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MISSION STATEMENT 

specijications that will lead to a water supply well that will fulfill its construction 
objective: Suficient and safe water for human consumption without contaminating the 
aquifer. The manual is intended to outline well construction practices for drilled wells 
that are considered to be comprehensive and environmentally sound by the ground water 
and regulatory community in the United States for water supply wells. The intended 
result is maximum quality in well construction practices. 
INTRODUCTION 

The purpose of this work is to provide background and an outline for plans and 

Historically, ground water has been considered of good sanitary quality requiring 
little or no treatment before use as drinking water. 50 million Americans obtain their 
drinking water from individual home supply wells tapping this water resource. Data 
collected from at least the late 1960s to the present suggests that we may have been 
taking the high degree of microbiological purity of our ground water supplies for granted. 

Aquifers are not sterile or always free from chemical contaminants. Recent 
regional studies from the U.S. Midwest conducted by the Centers for Disease Control and 
Prevention (CDC) in the Mid-west and by the U.S. Geological Survey National Water- 
Quality Assessment (NAWQA) studies show that many private (and also public) ground- 
water systems produce water containing colifom bacteria. However, the actual source of 
the colifom bacteria was not identified. Cross-contamination, backflows, and leaks in the 
system may be sources of bacterial contamination. However, there is no special reason 
why coliform bacteria could not persist in aquifers. 

Disinfection Rule by the U.S. Environmental Protection Agency (EPA). In addition, work 
throughout the nation, especially since the passage of the landmark Comprehensive 
Emergency Response, Compensation and Liability Act (CERCLA or "Superfund") 
legislation, shows that chemical contamination of ground water is a serious concern in 
many places. 

The CDC survey showed that the method used to construct wells, and the 
construction details themselves, affect the microbiological and toxicological quality, and 
potentially the safety, of a ground water supply. Proper well construction is the basis for 
well construction standards developed by US.  states and jurisdictions in other countries. 
It is also the basis for consensus standards such as ANSUAWWA A100 Standard for 
Water Wells. There is a consensus standard for irrigation wells produced by the 
American Society of Agricultural Engineers. Although statistical analysis of NAWQA 
studies conducted so far have been inconclusive on the point, the results of the Midwest 

Concern about viruses in ground water drives the development of a Groundwater 
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CDC analysis have finally provided large-scale positive correlations between 
bacteriological safety and better well construction practices. 

Deficiencies in well construction in both individual and public supplies are not 
difficult to find and include: 1) insuEcient and substandard well casing; 2 ) inadequate 
formation seal (grouting) between the well casing and the bore hole; 3) poor welding or 
joining of casing joints; 4) lack of sanitary seals; 5) poor well intake design, location, and 
construction; and 5) well terminus deficiencies such as using well pits to protect from 
freezing. Any one of these deficiencies may allow introduction of microbial or chemical 
contamination from the surface to the ground water and into the supply system, and 
therefore impairing the quality of product water. 

The problems facing many people receiving drinking water from individual water 
supply systems were brought forth during testimony before the U.S. Congress on the 
original Safe Drinking Water Act in the early 1970s. Testimony at that time indicated that 
millions of Americans may be receiving drinking water that would not meet drinking 
standards mandated by the Act. Congress expressed concern and desire that adequate 
protection for persons relying on individual water systems for their drinking water be 
made available. This responsibility has remained with individual states and territories in 
the U.S. 

Well deficiencies also have historically and currently resulted in poor water 
quality, production, and service life in public and other types of water supply wells. Most 
of the construction and protection issues are the same as for individual water supply 
wells. 
Origins of this Manual 

In the 1960’s, the National Water Well Association (NWWA, now National 
Ground Water Association, NGWA) began to focus on how to improve well construction 
procedures to better protect the public health. Starting in 1971, the NWWA began to 
develop “a set of generally accepted specifications for well construction that could be 
widely distributed to consulting engineers, water well contractors, municipalities, 
industries, agriculturalists, and individual home owners. The document would serve to 
complement existing regulations, help educate the public, upgrade existing well 
construction techniques and thereby afford a greater protection to OUT ground water 
reserves.” This process resulted in the Manual of Water Well Construction Standards, 
Environmental Protection Agency - 570/9-75-001, published by Environmental 
Protection Agency in 1975. 

standards already required by many states as well as pertinent suggested standards and 
During preparation of the 1975 Manual, consideration was given to minimum 
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specifications already available from other national and state associations. The Manual 
was designed recognizing that well construction techniques may vary with five major 
criteria: namely, (1) intended use of the water, (2) required capacity of the well, (3) 
nature of the producing zone, (4) intended drilling method, and (5) manner in which the 
well construction will be paid for. Using these criteria to describe construction of a well, 
alternate methods were established for the many facets of well construction such as test 
drilling, logging, casing, grouting, cementing, gravel packing, plumbness, alignment, 
development, testing, disinfection, sampling, and decommissioning (proper permanent 
abandonment or destruction). 

construction and decommissioning. At the time of its publication as an EPA document, 
the well construction practices outlined in it were ''supported by EPA as being complete 
and environmentally sound" but were h i s h e d  "for informational and educational 
purposes only." The NWWANGWA never developed a "well standard" in the sense of 
the American Water Works Association's Standard A1 00, but the Manual has stood the 
test of time as an outline in specification development and as a reference and training 
tool. 

The 1975 ManuaZ served many years as a standard reference in water supply well 

Since 1975, a revolution has occurred in the ground-water industry and its 
technology. The NWWA has become the NGWA, reflecting the fact that the industry is 
concerned with more than what are still our most important product: water wells. The 
"monitoring and remediation" sector became very large, and this sector was an engine 
driving innovation in well construction methods, materials, pumps and instrumentation. 
As a result, much more is known about the performance of materials used in water wells. 
Some methods described in the 1975 Manual have become outdated or are no longer 
favored due to potential health concerns (e.g., use of lead packers). New methods have 
appeared. Changes in grouting technology and materials have been profound. 

1994 to update the 1975 Manual. The purpose of the update was for the ManuaZ to 
continue to: 

(1) Serve as a reference document for professional well installation. 
(2) Provide a training document for well inspectors (an NGWA-identified need). 
(3) Provide a standard guide for well construction within the limitations of local, 

While it is beyond the scope of this document, the NGWA considers it important 

Recognizing the effect of these changes, a NGWA Task Force was formed in 

state, and federal law. 

to recognize that there are many purposes for well construction beyond potable water 
supply, and to recognize that quality construction applicable for water wells is a benefit 
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to other types of wells, including those for irrigation, long-term dewatering, monitoring, 
and ground water remediation. 

One intention of publishing a manual on optimal well construction practice is to 
correct a common view reflected in the 1975 Manual, that nonpotable wells may be 
constructed to lesser standards than potable water supply wells. Constructing other wells 
(remediation, heat pump, etc.) to lesser standards, or by less qualified personnel, 
increases the risk of aquifer contamination due to poor construction practices or 
inadequate sanitation. Payment as a criterion is also de-emphasized, although discussed. 
Audience for this manual 

The intended audience for this manual are those people who are (1) learning 
about, (2) supervising and regulating, and (3) making specifications for the planning, 
construction, testing, maintenance, and final decommissioning of wells. Water well 
contractors and drillers performing these services will find it to be a quick reference to 
many useful methods and a standard of practice. The manual is intended to be compact 
and designed for quick reference, rather than being a comprehensive "bible" of well 
construction practice. For this, references to other sources are supplied, 

It is possible to use the language provided in the specification portion of this 
manual directly as a basis for developing well specifications. However, the specific 
language should be adapted to specific situations (using professional judgment) in light of 
experience and factors such as state andor local regulations. 
What is a "well"? 

Broadly speaking, a "well" can be any construction that permits access to the local 
ground water for extraction at the surface. A common popular image is of the brick or 
stone-lined dug well with winch and bucket. This indeed has been historically the most 
common well design, and still is constructed and used today in some parts of the world. 

Most modern well construction consists of the drilled tubular well consisting of a 
borehole, tube casing, and sometvimes a well screen designed to pass water, but retain the 
formation. A modem exception is the radial collector well, which resembles a dug well 
caisson, but is equipped with horizontal laterals driven into the water-producing 
formation to collect water. Most wells are vertical, but there are increasing applications 
for horizontally oriented and angled wells in the ground water field. This edition of this 
manual will generally address vertical, tubular wells. However, many aspects of vertical 
well construction apply to radial and horizontal or angled wells. 
What is a good well? 

its construction, 
A "good" well is one that meets the objectives of those who have commissioned 

does not pose a threat to ground water. A water supply well 
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produces a suitable yield of water of the desired quality. A monitoring well; produces 
water which is representative of the quality of water in the monitored zone. A plume 
control or remediation well may be designed specifically to intercept contaminated water, 
and to minimize the intake of uncontaminated water. Some wells, such as those for site or 
mine dewatering, may only have a production objective. Irrigation wells may not be 
concerned with bacteriological quality, but critically concerned with mineral quality. In 
general, however, "good" wells of all types shall have these characteristics: 

contamination, and to assure structural integrity; 

adequate well service life; 

the aquifer being used andor to provide water representative of the aquifer; 

service, and to permit a ready evaluation of well characteristics. 

performance and useful service life. 
Difficulties of working in the ground 

those on the surface. This situation makes for challenges in proper well siting, 
construction, and maintenance. A review of literature, or a conversation with ground 
water industry professionals reveals that ground water testing methods, drilling and well 
construction are often complex tasks that require more skill to do well than it may seem 
to on first glance. Mistakes can be expensive. 

Deficiencies in well construction are not easy to detect, especially those outside 
the casing beyond the view of borehole cameras. If deficiencies do become apparent, they 
are difficult to correct. Deficiencies in well decommissioning sealing are, if anything, 
more damaging because they are more difficult to detect and correct. 

Increasingly, wells are more difficult and expensive to site and construct, 
whatever their purpose. Poor-producing water wells are increasingly expensive failures. 
Construction and testing regulations for wells have extended to even the smallest public 
water supply systems and private well users. 
How to make the right decisions 

all phases of well planning, construction, and management. Well construction and 
decommissioning standards have long existed both as state or local statutes or 

(1) Proper construction to preclude sources of contamination or cross- 

(2) Good design and material selection to provide structural integrity and 

(3) Proper development to make the most of the water-producing capabilities of 

(4) Provision for maintenance and testing to prolong well life, provide ease of 

Where these conditions are met, the well will be expected to have acceptable 

The underground and structures constructed in it are by nature less accessible than 

For these reasons, knowledge, experience, and professionalism are necessary in 
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regulations, or as consensus industry standards. More standard guides and practices are 
becoming available, particularly through the American Society for Testing and Materials 
Committee D18. In addition, states develop their own manuals of standard practice. 
These can serve as useful bases for planning, and sometimes become "quasi-legal" when 
cited in regulations. Anyone working in the industry should be aware of them. 

well planning, construction, testing, and decommissioning. They can in fact (if rigidly 
worded) become barriers to innovation by experienced ground water professionals or the 
installation of cost-effective wells. 

What standards almost universally lack is any useful guidance to judge the 

Standard methods, guides, and regulations alone will not assure quality work in 

qualifications of the people using them. It is this "human factor'' that is the most 
important. All aspects of a ground water planning and construction program should be 
conducted by professionals experienced in the operations. 
Some key people and possible indicators to their qualifications: 

Key people 
Well contractors Drilling, installing casing, 

Role in ground water projects 

pumps and other well 
equipment, service of wells, 
well decommissioning. On 
private well projects, they make 
plans and work without 
supervision. 
Planning ground water projects, 
designing wells and wellfields, 
writing specifications, testing 
wells, troubleshooting, working 
with contractors and regulators. 

Hydrogeologists or engineers 

Qualification indicators 
State licensing (minimum: 

requirements vary by state). 
Certification (e.g., NGWA) 
Experience histories. 
Reputation. 

