poor estimates of water
quality and the hydraulic parameters of the formation.
The suspension of large amounts of clay-sized particles
in samples obtained from such wells may require extra
filtering and bias analysis and interpretation of water
chemistry. In addition, extra filtering requires time
and adds to the overall cost of a sampling program.

There are many factors that may influence the



computed hydraulic conductivity from slug tests
performed on wells in fine-grained formations. These
include the general well construction, the formation of
a low hydraulic conductivity "skin" due to action of
the auger, the amount of development the well has
undergone, heterogeneities in the formation, and
interpretation of the slug test data itself. The
proper evaluation of these parameters will control the
quality and reliability of information obtained from
monitoring wells installed in fine-grained materials.
This study has three main objectives: 1) to
evaluate currently used analytical techniques and
assess the extent of piezometer development in relation
to calculated field hydraulic conductivity obtained
from slug tests on piezometers in fine-grained materi-
als, 2) to examine the effect of piezometer construc-
tion, installation, and development techniques on well
water turbidity of these piezometers and 3) to
recommend an optimum installation procedure for
obtaining a representative aquifer sample. Recommenda-
tions will be based on formation hydraulic conductivity
and water sample turbidity. The ideal monitoring well
should be constructed and developed in such a mannér
that hydraulic parameters obtained from slug tests on
these wells represent the true values of the formation
and water samples obtained from the wells are sediment

free.



PREVIOUS STUDIES

Although field testing of hydraulic conductivity
values is well-documented in the literature, the
majority of solutions derived are specifically designed
for measuring hydraulic conductivity of aquifer
(coarse-grained) materials. The recent interest in
contaminant hydrogeology and disposal of wastes in
fine-grained materials now puts a major emphasis on the
accurate determination of aquitard hydraulic conducti-
vity. 1In the midwest, fine-grained glacial tills are
the most readily available low permeability materials
for waste disposal.

Field and laboratory hydraulic conductivity
testing of fine-grained material include work done in
fractured and non-fractured glacial till. Field or
in-situ hydraulic conductivity is determined by slug
tests. Laboratory hydraulic conductivity is determined
by triaxial cell and consolidation tests.

Rehm, et al. (1980) reported a wide range of
hydraulic conductivities (10™4 to 10~° cm/s) for
Quaternary pebble-loam till in the Northern Great
Plains (North Dakota, Montana , and Wyoming). The
distribution of hydraulic conductivities has several
nodes and a mean value of 7 x 10~/ cm/s. Rehm, et al.
(1980) observed fractures in miné high walls and in
caves. The specific methods used for the determination

of these values are not reported.



Desaulniers, et al., (1981) used slug tests and
consolidation tests to determine the hydraulic conduc-
tivity of a clayey till and glaciolacustrine clay in
southwestern Ontario. Hydraulic conductivity deter-
mined by field (1.7 x 10~8 cm/s) and laboratory (2.7 -
2.9 x 10”8 cm/s) tests indicate agreement within a
factor of two. Intergranular conductivities of clay
till and lacustrine clay typically range from 1.2 x
1078 to 3 x 10-11 cm/s in the Interior Plains Region
(Grisak, et al., 1976).

Grisak and Cherry (1975) conducted pump tests in a
sandy aquifer overlain by a fractured lacustrine clay
and clay-loam till at the Whiteshell Nuclear Research
Establishment (WNRE) in southeastern Manitoba. The
bulk hydraulic conductivity of the clay-loam till as
determined by finite element mathematical modelling was
1.8 x 10~7 cm/s. Specific storage as determined by the
method of Neuman and Witherspoon (1969a,b) was in the
range of 3.0 x 10”2 to 1.5 x 10~5 m~1,

Using the equation for flow in fractured media by
Snow (1969) and fracture spacing values from test pits
at WRNE, Grisak, et. al., (1976) calculated a hydraulic
conductivity of 2.5 x 10”7 cm/s for the fractured
clay-loam unit. This is very close to the digital
model simulation for the same till unit at WNRE.

At a nuclear waste landfill in western New York,

hydraulic conductivity of unfractured, fine-grained



till was determined from slug tests, permeameter tests
and mercury porisometer tests (Prudic, 1982). These
different methods were found to agree within a factor
of 25. Slug tests on augered-hole piezometers in the
unfractured till had a mean hydraulic conductivity of 2
x 10~8 cm/s. However, slug tests of piezometers
finished in the overlying fractured till ranged from 6
x 107®% to 2 x 1078 cm/s. This suggests that all
piezometers in the fractured till did not intersect an
equal number of fractures or the fractures may have
been smeared during the drilling operation.

