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Ground Water and 
Ground-Water Control 

26.1-WATER FLOW, USE, EFFECTS, CONTROL 

Sec. 4 discusses grolind m:tter as a minrral resource. This section deals wit1 
its control. 

26. I. I-IMPORTANCE 

Flotr-s of water 11a1.c an  important effect on the cost and progress of rnany 
deep excavations. The existence of water limits the methods vllich ran be used 
in some and ljresents hazards in othrrs. 1,owering the water tahie may retiucc 
the flow of springs and wells, ~ i t h  legal liability. Some mine water is used directly, 
some must he treated befor(, discharge. and some contains dissolvetl solids which 
can be recovered profitably. 

Loss of life, property and production from flooding is grim, yet scores of minrs 
have worked safely for genrrations under ground-xater resrrroirs, lakes and evrn 
the sea. 

The need for better control of mill(, water is measured by the severity of 
recent floodings, concern with the quality of tlir effluent, and diirct and indir~ct 
costs of ~r-orking wet groliiid. T l ~ e r r  arc impro~.cinents in freezing in shaft sinking. 
pumps and their controls, trratnlc~lt  of mine nntrr  hefore it is pumped, hulkl~cacl 
ronstructioi~ and crrtain efforts to reduc,cb inflow. 

26.1.2-PUMPING COST VS. COST OF WET WORK 

Direct ol,erating and c~al,it:ll costs of l~uml)ing arr inorr evident than indirrc~t 
items, ;;~ich as of extra stnntihy lro~r-el. :111d maintenance facilities. The 
total of all t l~ r se  itcms is 111c  opt of l j u i ~ ~ l ~ i n g  water from an rucaar:~tion. This 
is only a 1)nrt of thc cstra cost of working wrt :IS eompared to dry ground. 
Less produ~t ivc  methods, lrss rffi(-icnt rqui1~11icnt and more rspcnsi~.e esp1osir.r~ 
may h a w  to hc usrd in n-f,t work. Wrt rock plugs crrtain rclliipmcnt. Mnintenancr 
is higher and labor less efficient. T l ~ r  cost of :my mcnns of keelling n-ork t i r i~ r  
shollld he weighed against tlie higher cost of IT-orking n r t .  Thr  true diffrrence 
in the cost of working met, ground, comlrmcd with dry. 1,rol)ahly is 1;no~r.n at  
only a few places (see c11rc:klist of cost items. SPC. 26.4.13). 

An extreme romparison of mining wet and dry ore is availnt~lr from Anlhrosi:~ 
Lake, N.M. (Fig.  26-1). Ik t~r-cen 1963 and 1967. :i ve t  and a dry mine verr  
~ r o r k ~ d  by the same company ui~dc~r  conditions other~r-ise c ~ o ~ ~ ~ p a r a b l r .  Average 
operating cost a t  thr wet mine, primping 1.600 lo 1.800 gpm. IKIS $16.06 prr ton 
of ore. The romparahle figurr for the d l  minr w : ~  $7.50. Princil~al diffrrcnccs 
included the fact that tllr wrt mine was worked from drainagc lcvcls helo~r- thr  
ore with rail haulage, thc dry mine in the ore with off-track equipment loading 
:tnd hauling to the shaft. In  tlic ~r-et mine, orr packed in  chute^, Cars and skips 
and frozr in s~irface bins. stockpiles and trucks. Wet-mine costs inrludrd drilling 
drain holcs. bliiltiing and maintaining ditches and l)uml,ing n-:~iclr rontaining ahrnci~-r 
solids. 
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Fig. 26-1-Longholes to drain and delimit Ambrosia Lake ore. 

Tllr extra costs and 11azaitl.s of tunncls and shafts in wet, weak and wet, hot 
and \vet ground can he scvcml timcs those for corresporlding work in tight, com- 
petcnt rock.' " 

26.1.3--OBJECTIVES OF WATER CONTROL AND COMPARISON OF MEANS 

Tlir grneral objrctivc in the control of water in tlrrl) excavations is to permit 
efficient safe work with side effects a t  lcast acceptahlc. The most common method 
of control is pumping. The  differences between direct pumping costs and total 
costs of wet work have heen empl~asizcd in the preceding. However, if $0.10 is 
taken as a rule-of-thumb direct cost of pumping 1,000,000 ft-gal, thc direct outlay 
for pumping this much water each minute for a ycar is $52,560. Whcre i t  is possible 
to reduce the pumping load by this amount, the present wort11 of the saving over 
,z period of 15 yr. interest a t  6%, is about 10 times the annual cost, or a1~proximately 
$0.5 million. When consideration is given to the likelihood that inflow will incrense 
as the mine is deepened and extended, and to thc many possible indirect savings 
from working a drier mine (Sec*. 26.4.13), the reason for reducing inflow becomes 
evcn more apparent. 

Whero an impervious cox-rr :ihovr a mineral dcposit can t)e maintained and 
shafts gottcm through still shallower wct ground by frrezing or by boring and 
casing (Sec. 10) the water level need not be disturhed. Many European salt, 
potash and coal mines are of this type. Potash minrs developrd in Saskatchewan 
in thr 1960s are prime examples. 

Prcgrouting wit11 cement slurrics at sites of deep shafts has reduced hazards 
of serious water inrushcls and minimizrtl delays during sinking (Fig. 26-2). I n  
tunncls, grouting has be r r~  used more ns a rclmedy. Fine sand and very small 
fractures can llr corisolidatcd and scaled with "chemical" grouts. Clay grouts are 
usrd increasingly to reduce leakagc under dams. A similar material has bccn useful 
in controlling largtl water flows through fractured cavernous dolomite. Means of 
controlling water inflow are outlined in Sec. 26.2.3. As more difficult work is under- 
t:iken, there will be greater need to use and improve them. 

26.1.4--COMPARISON OF PUMPING FROM WATER-SUPPLY WELLS AND MINES 

Watrr wells sllould produce a designed quantity of acceptable water efficiently- 
i c., with least drawdown. If more water is needed than can be supplied efficiently 



Fig. 26-2-Water occurrence and cement injection, Kinross AIines, Ltd. (after ;\Iunro 
Craig and Pritchard D a ~ i e s ~ ~ ) .  

from (,xisting \\-ells tl1c9 11s11:11 col~l.sc is to  drill anotlicr well at such a distancr 
that  pumping f1.0111 Ill(. riel\- ~vell mill not :~dd  :lpprecial,lv to the dr:~wdown ill 
existing ~vc.11~. Most water ~vclls n1.v casctl to shut out ~~ndcsirnblc \v:~trr and dran- 
from beds of santl, gravel or snndstone. n1lic.h in:i>. b r  ratller luiiform over :I 
large xrr:l. 111 iriany respects, oil-we11 punipiiig is similar. Fluid rr~ovcment is slow 
to modrl.ate, and laminar flow (yicxld l~roportionnl to t1r:i~vdown) is the rulr. P l l i ~ l ] ) ~  
normally are oprr:itrd : ~ t  tlrsigncd capacity for loiig periods, I)ut may )I(. shut 
down for rcpair :is (.on\-cilicnt. 

Dewatering \\-ells are rlosr-sl);~ccd so that cones of tic\\-aterctl grourid 01-rrl:~p 
amply. The us l~al  oi)jcdi\-c, is to dcrrater r:ipidl~-. II-hilr watcr is being lo\vcrcd. 
pumping intc'rrllptio~ls :~rc  : ~ ~ . o i d ~ t l  or rrducc~tl hy every incaiw. Ilrn~vdo~vii usually 

Fig. 26-3-Dewatering wells, HorrlerWauseca mines, Iron ltirer, Alich. (after 1lahonz2). 



is mainta i~~et l  until :I sli:~ft can IF $link nlld linrd, until morc permanent pumping 
facilities arc, rjrovitlcd or until ari or? body has I~een mined. Usually, all water 
which flows to drxvatering wells is pumped (Fig. 26-3). 

A conventionally sunk ~ninr. shaft or a mine (open-pit or underground) is 
like a great well on the bottom of which men work. Before the well reaches 
the water level t l~ r r c  is no inflow. A n i~mber  of means are used t o  extend the 
well below the natural watrr  table, thr  cl~oice being limited by the conditions 
(see Sec. 26.2.1). Below the water table, water will flow into the well through 
any conduit open to  it. If the permeability is low and the well is deepened rapidly, 
the water tahle will slope streply toward the well. 

Pumping from an accessible place in the mine has sollie characteristics of dewatcr- 
ing through wells, but sumps and water clarification can he provided, pumps of 
largrr capacity and greater head can be used and they are morc readily serviced. 

26.2-MINE-WATER OCCURRENCE, EFFECTS AND CONTROL- 
IN OUTLINE 

Occurrence of water in deep excavations shows the diversity of geological condi- 
tions plus some imposrtl by  man. Many sites present only minor ground-water 
problems to deep rxcavating, some are o l~r ious ly  difficult, and others are downright 
deceptive. Even a t  untested unworkcd sites, much cvidence may be visible to  
the experienced eye. Opinion can be based on rainfall, topography, drainage, lithol- 
ogy and structure, but some conditions are difficult to appreciate with boring 
and testing and even when excavation has been well advanced. Understanding 
water occurrence lielps in evaulating the problems. 

Type of Water Occurrence Examples 

1. Inrushes from the sea, lakes, rivers. 
swamps, clay deposits, wet cover 

2. Inrushes from caverns in carbonate rocks 

3. Inrushes from isolated water pockets 
4. Inrushes from fault conduits 

5. Flow from primary (inherent) perme- 
ability 

6. Flow from secondary (fracture) perme- 
ability 

7. :\lagmatic water (perhaps a t  least in part) 
8. Sources-conduits at least partly man- 

made : 
a. Inrushes from adjacent flooded mines 
b. Incompletely drained hydraulic fill 
c. Columns of broken rock or sand, with 

clay or slimes 
d. Subsidence fractures in tight rock 
e. Open boreholes in shaft or ore body 

9. Combinations: 
a. Pri., sec. ~~ermeability, caverns 
b. Pri., sec. perm., weak ground 
c. Subsidence, fault conduit, caverns 
d. Natural sources, artificial conduits 

Sunro,' Itiver Slope,' United Paracale, 
J ~ s e p h i n e , ~  Beattie,g Milford 

8. W. Indiana gypsum, Friedensville (Fig. 
26-16),2,4 San Antonio,lo Venters~ost, '  
(West Driefontein indirectly) l1 

Buena Tierra-El Potosi (Chihuahua) l2 

W. Driefontein.11 Jefferson City,13 Naica 
(Fig. 26-12,)" Birmingham,15 Deep Ruth," 
Josephine,B Divide and Rokko tunnelsZ3 

Saskatchewan (above P a l e o ~ o i c ) , ~  Gas 
Hills," Ambrosia L. (Fig. 26-1).le20 
Bancroft (h.w.),21 Homer-Wauseca (Fig. 
26-3),22-23 Garsdorf24.101 and many Euro- 
pean coal, potash shafts 

Butte, Saskatchewan ( P a l e o ~ o i c ) ~ ~ ~ ~ ~ ~ '  Ban- 
croft ( fo~ twa l l ) ,~ l  Tombstone, Park City 
C o n ~ o l i d a t e d , ~ ~  Ahumada 

Lim6n,28 Sta. Francisca ( N i c a r a g ~ a ) ~ ~  

Saxewell 8, mines near River Slope7 
Kerr Addison 
Alufulira,l21 Atlas, Philex, R a n c r ~ f t , ~ ~  

Nchanga, Balatoc 
Many deep gold mines in South Africaz9 
Some shafts, ore bodies 

Bancroft21 
Ambrosia Lake (Fig. 26-1) l r 2 0  

West Driefonteinll.30 
Fhilex, Sunro,e River Slope,7 U. Faracale, 

S. .4ntonio,lO Beattie,g Milford 



26.2.2.-EFFECTS OF MINE WATER 

Indirect effects even within thp mine 
items, some to  hazards. 

Effects 

1. Direct effects of water in the mine: 
a .  Cost, perhaps becoming a principal 

item (though in some cases water is 
used in treatment or otherwise) 

h. Inrushes or other failure to  handle in- 
flow may interrupt production and 
damage the mine, perhaps beyond 
recovery, 1)erhal)s with loss of life 

2. Indirect effects of water in the mine: 
a. Freezes in cold shafts, is hazard to 

shaftmen, corrodes hoist rope 
h. Reduces efficiency of crews, equip- 

ment, hinders materials handling 
c. Adds to maintenance of equipment, 

tires, cost or hazard of using 
electricity 

d. Washes weak ground into mine 
openings 

e. Flows of hot water heat and Inlmidify 
ventilating air 

f. ('arries dissolved gas into some mines 

g. I'romotes deterioration of some rock 
and caving in blastholes, reduces 
stability of rock walls and dullll~s 
1)issolves soluble minerals 

h. Washes fines from conveyan(.es, 
increasing work on accessways, 
ditches 

i. Interferes with certain ex1)losives 
j. Alud makes some products ullaccel)t- 

able 
k. May form scale in pipe, pumps 
1. Rapid inflow is peril if power fails 

In. l l a y  add "\vet." "asterproof" 1m.1 
items 

3. Indirect efects  outside the mine: 
a. Aloisture in I)roduct increases s h i p  

ping, treatment, handling costs 

arc r:tsilr orrrlookcd. Most 1e:id to cost 

Examples 

h. Effluent may pollute surface water 
c. Drawdown ]nay take water from wells 

and lower quality of water remain- 
ing, or improve it 

d. Drawdown may be ap1)arent rausc of 
surface subsidence, sometimes 
violent 

4. With regard to time, prime effects may: 
a .  Exist only during shaft sinking 
b. Increase during life of project 
c. Persist after mining is stopped 

W. Driefontein,",30 Bancroft,'l Tecolote,j 
Casapalca, Penn. anthracite," Fried- 
ensville,',' Eureka (Nev.)," K e n t a ~ , ? ~  
Naica14 

l I u f u l i r a , ~ ~ ~  W. Driefontein,"," Saxewell 8, 
Philex, Sunro,6 Jefferson City,l3 S.W. In-  
diana (Fig. 26-15), River Slope,' I T .  Para- 
cae, Josephine,n San Antonio.10 Bez~t t ie ,~  
A1ilfol.d 

Some effects in all wet s l ~ a f t s ~ ~  

I'rohahly all wet mines, Bancroft," Teco- 
lote,s Nchanga, Knob Lake.36 Balatoc 

Esl)ecially where water is corrosive and rock 
abrasive, Ambrosia,ln-20 Casapalca3" 

Alnhrosia Lake,l"20 Gas Hills, many shafts, 
tunnels23 and 

Naica,l"im6n, Santa F r a n c i ~ c a , ' ~  ('as&- 
iralca," Tecolote and Graton tunnels,j.'" 

S.W. Indiana, Detroit-Windsor (II'S),:" 
Orange Free State (methane), Osce01a~~ 

Shales and clay shales 
l l a n y  open-pit xilines and ~ u t s J ~ < J 0 . ' " ~ ~  and 

some underground-White Pine6' 
Salt. l~otash and gypsum mines 

26.2.3-MEANS OF CONTROL 

.\lay 11e costly where valuable nlinrrnl 15 

friable or haulages long 

Wet open-11it and underground ~iiincs~u 
Kimt~allton limeptone (early work)" 

Butte (oc.I~re),*? Star-Alorning (siderite) 
W. Driefontein,",aO Naica,J4 any wet  nine 
.\Ia11v shafts and wet mines 

:\I1 direct-shipped ores,Jj those proveyse(l 
drj-, tending to  be sticky and those eu- 
posed to  low tem1)eratures3j 

Many wet coal rnines,'l iron rnines 
Friedensville, Tri-State and Aliddle Tennes- 

see Zinc D i s t ~ . ~ ~  

Oherholaer, Doe Run sinkholes 

Salt, l~otasll,  some coal, metal mines 
3Iost wet mines 
Pollution from some mines through which 

water flows by gravity 

Menns of co,itl.ol are limited by circun~st:incc~s and ohjrc<tives. Their rational 
bases are study and testing begun with the first indication that mining is likely 
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and continued as long and as vigorously as costs and hazards justify. Some controls 
can be applied in cmergcncy, as to  1 ) r e~en t  a minc from being flooded by an 
inrush or to rrcover it after a flood. Some cannot he usrd unless previous work 
is suitable : ~ n d  otlrrr conditions fnvor. Sonle requirc timc. Controls can be used 
singly but are more effective in combination. 

Type of Control Example 

1. Reduce, postpone or avoid trouble, e.g.: 
a. Locate shafts or excavations in best 

ground, and protect from direct 
inflow from surface 

b. Use methods which favor control and 
reduce hazards 

c .  Leave pillars along fissures to reduce 
or delay subsidence 

d. Work under water as by dredging. 
mining with draglines, leaching in 
place 

2. Divert or drain water a t  or near surface: 
a. Divert rivers, drain lakes (including 

clay), clear and straighten streams 
to reduce direct inflow and 
recharge 

b. Cover intakes with ponded slime, 
concrete 

c. Intercept water in shallow wells 
d. Catch water in water rings in shafts 
e. Clear slopes, build drains 
f. PIant trees in low, flat areas to in- 

crease evapo-transpiration 
3. Keep water from shafts with impervious 

linings placed as follows: 
a. Pregrout from surface, test and 

grout progressively from shaft 
bottom 

b. Freeze, sink, set lining and thaw 

c. Bore, usually with mud-supporting 
hole until casing is set 

d. Drop shafts (little used) 
4. Reduce permeability of rock mass by: 

a. Grouting with cement slurry 
b. Plugging solution channels and 

grouting 
5. Drain water through adit 

6. Compartment wet or potentially wet 
areas to confine water or possible 
damage 

7. Case or cement exploration drill holes 
8. Dewater bedrock a t  depth by pumping: 

a. Deepwell pumps from surface 

b. Deep-well pumps from underground 
c. From shaft 
d. From lowest working heading or 

from a still lower drainage drive 
e. From drainholes drilled into conduit 

or wet ore body 
f. From bottom of open pit 

9. Use special design in pumping sys- 
t em(~)  : 

a. Abrasion-resistant pumps 

Naica (Fig. 26-2),14 Kimballt~n,~L San 
Antonio10 

Wabana,'5 other submarine mines,'& most 
salt, some coal, metal rnineslz3 

Some deep gold mines in S. Africa,Zg Nova 
Scotia coal mines12J 

Alluvial gold,47 tin,47 platinum, sand,47 
gravel4? 

Shirley Basin (Wyo.) 