State licensing professional & 
registration ( PE requirements 
vary by state: some states do not 
license geologists). 
Certification (e.g., NGWA): 

especially useful for assessing 
hydrogeologists. 
Experience histories: P.E.'s 
should have specific ground 
water experience. Academic 
degrees. 
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Well inspectors and regulators Reviewing plans for ground 
water projects, site selection 
and approval, wells and 
wellfield designs, writing 
regulations, inspecting wells, 
troubleshooting, working with 
contractors, engineers and 
hydrogeologists. 
Ultimately responsible for 
permits, adhering to regulations, 
providing safe water to users of 
the ground-water source, 
maintenance of wells, payment 
for services rendered. 

Owners 

State classifications (usually 
experience and qualification- 
based). Certification (e.g., 
NGWA): professional status. 
Experience and academic 
degrees. 

Being well informed, 
interacting in a businesslike 
fashion with contractors, 
consultants, and regulators. 

Professional judgment is used to make right decisions, such as deciding the cost 

and time to be invested in a project or well. Historically, cost and quality have had a 

linear relationship in well construction. This relationship has broken down with the 

advent of tough, corrosion-resistant plastics, and lower-cost, high-quality pumps, for 

example. Time and expense invested one place (geophysical studies) may save money 

elsewhere (cutting down on drilling costs). Maintenance, which has a cost in time and 

materials, is shown to reduce the cost of a well over its life span, and the cost of water or 

project operation by prolonging useful well and pump life. 

Knowledge of these various aspects of planning helps to make the right decisions 

on ground water projects. This manual is presented as a modem and definitive tool in 

helping to make those decisions. 
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Chapter 1 
Well Siting, Testing 

and Sampling 



1 Well Siting,Testing and Sampling 
1.1 Issues in Planning Testing 
1.1.1 Site Selection. Locating test bores and wells (and eventually water wells), if based 
on technical criteria rather than convenience alone, begins with a site selection process 
before drilling or testing is planned. The goal should be pre-selection of the best possible 
sites, and anticipation of both technical and other practical problems (e.g., neighboring 
wells). This decision-making process involves a combination of hydrogeological 
advisors, regulatory personnel, well drilling contractors, engineers, and the property 
owners involved. Tools include maps, aerial photographs, well logs and other relevant 
file information fiom the area, and site inspection. Issues include: 

(1) Potential yield and water quality; 
(2) Vulnerability to known or suspected contamination or natural risks such as 

(3) Regulated distance from potential contaminant sources (e.g., septic tanks; oil 

(4) Potential for interference with other wells, surface water flows, or 

(5) Potential for interference with utilities. 
Potential drilling sites being analyzed as potential water well sites should have 

flooding; 

wells); 

environmentally important water uses (e.g., wetlands or springs) or areas; 

some reasonable expectation of providing sufficient, potable water; meet regulatory 
requirements; and not pose unacceptable health or safety risks to workers or future water 
users. For public water supply wells, will the location allow for a defensible wellhead 
protection area that does not include multiple potential pollution sources. 

level. Public water supply wells are regulated under state enforcement of the Safe 
Drinking Water Act. Private water supply wells fall under state and local control, with 
agencies and regulations varying greatly from state to state (see Appendix chart of state 
regulations). 

include access for rigs and other equipment, access to power (either for testing or 
eventually for production wells), and distance from the water use. 
1.1.2 Test Borehole and Well Drilling. The purpose of drilling a test hole is to obtain 
information on ground water quality and formation materials, and to help establish 
essential "ground truth" at a specified location, including: 

formations; 

In the U.S., water supply is for the most part regulated at the state and local 

Non-hydrogeological and non-regulatory factors are important as well. These 

(1) The depth and extent of the water-bearing formations, or zones within 
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(2) Thickness, nature, and areal extent of confining layers; 
(3) Existence of specific features of note (oily or sand seams) 
(4) Water quality and actual yield and drawdown information. 
Location of test holes should be based on the objectives of the drilling project, and 

should be selected based on available geologic information. For example, a test hole 
drilled to test a location for municipal water supply would be selected for maximum 
uncontaminated production. Test holes to codirm the location of a contaminant plume 
would be located based on existing knowledge of the plume and other field information 
such as geophysical survey results. A hole to characterize a water-bearing fracture zone 
would be located based on maps, and aerial and geophysical surveys. 

Other factors involved include state and local regulations on well spacing and set- 
back distances from potential contamination sources. These are often preset distances set 
regardless of local conditions at a specific site. However, they have been established with 
the intention to provide criteria for reasonable protection of potable drinking water from 
potential con taminant sources (septic tanks and leachfields, sewer lines, fuel tanks, etc.). 
For most purposes, minimum requirements should be considered as minimums. Where 
there is credible information that would permit closer spacings than regulation require, 
some jurisdictions permit variances. However, such variance applications must be well 
supported with evidence. 

project, the complexity of the hydrogeologic setting, and relative uncertainty of finding 
suitable quantities of good quality water. For water wells, cost-effectiveness is very 
important in the exploration planning. In many cases, the test hole will be enlarged and 
cased, becoming a finished well. For test boreholes constructed by the rotary method, the 
"pilot hole" is, in effect, a test hole. 

being operated as a permanent production well. This is done by enlarging ("reaming out") 
the'borehole as necessary to accommodate the final production casing, grout seal, and 
screen (where required). 

to minimize the volume of contaminated cuttings and fluid to handle. The drilling method 
in t h ~ s  case would be selected for maximum information recovery with a minimum 
sample production in spoils or cuttings. 

locations is the impetus behind the refinement of directional drilling in the ground-water 

The nature of the exploration program depends on the size and Complexity of the 

When warranted, a test hole may be converted into a test well fully capable of 

Another factor in contamination studies (not necessarily water wells) is the need 

Access is another consideration. Gaining access under buildings or from remote 
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field. Where possible, wells should be located for reasonable access by typically large 
drilling rigs, and for later well service. 

It is recommended that samples be collected of all materials penetrated by the 
drilled borehole. As many samples should be taken as required and by such means as will 
assure collection of representative samples of a specific aquifer(s) or formation(s) that 
will be free of material from intervals above the aquifer or formation of interest. Care 
must be taken to accurately determine the depth interval from whch each sample is 
taken. 
1.2 Hole Location And Purpose 

Test holes should be constructed at suitable locations to obtain information 
regarding the depth, thickness and water-yielding potential of the formations encountered. 
Geographic locations should be accurately stated by suitable descriptions relative to fixed 
reference points that can be reasonably expected to be available long into the future for 
relocating the hole. In general, project or site geologists would determine the test hole 
locations and mark them for drillers. 
1.3 Drilling Methods 

Construction. Methods, or details of practice, used for test hole construction may be 
different from those used for water well construction, and are usually defined by the 
project geologists. While methods used for geologic testing and water well construction 
may be similar, they have differing objectives. The first objective of test drilling is 
information. The first objective of well construction is a quality, productive well. 

In geologic test drilling, fluid enhancements may be prohibited or tightly 
restricted due to interference with analytical methods. Tools are selected for maximum 
recovery of sample rather than hole making. Some methods, such as the hollow stem 
auger, dual-tube reverse circulation, casing-advancement, diamond core drilling, or rotary 
sonic methods (see Specifications section), not commonly used in water supply well 
construction, are more likely to be employed to provide high-quality samples. 
1.4 Drilling Logs and Reports 

Drilling logs and other records of the test hole are critically important for later 
evaluation in planning production wells. They may be the only site-specific geologic 
information available for a property or even the local area. Contractors and geologists 
must prepare and keep complete logs setting forth critical hydrogeological information, 
including: 

Descriptions of drilling methods may be found in Section 2.1 , Methods of Well 

(1) The reference point for all depth measurements; 
(2) The depth at which each change of formation occurs; 
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(3) The depth at which the first water was encountered; 
(4) The depth at which each stratum was encountered; 
(5) The thickness of each stratum; 
(6) The identification of the material of which each stratum is composed and its 

(7) Depths of major fractures or other features (e.g., oily seams); 
(8) The depth interval from which each water and formation sample was taken; 
(9) The depth at which hole diameters (bit sizes) change. 
(10) The depth to the static water level (SWL) and changes in SWL with well 

If a test well is constructed, also report: 
(1 1) Total depth of completed well; 
(12) Any and all other pertinent information for a complete and accurate log, eg., 

temperature, pH, appearance (color), or odor of any water samples taken; 
(1 3) Depth or location of any lost drilling fluids, drilling materials or tools; 
(1 4) The depth and material used for the surface seal, if applicable; 
(1 5) The nominal hole diameter of the well bore above and below casing seal; 
(16) The amount of cement (number of sacks) installed for the seal, if applicable; 
(1 7) The depth and description of the well casing; 
(1 8) The description (to include length, diameter, slot sizes, material, and 

manufacturer) and location of well screens, or number, size and location of perforations; 
(1 9) The sealing off of water-bearing strata, if any, and the exact location thereof. 

1.5 GeophysicaVMechanicaI Logs 
1.5.1 Geophysical Logging In Exploration 

Geophysical borehole logging includes all techniques of lowering sensing devices 
into a borehole and recording some physical parameter that may be interpreted in terms of 
the characteristics of the rocks, the fluids contained in the rocks, or the construction of the 
well. Geophysical logs supplement and help in the interpretation and correlation of 
lithologic, hydraulic, and water quality information obtained fiom the borehole. 

The interval to be logged should be the total depth of the borehole subject to 
satisfactory borehole conditions or an appropriate intermediate interval of interest, within 
the limitations of the logging technique, and/or other directives from the owner or 
consultant. 
1.5.2 Borehole Preparation. 

geological conditions it must be prepared for geophysical logging. Borehole preparation 

essential characteristics; 

depth. 

When the hole has been drilled to a depth determined by contractual and/or 
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should include, but not be limited to: (1) continuation of circulation until drill cuttings 
have been removed from the borehole and (2) circulation of the drilling mud in the 
borehole until it is uniform and the drill pipe has been removed from the borehole, or (3) 
removal of all drilling and/or formation fluids, as appropriate for the instruments to be 
used. 

The drilling contractor must make all reasonable efforts to leave the borehole free 
from obstructions in preparation for geophysical logging. The log(s) must be made 
immediately following the completion of borehole preparation unless otherwise stated in 
the contract or as stipulated by the project geologist, or based on logging equipment 
manufacturer specifications. 
1.5.3 Geophysical Log Interpretations 

information from geophysical logs. All geophysical log interpretation must be done by a 
qualified log analyst. The log analyst must be able to demonstrate competence through 
background, training, certification, and experience when called upon. 
1.5.4 Borehole Log Type Descriptions 

developed between the borehole fluid and the surrounding rock materials. All 
spontaneous potential measurements are made in an uncased, fluid-filled borehole. 
Measurements are made in millivolts. Millivolts per horizontal chart width are shown on 
the log heading along with the polarity. The spontaneous potential log may be run in 
conjunction with resistivity logs. Collectively, this log suite is commonly called an 
"Electric log". 

of the earth materials lying between an inhole electrode and a surface electrode, or 
between two inhole electrodes. All measurements are made in an uncased, fluid-filled 
borehole. A resistance log may consist of a single-point, point-resistance, or single- 
electrode systems. The number of ohms per horizontal chart width are indicated on the 
log heading. 

electrical resistivity of a known or assumed volume of earth material under direct 
application of an electric current or an induced electric current. Measurements are made 
in ohm-meters and/or ohm-feet. Multiple-electrode resistivity measurements include such 
logs as the short and long normal, lateral, focused, well resistivity, microfocused, and 
induction. Trade names applied to these logs can be substituted for the generic log types 
provided the generic type is referenced. 

Geophysical log interpretation should consist of all processes of determining 

SDontaneous Potential Lon (Self-potential). Records the natural potential 

Resistance Longing. A resistance log measures the resistance (expressed in ohms) 

Resistivitv Loaning. Resistivity logging includes all devices that measure the 
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Natural Gamma Logning. Records of the amount of natural-gamma radiation 
emitted by earth materials are called natural-gamma logs. Natural gamma radiation 
measuring devices include thallium-activated sodium iodide crystals (scintillator) and 
Geiger-Mueller tubes. Measurements are made in counts per second or seconds per count 
and should be related to API gamma-ray units and to a field standard in which the 
response of the logging equipment is checked periodically. Gamma logs may be made in 
cased holes. 