Hendry (1982) conducted a similar study of glacial
till in Alberta. Intergfanular conductivity of the
weathered till is in the range of 3.4 x 10~8 to 9.8 x
10-8 cm/s as determined by falling head test in a |
consolidometer. Constant head tests of the fractured,
weathered till yield conductivities in the range of 5.1
X 1075 to 2.0 x 10~9 cm/s. Slug tests of 41 piezo-
meters produced a bimodal distribution of hydraulic
conductivity values ranging from 1.0 x 10~5 to 2.5 x
107 cm/s. The bimodal distribution was attributed to
the presence of two different fracture patterns within
the weathered till (Hendry, 1982).

In Saskatchewan, study of an unweathered glacial
till has shown the field-derived permeabilities to be
greater than laboratory time-consolidation permeabili-

ties by two orders of magnitude (Keller, et al., 1986).



Tritium data for the unweathered unit indicate much
higher recharge rates than calculated by labora-
tory-derived hydraulic conductivities. Therefore,
fracture networks in the unweathered till have been
used to explain differences between the bulk and
intergranular permeabilities. |

Quantitative studies of till in Wisconsin have
been on the red clay till in the northwestern part of
the state. Studies of the Miller Creek till have shown
the upper unit of the till to be highly jointed
(Bradbury, et al., 1985). Field hydraulic conductivi-
ties as determiped by the method of Hvorslev (1.7 x
107 to 5.2 x 10~9 cm/s) indicate approximately one and
a half orders of magnitude difference in the field
hydraulic conductivities. However, no variation is
indicated with depth. Laboratory triaxial cell deter-
minations of hydraulic conductivity range from 7.0 x
107 to 1.2 x 10~8 cm/s. This is in good agreement
with the field-derived values.

Studies of zone of saturation landfills in
Wisconsin have shown field permeabilities to exceed
laboratory derived values by two orders of magnitude
(Gordon and Huebner, 1983). The presence of fractures
and heterogeneities with the till units have been used
to explain these differences.

However, drilling by the auger borehole method may

cause smearing of fine grained materials on the well



bore face and can conceivably cause the filling of
secondary fractures in the unconsolidated material.

The result is the formation of a low permeability
"skin" on the bore face of the well which produces
lower hydraulic conductivities than are truly repre-
sentative of the fine-grained material (Faust and
Mercer, 1984). This implies that full well development
should be an important facet to reduce any effects of
auger-induced bore hole smearing.

Previous studies of glacial till have presented
and compared values of field and laboratory hydréulic
conductivity. However, these studies have not fully
addressed the effect of piezometer installation,
construction, and development on potential bias in
computed hydraulic conductivity or well water turbidi-
ty. Therefore, the scope of this study is to evaluate
several methods of piezometer construction, installa-
tion and development in fine-grained glacial till and
their relation to computed hydraulic conductivity and

well turbidity.



METHODOLOGY

The objectives of this study have been accomplish-
ed with_field work, laboratory work, and analytical
work. Field work consisted of installing twenty
piezometers of different design at two field sites in
fine-grained glacial till. The wells were drilled
using the auger boring technique. Numerous slug tests
have been performed on these wells and sample turbidi-
ties analyzed. Evaluations have been made of piezo-
meter construction, installation, and development
techniques based on water samples obtained from these
wells. .

Piezometer construction refers to the type of
materials used (i.e. screen type, filter wrap, and sand
pack). Piezometer installation in the present study
refers to the emplacement of sand pack material in
"dry" versus "wet" bore holes and evaluation of the
effects on well water turbidity. Finally, two types of
development were studied: 1) surging and 2) bailing.
The effect of this well development on the calculated
hydraulic conductivity of consecutive slug tests
performed on the wells and turbidity of well water
samples is evaluated.

Laboratory tests were performed on the screens and
sand packing materials used in piezometer construction
to determine their permeabilities and porosities.

Laboratory tests were also performed on samples



collected in the field. Engineering soil tests were
used to evaluate grain-size distribution and soil
consistency of formation materials. In addition,
time-consolidation tests and constant head tests in the
triaxial cell were performed to determine the inter-
granular hydraulic conductivity of formation materials.
A critical evaluation of the currently used
analytic;l solutions for determining hydraulic conduc-
tivity from slug test data in fine-grained materials
was completed. The methods of Hvorslev (1951), Cooper,
et al., (1967), Papadopulos, et al., (1973) and Bouwer
and Rice (1976) were used to evaluate the slug test
data in this study. Comparisons are made of computed
hydraulic conductivity of the various analytical
solutions results. Finally, comparisons are made
between field and laboratory measurements of hydraulic
conductivity and conclusions drawn as to the applica-

bility of the results.
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FIELD EQUIPMENT AND LABORATORY TESTS

Prior to installation, the screens and sand pack
materials were tested in the laboratory to determine
their permeabilities and porosities. Specifications
provided by the screen manufacturing companies are not
complete enough to derive screen hydraulic conductivi-
ties. For the factory and continuous slot screens, the
companies have calculated tables for expected capaci-
ties of the screens (in gal/min/foot of screen) knowing
the open area per foot of screen and assuming an
entrance velocity of 0.1 ft/sec. Such specifications
on the polypropylene filter wrap and porous tip piezo-
meters are not available. Therefore, the screens and
sand pack materials were tested in the laboratory to
determine their permeabilties and porosities prior to

installation.