Griffiths, 50 Black Lake, 4 7  Caland, d 7  Ban- 
croft,2' Steep Rock Lake," Biwabik.51 
Josephine,8 Hazelton 

Homer-Wauseca (Fig. 26-3)22 
Most wet shafts 
Bancroft21 
Bancroft21 

Kinross,53,54 Hartebeestfontein,ss Saskat- 
chewan (Paleozoic) ,25,26 31erameclo7 Frie- 
dens~ i l l e ,2~~  Venterspostl 

Saskatchewan (above Pa1eozoic)J many 
European coal, salt, potash shafts 

Beatrix Shafts,5? S.E. 3lissouri,58 Ambrosia 
Lake. Carlsbad 

Port  Radium,5g Deep Creek60 
Leadwood52 

Graton  tunnel^,^' Pennsylvania anthracite 
project,31 Sutro tunnel, Monteponi61 

L e a d w ~ o d , ~ '  Nova Scotia coal mineslZ3 

Mid Tennessee, 63 required many places 

Pine Point, 64-65 N.C. phosphate, 66 

Huber,'? Garsdorf,Z4,L01 Nyirad,a8 Lisbon, 
GraceGg 

Park City Consolidatedz7 
Fad Shaft,J2 Jarbridge7O 
Most wet mines, Bancroft,?' Naica,14 Fri- 

eden~ville,~. '  Bancroft,21 Ambrosia Lake 
(Fig. 261).L8-20 Naica (Fig. 26-12)," Fri- 
edensvillez 

Knob Lake,S5 most pits 

Jefferson City,lJ Ambrosia Lake 



b. Corrosion-resistant pumps, pipe; Copper mines with "oxide" ore,12 many coal 
protect from stray currents, gal- mines, Casapalca3' 
vanic corrosion 

Type of Control Example 

c .  Treat, underground, to remove sol- S u d b u ~ y , ~ , ~ ~ B u t t e , " ?  South Africa,'? Am- 
ids, reduce scale or corrosion brosia Lake, Pea Ridge74 

d. Keep hot  water in pipe Naica," Limon, Sta. Francisca2" 
e. Pump to  subterranean conduit Chief Consolidated7s~76 
f.  Use water in hydraulic hoisting Lengede," American Gilsonito Co. 
g. Use water to  remove heat from mine Butte42 
h. Automatically control, supervise Butted2 

pumps 
i. Use high-lift pumps B ~ t t e , ' ~  South Africa73 

10. Use special practices aiding control: 
a. Regularly plot, record pertinent da ta  Bancroft,21 Friedensville2 
b. Regularly get informed outside 

opinion 
c. Use test holes, pilot holes Bancroft,21 Naica, '~riedensvil le2 
d. Blast only after shift Many mines 

11. Anticipate emergencies with, for 
example: 

a .  Extra water-handling capacity 
b. Doors or bulkheads to  protect pumps 

or use submersible or deep-well 
types 

I-. Emergency space for water storage 
d. Compartments confining damage 
e. Plans of action with equipment, ma- 

terial, trained crew on call, escape 
procedures 

12. Procedures used in emergency: 
a. Remove crews through large 

boreholes 
t). Isolate inflow with bulkheads 
c. Plug a large conduit, working 111 

W. Driefontein," Naica,'J Friedensville? 
Bancroft.21 W. Driefontein," Naica, 'Tasa-  

palca,36 Friedensvillez 

West Driefonteinll 
S.Ur. Indiana gypsum, Nova Scotia coal123 
West Driefontein,'E Friedensville,? Port 

Radiums9 

West Driefontein'I.30 
.\nneville liirlestone rnine 

mine 
d. Plug a large conduit, working on S.W. Indiana (Fig. 26-15), Friedensville 

surface (Fig. 26-16)2,1 
e. Locate a large intake and plug it SIoodie, Levant (C:~rnwall) '~ 

13. Eeduce effects outside the nlirre: 
a .  Treat  water to  improve qualitl-, i n  Mines wit11 "oxide" c o g l ~ e r , ~ ~ m a n y  coal and 

sorrie cases recoverirrg a product metal mines 
b. Keduce-flow through the inine Some coal mines 
c.  Slininiize change of water level 

26.3-FORECAST OF INFLOW 

Rational forccnst of matcr inflow is based on ~lnderstanding the grological factors 
plus any existing man-made conditions, s1ic.11 as nhandonctl ~vells and nearby flootletl 
mines, plus the cffects of the xork planncd. sucli as subsidence. Man?- sites presclrll 
no water problem hu t  tlie inativisibility of assuming it has hern dcnlonstl.:ltcd. 
In  most. cases, i t  is extremely difficult to forccnst inflow with confidrnce. Methods 
are discussed veq- genrrally here and rcfrrences to more detailcd work are g i r r l ~ .  
The follouling points may help: 

1. Watrr  study should begin when tlie likelihood of work is first apparent. 
It should be bro:~d, bc conducted b?. experirnrrd people, and be adrquntc to 
guide later work. 

2. Care and cost of 111e stud?- sllould be in propol.tion to thr total effcct. 
including hazards to hc:lltll and life, investment. continuit>- of work, nrighboring 
property and the environment. 



3. Continued vigilance is needed as long as hazards exist, which is throughout 
the life of some work. Under n~ucll  easier water conditions, informed study of 
the geology and observation of drilling may be enough. 

4. Low precipitation, dry surface and topographic relief generally point to a 
comparatively deep water table. They don't prove the absence of water. Consider 
the rush of 100,000 gpm into the San Antonio mine (Chihuahua) in 1945." 

5. Without downgrading efforts to limit thc effects of flooding and to recover 
tlie work thereafter, prevention must be the prime objective. 

6. Qualitative appraisal of water occurrence may bc enough. For example, where 
the potential rate of inflow is great, a method like dredging under water may 
be chosen to avoid the problem a l t ~ g e t h e r . ~ ~  

26.3.2-FACTORS AFFECTING ESTIMATES 

Each of tlie types of water occurrence outlined in Scc. 26.2.1 involved a hazard. 
In spite of the diversity of occurrence, all problems of inflow have common ele- 
ments: a source of water above an excavation (or a t  higher pressure), and a 
connection between the sources and the excavation. The source may be an  aquifer, 
a body of surface water or, even, a normally dry canyon in which there is an  
upstream cloudburst. Among criteria which may be  useful in judging the degree 
of hazard presrnted by these elements are: 

1. Relation between the volume of thc source and the volume the mine can 
take; if the source is recharged, the extreme rate of recharge. 

2. Capacity and location of any connections, natural or artificial, and their 
susceptibility to enlnrgement by scour, solution or other means. 

3. Availabke driving potential (pressure difference). 
4. Complications such as release of gas, e.g., H?S dissolved in the ~ a t e r . ~ ' . ~ '  
5 .  Hazards presented by existing and planned work. 
Some of these criteria can override others. Experience tearhes the hazard of 

a small squirt of gritty or even muddy water, for example. 
Confidence in estimates is likely to  be highest where : 
1. Lithology and geologic structure arc comparatively simple, uniform and well 

known. 
2. Hydrologic data such as recharge-discharge, storage and the permeability 

of the rock masses and structures are known. 
3. Nature of the work to be done is well defined and the effect of work and 

water on the rock masses is known. 
Water occurrence may be deceptive because : 
1. Even in arid places flows of ground water may be large. 
2. An inrush at  a point and an  occasion of weakness can flood perfectly sound 

connected workings. 
3. Test holes may pass within :I fcw inches of a ronduit without indicntion. 

They may cross one ill a tight place or where it is tightly plugged with clay.2 
4. Important indirect effects of water may be overlooked. 
5. Surface drill sites generally arc above the static water level where tlie penctm- 

tion of conduits is not obvious. 
6. Evaluation of tlie water occurrence is not certain to be of prime interest 

to those who plan and supervise the trst  drilling. 
7. During early stages of work, inflow generally is least burdensome; i t  may 

receive scant attention. When it lias become a serious problem, work already done 
may prevent the use of some methods of control. Others may be ruled out  for 
lack of time. 

26.3.LSUGGESTED STAGES OF INVESTIGATION 

For efficiency. study of water can be staged. 
1. The earliest stage," which can preceed detailed drilling may include observa- 

tions of:  



26-10 GROUND WATER AND GROCND-WATER CONTROL 

A.  Topography, drainage, precipitation, snow mclt, evapo-transpiration, runoff, 
recharge-discharge, local water supply and use. 

B. Gains or losses in stream flow, highcst water lcvrls. 
C. Lithology and structure of t,he rock masses with spt:cial emphasis on their 

permeability and storage capacities. 
D. Water occurrences in any nearby excavations. 
E. Study of similar occurrences. 
F. Consideration of indirect effects inside and outside the mine. 

high presrure a i r  or nitrogen 
to in f la te  packers, corried h\\\ 
through rrnoll pipe or tube 

Tight pipe r t r ing 
supporting packerr 

Woter for Tertinq Con be Sup~ i i ed  from: 

Varioble speed pvmp and byporr ( indcoted)  
Canston1 %peed pvmp ond byporr 
High voter  l ine 
Preraure tank (olr or gar 

Damca type p c k e r  

Inflow Con be Meorvred by: 

Change of level i n  tank ( indicated) 
Counting strokes of plunger pump ~n tighr ground 
Meter or Or i f ice i n  open ground 
and indicated by drop i n  tert prerrure when test 

i. valved off 

Interval between 
rublected 

to tert pressure. 

Its length con be 
varied by changing 

pipe between 
packers. 

Fig. 26-4-Pressure tests with 1)neumatic packers 

G. Relation of water to possiljle nlining ~ncthods. 
H. The suitability of lninc water to mret exprctrd plant or oll1c.r requirrmc,nls. 
I .  Indications of water quality and temperatul.c. 
At this stage, effort should bc to anticipate the ns tcr  problems, indicate t l~cir  

gravity and plan any further investigation recommrndcd. 
2. Observations during drilling inap include: 
A.  Water levels in drill I~oles and other points. and ch:lnges as drillirig progrrsscs, 

with notes of fluid loss and rriud weigll t .~ '  



B. Quality and temperature of water from various sources. 
C. Stability of rock a t  critical places on exposure to moist and dry air. 
D. Nature and spacing of fractures or other conduits. 
E. Electric logs, horehole-camera photos. 
F. Permeability of various rock units as measured by tests with packers, hy 

"swabbing" or, more elaborately and usually later, by pumping tests (Fig. 26-4). 
G. Movement,of water, perhaps using tracers. 
H. Special attention to the capacities of sources and any existing or potential 

connecting conduits. 
I .  Continued effort to learn the conditions and to anticipate potential hazards 

and ways t o  minimize them. 
3. While excavation is in progress (where problems exist or are expected) : 
A. Take steps listed in outline (Sec. 26.2.3) as may be appropriate. 
B. Regularly solicit informed outside opinion. 
C. Seek to  defray costs of pumping by making use of water. 
D. Continue t o  seek means of reducing inflow. 
The relative importance of these observations depends on the circumstances. 

For example, a prime comerq in open-pit planning is likely to be the evaluation 
of maximum precipitation and runoff in the immediate pit-area and the storage 
and recharge of shallow aquifers near it. These would also be important considera- 
tions in planning any underground mining which creates open fractures to the 
surface. They would be of secondary concern if mining were to be done beneath 
a uniformly impermeable bed sure to be kept intact. 

26.3.4--COMMENTS ON ESTIMATING INFLOW 

In testing aquifers for water supply, hydrologists" are adxised to:  
A.  Accept dispersion of data as a measure of departure from the ideal. 
B. Plan test procedures to conform as nearly as possible to theory. 
C. Be prepared to learn that an aquifer is too complex for clear el aluation. 
The conclusion that a water occurrence is not predictable with reasonable ac- 

curacy may lead usefully to (a) attempts to avoid the water, (b) a most flexihle 
approach, or (c) reconsideration of that project. 

Tests-e.g., pressure tests-reflect existing water conditions. They don't forecast 
the effect of changes, such as the opening of conduits which map follow subsidence 
over a mined area. 

Hydrol~gists,B'-~' petroleum  engineer^"'.^' and civil  engineer^'^^") all start  with 
Darcs's 1856 observation that velocitv of laminar fluid flow throuerl~ sand is directly " - - 
proportional to the permeability of the medium a.nd the pressure gradient. Hydrolo- 
gists find pumping tests useful in predicting the performance of water wells. Petro- 
leum (reservoir) engineers test within \.cry much deeper wells and on cores taken 
from them to forecast production of oil and gas. Civil engineers cor~centrate on 
soil moisture and the effects of pore pressure on stability. Efforts hare  been made 
to  calculate flow to tunnels and  shaft^^^^^'^^', open pitsa,'' and underground mines.'" 
Such attempts have been complicated by complex geology, hy several conditions 
usually not fully determinable and differences in the nature and speed of work. 
Some general guides are a ~ a i l a b l e . ~ ~ ~ ~ ~ ~ " ~ ~ ~  

General Means-In undisturhed bedded rocks the interpretation of electric logs 
shows where water should he expected and where its occurrence is likely to he 
insignificant. Use of these logs to indicate water in fractures or other discrete 
conduits is not well established.+' 

During drilling, observations appropriate to the conditions sliould be made. 
These may include items such as those listed in P t .  2. Sec. 26.3.3. 

In some cases a very rough approximation of potential inflow can be made 
by subtracting from the total precipitation on a drainage basin an amount lost 
by evaporation and outflow. Streamflow records map furnish clues to water yield. 

Where the degree of similarity can he judged correctly, analogy is a great 
help. 



Referring to general observations of topography, drainage and recl~arge-dischargt., 
LeGrand" says although attempts to show valurs of storage and transmitting 
capacity of rocks in milling areas must 1,r aplilicd with caution, "adherence to 
some concepts of ground n a t r r  used by l~ydrologists in the study of . . . ~vells 
ahould be helpful to mine operators." 

Fig. 26-5-Showing of irregular multiple aquifers in pit wall (darker parts); lensing beds 
of clay, silt and sandstone. 

. 
s 2 = 0  . 

drmwdnwn . wrtumted . to  which water would no dra:aOin 
r i s e  in obrervotion well5 

K 2wm (51 - 12) I . . . . , - . . ~ u I I ~ ~ I ~ ~ o ~ ~ ~  aqui? ; , . 
Q(fm steady flaw) = 

c r l ~ g ~ o ( ~ / , )  
I . . .  

STEADY FLOW TO UNCASED WELL A STEADY FLOW T O  UNU\SED WELL 0 WITH 

WITH WATER TABLE AQUIFER FULLY DEWATERED ARTESIAN AQUIFER COMPLETELY SATURATED 

Note that i n  Wel l  A,  100% dewatering is, i n  facl, impossible; i f  woter is to continue 
flowing to the wel l ,  there murt be some saturated wol l  thmugh which i t  passer. 

F ig .  26-6-Comparison of flow to wells in dewatered and saturated aquifers 

Concepts-In simplest form, the xvater table, below which ground is saturatctl. 
is nearly a horizontal plane. I n  :I succession of layers of divers? pennrahility there 
may be multiple water tables. Artesii~n na te r  is trapped undrr :I In>.cr of coinpnrn- 
tively low permeability. I n  a well it rises to the piezometric surface. Where 
permeability is irregular or discontinuous the water table is similarly erratic (see 
Fig. 26-5). Where water feeds into the ground the water table is higher and ground 
water flows from such points t o  loacr points of discharge. The slope of most 
natural water tables is gentle and motion slow. 

The water table or pirzori~etric surfacr is drpressed hy pun~ping :I 11-ell. Thr  



resulting gradient causes f l o ~  to\vard the well. A4nalysis of flow is based on an 
ideal aquifer, homogeneous, iaotrol,ic and horizontally infinite, and a perfect well, 
open to the full thickness of the aquifer, toward which water flows horizontally 
and radially. The depression is an inverted cone, symmetrical around the well. 
I t s  slope decreases logarithmically to the radius of effect where tliere is no mea- 
surable depression. If permrability is not uniform the cone is distorted. Where 
water is only in fractures, it is discontinuous. 

As :t well is pumped, the drawdown increases until the well is dewatered or 
until, because of the steepening gradient, the rate of inflow balances the pumping 
and flow becomes steady. As thc cone expands its shape nlay be changed by 
masses of higher or lower ~~ermeabi l i ty  or by recharge. Schematic profiles in Fig. 
26-7A s h o ~  the extreme effect of a barricr surrounding a shaft being deepened. 
Those in B show tlic effect of an  irreducable recharge, e.g., on a shaft being 

lake 

barrier 

B 

THE CONE AROUND A SHAFT EXPANDS NORMALLY AS THE SHAFT IS DEEPENED IN 

STAGES I AND 2 BUT ITS SHAPE IS CHANGED BY A) A BARRIER, A N D  B) A C O N -  

T INUING RECHARGE. THE CONE AROUND A N  OPEN PIT OR A N  UNDERGROUND 

MINE, DEEPENED OR EXPANDED HORIZONTALLY, COULD BE AFFECTED SIMILARLY 

Fig.  26-7--Extreme effects of barrier and continuing recharge. 

sunk in the center of an island. If either shaft is not surrounded, nonradial flow 
will rrduce tlie effects. 

Almost all natural ground-water movement and most in efficient water-supply 
wells is by laminar flow, pradient being in proportion to the velocity. Where velocity 
is sufficient flow may be t u r b ~ l e n t . ' ~  Head loss in turbulent flow increases as some 
power of Q, the quantity of flon- to the well. Where there is no unwatering. 
observed values are between Qz anti QY Observed powers of 3.5 seem to  be related 
lo a combination of dematerng and t u r b ~ l a n c e . ~ ~  The effect of the size and shape 
of thr passages through n l ~ i c h  water flows is not fully understood, but turbulence 
is unlikely in rock having only fine pores. A shell of turbulence probably surrounds 
many heavily pumped wells of small diameter, and some deep shafts. However, 
as an opening is enlarged its perimeter increases much faster than the inflow. 
If turbulence exists around large openings its effect is less (Fig. 26-8A). 

In  the analysis of ground-water movement, flow is usually assumed to be hori- 
zontal and radial. In mines opened extensively, vertical flow can be important, 
as illustrated by Fig. 26-8B. The effect of this flow can be ~alcula ted .~ '  

Units-The three most commonly used units of pemeability are:  
Dnrcy and millidnrcy, used by petroleum engineers. Through a rock of 1 darcy, 

a fluid of 1 ccntipoise viscosity (water a t  68" F) moves a t  the rate of 1 cm 
per sec under a pressure gradient of 1 atm per cm (1,034 cm of water a t  the same 
temperature.) '' 



Velocity of port: is useti in civil engineering, engin~e~.ing geology : ~ n d  soil 
mechanics. Through a rock of unit, per~ncability, n.:itcr of 1 contipoise viscosity 
mox-ps 1 cm per sec a t  100% gradient. Xote that, this rate, of flow is the same 
as stated in defining the darcy, though in this c:rse the gr:rdirnt is 1:1 rather 
than 1,034:l. 

ih'eirtzer I ~ T L ~ ~ S  31.12 usrd by hydrologists and civil engineers in the 1J.S. Throudl 
a rock of unit permeabilit,y, 1 gpd of water a t  60' F moves through each square 
foot of cross scction a t  a 100% gradient. The rrlated trrm "transmissibility" o", 
sometimes, "transmissi~.ity," is the flow in gallons per day? a t  preyailing t rmperat~~re ,  
through a vertical strip 1 f t  widc and the flrll sat~rrated height of thc acplifer 
a t  unit gradient. 

cone i n  '----- 

, lominar f low 

turbulent How 

A RELATIVE EFFECT OF TURBULENCE I N  RESTRAINING FLOW 

I N T O  SMALL A N D  LARGE VERTICAL OPENINGS 

surface water p'eclp,totlon less 
percolating to I I - -i-L-.iin,' &- 
underground mine I I I:Y-y:y' 

V roturoted 

0 FLOW FROM VARIOUS DIRECTIONS T O  A N  U N D E R G R W N D  

OR OPEN PIT M INE  OF CONSIDERABLE HORIZONTAL EXTENT 

Fig. 26-8-ERects of turbulence and vertical flow. 

These units. means of determining pcrmrat~ility and its rclalion lo flo~v. :lrr 
discussed in the context of hydrology in Itcfs. 81-86, of p~trolrl lnl  ~nginccring in 
Rcfs. 87, 88 and API Codes, and of civil rngin~ering in Rcfs. 89 and 90. 