Acoustical Log~ing. An acoustic log (sonic log) is a record of the transit time of 
an acoustic pulse between transmitters and receivers in a probe. Measurements are 
recorded in microseconds per foot (or meter). Calibration points appear on the log 
preferably before and after the run, as an indication of the uphole system drift. Acoustic 
televiewer logging provides the acoustic information in the form of a visual 
representation of borehole structure. 

Measurements are made with a probe employing three or more arms or feelers hinged at 
the upper end and maintained against the hole wall by springs. Calibration to a known 
diameter is made before and after a run. Measurements are recorded in the inch-foot 
and/or metric system, and are so designated on the log heading. 

Temperature Longing. The continuous record of the temperature of the 
environment immediately surrounding a sensor in a borehole is called temperature log. 
Where possible, a temperature log should be run simultaneously with a differential- 
temperature log. Sensors are calibrated with an accurate thermometer in a stabilized fluid 
bath. Measurements are recorded in degrees Centigrade or Fahrenheit. The run number 
and the direction of the probe during logging, up or down, appear on all logs. 

Fluid-Movement (Borehole Flowmeter) Logging. Fluid-movement logging 
include all techniques for measuring natural and/or artificially induced flow within a 
single borehole. Devices used to measure the vertical and horizontal components of flow 
in a single borehole may include impeller flowmeters, thermal flowmeters, and various 
systems for injecting and detecting radioactive and chemical tracers.-Measurements may 
be made in convenient inch-foot and/or metric systems per unit of time, or in graphic 
form showing percentage of flow past any given point. A caliper log should be made in 
conjunction with any fluid-movement log. 

recording method the environment in a cased, uncased, or screened borehole or any 
combination thereof. Borehole television logs of air-drilled boreholes is a highly cost- 
effective means of logging long rock intervals. Television is also an effective means of 

Calker Longing. A record of the average borehole diameter is called a caliper log. 

Photoaraphic Loaning. A photographic log records on photographic film or video 
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gathering geologic and well construction information where records have been lost, or in 
troubleshooting. 

The photographic record is made and may be in color or black and white. Still 
photographs should be spaced covering a rninimum five foot (2-m) interval of well or 
borehole and video continuous unless otherwise stipulated. All photographs and video 
records should be marked as to depth below ground surface. A written log of features of 
interest should be provided. 
1.6 Formation Sampling Methods 

and stored in accordance with geologic practice, and collected with sufficient frequency 
and at sufficient increments of depth to permit a thorough evaluation of the water-bearing 
properties and relevant physical-chemical characteristics of the formations encountered in 
drilling the test hole. Samples may be collected by numerous means. There is an 
extensive technical literature on sampling practice, including those referenced here. There 
is also a developing standard practice in soil, rock and ground-water sampling that should 
be consulted. Readers should refer to the most recent American Society for Testing and 
Materials (ASTM) Annual Book of Standards volume covering water, soil and rock, and 
U.S. Geological Survey, U.S.EPA, and state technical guidance manuals relevant to the 
project. 

Return Flow Method (Continuous). A return flow sample is taken by removing a 
representative sample of the formation from the circulating drilling fluid. For the sample 
to have value, it is important to know the circulation time and probable depth of the 
formation from which the cuttings are derived. 

Return Flow Method (Circulated). In this case, the penetration of the bit is 
stopped when the bottom of the sampling interval is reached for such time as is required 
for all the cuttings to move fiom the last drilled section of the hole and settle at the 
sampling point. The return ditch and sample catching device is cleaned of all cuttings 
after each sample is taken. 

Auger Method. Formation samples obtained using the auger method are brought 
up by the auger flights. This process has to be performed with special care to assure that 
the cuttings are representative of the formation being penetrated. 

bailing the hole clean then advancing the drill bit and collecting cuttings. In sand and 
gravel the sample can be taken by driving casing ahead of the drill bit then bailing with a 
flat bottom or suction bailer. In stable unconsolidated formations, samples should be 
taken at set feet (meter) intervals (usually 5 ft or 2 m). 

In the exploration process, representative samples must be collected, identified 

Bailer’ Method. In clay and consolidated formations the sample can be taken by 
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Core Barrel Method. A core barrel is advanced, by being rotated, driven, or 
pushed its 111 length into the undisturbed formation. Once the core barrel has penetrated 
the desired interval, it is withdrawn and the core recovered and stored in a suitable core 
container. If driven or pushed, the force required (blows or pulldown pressure) should be 
recorded. 

Piston Tube Method. A piston tube sampler is driven or pushed into the 
undisturbed material at the bottom of the drilled hole to take formation core samples. This 
method is used to prevent the material in the core fiom expanding and to assure that the 
full core be held securely as the sampler is removed from the test hole. Upon removal to 
the surface the sample is to be capped and sealed in its tube. 

formation at the bottom of the drilled hole for its full length or a specific predetermined 
number of hammer blows. 

Side-Hole Core Method. Formation samples may be taken using a side-hole core 

Direct-Push Sampling. This variation of the cone penetrometer is a convenient 

Split Spoon Method. A steel cylinder is driven vertically into the undisturbed 

sampler that penetrates the borehole wall to provide a core of a given size. 

and relatively rapid method of obtaining hydrogeologic and formation fluid quality 
information from softer alluvial or lacustrine soil materials. Direct sensors can be used to 
record resistance to penetration, inclination, and pore pressure. Samples may be taken 
using reeactable sampling ports attached to pumps to provide a relatively detailed profile 
of water quality in an interval. 
1.7 Formation Sampling Interval 

either the surface or some certain depth, static water level, bottom of clay, etc.), and at 
formation changes, continuing to an end point of interest. Specid care must be taken in 
collecting samples from expected producing zones. Direct-push samples may be taken at 
very fine intervals. Some data, such as penetration rates, may be recorded continuously. 
1.8 Water (Aquifer) Sampling 

Water samples are taken for analysis from each aquifer interval of interest. 
Samples may be obtained by methods that assure representative samples from given 
formation intervals. The available methods are extensive and varied. Readers are referred 
to the extensive technical literature, including those referenced here. Water sampling can 
be further categorized into methods for the unsaturated and saturated zones. Saturated 
zone sampling most resembles water well sampling for analysis. Typically the scientists 
involved on a project will make the decisions about sampling and analytical methods. 

Formation samples are taken starting at starting depths of interest (specifying 
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In general, purging is considered to be a necessary part of the sampling process. It 
removes fouling material and "stale" water possibly affected by the well casing and 
exposed to oxidation. However, purging also changes the ground-water pressure around 
the well, which may change the solubility of some chemicals in the water, and drives 
volatile organics into the atmosphere. Just enough should be removed to eliminate 
sampling effects, but no more. Sampling in ground water monitoring must be chosen 
with the analysis in mind. For example, water being sampled for volatile organic 
compounds (VOC) must be sampled so that oxidation is minimized 

Pumps are most commonly used for both purging and sampling. Some sensitive 
samples such as those for VOCs may be bailed if pumping is determined likely to strip 
them. 

Among the pumps used are conventional submersible pumps, which are especially 
suitable for purging wells with yields above about 5 gpm (0.33 L/s). The same pumps can 
be throttled to less than 0.5 gpm (0.05 Ws). The pressure loss through an impeller at high 
flow, however, may strip volatile organics, but at low flow, pressure is high and stripping 
minimal. 

Variable flow submersibles on the market now may be as small as 1.8411. (45.7 
mm) in diameter and still capable of good flow characteristics, and constructed of 
stainless steel and non-reactive plastics. Gas-driven bladder pumps are also used with 
success. They provide representative sampling under field conditions, more conveniently 
than bailers. 
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Chapter 2 
Methods of Well 

Construction 



2 Methods of Well Construction 
Using information gathered by available means, the type of well construction 

needed to meet the project objective, in this case, obtaining sufficient, potable water of 
good quality, can proceed. This knowledge of the character and depth of the producing 
zone and of the overlying formations will allow the choice of the construction method 
best suited to the type well required. 

factors that predominate and must be considered before detailed planning can continue. 
These factors are (1) the type well desired, and (2) the method of its construction. 
Following are the descriptions of types of wells-ad the methods to be used for their 
construction. 
2.1 Well Construction Types 

In determining the procedure to be followed in constructing a well, there are two 

For the purpose of these standards the types of wells are defined as follows: 
The Radial Collector Tvue Well. This type is a variant of the dug well, and 

usually consists of a concrete shaft or caisson (diameter three feet and larger) fiom which 
horizontal intake pipes (laterals) project radially (1 00-500 feet long). The length, number, 
and orientation of laterals is specific to the site conditions and water needs. Use of these 
wells when applicable, is acceptable and highly cost-effective where high-capacity 
(millions-gal/day or megaliter scale) ground water supplies need to be developed from 
shallow but areally extensive unconsolidated aquifers. In recent years, radial collector 
wells have come under scrutiny due to their potential for pumping ground water under the 
influence of surface water. Disinfection is highly recommended for potable water safety if 
not required. However, studies have shown them to be effective in providing high quality 
water free of surface-water elements when properly sited and constructed. 

Radial collector wells are largely constructed by a small number of specialized 
contractors who work worldwide. Because of the specialized construction nature, these 
wells are not considered in this practice discussion. Readers are referred to the limited 
technical literature on the subject. 

Unconsolidated Formation Natural Filter Well. This type of well is built to obtain 
water at various depths from unconsolidated formations which can be stabilized naturally 
by development following the installation of the casing and screen. A well of this type 
may be constructed by jetting, boring, driving, drilling or a combination of methods. It is 
not effective where thin zones of productive zones must be developed in long intervals 
containing abundant fine particles. To assure safety fiom surface infiltration, a surface 
seal to a suitable depth is necessary. 
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Unconsolidated Formation. Artificial Filter Pack Well. This type of well is built to 
obtain water at various depths from unconsolidated formations that cannot be stabilized 
by the use of a casinglscreen combination and development only. Stabilization of the 
formation requires addition of a material that is coarser than the formation material in the 
screened interval. This added material acts as an additional filter to prevent the fine 
aquifer materials from entering the well. This type of well may be constructed by boring, 
driving, or drilling, QI a combination of two or more of these methods. This type of 
construction is usuallpessential in some large-diameter wells drilled with bucket augers, 
reverse circulation rotary drilling, or temporary casing advancement methods. Surface 
seals completed to the screened interval are essential to prevent surface water infiltration. 

Consolidated Formation Open Borehole Partially Cased Well. This type of well is 
built to obtain water at various depths from consolidated formations, either fractured or 
unfractured. It is not cased or screened in the producing zone for no formation 
stabilization or filtering is needed. The well may be cased through the formations above - 

the producing zone, if they are unconsolidated or unstable, to prevent-borehole collapse 
or to exclude water of undesirable quality. A minimum casing length with annular seal is 
recommended to prevent suface water infiltration (and is usually required). This type of 
well is constructed by drilling. 

Unstable Consolidated Formation Partially Cased Well. This type of well is built 
to obtain water from unstable, potentially caving formations. It is usually screened 
through the producing zone and may, under some conditions, require the addition of 
coarse filter (formation stabilizer) material. With some exceptions, the well will usually 
be cased through all the formations above the producing zone and will have a surface 
seal. This type of well is constructed by drilling. 
2.2 Methods of Construction 

Construction methods are many and varied, ranging from simple digging with 
hand tools to high speed drilling with sophisticated equipment. In general, depth and 
diameter capabilities depend on the power of the drilling equipment in relation to the 
force, friction resistance, and fluid flow requirements of the method involved. Methods 
depending on hand or portable expedient power are usually very limited in depth and 
diameter. Methods with large-diameter hole-making tools are subject to higher friction 
forces that limit depth capabilities. Another factor is the casing and pipe handling 
capabilities of the equipment involved. The most commonly used methods are described 
below. 
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2.2.1 Well Construction Method Descriptions 

diameter hand or power auger, which is turned to bore the hole to the desired depth. 
Cuttings are removed by pulling and emptying the auger or bucket or by the screw action 
of the auger flight itself. Boring methods are usually used to construct relatively large 
diameter (24 inches) wells in silty sand deposits up to about 100 ft in depth. Casing is 
commonly advanced with the tools, lowered as the hole deepens. 

equipped with a drive point into the ground by a series of blows, either manually or 
machine-delivered, on the top of the casing. Driven wells (or "well points") should be 
installed only in soft formations that are relatively free of clays, silts, cobbles or boulders. 
They are feasible only where aquifers are shallow and the quantity of water desired is 
small. Well points can be installed by hand or machine. Depths are limited (usually < 50 

Jetting and Hvdraulicinn Method. Driven or jetted wells area rapid and effective 

Boring Method. In this method the hole is constructed by the use of a selected 

Driving Method. In this method the hole is constructed by forcing a casing 

ft). 

method for constructing dewatering or plume control arrays in shallow, unconsolidated 
materials. They have also been commonly used in New England for water supply well 
arrays in small, linear glacial sands and gravel deposits. 

