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1.2

Technology Transfer Manual: Electric Prospecting (Resistively method)

Electric prospecting

Electric prospecting is a method for clarifying geological structure by utilizing
differences between electromagnetic properties of rock and/or the phenomena that
are naturally generated by these differences. Essentially, there are two types of
electromagnetic properties of a substance, that is, relative resistance, and dielectric
constant, but the most important of these for Electric sounding is the relative
resistance of the rock.

Electric prospecting is used to survey man-made features such as dams, and
geological features such as groundwater, ore veins, underground voids, landslides,
and faults.

Figure 1 shows divisions of the Electric prospecting method

Polarization methods

Part of the underground structure has some sort of polarity. This provides the source
for a naturally-occurring electrical current which can reach the surface, or the
polarity conditions distributed underground can reach the surface. In the Self
Potential Method (SPM), the distribution of natural electrical potential on the
surface is measured and used to obtain information about what lies underground. In
contrast, in the Induced Polarization Method (IPM), a one-way direct current is sent
through a land mass to induce a polarized state in a latent underground structure,
which is observed to obtain a profile of the geological structure.

Electrical potential method

An artificial current is run through anodes in a large land mass to measure the
distribution of the magnetic field on the ground surface. This is used to derive the
apparent resistsivity distribution and/or the deviation of the electrical potential and
profile the underground structure.
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1.3

Resistivity method

The difference in electrical potential between two points on the ground surface is
directly measured to calculate the apparent resistivity. The result then provides the
basis for analyzing the structure of relative resistivity below the ground. Because the
relative resistivity method can be used to effectively survey underground structure
using various combinations of electrode intervals (spacings), it is the most widely
used method for electrical prospecting.

This manual was created as a handbook for conducting groundwater surveys using
the relative resistivity method. In the case of outdoor surveys, there is a fixed
procedure, starting with proposal of preliminary survey plans, setting up measuring
points, measurement preparations, measurements, analyses, selection of points for
well-drilling, and giving instructions to the drilling team.

Resistivity method

Assuming the electrical current I(A) that runs

when the voltage V that is sent to an object is V,

then the electrical resistance R of an object can be

expressed as R=V/I, which is here referred to as

Ohm’s Law. Ordinarily, electrical resistance depends

on the shape of the object. For a cylindrical object

having a longitudinal area of Sm2and length of Lm,

R is expressed as being equal to p L/S, with p representing the relative resistance.
In this case, the unit is ohm-m.

Wenner proposed a method for installing an electrode in the ground to measure the
relative resistance of a land mass. As we can see in Figure 2, there is an
arrangement of 4 electrodes: C1 and Cz installed at 2 locations, and P1 and P2. The
electrical potential ¢ 1 can be expressed as

o1=pI/2x (1/C1P1-1/C2P1)

Adding electrical potential ¢ 2in P2 ultimately gives us the difference in electrical
potential, V, between P1 and P2

V=¢1—¢po=p /127 (1/C1P1#1/C2P21/C2P1-1/C1P2)

Whenr 1=r4=a,r 2=r 3=2a in Figure 2, that is, the CPPC configuration is used for
the equal spacing of the 4 electrodes (see Wenner, Table 1), then the difference in
electrical potential is expressed as

V=pl/2ra
from this equation, we can derive
o0 =27 a(V/T)

which is known as the Wenner formula. It is ordinarily expressed as o =G(V/I), where
G 1s the electrode arrangement coefficient.
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This relative equation shows the relative resistivity of a homogenous medium; however, since
land is not homogenous, the value derived from the equation will not represent the true relative
resistivity of the land. However, the value will be affected by all the substances which make up
the underground medium and will be a physical volume having some sort of functional relation
with the relative resistivity of these substances. Therefore, the value derived from this equation is
differentiated from true relative resistivity by calling it apparent resistivity o a, which is defined
as pa=G(V/l).

The value of this p a is dependent on such things as the electrode spacing, location of the
electrode system, and directionality of the electrode arrangement, so if the equation o a=G(V/I)
is applied to many different observation conditions, we can estimate the relative resistivity
structure of the subsurface.

The following table shows typical polarity arrangements and associated polarity arrangement
coefficient. In addition, Table 2 (Relative resistivity of rock) and Figure 3 (Relative resistivity of
rock, groundwater, etc.) show general relations between geology and relative resistivity.
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Table2 Resistivity range of rocks unit:ohm-m
Marine sand, Terrestrial Volcanic rocks Granite, Limestone,
shale, sands, (basalt,rhyolite, gabboro, dolomite,
Geologic ag graywacke claystone, tuffs) Etc. anhydrite,salt
arkose

Quaternary, Tertiary 1-10 15-50 10-200 500-2000 50-5000

Mesozoic 5-20 25-100 20-500 500-2000 100-10000

Carboniferous 10-40 50-300 50-1000 1000-5000 200-100000

Pre-Carboniferous 40-200 100-500 100-2000 1000-5000 10000-100000

Paleozoic

Precambrian 100-2200 300-5000 200-5000 5000-20000 10000-100000

*source: G.R.Keller Handbook of Physical Constant

Sand
Conglomerate
Sandstone
Tuff
Silt
Shale
Granite
Diorite
Gabbro
Basalt

Rock salt b
Sub-bituminous
Bituminous coal

Limestone

Graphite S
Surface water %

Seawater -

107 10* 1 10 107 10° 10°* 10° ohm-m
Fig.3 Relative resistivity of rock, groundwater, etc.
(Source: Society of Exploration Geophysicists of Japan, 1989)

>From Figure 3, we can see that there are differences in relative resistivity values,
even within the same type of rock, while in other cases, different types of rock show
roughly the same values. Thus, it is difficult to determine the type of rock just from
relative resistivity values. This 1is because the pressure, metamorphism,
decomposition, heat, groundwater permeation, etc., can all vary, and there can be
differences in pore spacing, relative resistivity of pore water, water content, and
concentration of ions in the groundwater, among other variables.