The viscosity of ~yater  varies with the tornp~r;rlllrr iron1 1.792 i~cnlil)oiscs ;ll 
0" C to 1.005 a t  20°,  0.506 a t  55" anti 0.299 a t  95" C:. 

Thc interrelation of the units and tlle rallgc of :I few mnlc~~.i:~ls are sho1~11 
in Table 26-1. 

The (soefficient. of storage, the volu~ne of water whir11 drains from :I unil volllnl~ 
of de~vatered ground, is usually rsprcssrd as :t drcimal fraction. Thc term "rffrctiv~ 
porosity" has similar meaning. The ;~bso l~ r t r  porosity of m:my sh:lli-s 311d CI I I~S .  
for ex:lrnplr. is 25% hut the inie~~gr.:rnular spaces :Ire ty1,ically so s~nnll that move- 



ment of water undcr usual conditions is ncpligible unless huge areas art7 considered. 
Most of the ~~orosity of ronrse sandstones is effective as storage. Close-spaced 
open fracturing can give dense rock important storage capacity but i t  is rare. 
Solution cavities can provide storage in otherwise dense limestone and dolomite. 
Some lava contains ash, erosion surfaces and tubes with liigli permeability and 
more or less storage. Reatllered surfaces of most strong rocks are likely to carry 
water. Induration closes pores and fractures. 

Tests for Permeability and Storage Capacity (see Table 26-2)-Pumping t,ests are 
n ~ a d c  by pumping water from a well at  a sufficient rate long enough to lower the 
water table measurably in several observation wells, which should be a t  prescribed 
locations with respect to the pumped well. The pumped well should penetrate the 
entirc aquifer and, in usual tests, receive water freely from all of it.6'.82,s Attempts 
have been made to use this practice to  forecast flow to dewatering wells and deep 
excavations, but even where the ground and tlie water ~ccurrence are favorable, the 

TABLE 26-1-Approximate Ranges of Permeability and Comparison of Three Units* 

Permeability Unit 

Description of Ground Darcyl Rleinzer2 C m  per Sec3 

Clay shale or dense rock with tight fractures, 
considered impermeable in most excavations 0.0001 0.0018 9 . 7 X 1 0 - 8  

Dense rock, few tight fractures, approximate 
lower limit for oil production.. . . . . . . . . . . . .  0.001 0.018 9.7 X lo-' 

Dense rock, 0.005 in. fracture each sq f t .  . . . . .  0.5 9 .0  4.8 X 
Silt or clay, silt, fine sand. Few water wells in 

less permeable ground.. . . . . . . . . . . . . . . . . . .  1 .0  18 9 .7  x lo-4 
Dense rock with high fracture permeability. . .  2.0 36 19.4 x 10-4 
Clean sand, medium and coarse (0.25 and 1.0 

mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  500 9100 0.48 
Clean gravel (707, larger than 2.0 mm).  . . . . .  1250 22750 1.2 

* This table compares the permeability of ground described in the first column, by show- 
ing the measure of its permeability in each of the three comn~only used units, i.e., the same 
silt with some sand and clay, having a of 1 darcy, has permeability of 18.2 
lleinzer units and 9.7 X lo-' c m  per sec. 

1. 1 millidarcy = 0.001 darcy. 
2. Transmissibility or transmissivity: T = LIeinzer unit X saturated thickness in feet. 
3. Because this is a high rate, a velocity of 1 cm X 10-4 per sec also is used. 

difference in objcctivcs calls for  modification^.^^"^"^"^"^" Uncertainty in the use 
of pumping tests for these purposes would be reduced by continuing the test to 
complete drawdown. 

The time and cost of pumping tcsts generally limit stringently the number 
that can be made on n project."' Hence, it is difficult or impossible to  (a) determine 
properties of more than one part of il complex rock mass. (1)) indicate uniformity 
of any part of the mass or ( r )  establisll averages which can be used with confidence. 
Wliere these points can be determined in other ways and where the test can 
be set up to provide the information needed, there is no better source of data. 

P ~ e s s t o e  tests ~ i ' i t h  ~ ( ~ c k e r s  are water-injection tests, in some ways the reverse 
of pumping tests, but they can he made in holes of usual diamond-drilling size, 
the packers can be set to test any interval of open hole, and can be reset repeatedly. 
Generally, water pressure, at  the section under test, can be between 1.1 and 2.5 
times the hydrostatic head without danger of opening  fracture^.^ Where permeability 
is high, there is advantage in testing a t  n low pressure difference to limit pipe 
friction and the likelihood of turbulence. Wl~ere it  is low, a higher pressure difference 
prorides a mcasurnble inflow with less time (Fig. 26-4). 
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Packers may fail to seat where erosion of weak rock has enlarged the hole 
and water can leak around tllrm tllrough frac:tures or connected pores. Such leakage 
can be reduced by using long p:~cl;ers, h?- making successi\-e tests below a single 
packer near the bottom of the hole as it is deepened, and by testing below double 
packers. A series of tests can be checked by a single test of the same section 
of the hole. Leakage around packers or through pipe joints leads to over-estimating 
inflow. However any mud or grease caked on the walls of the hole would have 
the opposite effect. 

Holes can be cleaned by "swabbing," i.e., pumping by repeatedly lifting a 
column of water above plastic cups on a wire line inside a string of casing or 
tubing which extends several hundred feet below the water level in the hole. 
Measurement of the rate of water-level recovery after swabbing is a negative-pres- 
sure test. The swab can be run inside tubing on which packers are set to determine 
inflow from the interval between them and sample  it.!"^"' 

Shallo\ir pressure tests may be matie most conveniently between pneumatic 
packers (Damco) inflated from a cylinder of compressed air or nitrogen. These 
pa.ckers are made to work in the usual diamond drill holes. At more than 750 
ft, oil field open-hole-type (Leynes) packers are better (no separate high-pressure 
gas hose is needed)." They are sturdier and can be used a t  any depth in test 
holes 1.75 in. or more in diameter. 

A series of tests between packers efficiently expanded and contracted from the 
surface can be made a t  the rate of 1 to 3 tests per hr. Tests below packers 
take time for lowering and recovering the packers and setting up for each test. 

Drill-stem tests are made with a special "tool" lowered into the hole on a 
string of drill pipe. Above the tool is a packer, which can be expanded to close 
off the bottom of the hole. The tool can be placed between two packers to test 
tlle section enclosed. A recording pressure gage shows pressure increase as the 
tool is loiisered, the shut-in pressure in the test section, pressure changes during 
the test, and pressure decrease as the tool is being removed. To  start the test, 
a r a k e  is opened permitting fluid to flow from tlie ground through tlie tool 
into the empty pipe. A sample is recovered. Potential production can be calculated 
from the rate of flow and the recorded bottom hole pressures. 

Eacli normal drill-stem test calls for a trip into and out of the hole wit11 
a string of tight pipe. The smallest standard tool requires a hole of 4.625 in. ID. 

Lriborritory tests 011.  core are used hy petroleum engineers to determine inter- 
granular permeability and storage capacity in sandstone, silt and similar rock. 
They do not indicate properties of fractures as in-hole tests do. These tests and 
tlle apparatus are described in API codes. 

Combinntions of the general means and tests can be useful. Goodmans9 proposes 
the use of pressure tests with calculations specially adapted to tunnels. Venter2' 
says that knowledge of tllc permeability and storage capacity, as indicated in 
early stages of mining in the Orange Free State, can be used with noneyd~librium 
formulas to forecast changes in inflow. I t  must be noted that structuie is regular 
and that the water occurrence and changes which accompany mining are very 
well known. 

Early investigation of the water occurrence in the new north-central Tennessee 
zinc district included pe r t i~~en t  aspects of regional and local geology, topograpliy 
and drainage, as well as pressure tests in many exploration drill holes and observation 
of the temperature, quality and level of the water in them. Subsequently, the 
amount pumped from explol.atory workings and tlle effect of this pumping in 
observation holes is noted. Broad co~nhinations of various types of ol~servations 
provide a promising basis for estimating infloiv." 

Calculations--Most calculations are intended for use in conditions uncommon in 
mine-water control. A comparatively direct equation attributed to  TheimaJ (p. 461) 
is based on dewatering the aquifer and has several applications. Assumptions are 
that flow is steady, horizontal and radial through an aquifer which is uniform, 
isotropic and of great horizontal extent into a well without entrance loss penetrating 
the full aquifer. 



Symbol U.S. Hydrology ITn~ts Petroleum Engr. Cllrts 
-- - - - - - - 

Where Q is rate of inflow: U.S. gallons p ~ r  mill ml per sec 
K, permeability hleinzer Darry 
m,  average saturated thickness Feet Centimeters 

of aquifer a t  two observa- 
tion points 

K, radius to farther observa- 
tion well or radius of effect These radii can be measured in any consistent 

r, radius of nearer observation units 
well or well radius 

C, constant 528 2 .30  
p ,  viscosity Centipoise Centipoise 
s,, drawdown a t  farther obser- Feet Atmospheres 

vation well or static reser- 
voir pressure 

s?, drawdown a t  nearer obser- Feet Atmospheres 
vation well or flowing pres- 
sure a t  bottom of well 

In  dewatering it is important to note that m is the average saturated thickness 
at  the two points of observation. JVitll refrrencr to Fig. 26-6, compare an uncased 
fully dewatered well at  A viitll :~notht.r into ~ ~ l l i c h  the full i~clnifer disch:irgcs. 
B. With other conditions equal, if I< is thr r:~dius of rffect wherv sl is 0, and 
I. is the radius of the well, ilotr that \vit l~ c~omldetr riewateril~g ill A ,  111 is only 
half the thickness of the aquifer. The Tllie~il forrriuln siio\r.s illat flow into this 
completely dewatered n.cll will t)c only half that to Well T3 i11 ivl~i!.' none of 
the aquifer is dewatered :lnd m is its full thickn~ss. Fig. 26-9 shows t l ~ r  relation 
of ~ ~ c r c e n t  of ~nasi lnum inflow to the percent of dlatvdonn in an 11nc:lscd mcll 
calculated by the same form,ila. Fig. 26-10 s l l o ~ s  the steady flon- into c,on~y)lotcl~ 
clc~r-strrrd unc:~srtl wells of various diameters. If t l~e r r  is i u r h ~ l l ~ l t e .  its rffrct 
n-ill br  r::orr pronounced in openings of snialler tli:lmc.~rr niid t l ~ r  Irft-lr:tnd part 
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Fig. 26-9-Flow to well in a water-tahle aquifer as well is dewatered. 



of the curve will be steeper. Fig. 26-11 shows the steady inflows which would 
be expected as wells or shafts i:re deepened progressively in a uniform aquifer, 
However, in dense rock, tllrougil which water moves in fractures, the spacing 
between fractures is likely to incrrase and their width to decrease with depth, 
permeability decreasing corrcspondingly. Therc is no assurance of such a decrease. 
In  many places, there are local Increases of permeability on fracture zones. They 
can be troublesome. 

Fig. 26-10-Flow to well in a water-table aquifer as radius is increased. 

Where drawdown should be related to pumping rate and time, nonec~uilibrium 
formulas-Theis." in soine cases as modifietl hy  Cooper. Jacob and othrrs-are 
best selected and applied by l~ydrologists specialized in this work, with guidance 
in the conditions and objectives. The use of equally specialized and somewhat 
similar techniques of petroleum engineers mrrits consideration in dcep work, for 
which their methods were devised. 

26.4-PUMPING, DRAINAGE 

Pumping is the most common means of water control. I t  has inherent advantagrs 
wl~ere : 

1. Dewatering is tlle most practical way to sink sliafts and exravntr saturated 
rock masses. 

2. Depressing the watcr tnhle adds to stnl~ility 01. security of work in a way 
or to a degree which could not be attained more advantageously otllrrlvise. 

3. The pumped water is needed or carries sufficient rerovrr:lblr mineral. 
4. Inflow is snlall and pumping may be preferable 1 0  seeking, establishing 

and maintaining an alternative. 
The design of pumping systems of even moderate capacity presents complications 

which need specialists but they should be guided by tllose ~ v h o  :ire fully acqunintect 
\\-it11 broader plans and objecti5-rs of the work. 



The cost of xt:rndard \ \ - a t~ r  cnds of Irol~izont:~l ccntid"ngal rnirlc plirnps prnrr:llly 
is 30 l o  50% of the total cost of the. 1)uml)-motor-starter unit. nrltl mn!- 1)r 5 
to 1570 of tlie pumping plant. includiilg sumlls. cl:~rificntion. l)o\\-rr su1)pl!.. \-rntila- 
tion, suction, discharge and the rcquirctl rsc.:~vations. 

Seed  to prlnip inflow of water nit11 c.ol~ll)lete rc l ia l~i l i t~  rncnns that tliorc 1111ist 
be at  leas( one pumping unit canpnhle of doing i t ,  and one etlual spare. In a 
threp-nnit s!-stem. ilny two slionld I>c :11,lc to I,mnp tllr iii:~ximuii~ inflow. Tllc 

DEPTH BELOW STATIC WATER TABLE 

Fig. 26-11-Flow to  a well in a water-table aquifer as well is deepened. 

greater the number of units the less tlie percclltilge of spare capacity but beyond 
some point a larger number of smallcr units \\-ill cost morr ant1 will have lo~vc~l. 
efficiency (Allan,'3 p. 240). it 'l~crc only brief interruptioria c:in hc pe r~~ l i t  trd. 
duplicates of a11 essential parts must be p r ~ \ - i d ~ d ,  including po~vcr snp131y. 11i1'c. 
and valving. 

Modern high-speed centrifugal plimps are capable of liigh efficiency provitliiip 
close to~crances are maintained. Tlicy are vulncrnhlc to \war hy grit, and essentially 
are clear-water pumps. Means to remove snsl!ended solids hefore puml!ing thcreforc 
have become an important consideration in sizablc installations. In some of these 
treatments, acid water is neutralized. 



26.4.2-DEWATERING THROUGH WELLS 

The possibility of de\~ntering through wells dt,pcnds on meeting. to a reasonable 
degree, each of these conditions: 

1. Volunle must be within rrasonable limits and lleatl must be such that the 
volume can be pumped efficiently. 

2. There should be a degree of uniformity of water yield. 
3. There must be no bar to lowering the water table over an area which may 

be irregular and, even in some compnrati~-ely shallow work, extensive. 
4. The occurrence must be reasonably well known. 
5. Sufficient time must bc provided. 
The desirability of dewatering through wells depends on how well the foregoing 

conditions are met and may b r  influenced by some of these factors: 
1. The cost of drilling, casing and completing adequate wells. 
2. Clarity of water inflow at extreme drawdown (ground should have some 

cohesion). 
3. Possibility of using the water produced. 
4. Availability of power, equipment and needed services. 
5. Continuity of the work and the extent of the area to be dewatered. 
6. Comparison of this and other methods of control a t  the job. 

T o  d e w a t ~ r  effectively requires enough wells, properly located, pumping a t  a 
sufficient rate for sufficient time. The importance of understanding water occurrence, 
and of providing sufficient time for lowering the water level the necessary amount 
cannot be o ~ ~ e r e m p h a s i z e d . ~ ~ ~ ~ ~ ~ ~  

Effective advanced dewatering confers a number of advantages, among which 
are : 

1. Work areas are free of sumps, pumps and pipelinrs. 
2. Stability of <valls is likely to be better than if water were pumped from 

a sump a t  the lowest excavated elevation. 
3. Maintenance of accessways and equipment is easier because work is kept 

drier. 
4. Danger of sudden flooding is reduced. 
5.  Accumulations of water, mud and ire are reduced. 
6. Product is drier. 
7. Cleaner water is produced. 
Disadvantages include : 
1. Adequate testing and planning require time and cost. 
2. The preproduction investment in wells, pumps and power distribution is 

likely to be substantial and the dra1vdon.n period may be many months. 
3. The water level is depressed deeper, sooner and, generally, more extensively. 
4. Results may be disappointing except where conditions are favorable. 
Dewatering wells commonly are contracted. If the type of well and range of 

sizes and depths are foreseen, bids can be solicited from contractors with appropriate 
equipment and experience. 

Where churn drilling (with cable tools or spudders) is suited fo the ground 
and can make wells of the diameter and depth desired, it may result in lowest 
cost. Rotary drilling (with rolling cutters or rock hits) generally is a good deal 
faster and, except where circulation cannot be maintained, the walls of the hole 
can be supported by mud until vasing is set .  With equipment of sufficient size, 
deep holes and holes of largrr diameter can be drilled with assurance. Where 
ground is suitable, compressed air ran be used instead of mud, usually with savings 
of time and cost. I n  large-diameter holes, there may be advantage in  re\-ersing 
the circulation, bringing cuttings up through the drill pipe. 

Generally the objective is to pump all water which will flow t o  the well and 
casing mag be perforated throughout. Horneyer. there may be advantage i n  casing 
off upper bed8 to exclude grit, especially if these beds drain to a main lower 
nongritty a q ~ i f r r . ~  If the main aquifer is reasonably stable i t  can be left uncased." 

Well screens with various sizes and shapes of slots are used to exclude sand 



and grarrl .  I n  dewatering where rntrs of flon lr~ust h r  high. if ihr nell is to 
t>r effective, scrrrns sho~l ld  Ilc 1:irge c,nou~lr so that rn tmnrr  lossc~s will I,(, 110 lnorp 
than moderat?. 

Generally, the productivity of wells as ordinarily c.omp1ctc.d call 11e iml~rovrd  
hy  surging with plungcrs (swahhing) or compressr~d air to clean loose santi, su11sc- 
quently bailed. 

"Grax-el-packed" xvells can he especially uscful in tlrrvatering. They are borcd 
oversize or under-reamed through a I~rincipal aquifer to diameirrs to 2 In. Clean 
gravel is pumped into (he annulus het~vccn the c:~sing and thr  lvall of tlre holc. 
For any givrn pumping ratr  from a given $\-ell. the rate of flow in the aquifer 
immrdiately outside the nell  is invsrsely proportional to the well diameter. I n  
dewaterinr. wherc the obiective is to  loner tllr matrr tallle between wells efficiently. ., , 
gravel packing has important consequrnces: (:i) if turbulence is not eliminated 
its effect is greatly reduced and thr  cone is flatter, (h) the tendency of rock 
fragments or grit to h r  moved into thr  ~vell is reduced and (c) the grand acts 
as n settler to catch any fragments tvl~ich may movc. 

26.4.LTAPPING WATER AT HIGH PRESSURE 

In some cases, there are advantagrs in making initial openings in tight ground 
to drain conduits or masses of \vet rock. Procedure may he complicateti by one 
or more of the following conditions: 

High pressure water, hot  water, dissolved gas. 
Weak ground, unstable in contact with ~vaicr florving under high pressure. 
Mud and grit causing or increasing erosion. 
Uncertain location of n e t  ground or conduits. 
Uncertain rate of inflow. 
T o  indicate where the water is, its prrssure and perllaps .son~rthina of thc 

rate of flow, pilot llolcs usually arc drilleti :111cad of large oprnings (Ser. 26.7.2). 
Tapping can he  accomplisllcd hy : 
1. Driving an opening into the water sollrc?. Rhert, water occurs in s ~ ~ l a l l  c~ontitlils 

in x rock strong ~ n o u g l l  to rcsist crosiol~. tllr lirading can hc continued until 
the tlesirrd inflow in ohtaincd. If xvater is carried h.v a well-drfinrtl. clr:~n ro~ltluil. 
this may still he a good approach. but tlrillin:, ant1 hl:~sting thr  last round is 
tricky and, unlws a prcssurc door has hcen l~uil t .  only friction in tlir conduit 
and in t h r  Ileading rmtrain t11r inflow. 