The jet drill is basically a combination percussion unit and pressure pump. The 
drill pipe consists of a small diameter standard pipe with a bit or chisel attached to the 
bottom section. Water is forced down through the drill pipe by means of the pressure 
pump and out through holes in the bit. This water, being under pressure, carries the 
cuttings to the surface through the space between the casing and the drill pipe. This 
method is best suited for smaller holes of from 2 to 4 inch (50 to 100 mm) diameter. 

A percussion machine is also used for drilling holes by the hydraulicing method. 
The difference between this and the jetting method is that with the hydraulicing method 
no pressure pump is needed. The hydraulicing unit utilizes a bit with an opening at the 
top and a valve seat and ball check valve above it. Water is directed into the hole by 
gravity in the space between the drill pipe and the casing. 

are less likely to produce water of acceptable potable microbial quality, and have shorter 
service lives than deeper drilled wells. Minimal surface seal requirements in most 
jurisdictions are likely to make this well construction method unacceptable unless designs 
are modified to include seal installation. Many bored well designs are also quite 
vulnerable to microbial infiltration from shallow soil or the surface. Provision should be 

NOTE: While expedient, wells constructed by jetting and hydraulicing methods 
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made for disinfection if these are the only feasible water source or construction methods 
available. 

Cable Tool Method. The cable tool method is used to construct wells by 
alternately lifting and dropping a set of drilling tools suspended on a wire cable so that 
with each stroke the drill bit strikes the bottom of the hole. The repeated action of the 
percussion drill permits - bit penetration of the underground formations. The loosened 
material and drill cuttings are mixed with drilling water by action of the bit and the 
resulting slurry must be removed from the drill hole by a bailer or sand pump. In drilling 
a dry hole, water must be added periodically to replace that removed with the drill 
cuttings. Tools for drilling and bailing are carried on separate l k  or cables: Each cable 
is spooled on a separate drum. 

In cable tool or percussion drilling there are basically three major operations: 
(1) The drilling of the hole by chiseling or crushing the rock, clay, or other 

(2) Removing the cuttings with a bailer as cuttings accumulate in the hole; and 
(3) Driving or forcing the well casing down into the hole as the drilling proceeds. 
Well casing used in most percussion type drilling operations usually ranges from 

four to 24 inches (1 00 to 610 mm) in diameter. This casing is used to keep the well bore 
from collapsing and to prevent surface or subsurface leakage of water or contaminants 
into the well bore. Cable tool equipment is capable of constructing wells to well over 
2000 ft. Depth and casing sizes possible depend largely on the casing and tool-handling 
capabilities of the available rigs. 

rotary method of drilling, drilling is accomplished by rotating a drill pipe and bit by 
means of a power drive. The drill bit cuts and breaks up the rock material as it penetrates 
the formation. Drilling fluid is pumped through the rotating drill pipe and holes in the bit. 
This fluid flushes the bit face, swirls in the bottom of the hole, picks up material broken 
by the bit, builds a filter cake and stabilizes the hole, then flows upward in the well bore, 
carrying the cuttings to the surface. The fluid also lubricates and cools the bit. 

The drill pipe and bit move progressively downward, deepening the hole as the 
operation proceeds. At the land surface, the drilling fluid flows into a settling pit where 
the cuttings settle to the bottom. From the settling (mud) pit the fluid overflows into a 
second pit from which it is picked up through the suction hose of the mud pump and 
recirculated through the drill pipe. In the rotary drilling method, the well casing is not 
introduced into the hole until drilling operations are completed, the walls of the hole 
being supported by the pressure (weight) of the drilling fluid. 

material by the impact of the drill bit; 

Conventional (Direct) Fluid R O W  Drilling Method. In the conventional mud- 

2-4 



Rotary methods may be used to construct wells to multiple thousands of feet. 
Capabilities depend on the fluid-pumping capacity of the mud pumps (capacity to 
develop uphole velocity and bit and hole flushing volumes), and the rig'stool-handling 
capabilities and available rotational torque. Other factors in depth and hole quality are 
fluid-quality management, and control of the hole verticality and alignment. 

Reverse Circulation Drilling Method. In reverse circulation drilling, instead of 
circulating the drilling fluid through the drill pipe and up the outside of the pipe, the 
process is reversed. Fluid is fed down through the space between the wall of the hole and 
the drill pipe and it is then pumped up, together with the cuttings, through the hollow part 
of the drill pipe and out a discharge pipe. With the addition of air (applied via a 
compressor through piping along the outside of the drill stem) drilling depths possible 
with this method range up to 2,000 feet (more under favorable circumstances), although 
1 10-200 fi in alluvial aquifers is more common. 

Of particular importance is the use of a light (very low solids) drilling fluid, 
compared to direct rotary drilling. Bringing cuttings up the drill pipe reduces the need for- 
a viscous and heavy drilling mud to lift cuttings, which can seal-off water-bearing 
formations. In the reverse rotary method, the walls of the hole are held in place by the 
pressure of the fluid against the sides of the hole. The use of a relatively clear drilling 
fluid is possible because drilling is rapid; however, a substantial quantity of suitable 
water must be available or on hand during construction to maintain an open hole due to 
infiltration loss. Bentonite or other additives may be added to the drilling fluid to prevent 
fluid loss to the formations encountered. 

- 

This method is used for rapid drilling of large diameter holes in soft formations 
where small boulders are encountered. Boulders up to six inches (1 5 cm) in diameter can 
be brought up to the surface through the hollow drill pipe. Such performance is possible 
because of the extremely high velocity of the fluid as it is drawn up through the drill pipe. 
In the reverse circulation method, holes 16 inches to 72 inches (41 0 to 183 cm) in 
diameter have been drilled. 

Air Rotarv Drilling Method. In the air rotary method of drilling, air serves as the 
fluid and excavation is accomplished exactly as is done in the conventional mud rotary 
method. The bit cuts and breaks up the formation. 

Air is forced down through the drilling pipe and out through holes at the bottom 
of the rotary bit. The air serves both to cool the drill bit and force cuttings up and out of 
the hole, A stream of water is often introduced into the air system to help cool the drill bit 
and control dust. This is sometimes augmented with other additives to form a mist. The 
cuttings move up in the annular space between the drill pipe and the wall of the hole and 
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are collected at the top. Air is used principally in hard clay or rock formations, because 
once the air pressure is turned off, loose formations tend to cave in against the drill pipe. 
This method is not generally recommended for drilling in unconsolidated materials 
because the quality of the samples are usually poor. Foaming additives are occasionally 
used to increase the up-hole carrying capacity of the return air. 

hole method involves a pneumatically operated bottom-hole drill that efficiently 
combines the percussion action of cable tool drilling with the turning action of rotary 
drilling. The pneumatic drill can be used on a standard rotary rig with an air compressor 
of sufficient capacity. It is used for fast and economical drilling of medium to extremely 
hard formations. Fast penetration results from the blows transmitted directly to the bit by 
the air piston. As in air rotary, air circulation flushes the bit and canies cuttings to the 
surface. Air also powers the hammer, The system both hammers and rotates the tungsten- 
carbide bits against the borehole face to dislodge cuttings. Continuous hole cleaning 
exposes new formation to the bit and practically no energy is wasted in redrilling old 
cuttings. 

The bit is turned slowly (5 to 15 rpm) by the same method by which the drill bit in the 
fluid or air drilling operation is rotated. Foaming additives are occasionally used to 
increase the up-hole carrying capacity of the return air. 

formation and capabilities of equipment. Capabilities depend on the capacity of the air 
compressors used (capacity to develop uphole velocity, bit and hole flushing volumes, 
and capability to operate the downhole hammer against hydrostatic pressure), and the 
rig's tool-handling capabilities. As with mud rotary, available rotational torque is 
important in air rotary, but much less so with a downhole hammer. Other factors in depth 
and hole quality are fluid-quality management, and control of the hole verticality and 

Down-the-Hole (Down Hole Hammer, Hammer Drilling) Method. The down-the- 

Down-the-hole drilling is generally the fastest method of penetration in hard rock. 

Air drilling methods may be used to drill multiple 100s of feet, depending on the 

alignment. 
Casing Advancement Methods. A variety of casing advancement methods are 

available besides the Cable Tool Method. Each of these advance or install casing as part 
of the drilling process. This is done in rotary drilling when fluid pressure or borehole 
integrity alone cannot hold the borehole open, or where there is excessive loss of drilling 
fluid to lost circulation. Options include air percussion-driven top-drive casing hammers 
for air rotary rigs, and rotation-and-pulldown pushed casings with an eccentric under- 
reamer bit run with conventional rotary drill tools. 
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In wireline casing advancement methods, casing serves as the drill string, and 
tools are withdrawn upon completion. Dual rotary casing advancement is a form of 
drilling where the casing is advanced by rotating it (usually counter-clockwise) while 
simultaneously drilling with conventional rotary methods inside the casing. Other forms 
of casing advancement typically utilize under-reamer bits to "kerf" additional space 
within the formation that allows for the casing without getting stuck to the borehole 
walls. Eccentric under-reamer bits are typically withdrawn. Ring bits used in dual rotary 
casing advancement are sacrificed if the casing is left in place. 

Drilling fluid control is particularly important for all drilling methods to minimize 
the potential for contamhatian, and to maximize the effectiveness of well development to 
provide maximum hydraulic contact with the producing formation. All water used should 
be essentially fiee of colifonn bacteria and of a chemical quality compatible with the 
fluid additives such as bentonite. Where there is a question, the water should be tested 
and treated as needed. The use of unfiltered surface water should always be avoided. 

In air drilling, oil is a component of the air stream from the compressor. The 
compressor and air system should be in good maintenance condition to minimize oil. Oil 
filters and aidoil separators must be used in drilling potable water wells. Water for mist 
in air drilling must be coliform and contaminant fiee. 
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Chapter 3 
Well Casing Selection 

and Installation 



3 Well Casing Selection and Installation 
Casing is installed to prevent the collapse of the walls of the borehole, to exclude 

pollutants from entering the water source at the well, and to provide a channel for 
conveying the water to the surface (or in the reverse direction, for injection). Casing also 
provides a housing for the pump mechanism. 

but not exclusively, PVC) and stainless steel. Unfortunately, the terms "casing" and 
"pipe" can be confused. There is, however, a distinguishing difference between pipe and 
casing. Steel "pipe" is manufactured in cylindrical form at the producing mill, whereas 
"casing" is made cylindrical by a fabricator fiom steel sheets or plates. Such steel casing 
is fabricated to resist external and vertical forces, rather than the internal burst forces that 
line pipe is designed to resist. Plastic casing products are extruded, much like seamless 
steel casing, but like steel casing, engineered (and selected during planning) to resist the 
pressures exerted by the surrounding materials, forces imposed on it during installation, 
and corrosion by soil and water environments. 

access to the water source from the surface through unstable formations, and through 
zones of actual or potential contamination. Casing should extend above known levels of 
flooding, or be positively sealed against flooding flows. For wells screened in sand and 
gravel, casing should extend to at least five feet below the lowest estimated pumping 
level of a well to avoid excessive oxidation, clogging and corrosion at the screen. In 
consolidated formations, casing should be sealed securely into firm bedrock. An 
exception may be the case where water immediately on top of rock is the target. In this 
case, the well design should be such that the casing is solidly installed and sediment and 
unsanitary water excluded. 

forces are known or expected to occur, a self-sealing slip joint may be installed in the 
casing to allow for vertical movement and prevent collapse. 