Screens and Filter Wrap

Four types of monitoring well screens currently
used in ground water monitoring investigations were
evaluated in this study: 1) standard PVC factory slot,
2) factory slot with a MirafiR 140N polypropylene
filter wrap, 3) PVC continuous slot, ;nd 4) 50 micron
porous tip piezometers.

The factory slot piezometers manufactured by
TimcoTM Manufacturing, Inc., are the 2 inch diameter

with 0.006 inch slot size. The 0.006 inch slot is the



smallest manufactured slot size available. The
polypropylene filter wrap is also manufactured by
TimcoT™ Manufacturing. The wrap extends the entire
length of a factory slot screen and is designed to
allow water to flow into the screen while preventing
fine particles from entering. The continuous slot
screens, manufactured by Johnson Well Co., also have a
0.006 inch slot. The slot continuously spirals for the
length of the screen and is supported on the inside by
sixteen 1/8 inch wide rods. The screen is designed for
high capacity flow while allowing minimal amounts of
fine grained particles to enter the screen. The 50
micron porous tip piezometers, manufactured by TimcoTl,
have a 1 1/2 inch outside diameter with a 3/4 inch
standpipe.

As previously stated, the screens were tested in
the laboratory to determine their hydraulic conductivi-
ties. The screens were tested using a constant head
test (Fig. 1). A length of screen was connected to a
corresponding diameter standpipe and placed inside a 12
inch diameter PVC reservoir. A garden hose was used
along with an on-off valve to adjust the water flow to
produce the head difference Ah. The water was allowed
to freely flow over the top of the reservoir and the
head difference Ah was taken as the distance between

the top of the standpipe and the height of

11



T
!

/ \Ove@w

—12° PVC Reservoir

—PVC Standpipe

— Sealed Bottom

Figure 1. Cross-section of constant head apparatus to
determine screen hydraulic conductivities.
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overflow in the reservoir (Fig. 1) After the head
difference was stabilized, the rate of flow was
measured by transferring the garden hose to a calibra-
ted 20 gallon barrel and measuring the amount of time
it took to fill the barrel. Three trials were per-
formed on each screen (Appendix I) and the flow rates
(Q) averaged. Water temperatures taken during the
tests (11.5 + 0.1°C) are used in the calculations of
the Reynolds' number.

From Darcy's equation for radial flow:

-KIa, (1)
where: flow rate (cm3/sec)

hydraulic conductivity (cm/sec)
gradient across the screen(cm/cm)
inside area of screen (cm?)

PHRO ©
I ]

From this the equation can be further expanded to
represent our‘constant head set up as:

Q = =-K(Ah/Ar) (27rib) (2)

where: Ah = head diference between the top
of the standpipe and the

reservoir overflow (cm)

Ar = sreeen thickness (cm)
rij = standpipe radius (cm)
b = screen length (cm)

Equation 2 can be rearranged to form the desired
relationship to estimate screen hydraulic conduc-
tivity (K):

K = =Q/[ (Ah/Ar) (27rib)] (3)

where: Q flow rate (cm3/min)

Ah = head difference (cm)
Ar = screen thickness (cm)
r; = inside radius (cm)
b = screen length (cm)

13



The results of the constant head tests show that
the factory slot screen with the filter wrap is
slightly more permeable than the factory slot alone
(Table 1). This is probably due to small variations in
the hydraulic conductivity of the factory slot piezo-
meters used or it may be due to experimental error.

The hydraulic conductivity of the filter wrap alone
must be very high and consequently it has no effect of
the hydraulic conductivity of the screen in our test.
If the flow of the water had been toward the piezometer
rather than out of the piezometer, the filter wrap may
have been compressed and a lower hydraulic conductivity
may have been obtained.

Secondly, the conductivity of the continuous slot
screen is smaller than that of the factory slot screen.
This was not expected. 1Investigation of the screen
construction, revealed that there are sixteen 1/8 inch
support rods extending the length of the screened
interval. The relatively large number of rods within
the two inch screen reduces the effective open area and
hence the hydraulic conductivity of the screen.

A Reynolds number was calculated for each screen
type (Table 2) to determine whether or not the screen
testing procedure was conducted under conditions of
laminar flow. The Reynold's number (R) is defined

(Bear, 1979) as:

R = vpd/y (4)

14



Table 1. Calculated screen hydraulic conductivities and constant head parameters.