2. With morr time and cost, tapping can 11r controlled 1,y driving to rritllin 
25 lo 75 f l  of tllr \vet, ground, cutting a drill station ant1 drilling many rat1i:lting 
holes. Where high p r? su re  must he cxprctcd. and csprcially \vhcl.e the rollars 
of t11e holes could he  rroded by i t .  work must tic p ro t~c t ed  11y drilling 5 to 
10 ft of o~.ersizr hole and cementing :I collar pil~r' with n bypass tce and ti full- 
opening valvr. Drilling is completed through this valve. Water is drawn from 
many points throughout n sizable rock mass. This may h r  important to n~ininlize 
erosion (Fig. 26-12).2 Because tllesc holcs nrr sliort, hcnd iosses of 10 to 40 ft  
per hundred may he acceptable. I n  this range, rach 2-in. holr m:i.v :u'odnce 60 
to 120 gpm and each 3-in. hole, 180 to 360. 

It may he worthxvhile to utilize tlle prpssurr of tapped water l o  retlucc tlie 
pump head. This can he done by pip in^ matrr under pressure directly. or tl~rough 
a settling tank, to  the IIump suctions (Fig. 26-12),' 

26.4.4--DITCHES, PIPE 

Mud and silt from blastlrolc drilling, from fill decant xvatcr. and from flon. 
through caved or weak ground, arc problems in many mines, e w n  \vhc-re n:i tu~:~l 
permeability of rock is low. The choice of rrrnedics may bc affrctcld by tllc uni- 
formity of flow, the nature of the suspendetl solids. the recorerahlr value of sus- 
prnded ant1 dissolved solids. sources of water and mud :~nd  t h ~ i r  location. and 
t l ~ ?  rxpecled life of the work. 



Bencfits of controlling inuti and water may include: 
Easier ~naintenancr of track ballast, road surfaces. 
Neatcr. clcaner, safer travel for crews. 
Less water prrcolating to :nly lo~ver work. 
Lower cost, less congestion, less loss of time for cleaning. 
The following remedies may be considered : 
1. Mechanical ditch cleaning, flushing. 
2. Full or partial ditch lining mitli wood, concrete, precast or other half-culvert 

segments. 

Fig. 26-12-Naica mine drainage (schematic). 

3. Control of grade to minimize the amount of solids settling in the ditch. 
4. Small settling sumps near sources of mud. 
5. Pipe to carry water from workings above a level to sumps or settlers. 
6. Ditches located under chutes and other discharge points. 
7. Cars with solid bodies rather than doors where rock is sloppy. 
An approximation of the amount of water flowing in a ditch may be obtained 

by a "standing wave" weir, a constriction in the ~valls of the ditch which raises 
the lrvel of the water surface a t  the throat. 

26.4.5-CLARIFICATION, OTHER TREATMENT. SUMPS 

Sumps am (a)  acclimulators to parti:~lly equalize the continriously changing 
rate of inflow and increase the regularity of pump operation, (b)  reserve storage, 
unless it is provided otherwise, in which water can be held during short power 
interruptions and periods of suddenly increased inflow, and (c) settlers in which 
some suspended solids can be removed, 



Wlierr puinping is subst:lnlial, the  liiglier efficiency of sc3par:~te scttlera or rlarifirl~s 
is adv:lntapeous because : 

1. Modern  Iiigli-sped puilll)b :Ire Ilighly rfficicrli ~vlicn worked xvitli close tolr1.- 
ances. T h e y  are vulnerable to  suspe~lded solids. 

2. Generally, pumping loads incrcnse. 
3. Some useful mining practices, sucli a s  r~lacing sand fill I)>-dmnlically and 

longkiole dlilling, tend t o  incre:lsc the volulrle of sludge. 
4. Generally, effluent must be tre:rtctl evrntunlly. 
Sumps and  s c t t l e i , ~  Iiiay provide facilities for otlier trr'atinent, such as ncut rn l iz in~  

acid. LTsunlly they  are ~)l:lnned to  Ilal-c soiucn.llat more than tllc cap:lcity 1.rcluirc'd 
and for enlargement. if needed. Width of openings may be  limitcd h y  the s tnb i l ib  
of the  ground. 

I n  response to divcmc conditions sex-era1 different trends are noted. 

1. Quartzite beds ill which South Afriran gold ore occurs have veq. low permeability 
but, as  the gently digpiiig reefs are ~niried, fr:rctures are opened hy subsidence and water 
flows through thein. I n  the early 1950s. 40,000 gpili was pumped, much of it fro111 more than 
3,000 f t  below the  surface. The use of high-speed centrifugal pullips motivated search for 
ways to  clarify water most efficiently before pumpitig. Susl~ensions of fine particles in water 
drained from dolomite generally are treated by flocculation. Acid water in other mines is 
neutralized with lime. I n  all cases, water contairis some suspended quartzite grit, most of 
which can be removed iri settlers. Many varieties were tried on pilot and frill sc:lle ( E ~ a i i s ' ~ ,  
p. 59). There is general agreement t h a t :  

A. With uli:issisted settling, surface area of settlers is the prirne design control. .lt  
least 1 sq f t  of settler area should he provided for each gpnl through the settler. TVhere 
raw water is introduced at  the bottom of the settler, this results in a rising velocity of :thout 
1.6 ipm. 

B. 11-itti flocculation, area is less important than misiiig, aiid detention time whirh 
should be a t  least 2 hr. Good results have been obtained by causing inlet water, af ter  
thorough niixing with reagent, to rise through a "floc blanket." 

C. Eight miries reported (1955-1959 papers) separation of at  least 60'; of suspe~lderl 
solids-seven of these, 80 C;, and 6, 90 ?G or more. 

D. Inlet design is inlgortailt. I t  should mininiize curreiits in the settler. Colt1 water 
tends t o  "dive." 

E. =it many of these ~niiies, n ~ u c l ~  of the sludge is 5 p (0.0002 ill.) or sri~uller. .It ahout 
3 solids, it call he puiiiped by celltrifugal pumps at heads of :lh much as 3,000 ft if c.le:~l. 
gland water is used. Sludge also call be settled to  ahout 50 r ,  solid- ant1 hoisted in r:lr>, which 
eliniinates the  need for separate l )u~nps  and discharge colriinl~s. The sludge i.i tranrined to 
the concei~trator. 

2. At i t s  iiiagiletite iiiilie ill S.E. 3Ii5souri. 31era111ec JIining CO. V U I I ~ I ) S  from 2,275 ft.  
ltaw mine water coiitaii~s 1,108 11pm by weight of :ihraiive susr~ended solids. 17n:ls-isted 
settling in a rising-currelit settler (1f about 2,000 sq f t  area redures t l ~ i s  to 155 1)1)n1, or 
about 14 7 of tlie origirial coiiteiit. 1.olun1e is reported :is 530 ggni;'$ 92C: of the sludge is 
- 325-niesli. 

3. At the  Kelley nhaft, Butte,  JIont.. .Lnaconda Copper Corp. rere~itls has established 
a central puinping yl:lnt where niiiie 7v;iter is gnthere(l, treated :ind p~iml)etl again5t :I 

4,100-ft head to  the  surface.a? Sulfuric. acid is added to decrease the pH from :ibout 2.h to 
1.9. This  prevents depositioil of ochre. \Vater coiitains dissolved coIJI)er ant1 on the surf:~ce. 
is used in leaching a dump, where the extra acid is beneficial. .ill roiicrete is protected :111tl 
wetted metal parts are stainless steel or similarly resistant. 

4. ITrom i ts  Sudbury mines, Iliternatiolial Nickel Co. of Canada I>ulnl>s about 5,000 glni1, 
in some cases from below 5,000 f t .  Water is from natural iiiflow, drilling and, ill several 
mines, decant from sand fill. All coritnins abrasive solids. Some is arid. From one mine, 
49 C / ,  of the  sludge is reported as - 1,600-n1esh.~.;? To meet the increasing ~)rohlem, sirnvle 
rectangular sumps mere replac.ed hy cone settlers, and later re~.tailgular rising rurrent 
clarifiers. $Tit11 adequate size, these I~rodured  good overflow hut with difficulties ill 11raiii- 
teriance and handling sludge. Cae  of hydraulic fill, with added cement ill some nriries, 
increased the  volume of sludge and inade it Inore gelatinous. JIost recent ~ ~ r a c t i c e  w:la 
developed to  produce a satisf:~ctory effluent, recover copper, nickel and iron, reduce IJumI) 
maintenance alid improve sludge handlilig. 

Treatment of the hydraulically placed fill with a floccularit reduces the suspended solids 
in the  decant water. I n  the most recent install:~tion, this and other mine water goes to a 
40-ft-dia, 12-ft-deep thickener with a deep flocculating central feedwell, V-notched 01-erflow 
weir aiid estra discharge rakes ill a deck) discharge cone. Lillie is added. Tliickel~er underflo\v 



goes to a vacuum belt filter. Although procedure has not become fixed, results indicate 
thickener underflow of higher solids content than attained with other settlers. This in- 
creases filtration speed and produces a cake which is handled without difficulty in cars, 
belts and bottom-dump skips. 

26.4 .6PUMP STATIONS 

Objectives usually include : 
1. Provide enough units of all essential components that any one can be 

repaired while others handle greatest cxpectcd flolv. Ordinarily, this requires spare 
units with appropriate valring and crossovers and a crane or crax71 capable of 
moving the heaviest. 

2. Protect pumps and all electrical equipment from being flooded: 
A. Provide sufficient storage in sumps or otherwise. 
B. Use vertical pumps to take water from sumps, or 
C. Protect the pump room with an adequate pressure door and a raise for 

access and ventilation. 
3. Provide for adding to capacity if needed. 
4. Provide sufficient controls, usually a t  least automatic start-and-stop; alarms 

for high water, and minimum protection for pumps and motors (Sec. 26.4.8). 
5. Provide positive suction head if reasonably possible by:  
A. Pumping from sump with vertical pumps. 
B. Locating pump room lower than sump. 
6. Protect, as much as possible, high-tension items from accidental jets and 

splashes. Slope floor and provide drain. 
7. Ventilate as needed for normal and emergency operaton, discharging hot 

air to  mine or returning it  to the surface or! if both are objectionable, cooling 
it mechanically, adding to the temperature of water discharged. 

Centrifugal pumps of several types predominate. Unlike positive displacement 
pumps, including plunger and most "rotary" pumps, centrifugal pumps can be 
rotated without fluid flow. Because the power demand is least when no water is 
pumped, large pumps generally are started with discharge valves closed. Flow also is 
limited or stopped if (a) discharge pressure is not sufficient to force water into dis- 
charge pipe (as from extreme impeller wear), (b) passages anywhere in the pump sys- 
tem are plugged, or (c) pressure in the suction is insufficient. "Cavitation" develops 
in the intake of impellers if pressure there drops below the vapor pressure of the fluid. 
Formation of bubbles reduces capacity and efficiency and their collapse damages 
the pump. Suction head is important in the efficient operation of centrifugal pumps 
and is a factor ill priming them, on which, in turn, automation deperlds. Typical 

,-, 

relations of suction head, total dynamic head and specific speed ( rpm dgpm) for 

single- and double-entry single-stage centrifugal pumps handling clear 85°F water 
at  sea level are shown in Fig. 26-13A. Fig. 26-13B shows the various power losses 
typical of centrifugal pumps in relation to specific speed (Kewley,?s 172). 

Relations of capacity, discharge pressure and power requirement of the various 
types of centrifugal l~umps to impeller periplleral speed are similar. Generally 
these are approximately: 

Capacity or rate of discharge varies with prripheral speed at exit of impeller. 
Maximum discharge pressure varies with the square of peripheral speed. 
Power imput varies with cube of peripheral specd. 
To a degree all pumps can be fitted to resist corrosion and abrasion, with 

added cost (see further discussion. Sec. 26.4.11). Except in special circumstances 
nloderil practice is to treat xater before pumping. 



Commonly Used Mine Pumps-Types, distinguishing characteristics and uses of 
common mine pumps are briefed in the following: 

1. Small portable or semiportable pumps for special uses: 
A .  Sump p~irnps po\vcred t,y coml, r t~sed air, el~ctl.icity. 
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Fig. 26-13-Suction and losses, single-stage centrifugal pumps (after K e w l e ~ ~ ~ )  

Cllaracteristics: vertical centrifugal pliinps with open iinpellers and :~hr:lrion 
rcsidtance; less coinmo~ily, diapliragin and dis~~lacement pumps. They arc. 11and- 
nioved to and from sumps \vllere thry norinall>- \vork s~ibrnerg~d hut can rllli 
dry without damage. Air pumps are limited to heads of about 100 ft. \vith caparitics 
of 111, to about 100 gpm. Elcctric pumps exceed tl~ese limits. 

Lked to clear small inflows from sliaft k~oltoms, cslcan sumps, rtc., wliere lligli 
portability is desirable. 



B. Contractor's pumps, usually powered by small internal-combustion engines 
or electricity. 

Characteristics: usually horizontal centrifugals, on wheels or skids, with suction 
hose and foot valve; otherwisr, like sump pumps. 

Used for dewatering trenches, foundations, other shallow excavations where 
portability is important. 

2. Mud pumps, slurry pumps, grout pumps powered by compressed air or con- 
nected to other power source by belts or gears. 

Characteristics: plunger pumps with high abrasion resistance and low to moderate 
capacity, but capable of high discharge pressure. Valves are accessible for cleaning, 
and usually are partly rubber. Most have replaceable cylinder liners. Air-powered 
pumps commonly used in grouting have complete speed regulation and are not 
damaged by stalling. 

Used for grouting, pumping sludge, pumping drill mud and, in larger sizes, 
adapted to pumping into long-distance pipelines. 

3. Single-stage sand pumps, dredge pumps, usually direct-connected electric drive; 
small and moderate sizes generally 1750 rpm, larger sizes slower. 

Characteristics: Horizontal centrifugal pumps with high abrasion resistance, many 
with large impeller clearance or open impellers for passing comparatively coarse 
material and dense suspensions at  high capacity and low to moderate discharge 
pressure. Most use clear gland-water to protect bearings. 

Used for transferring slurried solids in treatment plants, commonly of small 
and moderate capacity for heads generally less than 200. ft, but larger high-pressure 
models go to 1,300. Capacity of dredge pumps for moving mixtures of cobbles, 
pebbles, sand, silt and clay through pipelines several miles long can be very large. 

4. Small centrifugal motor-and-pump units with common frame, bearings and 
shaft, for horizontal mounting as on skids or vertical as in slings. Generally 1,750 
and 3,500 rpm, up to about 50 hp and 3-in. discharge. Most are single-stage. 

Characteristics: adaptable to a variety of conditions with moderate head, small 
to moderate capacity. 

Uses: intermittent work and use in plants. Sling-mounted single-stage units 
are useful in shaft bottoms and sumps. 

5. Single-stage horizontally split centrifugal pumps, usually direct-connected to 
electric motors for compactness, dependability and ease of control. Discharge sizes 
from a few inches to about 12. Generally furnished with close clearances for clear 
water. Smaller sizes, 1,750 and 3,500 rpm; larger, 1,750 rpm. 

Characteristics: with close tolerances, these pumps can work with high efficiency 
to capacities of about 3,500 gpm and heads to about 500 ft. Pumps are made 
for larger capacity at somewhat lower heads. Installation and maintenance are 
simpler than for multistage pumps. 

Uses: excellent station pumps for clear water at heads to about 500 i t .  Dirty 
water can be pumped, with or without modification of the pumps, but for long-lived 
installations there generally is a cost advantage in treatment before pumping. 

6. Horizontal multistage centrifugal pumps, usually direct-connected to electric 
motors for compactness, dependability and ease of control. Discharge sizes, 3 to 
8 or 10 in.; 2 to 10 stages with heads as great as 1,000 ft per stage; most, 3,500 
to 3,550 rpm. 

Characteristics: Although best total efficirncy is likely to be less than that 
of single-stage units, efficiency per stage may be higher. Heads range from about 
500 to 5,000 i t ;  with some models, to 7,000 it. 

Uses: high-head station pumps with clear water. Although the first cost of 
these pumps generally is higher than cost of single-stage pumps of similar power, 
their use may save capital and operating cost of duplicate facilities. 

7. Vertical turbine (deep-well) pumps-essentially vertical centrifugal pumps 
made in comparatively small diameters to work in water wells and similar narrow 
but high spaces. Water ends are essentially similar whether close-coupled to a 
vertical electric motor, connected by a shaft several hundred feet long to a motor 
at the top of a well casing, or connected to a submerged motor in the well. 



Small sizes are t11rnc.d at  3.500 rk~m;  I:II .~PI.  : ~ t  1.750 :~nd  1.170. Vertical turhines 
are made \\,it11 as many as 20 01. morr howls (stngcs) for Ire:~ds of 15 to 100 
f t  per stage. Pumps are made in di:~mcters f1~3131 about 6 in. lo serc~.al feet. 

Charactrristics: Because pump int:lkea normally :IIY suhmerged, I~riming is not 
a problem. Motors of close-caoupled pnmps can he well above normal water levels. 
Impellers can he removed if a pump is to work nt less htad. or more bowls and 
impellers can be  added for grentcr head. 

For lifts up  to 300 ft. o1)c.n-impeller vc,~.tical-tnrhine pnmps can he used. Thi,s 
approximate limit is set by strrtch between the thrust bearing at  the top of the 
shaft and the vertical rraction of water against runncrs. Closed-impeller vertical- 
turbine pnmps me f r te  of this limitation hccause the I-ertical reaction is against 
tlre bowls. Settings to 400 and 500 ft fire common. Thpy can he at twice these 
distances but at greater cost for shafli i~g : ~ n d  longer time for pulling and rey~lacc- 
ment. Deep-well vertical turl~ine pumps ran he equipped with nater-lubricated 
rubher shaft hearings or nith tlrr shaft and mctal-to-metal hearings cnclosed in 
a small oil-filled pipe centered in the pump casing. This oil-luhricated arrangement 
generally is preferred in dewatering pumps be(-ause it protects the hea r in~s  from 
any suspended grit. 

Vertical turhine pumps are made to  work in casings from 6 in. ID to scjrer:ll 
feet, and with motors as  large as several thousand horsepower. Tllrir dependability 
is high. and rfficicncg compares with that of horizontal centrifugnls. They can 
be fitted to resist corrosion and abrasion, and, nith enongh suction pressure. will 
pnmp hot water. 