Both carbon alloy steel and plastic well casing are now commonly used 
successfully around the world. Plastic casing is increasingly used due to its light weight, 
ease of installation, durability, and corrosion resistance. Concrete, fiberglass and asbestos 
cement casing have also been used with varying degrees of success. 

Less common metal casing materials such as stainless steel, cupro-nickel alloys, 
silicon bronze, aluminum, and other nonferrous metals, can be used for casing in special 
situations where the natural soil and water-quality conditions (primarily severe corrosion 
potential) dictate their employment, and plastic cannot be used for some reason. 

Most common materials for well casing are carbon steel, plastic (most commonly, 

Casing must be of the proper length to accomplish its purpose of providing secure 

Care must be exercised when placing casing. In areas where subsidence or shifting 
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3.1 Well Casing Standards 

and casing specifications. Representative members of producers, consumers, and general 
interest groups develop specification details and tests which are then published by the 
organizations involved. Prominent and most active in connection with pipe and casing 
specifications are the American Society for Testing and Materials (ASTM), the American 
Petroleum Institute (MI) and AmeFican Water Works Association (AWWA). Many 
AWWA standards also cany the designation of the American National Standards Institute 
(ANSI). ANSI/AWWA Standard A-100 for Water Wells references some relevant 
ANSIIAWA, ASTM and MI standards for casing materials and joints (Figure 1). The 
health and safety standards organization, National Sanitation Foundation (NSF) 
International , promulgates standards for piping and fittings used for providing potable 
water. 

A number of technical and scientific organizations are active in promulgating pipe 

- 

Such standards (Table 3.1 lists relevant casing pipe standards) serve three general 
functions. First, they stipulate factory testing standards and prescribe methods of 
measuring required mechanical, physical, and chemical properties. Second, they establish 
a common sound of understanding among casing specifiers, regulators, buyers and the 
producers. They eliminate most of the requirements for detailed information which would 
otherwise be necessary without a standard or specification number symbol. Third, they 
serve as a form of quality warranty. When the factories affix the standard designations on 
a length of materials and offer it for sale, they certify that it is made to meet all of the 
requirements of the specifications. 

Table 3.1 
Water Well Casing Material Standards 

Material Standard 

Carbon steel ANSIJAWWA C200 
ASTM A589-89a1 

API Spec. 5L and 5LS 
ASTM A53-90b 

High-strength low-alloy ASTM A7 14 
Stainless steel ASTM 3 12-86a 
Plastic ASTM F480 

'ASTM stvrdvds cited may have year designations (e.g.. 89 for 1989). 
The latest revisions apply. 

Soiixr: Modified from ALLSUAWWA A 100. 

As casing pipe cannot be practically handled in len@s to provide a jointless 
casing to total depth, some joining method is needed. Joints are potential weakness, 
corrosion and leak points. All joints should be made in a I manner suitable to the material 
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Male End 
Beveled Shoulder Ring 

Female End 

Female End 

C. Cross Section 
A, Fully Closed 

6. Partially Closed 

Figure 1. ASTM Flush Joint Thread. 

Figure is from the Australian Drilling Manual. 
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to insure that they will be watertight. For example, solvent cementing of belled-end 
thermoplastic casings requires sufficient set times before the joint is complete. 

task of securely solvent welding heavy, vertically suspended casing pipe. An example 
would be a material that meets ASTM Standard D 2564. In general, more viscous 
cements should be used for larger pipe diameters. Screws or other penetrating fasteners 
should not be used. 

Table 3.2 lists casing joint standards. If steel casing joints are welded, the 
standards of the American Welding Society should apply. Successful welding depends 
entirely on the skills of the welder. Most jurisdictions require that personnel performing 
casing welding be certified. 

Belled end thermoplastic casings should be joined with a solvent specific to the 

Table 3.2 
Water Well Casing Joint Standards 

Material Type of Joint Standard 

Steel Welded or threaded AWWA C206 
Plastic Threaded or solvent-welded ASTM F480 
Two-ply steel Welded A W A  C206 

Source: ANSI/AWWA A 100. The latest revisions apply. 

3.2 Selecting Casing Diameter 
The diameter of well casings installed depend on many factors: 
(1) Maximum flow capacity over the life of the well: Many times, the design of 

the well and casing size is determined by the need at the time the well is constructed 
without sufficient regard for future expansion or need. 

(2) Flow rate and total dynamic head requirements: The pump housing casing (in 
the case of multiple casing-diameter sets) is determined by the bowl and motor diameters 
of the pumping equipment to be installed. 

(3) Geology and aquifer considerations: Multiple casings may be necessary in 
some installations to case off unwanted zones. Smaller-diameter casings and screens may 
at times be set in deep wells below the pump. Further casings must fit and be properly 
sealed inside such conductor casings. If multiple casing sets are required, the casings 
must accommodate the total minimal annular space between liners andor the borehole for 
installation of grout seals or sealing devices. 

change depending on the method of installation. 
(4) Installation method: Casing diameters in multiple casing combinations may 
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(5) Plumbness and alignment: Where borehole plumbness and alignment may be a 
problem due to severe geologic drilling conditions, a larger casing diameter selection may 
be prudent to allow for deviation. 

(6)  Water quality: Where clogging and corrosion may be expected (and they can 
be commonly expected), too small a diameter casing may result in lodging of the pump 
later. 

(7) Other devices: These may include water level transducers, airlines or 
chlorinators. 
3.2.1 Pump Housing Casing Diameter Selection 

string in some deeper or more complicated installations. The pump housing well casing is 
best chosen as two nominal sizes larger than the bowl size of the pump that will be 
installed (6-inch I.D. casing for a 4-inch O.D. pump). For many domestic or agricultural 
applications, one nominal size difference is acceptable (5-inch I.D. casing for a 4-inch 
O D  pump). However, current planners should take into consideration hture well casing 
diameter needs, for example, installation of a bigger pump if hydrologically feasible, 
installation of liners if deepening the well, and incrustation that may lodge the pump in 
place over time. 

Table 3.3 lists casing sizes recommended for wells of selected yield. These sizes 
were determined by taking the bowl sizes of 900 to 3500-rpm vertical (lineshaft) turbine 
pumps used to pump a given quantity of water and specifying two nominal sizes larger 
for the casing. The diameters specified are such that head losses due to vertical movement 
of water from the entrance portion of the well through the casing to the pump intake will 
be small. 

The pump housing casing may be the only casing or one of a multiple-casing 

If the casing size is selected according to the listing, there should be adequate 
clearance for the lineshaft turbine pump. The pump shaft will be plumb and binding will 
not occur even if the casing is slightly out of line and not exactly plumb. 

binding during installation and retrieval and abrasion during operation (especially start-up 
torquing), but not too large so that there is adequate cooling water flow along the motor. 
Upflow along the motor should be about 0.5 Wsec (0.15 dsec),  depending on motor size 
and manufacturer recommendation, but below 10 Wsec (3 dsec).  Generally, to 
accommodate these requirements, the casing I.D. should be 2 in. larger than the largest 
O.D. of the pump and motor. For pump sets deeper than 400 ft, add an additional two 
inches to minimize the risk of pump binding during later retrieval and installation. 

