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EXECUTIVE SUMMARY

Prior to any field effort or investigation of damaged wells, a search
was made of the literature. Little was found pertaining directly to effects
of blasting on wells or ground water aquifers, but there is a considerable
amount of peripheral 1iterature dealing with earthquakes, nuclear tests, and
the effects of mining on groundwater.

State agencies and coal companies in Appalachia were contacted to de-
velop a list of reportedly blast damaged wells. Of 36 wells so reported,
24 were investigated in the field but there was no clear evidence that the
problem was blast related. In most cases, it was evident that other factors
were responsible for the changes in well behavior.

Groundwater in Appalachia may occur in glacial deposits, valley allu-
vium, and sandstone aquifers, but for the most part the water is found in
fracture systems which act as low-yield, water table aquifers. Some of
these fractures are tectonic in origin but most are the result of lateral
stress relief associated with natural topographic development. These low-
yield, water table, fracture systems have received 1ittle attention. One
of the objectives of this report is to provide case history data which will
aid in understanding the occurrence of ground water in these aquifers and
how it differs from the more commonly described groundwater concepts.

The general quality of water encountered at the test sites in this
project fell within the U. S. Public Health Service Standards except for
iron and manganese. At times, the turbidity was also excessive but the
cause of the turbidity was not clear and couldn't definitely be related
to blasting on the basis of time occurrence. The most objectional aspect
of the high iron and manganese concentrations is that the growth of iron
bacteria is promoted. These can cause red slimes which if disturbed will
give the water a reddish color. Sulfate concentrations which have been
shown to be the best indicators of mine acid pollution, were all in the
acceptable ranges of 14 to 240 mg/1 and did not change significantly as
mining progressed at the test sites.

Drilled wells are the most common sources of groundwater in Appala-
chia. These are generally between 100 to 150 feet in depth with the hole
uncased except for the uppermost 20 feet. Water yield is commonly less
than one gallon per minute and most drillers estimates are exaggerated.

If pumped at a rate within the capability of the sedimentary rocks to
yield water, the well will be drawn down abruptly for 20 to 30 minutes and
then reach near-equilibrium. Wells in Appalachia are commonly poorly de-
signed and are pumped at too fast a rate. Many reported problems can be
solved with improved design. Adequate submergence of the pump intake is
very important.

Tests were conducted at four sites which were chusen on the basis of
geographic and geologic diversity. At three of the sites water quality,
static water level, and drawdown characteristics were determined in ad-
vance of any mining, and at the fourth, wells were drilled and tested in
an interval between blasts. At all sites, wells were located approximately
1,000 feet from the first blast and were situated so as to be in the path
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of niining or within 50 feet of ultimate pit 1imits. Drawdown tests were
performed during the first blast and monthly thereafter. Ground vibrations
from all blasts were monitored, and water levels were monitored continously.
Water samples were taken before and after blasts at frequencies which in-
creased as mining approached the wells.

Maximum ground vibration levels at the surface at the four sites were
2.2, 5.44, 2.14, and .84 inches per second resultant particle velocity.
Based on observable change in well conditions immediately after a blast,
there was no direct evidence of any significant change as a result of blast-
ing. At three sites, when mining approached within a distance of approxi-~-
mately 300 feet; a fairly abrupt drop in static water level occurred followed
by a significant improvement in well performance as indicated by specific
capacity. At the fourth site, there was no change.

The timing of these changes indicate they were not the direct result
of blasting and the observed ground vibration levels substantiate that a
Tevel of 2.0 inches per second peak particle velocity {normally 80 to 85%
of maximum resultant particle velocity) is not sufficient to cause damage
to wells or typical Appalachian groundwater aquifers.

Tre time of the changes, the length of time involved, and the location
of active mining at the time of occurrence indicate that the Towering of
static vater Tevels results from increased storage space in the aquifers as
the result of fractures becoming more open because of lateral stress relief.
This is followed by improved well performance because permeability is im-
proved ty the same mechanism. If sufficient recharge from rainfall is
available, the static water level recovers. In the interim, wells with
inadeque te pump submergence will experience a loss of water. If mining is
being ccnducted 300 feet away, blasting is assumed by neighbors to be the
cause irstead of the true mechanism.

With the concept of lateral stress relief resulting from downslope
excavation, certain precautionary steps may be taken. These are described
and low-cost methods for obtaining the necessary information are described.

Acditional research to guantify the effects of lateral stress relief
would be of value to the surface mining and construction industries.



SURVEY OF BLASTING EFFECTS ON GROUND WATER SUPPLIES
IN APPALACHIA

by
Donelson A. Robertson, James A. Gould, Jeffrey Af Straw and Michael A. Dayton

INTRODUCTION

Surface mining of coal is one of the most important economic activities
in Appaliachia. It provides direct economic benefits to the residents of those
areas where it is mined as well as providing an important source of energy for
the nation's use. Nevertheless, there are significant environmental impacts
and some of these are poorly understood. One of these is the effect of blast-
ing on urderground supplies of water. This report describes work that was per-
formed over a period of twenty-four months to determine what these effects are.

Grcund water supplies are a vital concern to residents in rural areas
who deperd on water wells to meet their daily needs. Most have a poor
understarding of how ground water occurs and even less understanding of the
potential for damage resulting from the nesarby use of explosives. Consequently,
there is considerable apprehension when surface mining activities move into an
area and blasting is performed to remove the strata overlying the coal.

The situation is aggravated by the fact that for the most part, vields
from wells in the coal bearing strata in Appalachia are low in comparison
with other areas of similar population density such as ITlinois. Many rural
residents in Appalachia have wells which are not capable of producing one
gallon per minute over a period of several hours. Having lived with a frugal
water bucget for years, it is only natural that such people would view any
potential threat to their supply with alarm.

Surface mine operators also are concerned because of their 1iability

if they do damage a nearby well and because of the public relations problem
created ty the neighbor's fears whether they are well-founded or not. These
probiems can require considerable management time and attention. Frequently,
State and Federal regulatory agencies become involved which further increases
the cost. Determination of cause and effect is usually inconclusive because
there have been no definitive studies of the effect of surface mine blasting
on grounc water supplies such as those found in the coal-bearing strata of
Appalachia.

Many operators have provided new wells for complainants although the
responsibility for change in quantity or quality of water, if indeed there
was a change, was debatable. In most cases, it appears this was done as a
matter of expediency and may be an acceptable solution to some managements
when one isolated well is involved. It can become unacceptable when there
are other neighbors who may be encouraged to seek a new well for whatever
reason.
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Because of the lack previously of reliable information, such issues
have yenerated emotional situations of significant proportions which have
the potential of being resolved in a manner which may be to the detriment
of all concerned parties.

The results of this study should be of value to landowners, coal
operators, and government regulators in understanding what blasting can or
cannot do to water wells, and what effects are probably associated with
other causes.

Befcre any field testing was undertaken, a literature search was made
to determine if there was any previous work which addressed the problem of
the effect of blasting on water wells. Many items of peripheral interest
were located but nothing bearing directly on the problem was found. Special
Publicaticn 67 of Montana Bureau of Mines and Geology, "A Study of the
Influence of Seismic Shotholes on Ground Water and Aquifers in Eastern
Montana", provides the most pertinent data but the smaller magnitude of
the blaste, the absence of repetition of the blasts, variations in the
characteristics of ground water occurrence, and different surface geometry
inhibits the application of the conclusions in this study to the situation
in Appalachia.

There is a considerable amount of literature dealing with the extent
of fracturing caused by nuclear devices and conventional explosives in
boreholes. The findings of Derlich (30), Siskind (87,88), Atchison ({5),
D'Andrea {26), and Hearst {42), all indicate that the fracture zone is
limited t¢ a small radius around the blasthole. Different rock types and
different explosives introduced some variation but in general, the fracture
zone was limited to a radius of 20 to 40 blasthole diameters.

Literature dealing with the effect of earthquakes, earth tides, nuclear
blasts anc other transient phenomena was also searched. Nazarian (71) com-
ments that a survey of published reports describing the conditions of numerous
water wells during and after three major earthquakes indicate very little
damage to the wells. Almost all wells reported to be permanently damaged
were in regions of permanent displacement of the surrounding earth, primarily
landslidirg. For 350 wells in areas where severe damage to structures occurred,
he found %7 cases of well damage broken down as follows:

Well destroyed:

Earth displacement--------=------ 7
Casing collapse-------====-=---=-- 1

Hell inoperable but reparable:

Deformation of casing------------ 3
Submersible pump cable break----- 1

Damaged wells but operable:

Misalignment of pump column----- 10
Reduction in well capacity------ 13
Displacement of pump base------- 22

12



In addition, there were many instances reported of sanding or mudding
of wells, and electric power failure. The intensity of the earthquakes in
Nazarian's study were VIII, IX and X on the modified Mercalli scale.

Thare are a number of papers (2, 11, 20, 23, 36, 39, 43, 44, 45, 57,
59, 60, 53, 64, 65, 68, 74, 76, 77, 78, 79 "84, 90, 94 "85, 96, 1047_Hea11ng
with quality and quantity y changes of ground water in association with surface
mining. Nearly all of this literature is concerned with the interception of
aquifers by the open pit, the effect on ground water levels of pumping water
from the pit, and/or pollution by mine waters.

In addition to the literature search, inquiry was made to surface mine
regulatory agencies in each state in Appalachia where coal is mined, and to
many coa  companies, insurance companies, trade associations, and explosive
supplier.. These inquiries asked for data on water wells where a complaint
of blast damage had been received. 1In all, 36 wells were reported as damaged
by blasting. Field visits were made to 24 of the sites and additional infor-
mation wes obtained from either direct well measurement, discussign with the
owner, or individuals handling the complaints for the coal company.

In many cases, it was apparent that the damage claimed was caused by
something other than blasting. In other cases it was clear that there had
been a general lowering of the water table, possibly as the result of unplugged
flowing test holes, drainage at the high wall, or a two-to-three fold increase
in the nunber of residences utilizing a limited supply, combined with seasonal
changes.

In n1early every case, there was a lack of good bench mark data. Many
residents have only a vague idea of the depth of their wells. Fewer know
the depth of the casing. None of the residents interviewed knew the source
of the wa:ier in their well. About fifty percent had a vague idea of the static
water lev:l in the well when it was initially completed. Only one well had
been tested in any quantitative way. That test was inadequate and made the
owner think he had a much better well than was actually the case.

Consequently, it was very difficult to confirm or deny that blast damage
had occurred but among the 36 examples, some of the well histories suggested
two scenarios in which blasting might cause damage. The first is that the
ground vibtrations might be sufficient at times to cause loose material such
as drill cuttings to slough off the uncased borehole and cause the water to
become terporarily turbid, or if enough material was involved, to bury pump
components at the bottom of the well. The second concerns those wells that
obtain their water from flooded and abandoned deep mine workings. Ground
“vibrations might be sufficient at times to cause roof falls which could stir
up sediment in the water or disturb an existing potable water/mine acid stra-
tification. Of course, sloughing of the well bore and mine roof falls can
occur in the absence of blasting 50 these scenarios are not exclusive.

In the field testing phase of this project, effort was directed to
finding what quantitative and qualitative changes, if any, took place in
the well aad the water it produced as Tlevels of blast-induced ground vib-
rations be:ame stronger and excavation moved closer. The results indicate

-
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a p-edictable pattern of rock behavior as mining approaches water wells.
Reccgnition of the pattern and its relationship to such things as water
well design and rate of pumping provide a rational basis for determining
what hac happened to a well and the most efficacious remedial procedure.
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NATURE OF GROUND WATER OCCURRENCE IN APPALACHIA

In some coal-producing areas of northern Appalachia, ground water may
be obtainad from glacial deposits. In other areas, alluvial valley fill
materials may be important sources for water wells but the vast majority
of rurai, domestic water wells in the coal regions of Appalachia obtain
their watar from the sedimentary rocks of the Pennsylvanian and Permian
Systems. Wells with large yields have been developed in these rocks for
industrial and municipal purposes, but the focus of the report is on the
common donestic well which is usvally much shallower and has a location
determined largely by convenience of access and nearness to the residential
dwelling it serves. On small one-to-five-acre tracts, which are common
along main roads, there isn't much latitude in the search for ground water.
Consequently, the larger yields that are commonly reported in the ground
water publications of the State and Federal geological surveys are not
commonly obtained in Appalachian domestic wells. Even the low yields which
are reported by drillers are usually based only on a visual estimate as
water is olown from the hole. Experience gained from this project where
drillier's estimates could be compared with later drawdown tests indicates
that the =stimates are commonly 300% too high.

There is considerable variation in the water bearing properties of
the Pennsylvanian and Permian rocks, depending principaliy on rock type and
topographic Tocation with respect to local drainage. Over such a large area
as Appalachia and with strata as variable as they are, one can only make
broad gen=ralizations but these are helpful in understanding why domestic
well water is of such concern. Except for the sandstone and conglomerate
beds in the Pottsville Group in some areas where water occurs in the pore
spaces between the sand grains, most of the water in the coal bearing strata
of Appalachia occurs in nearly vertical fractures, joints and along bedding
planes. Observation of road cuts in the wintertime provides a good visual-
ization of the distribution of these localizing features and the degree of
interconrection, because ice masses accentuate the water bearing areas. In
many cases, the observations do not fit the common textbook generalizations.
For example, sandstones with shale at the top and bottom are generally con-
sidered to be confined aquifers but in Appalachia it is common to see water
percolating downward through fractures in shale and then flowing laterally
out into the cut when its downward movement is impeded by a relatively imper-
meable sandstone, This is because the shale with its lower tensile strength
has more vertical fractures at such sites than the sandstone. This is not
to say that Pennsylvanian and Permian sandstone aquifers younger than those
of Pottsville age do not exist in Appalachia, but from the observations made
in connection with this project vertical fractures are more important. They
establist a vertical network which present the characteristics of a water
table aquifer; water levels responding to rainfall in less than 24 hours;
water levels not responding to changes in atmospheric pressure; and, on draw-
down tests, the pump rate decreasing as the drawdown increases even though
the power supply remains constant. This latter characteristic occurs because
the saturated thickness is decreasing.

Much additional work needs to be done to provide guidelines for esti-
mating tre frequency of joints and fractures in strata of different 1lithology.
Some of lhese joints are undoubtedly tectonic in origin and exhibit a regional
pattern. But there is also .a local system of vertical features, whether they
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be called joints or fractures, which are the result of lateral stress relijef
asrocieted with the natural topographic development.

fccording to Ferguson(38), "This pattern developed when the
lateral supporting rock was removed by erosion from either
cide of the valley by river downcutting causing a series of
stress relief fractures. These stress relief fractures show
o general parallelisn to the valley walls and the pattern of
fractures is Timited in vertical extent to individual beds.
They also become less frequent with depth and they do not
cccur beyond the destressed zone in the valley wall. This
rode of occurrence has been verified in tunnels, by angle
directional drilling, and in the excavation of numerous
abutments. . .

.In thousands of observations throughout
the area 1t has been noted that each rock type develops its
cwn frequency and pattern of fracture. All are high angle to
vertical fractures and their frequency and pattern depends on:

1. Thickness of bed

2. Competency of bed

3. Competency of adjacent beds
4. Position in valley wall

In cyclicly deposited rocks, the fractures that developed
in one rock type generally stop at the bedding plan contact with
a differing strenth rock. These patterns are easily recognized.
They consist of a dominant linear fracture parallel to the valley
will and a set of fractures sub-perpendicular to it. These sub-
narpendicular fractures are the result of the dominant blocks
inability to move outward away from the wall indefinitely with-
o4t breaking at some point along its long axis. The resultant
fracturing is at some angle to the perpendicular face."

Cral is perhaps the most brittle material in the Pennsylvanian and
Permian strata of Appalachia and it also probably has the lowest tensile
strength. Consequently, it has extensive vertical fractures although the
permeability of these systems may be very low. Nevertheless, ground water
occurrence in Appalachia is most frequently associated with coal seams. This
may be because the high frequency of fracturing assures some intersection of
the fra:ture system by the well bore or it may be because the coal seams are
frequently underlain by underclays which are more likely to deform plastically
and be relatively fracture-free. This relationship can also be observed in
many roidcuts where water can be seen flowing out of a coal seam and flowing
downward over the underclay, frequently resulting in colorful iron-rich
deposits called yellowboy.

In either event, the coal seam freguently acts as the conduit through

which water in overlying fractures can move downward and into the well. In
this case, the water first appears as the coal is drilled but the level may
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rise well above the coal because of the head in the total system. From the
effect o1e may mistakenly conclude that the coal seam is a confined aguifer.

0f course the well-bore may intercept the fracture system in some other
bed with similar result, but from reviewing many Appalachian well records,
water is most commonly encountered when the coal is drilled.

Th= effect of altitude above the local drainage is fairly straight-
forward. Wells in the valleys which penetrate a fractured section below the
drainage level, are generally better wells than those near the tops of hills.
This is decause the water table is a subdued replica of the topography and
the grouad water is migrating toward the streams. Consequently, wells on hilils
will havz less water-saturated thickness than valley wells if the wells are the
same depth.

Although the wells drilled in conjunction with this project generally
exhibited the characteristics of water-table wells in a fractured system there
was a surprising lack of accordance of initial static water levels in wells in
some cas2s. Frequently at distances from 10 to 35 feet, water levels varied
by 30 to 50 feet. Obviously, the wells must be ccnnected to different systems
or sub-systems which are separated by local differences in permeability of the
fractures or non-connection. In conducting drawdown tests, the response in
observation wells did not decrease inversely with the surface distance. 1In
fact, wells at 35 to 65 feet commonly responded with more drawdown than obser-
vation wells only 10 feet away. In many wells, there was no response. It is
possible that the fracture route distance to a well 35 feet away on the surface
might be shorter than the fracture route distance to a well only 10 feet away
on the surface.