Q

std. dev.
Screen Type Q (cm_/s) Ah ry Ar b K
Factory Slot 330 cm3/s 1.0 54 cm 2.4cm 0.6 cm 143 cm 1.7E-3 cm/s
Factory Slot 340 cm3/s 1.0 54 cm 2.4 cm 0.6 cm 143 cm 1.8E-3 cm/s
w/ filter wrap
Continuous 350 cm3/s 8.1 54 cm 2.7 cm 0.25 cm 61 cm 1.5E-3 cm/s
Slot
Porous 259 cm3/s 6.0 67 cm 1.3 cm 0.13 cm 61 cm 5.6E-3 cm/s
Piezometer

* standard deviation of flow rate (Q) for

LEGEND:

Q = flow rate (cm3/s)
Ah = head difference (cm)
ri = inside screen radius (cm)
Ar = screen thickness (cm)
b = screen length (cm)
K = hydraulic conductivity (cm/s)

three trials.

cT



Table 2. Reynolds numbers and parameters for the

various screens.

Screen Type p* v q n d H* R
Factory Slot 0.99964 gm/ml 7.1 cm/s .15 cm/s .021 .0152 cm 1.253E-2 gm/cm sec . 8.7
Factory Slot 0.99964 gm/ml 7.6 cm/s .16 cm/s .021 .0152 cm 1.253E-2 gm/cm sec 9.3
w/ filter wrap

Continuous 0.99964 gm/ml 8.5 cm/s .33 cm/s .039 .0152 cm 1.253E-2 gm/cm sec 10.
Slot

Porous 0.99964 gm/ml 2.1 cm/s .54 cm/s .26 .005 cm 1.253E-2 gm/cm sec 0.83
Piezometer

* @ 11.5°C, Handbook of Physics and Chemistry

LEGEND:
density of water (gm/ml)
Darcian velocity (cm/s)

porosity (cm?/cm?)
mean slot diameter (cm)

T <o
wwnuwuwnu

Reynold's number

average linear velocity (cm/s)

dynamic viscosity of water (gm/cm sec)

9T
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density of water (gm/cm3)
average linear velocity of water
entering the slots (cm/sec)

mean diameter of slot (cm)
dynamic viscosity of water
(gm/cm sec)

where

= Qa <o

A Reynolds number of 10 or. less indicates laminar flow
for a porous medium (Bear 1979). The average linear
velocity (v) is calculated from the constant head

derived Darcian velocity (q):

v = dg/n (5)

where average linear velocity (cm/s)
Darcian velocity (cm/s)

porosity (cm?/cm?2)

v
q
n
Porosities of the factory and continuous slot screens
were calculated by dividing the open area of screen
(per linear foot) by the total area (per linear foot)
on the inside of the screens. Porosity of the porous
piezometer was determined by a volume of water dis-
placement taking into consideration the inner diameter,
outer diameter, and length of wetted interval.

The Reynolds numbers derived (Table 2) from the
screen testing procedure are within the range of
laminar flow (R<10). Therefore, it is argued that the
hydraulic conductivities as calculated by Darcy's

equation for radial flow are valid.

17
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Sand Pack

Several considerations should be taken into
account in choosing an appropriate sand pack material
for the standard piezometer screens (continuous and
factory slot). First, the sand should not enter the
screen as the well is pumped. Ideally, ninety percent
of the chosen sand pack material should be retained on
the 0.006 inch (0.15 mm) slot size as recommended by
Driscoll (1986). Secondly, the sand pack material
should prevent suspended silt and clay size particles
from entering the screen.

The sand used as packing material for the 0.006
inch factory and continuous slot screens is a dried and
sieved beach sand (TDS2150) obtained from Lake Shore
Sand Co. (Division of Construction Aggregate Corp of
Michigan, Milwaukee, WI). The particle size distribu-
tion curve of the TDS2150 sand (Fig. 2) meets the
requirement for keeping the sand from entering the
screened portion of the well because the majority of it
is greater than 0.15 mm in diameter.

TDS2150 is not a "pure" silica sand as noted in
the chemical analysis of a typical sample (Table 3).
It is not clears at this time how a sand of this
composition will affect the chemical composition of a

water sample passing through it to the screen. The
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Table 3. Chemical analysis of TDS 2150 sand

Percent by
Chemical Weight
Silica 93.99
Aluminum Oxide 3.39
Iron Oxide 0.27
Calcipm Oxide 0.14
Magnesium Oxide 0.10
Sodium Oxide 0.59
Potassium Oxide 1.18
Others 0.10
Loss on Ignition ' 0.24

Lake Shore Sand, Division of Construction Aggregates
Corp. of Michigan, 515 W. Canal St., Milwaukee, WI
53203.



present study, however, is only concerned with hydrau-
lic parameters and turbidity. Effects of the sand pack
material on water sample chemistry are not evaluated.