Submersihle pumps h a w  water ends similar to I-ertical turhines but are driven 
by special small-diameter motors helorn tlic 1,uml)s. Poncr  is supplird hy su11nr:lrinc 
cable. Suhmersiblrs can he used in holes not sufficiently straight for deep-~vell 
pumps. Generally. they are likely to  he preferred for depths of nrore than 400 
to 500 ft. Power cable is less ~xpensive  than sh:~fting, and subnlersihl~ pumps 
can be lolvered and raised fnster. Their rc.l,air. Ilonever, is more conllilicatctl mrti 
generally is done hy  the manufacturtr. I 3 c c . a ~ ~ ~  th t  motor is cooled l)g the 1r:lter 
moving past i t ,  submersible puml,s are at a disadvantage where hot water must be . . 

handled.. 
Submersihle nuinl~s UI, to 500 hn are nrade in the 17.8.: sizes un to 1.000 

kw for 1,000-ft head are nsed in Europt (see additional data, Per. 26.5.3). 
Submersible pumps :ire avail:lhle for uat  in cxsings of 4 in. and up. 
Submersible pnmps are used in oil n ~ l l s  at as much as 12,000 ft hut their 

pumping rat?,  like that of the admirably simple down-hole phinger (s~~cktr-l.od) 
pump is too low for any usual den.:rtering. 

TJses: Both deepiv?ll and suhn~ersihlr  pun r l~sx rc~  \re11 1)11n1ps t~specially usrful 
in water suppl!. and dcn:~trrinp.  Clost-conplrd pumps :Ire good on shaft h o t t o n ~  
where inflow is too large for lighter pumps. 

8. Vertical centrifugal pumps :irr made in on(, :~nd  two stages nith proportions 
like those of llorizontal centrifugals. T l ~ t ~  arc. rlirect-connected 1)clow Y-crtical 
motors by  short shafts. Because the pump always works suhmergrd, priming is not 
a problem. Usual speeds are 1.750 and 3.500 upin. 

Characteristics: T h r v  have the simplicity and high capacity of horizontal cen- 
tr ifugal~ and in many nsrs al)pro:~cnt~ or e(11ia1 the convenience of \.ertical turhines. 
They are made for capacit,ies up to 15,000 gpm and heads to 800 ft  with motors as 
large as  1,250 hp. 

TJses: within the range of heads at-nilahlc. rerlical centrifugals are wtll sl~ited 
to pumping dircctly from underground and o l ~ ~ n - p i t  sumps to the surfac.~.. They 
can be mounted on platforms directly o w r  the sump. I n  tlceprr mines, they can 
he used to  raise water from a lo~ver to  an  upper sump. from which it can flo~v 
with positive suction head to horizontal centrifugals. They 31x0 can pump to cmrr- 
gency storage. 

9. Other types are especially useful in work infrequently undertaken, ria.: 
A. Air lifts. Their efficiency is lorn at  hest, yet there is no s i m p l ~ r  untvatering 

installation-nothing hnt  two strings of pipe is suhmerged and anything which can 



get into and through thr  larger pipe is pumped without damage done. They are 
especially good in unlmtering partiillly hlockrtl s11:lfts. 

R. Progressit~g cnvitj- ~ u ~ n l ) o \ r t l i  ahrasion-resistant rotors in rubber stators 
rvill pump any mud xvhich car1 h r  dr:i\vn into them. 

C. Axial-flow and mised-flow pumps handle watr,r a t  very high rates and good 
efficiencies for low heads. 

A checltlist of factors \vhicl~ may 1,e ronsiderrd in selrction of pumps follo~vs: 

General: 
Life of work, of installation, likelihood of reusing pumps, salvage 
Objectives, continuity of work 
Sequence of work at various elevations 
Effluent requirements 
Comparison of various adequate pumping systems 

Environment: 
Type and location of installation, any hazards or unusual conditions and means of 

protection available, such as bulkheads, emergency storage, protection from freezing, 
etc. 

Power system, including dependability of service, power factor, capacity of feeders 
Any limits on transporting equipment 
Possible ways to provide high suction head, priming 
Restrictioils on size of excavations imposed by groulld stability or other condition 
Cost of pump room, transformer room, control room, clarification, sumps, bulkheads, 

doors, etc., as needed 
In wells, their productivity, diameter, straightness, type of completion, equipment and 

crews for boring and servicing 
Means of ventilation, heat removal 

Duty: 
Range of inflow expected 
Nuniber of units and arrangements for repairing each while others are in use, spares 
Uniformity, predictability of inflow 
Water quality and possible improvement before pumping (suspended and dissolved 

solids and resulting abrasion, corrosion, scale, possible metal recovery) 
Pumps. Drives: 

Dependability, durability under conditions of work 
Ease of maintenance (time and cost) 
Relation of pump speed to  tha t  of preferred driver 
Suction head, priming requirement 
Efficiency 
Space required to move pump horizontally and vertically for repair, replacement 
Accessories required and advisable 
Adaptability to automatic control 
Possibility and effectiveness of abrasion, corrosion resistance and their cost 
Lubrication requirement 
Leakage of water, oil 
Need for cooling, ventilating, protection from moisture 
Adaptability to any forseen changes 
Vibration, pulsation and their control 
Means to measure perforrnance for nlaintenance planning 
Availability of parts, services 
Cost of pump, drive, starter, controls and auxilliary equipment 
Cost of required valving, piping 
All installation costs 
Weight, size of largest conlponent in relation to entries 

26.4 .6PUMP MOTORS, STARTERS, CONTROLS 

The selection of motors and starters for large pumping installations is a sperial- 
ized undertaking linked with other special functions such as mine planning, including 
the evaluation of water occurrence and inflow expected during the life of the 
work, the details of thr drninagr system and finally, the mine power system. 

Becausr most modrrn units are direct-caonncctr.tl. the molor generally is selected 
to n~atch  the speed needed I,? the pump. The starting torque required by centrifugal 



pumps is moderate. Choice of voltage dcpcnds on the sizc of the ~ilotor : ~ n d  
also on tlic voltage at  \vhiclr power is brought into the mine and, for smaller 
motors, the cost of rrducing that voltage. 

Each starter protects thc motor lo whicsh it is ronnectcd from certain abuses, 
such :is overloads and low voltage. Circuit hrrakrrs usually arc. needed to protect 
the motor against largcr faults. Some verv large motors can be started by circuit 
l~rcakrrs. 

I,ov operzrting cost and drl)endat)ility :Ire, 1il;ely to he prime ohjectivcs. I J ~ u '  
first cost. sturdinrss and compactness :Ire important in most cnscs. Squirrel-cage 
induction motors started across the line nirct these ohjectivcs very well. The 
four types of squirrel-rage induction motors made in U.S.. \vith different huilt-in 
rotor resistance, afford a degree of choice of the relations between starting torqut. 
and starting current, speed, slip and loatl, and, to a lesser extent, cfficiencj-. 

Advantages of squirrel-cage induction motors :Ire: 
1. Lowest first cost, inst:tllation niid m:rinlrnailee costs hccause of simplicity. 

stllrdiness and compactness. 
2. Greatest drpcndahility because of sturdiness and $implicity. 
3. Highest availability. 
4. Ready aday)tability to automatic control. 
5. Speed of large motors on us~lnl frequency matches that of more rfficirnt 

large clear-water pumps. 
6. Adequate starting torque. 
Disadvantages arr  : 
1. Squirrel-cage iniluction motors startcd across-th~-line draw about six times 

fnll-load volt-amprrcs. Specially dcsigned motors larger thnn 200 hp can he dcsiwrd 
to reduce poxver inrush. 

2. Induction motors cannot he usrd, ns synchronous motors arc. to correct 
tlrr p o ~ e r  fartor. 

Limitation of sllrges may l ~ r  requirrd h y  lhc capacity of a local grnerating 
plant, 11y thr capacity of t h r  supply cable and transformers or 1 . 1 ~  high dcm:ind 
charges. Motors uslially are startpd one at n time, the largest first, and disc11:lrgc 
vnlvrs are opt,ncd :tftrr all arc. ~ I I I  to s l~eed.  '4 smnll pump can h r  started and 
stoppcd as nccded to acconlnlod:~tc cllnngcs in flow. h r g r  sun111 capacity makes 
it easier to ac*commodwtr thr v:lriations. There :rrr several kinds of rrduced-voltage 
starters for use with squirrel-cage motors if circumstances justify the rxtra cost. 

T h r  I)o~vrr-factor of squirrel-cage motors c:tn hr  iml)l~o~.cd h!. capacitors ~ r l ~ r r r  
the added cost is justifird. 

Anoss-the-line starters ha r r  t l ~ e  adr:rnt:igcs of simplicity, drl,clndnhilit!-, (,om- 
pactnrsa and lrast first cost. For economy in niotor-st:irtrr cost alone. 440 \- would 
I)r chosrn for motors of 500 h11 and less. I n  conxidrration of the voltage of tllr 
minr supply c:il>lr and ill(. need for tmnsformcrs, l~igllcr 1-oltages might hc prefera1)lc 
on units of this and even somrwhat snlallcr sizrs. 

1Tsl1:~l dutirs of controls arr  to : 
1. Stop and start p ~ ~ n l p s  at prrset water Irvc~ls. 
2. Signal if n-atrl. rises a1.)normaIly. 
3. Signal if a pump is stopped for any rwson otlicr than lolv xater.  
4.  Protrct pumps from being startcd or continuing to work under conditions 

which inight ({;image them. such as hot hearings and insufficirnt water. 
5. Protect motors froin trouble s11c.11 as ovrrlond. I lca t~d I~caring, or elrrtrical 

faults in the motor or in t h ( ~  power nriliply. 
6. Record reriain dato to indic:~tcl ~~erforinance ; ~ n d  for use in planning 

inxinten:incr. 
Controls do not think hut they react faster than people who do, and their 

vigilance can be made rxtremrly high. Controls should fail safc-i.~., if any protrc- 
tive device fails, dependent equipment sllollld he stopped. an alarm given and. 
except in emergency, equipment prevented from being restarted until thr fault 
is corrrcted. 

For thr  smallest installation, controls niay t)r no more thnn n start-stop float 



switch and a high-water alarm. A large recent pumping plant, on the other hand, 
has controls which verify nineteen conditions, such as gland-seal water pressure, 
suction pressure, oil prrswlre, oil level and motor-winding temperature, which must 
br normal before that pump can be started." Controls are neither simple nor 
cheap but engineering design has been much improved and better use is made 
of them. The advantages of simplicity still are recognized but the cost of labor 
and more common use of larger equipment units promote automation. 

Some controls provide special protection-e.g., automatically putting a small 
current, through the windings of a stopped motor to keep them 5" to 10" above 
ambient temperature to pl.r,vent condensation. 

Controls can also provide records of performance, such as total quantity of 
water pumped each day, and other records of individual pumps, such as s ~ ~ r t i o n  
and discharge pressures and individual flow needed to plan maintenance. 

26.4.SDISCHARGE PIPE IN SHAFIS AND PITS 

Fundamental considerations include : 
1. Pressur-Normal work~ng pressures may be increased considerably by the 

pulsations of reciprocating pumps or by surging and water hammer. Special steels 
or extra wall thickness may compensate for pressure or corrosion hut with added 
cost or weight. 

2. Subsiden-Where significant subsidence is likely, the discharge pipe should 
be able to survive some misalignment. 

3. Need to Remove and Replace Sections-If i t  is likely that individual lengths 
or sections of a discharge line must be removed to clean scale or repair accidental 
damage, pipe should be coupled and supported accordingly. Repair by cutting and 
welding is difficult in some places. 

4. Corrosion, Inside and Outsid-In some cases, there are reasons for not treating 
water undergroudd and protection of the outside of steel pipe is likely to  be 
incomplete. 

5. Location and Related Facton-The angle of the pipe, its exposure to accidental 
damage, working room and service facilities also are factors in selection oi pipe 
and couplings and how it is supported. Because many of these factors are difficult t o  
evaluate, continuous dependable service is most important and repair can be highly 
inconvenient, innovation in high-pressure design pipe is uncommon. 

Preference for seamless steel pipe for high-pressure lines has decreased with 
better welding and use of centrifugal pumps. Welded pipe has been used increasingly 
in South Africa for 25 years (Johnson,13 p. 296). High-pressure lifies usually are 
no larger than 10 in. to limit weight of long steep columns, facilitate placement 
and repair in limited shaft compartments, reduce the number of centrifugal pumps 
discharging to the same line and make it  easier to provide a spare line. Wall 
t,hickness needed for any pressure is calculated from the minimum ultimate tensile 
stress with a good factor of safety; 5 is frequently used. 

There is much more latitude in choice of pipe for lower pressures, such as 
discharge from single-stage pumps. Where volumes are large, 20-in. pipe has been 
installed. Chief Consolidated used numerous submersible pumps in winzes, hung 
on 12- and 18-in. spiral-weld pipe with Victaulic couplings." 

On high-pressure lines, practice is to join pipe with flanges. Simple flanges 
generally are preferred, but  gasket material must, resist extrusion by strength or 
by retention (Anderson,la p. 284). These long strings generally are assembled from 
the bottom up by adding one or several lengths. With the use of a cage with 
extensible crawls to handle the pipe and decks where crews work, more than 
300 ft of pipe can be placed in a shift (Martin: p.  300). 

Weight usually is carried on steel bearer beams or brackets concreted into 
the shaft wall at  intervals of 400 ft or less. The provision of an expansion joint 
below each bearer assists in equalizing weight, adds vertical flexibility and makes 
it unnecessary to raise an entire string to replace a length. 

The four 10-in. 3,900-ft stainless-steel lines recently installed in Butte4?, were 



supplied in 60-ft lengths with a sleel-c. on onr rnd anti the other turned for 
close fit. Lengths vere joined by welding as cach length mas added at the surface. 
like me11 casing. Strings 500 f t  and more long xerr  assembled in this manner. 
These were lowered and welded into the last-placed component. Guides 20 ft 
npart prevent side movement but  all weight bears on a concrete bridge at thr 
elevation of the pumps. An expansion joint is pro\-ided at  the surface. 

The usefulness of expansion joints in long lines is questioned brcause of their 
tendency to "freeze" with scale and rust. An increasing tendency lo  ornit them 
seems to  prove tha t  they are unnrcessary. Where they are used, it is likely that 
periodic maintrnance is needed to kcep tllrm functioning (Anderson, G i r n k ~ y , ' ~  
pp. 290, 294). 

In inclined shafts, pipe rornmonly is hung from steel posts or from rock pins 
a t  intervals of a pipe length or lrss. Lines up pit walls arc similarly set on 
piers-if possihle where esposure to firock and likelihood of pit expansion are 
least. I n  some rases, both hazards arr  avoided by pumping through nearhy sllafts. 

Gate and check valvrs :Ire p1:lced in the discharge of cach centrifugal pump 
for use in starting and for protrc.tion during the repair of a pump connected 
to an active discharge line. 

26.4.10-TESTING PERFORMANCE OF PUMPS 

Well-equipped manufacturers have extensive facilities for testing large p l ~ n ~ p s  
with prerision. Comparable test farilitics are uncommon in deep mines and constrrlc- 
tion, ye t  records of performance are essential to evaluate the results of pumping 
and to guide maintenance. Serviceablr da ta  ran I,e obtained by such means as 
the following: 

1. Measure the tot:~l output by a weir on the surface. This can be integraterl and 
recorded. In some rases, it is possible to  measure rate by pumping into or out of :t large 
sump or tank, but usually with less st~tisfaction. Inflow can be estimated by adding t,he 
water removed with ventilating air and subtracting any water piped into the rnirle for 
drilling and washing, and decant water from hydraulic fill. 

2. Measure pumping rate of each pump by any of several means including magnetic 
flowmeters, venturis, or orifices, weirs or pomping fro111 or into :L sump. Provision of these 
measuring devices in the discharge of each pump makes it possible to check each periodically 
with little labor and loss of pumping time. 

3. Measure individual discharge and suc~tion heads with calibrated Bourdon-type gages 
placed appropriately. In view of the close relation between big11 suction liead and effiriency, 
it may be better to measure these heads with a mercury nla~lometer. 

4. Mechanirnl input ran be determined from a ralihrated watt-hour meter, subtracting 
the motor loss a? taken from the manufacturer's test data. Various torque dynn~nometers 
can be used for a more fundamental determination of power input. 

5. Pump speed is most readily measured by :I ralibmted tachometer and stopwatch, 
and this is generally adequate. 

The ra t r  of discharge of :I pump ant1 tii.~cl~argr pressurr ran dcrreasr wit11 
time because of: 

1. Scale fornled in the discharpr or other clr:~ngc increasing Ihe dynan~ic 11c:ld. 
2. Decrease in suction head. as b y  scale, ol)struction of int:~kes, rtc. 
3. Decrease in effective d i a m c t ~ r  of the runnrr or other scvrrr pnml) wear. 
4. Blocking or other obstruction of the runncxr passages. 
5. Wear causing excessive leakage brtwren stagw of multistagr pumps nnd across 

wear rings in single-stage. 
All pumps discharging into :I singlr line slionld Ilr kept "l~:llanccd" to oprrntt, 

together efficiently. In  an extreme cnsr, the hcad of on(, pruinp could dt~crcaso 
until flow is reduced to  the drgree illat the purnp hcarings scizc (Lon." 1). 219). 

26.4.1140ST OF PUMPS 

I n  most cases, half a dozen of the pun117 rhar:irtcristic*s in the (.hrc.k list givvn 
in Sec. 26.4.7. are likely to  be more signifirnnt tll:in the first cost of the 1)unlp. 



The cost of standard water ends of horizontal centrifugal mine pumps generally 
is 30 t,o 50% of the total cost of the pump-motor-starter unit. I t  may be only 
5 to 157' of the cost of the pumping plant including sumps, clarification, power 
supply, ventilation, suction, discharge and required excavations. The construction 
of the pump influences the cost of the station-e.g., vertical pumps require l e ~ s  
floor space and no suction. Efficiency is important because power ordinarily is 
the largest part of operating cost. Where ~ l a n n i n g  makes it ~racticable,  a single 1 
high-head pumping installation can be more efficient as well as simpler than a 
series of pumping stations each working a t  a lower head. 

Minimum estimating list prices of pump-motorstarter units are shown in Fig. 
26-14 in relation to capacity in million foot-gallons per minute. These are for 
the least expensive combinations of pump metal, motor and starter. Additions 
should be made if special drives or special protection against corrosion or abrasion 
are planned. 

The approximate motor input horsepower shown in Fig. 26-14 is based on assumed 
efficiency of 6070 (motor x pump) for small units, 75% for larger pumps and 
up to 80% for units of large capacity. Large units, in which both motor and 
pump are excellently matched to the pumping duty, may go higher-e.g., 90% 
pump,)( 93% motor (see discussion of motors cnd starters, Sec. 26.4.8). 

Pr~ces  of submersible and deep-well pumps include the cost of the pump column 
pipe and cable or pump shaft, and are based on the assumption that water is  
discharged to atmosphere a t  the surface. Small-capacity well pumps are designed 
to be used in small wells. Many stages are required for high heads. Hence, these 
pumps tend to cost more than well pumps of large capacity. 

If Fig. 26-14 is used to compare costs of well pumps and horizontal centrifugals, 
consideration should be given to discrepancies in foundations, suctions, valves and 
discharge pipe. 