Wrile most textbooks dealing with ground water discuss the occurrence of
water ir fractures, the treatment is usually brief and oriented more toward
the higl yield situations. Low yield, water-table, fracture systems have appar-
ently received little attention because they generally cannot serve as industrial
or municipal sources, but only as small, domestic suppliies.

Reaulatory agencies tend to follow the lead of academe. Accordingly,
ground vater data requirements in connection with surface mining permits in
Appalactia are sometimes at odds with the nature of these low yield, water-
table, tracture systems. For exampie, the stratigraphic section encountered
by a we'l may be much less imnortant than its topegraphic relationship to the
excavat-on. One of the objectives of this report is to provide case history
data which will be of benefit to regulators, home-owners, and operators in
understanding the occurrence of ground water in these Tow yield, water-tabie,
fracture systems, and how it differs from the more commonly described ground
water concepts.
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GENERAL CHARACTER & QUALITY OF GROUND WATER IMN APPALACHIA

Th2 various publications of the State and Federal geological surveys
provide a wealth of information on the general chemical character of ground
water in Appalachia.

A summary of all this information is beyond the scope of the project
and only the broadest generalizations will be made here.

From analyses made in connection with this project and a general impres-
sion fron the literature, ground water in Appalachia has a hich iron concentra-
tion whizh commonly exceeds the U. S. Public Health Service maximum standard of
0.3 mg/1. Nevertheless, the iron concentration is not high enough in itself to
account for the very rusty colored water which is sometimes encountered.
Analyses of very reddish water may show an iron content no higher, and possibly
less, thin clear water with only a slicht iron taste.

At two of the test sites which will he described later, the water from
the well was very reddish when first pumped after being dormant for two or three
weeks. It required about 50 minutes of pumping before any significant clearing
occurred. If this occurred in a domestic well, perhaps after a family had been
on vacation, the reddish water would be pumped into the storage tank that is
usually present, and it might be several weeks before the water cleared.

It seems likely that water standing in the well is more oxygenated than
water in the formations. This would permit any ferrous iron to be oxidized and
produce a reddish color. Ferric iron is less soluble, however, and one would
expect it to precipitate. But the material is very fine and there may be just
enough agitation to keep it in suspension. Some of this effect may also be the
result of ircon bacteria. This is suggested by the fact other test wells which
have a higher iron concentration produce no fine reddish particulate matter
even after dormant periods of nearly two months. Also, some other wells not
included in this project which have exhibited a reddish color but only moderate
iron corcentrations, have been tested and the presence of iron bacteria was
confirmed.

Project testing indicates that manganese exceeds the standard level of
0.05 mg/1 in nearly every sample, and usually by a substantial amount.

Terbidity in the test wells also commonly exceeded the standard limit
of 5 units, considering only pre-blast samples. This is a common occurrence
in other non-project wells that have bzen tested by P. R. B, & A,

Acid mine drainage is a problem in Appalachia but there were no indica-
tions ot a problem of this sort at any of the test sites. High sulfate con-
centration is probably the best indicator of this problem (Hilgar, 44), Sulfate
levels encountered at all test sites were in the range of 14 to 240 mg/1, all
below the recommended level of 250 mg/1.

Mich has been said by others about the acid rain problem. Random tests
confirmed that rainfall in the Pittsburgh area does commonly have a pH ranging
from 4.° to 5.0. Because of the fast response of the test wells to rainfall
recharge, one would expect the ground water to reflect this situation.
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Ther2 was considerable fluctuation at each site withmost pH values
between 6 and 8, but the overall range did extend as low as 5 and as high
as 8.7. Neutralization of the acid rain in ground water appears to be fairly

rapid.

Color, alkalinity, odor, total suspended solids, and total dissolved
solids all fell within acceptable ranges at the test sites.
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TYPICAL DOMESTIC WELLS AND HOUSEHOLD SYSTEMS

Hand-dug wells are common in Appalachia. These are usually situated in
the valleys where the water source is from pore space in alluvium or an the
hillside along a spring line. 1In the latter case, the well is more of a catch-
ment basin than a well. It is unusual to hear of alleged blast damage to a
hand-dug well and in these situations the complaint is generally that the water
Jevel has dropped gradually. Development of this condition is more Tikely
related to factors other than blasting.

Drilled wells are much more common and they may be drilled with either
rotary or cable tools. Most drillers use rotary drills with air circulation.
Locally, in areas where yields are particularly low, cable tools are popular
because there is less chance of sealing off the fractures in the bore-hole.
Also, in these areas, larger diameter holes are usually drilled in contrast
to the 6" + diameter holes that are commonly encountered with rotary drilled
holes, bec:ause the larger holes are likely to yield more water. With either
type of di11, the amount of casing is usually limited to that necessary to
case off the soil and weathered rock that might slough into the hole, leaving
a maximum of open hole. In general, about 20 feet of casing is used and the
holes are drilled to a depth of 100 tc 400 feet, with the average being about
100 to 15) feet.

Apa-~t from the fact that the well must be deep enouch to encounter a
source of water, it is important that the well be deep enough to permit a
drawdown _distance from static water level to pumping level) that will meet
the intended needs. A characteristic of wells in these low yield, fractured,
water-tab’e systems is that the drawdown for the first 10 to 20 minutes is
quite rap:d, followed by a near-eguilibrium situation. The distance between
the stati: water level and the pump must be sufficient to permit the water
Jeve) at iear-equilibrium (pumping level or dynamic water level) to be well
above the pump. This is called submergence and reguires consideration of not
only the Jdepth of the pump but of the capacity of the pump at the depth at which
it is to je set. If the pump is over-sized at the depth at which it is set, the
drawdown will continue to be rapid. When this happens, the length of time the
well can e pumped will be Timited to 10 to 20 minutes unless the flow is res-
tricted a: the surface by a valve arrangement. Such rapid drawdowns cause
abrupt prassure changes at the bottom of the well and the water movement in
the well is more likely to cause sloughing than if the drawdown was smaller
and occur-ed at a slower rate. Consequently, if the pumping rate is signifi-
cantly in excess of the rate that water is flowing into the well the water may
remain tu-~bid and frequent "sanding up" of the pump might be expected. Under
these coniitions, if the static water level drops to a lower level for some
reason, tie condition 1is aggravated because the pump will have to draw the
level down more frequently to supply the same quantity of water.

It is instructive to consider this situation in some detail in terms of
the relative demand placed on the water-bearing strata bccause many water well
problems in Appalachia could probably be solved by making the water well design
more compatible with the ground water sources. In order to do this, it is nec-
gessary to define the term specific capacity.

Many different quantities are used in ground-water hydrology but in these
low yield, fractured, water table systems we have found specific capacity to be
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very useful.
foot of drawdown.

after purping is started should be specified.

one is dealing with a very marginal well.

Specific capacity is the pumping rate in gallons per minute per
Because the drawdown changes as the well is pumped, a time

Because of this, specific capa-
city may be a more useful concept in Appalachia than it is elsewhere because
there is commonly little change in the drawdown after an hour or so unless

To get more comparable specific capacities, an adjustment in the raw

drawdown data is required.

This is because in water table situations the

saturated thickness available to the well is constantly decreasing as the well

is being drawn down.

This adjusted quantity is called the adjusted drawdown,

s', and in the work of this project it has been calculated using an equation

derived ty Jacob (47):

' S
s' =5 -
2m
where:
s’ = drawdown that would occur in an equivalent nonleaky artesian
aquifer, in ft.

s = observed drawdown under water table conditions, in ft.
m = initial saturated thickness of aquifer, in ft.

When specific capacity is referred to in this report, it means

rate in ¢om divided by this adjusted drawdown.

Consider the four following well situations:

the pumping

Well A Well A Well B Well B'

Depth of well 100" 100" 150° 150"
Static wi ter level 40" 40' 40" 40’
Depth to pump 90! 9n! 140" 140!
Pumping 1ate,Q 10 gpm 5 apm 1C gpm 5 gpm
Initial saturated thickness,m 60" 60" 110! 110'
Maximum ¢vailable drawdown,s * 45! 45! 95’ 95!
Maximum «djusted drawdown,s' 28" 28' 54! 54!
Required specific capacity,“gr 0.357gpm/ft .173gpm/ft .185gpm/ft .093gpm/ft

* Unadjusted. Assuming a final water Tevel 5 feet above the pump.
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Using the specific capacity as an index of the capability of the
surrounding strata to yield water to these wells, it is clear that Well B'
requires a yield only about 25% as good as that required by Well A, In
other words, by drilling the well 50 feet deeper and reducing the pump rate
to 5 gpm, the demand is within the capability of many, if not most low yield,
fracturec, water table systems in Appalachia. Well A, however, could not be
pumped fcr more than 20 to 30 minutes unless it was situated in water-bearing
strata significantly better than the average found on hillsides in Appalachia.

It should be clear that the well most 1ikely to become a problem around
a surface mining site (assuming fairly uniform conditions) is the one with the
least dictance between the static water level and the pump, particulariy if it
is equipfed with an oversize pump that is allowed to run at full capacity.

Donestic well pumps in Appalachia are predominantly one of three types;
submersitle, jet, or a hand-operated piston pump. The latter is generally close
to the hcuse and water is drawn by hand as needed. There is rarely, if ever,
any compiementary storage facility.

Jel. pumps operate by having water pumped down the well in one line (pres-
sure lint) by a centrifugal pump at the surface. Below the static water level,
the pumped water discharges through a nozzle into a Venturi tube. The pres-
sure droj at the nozzle is sufficient to draw additional water into the Venturi
from wherce it is forced up a second pipe (suction pipe) to the surface. At
that poitrt, some of the water is recycled back down the pressure line and the
remainder goes to a pressurized storage tank, in most cases. Pumping cycles
are determined by the pressure in the tank. When water is used and the pres-
sure fal s below a pre-set level, the pump starts and continues until the
pressure in the tank has built up to a pre-set cut-off level. A foot-valve,
or check-valve, on the water intake line near the Venturi maintains water
columns 'n both the pressure and the suction lines. In iron-rich Appalachian
water, miny people find it is necessary to replace the foot valve about every
two or three years.

Submersiblie pumps seem to be the most popular and are more efficient
than jet pumps. Submersible pumps have an electric motor at the lower end
of the pump which drives a series of impellers that force the water up the
single d'scharge line. Water intake is between the impellers and the electric
motor. 4 check valve above the impellers prevents the discharge line from
draining and causing an interruption of flow when the pump is started. Gen-
erally, -he discharge T1ine runs into a storage tank and the pump cycles are
usually —ontrolled by pre-set pressure settings in the same manner as the jet
pump. With large storage tanks at atmospheric pressure, pump cycles may be
controllad by time switches and float devices.

Sujmersible pumps are available in a wide range of sizes, capacities, and
impeller stages. Most of those in domestic use in Appalachia are % to 1.H.P.
units with 110-volt or 220-volt motors. Wirinag may be two-wire or three-wire.
The wires are generally taped to the discharge 1ine which is usually tied to
the pump with the other end tied at the surface in some manner such that it
can't go back down the well. The discharge lines may come straight out the
top of the casing, through a split well-seal cap, in which case the well-head
installation is usually in a pit about two fo three feet deep. A breather pipe
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is instailed in a small, threaded hole in the well seal., and after suitable
protoctive covering and insulation, the well head is buried or enclosed in

a structure. Alternatively, pitless connections are becoming more popular

in which the discharge line passes through the side of the casing about four
feet belew the surface of the ground. At that point it connects with an
underground line running to a storage tank in the house. Electric lines

are also buried in the trench. The casinc extends vertically above ground
level for about one foot, and a fabricated casing cap is placed over the open
end. The nylon safety line is brought over the top of the casing, passes
through ¢ small, semi-circular bulge on the side of the cap, and then is
usually =ied to the discharge line where it protrudes through the casing.

It is eaty to measure the static water Tevel in wells with pitless adapters
because c¢ne has only to remove the well cap and lower a probe. The main
difficulty is to avoid getting the probe caught in one of the places where
the electric wiring is taped to the discharge line. Where a pit is used,
measurement of the static water Tevel can be a full days job. The sod must
be saved and set to one side, the underlying soil removed, and the protective
covering (usually a piece of plywood)} lifted up over the breather pipe. The
breather pipe is then removed and a standard probe will usually fit down through
the brea*her-tube hole in the spiit well-seal. 1If one planned to do a number of
such meaturenments, it would be worthwhile to make a special probe which would
pass thrcugh the breather tube.

Je:. pump nozzles and intakes are usually placed only a few feet below
the stat-c water Teve] in order to minimize the discharce head. This is largely
because f the inherent inefficiency of this method of pumping. As the dis-
charge head increases, additional stages have to be added to the centrifugal
pump to :upply the necessary pressure. Because of the relatively small sub-
mergence. a lowering of the static water level may cause the intake to be
ahbove the water in the well.

Submersible pumps on the other hand are cgenerally set about ten feet
above the bottom of the well. The part of the well below the pump is referred
to as th:e well sump and it serves as a place for sloughing material to fall
without ~nterferring with the operation of the pump. Ten feet is probably
sufficient for most areas, but there are localities where claystones, redbeds,
and expansive shales can cause sloughing to be severe. In such cases other
well des gns and clean-out histories should be investigated to determine a
more adecuate-sized well sump. In assessing the possibility of blast damage,
it is essential to understand that sloughing of material from the well side-
walls is a common and normal occurrence. Periodic sampling and testing for
turbidit in the absence of blasting should provide some measure of the natural
potentia’ of sloughing material to do damage. Measuring the accumulation of
material in the well sump is difficult because it is hard to get the mea-
suring device past the pump with certainty.

To help overceme the sloughing problem, plastic liners are being used
more frejguently. This is a 4", 43" or 5" plastic pipe with a 3/16" wall which
comes in sections that can be coupled with a plastic coupling and plastic
cement. One quarter inch holes are drilled down the length of the pipe at
intervals of one foot and in three rows which are roughly equispaced circum-
ferentiaily. Many drillers recormend the use of liners in all wells which
exceed 190 feet in depth. It is probably good insurance. If material
sloughs into the hole, it may wedge the pump against the sidewall. The pump
may be riined in gettina it out of the hole and of course, the clean-up
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operation is also expensive in comparison to the cost of the liner. (31 to

$2/fFt)

Th> importance of having the pump submerged a sufficient depth to permit
the well to approach approximate equilibrium has been discussed, but related
to this is the value of the storage capacity of a well; that is, the water in
the well above the pump intake. 1In a 6" diameter well, each foot of water
above tha pump represents about 1.5 gallons. If there is 60 feet of water
above the pump, the well can provide 90 gallons of water without any inflow
from the surrounding strata. If this amount is added to the water in a
storage tank, say, 200 gallons, then there is a total of 290 gallons availabie
at any given time that the well has recovered to a level 60 feet above the
pump. I7 one started using water from such a system at the rate of 10 gallons
per minute, and if the pumping rate was also 10 gallons per minute, the well
could be pumped for about nine minutes (because the pumping rate will change
as the witer is drawn down) before it would run out of water. If ground
water is entering the well at an average rate of 2 gpm while the well is being
pumped, then the well might be pumped for a total of 11 or 12 minutes before
the pump would pull air into the intake about 80% of the time.

Fo-tunately, most househclds do not use water at the rate of 10gpm unless
there is a Tot of livestock so the above scenario doesn't happen often. A com-
mon rule-of-thumb for estimating daily requirements is 100 gallons per person
per day. In the above example, the well storage and the tank storage would
nrobably supply the needs for a family of three for one day. To maintain this
condition, ground water has to flow into the well at the average rate of only
0.21 gpm {290 gallons/24 hours x 60 minutes). Situations approximating these
conditiols are common in Appalachia but they are poorly understood by much of
the public. In the above situation it is common to hear the well-owner claim
that he nas a 10 gpm well because he saw such a flow come out of the discharge
line for several minutes when the pump was installed and tested.

Th2 importance of this background discussion is that an understanding
of individual water well design and its role in providing an adequate supply
is essential in evaluating whether a well has been damaged by blasting or some
other cause, or whether the well design is no longer adequate for the demands
being placed on the well.
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CHARACTERISTIC COMPLAINTS

Perhaps the most common complaint and, also, the most serious, is that
there has been a total loss of water. This is freguently stated as, "They
cracked ny well and let the water run out. I had it one day and it was gone
the next " Around an active strip mine, there may well have been a blast
sometime in the interim, but did the blasting cause the damage? That, of
course, is the answer sought by this study, and in the subsequent chapters
the resu'ts of the field testing will provide an answer to this question.

Another common complaint is that the well has partially caved in and
the pump won't work. A similar mechanism of failure but to a Tesser degree
is indicated by complaints that the water became muddy or turbid. Generally,
this latier condition is temporary and by the time it is investigated the
water from the well has become clear.

Reddish iron discoloration of the water is also frequently a source of
trouble and the discoloration may be accompanied by a sulfur odor. As men-
tioned previously, when such water is tested for iron it freguently contains
no more iraon in solution than many other "clear", ndor-free wells, Many
wells which are far removed from any blasting or excavation have this problem
and periodic clean-out is required to keep the wells operating. There is a
strong suggestion that this oroblem has a bacterial origin rather than a
chemical or physical one. The reddish water differs from acid mine drainace
in that it generally has sulfate levels below 250 mg/1 and the pH is aenerally
above 6.3. Because the bacteria are intolerant of changed conditions, par-
ticularls temperature, getting valid samples to a laboratory for analysis is
a relatisely expensive proposition. Some testing for jron bacteria had been
done but not in relation te this project. Where the complaint was that the
water was iron red and had a sulfur cdor, iron bacteria but no sulfur bacteria
were fourd. When this condition exists, a red slime forms on all well parts,
and all sampling bottles and measuring devices that are Towered into the well
have a p~onounced red stain when they are removed.