Casing I.D. for submersible pumps should large enough to minimize the risk of 
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For smaller capacity (domestic) wells similar problems of relating casing size to 
pump size occur. Table 3.4 gives recommended casing sizes. 

~~~ ~ ~ ~~ 

Table 3.3 
Recommended Casing Diameters for Lineshaft Turbine Pumps* 

Nominal Bowl Pump Operating Pump 
Diameter (in.) Speed (rpm) Yield 

Recommended 
Casing Size 

4 
6 
8 

10 
14 
16 
20 
22 
22 
22 

1800’ 
1800‘ 
1200 to 1800’ 
1200 to 1800 
1800 
1200 to 1800 
1200 to 1800 
1200 
1800 
1200 

Less than 200 gpm’ 
75 to 175 gprn 

100 to 600 gpm 
200 to 700 gpm3 
600 to 1300 gpm 

1200 to 1800 gpm 
1800 to 3000 gpm 
3000 to 4500 gprn 
3000 to 4500+ gpm 
450Ot gpm 

~~ 

6 in. I.D. 
8 in. I.D. 

10 in. I.D. 
12 in. I.D. 
16 in. O.D. 
20 in. O.D. 
24 in. O.D. 
28 in. O.D. 
30 in. O.D. 
30 in. 0.D 

*For mm. multiply inches X 25.4. 
‘Some lineshaft models may have rotation speeds up to 3500 rpm in 8-in. and smaller bowl sizes, yielding 2CM)-1200 gprn. 
’Yield ratings are approximate. Check specific manufacturer ratings and dimensions. 
’Some yield ratings may be much higher depending on pump design. Use bowl diameter as the casing sizing criterion. 

Table 3.4 
Casing Sizes-Low Capacity Pumps 

Yield at SO-ft Recommended Minimum Deep Well Submersible Pump 
Drawdown Casing Diameter Jet (3-4” O.D.) 

< 8 gpm to 16.5 gpm 2 X 
3 X 
4 X* X* 
5 X X 
6 X 

> 16.5 gpm 4 X X 
5 X X 
6 X 

T h e  casing diameter chosen should be at least I in. larger than the nominal outside diameter of the pump or jet assembly. For mm, multi- 
ply inches X 25.4. 

3.2.2 Multiple Casing Settings 
In cases of multiple casing settings, such as the need to incorporate a surface 

conductor casing, pump housing casing and screen-interval casing, the larger casings 
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must be large enough to accommodate the O.D. of the subsequent casing strings, plus 
sufficient annular space for adequate (or code specified) grout seals, gravel pack, and 
other installations. Where a long screen interval will extend below the pump setting (e.g., 
when tapping deep, artesian aquifers) it is hydrologically and cost effective to install a 
smaller-diameter casing and screen than is needed for the pump. Pump conductor casing 
diameters (normally chosen for the pump diameter), may need to be made larger to 
permit the proper installation of a screen-casing seal and gravel pack. 
3 3  Casing Material Selection 

The method of installation is the first criterion in casing selection for water wells. 
There are two principal methods for installing casing. They are driving (of which jacking 
is a variation) and lowering (a variation of which is "floating", a method employed where 
the casing load is great, such as in large diameter deep wells, also is a variation). 

driving or the pressure imposed by jacking, such as employed in cable-tool or casing- 
driver well casing installation. Plastic, steel and other casing types such as fiberglass may 
be lowered or floated into position. Properly selected plastic casing can withstand some 
light vertical pushing pressure, but this is not recommended, and pushing joints past 
obstructions may result in cracking or separation. 

Plastic casing has come into favor because of its light weight and strength, and 
relative economy as installed. Where casing corrosion is an identified problem (e.g., in 
hydrogen sulfide-containing ground water), plastic casing is preferred for its corrosion 
resistance. 

Although it is possible to have pipe or casing made to any desired diameter or 

Steel casing is the only practical material that can withstand the sharp impact of 

thickness, manufacturers and fabricators produce the products in common demand. Steel 
casing pipe diameters range from < 2 to 36 inches with thicknesses up to one inch. 

Schedule 40 up to 12 in. diameter. Casing pipe 12 in. and larger has a wall thickness of 
0.375 in. Note: Casings 14 in. and larger are determined by the outside diameter of the 
casing, rather than the inside diameter. 

The standard casing size is an industry standard that is made using either 
seamless, electric resistance welded (ERW), double-submerged arc welded @SAW) or 
continuous weld (CW) manufacturing methods. Welded pipe may be fabricated with 
either a straight or spiral seam. Seamless pipe products are available, but more costly than 
welded-seam casing pipe, and have less-consistent wall thickness. 

(PVC)) is available in a range of diameters, and covered by specifications of ASTM 

Most steel pipe is made in a "standard (PE)" size. Standard size is the same as 

Thermoplastic well casing (including the most common type, polyvinyl chloride 
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(F480) and AWWA. A "SDR" or standard dimension ratio is commonly used to provide a 
minimum pressure-resistance requirement. The SDR provides a ratio of the pipe outside 
diameter and pipe wall thickness. For pipe of different size but the same SDR, the ratio of 
wall thickness to diameter remains constant. PVC mixtures used for well casing are 
selected for maximal tensile strength and modulus of elasticity, with minimal modifiers 
and compounding ingredients. 

While PVC is currently the prevalent material in the marketplace, both 
acrylonitrile-butadiene-styrene (ABS) and fiberglass (plastic reinforced with glass fiber) 
are available as well casing. Styrene-resin (SR) casing products have disappeared fiom 
the North American market, although they are available in southern South America. 

A B S  has a higher impact siren*, improved rigidity at higher temperatures, and 
better resistance to well cleaning chemicals. It is heavier per unit and more costly than 
PVC, and offers slightly less hydraulic collapse resistance. Fiberglass products have not 
been received as favorably for potable .water well construction due to perceived and 
actual problems with glass fiber sloughing. However, product quality and economic- 
regulatory conditions change so that well planners should be aware of alternative material 
characteristics. Casing sizing and wall thickness for ABS and fiberglass mirror that of 
PVC. PVC on the other hand, is controIled by ASTM slot/SDR requirements. There 
some fimdamental differences between fiberglass and PVC. Using major manufacturer's 
(Burgess) catalog: Fiberglass is I.D. controlled - PVC is Q&. controlled; Fiberglass is 
available in a few standard well thicknesses much like steel. 
3.4 Selecting Casing Thickness 

The thickness of material used for well casing should be selected in accordance 
with good design practice and experience as applied to conditions found at the well site. 
The ability of a specified casing to resist external forces can be calculated theoretically. 
However, the effect of forces imposed on it during installation are not known with 
certainty. Hydrostatic test pressures on pipe listed in manufacturers specification 
literature are internal pressures measured by the manufacturer and do not necessarily 
relate directly to working pressures. Accordingly, designers must introduce safety factors 
to insure that the casing will resist the forces expected to occur. A common safety factor 
is 2.0 (i.e., in practice doubling the calculated force expecting, or halving the rated 
capacity of the casing), applied to allow for uncertainty. 
3.4.1 Steel Casing 

The collapse strength of steel pipe for various diameters and thickness depends on 
how the pipe was manufactured. Several theoretical collapse pressure formula types are in 
use. One is Timoshenko's: 
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Where: 
Pd = design collapse pressure-(psi) 
Pcr = critical collapse pressure of a perfect cylinder (psi) 
Y p  = yield strength (e.g., 35,000 psi for ASTM A139 Grade B casing) 
d = outside diameter of well casing pipe (in.) 
t = wall thickness of the well casing pipe (in.) - 
e = eccentricity = dm/dm - l(w0.01 to 0.015). 

2E P,, is calculated from: 
(1 - p*)(d/ t  - 1)3  

p ,  = 

Where: 
Pcr = critical collapse pressure of a perfect cylinder (psi) 
E = Young's modulus (3 X 107 psi) for steel 
p = Poisson's ratio (depends on the material, 0.28 for steel) 

The American Petroleum Institute (API) elastic collapse formula is based on experimental 
collapse data. For 

(a constant = 4.84)' collapse pressure (Pc) is calculated from 
t 

46.95 X lo6 
(d/ t ) (d/ t  - 1)2 

P,. = 

Where the difference may be critical, it is best to compare the results of the two 

Table 3.5 shows pressures at which it is estimated single casing will collapse if 
water is lowered on the inside of the casing, and the water on the outside remains static. 
When pumping grout behind a casing it must be kept in mind that the grout mixture 
weighs more than water, therefore the weight per cubic inch of grout must be calculated 
and the values in pounds used from the chart, rather than the "head in feet". Grout fluid 
weight can be converted to pressure in feet of depth: 

formulas and to choose the most conservative of the two. 

Grout weight in lb/gal x 0.052 = psi/ft of length. 
For example, 10 lb/gal. x 0.052 = 0.52psi/ft of length. 
For casing diameters less than 8-inch, collapse pressure is less of a problem than 

resistance to impact driving as in cable tool drilling. Attention here should be focused on 
joint strength. 

Collapse strength below 8-in. diameter casing is usually not critical, especially if 
Schedule 40 and above casing is used, or ANWAWWA A1 00 minimum standards 
adhered to. 

steel water well casing are shown in Table 3.6, which is based on both the need for 
The recommended minimum pipe thicknesses for various diameters of standard 

(3) 

3 -9 



strength in various kinds of construction, and the desirability of long-life resistance to 
corrosion. 

Table 3.5 
Calculated Collapse Strength of Steel Pipe in lb/in2 and Feet of Water Head' 

Nominal I.D. Ib/in2 (psi)3 3/16 in. 114 in. 5116 in. 318 in. 
of Pipe (in.) and FeeHof head) (0.186) (0.250) (0313) (0.375) 

8* 

10 

12 

14 

16 

18 

20 

24 

30 

32 

36 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

psi 
feet 

646 
1,488 

33 1 
763 

191 
440 

121 
279 

81 
187 

57 
13 1 

41 
94 

24 
55 

1,532 (756") 
3,530 

784 
1,806 

454 
1,046 

286 
659 

191 
440 

134 
309 

98 (95") 
226 

57 
131 

29 
67 

24 
55 

17 
39 

2,992 
6,894 

1,532 
3,530 

887 
2,044 

558 
1,286 

374 
862 

263 
606 

192 
442 

111 
256 

57 
131 

47 
108 

33 
76 

5,170 
11,912 

2,647 
6,099 

1,532 
3,530 

965 
2,223 

646 
1,488 

454 
1,046 

33 1 
763 

191 
440 

98 
226 

81 
187 

57 
13 1 

'NOTE The figures provided in this table are from published sources (NWWA 1975 and AWWAA100) and are approximations for 
information only. Actual collapse forces are site-specific and actual collapse resistance specific to products. Manufacturers should be 
consulted about the engineering characteristics of their particular pipe products. 

'For mm. multiply inches X 25.4. 

3l  Ib/in2 or psi = 2.31 ft of head at sea level. For expressions in bar (k@cm'), multiply Ib/in? X 6.9. 
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Table 3.6 
Minimum Single-Wall Steel Well Casing Thickness for Selected Diameters (in.)' 

Nominal Diameter 
(in inches) 62 8 

Depth in Feet 

<lo0 

100-200 

200-300 

300-400 

4 m 0 0  

600-800 
800-1000 

1000-1500 

1500-2000 

0.109 0.25. 

0.141 0.25 

0.25 0.25 

0.25 0.25 

0.25 0.25 

0.25 0.25 

0.25 0.25 

0.25 0.25 

0.25 0.25 

10 12 14 16 18 20 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.313 

0.3 13 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.313 

0.313 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.3 13 

0.3 13 

0.3 13 

0.25 

0.25 

0.25 

0.3 13 

0.3'1 3 

0.313 

0.3 13 

0.375 

0.375 

0.25 

0.25 

0.313 

0.213 

0.313 

0.313 

0.3 13 

0.375 

0.375 

0.25 

0.25 

0.313 

0.313 

0.3 13 

0.375 

0.375 

0.375 

0.438 

24 30 

0.313 0.313 

0.313 0.313 

0.313 0.313 

0.375 0.375 

0.375 0.438 

0.375 0.438 

0.438 0.5 

'For mm. multiply inches X 25.4. 
2For casing diameters less than 8 inch, a recommended minimum steel casing wall thickness standard is ASTM Schedule 40. For PVC. rhe 
casing sizes depend on the depth and grouting technique (see following). Some states may require a higher minimum pipe thickness for 
various diameters. 

Source: Adapted from ANSUAWWAA100 and Roscoe Moss Co. (1990). 

Based on AWWA Standard ANWAWWA A1 00, the minimum wall thickness for 
steel casing, to provide adequate life under moderately corrosive conditions, should be 
1/4 inch (0.250 in.) for 8-in. I.D. and larger casing. For very corrosive conditions, the 
thickness should be correspondingly greater. 
3.4.2 Thermoplastic Casing 

Acceptable thermoplastic casing wall thicknesses and diameters (including PVC 
and ABS) are governed by ASTM Standard F-480 and expressed as standard dimension 
ratios (SDR). SDR is the ratio of the outside pipe diameter to minimum wall thickness. 
Common SDR are 13.5,17,2 1, and 26. Plastic casing products may also be graded using 
iron pipe size and Schedule 40 and 80 classifications, which also defme wall thickness. 

Hvdraulic collatxe uressure resistance: For any given SDR, the pipe stiffness and 
collapse pressure resistance are independent of pipe size. For example, SDR 26 PVC well 
casing exhibits a constant resistance to hydraulic collapse pressure (RHCP) regardless of 
its actual diameter. 

RHCP can be calculated if pipe properties are known, using the casing collapse 
formula published in ASTM F480: 
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2E 1 2E 1 or (2) P, = ~ (1) P, =- 
1 - p 2 o  (d/ t ) (d/r  - 1)' ' 1 - pz SDR(SDR - 112 

mere: PC = critical collapse pressure (psi) 
E = modulus of elasticity (psi) 
p = Poisson's ratio (depends on the material, -0.33 for plastic) 
d = outside diameter of the well casing pipe (in.) 
t = wall thickness of the well casing pipe (in.) 
SDR = standard dimension ratio of casing pipe (in.) 

A third was developed by Kurt (1979): 
0.75(2E) P, = 

(1 - p2) (d / t  - 1)3 

Kurt's formula yields collapse pressures abqut 25%, (onlybecause a .75 quality correction 
factor is used NWWA Mama2 suggests 1 .O), less than those calculated using F480 
equation (1) above, and therefore can be considered more conservative. Actually, slightly 
- less conservative when the recommended 1 .O factor is used. 

RWCP exactly because particular properties of specific pipe products may be unknown or 
variable. For that reason, casing suppliers should be able to provide RHCP charts for their 
products in various casing diameters, SDR and Schedules. These should be consulted to 
determine whether or not they are adequate or inadequate for a proposed application. 
Table 3.7 is an example generic RHCP table for thermoplastic well casing. Table 3.8 lists 
minimal thermoplastic wall thicknesses. 

- 

It is commonly impractical for those specifying casing to be able to calculate 

Table 3.7 
Approximate Hydraulic Collapse Pressure (Ib/in2) of Thermoplastic Well Casing' 

Plastic Casing Material SDR 13.5 SDR 17 SDR 21 SDR 26 

PVC 

Al3S 

SR 

470' 224 115 59 

412 196 100 51 

376 180 92 47 

'The figures provided in this table are approximations for infomation only. Actual collapse forces are site-specific and actual collapse 