3 Survey flow chart

Electrical survey is a mainly 6-stage process comprising 1) survey preparation, 2)
establishing baselines through interpretation and analysis of aerial photographs, 3)
general survey involving Horizontal Electric Profiling, 4) detailed survey involving
conducting Vertical Electric Sounding, 5) analysis of electric profile measurement
data and selection of sites for well drilling, and 6) providing instructions to the well
drillers. The flow chart is shown next page:
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(D Survey preparation

Before starting the in site survey, materials and information (e.g., geologic maps,
aerial photographs, existing well data, hydro geological data, etc.) are collected from
each region and community. Then the target communities and number of wells
requested are reconfirmed with an organization of the partner country (C/P local
office), negotiations are made to acquire land for the planned electrical prospecting
sites, and various aspects of the project are checked, including agreement of local
residents to the well project, locations of communities, land use conditions, and road
conditions. It is especially important at well-drilling sites to secure road access and
land so that drilling rigs and other work vehicles can enter the site without
hindrance.

@ Interpretation and analysis of aerial photographs

Aerial photographs are interpreted and analyzed to identify lineaments that strongly
suggest the existence of groundwater, and determine the locations and directions of
baselines. Analysis is conducted before the photographs are analyzed. In addition,
detailed analyses are made at prospective well sites that local residents prefer.

@ General survey (Horizontal Electric Profiling)

The purpose of the general survey is to identify abnormal values of apparent
resistivity (zones of crushed rock in the foundation rock and/or points that differ
from the surrounding geological structure) and select Horizontal Electric Profiling
points to determine the site of drilling.

Wenner’s formula is used for the horizontal profiling. Maintaining a constant
polarity distance a in the polarity arrangement in Fig. 5, Wenner’s formula is used

Al-5



The Study on Rural Water Supply JICA
in Mwanza and Mara Regions in the United Republic of Tanzania KOKUSAI KOGYO CO., LTD.

to measure apparent resistivity while moving along the baseline of the entire
polarity system. The profiling is done at a constant depth that is roughly equal to
polarity distance a to investigate the apparent resistivity of horizontal changes. The
following is an overview of the measuring equipment specifications and the contents
of the survey.

Measuring method: Wenner Method
Measuring equipment: Syscal-R2 and DC-DC converter (BRGM, France):----

Syscal-R2 is a compact integrated unit for sending and receiving signals. It is
operated with a keyboard and LCD dialogue-type displays on the screen. An internal
electrode configuration, geometric parameters, etc., are selected and the
measurements are taken. In addition, values required for the measuring conditions,

such as electrical current, electrical displacement, number of staking are set
automatically, and the apparent relative resistance is calculated from the measured
values. The DC-DC converter supplies high voltage power from the external power
source on the transmitter.

Baseline length: 1 baseline is about 100~300m in length, which can be extended
depending on the results of the profiling.

Polarity distance (spacing): There are several types from a=20~80m (Polarity
spacing is determined by the geological conditions; in this example, a=30m., 60m,
80m).

Equipment used in the measurements: 12V battery, electrodes (iron or stainless steel
rods about 50cm long and 2cm in diameter), electrical wire (voltage resistance of 1kV
or more), 1.5mm?2 or more of covered copper wire, measuring tape (100m), 5 hammers,

pliers, electrical tape, etc.

Measuring time: 1-2 hours per baseline

Number of workers: 4-5

Measuring methodl

The procedure for measuring with the Wenner method is as follows:

i) At the prospective well site, determine the direction in which the baseline is to be
developed. However, it should be noted that there are very poor lineaments in some
areas, so in these areas the baseline should be perpendicular to the geological
structure of the crushed zone, etc., or to the strike. However, if even these are not
clear, the baseline location can even be set in a random direction near the
prospective well site.

ii) Using simple measuring equipment, the baseline direction determines the
locations of measuring points (electrodes) at equal intervals of lateral distance. The
baseline should be as straight as possible. Sometimes it is necessary to remove
vegetation.

iii) With the measuring point as the central point, electrodes A and B for measuring
current should be set up on the outside, while electrodes M and N for measuring
electrical displacement should be set up on the inside (nearest the measuring point).
Electrodes and measuring points should be in a straight line. Then each electrode
rod should be hammered into the ground (see Fig. 5). The resistivity of the ground
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the rods touch should not exceed a few hundred ohms.