Lover productivity or intermittent productivity is sometimes heard as
a complaint. This may be a harbinger of complete loss of water and differs
from that complaint only in degree. If all the mechanical and electrical parts
of the pump system are working properly, the complaint obviously relates to a
lower stitic water level. Again the guestion is, did blasting cause the
Towering?

These complaints may be associated with any distance up to several miles
but @ raadom sample of 35 complaints indicates that 26, or 74% were at distances
less than 1300 feet, and 10 complaints, or 29%, were at distances of less than
300 feet. Not too much should be deduced from these percentages because they
represent unverified blast damage ciaims and they may only indicate that the
residents who were closer to blasting were more conscious of the blasting and
consequently felt that it was more likely to cause damage. The main point
from these data utilized in the study was that the field effort was concen-
trated on blasts less than 19080 feet distant.
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TECHNICAL APPROACH TO THE PROBLEM

The most essential need was to have water well data before any mining
or blasting occurred to compare with data obtained as mining and blasting
approached the wells. This pre-mining data should inciude a 1ithologic log
of the strata penetrated by the wells with notation as to where water was
encountered. This would be supplemented by gamma ray/density/caliper logs
at each site in order to have an impartial record of the "before" condition
of the wells,

In general, the plan was to have a shallow well which would penetrate
the section overlying the coal and obtain its water from the coal being mined
or from the overlying strata. As to well design, the driller was instructed
to drill the well, equip it with casing, and discharge line in the same man-
ner as he would any other water well in the same neighborhood. The pump
capacity was specified for reasons explained later. This turned out to mean
that the shallow well had approximately 20 feet of either steel or plastic
casing, was drilled with a 6" diameter air rotary bit, was uncased in the
lTower section, and had a submersible pump set ten feet off bottom. This
well would have two or three similar observation wells.

In addition to the shallow well set, another well would penetrate the
coal to be mined and would obtain its water from strata below that depth.
Completion would be similar to the shallow well except that a plastic liner
would be used to seal off any water entering from the coal to be mined or
above. This was to be done by using a perforated liner in the lower part
of the well, below a packer, and an unperforated liner above. Cement was
placed in the annulus between the casing and the Tiner to assure a good seazl
above the packer. Two or three observation wells would be drilled near this
well, and completed in a similar manner except for the pump.

These shallow and deep well sets would permit a separate evaluation
of the effects of blasting on water being obtained from the mined coal or
above, and for wells obtaining water from sources below the coal being mined.
The shallow well group dictated that at Teast that set had to be on the high-
wall side of the pit. For convenience of project testing and to minimize the
inconvenience to the coal operator, the deep well group was planned to be
adjacent to the shallow wells. In this manner, we could also test whether
the two systems might be interconnected.

As to specific location of the wells, the original plan was to space
the observation wells at 25,50, and 75 feet from the pumped well and use a
pump rate up toc 20gpm. Conversation with U. S. Geological Survey geologists
in Ohio indicated that we probably wouldn't see any change in the observation
wells at those distances, and that we should be prepared to use a pumping
rate of O.5gpm. Consequently the observation well distances were decreased
to 10, 19 and 34 feet and it was planned to install pumps with a capacity of
less than 10gpm. These distances were selected because they are an equiva-
lent linear distance apart on logarithmic granh paper and it was thought
that this would be helpful in constructing distance/drawdown curves. A basic
pattern of placing the observation wells in an array so that they would be
on 60° arcs from the pumped well was used to determine the degree of aniso-
tropy in the cone of depression, if any. The pianned layout of the well
groups is shown in Figure 1.
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After the drilling of the wells, they were to be tested briefly to se:
what pumping rate they might be able to sustain. This was to be followed in
a few days with a ten-hour drawdown test at the indicated rate to determine
the pre-mining productive capability of the wells. Electric power for the
pumps was to be supplied by a portable gasoline generator. Pump rate would
be determined by measuring the flow through a standard municipal 5/8" water
meter and the pump rate would be controlied with a gate valve. Water depth
would be measured in all wells with electric probes which have markings every
five feet, and the interval between can be read with a measuring stick or tape.

It was decided to maintain all records and make all measurements in
Engltish units because these would be more readily understood and compared
by many of the peoplie who might be interested in the results of the project,
such as well owners in Appalachia and coal operators who use English units
in thejr measurements rather than metric.

It was planned to pump both shallow and deep wells at the same time
unless they showed indications of interconnection.

Water samples were to be taken at the time of this initial drawdown
test from each well group and analyzed for various common parameters.

Continuously recording float gages would be placed on one of the shailow
observation wells and one of the deep observation well: at each site. These
would monitor changes in the static water Jevel that might occur over the per-
iod of the field testing.

Depths of the wells would also be recorded initially and checked per-
iodically.

When the first blast was scheduled to be detonated, another 10-hour
drawdown test would be conducted so as to be in progress when the blast
occurrec. Water samples would be taken before the blast and after the blast
and analvzed for change.

Blast-induced ground: vibrations would be measured at the surface be-
sides onz of the observation wells for all blasts and frequent virbration
measuremrents would be made at the bottom of this observation well to deter-
mine the amount of attenuation with depth, until such time as the blasting
was too close for such measuremenis tc be feasible. If on-site analog
recordirg was not done for every blast, the vibrations would be measured by
an unmanned continuous monitor.

Subsequently, the wells would be tested by drawdown once a month to
determine if any change had occurred. Water samples would be taken at these
times ir addition to samples taken before and after any blast where on-site
recording was done. HWater samples taken during drawdown tests would be
obtainec from the pumped water flow. Uater samples collected before and
after blasts were of necessity collected by lowering a sample bottle into
either the pumped well or one of the observation wells. Static water level
of all wells was to be measured before and after each blast when on-site
recording was performed,

These observations would continue for a period of one year. By esti-
mating the rate of advance of the mining, the wells would be situated so
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thai mining would pass through the well site in about one year, or approach
it within 50 feet.

Thz concept of the drawdown tests was not so much to determine the
true theoretical values of the coefficients of transmissibility, storage,
and vertical permeability, as it was to simply determine whether a change
in the productive capability of the well had occurred as the result of
hblasting. The former would require a complete understanding of the porosity
and permeability distribution of the fractures, joints, and bedding planes,
while the latter probably would involve only the observed slope of the
drawdown curve, A s, and the amount of drawdown under fairly uniform pump-
ing rates. Of course, determination of the true values of the above coef-
ficients micht be obtained from the data and used as quantitative determinants
of change, but this was not critical to the success of the program.
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SELECTION OF TEST SITES

Possible test sites were sought by contacting several coal operators
in West Virginia, Maryland, Pennsylvania, and Ohio, and inquiring as to
new coal strip operations that might commence in early 1979.

Because of the need to transport a portable generator and other pieces
of test equipment from site to site, and the need to make fregquent visits to
each site to measure blast vibrations and collect water samples, we 1imited
our inquiry to the above states in order toc keep the round trip travel to less
than 400 miles.

We were particularly interested in operations which would commence in
tate March or early April because this would permit the drilling and initial
testing of the wells before mining began.

Eleven new sites were offered by five different operators. The test
program called for four different sites so a selection was in order. Some
of these sites were rejected because the start-up date was so immediate that
it didn't permit sufficient time to drill and test the wells. Others in-
volved such small tracts that the wells could not be situated 1000+ feet from
the initjal blast. Another problem at some sites was that some previous
stripping by other operators had taken place nearby and the integrity of
the site night be questionable.

In selecting the four sites from among the remaining candidates, it
was desirad to have geographical representation as brpad as possible within
the radius described. A variety of geclogic situations was also sought in
order to evaluate the effects of blasting on strata which were predominately
shale, sandstone or sandstone and shale mixed, Other factors which entered
into the selection were:

1. The likelihood of encountering water.

2. A balance of different but tynical topographic situations.

3. Accessibility for the drill and test vehicles.

4. The ease of coordinating our activities with those of the operator.

A total of five sites was initially recommended to the Bureau of Mines
and four were selected as test sites from among these. Later, ane of these
sites was abandoned with Bureau approval because the first hole drilled
failed to encounter water although it was in the most favorable location
based on the coal operator's test drilling. Another site was substituted
and although mining activity had already started, drawdown testing at other
sites had indicated by this time that blasting activity was sufficiently
distant that it would have created no pre-existing condition. Furthermore,
the relationship of the strata penetrated by the test wells to the coal being
mined was such that one would not expect that mining up to that time would
have had any non-blasting effect on the wells such as intercepting an aquifer,
or towering the static water Tevel by pumping. This is because the test wells
were started below the crop Tine of the coal, and there was no pumping in
the pit.
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The location of the final four test sites is shown on the map in
Figure 2. The test sites were called, Brotherton, Pennsylvania Site;
Rose Point, Pennsylvania Site; Tenmile, West Virginia Site; and St.
Clairsville, Ohio Site.
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BROTHERTON, PENNSYLVANIA TEST SITE

This site is located about six miles east-southeast of Somerset,
Pennsylvania. The Allegheny Group of the Pennsylvanian System occurs
at the surface and the coals being mined are the Lower Freeport and the
Upper Kittanning seams. Dip of the strata is to the southeast at 105'
per mile, or 2%. Topography at the site is illustrated on Figure 3
which also shows the relationship of the test well site to the area being
mined as of June, 1980. Eventually mining will proceed through the well
site and destroy the wells. A cross-section showing the relationships
between the seams being mined, the test wells and the pit is included as
Figure 4.

The specific test location was picked because it was about 40 feet
higher in elevation than where mining was to commence. Because the injtial
mining would be a box-cut method starting at the base of a relatively gentle
slope, it would be necessary to pump a significant amount of water from the
pit.” This would provide an opportunity to evaluate the relative signifi-
cance of blasting effects and pumping effects on the water-bearing strata.
Initial plans called for the first blast to be at a distance of about
1400 feet but this was modified later and the first biast was actually at
a distance of 500 feet.

Eight test wells were drilled in March, 1979, in accordance with the
test pattern and well numbering system previously described. Initial depth
of the test wells is as follows:

Shallow Well Group Deep Well Group
S-1 109 feet D-1 169 feet
S-2 108 feet D-2 169 feet
S-3 108 feet D-3 149 feet
S-4 109 feet D-4 149 feet

Approximately 20 feet of steel casing was used at the top of each well,
and after Togging was completed, plastic liners were placed in the deep wells.
Liners were unperforated above the packer and perforated below. Depth to
packers was 115 feet for all except Well D-4 which had the packer placed at
100 feet. The depth of the shallow wells was selected to provide for pene-
tration of the lowest coal to be mined with about 10 feet of additional
drilling to provide a sump below the pump. The depth of the deep wells was
approximately 50 feet deeper than the shallow wells depending on the occur-
rence of water below a depth of 100 feet. '

In addition to the drilling time and 1ithologic tous made at the time
of drilling, gamma ray, caliper and density logs were run on Wells D-1 and
S-1. Caliper logs were run on all others. Figure 5 is a composite of all
of these logs.

Hater entry -varied in nearly evéry well, but if some time is allowed
for the water to accumulate and be blown to the surface, the entry depths are
generally clustered near the base of the coal seams that were penetrated.
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Figu~e 6 illustrates the various depths of these water entry zones and the
stati: witer levels that were observed shortly after the wells were drilled.

The first drawdown tests were conducted on Wells D-1 and S-1 1in April,
1979. Because the start-up of mining was delayed primarily because of market
conditions, another pre-mining drawdown test was conducted for Well S-1 on
July 26, 1979. There were two minor blasts in 10' holes with charge weights
of 26 pounds per delay detonated on August 3, 1979. Notice of these was
received tooc Jate to have a drawdown test going when the biast occurred.
Additional blasting was scheduled for August 7 and preparations were made
to conduct a test at that time. When electric power was relayed from the
portable alternator to the pumps it was discovered that it was insufficient
for eithar well to start pumping. At the time, we didn't know whether the
problem wvas with the pump or with the alternator although the ammeter indi-
cated th: problem was with the pumps. With a spare pump and 1" vinyl dis-
charge line, a pump was placed in Well D-3 and observations were made in
this well during the blast because previous tests had indicated good inter-
connectiin between S-1 and S-3. As a result of this effort, it was deter-
mined that the alternator was the problem because the power supply started
fluctuating and couldn't be controlled. Although the test was running when
the blast was detonated, the results were generally inconclusive because the
fluctuations masked any small change. Drawdown curves in observation wells
were not affected as much by the pump variations. These curves indicated
no significant change in the drawdown slope as a result of blasting but the
data aftar the blast are sparse. The blast occurred 157 minutes into the test,
and the alternator motor failed completely after 186 minutes.

Th2 problem with the alternator was excessive buildup of carbcn on the
head and a sticking valve. These were repaired.

On September 11, 1979, a drawdown test was commenced in S-1 and near-
equilibrium was attained after 30 minutes. At 109 minutes into this test,
the pump on Well D-1 was started because initial testing had indicated the
two systems were not interconnected. Well S-1 responded 47 minutes later
with the water Tevel rising 4.63 feet. Response in Observations Wells S-2
and S-3 was more immediate and water levels in both of these wells dropped
atmost cne foot. Well S-4 was not significantly affected although there was
a very s1light change in the drawdown slope. As a result of these observations,
it was cecided to test the deep and shallow wells at different times.

Or: September 26, 1979, a drawdown test of Well S-1 was conducted while
a blast was detonated 291 minutes into the test. Figure 7 is a time-drawdown
curve of this test and shows the effect of the blast. There was virtually no
immediate effect on the well, if any. Because the changes are in tenths of
a foot, the following data gives a more precise measure of the change.
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Depth to Water Net Change

5 minutes before blast £7.94 feet 0 feet
Immediately after blast 67.93 " +0.01 "
19 minutes after blast 66.15 " -0.21 "
29 ! " ! 68.11 " -0.17 "
39 " ! " 68.10 " -0.16 '
69 " " N 68.30 " -0.36 "
39 ‘! " " 63.74 " -0.80 "

Although the well was near equilibrjum when the blast was detonated, minor
fluctuations are common and some of the slight variation indicated above may be
normal tc the drawdown conditions. Resultant particle velocity from this blast
was 0.22 inches per second at the surface and 0.09 inches per second at the
bottom of Well D-3. Distance to the blast was 460 feet.

On fpril 24, 1980, another test was conducted wher a blast was detonated.
Figure 8 is a time-drawdown curve for Well D-1 which was being pumped at a
rate of 4.25 gallons per minute at the time. In this case, the effect during
the two tours foliowing the btast is more noticeable but still limited to a
variatior of about 1.6 feet. 1In this blast, the resultant particle velocity at
ground strface was 1.80 inches per second, and 0.66 inches per second at the
bottom of Well D-3. '

Rest.T1tant particle velocity s used in reporting these results because with
the downtole geophone the orientation of the horizontal components could not be
determined. For comparative purposes, the surface measurements are also in terms
of the resuftant.

The geophone for the surface measurements was buried about 7 to 8 inches
in the ground with the soil tamped firmly around it. The downhole geophone was
held firnly in place at the bottom of the well by pouring a measured quantity
of sand “nto the hole which was sufficient to fill the annulus between the
geophone and the liner. Drill cuttings between the liner and the sidewall of
the hole maintained good coupling with the ground.

Initially, analysis of the drawdown datawas directed toward determining
the coefticients of transmissivity and storage using the nonequilibrium method
of Theis and the simplified straight line methods developed by Jacobs. The
thought was that transmissivity would probably provide the best index of change.

re

Difficulty was encountered when the plot of drawdown versus on log-

log paper was virtually flat because the wells frequently approach equilibrium
and the possible match points indicated a value of "u" in the range of 10-8 to

1079, In this region, the precision of picking a fairly precise matchpoint is
impossibie. Consequently, if different persons pick the matchpoints, and the
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values of "u" and W(u) are substituted into the appropriate formulas, the
resulting values for the coefficient of transmissivity can easily vary by
a magnitude or more.

Utilizing the Jacob straight-line method and determining the value
for A s, the slope of time-drawdown curve or the increase in drawdown across
one Tog cycle, by linear regression analysis, and then substituting this into
the formula below, did not significantly decrease the large variation in values.

- 264 Q
T AS
vhere:
T = Coefficient of transmissivity, in gallons per

day per foot

I

Q
Ds

Pumping rate in gallons per minute

Slope of the time-drawdown curve, feet per log
cycle
Not only was the variation large, but the concepts embodied in transmissi-
vity and slope of the drawdown curve require some knowledge of ground-water
hydrology and may not be very meaningful to a layperson. Consequently, a
simpler ‘ndex of possible change was sought. Because the wells frequently
attained near-equilibrium, and the drawdown after, say, 100 minutes, was fairly
constant. it appeared that specific capacity might be more understandable and
more meaningful for the purposes of this project. The specific capacity of a
well dis:

Specific capacity,
in gallens per min- =

ute per foot of 5
drawdown
where:
Q = Pumping rate in gallons per minute

It

s Drawdown in feet

The adjusted drawdown s' is utilized in this report because of the water-
table aguifer.

Normally a time is specified when using the specific capacity but if near-
equilibrium conditions exist, or if the slope is very small in relation to the
total drawdown, then the departure from an ideal value is slight.

A total of 18 drawdown tests were run at Brotherton. Table 1 summarizes
the test data for Well S-1 and the one test of Well $-3. Table 2 summarizes
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the test data for Well D-1. Utilizing the single value specific capacity,

it can been seen that with the exception of the initial test, Well S-1 had
values around .350+0.1 gallons per minute per foot until the test of March 20,
1980, waen the results jndicate that the specific capacity began to improve.