resistance specific to producrs. Manufacturers should be consulted about the engineering chmcteristics of their particular pipe products. 

'I Ib/in'or psi = 2.3 1 ft of head at sea level. For expression of pressure in bars (kg/cm'). multiply Ib/in2 X 0.07. kPa = Ib/in2 X 6.9. 

Source: Adapted from NWWAPPI (1980). For listed prevalent resin types. 
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Table 3.8 
Selected Minimum Wall Thickness (in.*) for Thermoplastic Casing' 

By SDR Classification SDR 13.5 SDR 17 SDR 21 SDR 26 

Nom. Casing Diameter 

4 

5 

6 

8 

10 

12 

14 

16 

0.333 0.265 

0.4 12 0.327 - 

0.49 1 0.39 

0.508 

-796 0.632 

.944 0.75 

.824 

-941 

0.214 

0.265 

0.3 16 

0.41 

0.5 11 

0.606 

0.667 

0.762 

0.173 

0.214 

0.255 

0.332 

0.4 13 

0.49 

0.539 

0.616 

*mm = in. X 25.4. 
'Manufacturer specifications and current ASTM standards should be consulted because products may be commercially available that are 
not included in this table. 

Source: Adapted from NWWAPPI (1980) and Driscoll(1986). 

TemDerature effects: Thermoplastic well casing rigidity is affected by 
temperature, with rigidity and collapse strength reduced at higher temperatures (>70"F or 
>2 1 C). This effect can become significant in deeper wells grouted with neat cement (see 
Chapter 4) where a marginal casing wall thickness is specified. This "RHCP derating" 
varies depending on the composition of casing pipe, but averages in the range of 0.2 to 
0.5 pddegree F for ABS casing and 0.3 to 0.6 pddegree F for PVC casing (overall 
average 0.5 psudegree F or 6.2 lcPddegree C). 

water and grouted in neat Type I cement (see Chap. 4). A temperature rise of 26°F 
(typical for cement in a 1.5-in. annulus) may be expected during cement curing. An 
RHCP derating of 13 psi would occur. It is very dangerous to express collapse pressure in 
anything other than psi units. "Ft. of head" is for water only (inside & out) . Many 
installations, of course, involve use of heaver mods and great slurries. If the casing were 
SDR 21 PVC installed to 250 ft (and the interior of the casing evacuated, for example, 
during development) collapse or ovalling may be possible. 
3.5 Methods of Casing Installation 

used, and the formation characteristics. Casing installation, grouting (Chapter 4), and 
development (Chapter 8) are the times when a casing is under most stress and may 

As an example, consider a thermoplastic casing installed in 70°F (Florida) ground 

Casing may be installed by a variety of methods depending on the drilling method 
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collapse or distort. In general, plastic casing should not be pushed, jacked, driven or 
forced into place. It should be lowered or floated into an obstruction-free borehole. Steel 
casing (with its much higher compressive strength) may be jacked, driven, or rotated into 
the hole. 

to installation, especially to the ends or threads. During installation, care should be 
exercised to avoid bending or forcing casing into boreholes that are not straight except for 
directional wells, within the recommendations of casing and joint suppliers for these 
applications. Combined with normal tensile stresses, the increased axial stresses imposed 
on casing because of crooked holes may be significant. 

especially when mud scows are used. This method is also used to install horizontal 
laterals in radial collector wells. 

Casing should be handled and stored Carefully to avoid damage to the pipe prior 

Jacking. Jacking is used to install casing when drilring wells with cable tools, 

A pulldown spread footing is installed around the well and the jacking force on 
the casing achieved by pulling down on the casing with the ram end of two to four 
hydraulic jacks. The cylinder end is secured to the spread footing so that force is applied 
firmly and exactly parallel to the axis of the borehole (plumb if vertical) (Figure 2). 

of the casing. Only steel casing can be employed if jacking is the installation method 
chosen. The penetrating edge of the casing should be protected by a standard drive shoe. 
The drill hole should be straight (and plumb in vertical wells) to minimize pipe and joint 
distortion. 

Driving. Casing may be driven either by percussion from the cable tool string, or 

The load pressure (which may approach 300 T) must not exceed the yield strength 

by a pneumatic tool designed to drive casing through unconsolidated formations. Only 
steel casing specified as drive casing can be used for driving (compressive stress of 
approximately 25,000 to 70,000 psi may be applied). 

When permanent well casing is driven, a standard drive should be welded or 
threaded on the lower end of the string of casing. The shoe should have a beveled and 
tempered cutting edge of metal forged, cast or fabricated for this purpose. WeIding 
quality is critical because of the risk of fatigue failure, especially near the bottom. The 
excavated drill hole should be straight and plumb to minimize pipe and joint distortion. 

predrilled hole. The casing may be lowered with the drilling machine, utilizing clamps, 
elevators or other mechanical devices to p e d t  safe, controIled installation. The casing 
end is not closed and hydrostatic pressure inside and outside the casing can quickly 

Lowering. The lowering method is used to install a jointed casing string in a 
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Two 8-inch jacks operating at 2,000 pounds per square inch 
gives 100 tons force. 

7 CasingCap 

L 6 to 8 feet - 

Link 

Stem 

4 

Jack Barrel 

Anchor Bolt 

Ptnchor Plank 

I Anchor 

Double 
Well Casing 

+ 15 feet -4 

Figure 2. Typical jacks and anchors arrangement. 

Figure is &om the Handbook of Ground Water Development. 
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achieve equilibrium. The casing string should be kept suspended in tension to avoid 
distorting casing joints. Lowering may be used with all types of casing installations. 

Floating. Where the casing load is extremely large it may be desirable to "float" 
the casing into place. This method is usually chosen when the total casing string weight 
approaches or exceeds the installation rig mast capacity, and is a much more critical 
procedure than lowering, where the casing inside and outside pressures are closer to 
equilibrium. 

A float collar is installed on the casing at the appropriate place in the casing string 
or a (removable) float plug installed in the casing string near the bottom (Figure 3). The 
force of buoyant pressure on the collar or plug reduces load on the mast. Casing distortion 
problems occur when the load on the mast is held constant and the hydrostatic force 
difference between the outside and inside of the casing is large enough to induce collapse, 
buckling or ovalling. 

The casing string should be kept suspended in tension to avoid distorting casing 
joints. Water or drilling mud shodd be loaded into the casing periodically to keep it in 
tension without exceeding about 213 of the mast loading limit. Floating may be used with 
all types of casing installations, but must be undertaken with great care. 
3.6 Methods of Joining 

As casing cannot normally be installed in single lengths, casing joints are needed. 
It is important that the resulting joint should have the same (or nearly the same) structural 
integrity as the casing itself, and must not leak. 

Steel casing may be joined either by welding or threading-and-coupling. Welding 
should only be performed by personnel familiar with arc welding of curved pipe surfaces 
with deep joints. Beveling the casing pipe ends helps to assure deep, uniform seams. The 
welding rod used should be selected to match the steel alloy, and weld spatter and metal 
heat distortion beyond the joint minimized. If threaded and coupled joints are used, 
couplings should be API or equivalent, made up so that when tight all threads will be 
buried in the lip of the coupling. 

fiberglass by epoxy cementing with the directions of the manufacturer of the materials 
used. Developers of casing pipe materials recommend that solvent joints be permitted to 
set properly before they are lowered into place. Setting time is temperature and humidity 
dependent. 

PVC or ABS, and are recommended for monitoring wells to avoid the introduction of 

Plastic or casing sections may be joined watertight by solvent welding and 

Threaded and coupled joints may be used for fiberglass, and in some cases with 
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W 

Casing Density, p 

Fluid Density, pf 

Float Plate 

Fluid Density, pm 

Figure 3. "Floating" casing into an open borehole. 

Figure is from the Handbook of Ground Water Development. 
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materials which may interfere with water quality testing. However, pipe-thread type 
joints are easily distorted and damaged during casing installation. 

been developed for flush-joint plastic casing joints. This type of joint permits a rapid, 
strong joint with a positive seal and a flush (smooth) casing exterior in smaller (2 to 4 - 
in.) casing diameters. The same joint is available for stainless steel casing and screen 
components. 

A further type of casing joint, the spline-locking type, is in wide use with plastic 
casing. This joint type is acceptable in all well casing diameter classes (Figure 4). For 
safe and effective spline-lock joining, the installation should be carried out by personnel 
familiar with the installation method. When used as intended, the spline lock joint 
provides is a quick, strong, positive seal. The F480 threaded joints and spline-lock joints 
(which are manufactured and tested in accordance with ASTM F480) should be used in 
place of pipe-thread joints for casing. 

etc.) should be joined in accordance with the manufacturer's instructions. 
3.7 Casing Seating 

Regardless of size, weight or length of the well casing, it is important that it be 
properly seated to insure a satisfactory well. When casing is to be seated (rather than 
suspended or "hung"), it should be firmly positioned so that it will not move vertically 
(settle) or go out of alignment. 

either by direct joint connection or with a fiction seal ('W' packer). The casing should be 
supported along its length by the grout seal (or compacted formation material in the case 
of driven casing). Aquifer material collapsed and compacted in the screen area during 
well development holds the screen in position. The completion of the sanitary surface seal 
will assist in supporting the casing. 

In consolidated formations the casing should extend at least five feet into the rock 
formation to assure a proper seat and bottom seal. Where top-of-rock water is the target, 
the design should ensure a solid, sanitary seal in the formation. Where the casing is to be 
driven into position, the drive shoe should be driven to refusal (may be < 5 ft). Where the 
casing is to be lowered or floated into place (rather than driven), the borehole drilled into 
the rock should be large enough in diameter to accommodate an adequate grout seal to 
the end of the casing. 

A standard, very coarse thread joint standard (incorporated into ASTM F480) has 

Other materials: Casing made of other materials (concrete caisson, aluminum, 

In unconsolidated formations, the casing is f d y  attached to the well screen 
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Figure 4. Spline Lock Joint. 

Figure is from CertainTed Corporation. 
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The lower or formation end of the casing should be fitted with a "shale trap" or 
grout boot to support the grout installed. It is important that the hole be fully round and in 
gage, or shale traps may allow grout to leak past. 

Where casing has been driven, the success of achieving a seal can be checked by 
pressure testing. Maintaining a pressure of 7 to 10 psi within the well for one hour, 
without the addition of more air, is an indication of a positive seal. Grouting adds a level 
of security for both formation seat and joint seal integrity. 
3.8 Sanitary Protection of Well 

Well construction is not a sterile practice, but contamination fiom the surface can 
be minimized during construction. During the construction phase itself, it is important to 
protect the surface opening so that surface soil and foreign objects do not fall into the 
borehole. 

Upon completion of the water supply well, the casing should extend not less than 
12 inches (30 cm) above the pump house floor or final ground level devation, and not 
less than 12 inches (30 cm) above the maximum anticipated flood level of record. Consult 
with local requirements which may be more stringent. A suitable threaded, flanged, or 
welded cap or compression seal must be installed until final surface workings are finished 
so as to prevent other surface contamination. 

should slope away fiom the well. Any equipment which will permit direct open access to 
the well (e.g., vents in well seals) should also meet the above height requirements and 
sealed or screened so as to prevent the entrance of contaminants into the well fiom 
surface or near-surface sources. 

There should be no openings in the casing wall below its top except for approved 
pitless well adapters or units, or measurement access ports and grout nipples installed in 
conformance with the relevant well construction standards (e.g., state or industry 
consensus). This includes drain holes for frost-fiee sampling spigots sometimes specified 
by state agencies, which should never drain into water well casings. Alternative fiost-free 
sampling installations available should be used instead where needed. 

The upper terminus (top) of the casing should be sealed to prevent casual entry of 
surface water, precipitation, animals or foreign objects. A top seal can take the form of 
(1) a sealed, vented or unvented well cap meeting Water Systems Council (WSC) 
standards if discharge fiom the well is below the surface (pitless adapter), (2) an approved 
well seal (WSC or state standards) if the discharge pipe extends out of the top of the well 
casing (e.g., in a well house), or (3) a secure lineshaft turbine base seal. 

The ground, floor, or pad immediately surrounding the top of the well casing 
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Pitless units must be attached to the casing by threading, welding, or compression 

Wells should be equipped with drawdown measurement ports or devices, but 
connection in a manner which will make the joint sound and watertight. 

these should be sealed so that entry is not possible except during use. 
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Chapter 4 
Well Grouting 



4 Well Grouting 
Renovation 

Filling the annular space with material equal to or better than the material 
removed in drilling. (You don’t run into slurries in the sub-surface.) 
4.1 Purposes of Well Grout 

Well grouting consists of filling an annular space between a casing and the 
formation or outer casing with an impervious material. The reasons for grouting are: 

(1) Protection of the aquifer, or aquifers (including the prevention of water 
movement between aquifers) to maintain water quality and preserve the hydraulic 
response of the producing zone(s), and 

a subsurface zone. 
(2) Protection of the well against the entry of unwanted water from the surface or 

(3) Protection of the casing. This may be necessary to guard against attack by 