In dry zones or thin surface soil regions, the area around an electrode can become
dry while the current is running and disrupt the transmission of the electrical signal.
In such cases, the ground should be watered to establish good contact between
electrode and ground, or the number of electrodes can be increased to reduce the
contact resistivity of the ground around the electrode.

iv) An electrical wire is attached to each electrode rod, and the other end of the wire
1s connected to measuring equipment. New wire should be used to prevent current
leakage.

v) Connect the 12V battery to the measuring device, set the maximum transmission
current to within 500mA or so, run the current through the electrodes and measure
electrical displacement.

vi) Enter the measurement data in the field book, and plot it as the apparent relative
resistance curve (apparent relative resistance ( p a)—electrode interval(a)) on
logarithmic graph paper (see Fig. 6)

vii) After finishing measurements at one point, go to the next point and repeat the
above procedure in the prescribed order (see Fig. 7). The measurement distance
should be intervals of about 10m on the baseline. If the measurement interval
exceeds 10m, there is a chance that points with a distinguishing geological structure
may not be detected.

viii) After all measurements at an electrode spacing of a =30m have been completed,
change the spacing to a =60m then a =80m, and take measurements along the same
baseline but in the opposite direction as before.

ix) After completing all the measurements (electrode spacing of a =30m. a =60m and
a =80m) along the same baseline, identify the abnormal points in the plotted graphs,
and use them for the measuring points for the Vertical Electric Sounding in the
detailed survey. Mark the abnormal points with a wooden stake and cover it with
rocks, etc., to make it noticeable and to protect it. If no abnormalities are detected,
set up a new baseline and take more measurements.
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@ Detailed survey (Vertical Electric Sounding)

The Schlumberger Method is a way of probing the underground structure of a level
layer. The center of the symmetrically-arranged electrode system is fixed in place,
while the current, electrical potential and polarity intervals are varied to measure
apparent resistivity pa. The pa-a curve derived therefrom is used to obtain the
thicknesses of the level layers and their relative resistivity. In other words, current is
transmitted through outer electrodes A and B that are installed on the measurement
line, while electrodes M and N on the inside are used to measure differences in
electrical potential (see Figure 8). The equipment used for these measurements is
the same equipment used in the horizontal electric profiling.

Name of method: Schlumberger Method

Exploration depth: (AB/2): 1-500m (maximum)

Measuring time: 40-90 minutes/point

Number of workers: 4-5

Measuring method |

The probe points are points with abnormalities that were identified by the horizontal
electric profiling. There should be at least 2 probe points for each prospective well.

i) With the abnormal point as the central point, the development direction of both
sides of the baseline is determined.

ii) The baseline should be as straight as possible.

iii) An electrode rod is inserted into the ground at the central point and the
measuring equipment is set up. Table 3 and Figure 9 show examples of combinations
of the current-electrode interval (AB/2) and the electrical potential-electrode interval
(MN7/2). Electrode sticks are inserted into the ground at points A, M, N and B shown
in the table.

iv)The ground/earth resistivity should not exceed 100 ohms.

v)An electrical wire is connected to each electrode stick, and the other end of the wire
1s connected to the measuring equipment.

vi)Measurements are commenced with a maximum transmission current of 500mA.
The wider the spacing between electrodes becomes, the lower the S/N (signal/noise)
ratio becomes, with the result the standard deviation of the secondary electrical
potential will increase, making it difficult to reproduce the data.

vii)The measurement data are recorded in a log book and plotted on the pa—a
apparent resistivity curve on double-logarithm graph paper.

viii)When the electrical potential and electrode intervals are varied, repetitive
measurements are taken at two types of current-polarity intervals.

ix)When measurements have been taken using all combinations of polarity intervals,
move on to the next point and repeat the measurement procedure.

After the probing has ended, determine whether or not groundwater may exist based
on the plots that were made of several locations. If the possibility is low, look for
another probe site and conduct another horizontal electric profiling for resistivity,
and choose a new site for the detailed survey.

Al-9



The Study on Rural Water Supply
in Mwanza and Mara Regions in the United Republic of Tanzania

JICA

KOKUSAI KOGYO CO., LTD.

Table3 Schlumberger combinations of AB/2 and MN/2.

(AB/2) 1 2 4 6 8 10 15 20 25
(MN/2) 0.2 0.2 0.2 0.2/1 0.2/1 1 1 1 1/5
(AB/2) 30 35 40 45 50 60 70 80 90
(MN/2) 1/5 5 5 5 5/10 5/10 10 10 10
(AB/2) 100 120 140 170 200 250 300 400 500
(MN/2) 10/20 10/20 20 20 20/50 50 50 50 50
*AB/2(m):current-electrode interval, MN/2(m):electrical potential-electrode interval,
AB =5XMN
lst
Hod I
3rd
4th
5\‘}1
6th
1]
v "
Fig. 9 Measurement method based on Schlumberger’s arrangement of electrodes
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(® Analyses, selection of well drilling points, and instructions for the drilling crew

Analyses are conducted at all measuring points based on the Vertical Electric
Sounding data (see Fig. 11).

Electrical probe analysis software is used on a PC to make one-dimensional analyses.
The results are estimated relative resistivity which assume a horizontal layer
structure. The relative resistivity model is used to conduct analyses by considering
the groundwater level and excavation depth of existing wells, the analytical results
from neighboring points, topography, geology, and so on. Drilling candidate sites are
selected based on their potential for groundwater (in order from highest to lowest),
meetings are held to deliberate on candidate sites C/P local office, and villagers’
desired sites are also considered when establishing the order of preference.