A composite of all of those parts of the time-drawdown curves after the initial
steep-sloped storage effect disappears is illustrated Figure 3. With the
pumping rate held as constant as possible, this composite shows that the slopes
remained fairly constant throughout the test period but curves plot at posi-
tions of increasing drawdown until the March 20 test when near-equilibrium

was reached near the initial April 25, 1979 test. Considering that the satu-
rated thickness was much less because the static water level when the March,
1980 test commenced was 21.1 feet lower, the improvement indicated by the
specific capacity appears to be valid. Consequently, for Well S-1, one must
concluda that the permeability in the well has improved over the eleven-month
period and that the improvement occurred after the test of January 17, 1980,
Althoug’s the specific capacity continued to improve as indicated by the re-
sults of the test of May 26, 1380, one can hardly say that the total perfor-
mance o° the well had improved because by that time the static water level

had falien to a point only 5.32 feet above the pump intake. In this situa-
tion the well could not be pumped at a rate in excess of 2.52 gpm because

any gredater rate would pull the water down to the intake. By June 15, 1980,
the static water level was below the pump intake and for all practical purposes
the well is now dry.

Tnis is a goed illustration of one of the problems discussed in the
Chapter on Typical Well and Household Systems. Well S-1 penetrated only a
few feet below the Towest coal being mined. Originally it had water entry
from desths near both coal seams. With approximately 509,000 galicons of
water p2r day being pumped from the pit, the static water level moved gradual-
1y towe~ and when the pit approached to within 300 feet of the well, the
static water level dropped to a point where the pump couid not sustain wide
open flaw for even two or three minutes.

I mining were to approach no closer, pumping of the pit were to cease,
and area reclaimed, it s reasonable to expect that the static water level
would rise. The well would not only recover to its former capability, but
because of the improved permeability indicated by the higher specific capa-
city, it would be a better well.

An explanation for the improved permeability will be deferred until the
end of the chapter after other results are examined. Table 2 is a summary of
drawdown test results for Well D-1,Values for specific capacity of thiswell
have remained fairly constant although the static water level has dropped
nore than 70 feet. Figure 10 shows the composite of all the time-drawdown
curves, again excluding the early casing storage effect for clarity. In this
case, the initial test on April 18, 1979 appears with a relatively large
drawdown. Al11 subsequent curves have approximately the same slope, but
all but one have less drawdown at equal valtues of time. Only the test on
April 24, 1980 appears in a lower position. Another interesting feature is
that although the slopes are small, they do not approach the near-equilib-
rium condition that is common in Well S-1, only 60 feet away. Alsc, as of
June, 1980, Well D-1 is still a functioning well and S-7 is not.
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Table 3 is a listing of all blasts at the Brotherton site with per-
tineat details. Vibration levels at the surface ranged from 0.04 to 2.20
inches per second resultant particle velocity. Except for the first two
blasts, vibrations at the surface were measured for all blasts either with
continuous recording monitors that remained at the site from August 7, 1979
until the end of the test period, or by on-site recording with three-compo-
nent waveform seismographs. The 13 blasts where no vibration data are re-
ported occurred because of malfunction of the remote instrument such as
the battery freezing, or the paper chart looping around the drive roller.
Figures 11 and 12 show the approximate location of these blasts to test
well site.

Vibration levels at the bottom of Well D-3 were measured for 25 blasts
in order to determine the degree of attentuation with depth. Analysis of
these data indicate that the degree of attentuation is dependent upon the
confinement of the blast. Table 4 shows a segregation of these data ac-
cording to whether the blasts were in the upper seam where the confinement
was at a minimum, and in the lower seam where the confinement was relatively
great. in both cases, the vibrations at the bottom of the well are less
than on the surface, but the confined blasts produced vibrations which average
only 68% of the surface Tevel, and the poorly confined blasts produced vibra-
tion Tevels which average only 34% of those on the surface. Typical wave-
form recordings of surface and subsurface vibrations are presented in
Figure 13.

Ficure 14 summarizes all of the data on a time scale in order to show
the relaionship of events. Static water levels from the continuous recorders
in Wells S-4 and D-2 are shown in graphic form at the top. By connecting the
troughs over the first six months a long-term downtrend is evident, probably
resulting from the pumping in the pit. The gradients are 6.25 feet/100 days
for the shallow well, and 5 feet per 100 days for the deep well. If this
trend had continued after January, 1980, the suggestion is that Well S-1
would still be productive. A relatively abrupt decline in both wells starts
near the end of January, 1980, with recovery to more normal levels in March
and early April. Toward the end of April, another sharp drop occurs and it
is particularly severe in Well S-4.

Blast-induced ground vibrations are shown with a bar graph below the
static water Jevel curves, and rainfall is similarly depicted nearer the bot-
tom of the figure. Below the rainfall graph, the specific capacities derived
from the drawdown test data are shown. It can be seen that an improvement of
the specific capacity of S-1 occurs on the first test after the drop in late
January. The second improvement in specific capacity of S-1 occurs on the
first test after the drop in late April. This suggests a relationship between
the sharp drop in water level and the improvement in specific capacity.

Why did the relatively sharp drops in static water level occur? Fig-
ure 14 indicates that blast vibration levels were higher at times roughly
corresponding with these events, but then blasting levels are also relatively
higher during the end of March and the early part of April when water levels
were recovering and reaching levels that hadn't been observed since November
or December, 1979. Abundant rainfall during this period accounts for the
significant recovery. To get an answer to the problem, it is necessary to
Took at the relationships in more detail.
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TABLE 4
BROTHERTON: UPPER COAL SEAM

RPY_SUBSURFACE

SHOT NO. DISTANCE RPV SURFACE
3(79) 500 ft. 0.64
5 480 ft. n.40

19 460 ft. 0.41
33 585 ft. 0.26
33A 595 ft. 0.20
35 620 ft. 0.42
36 630 ft. 0.17
18 520 ft. 0.33
52 535 ft. 0.24
53 530 ft. 0.31
£(30) 380 ft. 0.38
360 ft 0.30

& 370 ft. 0.26
10 380 ft. 0.38
MEAN =0.34

5.5, $0.12

LOWER COAL SEAM

16 460 ft. 0.63
18 435 ft. 0.68
19 230 ft. 0.47
21 420 ft. 0.56
23 380 ft. 0.95
26 365 ft. 0.78
27 360 ft. 0.77
28 365 ft. 0.92
29 370 ft. 0.80
30 375 ft. 0.37
3] 380 ft. 0.50
32 390 ft. 0.63
MEAN =0.68

S.D. +0.18



TABLE 4
(CONTINUED)

BROTHERTOK: UPPER COAL SEAM

RPY MONITOR
SHOT_NO. DISTANCE SURFACE PPV
62 390 ft. AT 1.00
63 | 370 ft. 1.36
64 .80
65 .75
66 .40
57 .60
68 15
69 .23
70 77
7 75
72 .33
73 319 ft. 2.2 66
74 3N ft, 1.8
LOWER COAL SEAM
75 350 ft. 1.75
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Ficures 15 and 16 are the detailed hydrographic charts for Well 5-4 and
D-2 covering the period when the sharp drop occurred in late January. On the
shallow well chart the float was hung up at 40.8 feet on January 16 when pre-
paratiors were being made for a drawdown test the next day. When the beaded
1ine was freed, the recorder moved to a depth of 42.25 feet. The sharp up-
ward spike on January 11 is the result of .52 inches of rain on that day, and
the spike on January 14 results from 0.1 inches of rain and somewhat warmer
daytime temperatures which may have added more water by thawing. Starting
at the tase of the spike on the 14th when the float was operating, a dashed
Tine has been drawn to the point where the recorder started operating after
the Tine was freed. This indicates that a fairly sharp drop had already
started sometime shortly after January 14, 1980. There was no blasting dur-
ing this time, The drop continued after the drawdown test and became abruptly
steeper about noon on January 22. There had been no blasting at this site
since Dezember 26 so the drop was not related to any btast. The next blast
occurred on January 24 after the well had been in sharp decline for 48 hours.
The drop continued at the same rate until shortly after midnight on January 28
when the rate increased from 0.8 feet per day to 3.5 feet per day. Again this
did not zoincide with any blasting although it was followed by a blast 13 hours
later at 1:00 pm on January 28. The evidence prescnted by the hydrographic
chart from S-4 is clear that blasting did not cause the observed drep in static
water level starting on or about January 14.

The evidence presented by the chart for Well D-Z2 is not so cleer., First
of all, the timing of the sharp drop is not coincident with the shallow well.
Althougt the level in D-2 dropped about one foot from January 17 to Janu-
ary 28, this could be considered within the normal range of fluctuation. The
blast or January 24 had a very slight effect causing a temporary drop of 0.2
feet, perhaps. The sharp drop commences on January 28, almost coincident
with the blast at 1:00 pm. The drop accelerated on January 29, again approxi-
mately coincident with a blast. Ground vibrations at the surface for these
two blasts were 0.87 in/sec and 0.61 in/sec maximum resultant particle velo-
city, resvectively. At 11:0% am, January 31, a blast with a vibration Tevel
of 0.74 in/sec MRPV (maximum resultant particle velocity) caused the water
level ir the observation well to rise 0.45 feet before it continued to decline.
The effect of subsequent blasts appeared to cause the water level to rise
.2 to .% feet temporarily but the decline continued. although decreasing in
rate of fall. Although a possible relationship between blasting and the
declinirg water level is indicated by the evidence of D-2, the conflicting
evidence of the shallow well and the possibility that the drop may not be
caused Ly ground vibration but from some other factor causes concern. The
point being that it could be wrong and misleading to attempt to find some
vibraticn level, above which damage might accur, if in fact, the changes
observec are really related to some other phenomenon inherent in the mining
operaticn.

If one returns to Figure 11 in order find out where these blasts oc-
curred, it is evident that the third cut for the upper seam was started with
the blast of January 24. The blasts on January 25, 29, 30 and 31 were dir-
ectly dcwnstope from the test well site at a distance 85 feet closer than
any mining to date. As these blasts initiated the removal of the supporting
downslore material, the effect was the same as removing the toe of a slope.
hen excavation (of which blasting is but the initial phase) approaches close
enough, the existing constraint on the downhill movement of the slope is par-
tially removed and the soi) and rock mass directly above the excavation move

F2
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s1ihtly downhill. HNew fractures may be developed, but for the most part
the movement probably causes the existing fractures to become more open.

Th's would improve the permeability as observed in the drawdown tests
of S-1, but it would also increase the porosity, or storage space of the
aquifer. Because this probably happens over the span of a few days, the
water level in wells obtaining water from the affected strata would decline
in direct proportion to the rate that new storage space is created. After
movemen: ceased except for the normal hillside creep, and if recharge was
availab e from rainfall, the fractures would be recharged, the water levels
would r se, and one would find that the performance of the wells was notice-
able improved. This scenario fits the observed events and it is substantiated
by one “urther piece of evidence. Although both shallow and deep wells are
obtaining water from the same water table aquifer, parts of the well bore
are more productive than other parts as evidenced by the tendency for water
to occu- at the base of the coal seams, or perhaps more correctly, at the
top of underclays which act as aquitards, but not as aquicludes. In other
words, downward moving water is able to recharge the fractures below the
undercliy although the underclay may impede the rate of recharge. In
Well D- ', the strata above 11% feet are behind an unperforated liner.
Assuminy that the packer is effective, water entering Well D-1 must do so
below a depth of 115 feet, whereas in lWell S-1, all of the water enters
the weli above a depth of 109 feet. In the lateral cstress relief scenario,
one wou'd expect that the fractures near the surface would open up more than
those at depth because the stress relief is acting at the surface. As pre-
viously stated in the quotation from Ferguson in the discussion of fractures
created by lateral stress relief, "They also become less frequent with depth
and the; do not occur beyond the destressed zone in the valley wall." This
is consistent with the drawdown performance of the two wells; Well S-1 has
experieiced significant improvement in permeability and Well D-1 has not,
because the fractures below 115 feet have not opened up as much as those
above 109 feet.

Figures 17 and 18 are the detailed hydrographic charts for the shallow
and dee) water level recorders for the period covering the sharp drop in
the latter part of April, 1980, The chart for S-4 reveals several sharp
spikes ~hich correlate nicely with the rainfall indicated at the bottom of
thechart. All of the blasts during this period are plotted at the appro-
priate time and it can be seen that there were nine blasts from March 21
to April 3 with ground vibration levels ranging from 0.37 to 0.86 in/sec
MRPV. Some of these are associated with troughs, some with peaks, but no
trend cr relatively long-term change is associated with any of these blasts.
During this period the water level fluctuated between 36 and 40 feet depend-
ing mainly on the occurrence of rain. Then on April 6 the level dropped
below 40 feet and continued a downward descent, interrupted by two more rain
spikes and accelerated on April 16. There was no blasting during this time
and the next blast didn't occur until 12:08 pm on April 17 when the rate of
gecline was already at its grroatest. Another blast on April 18 appeared to
slow tte decline down for abo.t 12 hours but later the sharp descent con-
tinued., Althouch there i< ar une point where one can pick the start of the
sharp cecline, it does appear that it would have had to occur sometime well
after the blast of April 3, and that it was not associated with some level
of ground vibration being exceeded. 1In other words, not related to blast-
ing per se.
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Auain, the evidence on the denp chzet is not as clear as that on the
sha*Tow ane. The onset date of the decline is more clear and appears to have
staried late in the afternoon of Aoril 22, at loast 18 days after the decline
comrenced in the shallow well. There wac a biast that afterncon at 3:30 pm
with ground vibrations at a level of 1.04 in/sec MRPY. Additional blasts were
detonated on April 23, 24, and 25 at respective levels of 0.99, 1.07, and 1.80
in/sec MIPV. The only interruption in the decline resulted from the blast of
April 24 when the float recorder displayed a rise of 1.3 feet from readings
taken imnediately before and immediately after the blast.

In this case it is also instructive to look at where the blasts occurred
rather tian the level of vibrations generated by the blast. As before, the
sharp de:xline in Well S-4 occurred when excavation was started in the lower
cut direztly downsiope from the well and may have been as much as three days
after an’ blasting. Excavation without blasting was the main activity from
April 3 to April 22 when the decline in the deep well commenced. During this
time the~e were onlyv two hlasts and these appeared to have no effect on the
well, although one produced ground vibrations at the surface of 0.83 in/sec
MRPY.

To establish that S-4 and D-2 are representative, Figures 19 and 20 show
how the static water level of all wells varied during the test period based on
measurem:nts at different times. AJl of these data irdicate that the changes
observed in both the shallow and the doep wells can be attributed to Tateral
stress r:lief which has been descrihed. They are related to the proximity
and locazion of the excavation and hsve no relationship to the Tevel of blast-
ing vibritions. Of course, the bla~iing vibration levels are generally higher
when the decline accurs but this is because they are associated with those
blasts tiat are closer, which in turn are associated with the proximity of
surface nining.

Chimical sampling to detect any changes in the waters was nerformed

before aid after those blasts where on-site recording was done. The sampling
method wis to lTower a sampling bottle into one of the shallow wells and one of
the deep wells. The numps were not used because there was no power at the site
and to start the pumps would require transporting the portable alternator to

the site and setting it up. This is a two-man job. It was felt that the sampl-
ing bottie technique would nrovide th» needed information particularly since it
weuld be backed up by pumped samples taken when drawdown tests were performed,

Saaples collected with the bottle were analyzed on site with a portable
spectropiotometric device or shortly afterward. Drawdown samples were sent to
a commer:ial laboratory where they were analyzed in accordance with “3tandard
Methods “or the Ixamination of Water and Wastewater", Latest Edition, APHA,
AWKHA and WPCF. Drawdown samples were also analyzed by the spectrophotometric
- method t) maintain acheck and a control on the field analyses.

This methodology worked fine for the chemical parameters and the results
of all o these analyses are included in Appendix D. In generaj. there was
no significant change in the chemistry of these waters although the iron and
manganes2 concentrations were erratic. The pH stayed within a normal range,
the sulfite concentration, the alkaiinity, and nitrates remained about the
same.
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The turbidity measurements are a different matter and the validity of the
fielo measurements of this parameter is very questionable. There are several
reasons for this.

At Brotherton, it was noticed that if the wells sat idie for only a few
days, it was necessary to pump them for approximately one hour before the red-
dish-iror color would disappear. In retrieving the sample bottle, the water
was commenly reddish and most of this material represented fine particles of
iron suspended in water rather than being dissolved in it. This particulate
matter undoubtedly affected the turbidity readings at times. Another factor
was that these were new wells and they were not in use as frequently as
domestic wells would be. Efarly turbidity readings even under controlied
Taboratory conditions were very high indicating that the effects of suspended
drill cutting fines and sidewall sloughing were still significant up to six
months after the driiling of the welis, although for most of this period
there wasn't any blasting. In June, 1980, drill cuttings can still be ob-
served plastered to the steel casing. If these were within the zone of
water fluctuation, it would be difficult to estimate how long they would
contribute to the turbidity of the water. More mature wells being used
every day probably would not have this problem. Anvther factor is the tur-
bidity created hy the sampling itself. If the bottle strikes the sidewall
it may knock drill cuttings down intc the water and a turbid sample is re-
trieved. Or if it strikes the sidewall on the way out ~f the hole, the next
sample will be deceptively turbid. In addition, it appeared that the red-
dish-irorn particulate matter tended to be concentrated near the top of the
water column. If the bottle was lowered slowly, the sample was very reddish.
If the bcttle was dropped through the water surface rapidly and allowed to
sink to a depth of ten feet or more, the sample would be much clearer. This
technigue was of value in getting the first sample before the blast, but
when the second sample was obtained, the segregation at the water surface
had already been disturbed.