The hydraulic conductivity of a typical sample of
TDS2150 sand has been determined to be 2.3 x 1072 cnm/s
using a constant head permeameter. The sand permea-
bility was also calculated using the grain-size based
approximations of Hazen (sée Freeze and Cherry, 1979)
and Masch and Denny (1966). The hydraulic conductivi-
ties derived from these two techniques are 3.6 x 1072
cm/s and 2.1 x 10~2 cm/s, respectively. These values
are in very good agreement with the laboratory-derived
values.

A 74 micron (200 mesh) silica flour was used for
the packing medium for the 50 micron porous tip
piezometers. The silica flour has a mean diameter

which is in the range of a fine silt. The hydraulic

conductivity of the silica flour has been determined to

be 4.9 x 10™3 cm/s by the method of Hazen (in Freeze

and Cherry, 1979).
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FIELD SITES

Two sites in Menomonee Falls, Wisconsin, have been
selected and instrumented with various types of well
screens. Site selection was based on auger borings
from Layne Northwest, Inc., previous thesis work in the
Menomonee Falls area (Neuman, 1982; Martin, 1982), and
site accessability. Both field sites are owned by and
located in the Village of Menomonee Falls (Fig. 3).

The general geology of the Menomonee Falls area
consists of a red silty-clay till 5-20 feet thick
overlying a gray silty-clay till unit ranging from 40
to 100 feet thick. Both the red silty-clay and gray
silty-clay are till of the Oak Creek formation
(Mickelson, pers. com., 1987). The Oak Creek Formation
is classified as a strongly calcareous till which has
an average compositionof 12 percent sand, 43 percent
silt, and 45 percent clay (Mickelson, et al 1984). The
gray silty-clay till unit unconformably overlies the
Silurian Niagara Dolomite. The depth to bedrock at
both field sites is between 60 and 80 feet (Neuman,
1982; Martin, 1982).

The red silty-clay till unit, 'which is also
referred to as the red silt and clay (Martin, 1982), is
heterogeneous and contains intermittent stringers of
sand and gravel. The gray silty-clay till unit, which

is also referred to as the blue silt and clay (Martin,
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1982), is more extensive and thicker than the red
silty-clay. The gray silty-clay does contain large
lenses of sand and gravel that.serve as water sources

for the Village of Menomonee Falls (Neuman 1982).

Field Site 1

Field Site 1 (SEi{ ,NWi{ ,NW}{ , Sect. 11, T8N, R20E)
is located along the Menomonee River within tﬁe
confines of the inactive Menomonee Falls Sewage
Treatment Plant (Fig. 3). The lithology consists of a
red silty-clay till with many cobble and boulder-sized
erratics overlying the gray silty-clay till (Fig. 4).
The gray silty-clay till extends from a depth of 9 to
20 feet ending in a gravel at about 20 feet. The
monitoring wells installed at this site were set and

finished within the gray silty-clay unit.

Field site 2

Field site 2 (SEi{, NWi, SE, Sect. 9, T8N, R20 E) is
located in a vacant field approximately 600 feet east
of the intersection of Menomonee Avenue and Town Hall
Road (Fig 3). The lithology at the site consists of a
red silty-clay till overlying the gray silty-clay till
unit (Fig. 4). The red silty-clay till extends to a
depth of 11 feet and contains stringers of sand and
gravel. The gray silty-clay till extends from 11 to 30

feet. Below 30 feet there is a sand and gravel .
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aquifer. The depth to which this sand and gravel
aquifer extends is not known but it is still present at
37 feet which was the deepest extent of drilling at

this site. The monitoring wells were set and finished

within the gray till unit.



MONITORING WELL INSTALLATION AND DEVELOPMENT

Installation Procedure

Monitoring well installation procedures used in
this study followed those described by the Wisconsin
Department of Natural Resources' "Guidelines for
Monitoring Well Installation" (1985). The University
of Wisconsin - Milwaukee's Model CME-45C drill rig
equipped with 4 inch (10 cm) solid stem and 6 inch (15
cm) hollow stem auger was used to construct the
piezometer boreholes. 1Initially, the 4 inch (10 cm)
solid stem auger was to be used, but problems with
near-surface caving hindered the ability to set the
piezometer and sand pack properly. Therefore the 4
inch (10 cm) auger borehole method was abandoned in
favor of the 6 inch (15 cm) auger-bored hole.

At each field site, an exploratory borehole was
drilled to define the extent of the geologic units. A
boring log of the each exploratory hole and all
subsequent piezometer boreholes was made from turnings
emanating from the borehole. The exploratory boreholes
were back-filled and tamped with clay turnings.