The locations and GPS coordinates of candidate sites are clearly marked on a
location map. Detailed maps of measuring points and lines are made using simple
measuring equipment and referring to reference points which might include an
unusual landform or manmade object(s) within the survey area. An analytical results
diagram is juxtaposed on the map containing this information and used for giving
instructions to the drilling crew. The results of the well drilling are conveyed to the
electrical probe team as feedback and compared with the drilling results, and used
as reference data for subsequent investigations and analyses.
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4 Important points about measurements
Points requiring special attention when conducting electrical prospecting.
i) Artificial noise

In many instances, structures that are not related to the local geology generate
abnormalities, so these structures must be avoided as much as possible. For example,
steel-reinforced buildings, buried steel pipes, metal fences, industrial waste dumps
that contain conductive materials, heavily traveled roads and railways, high
transmission electric power lines, grounding cables for telephone/telegraph poles,
etc., can hamper electric potential measurements.

i1) Natural noise

When lightning strikes a power line, it can cause a power surge that can damage
electrical equipment, and users can even be electrically shocked. If thunder is heard,
the equipment should be removed and workers evacuated to a safe place.

iii) Topography

It is extremely difficult to work on steep slopes, such as those exceeding 45 degrees.

5 Arranging the survey results
The following should be considered for the results of electrical exploration.

e  Survey location maps, measuring point maps, survey data tables, and apparent
resistivity diagrams made from Horizontal Electric Profiling.

e  Correlation diagrams of analyzed resistivity diagrams, interpreted section for
vertical electric sounding, analytical results (estimated excavated depth tables),
geological maps and probe results (observations of obtained results).

e  Comparison of survey results with boring data.
e  Comparison of results of present and previous surveys.
e Comparisons between survey results and geology

e Other
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SLIDES FOR GROUNDWATER DEVELOPMENT WORKSHOP

PARIFT OUNLINE OfF GROUNDWATER IDEVELOPMENT

1. Why Groundwater?

2. Process of Groundwater Development

3. Analysis of Development Potential

4. Risk of Groundwater Development

2. Process of Groundwater Development

1) Hydrologicall Analysis of the Area
Rainfall, sunshine; transpiration, wind etc Oveiview Mass Water Balance
2) Hydrogeological Review of the Area by Existing Information
l Wellllnventory, Geology, Topography: Determination of Potential Aquifen
3) CGlassification and Interpretation of Potential Aquifer
| L Hydrogeologicallparameter (Discharge, SW1. SC T Aquifer Performance

4]|On Site Tests and| Examination|(additional infermation)
Geophysical Sounding; Test Drilling, Water Quality Tests Pumping Tests

6)\Water Supply Planning and Facility Design
Drilling Location, Depth, Type of BH (pump). Supply Type, Cost {|O&M) Capital)

7) Development of Groundwater:

Drlling and confimation of the result whethenit meats demand or not
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PARTHIGUINLINE OF GROUNDPWATERIDEVELGPMEN)

PARININGROUNBDWATERAVAIEABIHY VAL

PARIISINDERERIEIATION GF AERIAL PHOTOGRARH

OBJECHIVE OF I ESEMINATR

TOUNDPERSTAND HHE GROUNDWATER DEVELGPMENI
TOEXCERSIZE TiHE MENHOD OF INTERPRETATION
TORECOGNIZE NIHEIMPORIANIHNEORMATGON

. Why Groundwater? (as ruralwater supply source)

Reason 1
Salety— groundwater can|drnk dircctly:

keason 2

Stability/— groundwateris stable through the year

Reaseoni3

Sustainabiity/=lenglastng seurce mithe hydielogical'cirele
Reason/4

I=conemy/— IoW COSt OPErItonN,
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PARINIF GROUNDWATER AVAILABIENNY MAPR

Outline of Making Grounawater Availability Map:

i. Concept

2. Procedures ofiMaking Groundwater Availability Map,

3. Analysisiof Development Potential

2. Procedure of Making| Groundwater Availability: Map;

on) Specification Hydr

acter)

Interpretationiof Geoloc
geological map and Fi

sis, Resistivity,
Sounding Resul Dr

Potential Aquifer Identification

Groundwvater Avatlability Map)
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1. Concept:

1) Realization of importance of thelocal infermation

2)| Necessary information for the groundwater development
3) Identification) of the area of safe groundwater extraction:

4} Recognizing hew te nanrew dewn the potential area

5] Economicallconsideraion)— Capital Gost and Or& V]
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PARIFIISAERIAL PIHONOGRAPENNTERPRENATION

Procedure

i Recognize the areajtobe interpretation
2. Select the aenial photograph at the location

3. Interpretation of lineament

4. Prejection onjte the topographicallmap,
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WATER WELLS

A water well is a hole or shaft, usually vertical, excavated in the earth for bringing
groundwater to the surface. Occasionally wells serve other purposes, such as subsurface
exploration and observation, artificial recharge, and disposal of wastewaters. Many methods
exist for constructing wells; selection of a particular method depends on the purpose of the
well, the quantity of water required, depth to groundwater, geologic conditions, and economic
factors. Shallow wells are dug, bored, driven, or jetted; deep wells are drilled by cable tool or
rotary methods. Attention to proper design will ensure efficient and long-lived wells. After a
well has been drilled, it should be completed, developed for optimum yield, and tested. Wells
should be sealed against entrance of surface pollution and given periodic maintenance. Wells
of horizontal extent are constructed where warranted by special groundwater situations.

Methods for Drilling Deep Wells

Most large, deep, high-capacity wells are constructed by drilling. Construction can be
accomplished by cable tool method or one of several rotary methods. Each method has
particular advantages, so experienced drillers endeavor to have equipment available for a
diversity of drilling approaches. Applications of drilling methods are listed in Table 1.1-1,
while Table 1.1-2 indicates the performance of the methods in various geologic formations.

a. Cable Tool Method

Wells drilled by the cable tool (also percussion or standard) method are constructed with a
standard well-drilling rig, percussion tools, and a bailer. The method is cable of drilling holes
of 8 to 60 cm in diameter through consolidated rock materials to depths of 600 m. In
consolidated sand and gravel, especially quicksand, it is least effective because the loose
material slumps and caves around bit. Drilling is accomplished by regular lifting and
dropping of a string tools. On the lower end, a bit with a relatively sharp chisel edge breaks
the rock by impact.