Where pumped iaboratory samples were obtained both before and after a
blast, tke results indicate that the turbidity increased 5 NTU when the blast
was at a distance of 460 feet and the ground vibrations were measured to be
0.22 in/<ec MRPV, but undoubtedly this increase was chly temporary.

Over the long term, the laboratory readincs indicate a decrease in tur-
bidity with time until March, 1980, when the values start to increase again.
See Tahle 5.

More information is needed on the possibility of temporary turbidity
being caused by blasting. This should be done at a site where samples can
be pumpec from the well and samples should be collected before the blast
and then at ten-minute intervals after the blast to determine how Tong the
conditior persists. A water well meeting these conditions is to be drilled
in southern Indiana and monitored as an extension of this project. Monthly
drawdown tests are to be performed. To the greatest extent possible, draw-
down tests will be planned to coincide with blasts so that samples can be
taken to evaluate this possible effect. These results will be reported in
another final report covering only that well.
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TABLE 5

DATE WELL S-1 WELL D-1
8/ 2/79 17.0 NTU 650.0 NTU
8/ 7/79 1.0 " --
8/13/79 11.¢ " --
9/11/79 45 0 3.8 "
§/26/79 Pre-blast 25.0 " -
9/26/79 Post blast 3.0 " --
10/16/79 -- 4.0 ™
11/19/78 7.1 " --
12/27/79 .- 0.4 "
1/17/79 1.0 " -
2/20/79 -- 0.12 "
3/20/79 2.0 " --
4724479 -- 11.0 "
5/27/79 4.0 " 3.5 "
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TENMILE, WEST VIRGINIA TEST SITL

This site is located about ten miles southeast of Buckhannon, West
Viginia. The Allegheny Group of the Pennsylvanian System occurs at the
surface and the coals being mined are the Lower and Middle Kittanning seams.
Dio of the strata is 29 to the northwest. Topography at the site is illus-
trated on Figure 21 which also shows the relationship of the test well site
to the area being mined. As of June, 1980, all mining directly below the
test site was complete.

Miring of the ¢oal at this site is only one aspect of the operation.
A much lerger stripping operation is contemplated about one mile to the
east. Thre stripping in the area of the test wells is being done in conjunc~
tion with the construction of a very large sedimentation basin. The over-
burden w11 not be replaced but is being used for the construction of a dam.
Eventual'y the area up to an elevation of about 2050 feet will be flooded.
The test wells are at an elevation of 2080 feet approximately.

Figqure 22 is a cross-section showing the relationship between the wells,
the pit, and the seams being mined.

The specific test well site was selected because it was about 1000 feet
from whe-e the first blasting activity was planned and there was an existing
road to the site. Blasting was to be done within about Tifty feet of the
wells as mining progressed. With a predominantly sandstone overburden this
would proavide an opportunity to evaluate the stability of the boreholes in
this typ2 of material as well as evaluating the effects of blasting on the
ground-water resources in a geologic section considerably different than
that at 3rotherton. The strata at Tenmile are more typical of those found
in southern West Virginia, eastern Kentucky, and Virginia although the strata
at Tenmile are slightly younger in age. This would provide broader geographic
significance to the project results.

Hren drillinc started at Tenmile, drawdown tests had already been con-
ducted zt Brotherton. Tests at this site indicated that the information pro-
vided by observation wells (wells in addition to the pumped well) was minimal
even with conditions of relatively good interconnection. This, coupled with
the facw. that the hillside was so steep that there wasn't sufficient flat
space a the site to drill any pattern other than a series of wells in a
straigh: 1ine along the road, led to the decision to drill only three shallow
wells and two deep ones. Accordingly, the wells were drilled in early May,
1979, in the pattern shown on Figure 23. Depths of the wells are shown be-
side th2 locations.

ARaproximately 20 feet of plastic casing was used at the top of each
well, aad after logging was completed, plastic 1iners were placed in the two
deep wells. Liners were unperforated above the packers and perforated below,
with packers set at 160 feet. Pump in Well S-1 was set at a depth of 146 feet
and the pump in Well D-1 was placed at 187 feet. Flexible 1" plastic discharge
line was run from the pump up to the casing collar where it joined galvanized
iron well head fittings that were held in place by a standard split well
seal cap.
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In addition to the drilling time and 1ithologic Togs that were made at
the tive of drilling. gamma ray, caliper, and density logs were run on Wells
S-1 and D-1. Caliper logs were run on all others. Figure 24 is a composite
of all of the logs.

Water entry to the wells during drilling was very sparse and was re-
stricted to the coal bearing zones. Generally, the water was only sufficient
enough to keep the air return from dusting.

On hay 30, 1979, an attempt was made to test Well S-1. The water level
was pullec down to the pump in 20 minutes at a very low pumping rate. The ex-
act rate tould not be determined because the meter became jammed with sand.
Several attempts were made to get some valid pre-blast information on this
well. Finally on June 9, sufficient information was obtained prior to the
blast to determine that the specific capacity was not more than .06% gpm/ft.
after 20 minutes of pumping. The water level certainly had not stabilized
at this point and was declining rapidly. The first blast was on this date
but pumping of the well could not be continued after 20 minutes because the
water levi:l was then down to the pump intake. The main problem with Well S-1
was that _here was not enough pump submergence to pormit a test of any Tength.

A p-e-biast drawdown test of Well D-1 was conducted on June 7, 1979,
using a pmp rate of .41 gpm. the water level was pulied down to the pump
intake afier 189 minutes. Two days later, another drawdown test of this well
was conducted and the first blast was detonated 80 minutes into the test.

The pumpiig rate was .42 gpm. which was used to give results as comparable

as possible to the earlier test although it was established that the test
would hav2 to be terminated before the full 600 minutes. Time-drawdown plots
of both of these tests are presented in Figures 2b and 26, respectively.
There may be a very slight increase in the slope following the blast but this
may be more apparent than real because the water level one minute after the
blast (81 minutes after pumping started) may have risen a tenth of a foot or
so which slightly disrupts the generally smooth curvilinear (slightly concave
downward) nature of the curve after 13 minutes. A more abrupt change appears
at the erd of the pre-blast curve which probably represents the termination
of part ¢f the fracture system on the 25° downslope of the hill. This would
have the same effect as a partial barrier. Certainly, there is no significant
change as a result of this blast which was 580 feet away and produced ground
vibratiors of 0.80 in/sec MRPV at the surface, and 0.33 in/sec MRPV at the
bottom ot Well S-3. Table 6 is a summary of the drawdown tests performed for
Weli S-1. and Table 7 is a similar summary for Well D-1.

Figure 27 is a composite of all the time-drawdown curves for Well D-1,
It is immediately evident that there are generally two groups of slopes. The
first includes the retatively steep siopes for June 7, 9, and July 24. The
others are flat or at least at lesser slopes except for the one for July 10.
If this latter test had invelved a pumping rate approximating the .4 to .5 gpm.
rate of the other June and July tests, it probably would have plotted with the
other tests with the steep slopes. This is supported by the fact that the
specific capanity for these four tests is 0.020+0.002 gpm/ft. The signifi-
cant poiat is that sometime between the test of July 24, 1979 and the test of
August 29, 1379, a significant improvement occurred in this well, Although
not as noticeable as the change in slope, the specific capacity for the test
on August 29 also increased by about 50% over the previous four values.
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FIGURE 24. COMPOSITE LOG. TENMILE SITE
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Prior to the change, there was a blast on July 18 at a distance of only
200 ~eet. Ground vibrations from this blast were measured at the surface to
be 2.34 in/sec MRPY, and at the bottom of Well S-3, 1.27 in/sec MRPV. This
wasn't sufficient to cause any change in the slope as evidenced by the test
on July 24. On July 25, another blast at a distance of 157 feet produced
vibrations at the well site of 5.44 in/sec MRPY at the surface. Vibrations
were not measured in uncased Well S-3 because of the possibility of losing
an expensive piece of equipment. These blasts and others are 1isted in
Table 8 which shows the proximity to the wells and the level of ground vibra-
tions.

Supplementing this 1ist is Figure 28 which shows the location of the
blasts with respect to Well $-3. From this it can be seen that Shots 11 and
12 removed the support directly below the test site. These shots occurred on
August 13 and 23, respectively. The stronger of these two blasts based on
charge weight per delay at approximately equivalent distances is the blast on
August 23. Ground vibration from this blast was 3.74 in/sec MRPV. Unfortu-
nately, notification was not received from the operator and measurements were
not made of the blast on August 13. Nevertheless, the stronger blast was
measured and though the vibration level is substantial, it is not much greater
than the blast of July 18 which did not cause any change.

Again, as at Brotherton, the first improvement in the specific capacity
occurred when the support was removed immediately downsiope, in this case 100
feet away. But unlike Brotherton there was no increase in the rate of decline
in water levels, in fact, at Tenmile during this period there was no decline
in the water level. After the strong blast of July 25 the water level rose
from a depth of 138.6 feet to 135.75 on August 23 and continued to rise until
September 6 when it was at a depth of 130.5 feet. There may be two reasons
to account for this. The first is that the static water level in the wells
at Tenmile never was very high and generally occupied a Tevel opposite the
coal section which started at a depth of 130 feet. There wasn't much possi-
bility of further decline. The second reason is that these strata were ini-
tially so "tight" that surface water could not easily percolate downward and
provide recharge. With an improvement in permeability resulting from more
open fractures, the new availability of recharge may have far exceeded the
water lost to fill the new storage space at lower levels.

Although Well D-1 improved, there was no noticeable improvement in
Well S-1 at this time. Efforts to test it were futile because of the inade-
quate submergence. Pumping it would cause the meter to become jammed with
sand, or the rate would have to be so minor that the meter would freeze in
cold weather. Nevertheless, periodic efforts to pump it were made and on
March 4, 1980, it was pumped for 100 minutes at a rate of 2.09 gpm. The test
was terminated at that time because near-equilibrium conditions had been at-
tained in onty 20 minutes with a drawdown of 4.93 feet, and the pumping was
starting to effect an on-going test of Well D-1. Subsequent testing on
April 29, 1980, using a step-drawdown technique, definitely established
that the specific capacity had improved and was now in the range of 0.450
gpm/ft. By June 6, 1980, with no further blasting or mining downslope, the
specific capacity improved further to a value of 0.661 gpm/ft. The contrast
between this test and the test of July 24, 1979, is best seen by comparing
the time-drawdown curves in Figures 29 and 30.
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The drawdown test of Well D-1, also conducted on March 4, 1980 indi-
cated that there was substantial improvement in that well since the last test
on January 24, 1980. The specific capacity increased 17 times from en eariier
value of .027 gpm/ft. to 0.46 gpm/ft. The time-drawdown curve is shown in
Figure 31 for comparison with those in Figures 25 and 26. This was the second
improvement in this well and this latter improvement was more signifi¢ant than
the former. Why did both Wells S-1 and D-1 show improvement on the same test
date and was there any evidence that water levels may have been affected this
time, 1in a manner similar to that at Brotherton? Reference to the plot of
static water levels over the period of testing (Figure 32) provides the answer.
Although there was a fair amount of rainfall throughout the period, the static
water level started dropping in late January, 1980 and continued the decline
until March 3, the day before the drawdown tests of the wells. From January 23
to March 3 the decline was 10% feet, which is small in comparison to Brotherton
but at Tenmile the water level was already at a low level opposite the coal
being mined. The decline lowered the static water level to a point 7% feet
below any other low in the previous eight months. There was only one nearby
blast during this time and that cccurred on February 10. Nothing sicnificant
happened to the water level on that date. As at Brotherton, the water level
change cannrot be convincingly attributed to blast vibrations and at Tenmile,
the absence of any blasting on this hill for the 35 days preceding the com-
mencement of the decline makes the point clearly. Lateral stress relijef
resulting from removal of the downslope support is the most logical explana-
tion for the improvement in the permeability and storage capacity of the
water-table aquifer, which brought about a temporary decline in water levei,
followed by recovery and improved well performance. The reason that the major
improvement did not occur within hours or days following the excavation is
probably because the thick sandstone section has more tensiie strength than
the strata at Brotherton, and being stronger, required more time to tail.

Certainly, ground vibrations produced by blasting caused ro delsteri-
ous effects on either Well D-1 and S-1, because both wells are Detier wells
now than before any blasting or mining was performed. But it i¢ very doubt-
ful that the wells are better because of the elastic phenomenon such as
ground vibration. Although the vibration levels were substantial, they
probably had no direct effect on the wells with one possible exception. This
possibility involves some difficulty in measuring the bottom of Well S-3.
There is no difficulty in running a small diameter electric probe into the
well to determine water level, but when an attempt was made on April 29, 1980,
to sound the bottom with a 1" iron pipe on a plastic tape, the sounding de-
vice behaved as if its movement was restricted by a bridge at a depth between
65 and 90 feet. The tape would not go below 138.5 feet although the "feel"
of the tape indicated that bottom had not been reached. On December 10, 1979,
a 3" diameter geophone was lowered into this hole and no difficulty was ex-
perienced. On December 19, bottom was sounded in S-3 both before and after
a blast on that date and no difficulty was encountered. There was no blasting
after that date until the large shot on February 10 which was detonatesd only
85 feet from this well. Vibrations were recorded by a continuous monitor
but this goes off-scale at 2 in/sec MRPV, which it did in response to this
blast and for the second time the instrument shed was severely damaged. It
is possible that this one blast may have been sufficient to cause a loose rock
in the sidewall to shift into the hole causing a partial bridge. None of
the other holes experienced any damage.
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Table 9 indicates the depths of uncased Wells S-2 and S-3 at varicus
times during the testing program. Upward fluctuations are, of course, im-
possibte, and they represent the sounding weight hanging up on an uneven
surface of cuttings at the bottom, or possibly, even on a shoulder near the
bottom. The values must be viewed to see what they represent in the way of
a rate of sloughing inasmuch as it is difficult to perceive of conditions
short of some form of drililing through which the well could become deeper.

To the extent that time would permit, soundings were taken both before
and after blasts where on-site vibration measurements were made. Without
exception, these showed no significant change between the "before and "after"
blast readings although variances of .2 or .3 feet were common. In Table 9,
the maximum depth reading is used whether this occurred before the blast or
after.

The difference between ground vibrations at the surface and those at
the bottom of Well S-3 was measured for seven blasts. Table 10 shows the
attenuation of these vibrations with depth. For all of these blasts the mean
of 0.44 indicates that the vibrations at the bottom of Well $-3 were, on the
average only 44% of those at the surface.

As to the changes in the chemistry of the waters the results are similar
to those observed at Brotherton. The chemical nature of water varied insigni-
ficantly but the turbidity values varied wildly. Calicver logs indicate that
about one inch of drill cuttings was left plastered on the sidewalls at the
time of Togging. This material continued to sltough into the hole ani at times
the sampling bottle would return to the surface with cuttings inside the bottle,
on the outside of the bottle, and on the retrieving line, regardiess of the
care taken in trying to get an uncontaminated sample. Consequently, for the
reasons cited at Brotherton, the turbidity values have 1ittle validity and
should be disregarded. On the other hand, there is & suggestion that tur-
bidity increases temporarily immediately after a close-in blast (less than
300 feet) and additional data would be desirable. Considering the sampling
problems, it appears that this can best be done at the site in southarn
Indiana. Results of the chemical analyses, both those made in the Tlaboratory
and those made in the field, are contained in Appendix C,
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TABLE 9
TENMILE SITE

DRILLED DEPTH HELL S-2 : VELL S-3
5-39 146.30° 154.6"
DATE
6-09 -- 183.7¢"
£-15 -- 153.8C
£-19 - 153.0C
7-08 147.45" 152.80C
7-10 -- 152.50
7-12 147.20 152.7¢
7-18 147.20 152.40
7-25 147.08 151.6%
€-03 146.90 151,40
£-23 147.77 151.26
-31 147.00 150.55
©-18 147.00 156.03
i1-21 146.83 150,15
1¢-19 -- 150.38
4-29 147.00 138.50+*
+*

Partial obstruction in hole between 65 and 9C feet prevented
reaching bottom with sounding tape. Another effort will be
made with a heavier device.
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TABLE 10

TENMILE

RPV_SUBSJRFACE
SHOT NO. DISTANCE RPY SURFACE

] 580 ft. 0.41

2 542 ft. 0.33

4 450 ft. 0.29

6 712 ft. 0.44

7 250 ft. 0.60

g 200 ft. 0.38

24 250 ft. 0.65

MEAN =0.44
$.D. +0.13



ROSE POINT, PENNSYLVANIA TEST SITE

This site is located about ten miles east of New Castle, Pennsylvania.
The Allegheny Group of the Pennsylvanian System occurs at the surface and the
coal that was mined was the Middle Kittanning seam. Dip of the strata is very
gentle to the southeast. Topography at the site is illustrated on Figure 33
which also shows the relationship of the test well site to the area that was
mined. A1l blasting at this site was completed on March 3, 1980, and the area
near the wells was backfilled on April 10. The nearest blast was at a distance
of 175 feet but mining was continued up to a distance of 49 feet from the test
wells. This difference in distance is because the overburden could be ripped
without tlasting for the area between 49 and 175 feet.

Figure 34 is a cross-section which shows the relationship between the
wells, tfe coal being mined, and the Van Port l1imestone, which is at a depth
of 93 feet in Well D-1. Although water was encountered in scattered zones
above this limestone, most local residents case off the strata above it and
obtain tteir water generally from a zone at the base of the limestonc. Re-
portedly this is because the water obtained from the shallower zones tends
to have ¢ higher iron content and the water tends :n be reddish. There is
a6 to 9" coal at the base of the Timestone at a depth of 116 feet.