For a typical borehole construction, the hole was
augered to a depth of about 8 feet (2.4 m) in first
gear in an attempt to create a stable annulus near the
surface. This process seemed to subdue, but did not
eliminate chattering of the auger when the borehole was

finished in second gear.
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When the depth to set the piezometer was reached,
the auger was allowed to rotate until all the turnings
were free of the hole. The auger was then retrieved
ana about 6 inches (15 cm) of fine sand was placed in
the bottom of the borehole. A 2 inch (5 cm) diameter
piezometer was lowered onto the sand and centered in
the hole by eye, using a light source from the surface.
Additional sand pack material was placed around the
piezometer screen.

Initially, an attempt was made to use a 0.75 inch
(2 cm) inside diameter CPVC electrical conduit with a
funnel at the surface to install the sand pack.
Problems soon developed with the fine sand clogging in
the conduit, especially when the end became wet. Use
of the electrical conduit was abandoned in favor of
simply pouring the sand down the hole. The relatively
shallow depths at which the piezometers were set made
this feasible.

The top of the sand pack was set at about 3 feet
(1 m) above the top of the screen. This sand pack was
tamped down and a 1 to 2 foot (0.5 m) layer of Voclay
bentonite pellets was placed on top. Clay turnings
were placed on top of the bentonite and rigorously
tamped with a plugged 0.75 inch (2 cm) diameter
electrical pipe. The holes were filled and tamped to
the surface.

During the installation of the sand pack and



monitoring well, the following measurements were taken:
the depth to the bottom of the auger hole, the depth to
which the piezometer was set, the depth to the top of
the sand pack, and the depth to the top of the ben-
tonite seal. All measurements were taken relative to
the top of the borehole. Measurements of the total
piezometer length scfeen length, and casing length for
each piezometer were made prior to installation. These

measurements are recorded in Appendix II.

Field Site 1

Borehole preparation at site 1 was accomplished by
drilling to within 2 to 3 feet (0.7 m) of the under-
lying sand and gravel aquifer. The auger was rotated
until all the turnings were free of the hole. The
auger was then retrieved, and the piezometer set in the
manner described above.

At site 1, six piezometers of similar design were
installed (Fig. 5). These wells have a horizontal
spacing of 10 to 12 feet (3-4 m). The sand packs for
the first piezometers installed (1-1 and 1-4) at this
site were set as a sand-clay matrix which was inadver-
tantly produced by delays in setting the piezometer.
During this time interval, the borehole would partially

fill with water and clay suspended in the borehole

29



1-5

z
|
-h
1
ey
—t
1
1 M
=
[
w
s
|
&
T
o

T F 1 = =1 = = = s ] Ground Surface
83 1H EHEH HHEH HE HH g
d | = I1H EHHEH BHH HE BHH HE
> g - E =1 B = = Bl ES = I = .
e g 1 [ = = =1 = -1 [ i [ 2 =] —t=4— 2" PVC Stand Pipe
1 H e I = == [ o =3 ax B = '
J12 HE HE HE HE HE
g HE HE HE HE  H EH-reweca
= =1 =3 ox [ o =1 |53 £= 2= Backiin
2 z Z =1 == o= I ==

T
R

LARRRRS
AN S NN NN T
T
|

N
TN

2 o P
N
NN RR
m\ Il|l
AN

+4— Sand Pack

—8creen

é
gray clay till

. IS |

_‘i_?HHII!HIm_‘I

L=
i
] SRR

o Factory Slot Factory Slot with Filter Wrap Continuous Slot
20

Plezometer 1~1 ls set in a 4° auger—bored hole,
Plezomelers 1-2 to 1-6 are set in 6° auger—bored holes.

sand and
gravel

Figure 5. Cross-section of the general piezometer construction
Piezometers 1-1 to 1-6.

— Bentonite Seal

at

site 1.

013



31

water became entrapped as the sand pack was set.

The last two piezometers (1-5 and 1-6) installed
at this site were set in essentially dry sand. This
was accomplished by setting the piezometer immediately
after the auger was removed and pouring the sand from
the surface. The piezometers were then finished in the

manner described above.

Field Site 2

Borehole preparation at site 2 was accomplished by
drilling to approximately 22 feet (7 m) and setting the
piezometers within the gray clay till. At this site,
two lines of six piezometers were installed with
similar designs (Fig. 6). These wells also have a
horizontal spacing of 10 to 12 feet (3-4 m). Again the
piezometer sand packs were installed essentially dry by
pouring the pack material from the surface immediately
after the auger was removed from the hole.