The prices of horizontal centrifugal pumps in 316 stainless steel (pump only) 
can be approximated by multiplying the price of the standard pump by factors. 
For the water end (pump only), these are: 

Factor 

Horiz. centrif. pumps, heads to about 600 f t .  . . . . . . . .  1.76 
Horiz. centrif. pumps, heads to about 1,200 f t . .  . . . . . .  1.9 
Horiz. centrif. pumps, heads to about 4,000 f t . .  . . . . . .  2.5  

Because Fig. 26-14 shows prices of complete pump-motor-starter units, the factors 
for use against prices shown by that  table should be: 

. . . . . . . .  Low-Head, about.. 1.4  
High-Head, about. .  . . . . . . .  1.75 

Corrosion resistance can be provided for close-coupled vertical turbine, deep-well 
and submersible pumps. Price multipliers are approximately : 

Vertical turbine (pump only), all-bronze bowls, 416 stainless-steel shaft . .  . . . . . . . . . .  2 . 2  
Niresist bowls, 304 stainless-steel shaft. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 6  

Submersible pump motor, combinations noted, all-bronze bowls, standard steel motor 2 .0  
Zincless-bronze bowls, stainless-steel motor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 5  
Niresist bowls and stainless-steel motor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 . 0  
316 or 304 stainless-steel with 316 stainless-steel motor.. . . . . . . . . . . . . . . . . . . . . . .  5 . 5  

26.4.12--COST OF PUMPING 

Conditions which make for low unit pumping cost include: 
Large, nearly uniform volume-say several million foot-gallons per minute. 
Dependable power at  moderate cost. 
Clear cold noncorrosivr water. 
Well-designed dependable system. 
Easy write-off with life of 15 or more yr for all major units of the system. 
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D Close Coupled ver t i ca l  Turbines,500 - 6000 gpm 

CAPACITY I N  MILLIONS OF FOOT GALLONS PER MINUTE 

Fig. 26-14-AIinimu~n estimating prices of purnl) units, 1970-standard iron construction 
for clear noncorrosive water, with drip-proof squirrel-cage induction motor and across-the- 
line starter a t  480 v to 450 hp and 2,300 v from 500 hp up. 

Where all thme favorable conditiorls exist, n basic pumping cost map he made 
r1p of: 

Per Million 
Foot-Gallons, 

0 
Power, 4 to 5.5 kw-hr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Write-off, pumps, drivers.. . . . . . . . . . . . . . . . .  0.01 
Write-off, other parts of system. . . . . . . . . . . . .  0.02 
Maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.005-0.01 

Total (add power at  appropriate rate). . . . . . . .  0.04 



Not only is there a large variation in power cost but  a t  some mines having 
ample storage and pumping capacity, pumping ran  be  done during periods of low 
demand at  much less than normal rates. I n  some places. use of water or the 
recovery of dissolved mineral might be considered t o  justify a credit against pump- 
ing. Under unfavorable conditions especially in combination, unit pumping costs 
can be very much higher. 

26.4.13--COSTS OF WORKING WET GROUND AS COMPARED WITH DRY 

The added cost of working in wet ground, compared with dry, can be much 
more than the total pumping cost. This is true in open pits as  well as underground. 
The basis for the statement is given in the following checklist of items which 
may increase the cost of working wet ground (Note :  effective advanced dewatering 
eases or eliminates all but the  last four items). 

1. Higher labor costs from lower efficiency, more absences, wet pay, waterproof- 
clothing allowance, increased hazards to shaftmen, electricians and operators. 

2. Lower efficiency of equipment such as belts, bins, passways and chutes, skips, cars, 
trucks, feeders, screens, fine crushers. 

3. Inability to use certain equipment, such as rubber-tired vehicles, on wet, soft floors. 
4. Inapplicability of certain low-cost methods of development or mining, such as entry 

through undulating ore bodies, methods depending on off-track equipment in some cases. 
5. Inapplicability of certain low-cost explosives. 
6. Caving in wet blastholes. 
7. Loss of friable minerals, such as sulfides washed from passways, chutes, cars, trucks. 
'3. Damage to product, such as to  limestone by mud washed in. 
9. Cost of cleaning ditches and excavating or supporting ground which would have stood 

if kept dry. 
10. Higher cost of shipping a wet product. 
11. Cost of drying a wet feed, as in a dry-process cement plant. 
12. Increased cost of digging frozen ground, of handling, and of thawing or prevention 

of freezing. 
13. Increased cost of installing and maintaining the mine power system with acceptable - 

safety in wet environment. 
14. Increased cost of building and maintaining roads, track, ditches. 
15. Increased cost of maintaining mechanical equipment against abrasion and corrosion, 

and tires against cuts. 
16. Increased cost of providing and maintaining standby facilities, such as bulkheads. 

water doors, accessways to pumps and sumps, and iupplying power to  pumps. 
17. Cost of any interruption caused by inflow, cost of crew, equipment or supplies for 

emergency control. 
18. Increased cost of maintaining cooling power of ventilating air. 
19. Cost of maintaining a stockpile and a financial reserve to  continue work in case 

production is interrupted by flooding. 
20. Cost of pumping during any work stoppage. 
21. Cost of any treatment given water before discharge. 
22. Cost of any liability attributable to dewatering, effluent discharge or preventing it. 
23. Cost of engineering. planning, consulting attributable directly or indirectly to  water. 

2 6 . L W A T E R  IN SURFACE MINING 

Water is not likely to be  as spectacular a problem as in underground mining, 
but still i t  is an important factor in costs and output of many pits. Dewatering 
costs of $0.18 per ton of ore are noted a t  a sizable open pit. Maintenance of 
equipment which must be worked in  mud and grit generally is more than normal 
and its output less. Advanced dewatering increases the stability of pit walls below 
the static water level. I n  most pits, maintenance of roads calls for a degree of 
water control. Twenty of the examples in the outline, Sec. 26.2.1, are open pits. 

Probably all the effects of water noted underground are seen, to  some degree, 



in opeii pits. I n  addition, tlierr ma). br  greater tlifficulty in protcrting pump installn- 
tions from hlast daniage, fluctu;~tions of inflow :Ire likely to be greater and more 
sudden, the area of rock exposed is likely to be mucli greater. the effrct of water 
on stability may be more i m p ~ r t a n t , " " ~ ' " ~ ~ ~ ~ ~ "  but pumping heads generally are less. 
For direct and indiiect effects, see Secs. 26.2.2 and 26.4.13. 

As to water, pits might Ile classified as follotvs: 
1. Pits needing sloped working levels, ditches and small pumping plants to 

control minor influx,, rainfall and snow-melt. Among these are mines above the 
water table, on s t c , ~ p  slopes, in rock of 1-r1.y low permeability, in areas of low 
precipitation. Pumps. if needed, generally are in the pit bottom. 

2. Pits with moderate to large inflow, prohahly the miijority, perhaps needing 
some diversion of rurface water and pumping, not only to keep the pit dry hnt 
for efficiency, maintenance, stability or to krrp products drier. Pumps may he 
in the pit, bottom but  dewatering throngh nells offers distinct advantagrs. which 
may justify additional prrl~rotlnction time and caost. 

3. Pits which cannot I3e mined under watrr and are in ground so wet and. 
in some cases, weak also, that dewatering appears to be a necessary 
Pumping rates can be as large as 53.000 gpnl a t  Nyirad bauxite, Hungary,"" and 
175,000 gpm from the Garsdorf lignite mine, Rl~ineland.~' 

4. Pits helow ri~.ers, lakes or swamps opened by a combination of pumping 
or river diversion and stripping. Quantities may be huge, as a t  Caland, Ont., 
where 162 million cu yd of overl,urden was moved as far as 30.000 ft and liflrtl 
as much as 472 f t .  Hydraulic cutterliead dredges have heen 11sed.~' 

26.5.2-DITCHES, SUMPS AND PUMPS IN THE PIT 

Unless ground is higlily ~ ~ e r m r a l ~ l e .  some of the precipitation in hillsidr pits 
can be (%aught in adequatr ditches and dit.erted. Floors sliould slopr anay froru 
faces enough to  drain them. 

The simplest pumping is from n snlnll snrnp :it an initial low elrvation on 
each newly opened working level. If inflow is minor, a small snb~nrrsible 1111ni1) 
discharging through a hose to the lotrest sum13 is c.onrrnicnt. Larger flo~vs can 
be handled by  skid-mounted pumps set 111, besidr thr sumlp. Thwr pumps rfvluirc 
more attendance, as need for priming com1,lirates automatic. control and nritllrr 
maintenance nor efficiency are likely to he good. 

A float-mounted pump can b r  mol-ed more casil!-. 11 (*:in hr a vertical pump 
with submerged intake, easily autom:~ted. V~rt ica l  ptln111s also can he mounteti 
on  simple platforms eliminating tiischarge hosr. Stubbind"' ronimei~ts on these ar- 
rangements with special reference to protection rcquirrd for (bold-weather operation. 

26.5.SDEWATERING WELLS FOR OPEN PITS 

Dewatering though wells is discussed g ! . ~ n r r a l l  in Scc. 26.4.2. Remarks her(, 
are limited to their use for open pits. As in underground mining. there are (-:~sPs 
in which advanced dewatering probabl~r is the most practical. and intlcrd in 
some, the only apparent course. 

I n  cold places advanced dewatering offers special advnntagrs noted in the clreck- 
list, Ser. 26.4.13 and Table 26-3. Excrpt, for part of the spring runoff. ],its at 
Knob Lake, Quebec-1,abrador. arc detvatered by tvells in the pit boitonis. hlasses 
of low permeahility are found in c-omples relation with more permr:lhle rock. 
Wells drilled outside pits would he considerably deeper and more expensive and 
nould not be certain to drain ground to b r  mined. About 16.000 gpm was pumped 
in 1964 . "At  Pine Point, NU7T, pits in nearly horizont.al comparatively   table 
dolomite are dewatered by nells outside the pits. About 27,000 gpm was pumped in 
1969-70.64." Some 35 to 40 wells are pumped a t  each mine from about 100 ft below 
planned pit bottoms. 

I n  kaolin pits at Huher. Ga.,F' and the Keyveli lignite mine. India.'00 deep 
wells are pumped to lower the artesian pressurc in aquifers below the orr. 



At Nyirad, Hungary, :td\.nncrd d m : ~ t ~ r i n g  was hegun in 1957 because progres- 
sively larger inflows froin sollitioil rarities in limrstone, encountered above, in 
and belo~v the barlnitc bring rx~~loitecl ,  made it impossible to plan. About 53,000 
gpm was 1)1imped in 1968 hy  suhmersiblc plimj,s set in wells of 2 m in dia about) 
200 m deep. Wells are borrd because inrushes made ronventional sinking slow, 
costly and Ilazardous. Drardown is expected as far as 20 km from the wells.G8 

TABLE 26-3-Comparison of Three Open Pit Pumping Systems 

A 
Sumps and Pumps in Pit 

Most flexible, needs least 
planning, least prepara- 
tory expense and time 

Effect on regional water 
table is minimized and 
deferred as long as pos- 
sible. Rate and total 
volume pumped gener- 
ally are minimized 

Pumps are grouped at  
sumps 

Where water is a minor 
problem, pumping from 
the pit is likely to result 
in lowest cost 

Also good application 
where there is large 
inflow in pits of large 
area so that cost of each 
settler-sump-pump 
installation is well 
spread 

Easiest way to handle sur- 
face water 

R C 
Dee11 Wells in Pit Deep Wells Outside Pit 

Wells are not as deep as wells Wells can be pumped without 
outside pit limits, as in Col. interruptions for blasting 
C 

Pumps are not as scattered as 
if outside pit, as in Col. C 

Where drilling is difficult may 
be lower cost than with 
wells outside pit, as in Col. 
(: - 

Can take advantage of any 
topographic relief to  mini- 
mize lifting water out of pit 

Where drawdown cones are 
steep, wells in pits are more 
effective than outside 

and loading 
Wells can be drilled without 

interference with work in 
pit  bot,tom and are not in 
the way of blasting 

Wells are less shaken by 
blasting 

Pit is clear of pumps, power 
and discharge lines 

Discharge lines can be short 
and easily drained 

Although wells are scattered, 
service is likely to be easier 
and the pumps are more 
accessible than if in the pit 

Pit is free of sumps; digging and cleaning ditches is minimized 
Pumps do not freeze if stopped 
Water table can be lowered so that pit does not begin to fill 

soon after a power interruption or other stoppage, and is not 
so likely to  flood in heavy storms 

Rock near toes, surnlls, new cuts can be dewatered 
Walls are more stable 
Road maintenance can be better 
Rates of pumping are more uniform than with Col. A 

arrangement 
Water is likely to be cleaner and may be better chemically than 

Col. A arrangement 

At tlie Garsdorf mine in Nordrhcin-Westphalia, a n  average of about 175,000 
gpm is pumped hy sribmersibles capahle of lifting u p  to  4,000 gpm from 1,050 
f t .  Water is in thick sevcl.rl-y faulted weak silt brds  above the coal. The  operators 
believe that thrre is no other practicable way of maintaining acceptable pit slopes. 
As mining goes deeper, they expect to use puinps of as much as 2,000 kw in 
wells as deep as 1,600 ft. Wclls are gral-el-packed. I n  the entire Rhine Dist., more 
than 600 wells were pumped in 1965, feeding some 750,000 gpm into the Rhine 
or its t r i b u t a r i e ~ . ~ ~ ~ ~ ~ '  

In  dewatering, the importance of understanding the water occurrence, appropriate 
planning and allowai~ce of sufficient time cannot be overemphasized. 

26.5.4-COMBINATIONS, MODIFICATIONS OF SYSTEMS 

At Knob Lakc, heavy snow-melt is caught in and pumped from sumps, though 
dewatering xvells are pumped all year. 

Water from open pits a t  Ruth ,  Nev., and Jeffrey Mine, Que., is collected 
in adjaccnt underground workings and pumped from underground sumps through 
shafts to the ~u r face . "~ '~~  
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Walls and floor of the Lucky Mc mine, Wyo.. are drained by a peripheral 
ditch dug and maintained to at least 8 f t  below the pit floor hy b:lc1choes1' 

26.5.5--PUMPS FOR OPEN PITS 

Many open-pit pumping systrms can tolerate more suspended solids and acid 
than can those for dcrp llnderground ~n in r s .  This is rspecially trur of sh:lllow 
pits and strip mines, and pits which are derpened rapidly and where inflow is 
small. I n  these cases, the tendency is toward abrasion- and corrosion-resistant 
pumps. Vertical centrifugal pumps are especially useful. Set on rafts or platforms, 
inotors are we11 above rater yet tlie plimp unit is sl~mbergcd and automatic 
control is provided rcadily. They can be fitted to resist abrasion and corrosion. 
For repair, they mnst br  l~ulled out of the water but otherwise maintenance 
is not difficult. 

Dewatering is discllssed in Scc. 26.4.2 and Inlmps and controls generally in Sets. 
26.4.7 and 8. 

26.5.6--COMPARISON OF OPEN-PIT PUMPING SYSTEMS 

Table 26-3 is a comparison of tlirre pumping systems. 
Because prcproduction time and expense are lower and flrsibility is high, pumping 

from sumps in pit bottoms is likely to be favored in strip mining and comparatively 
shallo~v pits, where inflow is not largr and  here thew are no special advantagr~ 
in dewatering through wells. 

Comparison of costs of pumping directly from :I pit bottom and dc\vatering 
through ~vells is difficult. Complete comparison ~lionld incln'de any applicable indirect 
items such as tliose shown at tlie botroni of Cols. 13 : ~ n d  C. Table 26-3. Horvever, 
in some rases, n fen- more rratiily obtained items may 1)e sufficient. At a Quebec- 
Labrador iron mine. the produclion of ore with 2%) less moisture is credited wit11 
saving $0.12 per ton on tlic cost of shipping thc p rod~c t .~"  

I n  selection of a water-handling systrm, dependabilit!., rasr of mainten:lnc~c~ 
and durability arr  prime considrr:ltioiis. Where large nliilibrrr of })limps arc to 
be useti, especially in remote location::. star~d:~rdization :ilso may h~ importmit. 

26.6-MINE-DRAINAGE POLLUTION CONTROL 

T h r  most important i.pc of pollution restilting from rnining artirities is :I(-id 
mine tirainagr. Although primarily a problem nsrocintcd nith thr con1 indastr?-. 
the arid-mine-drainage problem potenti:illy exists wherevrr sulfidr minerals. pnrticn- 
lady iron slllfities, are :issociatrd with the orr hod>-. As yrt  thcre is no positivr 
or complete solution known. but means I I ~ I - e  Iwen io~ind for rliminating or miniiiiiz- 
Jng the polhition load in man>- instances. 

26.6.1-THE PROBLEM 

Oxidation of the exposed st~rfacrs of tllc slilfide lninerals assoc.iated with tlie 
ore bodv is the initial step in the formation of mine :]rid. As oxidation continues. 
acid salts are formed. and tlie parelit mnioriids disintegrate and c,sposc nrw stirfacrs 
to oxidation and furllier acid formation. Timr thus bec.omes an in~portant i:~ctor 
in the ainolint of acid formed. T l ~ e  longrr the aciti-producing material:: are cxposed 
to tlw atmosphere, the grcater tlie amount of acid ~vliicli rvill be fornied. 

Water invades almost every mine in the form of direct precipitation, surfarr 
runoff and underground percolation. Atmospheric moisture also is present, mhicli 
hastens the oxidation process. As tlir water flows ovrr or tl~roligh mincd material 
it becomes mine drainage, whose quality a t  any time is the net result oi the 
alkaline and acid materials dissolved in it. When water comes in contact with 
acid matrrial in the mine, it becomes the transporting agent ior any acid that 



has been formed. If the acid thus picked up exceeds the alkaline component, 
the mine drainage s i l l  be acid in character. 

Chemical reactions which follow are an oversimplification of a complex series 
on which principal investigators do not yet altogether agree: 

FeS2 (pyrite) + H 2 0  + 7 0  -r FeSO, + HpSO, (1) 

This probably is the initial step in the production of acid. The rate at  which 
it  proceeds is variable and depends on such factors as pyrite properties and composi- 
tion, temperature, and pH of the water. 

The second step also depends on aeration and temperature and may involve 
bacterial oxidation by an iron-oxidizing bacterium. 

The ferric sulfate hydrolyzes, forming more acid and precipitating ferric hydroxide 
and basic sulfates. The approximate formula for the reaction is: 

26.6.240NTROL PRACTICES 

The practices in mine drainage control can be divided into two categories. 
The first includes those aimed at   re venting the formation of mine drainage; 
the second, the various processes for treating acid mine drainage once it  has 
been formed. Prevention is preferred over treatment as i t  is less expensive and 
is permanent in nature. 

Prevention-Preventive practices are based on eliminating one of the three 
reactants (acid-forming mineral, oxygen and water) that combine to form acid 
mine drainage. 

The diversion of surface waters and ground waters to prevent entry or reduce 
the flow of water into and through workings has been discussed. In surface mining, 
diversion ditches also should be maintained above the highwall to minimize entrance 
of runoff water into the pit. Slope of the ditches should be limited to 1 to 3% 
and, if possible, they should not exceed 1,500 ft  in length. 

Water that does gain entry to the workings should be handled in a manner 
that will reduce the flow through or over acid-producing materials. To  accomplish 
this, mine water should be remov~d  as quickly as possible or accumulated for 
later removal in sumps or other storage facilities located as  near as practicable 
to the point of inflow into the mine. Local depressions in the bottom which 
permit the accumulated water to spread out over a relatively large area are not 
suitable sumps. Sumps should be kept free of acid-forming materials and should 
be pumped continuously to maintain a static water level. Mine water should 
be conducted in acid-resistant pipes rather than ditches, unless such ditches can 
be kept free from acid-producing materials. If gravity flow cannot be relied on, 
local pumping stations or suction pickup stations should be employed. These tech- 
niques are applicable in both underground and surface mining. 