This situation provided an opportunity to test a well which obtained
ground weter from a relatively high-yield deep source but without the compli-
cating factor of having the mined seam intersect the well-bore. The mined
seam cropped out about ten feet northwest of the wells., The site also pre-
sented a situation where downslope stress relief would not be a factar because
all of the mining and overburden removal was above the elevation of the wells.
This situation is analogous to the common situation in Appalachia whare the
well is below the contour stripping or mountain-top removal.

Because there was no above-coal section present, no shallow well set
was drilied and the test well group consisted of four deep wells whizh were
drilled in the pattern shown in Figure 35. Water entry below the limestone
was at a depth of 125 feet and this was the zone developed in the wells.

Approximately 20 feet of plastic casing was used at the surface for
each well, and after logging was completed, plastic liners were placed to
the bottom of all four wells. Packers were cemented in place at a depth of
100 feet with perforated liner below that depth and unperforated liner above.
The wells were drilled to a depth of 168 feet and the pump was set in Well
D-1 at a depth of approximately 158 feet. Flexible 1" discharge Tine was
installted from the pump up to the surface where it joined galvanized pipe
fittings which ran through a standard split well-seal cap. The check valve
was removed from the pump before placement in arder to facilitate removal
of the eatire assembly by hand.

In addition to the drilling time and lithologic Togs which were made
at the time of drilling, ganma ray, caliper, and density logs were mwade in
lells D-1 and D-4. A composite of these is shown in Figure 36.

Unlike the other three sites, surface mining had already started at
this location when the wells were drilled. Drilling was completed, logs

were run, liners and pump were installed, and the initial drawdown test was
run, before the next blast occurred.
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FIGURE 33
ROSE POINT SITE
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FIGURE 36. COMPOSITE LOG. ROSE POINT SITE
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On August 16, 1979, Well D-1 was pumped at the rate of 5.04 gpm
for 500 minutes after which time the adjusted drawdown was 17.53 feet.
Specific capacity was 0.288 gallons per foot of drawdown. The time-draw-
down curve for this initial test is shown is Figure 37.

The first blast following the installation of the wells occurred
on August 21, 1979. Well D-1 was pumped at the rate of 5.07 gpm and the
test had been underway for 87 minutes when the blast was detonated. Pump-
ing was continued but after a total of 115 minutes of pumping a wire vi-
brated loose from the alternator and interruped the flow of power to the
pump. This was not immediately apparent and it took some time to locate
the source of the trouble and this test was terminated. The time-drawdown
curve for this test is shown in Figure 38.

Two and one-half hours later, the well was pumped at the rate of
6.49 gpm and the resulting curve conformed closely to the initial test
curve forr the first 170 minutes then dropped off more suddenly. Because
the recharge area of the well may not have had time to recover from the
earlier pumping, little significance is attached to this drop off because
it did n2t occur on any of the subsequent tests. More important was the
conformity of the early part of the curve which indicated that no damage
to the well or to the water bearing strata had occurred.

In view of the difficulties encountered with this drawdown test
during the first blast, it was decided to repeat it for the next blast on
September 21. On this 600 minute test, the pump rate was very unifcrm
before and after the blast. The maximum resultant particle velocity at
the surface was .68 in/sec for this blast which was 700 feet away. The
effect on the pumped well and the observation wells was so insignificant
that it is better to indicate the effect by Tisting the data for the pumped
well in Table 11 rather than with a time-drawdown curve.

As experienced at all of the other sites, the observation wells
were of limited value. Designed to provide for definition of the coune of
depression and facilitate determination of the coefficients of tranumis-
sivity and storage capacity by the Theis method, and to provide dati for
distance-drawdown curves for determination of the well efficiency, zhe draw-
down in these wells was generally less than 13 feet in the most affected
well. Frequently there would be no apparent drawdown at a distance of
10 feet. Usually the most affected well would be one of the most distant.
The data for the observation wells is included in the Appendix and the
drawdowns indicated for those data are not adjusted because the decreases
in saturated thickness upon drawdown are insignificant. The observation
wells were very useful in providing accessible wells for the downhole geo-
phone and the float recorder installations.

A summary of all drawdown tests is given in Table 12 and a composite
of the time-drawdown curves is illustrated in Figure 39, Tseble 13 is Tisv
of all blasts with corresponding blast vibration measurements, and Figure .
shows the location of these blasts.

From the test summary it is evident that the specific capacity re-

mained around .350 + 13% gpm/ft. until February 23, 1980, when it iacreased
by 77% to .585 gpm/ft. Why this occurred is less clear that a% t!= Brotherton

m



g3.14V1S 9ONIdANd ¥31JV S3LINNIN

B B e o o e L i e e e L
. s (174
B 0P Qoo g
© o
© o
- © _ —{v1
o)
©
. JNH
o)
— —o1
o}

- | s
Wd9 $0°S  ILVY ONIdWNd

— 6461 9T LSN9NY —1{9
1531 1Sy19-34d WILINI

— L-0 T73M 404 3AYND NMOGMVYQ-IWIL — v
~ 3LIS INIOd 3S0Y

- L€ 3YN914 -2

LA 1 bwdwbpdvndvreloes g JUE L1 1 bbwboodoubin oy B3 EE T T Dndunlunbii

NMOOMYYNQ

1334 NI

102



g31¥V1lS ONIdANd ¥31dv S3LINNINW

009 00V COe ©02 COi 0S Oov Ot vé ol 9 ¢ ¢ € P4
L AAL AL ALLL LR R LRI I T O T AN UL LY LLLYVLLLRY LU LIRS O T I O N (L1 LU LU ALF
\S// :1SY19 0L IONVISIC
[ SdI €21°0 :3ov4unsgns  —{0¢
SdI 028°0 :30¥dNS
— :$3ILI00T3IA I10ILYVd INVLTINSTy 181
— —fo1
- Rooeocoo o0 ¢ © o0 o —{v1
(oo
— = o 1
“ o]
> ]
3
| 3
3 | —8
6/61 ‘Tz LSNONY 40 LSY1d 9NIY¥Na
o p—
L-0 173M 40 1SIL NMOQMYYQ 9
- INIOd 3S0d -,
8¢  3¥N9I4
— — <
L1 bbb P L 1 buobwdunbon g o LI L1 bwlundiin

1334 NI

NMOQMYYQ

103



TABLE 11

ROSE POINT

EFFECT OF BLAST OF 21 SEPTEMBER 1979 ON WELL D-1
WELL PUMPED AT 6.81 GPM DURING BLAST

TEST TIME DEPTH OF WATER
480 min. 116.64 ft.
490 min. 116.58 ft.
500 min. 116.60 ft.
510 min. 116.63 ft.
520 min. 116.74 ft.
BLAST AT 526 MINUTES
528 min. 116.93 ft.
540 min. 117.33 ft.
550 min. 117.30 ft.
560 min. 117.42 ft.
570 min. - 117.29 ft.
580 min. 117.26 ft.
590 min. 117.24 ft.
600 min. ' 117.16 ft.
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and Tennile sites. There was no removal of downsiope support but there was
relocation of overburden at distances between 250 and 380 feet during the time
between the previous test on January 15 and this one.

The highwall was advanced toward the well-site and after the overburden
was blasted, it was pushed in a direction away from the wells by bulldozers.
This would remove some of the vertical stress on the rocks below those areas
where the overburden had been removed and not replaced. Upward arching in
response to this stress relief could have caused existing fractures in the
underlying strata to become more open and permit more recharge, and improved
permeability. Whether this effect would extend downward to a depth of 125
feet and laterally for a distance of 250 feet is conjectural.

The previous test on January 15, 1980, was unusual. The pump rate was
maintained very uniformly after the first three minutes of the test and the
water Tevel in the pumped well declined to an adjusted drawdown of 23.11 feet
in 30 minutes. After 30 minutes, the water level began to rise and continued
to do su until the end of the test when the adjusted drawdown was 19.50 feet,
a rise of 3.61 feet. Was there some development of the well during the test
such as the flushing and clean-up of additional fractures or perforations?
Or, possibly, did the rise reflect some permeability improvement as a result
of nearby vertical stress relief following the relocation of overburden?
Because of the unusual character of this test, the time-drawdown curve is shown
in Figure 41.

The summary chart in Figure 42 may shed some 1ight on events from Janu-
ary 15 to February 20, 1980. The long-term graph of static water level indi-
cates that the water level is very stable and the total range of fluctuation
from August 10, 1979 to June 1, 1980 is only 2% feet. The chart shows a
rather abrupt drop on February 8,1980 but the decline may not have been as
abrupt &s shown. There was a blast on that date and an on-site measurement
of the ground vibrations was made. In conjunction with that, the water
levels were checked and water samples taken. It was noticed before the
blast that the float recorder was hung up on something. When it was freed
the flout dropped 1.29 feet. The Jast observed movement was on January 30
when the recorder was checked during another on-site recording so this amount
of decline could have occurred anytime during the nine-day period. Even so,
the dec.ine is greater than any observed previously at this site and it may
be more significant than the magnitude suggest because of the stability of
this weil. The drop did occur after a two or three week period of diminished
rainfali. Recovery since the decline has brought the static water Tevel in
the weli to the highest point observed during the test period. Of course,
rainfal® during this recovery period was heavy and it is difficult to deter-
mine cause and effect.

[t is clear that the well performance did improve sometime between
January 15 and February 20, 1980, that overburden was being excavated at
distances between 250 and 380 feet, and that the static water level declined
during this period. Although the case is weaker, these events do fit the
scenario of stress relief but in this case the relief is vertical rather
than Jateral. This difference may necessitate a more subtle response because
of the greater confinement.

This well continued to exhibit improved performance on March 11, eight
days after the last blast at this operation, and on April 10, when the area
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arouad the site was being reclaimed. On May 22, however, the well was pumped
at the rate of 5.98 gpm and the water level was pulled down to the pump in only
30 minutes. This performance is considerably worse than any previous test and
it is not clear as to what has happened. Perhaps the backfilling of the pit
permitted fines to be washed down into the fractures and partially plugged
them. Perhaps the replacement of the overburden caused the fractures to close
again when the vertical stress was restored.

A subsequent test on August 6, 1980 was performed at two different pump
rates. This test indicated that the specific capacity recovered to its' orig-
inal value possibly as a result of flushing out of the fines.

As at the other sites, vibration measurements were made at the bottom of
one of the wells to determine the difference between the vibration level at
that point and the vibration level at the surface. At Rose Point the measure-
ments were made at the bottom of Well D-2. To determine an attenuation factor,
the resultant particle velocity measured in the well is divided by the resultant
particle velocity measured at the surface. These data are in Table 14. The
average “or the RPY subsurface to RPV surface ratio is 0.14 with a standard
deviation of +0.04. In other words, the vibration level at the bottom of
Well D-2 for these bltasts was only 14% of that on the surface.

The chemistry of the well water at Rose Point was essentially unchanged
based on the results obtained by the commercial laboratory, although the pH
did vary from 6.3 to 7.6, and there was a fair amount of fluctuation in carbon
dioxide ievels. In contrast, the field determinations of samples from Well D-2
show an abnormally high pH and phenolphthalein alkalinity after December 4,
1979. O0:her field tests and laboratory tests of waters in Well D-1 or Well
D-4 do naot show these abnormalities. A contaminant must have been introduced
into Well D-2 at that time and there hasn't been enough circulation through
the well to remove it. These data are included in the Appendix but the reader
is cautioned that the field test results are erroneous for the pH ard alka-
Tinity r2adings because of the large discrepancy with the laboratory results.
The other parameters seem fairly reasonable however. Perhaps because the
wells had liners, the turbidity readings appear more reasonable and consistent.
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TABLE 14

ROSE POINT
RPY_SUBSURFACE
SHOT NO. DISTANCE RPV_SURFACE

] 775 ft. 0.15
3 700 ft. 0.09
5 600 ft. 0.10
6 600 ft. 0.1
7 600 ft. 0.17
8 550 ft. 0.09
9 550 ft. 0.08
10 540 ft. 0.13
1 500 ft. 0.08
14 450 ft. 0.22
15 400 ft. 0.14
16 400 ft. 0.09
17 410 ft. 0.12
18 380 ft. 0.21
19 320 ft. 0.18
21 320 ft. 0.17
22 250 ft. 0.16
23 250 ft. 0.16
24 280 ft. 0.19
25 180 ft. 0.1
26 175 ft. 0.16
MEAN = 0.14

S.D. + 0.04
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ST. CLAIRSVILLE, OHIO TEST SITE

This site is five miles southwest of St. Clairsville, Ohio. The Washing-
ton Formation of the Permian System and the Monongahela Group of the Pennsyi-
vanian System occur at the surface. The coals being mined are the Waynesburg
(No. 11) and the Uniontown (No. 10) seams. Dip of the strata is about 25 feet
per mile to the south. Topography at the site is illustrated in Figure 43
which also shows the relationship of the test well site to the area being
mined as of June, 1980. Eventually mining will proceed through the well-site
and destroy the wells. A ¢ross-section showing the relationships between the
seams being mined, the test wells, and the pit is included as Figure 44.

Ground water in this general area is very sparse. Maps published by the
Ohio Department of Natural Resources, Division of Water, indicate that this
site is situated in an area where wells seldom yield as much as 5 gallons per
minute. More specifically, for the strata present at this site, the text
that accompanies the map states that the Washington formation and the Monon-
gahela ¢roup are generally considered to be a meager source of underground
water and that yields of less than 1 gpm are common. Atthough this is not
encoura¢ing as to the possibilities of getting a c¢roup of good wells, it was
attractive for a project test site. This is because it is in such areas
where weter is so scarce that any activity which threatens the supply creates
fear anc apprehension. It is in such areas that it 15 most important to
determire the effects of nearby blasting on ground water sources. The specific
test-well site was selected because it was about 70 feet higher in elevation
than where mining was to commence and about 1,400 feet away. Mining was to
progress directly up the hill toward the wells and it was estimated that it
would be about one year before the test-well site would be mined.

Mining was to commence in Tate May, 1979. Bad economic conditions for
the relatively high sulfur Ohic coal delayed the commencement of mining until
Novembey, 1979, and in the meantime the mining plan was changed. Instead of
starting on the hill where the test wells were located, initial activity was
across the valley to the southwest where another shaded area is shown on the
Site mav.

The delay and the change in plans created a problem for the test program
because it meant there might not be sufficient time remaining in the project
to collect the required data. Extensions were granted by the Bureau of Mines
and data gathering continued to September, 1980.

Eight test wells were drilled in March, 1979, in accordance with the
test well pattern and well numbering system described in Chapter 6, and
illustrated in Figure 1. Initial depth of the test wells is as follows:

Shallow Well Group Deep Well Group
S-1 80 Feet 0-1 180 feet
S-2 80 feet D-2 130 feet
$-3 80 feet D-3 184 feet
S-4 80 feet D-4 180 feet
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Water was encountered in all wells at a depth of about twenty feet where
the Waynesburg coal was penetrated. This is the source of water for the shallow
wells. The deeper wells were lined with plastic liners and packers were set at
106 feet with unperforated liner above that point and perforated liner below.
This sealed off the water at 27 feet at the deep wells and their source was
primarily from a coal seam at a depth of 172 feet, which would be the Sewickley
(No. 9) coal. Static water levels indicate that D-1, D-2, and D-3 are isolated
from the shallow group, but D-4 may have some interconnection through the
Unjontown coal at 64 feet possibly because of a break in the liner.

In addition to the drilling time and lithologic logs made at the time of
the driiling, gamma ray, caliper, and density logs were run on Wells S-1 and
D-1. Caliper Togs were run on all of the others. Figure 45 is a composite of
all these logs.

On May 10, 1979, both Well D-1 and Well S-1 were pumped down for a pre-
mining determination of the productive capability. Well S-1 was pumped at the
rate of 0.86 gpm for a full test period of 600 minutes. The adjusted drawdown
after 600 minutes was 20.92 feet. Specific capacity as determined by this test
was .047 gpm/ft.

Well D-1 was pumped at the rate of 0.64 gpm and the well could only be
pumped for 62 minutes at this rate before the water level had declined aimost
to the pump intake. The adjusted drawdown at that time was 23.04 feet but
the water level was still in fairly rapid decline so the specific capacity
determined from these figures gives an erroneous impression of the capability.
Because of this, the well was tested again on June 27 at a pump rate of only
0.21 gpm. This rate could be continued for 300 minutes before the water
level approached the pump intake. Recovery was observed for the next 300
minutes. Recovery was at a constant rate per minute indicating that water
entry point was still above the water level after it had recovered to a depth
of 145 feet. Recovery rate was onlty .04 gpm. While this may seem to be ab-
surdly low, one of the authors has measured a constant recovery rate of only
0.07 gpm for a well which was serving as a domestic supply.

Well S-1 was also tested again on June 27 to confirm the data obtained
on the previous test. No blasting or mining had taken place at the site in
the interim. Well S-1 was pumped at the rate of 0.9% gpm and it was surpris-
ing that the water level was drawn down to the pump intake in only 110 minutes.
The pumping rate was slightly higher on the second test but not enough to
account for the significant change in performance. Again on September 18 the
well was tested again. There still had been no blasting or mining activity.
At a pumping rate of 0.76 gpm, slightly less than the initial test, the water
Tevel was pulled down nearly to the pump in 120 minutes. At that time, the
rate was reduced to 0.37 gpm and the well stabilized after rising about four
feet. A possible explanation of this deterioration in performance is that the
first test allowed air to enter the fracture system in the upper coal {Haynes-
burg seam) and perhaps became trapped in a small domal structure within the
area of influence of the well. This would eliminate or reduce the flow of
water coming from that area and thus reduce the yield of the well. This is
significant because it is an example of a well which initially appeared to be
adequate for domestic needs on the basis of a ten-hour test, and then with
no intervening mining activity, deteriorated to a point where it was inadequate.
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FIGURE 45, COMPOSITE WELL LOG ST. CLAIRSVILLE SITE
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Summaries of the drawdown tests performed in Well S-1 are Tisted in
Table 15, and for Well D-1 in Table 16. Field data are presented in the
Appendix.
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General slopes of the time-drawdown curves for these tests and the
others conducted at this site are shown in the Figures 46 and 47. For Well
S-1, the slopes increase as the pumping rate progresses from 0.24 to 0.44
to 0.57 to 0.76 and then 0.96 gpm. Exceptions to this are the initial test
and the test of November 13, 1979. In the latter, the pumping rate during
the first few minutes of the test was allowed to increase and pull the water
level down rapidly and distort the slope of the remaining curve. At the end
of the November 13, 1978 test, the adjusted drawdown was very close to that
of the April 8, 1980 test which was pumped at about the same rate.