Two porous tip piezometers (Fig. 6) have also been
installed adjacent to the previous two piezometer
arrays at site 2. Because the silica flour used to
pack the porous tip piezometers is very fine and easily
airborne, a 20 foot (6 m) length of'2 inch (5 cm) PVC
pipe, supported at the surface, and a funnel were used
to place the silica flour at the bottom of the hole.
The 2 inch (5 cm) PVC served as a guide for setting the

piezometer, and placing the rest of the pack over the
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sealed 0.75 inch (2 cm) pipe. The bentonite was poured
from the surface and turnings were placed on top and
tampea as described in the previous section. The wells
at site 2 were finished with protective metal casings

and locks to prevent vandalism.

Soil Sampling Field Procedure

Soil samples were collected over the screened
interval at each site using the Shelby-tube method
(Driscoll, 1986). The general procedure was to auger
the hole to the sampling depth and retrieve the auger.
A 3 inch (7.6 cm) diameter Shelby-tube was lowered to
the bottom of the hole and hydraulically pushed into
the soil. After advancement of the Shelby-tube ceased,
the tube and its contents were hydraulically extracted
from the borehole. The sample depth and amount of
recovery were recorded for each sample. This section
of the hole was then augered before the installation of
the sand pack and monitoring well.

Samples were collected at each site. However,
samples were not collected in every bore hole construc-
ted. At site 1, samples were taken at: 1) a depth of
9 feet in borehole 1-1, 2) a depth of 12 feet in
borehole 1-3, and 3) a depth of 14 feet in borehole
1-4. At site 2, samples were taken at: 1) depths of
16, 19, and 21 feet in borehole 2-6, 2) depths of 18
and 20 feet in borehole 2-13, and 3) a depth of 19.5

feet in borehole 2-14.
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The samples were field wrapped by sealing the ends
of the tubes with plastic caps. The ends were heavily
taped and the tubes placed in plastic bags. The
samples were later extruded with a hydraulic sample
extruder and enclosed in a series of freezer bags to
prevent dessication of the sample prior to laboratory

testing.

Monitoring Well Development

An important facet of the well construction
procedure is the well development process. Common
methods of well development are surging, bailing, and
the use of compressed air to blow out the well. In all
cases, the goal of the development process is to assure
that the hydraulic conductivity obtained from a slug
test is diagnostic of the formation which is being
tested.

In fine-grained materials, problems that may
develop in the well installation/construction procedure
are numerous. In the initial construction of the
borehole, the action of the auger can conceivably
create a low permeability "skin" on the borehole face
or smear in any fractures present. This auger-
induced smearing will produce observed hydraulic
conductivities that are lower than the actual formation
conductivity. Another problem that may occur is the
smearing of fine sediment into the slotted portion of

the screen when setting the piezometer. This again,



if allowed to happen, can conceivably cause the
observation of lower permeability than actually
diagnostic of the formation. If the sand pack material
is set essentially dry or even partially saturated,
there is the potential for entrapped air within the
pack material. The result of this will be to decrease
the observed hydraulic conductivity because the
monitoring point is not truly serving as a flow-
through system.

The purpose of well development should be to
eliminate these problems associated with the borehole
construction and well installation practices. 1In this
study, two methods of well development have been
analyzed: 1) surging and 2) bailing. In each case for
site 1 and site 2, the first well in each well doublet
or the odd number wells (i.e. 1-1,1-3, 2-1,2-3...) were
developed by surging. In contrast, the even numbered
wells were developed by bailing.

The surging process was performed with a length of
0.75 inch (2 cm) inside diameter PVC electrical pipe
fitted with a rubber stopper (Fig. 7). For each
sampling event, the device shown in Figure 7 was forced
up and down within the screened portion of the
well for 10 minutes. The rubber stopper was small
enough to allow passage of the surging device through
the 2 inch piezometer standpipe but large enough such

that a good surging action was attained. 1Ideally, the
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Figure 7. Schematic diagram of rubber stopper surging
apparatus used for well development.
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surging action should force piezometer water through
the well screen and sand pack, causing the dissipation
of air bubbles entrapped in the piezometer and sand
pack. The surging should also reduce any adverse
effects of fine-grained sediment smeared in the slotted
portion of the well screen or on the well bore face.

Both the'surged and non-surged wells were bailed
for each sampling event. Water samples collected from
the screened portion of the well were analyzed for

turbidity.



TURBIDITY

The purpose of the sand pack, filter wrap, and
screen are to keep the geologic formation materials
from entering the well. If clay-sized particles were
to enter the well and remain in suspension when the
well is sampled, considerable filtering of the sample
would be required. This filtering can add a consider-
able amount of time and éxpense to a sampling program.
In some cases, the sample may be rejected by a regula-
tory agency if the turbidity is too great. It is
therefore advantageous to be aware of any practices
that can reduce the amount of sediment in the well. A
turbidity test was performed on bailed samples from
each of the monitoring wells as a measure of the

suspended material entering the well.