Refuse from the mining and processing of coal and other minerals represents 
a potential source of acid mine drainage and should be handled and disposed 
of in a manner which will minimize drainage. In  constructing a refuse pile, care 
should be talcen to insure that all refuse is compacted to reduce oxidation and 
infiltration of water into the pile. Where the "size consist" of the refuse is such 
as to prevent effective compaction, a suitable consist should be obtained by crushing 
or other suitable means as necessary. Runoff water from the area surrounding 
refuse piles should be diverted around the piles by suitable ditches or conduits. 
If such runoff must pass through a pile, i t  should be contained in a conduit 
large enough to carry the maximum anticipated flow. 

Probably the most effective protection against oxidation and the formation 
of acid in refuse piles is permanent submergence under water. This often can be 
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accomplished by  disposal in strip-mine pits xvhere the refuse ~vill h r  inund:ited 
follo~ving completion of mining. If snbmrrgrnc~ is impossible, consideration should 
hc givrn to corrring the refuse with suitable nonacid-producing material. 

Upon discontinuance of mining operations all practicable mine-closing measures. 
consistent with safety requirements, should b r  rniployed to minimize the formation 
and discharge of acid mine drainage.'" This provision is based on the principle of 
eliminating oxygen from the acid-forming ini~terial. 

I n  underground mines bclolv surfilce drainage, flooding following completion 
of mining will eliminate the oxygen and nol.mally will eliminate future acid 
formation. 

In  underground mines at elevations that will permit gravity drainage to thc 
surface, effectivr application of this provision rrquires careful prcplanning of minc 
openings to avoid. wherever practicable, numerous openings to thc surf:lce nntl 
locations that ~vould rcndrr sealing impossible. I t  should be recognized that minr 
sealing by  the use of bulkheads. unless all fractnrcs and subsidence craclts to 
the surface are effcctivrly sealed. has limited rffectireness in prerrnting oxygen 
from entering the mine. Prrvention of tlie formation of acid mine drninagc can 
only be insured if the coal scam and/or other acid-producing strata and rn:lterials 
are submerged. Where practicable, tliercfore, hulkl~eads should be designcd to be 
watertight seals and be constructrd to n.itlistanti the water and earth pressures 
which may he imposed on them. 

Detai!ed construction of br~lklieads is trcated in Sec. 26.7.4. If a masonry scal 
is constructed, a concrete footer is recommended in lieu of hitching thc block 
directly into the bottom clay. The prrimrter of thr seal should Iw sealrtl nit11 
concrrte 2nd hot11 the inby and outby s11rf:lces of the sral shollld he col-cretl 
with bitumastir coating, urethane foam or othcr acid-rrsistant coating. I n  ndtlition 
to protecting the seal from corrosion by contact with acid ~vater. the coating 
also decreases the permeability of the seal. To prrl-c,nt fracturing of thr masomy 
sral, adequatr roof sl~pport  nlust he providrti on hoth tlic inby and o ~ ~ t b y  sidrs. 

Upon the permanent abandonment of strip pits, or the completion of aIIgrr 
miniiig, all :icid-producing refuse shoul(1 hc rcmovrd, buried or s~lhmcrgetl. Tlir 
face of the coal sram in the bottom of tlie pit should be col-rred or suhnlcrgrd. 
and proper provisions for handling ~ v : ~ t e r  should hc estxblished. 

Treatment-The principal methods for treating minr ~ v a t r r  are dcsignt~d lo 
neutralize aciditv and removc iron 13)- processes in!-olving thc usc of lime or l i~n r -  
stone, and by tiemineralization. 

Most minr water treatment prorrsscs involvc limr ne~itralizntion. I i m r  g(>n('r:~lly 
is a~v~i lable  and has a high b:isicity. I ts  cost, while high. is lcss than that of 
all other bases except limestone and waste material. Con~plr te  limc-trcntment pro- 
cesscs include nrutr:ilization r~sing h-dra tcd lime.  erati ti on to oxidizc the iron f l ~ ~ i l i  

a ferrous (if prrsent) to a ferric. state. sludge, srttling and slritlgr tlisposnl. 
Xrutralization costs are dependent on t l ~ r  cl~~:intity of water to hc tl.e:tled. 

the total acidity of the water and the ferrous iron content. For cxaml3lr. costs 
for treating one highly acidic w:lter (acidity, 2.800-4.000 ppm; ferrous iron. 9W1.200 
ppm) ranged from $0.48 per 1.000 gal for :I r)l:int with a capacity of 8.000.000 
gpd to $0.62 per 1,000 gal for a 1)lant with a caparity of 300,000 ppd.loVosts 
of neritralizing weak acid w:lter (acidity. 600 to 700 ppm: frrrolis iron. 300 ppni) 
ranged from $0.19 per 1.000 gal for an 8.000.000-gpd plant to $0.28 per 1.000 gal 
for a 30.000-gpd plant. 

Because of its low cost, limestone trcatrncnt is most appraling. Ho~vcvt.r. unlc~,q 
sufficient oxidation is this t)-pr of systrm is not sntisfactor.- for treating 
ferrous-iron waters as the oxidation rate is too slow : ~ t  thr pH lcl-el nttninrd. 
Anotl~rr problem with the usr of limestone is that,  othcr than with low-iron 
waters, tllc limestone bccomes coated with ferric-oxide Irydrates and calcium stilfatc 
and loses its neutralizing rffer(i\-mess. This prohlem \\-as overcome at one mine 
site, by constructing a single stagr-limestone treatment plant consisting of a 3 x 30-ft 
horizontally mounted rotating drum in w11ich is placed npproximtc1~- 5.000 lh of 
1 X 3-in. l ime~tone. '~ '  The rntire mine discharg~ of a~~p l~ox ima te l~ -  150 gpm flow; 



through the drum, which rotates between 10 and 20 rpm. The resulting particle 
abrasion is sufficient to remove the coatlng from the surface of the stone and permit 
thr carbonate reactlon to continue. 

The volume of water that can be treated using limestone can be increased 
if the rotating drum is used as an autogenous wet grinder to produce a -400-mesh 
limestone slurry that is mixed with the mlne discharge. Neutralization in this 
process is followed by air sparging, to remove excessive CO,, and ~ e t t l i n g . ' ~  

Based on a 20-yr depreciation of equipment, treatment costs involving the 
use of limestone can be expected to range from $0.04 to $0.60 per 1,000 gal of 
mine water, depending on the quality and quantity of the mine discharge and 
the degree of treatment required. 

Demineralization treatment processes include the many saline-water-conversion 
processes for producing potable water.''' Saline-water conversion theoretically can 
be applied to mine effluent to produce potable water. However, under present 
conditions, these processes do not have application to acid mine waters except 
in cases where a municipality needs an additional supply of potable water to 
meet Public Health standards. The cost of the treatment of mine water by the 
saline-water processes range from $0.36 to $4.05 per 1,000 gal, depending on feed 
rate, operating factors and water composition. 

26.7-SPECIAL CONSTRUCTION FOR WATER CONTROL 

26.7.1-TREATMENT OF EXPLORATION DRILL HOLES 

Exploration drill holes must be cemented in some areas to prevent migration 
of water. There are a number of considerations. 

1. If the hole is left unsupported, any soil or weak rock soon caves, partly 
plugging the hole and hiding it, after which treatment from the surface is a t  
least difficult. 

2. If an underground working is connected to a hole to which water has access, i t  
may come in, perhaps with gas, a t  such volume and pressure that sealing from 
below is very difficult. Practice at  a salt mine is to leave a 45.000-ton pillar 
centered on the mapped location of each hole. The capacity of high-pressure water 
to  ravel weak rock and, if it carries grit, to erode strong rock and metal, must 
not be overlooked. 

3. Without being connected to workings, wet holes can decrease stability by 
permitting water to saturate and weaken clay shales, and raise pore pressure. 

4. Some holes, if kept open, could be used for observation of water levels, 
treatment, geological testing, telephone or electric lines, driving raises, etc. 

Water freely supplied to  vertical boreholes falls through them with head loss 
of 100%. Flows through clean holes of diamond-drill sizes are approximately: 

Diameter, In. Gpm 

Exploration holes generally should be plugged securely before abandonment, 
or if they may be needed for communcation or observation, pipe or casing should 
be set through all weak or wet ground? 

26.7.2-PILOT HOLES 

Wherever there may be sudden inflows a t  rates initially or potentially incon- 
venient. pilot holes should be drilled in advance of work. The use of tungsten-carbide 



percussion bits, jointed steel and longhole machines has greatly increased the con- 
venience of drilling pilot holes. With this equipment, i t  is possible to drill 100- 
to 200-ft holes efficiently in most directions in most ground. 

Where water may come in with sufficient force to erode the walls of a hole 
or in other ways make i t  difficult to stop inflow, holes should be drilled through 
a full-opening valve on a cemented-collar pipe. Use of fast-setting cement usually 
is desirable. For added assurance, the collar pipe can he rock-bolted. 

If rock to be traversed is in homogeneous layers, one or two pilot holes should 
be enough. Because this assurance is uncommon, at  least two, more often four 
and, in some cases, as many as 12 to 20 holes are drilled a t  angles diverging 
10" to 20' from the direction of advance. A symmetrical pattern is common, 
though holes could be pointed to intersect conduits of known orientation. Under 
most favorable conditions, pilot holes provide something less than 100% assurance. 
Deception may arise from irregular configurations of conduits, from clay which 
keeps water from pilot holes, or other variations in permeability. Secondary protec- 
tions may be provided hy serviceable water doors, and by training crews in plugging 
inflows and supplying materials for doing i t  promptly. 

Objectives may include: 
1. Facilitating or permitting sinking and tunneling, rarely stoping, in weak wet 

ground by  avoiding inrushes. reducing delays or assisting placement of tight 
~OnCrete,l.2.4,23,25,2B,62-SS,SB,M,1O7,1O8,ll2,ll3 

2. Reducing or stopping flour past underground plugs and bulkheads." 
3. Reducing leakage from reservoirs, especially under dams.'" 
4. Consolidating and strengthening g r ~ u n d . ~ ' ~ ~ " '  
5 .  Plugging a conduit through which ~ ~ o r k  has been f l o ~ d e d . ~ . ' . ~ ~  
6. Making concrete for plugs, etc., with or without preplaced p tone.^^'^'','^ 
Limitations are notahle. The grout operator controls the naturr of grout and 

the rate at which lie injects it into the hole he has prepared. He can limit the 
pressure and, in some cases, influence the movement of water in the spacrs he 
plans to  fill. Generally, his picture of these voids and what happens in them 
is vague. After i t  has left the pipe into which he pumps it. the grout goes where 
it wants to go, unseen. The existence of clay in voids interferes with cement 
grouting. Appreciahle water movrment interferes with all kinds. S e w  grout materials 
have increased the range of conditions in ~vliich grouting can be used, hut a 
degree of uncertainty persists.'12 

Usual procedure is to drill the ground through casing anchored sufficiently 
to withstand the pressure to l ~ e  used, test permeability and inject a grout, which 
should be chosen and used in accordance with the conditions and objectives. Con- 
duits helow the water table should be grouted hafore a heading reaches them. 
Thereafter water movement is much more diffinllt to control. Deep holes usually 
are grouted in stages: i.e., the holr is drilled until a degree of permeability is 
found, then grouted. After the grout has set. the hole is drilled out, deepened 
and again grouted. A method of stage grouting from the bottom up has been 
developed for grouting a l l u v i ~ m . ' ~ ~ " ~  

Wliere ~s.alls are to be built. grouting shoulti precred walling. if a t  all posaihle. 
I f  not, grout pressure must be kept as low as p o s ~ i b l e . ~ ~  Pressure against the ground 
must exceed hydrostatic; ordinarily, it is not allowed to exceed thr vertical stress. 
I n  special xvork it may be desirable to open fracturrs by pressure rxcccding the 
vertical stress (Sec. 26.7.4). Once grout pumping is hegun it usually is continued 
without interruption until the plannrd sealing-off pressure is reached. 

Dyes can be mixed with grout to "tag" various stages of injection. Effectiveness 
of grouting is tested h y  drilling new holes hetmcen or near holes which have 
been grouted. The degree of confidence in the result depcnds partly on the uni- 
formity of the ground and partly on the nature of subsequent work. 

Cement grouts do not enter the smallest fractures or pores finer than those 



of coarse sand. Prior treatment of the ground and admixture of sodiuni silicate 
and bentonite improve penetration but, even with this help, pores of medium 
sand are a limit.l12~l14 Bentonite decreases strength but improves the "pumpability" 
of cement slurries and gives body. I t  also acts as a dispersant, reducing or prevent- 
ing "bleed" or separation of water. Neat cement slurries do not set unless the cement 
particles are brought together at a specific gravity of about 1.5."' 

Set time is redhced by use of high early strength ('Type 3) cement, by the 
addition of as much as 2 lb of calcium chloride per sack, and somewhat more 
by the use of special fast-set additives. High pressure and temperature also shorten 
setting time. Sawdust, shredded plastic and similar materials can be added to 
help plug large openings. As far as the delivery system and the size of the openings 
permit, fly ash, sand and fine gravel can be added to reduce cost without sacrificing 
strength. Powdered aluminum reduces or counteracts shrinkage but where the grout 
sets under high pressure its effectiveness is questioned. (Table 26-4.) 

The water-cement ratio is important in controlling the behavior of cement 
slurries. In grouting deep holes which cut openings of various widths, usual practice 
is to start with thin slurry, say 5 water to 1 cement, or even 10:l by weight, 
in the expectation that this will get into the smallest possible openings. Average 
slurry on one series of shaft pregrouts was 4: l  and water was reduced to 1 : l  
where possible. Cement slurries of about 0.5:l can be pumped. Slurries can be 
made to stand under water a t  20 to 30" from horitontal. Trial runs should be 
made with unusual mixtures. 

Acceptance of a large quantity of grout without pressure increase generally 
is considered to indicate that grout is running through a sizable conduit out of 
the ground intended. Remedies may include thickening the slurry, adding bridging 
materials, such as sand or chopped plastic, reducing the rate of pumping, and 
letting the hole stand for several hours. 

At Friedensville, Pa?*4 and at a southwestern Indiana gypsum mine, openings 
were flooded by flows of approximately 20,000 and 25,000 gpm from solution cavities. 
Specially designed cement grout was placed through holes bored from the surface, 
plugging the conduits, which were 400 to 450 ft below the surface in each case 
(Figs. 26-15 and 26-16). 

Where large quantities of cement grouts are to be used for an extended time, 
labor may be saved and slurry quality improved by mixing at  a central plant with 
bins, weighing devices, water meters, agitators and pumps. With pressure, slurry 
can be pumped through a mile of 1- to  2-in. pipe. This plant and the grout opera- 
tor are connected by telephone. For short jobs, a batching plant and truck mixers 
are useful. 

Reciprocating simplex or duplex grout-fitted slush pumps are usual. Compressed 
air drive is convenient because of its flexibility. Centrifugal pumps can be used 
for low pressure. Pumps usually are fed by gravity from agitators. 

Practice for pregrouting sites of deep shafts has developed progressively in 
Orange Free State and Transvaal. Pregrouting costs on four large deep shafts 
sunk since 1954 range from $51.5 to $73 per ft of shaft." On two shafts, pregrouted 
and sunk to 5,500 ft concurrently between October, 1963 and March, 1966, 40 
and 45% of the total pregrouting cost went for cement, the remainder for diamond 
drilling, cementation and supervision. Total pregrout cost was $3.30 per sack with 
181,645 sacks used on both. Drilling and grouting from the surface required 16.5 
mo. Delays for drilling and grouting from the shaft bottoms were only 16.5 days, 
during which 2,164 sacks were u ~ e d . ~ ~ . ~ '  

Clay and clay-cement grouts are used in very large quantities with, wherever 
possible, local clay-in part at least. Moderate strength ran be obtained with 
the use of 50 to 60% cement but in many cases low-strength is adequate. Because 
they do not bleed, clay grouts do not introduce water into native clay and are 
likely to bond to it."' 

Before 1949, St. Joseph Lead Co. injected some 450,000 tons of desanded tailings 
into 763 diamond drill holes. most drilled for exploration, in a 300-acre tract near 
Leadwood, Mo. An earlier attempt to mine this ground had met fracture zones, 
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enlarged by solution, making :is muc.11 as 5,000 gpm. The treatment reduced inflow 
to 5 to 10%: which was controlled bj. small grout  injection^.^' 

On limited ~vork, substances like hot asphalt, and bentonite suspended in diesel 
fuel, have been used effectively. 

"Chemical" grouts are liquids rather than suspensions. With sufficient pressure 
and time they can be forced into the smallest openings. Modern grouts are miwd 
before injection to set at a time chosen hj- the oprato~.. Acrylamide and a methyl 
derivative (AM-9) form a translucent gel which is stable in saturated air and 
fresh n-atrr but dries and shrinks in contact with dry air or brine. The viscosity 
of the mixed solutions continues to be only a littlc more than that of water 
until the set. which is s ~ d d e n . " ~  Chrome-lipnin (Trrranier) is a dark-brown liquid 
available in several grades of viscosity. I t  shrinks if exposcd to dry air. I t s  set 
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Fig. 26-15-Heading in gypsum bed, grout placement. 

is more gradual. The strength of these gels depends on the concentration, but  
is not high. Either can be extruded from large openings by water pressure but  
develops greater strength in cementing sands or silts. AM-9 was used to seal 
a 15-ft bed of fine sandstone (average  article size, 0.25 mm, with 10% voids) 
against 310 p i ,  permitting a 19-ft shaft to be extended through the bed without 
difficulty. Sinking was delayed only 6 days for grouting, during which 5,500 gal 
of chemical mas injected in 50 h01es.'~' 

A reddish-brown resorcinol formaldehyde resin forms a very strong stable 
solid resembling bakelitr. Viscosity is somewhat higher than AM-9 and set is 
more gradual, but it* time is fully controllable. 

Equipment for "chemical" grouting is comparatively easy to move. With AM-9. 
two separate positive displacenlent puinps are driren so as to deliver the two com- 
ponents in a chosen volumetric ratio, although the rate of flow is variable. Discharges 
are connected by short hoses to a Y a t  the collar of the hole. Grout  can be 
mixed to set in a few minutes. 



Fig. 26-16-Sertion across Fridensville shaft showing 111,ocedure for l~lugging 400-ft-level 
breakout (geology from New Jersey Zinc Co.). 

26.7.4--UNDERGROUND BULKHEADS AND PLUGS 

Deep gold mines in South Africa ]la\-c, dri-elopcd outstanding l~racticc., demon- 
strated in tests and in hoth routine ant1 cxmergenc.y c~onstruction. 

Garrett and Campbell Pitt" s h o ~ ~ .  data on 22 plugs or bulkheads, including 
one enclosing a siriall test chambrr ~,ressured to 6.800 psi. Generally, these plugs 
wcre huilt in hard strong quartzite, i inp~l.meahlr cxc.rl)t on fracturc.~. Clilmination 
of this developrncnt came with t h r  four plugs placed in the Wrst Driefontein 
ininc in November, 1968. TTVO a t  a depth of 3,472 ft and two at 3,830 f t  prevented 
the complete flooding of tlie mine. They were complrled 20 days aftc,r the inrush, 
i11 10 X 12-ft crosscuts. Work was lindertakcn ~ r i t h  watrr flowing 3 to 4 ft deep 
011 each level. Valves to  stop bypassing water wcre closed on thr  23rtl day. and 
the lower plug withstood a head of 3,661 ft  of water on the 26th  lay.^'^'^ 

Conclusions from South African pr:+cticc: 
1. Generally, it is more difficault to  stop lealcagr past a hulkhr:~d than to makc 

it strong enough to resist thrust. Passage of 1v:iter thisoligh rock f rac tur~s  is rc,lated 
to  the pressure gt.ndient. ~~11ic.h should be modrl.ate. 