From top to bottom, a string of tools consists of swivel socket, a set of jars, a drill stem, and
drilling bit (Figure 1.1-1). The total weight may amount to several thousand kilograms. Tools
are made of steel and are jointed with tapered box-and-pin screw joints. The most important
part of the string of tools is the bit, which does the actual drilling. Bits are manufactured in
length of 1 to 3 m and weigh up to 1,500 kg. Various shaped bits are made for drilling in
different rock formation.

Drilling cuttings are removed from the well by a bailer or sand bucket (Figure 1.1-1).
Although several models are manufactured, a bailer consists essentially of section of pipe
with a valve at the bottom and a ring at the top for attachment to the bailer line. Bailers are
available in a range of diameters, lengths of 3 to 8 m, and capacities up to 0.25 m”.

The drilling rig for the cable tool method consists of mast, multiline hoists, a walking beam,
and an engine. In most present-day designs the entire assembly is truck-mounted (Figure
1.1-2) for ready portability.
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Table 1.1-1: Water Construction Methods and Application

D
e me Lhﬂe,.]—:‘%l@u .
Meathod Diilling Principle m (£t.) Advantages Disadvantages
Direct-Push Advanemg a sampling device | 30 (100) | Avowds nze of dullmg fheds and lubdeants  |Lumted to Sauly soft matenals such as clay, slt, sand, and zavel.
into the subsurface by applying durmg drillmg. Compact, sravelly materals may be hard te penethats.
static pressire, Impac
vibration or Ay combination Equipment luzhly mobile. Small diameter well seveen may be hard to develop. Scresn may
thereof to the above sround become clogged of thack clays fre penstrated.
portion of the samplsr Dizturbance of geochenucal conditions
axtensions 1ntl the sampler during mstallation is mininrize The zmall diamester drive pipe zenerally preclndss comventional
has been advancad its full borshols gsopliyucal logzmz.
length into the desred soil Dmlling and well screen matallation 1s fast,
strata. considerably less labar mtenave. The drive pomts yield relatvaly low rates of watar.
%c-ﬁ; not produce dnll cuthngs, reduction of
‘gg"al' Hollow- and | Succeszive 1.5m (3-8) flights | 43 (150) |Faily mexpensive. Faly simple and Depﬂ.lc-"pmeuaﬁcm limited, especially in cavey materials.
s[id-Stem d diill stemr are modarately fast operation.
o the around to Qt:'lzg u.yi uﬂ'cdc or well-cemanted formations. Difficalt to diill
create a hole. Curtmgs ave Small rigs can get to difficult-to-reach areas. L g
brought to the surface by the Cruick setup time. Log of well 13 difficult to interpret without collection of split spoons
tuming action of the auger. . o due to the lag time for cuttings to reach ground surface.
Can quuckly construct shallow wells m fima, Soul samples retumed by anger flight are diznobed makmg it diffeult
noncavey matenals. to datermine the pracise dapth from which the sanmple came.
Mo drilline fuid or Iihreants required Vertical leakage of water through bory wing drilling 15 | lel\m
No dnlimg fimd or lnbricants required. ocowr. Solid-stem linuted to fine-gramed, unconsolidated matera
that will not eollapse when imsupported. Barshole wall ean be
Uszz of hollow-stem augzers mraatly facilitates |omacred by previoshy-drilled elay.
ol om of split-spoon samples, continuous
samplmg possible. With hollonw-stenn flights, heaving sand can present a problem, MMay
Comall diamet s built El.ez=_-t:l o addﬁ&tm dcmu]auzm to centrol heaving or wash matenals
amater wells can be built inside rodn angar befors etmg wall
hellow-stem fights when geologic materials =i
are cavey.
Jetting Washing action of water 1350y  |Relatively fast and m stve. Driller often | Scunewhat zlow wtllm"ea.' nz depth. Lanited to dolline relatively
forced out of the bottom of the not needed for shallow holes. shallow depth, small diameter boreholes. Extremely difficult to use in
dnill rod clears hole to allow very coarse materials, i e cobbles and boulders. Large quantities a_
penettion. Cuttings brought In firm, noncavey deposits whers hole will  [water required durmg diilling process. A water supply 15 neaded
to surface by water Howmg up stand open, well construction fairly simple. |15 under enough pressure to penetrate the seologic materials p*E:eut
f_e outside of the drill red. Minimm! equipment raquired. Use of water can affect sroundwater gualtty in aquifer. Diffieult-to-
interpret sequence of geologme mateuqt fings. Prasence of
Equipment hizhly mobile. =ravel or larzer matenals can It G.l'llll_“ Borehole can collapse
before seting monitoning well if borehole uncased.
D t|.1
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into well bore, erushing i cobbles and boulders and highly cavernous Decontammation can be dificult.
e g. ﬁ;::'al;d.cﬁ?u_ru I.':fa ted often Heavy steel drzve pipe uzed to kesp hole open and dnlling “tocls” can
Cuttings are removed encugh Dhving a casing ah.eﬁd ofl.'l.ol.e bt fecesabiliy.
oeeasionally by bailer. muimimizes cross-contEmmation by vemcal Cannot run some gaophysical logs due to presence of drive
Ganerally, casing is driven just leakagze of formation waters and maintanz Jatrvely slow drilling me e pips.
akead of the botfom of the ehale stabiliy.
hole; a hels reater than § Recovery of borehole flnd sapmples E{"E E‘L‘ﬁ Haavier wall, larger diameter cazing than that used for other diillng
inchas m diameter 15 usually throuzghout the entmre depth of ‘.Ee methods normally used
made. cellent mathod for detecting tll.u. water-
aring zones. Excellent method for Temporary casing can cause problems with emplacement of sffective
estmating yield of water-beanng zones. filter pack and srout saal.
E‘Eﬁé'ﬁ-"f_c_htfﬁl of d_mlﬂul_{l: ﬁ}l]ié‘_]{j = Heaving of imconsolidated sedoment mto botiom of casmaz can be a
=sible, problam.
g*e samples can be easily obtamed
Excellent for development of a well.
Wud Rotary Rotating bit breaks formation; 1.500= | Diilling is fairly quick m all types of zeclogic | Expensive, requires experienced driller and fair amount of peripheral
cuttings are brought to the (5,000 =) |matenals, hard and zoft. aquipment.
,mface m a crrenlatmg fluid : Completad w\.e]_ may be diffieult to develop, especially small diamater
(mud). Nud is forced down en from formation of a 5 ud or flter-cake on wall of ole.
the interior of the dnll stem, of borehols by the .e-:'. d...l' = drl ll.mz an contaminate the borshole flud
o the bit, and up the anmius circulating dnlling mud. Eases gaoplnmical
between the drill stem and logzmg and well construction. Geo og'n: looz by visual inspection of cuttings 15 fair due to
hole wall (Gaologic cores can be collected. jesence ofIth_U nmd. Bads of sand, gravel. or clay may be messed
ocation of water- Tearing zonas d,ngL-LlJm: can be difficult to
Cuttimzs are removad by Can use casmg-advancement drlling detect. ing fluid eirculation is often lost or c.lf"r:LLt 0 mamtain n
settlng m a “mmd pat” st the met fracturad rock, Toot zones, or m gravels and cobhbles
ground surface and the nd is Drffie ..lt dnl]_|.1= n boulders and cobale"
cireulated back down the dnll Borehole can readily be zravel packed and nlling moud can contaminate water samples, especially
sten, Zrouted. ¢ hiodezradable nuds.
= o . hurden casing wsually required.
Wirtually unlinited depths poszible. £ dnllmg fhud toough 2 contaminated zone can create a
hazard at the round surface with the mud pit and cross-contzmmate
clean zones durme circulation