Method of Analysis

Turbidity was measured using a Bausch and Lomb
Mini 20 Nephelometer attachment on a Bausch and Lomb
Mini Spectronié 20 spectrophotometer. This instrument
has three operating scales of 0-1, 0-10, and 0-100
Nephelometric Turbidity Units (NTU) with a scale
divisions of 0.02, 0.2, and 2 NTU, respectively. The
accuracy on these three scales are 0.1, #0.7, and %5 NTU,
respectively (Bausch and Lomb, 1980).

The day before a field test, the inst;ument

calibration was checked using Formazin Standards
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prepared in a manner described by Baush and Lomb (1980)
and recommended by the U.S. Environmental Protection
Agency (Baush and Lomb, 1980). The Nephelometer Refer-
ence Standards provided by the manufacturer where
checked and found to be within the instrument error of
their reported values. Because of the short stability
time of the formazin standards (1 hour for a 0.8 NTU
standard), the Manufacturer's Nephelometer Reference
Standards were used to check and recalibrate the
instrument in the field. Instrument calibration was
checked before sampling began and before each sample
was measured.

Many of these samples contained a considerable
amount of sediment and required dilution to bring the
turbidity into the range of the nephelometer. The
samples were mixed with distilled water with a turbidi-
ty of 0.3 NTU. The sample turbidity was calculated by
subtracting the background turbidity value from the
instrument reading and multiplying by a dilution

factor.

Turbidity Results
On 25 May, 1986, the wells at site 1 were develop-
ed and bailed. One of the last bails of water was used
as a sample for the turbidity analysis. The initial

turbidity of the samples at site 1 ranged from 71 to
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Table 4. Turbidity results at site 1 and relation to
screen type, development technique and method of
installation.

5/25/86 9/23/86

WELL TURBIDITY SCREEN* TURBIDITY\
NO. (NTU) TYPE SURGING INSTALIATION (NTU)
1-1 18,000 FS YES WET 23,000
1-2 5,000 FsS NO WET 520
1-3 230,000 FSWMW YES WET 25,000
1-4 5,600 FSWMW NO WET k 510
1-5 1,500 Cs YES DRY 740
1-6 71 Cs NO DRY 14

*Fs = Factory Slot
FSWMW = Factory Slot with Mirafi Wrap
CS = Continuous Slot



230,000 NTU (Table 4). The highest tubidity was
obtained from well 1-3. The initial bailing of wells
1-2 and 1-4 indicated a large amount of clayey sediment
in the bottoms of these piezometers. The bottom
sediment was easily agitated and brought into suspen-
sion especially when the bailer was allowed to touch
the bottom of the well. In an attempt to decrease the
clay sediment in the wells, a peristaltic sampling pump
and 12 volt battery supply at the surface were used on
September 6, 1986, to remove the bottom sediment from
all the piezometers at site 1. (Well 1-3, which had
very high initial turbidity, was heavily built up with
sediment and the tygon tubing used to remove the
sediment had to be unplugged several times.) After the
wells were pumped "dry" , they were allowed to flow
back to static equilibrium.

The wells were developed and bailed again on
September 23, 1986. For this sampling, the sample
turbidity ranged from 14 to 25,000 NTU (Table 4).

Again the highest turbidity was in well 1-3, however,
the well showed an order of magnitude decrease from the
initial turbidity reading.

On September 4, 1986, the wells at site 2 were
developed and bailed. The wells at this site were all
set in essentially dry holes. 1Initial turbidity if the

samples ranged from 9 to 2400 NTU (Table 5). The
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Table 5.
screen type, development technique and method of in-
stallation.

9/4/86 9/23/86
WELL TURBIDITY SCREEN* TURBIDITY
_NO. (NTU) TYPE SURGING (NTU)
2-1 1900 FS YES 1400
2=-2 28 FS NO 5
2=3 600 FSWMW YES 1100
2-4 20 FSWMW NO 6
2-5 1400 cs YES 780
2-6 12 Cs NO 3
2=7 900 FS YES 2100
2-8 13 FS NO 4
2-9 2000 FSWMwW YES 880
2-10 14 FSWMW NO 8
2-11 1300 (o] YES 1400
2-12 11 Cs NO 6
2-13 2400 PS NO 520
2-14 9 PS NO 30

Turbidity results at site 1 and relation to

*FS = FACTORY SLOT

FSWMW = FACTORY SLOT with MIRAFI WRAP
CS = CONTINUOUS SLOT

PS = POROUS STONE



highest and lowest turbidities were measured in the
porous stone piezometers (2-13 and 2-14). The tur-
bidity of the porous stone water samples had a milky
white appearance indicating that 