Similarly for Well D-1, all of the slopes are steep but they increase
as the pumping rate increases.

The reason for this increase in slope with increase in pumping rate is
that the static water level is approximately the same as the depth of water
entry into the well. When the water level is drawn down below the water
entry, the contribution from the aquifer is constant and if the pumping rate
exceeds this contribution, the remainder is made up from well storage, that
is, the water which has built up over time in the well bore. Consequently,
under these conditions, at pumping rates which exceed the water entry, the
increase in slope simply reflects faster withdrawal of well storage water.
Examination of the time-drawdown curve for the test of June 12, 1980 makes
this point clear. At a pumping rate of 0.24 gpm, the well reached near-
equilibrium in 5 minutes with a drawdown of about two feet. By comparison,
the test of April 8, 1980 was pumped at a rate of 0.44 gpm and the time-
drawdowr curve is relatively steep, linear, and with no indication that
equilibrium is being approached. From these curves, and knowing that the
water is entering the hole around a depth of 20 feet, one can deduce that
the water entry is between 0.24 and 0.44 gpm. Lffort to stabilize the well
on the September 18, 1979 test after the water level was drawn down to just
above the pump, indicates that the rate of entry was 0.35 gpm.

For these Tow yield wells, the above explanation points out one of
the poscible sources of error if one uses the slope of these time-drawdown
curves Lo determine the transmissivity and storage coefficients.

On tests such as these when the water level doesn't approach equilib-
rium, the specific capacity is also a poor index because its value is de-
pendent on the time at which the drawdown is determined. In these circum-
stances, the best index is to draw the water level down to a few feet above
the pump and observe the recovery. If the incremental recovery rate is con-
stant, the water entry is above the observed water level. Thus, in a 6"
diameter hole, the rate of water entry in gallons per minute can be deter-
mined by multiplying the recovery rate in feet per minute by 1.5 gallons
per foot. This rate should remain fairly constant from test to test.
Alternatively, under these conditions, if the well has been drawn down to
just above the pump at a pumping rate that exceeds the water entry rate,
one can determine the water entry rate by decreasing tha pumping rate grad-
ually until equilibrium is attained. When this is reached, the water entry
rate is equal to the pumning rate. :

On April 8, 1930, the first blast on the test-well hill was detonated.

A drawdown test of Well S-1 was in progress at the time and the blast occur-
red 423 minutes after the test started. Fluctuation in pumping rate caused
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the time-drawdown to vary prior to the blast, but after the blast the
plotted points fell on the extension of the initial slope indicating no
change., A detailed plot of this time-drawdown curve is shown in Figure 48.

During the test of Well S-1 on 'June 12, 1980, the fourth blast on this
hill was detonated at a distance of 425 feet from the well. On this test,
the well was being pumped at the rate of 0.24 gpm and near-equilibrium had
been attained. The blast occurred 170 minutes after the test started and
the water level rose 0.8 foot in the 60 minutes following the blast. Fig-
ure 49 is the time-drawdown curve for this test.

On April 17, 1980, the second blast on this hill was detonated 135
minutes after a drawdown test of Well D-1 had started. Maximum resuttant
particle velocity for this blast at the surface by Well D-3 was 0.20 in/sec.
This blast had no significant effect on the performance of this well.

The blasts on the test-well hill are listed in Table 17 and the maxi-
mum resultant particle velocities at the well site are indicated. The To-
cation of the blasts is shown in Figure 50,

Data are too sparse at this time to determine a valid subsurface to
surface attenuation ratio but it appears to be approximately 0.25.

Static water level for Well S-2 is shown in the Data Summary Chart
in Figure 51. There was also a continuous float gage recorder on Well D-2
but the record is very intermittent because the protective shed and the
recorde were damaged by cows. The instrument was replaced but the new de-
vice had a short in the clock mechanism which caused the batteries to run
down after a few days. A third instrument is now at the site and seems to
be functioning properly. There should be an adequate record for both wells
as the mining approaches,

As of September 1980, there was no apparent change in either of the
wells as a result of the blasting.

As at the other sites, the chemical analyses of the ground water at
this site show little variation and no significant long-term trend. There
are more pre- and post-blast pairs of turbidity data from pumped samples
but not enough to draw any conclusions. Typically, iron and manganese
show the most variation but there is no trend.
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<:> TEST WELL SITE

2

FIGURE 50
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GENERAL CONCLUSIONS

The history of events at three of the four sites indicates a pattern
of change in the water producing characteristics of the low yield, fractured,
water tible aquifers which typically are the source of water for domestic
water wells in the coal producing regions of Appalachia. As mining approaches
to with.n approximately 300 feet, it is expected that this pattern of change
will occur at the fourth site.

Tte sequence of events is as follows:
1. PRE-MINING PHASE

The water well is drilled to a depth of 100 to 150
feet with only 20 feet of casing at the surface. Water
entry is typically associated with the coal seams but
appears to have vertical connection to the surface through
fractures. The well is commonly developed with a submers-
ible pump and if the pumping rate is properly regulated
(rarely done in practice), the pump will draw the water
level down fairly rapidly for the first 10 to 20 minutes
of pumping, followed by near equilibrium conditions.

Where these conditions prevail, specific caprcity is a
simple but good index for evaluating the consistency of
performance.

2. MINING AND'BLASTING PHASE

When nearby mining commences and blast-induced ground
vibrations are relatively low (say, less than 1.0 in/sec
maximum resultant particle velocity), the response of the
well is limited to a slight variation in water level on
the order of one- or two-tenths of a foot either up or
down. The effect is temporary and when the water well
is tested by drawdown at a later date, the specific ca-
pacity s essentially unchanged.

If a well has been pumped for severai hours hefore
the blast, and is pumped during the blast and for several
hours afterward, a crude, long period oscillation of the
water Tevel sometimes develops about one to two hours
after the blast. This oscillation may involve alternate
Towering and rising of the water level on the order of
about one foot. Because of the length of time after the
blast, this oscillation does not appear to be the result
of blast-induced ground vibrations but more likely is
caused by the relocation of the blasted rock mass. This
oscillation phenomenon is not always observed and it was
never observed in a well that was not being pumped con-
tinuously over a period of several hours.

Blasting may cause some temporary increase in tur-
bidity but this effect is difficult to evaluate because
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increases in turbidity can be observed when there has been

no blasting because of normal intermittent sloughing of the
sidewall into the hole. Proper sampiing of static wells is
also difficult and the results are ambiguous. The possibi-
Tity of increases in turbidity from whatever cause appears

to be lessened by the use of plastic well liners.

STRESS RELIEF AND WELL IMPROVEMENT PHASE

The well continues to perform in the same manner al-
though blast-induced ground vibrations at the surface may
approximate or exceed 2.0 in/sec maximum resultant particle
velocity, until surface mining approaches to within about
300 feet of the water well. This distance may be somewhat
less if the mining is being done upsiope from the well, At
this distance, the strata respond to the removal of down-
slope support, or to the relocation of upslope overburden
load, by gross expansion of the rock mass in which the well
has been drilled. The mode of expansion involves increased
opening of existing fractures, and perhaps the creation of
some new fractures. Because the ground water of concern
resides and moves in these fracture openings for the most
part, a change in the openings causes two changes which
affect the performance of the well.

First, the larger openings create more storage space
for the ground water and the existing supply moves down-
ward to fill the new voids. This causes the water level in
the well to decline at a relatively rapid rate for a period
of a week or two. If recharge from rainfall is available,
after this time, the water Tevel in the well will recover
and possibly be at a higher level than before, unless com-
munication with the pit has been improved to the extent
that the ground water drains into the pit at a rate greater
than the rate of recharge. Fortunately, the primary exist-
ing fractures are parallel to the contour of the slope.

If the mining is downslope and the ceoal is roughly horizon-
tal, the pit will be roughly parallel to the primary
fractures. As they open up the communication to the pit
will not be necessarily improved. Because the direction
of stress relief is more or less parallel to the secondary
set of fractures, they may not open up appreciably by the
mechanism described.

Second, the more open fractures improve the perme-
ability of the rock mass. If the water level is still
high enough to permit a drawdown to near-equilibrium, the
well will exhibit improved performance which will be indi-
cated by a higher specific capacity.

REPETITION PHASE

If a second, deeper cut is made, the sequence involv-
ing stress relief may be repeated, resu]tIng in more improve-
ment in the well performance, if there is still suff1c1ent
submergence for the pump.

133



5. POST-BACKFILL STAGE

At one site there was evidence that a post-improvement
phase may exist. After backfilling was completed the per-
formance of the well deteriorated to a level about half as
good as originally. The reasons for this are not clearly
understood at this time but may have something to do with
the reapplication of stress, or to clogging of the fractures
with fines. At the other sites, the wells will be destroyed
by mining, or at Tenmile, there will be no backfill of the
sedimentation pond, so there will be no opportunity to deter-
mine if this effect is general. This phenomenon deserves
more investigation.

These effects tend to be more pronounced in wells where the water is
obtained from relatively shallow fractures. At Tenmile and Brotherton, the
shallow vvells exhibited substantially improved permeability while the deeper
wells incicated improvement to a lesser degree, This is entirely consistent
with the stress relief mechanism and is what one would expect.

Nore of these events occurred catastrophicaily as the result of a blast.
Water Tevel measurements taken before and after the blast did not indicate
any immeciate change. The changes occurred over days cr weeks. Non did
there aprear to be any ground vibration threshold level associated with the
events. Because ground vibration Tevels are dependent on charge weight per
delay anc distance to the blast, the ground vibration levels were generally
higher as mining approached the wells but because there was no significant
immediate response to the transient vibrations, they are not the cause of
the events per se.

The events are caused by the removal of support or by relocation of
the overturden load and it is only to the extent that blasting is commonly
the initial step in this process that it can be related to the events ob-
served.

The Tocation and the proximity of the excavation are the factors that
control the timing of stress relief. The depth of the cut, the steepness
of the siope, the tensile strength of the strata, and the dip of the strata
are factors which determine the critical distance and more research should
be done to establish the interrelationships. From this project a distance
of roughly 300 feet appears to be a reasonable average for Appalachia. When
the stress relief occurs as the result of removal of downslope support, it
appears taat nothing occurs until the excavation has moved within roughly a
300 arc on either side of a Tine running directly downslope from the well.
There is a suggestion that with this type of relief, location is more im-
portant than distance. Effects caused by upsTope overburden relocation are
more subtie and conversely, distance is probably more important than Toca-
tion. Atlthough not included among the first four sites, a well along the
contour to one side of the pit may show only minimal effects. The situa-
tion would be analogous to area stripping which will be tested in Southern
Indiana.
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Because the sequence of events includes the probabilty that the water
level may drop significantly, the importance of having adequate pump submer-
gence should be clear. At Brotherton, a good 8 gpm test well is now dry
simply hecause the water level is now below the pump. If the well had been
drilled 50° deeper to provide for more submergence, the well would be pro-
ductive today.

V.bration measurements made at the surface and in the bottom of one

of the observation wells indicate that vibration levels are always lower in
the wel . How much Tower depends on the geometric relationship between the
well and the blastholes and the degree of confinement of the blast. If the
blast is downslope and the degree of confinement is high, the ground vibra-
tions & the bottom of the well may be 68% as strong as those at the surface.
If the elevation of the blastholes are entirely above the casing collar of
the water well, the vibrations at the bottom of the well may be as little as
14% of -hose at the surface.

Chemical analyses of water samples taken before and after the blasts,
and at perjodic intervals throughout the testing period, reveal that no
signifiant chemical change occurred. Only turbidity showed considerable
fluctua:ion but a large part of this may have been the result of the sampl-
ing metiod. Further investigation of the effects of blasting on this para-
meter will be performed at the site in Southern Indiana.

Ail of the data collected in this study indicate that the commonly
acceptel 1imit of 2.0 in/sec peak particle velocity is adequage to protect
water w211s from any significant damage. There is a possibility that tem-
porary turbidity may be caused at lower levels from time to time but not at
any constant threshold level. At this point, the increase in turbidity
appears no more significant than that caused by the normal sloughing which
occurs in these uncased holes all of the time.

A better understanding of the role that stress relijef plays as sur-
face mi1ing is conducted in Appalachia weuld do much to explain mary of the
problems that cccur not only with water wells but houses and structures as
well, aid would suggest the best preventative and remedial measures.
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PRE-MINING PRECAUTIONS AN OPERATOR SHOULD CONSIDER

Regulations promulgated as the result of the Federal Surface Mining
Control and Reclamation Act of 1977 require extensive jnvestigation of pre-
mining 3ground water conditions and periodic monitoring as mining proceeds.
Much of the required information is only available by contacting neighbors
and asking questions about their wells. Assessment of neighboring wells
and othar groundwater system equipment is reasonably limited to surface
conditiin and other readily available data. As stated previocusly, residents
generally know very Tittle about their wells. Consequently the data collected
consists essentially of the well depth and an analysis of a sample collected
during the investigation. In some states, the water well driller is re-
quired :0 file a report which indicates the strata penetrated and usually
include; some estimate of the yield, usually in gallons per minute. In
general the estimates are based on improper test procedures and usually
oversta:e the actual vield by a considerable amount. An operator who is
planning a surface mine operation near some water wells would do well to
obtain ‘:hese records and try to verify the accuracy of some of the indi-
cated y elds before mining commences.

Fir all wells in the vicinity of a surface mining operation, the
operato in the pre-mining investigation should try to obtain at least the
following data:

Depth of well

Depth of pump below surface

Type of pump

Casing length

Date drilled

Name of driller

Is a storage tank employed? How large?

Pump capacity in gallons per minute

Static water level

Well liners?

Niameter of well

Clean-out history

Distance of well from ultimate pit limit

Number of households depending on supply

Number of people depending on supply

Any large volume needs, such as a dairy farm?

Any previous history of discoloration or temporary turbidity
Is well in valley alluvium?

Is well on hillside and above or below planned mining?
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Do reported depths of encountering water coincide with depth
to a coal seam or a sandstone.

Is water possibly being obtained from flooded underground
workings?

Analysis for pH, iron, sulfate, alkalinity and turbidity

I1 feasible, the operator should determine the static water level by
relying on his own measurements. Determining static water level in wells
that have a pitless adapter is relatively easy. The cap is removed and an
electric probe can be Towered directly into the well. The main problem is
in makirg the measurement when the well has completely recovered from a pre-
vious pump cycle. With most Appalachian wells, the recovery is fairly rapid
and if subsequent measurements indicate that the water level is stiil rising,
one will know that recovery is not complete. By leaving the probe in the
well and plumbing the water level at five minute intervals for 30 minutes,
one can usually tell if recovery is complete {no change, or small fluctua-
tion) or if one is dealing with a very poor well (say, with & recovery rate
of about 0.25 feet per five minute interval in a 6" diameter well).

Wells with a pit generally have a split well-seal cap with a 5/8" or
3/4" entry hole on one side sealed with a threaded plug. By removing the
plug, an electric water depth probe can be lowered into the well and the static
water lesel determined. Care should be taken to avoid any excess bobbing of
the prob: because it may become entangled in the electric Tines in wells with
submersisle pumps. Of course, the measurement should be made when the well
has had in opportunity to recover. It the pit is a cribbed structure with a
cover, tie measurement is relatively easy to perform. [If the pit has been
back-fil'ed with soil with only a "breather” pipe protruding above the ground
suyrface, it may require considerable effort and time to gain access to the
well through the opening in the split well-seal cap. Furthermore, the home
owner ma_’ not permit the necessary digging to be done. In such cases, it may
be possi»le to run a special small diameter probe into the breather pipe. If
this cannot be done, a chalked Tine with a small diameter sinker can be low-
ered inti the breather pipe and left for a 24-hour period. When removed,
measurem:nt of the highest water Tevel over a 24-hour period can be obtained
by measu~ing the distance from where the water removed the chalk to the point
at the top of the breather pipe.

If it appears that some well owners may have an exaggerated opinion as
to the cipacity of their well, it may be prudent to obtain some quantitative
determin: tion of the yieid before mining commences, either by observation of
water Tevel fluctuations during a pumping cycle or by recovery after the pump
stops with respect to time. If the pumping rate is known, or can be deter-
mined, ard the pumping rate can be maintained for 30 minutes or more, one
will probably observe an equilibrium point which can be used in determining
the specific capacity. If the specific capacity can be determined, it will
afford a basis for comparing different wells in the neignborhood as well as
indicatirg any difference in the performance of the well in which it was
obtained. If the system includes a storage tank, however, it is usually
difficult to obtain the actual pumping rate and one should remember that
pump capscity and actual pumping rate are not the same thing. In such cases,
if water levels are observed at the start and at one minute intervals while
the well is being pumped for 30 minutes or more, a characteristic curve can
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be devaloped even if the pump rate is not known. At a later date, provided
that the same pump is still in the well and no other changes have been made
tc the system, a similar test should provide essentially the same curve if
no change has occurred in the well. 1In plotting such curves, semi-log graph
paper should be used with feet of drawdown plotted on the Tinear scale for
both drawdown and recovery. For drawdown, the logarithmic scale is used for
the time in minutes after the pump started. For recovery, the logarithmic
scale 5s used for t/t', where t equals number of minutes after pumping
started and t' equals number of minutes after pumping stopped. Both draw-
down and recovery curves can be plotted on the same piece of paper and kept
for future reference. The total time to perform such a field test would be
sTightly more than one hour and would require only a watch, an electric water
probe, and a measuring stick to determine distances between the five foot
markers on the electric probe. Alternative systems can be divised using a
rubber hose in the well, a pressure gage and a bicycle pump, or through the
use of depth-recording pressure transducers, or even sonic devices.