Al1-20




The Study on Rural Water Supply

in Mwanza and Mara Regions in the United Republic of Tanzania

JICA
KOKUSAI KOGYO CO., LTD.

(©)

Depth
. L. Limagzhom .
Method Dmlling Principle m (£t.) Advantages Disadvantazes
Reverse Rotary Similar to bydranlic rotary 1,500+ |Duillins 'Sad. 5 accomplished in soils and Drilling through cobbles and boulders may be difficult.
method except the drilling (5,000 =) |mest T Usza of drillmg fuids, :.ol.'vnmm additives, and hbnicants can affect
fuid 15 careulated down the : iz relatively fast and for drilling large |2 borehole @ d
borshela outside the drill stem diameter boreholes, A large water supply 15 needed to maintam hydrostatic pressire n
and 15 pumped up the mside, Borehole 15 accessibla for geophyzieal c:eephole, and when ].’l.l"ll]‘\ conductive formations are encounter ed.
just the reverse of the nommal logzing pmor to mstallanion of well. -experienced doller and mpch peripharal e
Totary met Water is used Craztes a very "clean” hole, not dirtied with 'B{]‘lLl " Fole dimeters are waua m} arze, commenly' 18 inches or
as the dnllmg :Ich: 11ﬂm thian drillmz o reatar.
2 nud, and the hole is kept : ramneter of borehiole pemuts relatively Toss-contanumation from ereulatmg water likaly.
apen by the hydrostatic easy metallztion of momtormz well Geologic samples brought to murface are genevally poor; circulating
praszure of the water standing C;m be used m all geclogic formations. water will “wash” finer matarials from sample,
n the borehnle. Very deep penstrafions possible.
Split-spoon samplng posabla.
Axr Rotary Very smular to hydranhe 1,500+ | Canbeused mall zeolc-g'n: formations; mest |Relatively sxpensve.
the mam difference 3s | (5,000 =) [successil m ughly f :mved. envionments. | {ross-contanmumation from vertical commuucation possible.
at air 13 uzed as the primary : Usefil at most sy depth Ay will be muxed with the watsr in the hels and blown from the hols,
dnlling flwd as opposed o = mrock and _,Dl.l 5 wlatively fast. potentially creating wwantad reactions with contamunants; may affact
mmd or water. Can use casing-advancement method representative” samples.
Dnllmg mud or water not raquired. Aur, cuttings and water blown £om the hole can pose a hazard to crew
Barshels 15 accessible for geoplysie: and surroumding envirenment 1f toxe ¢ md'B encountered.
laz ng prior to monitoring wall installation. Compressor discharze air may contan hydrocarbans.
d—E‘\EIG’JDJEt velagvely easy. OL"ZJ.\.I.C foarn additves to aid cuttings remeval may contaminate
Uret'b'mdan easmg nsually required.
Somie Employs the wse of lngh- 150 (500) |Can obtam large diameter, contmuons and  |Rock dnlling requires the addtion of water or air or both to remove
(vibratery) fraquency mechanical relatively wndisturhed cores of almost amy duill enttmgs.
vibration to take confinuous 501l material without the wse of drilling fluds.
core samplas of overburdsn Can diill threugh boulders, wood, concrete  |Extraction of casing can canse mmearmz of borshols wall with s:lt or
sotls and mest hard rock. and other constmetion debns. clay.
Can drill and sample most softer rock with
luzh percentage of core recovery. Extraction of casmz can damags well zorsen.
Dinlhing 15 fasfer than most otheT methods.
Reduction of IDW, Equipment 15 not readily availabls and 15 expensive.
. . I.J.m?\tl.m
Mathod Dnilhne Prineiple m (Ft.) Advantages Disadvantases
Air rotary witha G0 Very fast panatrations. Useful i all
?.otan or reciprecatmg hammer 2.000) =i formations. As with most hwdlm_ e rotary methods, the 1z 15 fairly heavy,
Diommn-the-Hole commectad to the bit fo Lttt mmall amonmts of water needed for ]J.nml.uz ane
(DTH) Hammer fracture rock. dust and bit temperature contral. Croerburden ¢
Cross-rontamination potential can be Veartical mixing of water and air creates cross-contamination