2. Morc than half the 26 plugs described wcrc neither hitchrd, tapered nor 
reinforced. Reliance was placed in the strrngth of the concrete bcaring against 
the usual irregularities of the rock surfacc. Ten of these "parallel" hulkhrads 
withstood pressures of more than 1,000 psi, one 2,250. No indication of strurtliral 
faillirr rrslilting from thrust was noted (for typical dcsign see Fig. 26-17). 



3.  Leakage is likely along the Boor and roof, el-en at  low pressure, where mud 
and honrycomb. laitence and air pockets r o m m o n l  tvraken the rock-concrete con- 
tact. Tliese leakages sometimes are sealed acceptably by one stage of grouting. 

4. At higher pressures water is likely to break tllrougll rock fractures. This 
appears to result from rock m o ~ e m e n t  induced by pressure on rock surfaces. Part  
of the water entering tlie fractures may not appear outside the bulkhead. Much 
of this leakage can be sealed bj- several stages of cement grouting a t  pressures 
to at least 2.5 times the hydrostatic head, in holes drilled as far as 30 ft  into 
the rock. The effect of each stage of grouting serms to be to fill the frartures, 
perhaps post-stressing the ground around the bulkhead, increasing its resistance 
to the entrance of water. 

5. The loss of several bulkheads subjected to more than 1,000 psi is attributed 
to failure of gaskets, threaded plugs and other fittings. 

6. The possibility that even the smallest leakage through fractures may be 
enlarged by high pressure erosion should not be underestimated. 

PLAN 

TLMPmARY TEST PLUG PERMNLNT BULKHEAD 

Fig. 26-17-Plug and bulkhead a t  Virginia Merriespruit boundary. The longer bulkhead 
was designed for 1.800 psi and the short temporary plug was built to test it. After an initial 
application of cement grout around both plugs, a t  as much as 2,000 to 3,000 psi, leakage 
increased to pump capacity (80 gpm) without sufficient increase of pressure. After two 
more successively deeper stages of grouting to pressures of 4,500 psi, a test pressure of 
1.425 psi was reached with a leakage of 20 gpm (after Garrett and Campbell PittT8). 

7. Preferred construction is by injecting cement-sand grout into clean strong 
angular rock previously packed between timber forms. This generally results in 
better concrete, easier logistics and, in some circumstances, less time and cost 
than direct concrete placement. Type 1 portland cement usually is used bu t  rapid-set 
cement can be required by urgenry. Concrete should reach at least 2,500 psi in 
28 days. The four rerent plugs a t  West Driefontein were made of cement-sand 
slurry only. Slurry can be mixed under good control at  a central plant and pumped 
several thousand feet through small pipe. Horizontal cold joints should be avoided 
by all means. 

Recommendations from this a o r k  : 
1. Seek sites in tight sound rock. In  good ground, a t  least. keyrays  are unneces- 

sary, but note the length next recommended. 
2.  Make the plug long enough that the pressure gradient is moderate. I n  one 

test, a gradient of 400 psi per ft was reached after several stages of rock grouting, 
but for working bulkheads designed gradients of 25 to 40 psi per f t  have proved 
effectivr (i.e.. for each 1,000 psi, allow between 40 and 25 ft  of plug). 

3. Remove all mud and loose rock, stop water flow across floor and vent high 
spots in roof. 



4. Trst pipe, gaskets, val\-c.s :ind fittings at a pressurr somrwliat grcnter tllan 
that to he withstood. 

5. Plan sel-ern1 stages of grouting to r rd~~cc.  Irak.. The first, through pi~lc':: 
at concrete-rovk conlarts, can be at a fcn. liundrcd psi. Iatrr stages t l~ror~gh l~olrs  
drilled successively decprr into rock can b r  at sucvrssively l~iglier prcssurrs 1111 

to at  lcast 2.5 times thr expccteii I~ydrost:~tic head. 
Cornp:~rablc exl)erienve in othrr rock is unknown hut sel-rral inferencrs seem 

to deservr vonsidrration : 
1. In any strong rock tvl1ic.h ?:in t ~ r  grouted cffertil-rly, similar praciirr serms 

applicable. 
2. I n  weaker rock. or one with scams w11icl1 do not take grout ~vrll ,  it nl~peaus 

prudent to work to lower pressul.es and lower lrrrssure gratlirnts to rrducr the 
risk of uncontrollablr leakage through rrosion ant1 enlargrment of rock 
or defects. 

3. No Iargr c1sc.n~-ation should he sl~hjrctc,tl to I I ~ C ~ R I I ~ P  greater than the n ~ a x i n l ~ ~ m  
111-drostntic 1ie:ld ~rrllr$s 2ftr.r full stutl>- and r~.:lluation of rock strf,ssrs. 

4. Although no test is known, the use of "exp:indingH r rmmt  in any 1.oc.k 
srenls promising. 

Tracers are put into a ground-water systcm :it somr point and uscd to indicatc 
the direction of \v:ltrr mol-emcnt and, in some cases. its approximate r:lte, hj. 
being recognizrd :lt a 1)oint 01. points clownstrrnm. Sone  of t11c many tuarc,rs 
is ideal under all contlitions. 

A tracer should : 
1. Be revognizat,lr nftcr clilution. gf~nerall>- with porlat)le cqui l~~nent .  in some 

casrs in test I~oles. 
2. Rr  ~~nirnl)ai~.ed t,- ph?.sic:ll, c-11emical or hnctrriological rrnvtion with t l ~ r  

water being testccl or rock in cont:~c.t n-it11 it-:rt least 11ntil rcc,ognizrtl. 
3. Movr wit11 thr  ~ ~ : l t c v .  
4. Be caonvenirnt to ur. ~~c:~.qo~i:~t)l!- nvail:it~lc ~t riio(l~?r:~tr 01. l o r  vost, r.2-ily 

solt~ble in wi~tr r ,  :incl rv1111iring IIO r1:11301.:1tf> r ( l ~ ~ i l ~ ~ ~ ~ ( ' ~ ~ t  or p ro (>r ( I~~r r .  
5. Presc,nt no hazard or r:lusr a ~ ~ s i r t j -  to :In>.onp. 
Fl~lorcxr in ,  nn rstr:lordi~i:niIy intrnse ronl-~: I I  (lye, rrs11:11ly is ~ )~~rchas r t l  as 

x red-or:~ngr p o ~ d c r .  IYhrn di.!sol~-rti in n.:~trr it is :i I3rilli:uit grrrn. Oncx 1,:lrt 
in 40 million ordintlrilj- is rrc-ognizrtl 1,. cj-e. On(, part of good ( I ~ ~ : ~ l i t y  f i~~orrs( , f~in  
in 5 to 10 lrillion parts of clr:~r n.:~trr c ~ r ~  t , ~  recopr~izrtl ill n volortcss t r ~ t ~ r  alrolrl 
1 rm 01. less in di:lmrtcr hy 1 in long, with :I hl:~!'li rlthhrr stopprr or other 
black hoi to~n.  A 111111lber of t11t)(v r;ln t ) c x  111ot111t('!l sidr hy biclr in o rnck. l?xan~ir~:r- 
tion sl~ould be made I)y good n- l~i t r  light in front of n nliitc, rrflectinp s~~rfac'c,. 
Tubes cont:lining 0 to 0.002 pprn of flllo~,escrin c>:ln hc 115rtl con~parnti~-ply. Fluo- 
rescein is not :~ffected t)y cnrl~onir iicitl hut i- ~n:itlr colorless hy vont:lct willr 
peat, acrlic acid and 1niner:ll ac-ids. I t  i~ rrn:~ffcc.trd CT-rn 1)y long c.ontnct wi(li 
limestonr, sand, silt, montmorillonitr and other common Its vivid color 
gives f l l~ore~cr in  :I spcci:~l atll-ant:rge wlicrc. it i.: dcsirc~d to m:~kr  r e ~ r l t s  c>vidc~~t 
to all ohsrr~.rrs. Other d>-es-f:tst (,rimson. rongo red, nictli>-leiic. h l ~ r ~ ,  etc.-may 
he used similarly. 

Cllloriclr ion 01. salt is rrrognizetl in trst holes 13y d r c ~ ~ . r : ~ ~ r t l  rc'zist:~ncc' lo electric. 
current or clirrnically. l>~ovidirig dil~ltion i.q 11oi too ~;rc':~t. T)PIIS~' .sol~~rion ln:r>. 
he traplrc'd in lon- spots. Otherwise. salt solution S ~ P I ~ I S  to n101-r nt ihr samr 
r :~ te  as the ~ a t r r .  I t  is ol1sc.111.t.d hj. ;LIIJ  natural k~rine ant1 ch:lngos thf. prrmral,ilit~- 
of some (.1:1ys. Xi trates and otlicr ion? arc1 also u s ~ d .  

Drxtrosc,. recognized vl~rmically, is not :~dsorhed :mtl nloT.rr: a t  the Panlo rntc 
:IS w t r r  hut is attacked h>- soil bactpria 2nd is more c.:irily lost in tlilution tt~:in 
radioacti~.~.  isotopps. 

Radioartiv~h isotopcs. drtectcd t)y a geiger co~tntf'r, arr  said to hf, rrcognizat~le"" 
in concentrations of lo-". Ahnor~nal hncl<ground may interferr. I n  addiiion, forms 



of cations may be taken out of artion by ion exchange, and anions by adsorption. 
Even tritium, a hydrogen isotopr, apparently can be lost by exchange reactions 
with natural nater. To be of any use, an isotope having sufficient half-life must 
he chosen, yet to miniinize environmental rffects the shortest half-life would be 
desirable. Finally, operators must be trained to obser~.e special precautions. Use 
must be licensed by AEC and generally b ~ -  local authorities. now becoming more 
vigilant, and altvays is likely to arouse indignation. 

The normal application is to  lace the tracer in a possible wat.er source and 
watch for it to appear in the minr. For example, a tracer may be added to 
minc water discharge to  show whether it is returning into the mine. This may 
be impossible if the suspected source is a very large body of water. I f  the mine 
is flooded, the tracer can be put in the minc and water ~ u m p r d  behind it to 
cause thc tracer to be observed at the surface.'" 

26.7.GMINING UNDER BODIES OF WATER 

In  several parts of the world, coal and iron ore in comparatively thick gently 
dipping sedimentary beds are mined 3 to 5 mi out under the sea by methods 
which produce subsidence. T h r  substantial importance, extent and life of the work, 
plus a degree of uniformity in water occurrence, have made i t  possible to build 
up instructive regulations. 

Steep ore bodies in crystalline rock also have been mined but here the conditions 
are diverse. Formal regulation would be more difficult. None is known. 

Nova Scotia-The Sydney coalfield extends 45 mi along the coast of Cape 
Breton Island and dips under the sea for an  unknown distance. Coal measures are 
gently folded into five synclines which diverge seaward. Between two mines. there 
is evidence of a sharp flexure.""n 1970, coal was mined between 1,400 and 2,900 f t  
belo\v sea level. Least cover over longwall mining has bern 681 ft .  Shallower coal 
wm minrd room-and-pillar. Pillars were extracted under cover as thin as 700 f t  
below sea-level. No inrush has been experienced. Requirements of the Province of 
Nova Scotia (1947) include :Iz3 

1. At least 100 ft  of cover over any undersea passage and a t  least 180 f t  
over any extraction work. 

2. A barrier a t  least 50 yd wide along the boundary of each submarine lease 
and a barrier a t  least 30 ft  wide against any fault on which the throw is more 
than 30 ft or n-hose walls are more than 2 ft apart. 

3. Written plans, approved by  the chief inspector, before any undersea work 
is begun and any changes made. 

4. Where cover is less than 500 ft, levels, taken a t  least each 3 mo, and soundings 
a t  reasonable intervals to show depth of water: results and thickness of cover 
shown on a plan. 

5. Where ground has not been probed by  work in another shallower seam, 
and xvhere mining is b y  longwall or where pillars are being removed less than 
1,000 ft below the sea bottom, and where the existence of a fault is suspected, 
an exploratory heading must b r  driven at  least 150 ft ahead of any extraction. 

National Coal Board (Great Britain)-The Durham undersea coalfield extends about 
15 mi along the coast of the S o r t h  Sea. At the shoreline, coal is from a few 
hundred to more than 1.000 ft  below the surface. Regional dip is about 1.5 t o  2" 
seaward. Sevrral srarns are minable over much of the field. Permian magnesian 
limestone above the coal measures is highly permeable in places. Occasional 
"feeders" carry water to thc coal seams but the rock is not readily eroded. Static 
pressure of water in feeders and test holes drilled upward from mine working gen- 
erally is as from sea level. Flow of most feeders is less than 100 gpm. Half a dozen 
normal faults displace the coal seams, one by almost 500 ft." Carboniferous beds 
are about half shale, and generally faults act as barriers. 

Coal Board precautions against i n rushe~"~  include requirements that :  
1. KO work approach within 150 ft of the surface unless the manager has sufficient 

information to know if intermediate material is hazardous nor approach within 



150 f t  of any peat moss, sand, gravel, silt or any rock or stratum likely to contain 
water unless with sufficient information to know its nature and position and to 
determine that i t  is not dangerous. No working in situations noted shall exceed 
10 ft wide without specific approval of the district inspector. 

2. Except to preserve the mine or for sinking, no work be within 60 ft  or 
10 times the height of the work. whichrvcr is greater, of hazards noted except 
under special regulations applicable to that mine. 

3. No work approaching and within 120 ft of any of the hazards noted be 
wider than 8 f t  and preceeded by test holes kept a t  least 15 ft  in advance of 
the center of the work and not more than 15 ft apart on each side. 

For undersea mining NCB requirrments include the fo l l~wing:"~ 
1. No  work be done except with layout approved by the chief rnining engineer 

of that area. 
2.  Longwall not be ~lsctl where covrr bdxreen roof and seabed is less than 

105 m, and tensile strain not exceed 0.01 (10 mm per m) cumulatively; in case 
several seams arc mined, stability of old pillars and staggering of working edges 
considered. (A table of maximum room height rs .  cover is provided.) 

3. Room-and-pillar not be used where thickness of cover is less than 60 m 
or Carboniferous thickness less than 45 m.  Where extraction is not wider than 
6 m and height not over 2 m. least pillar dimension shall be 0.1 depth; where floor 
becomes plastic when wet, 0.167 drpth.  Where pillars are extracted, cover and tensile 
strain shall be as for longwall. 

4. Developmrnt, ~ l a n s  show all available information on (a) levels of top and 
bottom and nature of potentially dangerous aquifers and thr likely effect of subsi- 
dence on their permeability. (h) srabed elevations and estimated thickness of 
seabed drift and buried channels, (c) position of faults known or suspected which 
could critically reduce the thickness of Carboniferous cover, intersect thc seabed 
or a known aquifer. 

Coal Board regulations provide for sprcial consideration circurnstanrps 
justify. 

Newfoundland-In the 73 yrs hefore closure in 1966, 80 million long tons of 
crude and beneficiated ore was taken from Wahana mine; 50 million tons rrn~ain 
in pillars and proven reserve is said to 1,r 36 million tons. There arr t,hree bcds of 
minable ore in unmetamorphosccl Ordovician sandstones and shales dipping ahout 
8" to the northwest frorn Re11 Island under Conception Bay. Numerous faults dis- 
place beds as much as 90 f t .  Ore tends to hrcak in rhombs because of two sterp 
joint systems and brdding planr partings. Neither grade nor thickness of ore is 
uniform bu t  the lowest bed. 15 t o  40 ft thick. has produced thc most orc. Ahovr 
it is 5 to 12 f t  of strong sandy conglomeratc., which makes a good roof. In mining 
out more than 3 mi, inflow is ahout 250 gpm. ascribed to surfare runoff and drill 
water."' 

All mining has been room-and-pillar, grnerally wit11 rooms 26 ft  wide on 65-ft 
centers. Surface mining took orr from thr olltcrop to " h e ~ v y  corer." From thcre 
to shore, about 75% was recovered. Kothing rras extracted frorn shorc to n line 
above which there is 200 ft of rock cover. Ticlolv that line, extracltion has not 
exceeded 63% in the most competrnt  round." 

Tightness of thr mine is ascribcd to :  
A. Lenving 200 ft or morc of solid covrr. :lnd consistentl,v consrrratire mining 

in good ground. 
B. The absence of valleys or channels in the sca 1)ottom. 
C. Sevcral 80-ft shale beds ahox-e the orr.  
D .  Coatings of calcite and siderite on joints. 
E. Absence of natural steel) conduits. 
Steep Ore Bodies in Crystalline Rock-Such ore bodies are mined undcr bodies of 

water in some places. I n  eastcrn Canada. glaciation generally has remorcd weathrrecl 
rock and many ore bodies and their enclosing rocks are strong. The narrow gold- 
quartz Siscoe mine was worked from an island barely large enough for the surface 
plant. 



Several Cornish tin mines worked steep veins in granite. The Levant extended 
a mile west of the shore and 2,000 ft deep. I t  was flooded by sea water but 
only after having been abandoned and permitted to fill, some 60 yr after small 
inflows of sea water Lad first come into shallow submarine workings. After 6 
yr of sustained effort, t;re breach was plugged in 1966. some of the work and 
much of the control being done by divers working from small boats in 45 f t  
of water at  low tide. New mining is to approach the sea bottom no nearer than 
240 ft." 

26.8-SOME LEGAL ASPECTS OF GROUND-WATER CONTROL 

Because of the diversity of applicable law and changes introduced periodically, 
detailed comment is impractical. Among considerations are : 

1. Effect of pumping on the use of ground water by others. 
2. Effect of water discharged by reason of its quality, quantity or variation 

in quantity. 
3. Possible encroachment of undesirable water as a consequence of dewatering. 
4. Possible damage from any other changes in the flow of ground water. 
5. Possible indirect effects of dewatering, such as subsidence. 
Possible liabilities of this sort should be considered as a part of any extended 

feasibility study. Where question arises, competent legal counsel should be sought. 

The author gratefully acknowledges the assistance of many colleagues, including 
the following, and especially Messrs. Lacabanne, Voedisch and Boyer: 
Inflow-W. D. Lacabanne, University of Minnesota, Minneapolis; M. I?. Hawkins, 
Louisiana State University; H. E .  LeGrand. resident hydrologist, USGS, Raleigh, 
N.C.; M. I .  Rorabaugh, research hydrologist USGS, St. Louis, Mo.; Fred W. 
Voedisch, Layne Minnesota Co., Minneapolis; 
South African Practice, papers, data-D. A. Immelman, G. S. DeVilliers, D .  D .  
Deacon, Anglo Transvaal Investment Co., Ltd., Johannesburg; 
Cost of Mining in Wet Ground-D. D. Turbervillc, United Nuclear Co., Grants, 
N.M. 
Water in Surface M i n e s J .  B. Stubbins, Labrador Mining & Exploration Co., 
Montreal, 
Mine Drainage Pollution C o n t r o l J a m e s  F. Boyer, Jr., project scientist, Bituminous 
Coal Research Inc., Monroeville, Pa., who wrote this part, included verbatim; 
Motors, ControlsRonald V. Crego, consulting electrical engineer, Minneapolis. 
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