If the operation is to approach to within 500 feet of a well, the
operator may wish to consider having a low-cost plastic Tiner installed in
the well prior to mining if agreeable with the owner. If the operation is
to involve excavation between 300 and 500 feet of a well with little pump
submergance, the operator may want to consider deepening such a well in
advance of mining in order to increase the well storage because, if lateral
stress ~elief occurs, the owner of such a well will probably lose his source
of supply until recharge occurs. By anticipating the praoblem, it doesn't
cccur. Such forthought also allows the operator to arrange for the deepen-
ing whe1 it is convenient to his schedule, instread of being faced with a
serious neighbor problem in the midst of a busy period of mining activity.
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RESPONSE TG COMPLAINTS

Mény things can happen to affect the quantity or quality of water being
delivered by a well most of which have no relation to nearby mining. Never-
theless, because of general ignorance as to the occurrence of ground water,
proper well design and maintenance, and the real effects of nearby surface
mining, coal operators usually receive complaints if any change occurs.

Aryone responding to such a complaint should have a good working knowl-
edge of water well systems and an understanding of the ground water situation
in the srea. There are numerous consultants in the area of groundwater hydrol-
ogy and there are some very capable water well drillers who have special ex-
pertise in the design and installation of water well systems. Many times,
though, these people may not he available for immediate response to a com-
plaint. In such instances, the operator is fortunate if he has a knowledge-
able employee who can make a preliminary investigation of the situation and
perhaps determine the source of the problem. If not, data can be obtained
which may be sufficient for an expert to offer a solution by telephone. 1In
any case, pre-mining bench mark data such as that discussed in the previous
chapter is essential in determining what has happened to the well. For
example, if in response to a complaint, the static water Tevel is measured
again and found to be roughly at the same Tevel as before mining began, the
problem is likely to be related to the pump, lines, or some other part of
the systam, but not the aquifer.

To provide a good working background in this area for anyone who may
be involved with such problems, there are two excellent references in easily
understoyd language. The first is a publication of the West Virginia Geo-
Togic ani Economic Survey, “A Practical Handbook for Individual Water-Supply
Systems in West Virginia" by Ronald A. Landers. Although especially useful
in West /irginia, the content is largely applicable to all areas in Appala-
chia. OF particular interest is a section on problem prevention, problem
diagnosis, and problem solution. There is also an excellent list of general
referenc2s. Copies may be obtained for $5.00 from the Survey at P. 0. Box
879, Morjantown, WV 26505.

Th2 other publication is "Ground Water and Wells" published by the
Johnson Jivision, UOP Inc., P. 0. Box 43118, St. Paul, MN 55164, available
at a cost of $8.00. This book is applicable for all areas of the United
States and the only problem in applying the contents to residential wells
in Appalachia is that these wells yield considerably less water.

Many other references are listed in the accompanying bibliography but
many of these are technical in nature and are of value primarily to ground
water hydrologists.

If the person who is responsible for investigating groundwater com-
plaints around surface mining operations will study these two references and
apply that knowledge along with the concept of the effocts of lateral stress
relief, one will not be able to solve all residential well problems but
should be able to make a good preliminary diagnosis and determine if, and
what kind of, expert advice may be necessary.
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ADDITIONAL RESEARCH NEEDS

As a result of the program carried out in this project, several problems
became ajparent where additional research should be done. These are not re-
lated to the effects of blasting on groundwater supplies and hence are beyond
the scop2 of this project.

1. Quantitative data on the phenonmenon of lateral stress relief following
excavation. This would be applicabie to any type of excavation including
mining and construction. The current study indicates that the effects are
present for a distance of about 300 feet from the excavation. This prob-
ably will vary depending on whether the excavation is upslope, downslope,
or at the same elevation. Steepness of the siope and the type of material
probiably determine the effects too. Not only does the phenomenon affect
the performance of water wells, but it might be of significant value in
designing in situ leaching or combustion projects. Attempts to measure
the zmount of movement during this project were unsuccessful but the
probible magnitude of the increase in porosity, judged by the drop in
stat.c water levels, suggests that the amount of movement could bHe mea-
sured’ with precision distance measuring equipment.

2. Normi1 variation in the turbidity of well water in uncased wells. How
grea: is the range in turbidity of water under conditions of normal
household use? The continuation of the project at the Evansville,
Indizna site will provide better data on the turbidity levels immedi-
ately before and immediately after nearby blasting. It would be desir-
able to know how any variation indicated by these data compared with
normz1 household fluctuation.

3. Normal sloughing rate of uncased wells. For the test wells utiiized
in this project, there was little or no sloughing of sidewall material
into the hole. Investigation of some well damage complaints indicate,
however, that there are some geographical areas where sloughing mud-
stones are a problem requiring periodic clean-out. These sloughing
mudstones are commonly involved in landslide phenomena and the tendency
to slough is worsened when the mudstones are dewatered and air is per-
mitted to oxidize some of the material. Lengthy periods of drawdown
might cause the mudstone within the cone of depression to oxidize and
slough. Because surface mining freguently occurs in such areas, a
better understanding of this mechanism is desirable.

4. Better understanding of red water. Red water was encountered at two
test sites at the start of drawdown tests. The water would normally
be red for the first 30 to 50 minutes of pumping. This occured even
in the pre-mining tests. On no occasion did the water turn red im-
mediately after a blast. Nevertheless, several sites were investigated
in the Phase I part of the project where the owners of water wells
claimed that their well water turned red immediately after a blast.
In all of these cases, there were abandoned underground workings
nearby and there is a possibility that the well water was coming from
floodad portions of these old mines.

The red water encountered in the project wells at the commencement of
pumping, was not abnormally high in dissolved iron. The red material is
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apparently suspended discrete particles and the origin appears to be
bacterial. In some wells, red slimes will form on the sidewalls and

on dischérge lines necessitating periodic cieanup. Because this didn't
occur to any significant extent in the test wells, there was no direct
opportunity to determine if blast induced ground vibrations might cause
some slime to slough into the pump intake.

It might be possible to develop labaratory experiments to determine

the effect of transient vibrations in causing these slimes to slough,
using host surfaces of different material and roughness.
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INVESTIGATION OF BLAST-DAMAGED WELL COMPLAINTS

Letter inauiries were sent to the surface mining regulatory agencies
in each state in Appalachia where coal is mined. These inguiries asked for
data on water wells where the agency had received a complaint of blast
damage.

Inquiries were also sent to many coal mining companies, insurance
companies, trade associations, and explosive suppliers. In all, about
15N ingiuiries were made.

Responses were received from all states except Kentucky and Tennessee,
althouah the Kentucky feological Survey was most helpful in supplying
geologin data pertaining to a complaint near Prestonsburg, Kentucky. Ohio,
Pennsylvania, Virginia, and West Virginia presented 22 case histories. Coal
companies provided 10 complaint histories, and 4 examples were obtained from
correspondence hetween the Center for Science in the Public Interest and the
U. S. Bureau of Mines. In addition, there were 10 replies indicating no
knowledge of any blast damaged wells.

07 the total nof 36 wells reported as damaoed hy blasting, field visits
were made to 24 of the sites and additional information obtained from either
direct well measurement, discussion with the owner, or individuals handling
the complaints for the coal company.

In many cases, it was apparent that the damage claimed was caused by
something other than blasting. In some cases, Teaks in near surface water
1ines had caused the pump to run continuouslty resulting in a lower static
water Tevel or a burned out pump.

In other cases, it was apparent that there was a general lowering of
the water table which could have been due to a variety of causes but
probably not hlastine. Some of these causes might have been unplugoed
flowing test holes, interception of the aquifer in the pit highwall and
subsequent draining, or a two-to-threefold increase in the number of
residences utilizing a Timited supply, combined with seascnal changes.

In nearly every case, there was a lack of good benchmark data. Many
residenis have only a vaaue idea of the depth of their wells and if measure-
ments are made there may be a large discrepancy. Fewer have knowledge of
the depih of casing. MNone of the residents interviewed knew the source
aquifer in their well. About fifty nercent had a vague idea of the static
water level when the well was originally completed. Only one well had been
tested in any quantitative way on completion and that test was inadequate.
(The well was pumped dry in thirty minutes at a pumping rate of 30 gpm.

The completion report indicated that the capacity was 30 gpm.)

Consequently, it is very difficult to confirm or deny that hlast damage
has occurred. In making these investigaticns, the owher's statements,
nerhans amnlified hy a measurement of static water level or an observation
of present guality, are the only data available. If the owner is convinced
that blasting caused his problem, his account of the facts is not only
Timited by his understanding of wells and groundwater, but may be somewhat
less than ohjective.



Hith this caveat in mind, the readily available "data" from the 3¢
e11¢ are summarized in Tahle Mo. 1 and the locations shown on the map in
Fiaure 1. The well data are analyzed in three matrices in Tahles 2, 3, and
4. lotals are greater than 36 because two types of damage are claimed for
some walls. Totals vary hecause data were not always available.

The size of the sample and the quality of the data eliminate the
possibility of drawing any firm conclusions, but the matrices do suggest
some hypotheses. In Tahle Mo. 2, 75% of the wells were within 1,500 feet
of the coal strip blasting. The remaining 25% were at a distance greater
than 2,400 feet, leaving a gap of 900 feet. Of the 10 wells at 2,400 feet
or graater, the 5 with the lower static water Tevel definitely appeared to
have heen affected by an unplugged flowing well from the same aquifer at a
Tower elevation., In one of the two wells with diminished flow, the inlet
and discharge lines for the jet pump have not been pulled from the well since
installation thirteen years aco. Normally, with jet pumps in Appalachia,
it is necessary to clean out the lines and replace the foot valve every
two or three vears. In addition, this well originally served one dwelling
byt naw serves ancther house and seven trailers. The diminished flow may
he mp-e apparent than real. Th2 other instance of diminished flow at a
distaice of 2,400 feet or more involves a well system with a history of
broken water 1ines which were buried at a depth of only two feet. This
has caused the pump to run continually at times and unnecessarily deplete
the resource.

The well where the sides were claimed to collapse was reported by a
coal company. It was investigated by the Ohio Department of Natural
Resouw-ces. Apparently, they decided the claim was not justified.

Therefore, it appears that in at least 8 of the 10 wells at distances
greater than 2,400 feet, the observed effect is more likely to have been
caused by something other than blastina. As one would expect, proximity
to the hlast must be an important factor in determining whether or not the
well will be damaged.

Recause residents were unable, in most cases, tc recall the date of
damage, hlast data could not be determined but it is obvious that as in
other studies of blast damage, explosive charge weight per delay will also
be an imnortant factor.

As with blast data, vibration measurements were not available because
they veren't generally recorded even if the date of the blast had heen
known. Thus, no relation hetween these damage claims and peak particle
velocity can be estabhlished or with Tength of vibratory effect. These
items will be measured, of course, in the field test phase of the program.
Attenuation of vibrations with depth will also be investigated.

If blasting is the cause of the damage, abruptness of problem onset
should certainly exist. Table MNo. 3 relates the typs of damage claimed to
the annroximate time interval between blast and onset of the problem. This
tahle sugaests that Towerino of the static water level is probably more
related to causes other than biasting. However, one specific case, not
related to coal mining, was encountered in which a water well, at a
distarice from the blast of 150 + feet and topoaraphically higher, experienced
a significant drop in static water Tevel immediately after the blast. The
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MAP SHOWING LOCATION OF WATER WELLS WHICH WERE REPORTED AS DAMAGED BY BLASTING
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TA3LE 2 - Matrix ShoWing Type of Damage Claimed Versus Distance from Blast

Distance from Coal Surface Mine, Feet
D - 301- 6071- 901- 1201~ 1501- 1801- 2101- Over
Damace Claimed 300 600 900 1200 1500 1800 2100 2400 2401

Lower SHWL 1 & 5,
Diminished flow 4 4
Temp. turbidity 3 5 1
Perm. qual. change 2 1 1
Internittently dry 1
Permanently dry ]
Hole ccllapsed
Total 16 12 7 1 10

TABLE 3 - Matrix Showing Type of Damage Claimed Versus Time Interval Between
RPlast and Onset of Problem

Abrunt Change Intermediate Gradual
(within 24 Hrs. (Change Moticed (Indefinite Onset
Damage Claimed of Blast) After a Day or so) of Problem)
Lower SHL ] i1
Diminished flow 4 5 ]
Temp. turbidity 12
Perm. qual. change
Intermittently dry 1 1
Permanently dry 1
Hole collapsed 1

Total 22 8 12
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h.ast occurred at 3:00 P. M. on July 17, 1972 in a limestone quarry in Hardy
Cointy, West Virginia. There was a float recorder in the well. MWater was
phtained from fractured limestone. The water level dropped two feet in the
following twenty-four hours and then continued to drop at the rate of about
N.5 feet per day until the end of July when it Teveled off for about eight
days, then continued to decline unti] September. A large part of this may
have been normal seasonal decline because the static water level recovered .
to previous levels in December. A graph of the available data is presented’
in Fiaure 2. ‘ '

For the reasons previously stated, it is not Tikely that the blast-
induced fractures extended out to this well, but they may have extended
10 to 15 feet and intercepted the natural fracture system from which water
was being obtained, permitting water to flow into Tower unsdturated areas.
Apparently, these became saturated, or sealed off, in some manner and the
static water Tevel recovered.

It may be that such events are more common but are not detected in
normal residential water well use. Because of the low yield of Appalachian
aquifers, most residents probahly operate their households from the readily
available water in the well hore, generally known as casing storage. In a
6-inch diameter well, 100 feet deep, this could amount to 99 gallons if the
static water leve] prior to numping was at 40 feet. Most residents wouldn't
detect a change until the casing storage had fallen to a level that would not
"~ sustain normal intermittent use.

Tahle No. 4 indicates the depth of wells in relation to the type of
damage claimed. This matrix does not suggest much of anything except that
temporary turbidity may be more evident in the deeper wells {with more open
hole section). The total at the bottom indicates the distributiorn for this
small sample and tends to confirm the intuitive impression that the average
Appatachian water well is about 100 feet deep.

These matrices and the general observations made in the field suggest
two main damage scenarios:

1. The long uncased sections and the number of people reporting
cloudy or muddy water suggests that if blasting vibrations are
sufficiently high, parts of the well bore may siough into the
well. UWhen the well is rotary drilled with air, fine dust and
cuttings are plastered on the sides of the well. WMater is
introduced for clean-up but some of this material probably
remains to form an unstable mudcake, particularly above the
static water level. In addition, sloughing shales which are
common in Pennsylvanian System sediments may cave into the
hole. These effects could occur naturally with time or be
influenced by water surges, earth tides, vibration of down-
the-hole pump parts and lines, passing trains or trucks, stress
redistribution from building, or blasting vibrations.

An uncased borehole consisting of 80 feet or so of shale, mudstone,
siltstone, and/or standstone is an unstable situation. Eventually,
some material will cave into the well. If there is a submersible

pump at the bottom, the material mav jam the pump and no water will
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Note.-

be obtained. Eventually, the caved material may pass through the
pump and appear as mud, or in some cases, as shale particles. In
such cases, the water usually clears up in a day or two., If there
is a lot of caving at one time or a small amount of caving from
time to time, it may bypass the pump and settle deeper in the hole.
If it falls against the aquifer, it may diminish or seal off the
flow. This scenario is primarily concerned with quantity effects
except for the temporary turbidity. High iron content, acid pH,

or sulfur odor is not involved. '

A fewer number of people complain of an abrupt change in quality
which invelves high iron content, acid pH, and/or sulfur odors.

In general, these wells appear to he associated with better yields.
The change is relatively permanent. Usually, the change is too
abrupt and the distance too great to call upon seepage of acid mine
drainage from the pit. In most cases investigated, there was
evidence of abandoned nearby deep mining, possibly with accumulation
of mine water in low areas or in downdip localities. This water
can become stratified with the acid mine drainage at the bottom

and relatively potable water at the top (persomal communication,

D. R. Thompson, Pennsylvania Department of Environmental Resources).
Such abandoned workings are generally unstable with roof falls

being common. For any well which is obtaining water associated
fairly directly with such a system, an abrupt change in quality

F utd occur if a roof fall disturbed the water stratification

eTther directly or by changing the flow pattern. Verification

of the likelihood of this scenario is the fact that one such
complainant indicated that he had to clean coal silt out of

the well lines about every mcnth or so.

Because of the Tong history of underoround coal mining in
Appalachia on both large and small scales, it is precbably
1mpos§§b]e to determine exactly all of those areas underlain
by abandoned workings.

For the same reasons that sloughing or caving of the unstable well
bore may occur, sloughing and caving can occur in the unstable
abandoned mine workings.

Appendix A "Investigations of Blast Damage Well Complaints" was written
before the drawdown tests were conducted at the test sites and any con-
clusions had been arrived at from that information. It is now felt that the
steady drop of the water level in the well in Figure 2 was caused by lateral
stress relief.
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