reduced by doving casmg.
Can nze casing-advancement method.
Well development relatively sasy.

potential.

Hazard posed to murface emivonment if toxe compotmds
ancounterad.

D'll—i'l hammer drillmig can cause hydraclic fractuing of boreliole
wall.

The DTH hammer requires lubrication during dnlling.

Organue foam additives for cuttings remeval may comtanuinats
samplas.
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Table 1.1-2: Performance of Drilling Methods in Various Types of Geologic Formations

Figure 1.1-1: Basic Well Drilling Tools for the Cable Tool Method
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Figure 1.1-2: Cable Tool Rig in Operation

During drilling the tools make 20-40 stokes per minute, ranging from 40 to 100 cm in length.
The drilling line is rotated so that the bit forms a round hole, and additional line is let out as
needed so that the bit will always strike the bottom of the hole. Water should be added to the
hole if none is encountered to form a paste with the cuttings, thereby reducing friction on the
falling bit. After the bit has cut 1 or 2 m through a formation, the string of tools is lifted to the
surface and the hole is bailed. In unconsolidated formations, casing should be maintained to
near the bottom of the hole to avoid caving.

The cable tool rig is highly versatile in its ability to drill satisfactorily over a wide range of
geologic conditions®. Its major drawbacks are its slower drilling rate, its depth limitation, the
necessity of driving casing coincidentally with drilling in unconsolidated materials, and the
difficulty of pulling casing from deep holes. The simplicity of design, ruggedness, and ease
of maintenance and repair of the rigs and tools are important advantages in isolated areas.
Also, less water is required for drilling than with other methods, a matter of concern in arid
and semiarid regions. Furthermore, sampling and formation logging are simpler than more
accurate with a cable tool rig.

' In particular, cable tool rigs can be drill through boulders and fractured, fissured, broken, or
cavernous rocks, which often are beyond the capabilities of other types of equipment.
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b. Rotary Method

A rapid method for drilling in unconsolidated strata is the rotary method. Deep wells up to 45
cm in diameter, and even lager with a reamer, can be consolidated. The method operates
continuously with a hollow rotating bit through which a mixture of clay and water, or drilling
mud, is forced. Material loosened by the bit is carried upward in the hole by the rising mud.
No casing is ordinarily required during drilling because the mud forms a clay lining, or mud
cake, on the wall of the well by filtration. This seals the walls, thereby preventing caving,
entry of groundwater, and loss of drilling mud.

Drilling bits are available in various forms; a group of conical roller gears with teeth that
scrape, grind, and fracture the rock is common design (see Figure 1.1-3). The typical string of
tools consists of a bit, a drill collar (which adds weight to the bit and aids in maintaining hole
alignment), and a drill pipe that extends to the ground surface. The upper end of the drill pipe
is attached to the kelly — a square section of drill rod. The drill is turned by a rotating table
that fits closely around the kelly and allows the drill rod to slide downward as the hole
deepens. The drilling rig for a rotary outfit consists of a derrick, or mast, a rotating table, a
pump for drilling mud, a hoist, and the engine.

Figure 1.1-3: Example of Rotary Drill Bits
(a) Fishtail bit, (b) Cone-type rock bit, (c) Carbine button bit

Drilling mud consists of a suspension of water, bentonite, clay, and various organic additives.
Maintenance of the correct mud in terms of weight, viscosity, jelling strength, and low
percentage of suspended solids is important for trouble-free drilling. Organic additives that
degrade with time and thereby cause the mud cake to break down within a few days are
recent innovation. The drilling mud leaves the drill pipe through the bit where it cools and
lubricates the cutting surface, entrains drill cuttings, and carries the drill cuttings upward
within the annular space between drill pipe and hole wall as the fluid returns to ground
surface (see Figure 1.1-4). The drilling mud then overflows into a ditch and passes into a
settling pit. Here the cuttings settle out; thereafter, the mud is picked up by the pump for
recirculation in the hole.

Rotary drilling is employed for oil wells and its application to water-well drilling is steadily
increasing. Advantages are the rapid drilling rate, the avoidance of placement of casing
during drilling, and the convenience for electric logging. Disadvantages include high
equipment cost, more complex operation, the need to remove mud cake during well
development, and the problem of lost circulation in highly permeable or cavernous geologic
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formations.

Figure 1.1-4: Drilling Mud Circulation system for the Rotary Method
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C. Air Rotary Method

Rotary drilling can also be accomplished with compressed air in place of drilling mud. The
technique is rapid and convenient for small-diameter holes in consolidated formations where
a clay lining is unnecessary to support the walls against caving. Large-diameter holes can be
drilled by employing foams and other air additives. Drilling depths can exceed 150 m under
favorable circumstances. An important advantage of the air rotary method is its ability to drill
through fissured rock formations with litter or no water required.

d. Rotary-Percussion Method and Down the Hole Drilling Method

A recently developed rotary-percussion procedure using air the drilling fluid provides the
fastest method for drilling in hard-rock formations. A rotating bit, with the action of
pneumatic hammer, delivers 10 to 15 impacts per second to the bottom of the hole.
Penetration rates of as much as 0.3 m/min. have been achieved. Where caving formations or
large quantities of water are encountered, a change to conventional rotary drilling with mud
usually becomes necessary.

DTH (Down the Hole) Drilling Method
The down-the-hole hammer drill is a pneumatically operated

bottom-hole drill that efficiently combines the hitting action, e

similar tq t.hat of cable tool Qrillin_g, with the turning action of { P Hard Fasmation
rotary drilling. The pneumatic drill can be used on any s 1 R

standard rotary rig with an integral or auxiliary air :L‘ x :
compressor of sufficient capacity. :_,*F :

e ltis used for fast and economical drilling of medium
to extremely hard formations.

Fast penetration results from the air piston blows transmitted directly to the bit, so practically no
energy is wasted in chewing up cuttings. A straight hole is assured by short, rapid blows that
minimize the effect of dipping and broken formations. Down-the-hole hammer drilling is by far the
fastest method of penetration in hard rock material. The bit is turned slowly (10 to 15 RPM) by the
same method that rotates the drill bit in the mud or air drilling operation.

HP: Royall Pump & Well Company - Powhatan
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1.2

Well Completion

After a well has been drilled, it must be completed. This can involved placement of casing,
cementing, placement of well screens, and gravel packing; however, wells in hard-rock
formations can be left as open holes so that these components may not be required.

a. Well Casings

Well casing serves as a lining to maintain an open hole from ground surface to the aquifer. It
seals out surface water and any undesirable groundwater and also provides structural support
against caving materials outside the well. Materials commonly employed for well casings are
wrought iron, alloyed or unalloyed steel, ingot iron, and PVC (polyvinyl chloride). Joints
normally consist of threaded couplings or are welded, the object being to secure
watertightness. In cable-tool drilling, the casing is driven into place; in rotary methods, the
casing is smaller than the drilled hole and hence can be lowered into place.

Surface casing is installed from ground surface through upper strata of unstable or fractured
materials into a stable and, if possible, relatively impermeable material. Such surface casing
serves several purposes, including:

e supporting unstable materials during drilling

o reducing loss of drilling fluids

o facilitating installation or removal of other casing

e aiding in placing a sanitary seal

e serving as a reservoir for a gravel pack
This casing may be temporary during drilling or it may be permanent. Recommended
minimum diameters of surface casing are given in Table 1.2-1.

Table 1.2-1: Recommended Minimum Diameters for Well Casing and Screens

b. Cementing

Wells are cemented in the annular space surrounding the casing to prevent entrance of water
of unsatisfactory quality, to protect the casing against exterior corrosion, and/or to stabilize
caving rock formations. Cement grout, consisting of a mixture of cement and water and
sometimes various additives, can be placed by a dump bailer, by a tremie pipe, or by
pumping. It is important that the grout be introduced at the bottom of the space to be grouted
to ensure that the zone is properly sealed.
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C. Screens

In consolidated formations, where the material surrounding the well is stable, groundwater
can enter directly into an uncased well. In unconsolidated formations, however, wells are
equipped with screens. These stabilize the sides of the hole, prevent sand movement into the
well, and allow a maximum amount of water to enter the well with a minimum of hydraulic
resistance.

Screens are available in a range of diameters; selection of screen diameter should be made on
the basis of the desired well yield and aquifer thickness. Recommended minimum screen
diameters are included in Table 1.2-1.

d. Gravel Packs

A gravel-packed well is one containing an artificially placed gravel screen or envelope
surrounding the well screen (see Figure 1.2-1). A gravel pack (1) stabilizes the aquifer, (2)
minimizes sand pumping, (3) permits use of a large screen slot with a maximum open area,
and (4) provides an annular zone of high permeability, which increases the effective radius
and yield of the well. Maximum grain size of a pack should be near 1.0 cm, while the
thickness should be in the range of 8 to 15 cm.

Various formulas for relating gravel pack grain-size gradations to aquifer grain-size
gradations have been developed. Criteria conforming to U.S. Bureau of Reclamation field
experience are summarized in Table 1.2-1. The selected gravel should be washed and
screened siliceous material that is rounded, abrasive-resistant, and dense. Gravel should be
placed in such a manner as to ensure complete filling of the annular space and to minimize
segregation. A common procedure is to extend two tremie pipes to the bottom of the well on
opposite sides of the screen. Gravel is poured, washed, or pumped into the tremie pipes; these
are then withdrawn in stages as the pack is placed. In sandy aquifers, where a gravel pack is
most essential, deep wells should be constructed by the rotary method etc. The drilling fluid
should be circulated and diluted with water before the gravel is introduced.
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Figure 1.2-1: Vertical Cross-section of a Gravel-packed Well
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