corrosive waters, or where special assurance of structural integrity is desired. In this case, 
a satisfactory grouting program must resultin complete envelopment of the casigj. 

distortion of casing. They are also important in limiting or eliminating water circulation 
around casing pipe, which contributes to conosion. 
4.2 Grouting Requirements 

In determining the specific grouting requirements of a well, consideration must be 
given to existing surface and subsurface conditions, including the geology, hydrology and 
location of sources of pollution. To protect against contamination or pollution by surfitce 
waters or shallow subsurface waters (such as effluent from septic tanks) the annular space 
must be sealed to whatever depth is necessary to protect the well, whether 10 feet or more 
than 1000 feet. In general, all casings lowered into the drilled borehole are fully grouted. 
Driven casings may be grouted, depending on subsurface and surface conditions. 

Formations which yield polluted water or water of an undesirable quality 
(untreatable to meet standards by practical means) must be adequately sealed off to 
prevent pollution or contamination of the adjacent water-bearing zones. To accomplish 
this, the annular space of the well should be grouted fiom at least 10 feet above to 10 feet 
below the interval from which such polluted or mineralized water is being produced, if 
feasible. 

- 

Grouting and backfill have been demonstrated to significantly reduce the axial 

Centralizers should be required to prevent the casing from contacting the wall of 
the bore hole, or to maintain a minimum annular space so that a complete seal can be 
obtained without void spaces. 
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Well grouting is required to one degree or another in most U.S. jurisdictions. 
Many have specific standards that must be met (e.g., minimum depth and grout 
formulation). If the owner of the well is not informed about well grouting (e.g., grouting 
is not included in the specifications), well contractors should explain the requirement and 
their obligations to the owner. 

space should be flushed with drilling mud (not clear water) prior to grouting to assure that 
the space is open and ready to receive the sealing material. Once this is accomplished, 
grouting should be done in one continuous operation in which the annular space is filled 
to the desired depth. In very deep PVC installations, grouting in stages may be desirable 
to control collapsing pressures. 

initial set (beginning of hardening) of the cement. Bentonite grout must be placed before 
hydration makes the material difficult to pump. Bentonite solids should (as much as 
possible) "yield" or hydrate in place in the borehole. 

It is essential that ("in situ") the grout always be introduced at the bottom of the 
space being grouted. This is to avoid segregation or bridging of the grout materials and to 
push out foreign substances that may have inadvertently entered the hole. The grout seal 
should be inspected after setting of the grout to determine if more grout is needed to 
complete the seal. 

ingenuity. Grouts (both bentonite and cement based) must be still for an initial set to take 
place. Flows must be halted so that setting can occur. Casing grouting in artesian wells 
should be conducted by drillers experienced with the practice. 

Caution is also required in deep seals. Where grouted intervals exceed I00 feet, 
the collapse strength of the casing should be checked prior to grouting (see charts, 
Chapter 3). A fkther caution involves cement grouting of wells with thermoplastic 
casings. PVC casing may lose some collapse resistance when exposed to heat produced 
by the hydration of some grout mixtures. This possibility should be planned for prior to 
grouting in order to install the preferred casing wall thickness and grout mixture. For 
example, the casing supplier should be consulted to obtain reliable "derating" 
recommendations for casing pipe due to increased temperature. 

grout appears at surface as the grout quality being pumped in the hole. Grout being 
pumped out drilling fluid in annulus should be approximately the same density. 

Except in the case of driven casings (process considered separately), the annular 

Grout containing cement should be entirely placed before the occurrence of the 

Grouting casings in artesian flow situations requires special caution, skill and 

Grout should be emplaced in the shortest possible time. Pumping until the same 
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4.3 Location Of Grout 
The annular space to be grouted should be not less than a nominal 2 inches in 

radius. The length of the grout seal (including any surface seals) should be whatever is 
necessary to prevent the entrance of surface water or undesirable subsurface water into 
the well. In any circumstance, the length of seal must not be less than the minimum 
specified in the state or locally applicable construction code. 

continuous seal from: 
Except under specific local circumstances, the grout should be placed as a 

(1) The bottom of the permanent casing or, 
(2) Where a filter pack has been installed, from the top of the pack (following 

development) or, 
(3) Where a well screen only has been installed, from a point 5 feet (1.5 m) above 

the screen to the land surface, unless: 
(4) When a pitless adapter or Unit is to be installed, the grout should terminate 

within one foot of the field connection of the adapter or unit. 
The entire space to be grouted must be open and available to receive the grout at 

the time the grouting operation is performed. If a section of larger pipe (conductor pipe) 
is installed to keep the entire annular space to be grouted open (e.g., in unstable, caving 
formation materials), this larger pipe must be removed from the zone where the seal is 
required as the grout is installed. 
4.3.1. Surface Formation Seals 

The effective length of grout seal for sanitary purposes is that distance measured 
from the deepest limit of the seal up to the depth of frost penetration (where applicable) 
or the top of the grout. If a pitless adapter or Unit is to be installed, the upper limit of the 
seal is one foot below the field connection of the adapter or unit. 
4.3.2 Bottom and Intermediate Seal Grouting 

Grout should be placed in the annular space surrounding the bottom of the casing 
by the method specified (Figure 5). Where multiple-zone completions are acceptable and 
desirable, selected intervals may be grouted, interspersed with producing zones. All zones 
containing water of unsuitable quality should be grouted from a point at least 10 feet (1.5 
m) below, to a point at least 10 feet (1.5 m) above the unsuitable zone, unless experience 
shows that a lesser length (e.g., 5 fl below to 5 ft above) is sufficient. The annular space 
surrounding the casing between grouted zones may be filled with sand and bentonite (in 
non-producing zones) or sand (for formation stabilizer and filtration). 
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Figure 5. Placement of Grout. 

Figure is from Groundwater and Wells. 
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4.4 Grouting Materials to be Used 

removed from the borehole. Materials to be used for sealing the annular space around a 
well casing should have the following characteristics: 

Grout essentially serves to replace original formation material displaced or 

(1) Low permeability upon emplacement to resist fluid flow through them. 
(2) Capable of bonding to both the casing and the formation surface. 
(3) Capable of developing sufficient strength to permit completion of the well 

(4) Chemically inert or nonreactive with the formation materials and ground water 

( 5 )  Easily handled. i.e., mixable, and capable of placement in the space to be 

without excessive delay. 

in contact with the grout seal. 

grouted by available technical means and skilled personnel; easily cleaned fiom mixing 
and pumping equipment; and is safe for personnel to handle when used properly. 

(6) Minimal penetration into surrounding formation materials. 
(7) Readily available at reasonable cost. 
Cuttings as fill: Cuttings are unsuitable as grout seals in potable aquifer zones, 

but may be a useful fill below an engineered grout seal set below the aquifer zone in very 
deep wells. Re-emplacing cuttings in such a situation provides a semi-solid base for the 
engineered grout seal, heavier but more buoyant than borehole fluids without additives. 
Cuttings reintroduced in this situation cannot be relied upon to provide a borehole seal 
and should be well isolated fiom potable aquifers by an engineered grout seal. 

Engineered seal mixtures. Currently, materials that meet the above seven criteria 
to one degree or another are mixtures of cement and bentonite clay. No mixture exhibits 
all the ideal characteristics. There are advantages and disadvantages to both cement and 
bentonite clay, and to the various mixtures that attempt to take advantage of the better 
characteristics of each. Table 4.1 is a summary of cement and bentonite mixture 
characteristics. 
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Table 4.1 
Grout Mixture Properties 

Advantages Disadvantages 

Cement-based grouts Suitably low permeability under 
good conditions 

Easily mixed and pumped 

Hard, rigid seal, contains fluids 
under pressure (artesian flows) 

Supports casing rigidly 

Suitable for most formations 

Extensive field experience 

Properties can be altered with 
additives 

Readily available at reasonable cost 
almost everywhere 

Shrinkage and settling may result in 
unacceptably high permeability 

Equipment cleanup is essential, and 
time consuming 

High density results in loss of mate- 
rial to formation 

Casing cannot be moved after grout 
seal sets 

May affect water quality 

May not adhere well to PVC casing 

Long curing time (unless artificially 
treated) 

Heat of hydration requires operating 
of PVC collapse strength 

Bentonite-based grouts Suitably low in permeability with 
high-solids mixtures 

Expands, self-healing, resilient to 
cracking, non-shrinking in low- 
saline water 

No heat of hydration 

Low density, less differential pies- 
sure on casing during installation 

Minimal curing time 

Casing movable after grouting 
(depending on condition and 
percent solids emplaced) 

Readily available but can be more 
expensive than cement (cost-effec- 
tiveness should be a consideration) 

Premature swelling and high viscos- 
ity may result in difficult pumping. 
Too small a pump result of excess 
mixing and wasted time. 

High viscosity requires specific 
mixing and pumping techniques 

Subject to washout in fractured rock 
with high fluid flow velocity or for- 
mation under pressure (severity 
depending on condition and percent 
solids emplaced) 

Subject to failure in certain contam- 
inated waters (saline, oil) 

Equipment cleanup shouldn’t be 
difficult 

Casing movable after grouting (not 
a rigid seal) 

Can be channeled during pressuriz- 
ing in well cleaning 

~ ~~ 

Source: Modified from Gaber and Fisher (1988). 
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Bentonite is usually not suitable as a sealant under the following conditions: 
(1) When sealants will be in direct contact with aquifers (this should not occur 

(2) Wherever structural strength or stability of the sealant is the overriding priority 

(3) Wherever the sealant might dry out completely or be altered by saline ground 

(4) Wherever flowing or moving water can generate enough force to break down 

with casing seals). 

(although high-solids bentonite seals have dimensional stability). 

water. 

the sealant. 
4.4.1X'ement-Based Grout Mixtures 

Cement grouts set up as structurally stiff, permanent seals that can contain high 
pressures or gassy fluids. They are preferred where a hard rock-like seal is desired to 
hold the casing firmly in position or to contain artesian or gaseous water. Cement 
mixtures are widely available, and readily mixed and pumped. A disadvantage with 
cement-based mixtures is the possibility of shrinkage and cracking of the seal, resulting 
in the development of a micro-aunulus around the casing and introduction of high-pH 
water into the aquifer. Thus there is the potential for undesirable water migration around 
and through the grout seal. Hydraulic conductivities of neat cement borehole seals 
(around 1 0-5 cdsec,  compared to laboratory test conductivities on the order of 10'" 
cdsec) are most likely due to shrinkage. TabIe 4.2 provides some soil and grout 
permeability figures. 

Table 4.2 
Permeability of Selected Soil and Grout Materials 

Material Permeability (k) in cmlsec 

Silty sand 10-1 to 10-~ 
Glacial till lo-' to 
Compacted soil lo4 to 10-~ 
Neat cement (6 sack) to 10-~ 
Bentonite grout (20% W/W slurry, chips, pellets) 104 to 10-9 

Cement and bentonite 10-~ to 

Source: After Gakr and Fisher, 1988, Lutenegger and DeGroot, 1993. 

Cement mes .  Choice of cement types (Table 4.3), mixtures, and means of 
emplacement are important in determining how the seal will set and perform in the 
subsurface. Several types of Portland cement are suitable for use in well-grouting 
mixtures. ASTM standard C150 defines Portland cement characteristics: 
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Table 43 
ASTM Cement Designations 

Type1 General purpose Portland cement. Has low heat of hydration and longest curing time 
(48 hours before resuming drilling). 

Type I1 Moderate sulfate resistance: recommended for use where sulfate in ground water is 
between 150 and 1500 m a .  Lower heat of hydration than Type I. 

Type I11 "High-early strength" providing faster curing rate (1  2 hours). 

Type IV Low heat of hydration cement designed for use where this is important. Develops 
strength slower than Type I. 

TypeV High sulfate-resistant cement (for ground water with >I  500 mg/L sulfate). 

Source: Gaber and Fisher, 1988. 

Effects on setting time and seal qualitv. The setting of cement is affected by a 
variety of factors, including water quality, temperature, pressure on the seal mixture, and 
water loss from the cement into the formation. One phenomenon is "flash setting" that 
occurs when uncontrolled infiltration of neat cement into granular formations occurs 
upon introduction. The result is a porous matrix with a high hydraulic conductivity. 

Faster set-up times may occur in the following situations: (1) wanner 
temperatures, (2) deeper in the hole, where cement will tend to set faster as hydrostatic 
pressure squeezes water out, or (3) where water is lost into permeable zones. 

The amount of water used per sack of cement is very important. If the cement 
slurry is too thin, a flash-setting mixture with low integrity and high potential for 
shrinking and cracking is very likely, especially at more shallow depths. A mixture of 
Portland cement (ASTM C150) and not more than seven (7) gallons of clean water per 
bag (one cubic foot or 94 pounds) of cement, should be used. The Society of Petroleum 
Engineers (SPE) recommends 46 % water for common cement (5.2 gaV94 lb cement 

bag). 
Water quality is critical. Water for mixing should be of essentially drinking-water 

quality with less than 500 mg/L total dissolved solids to produce the best set. High 
chloride content may cause a flash set, resulting in a weak, porous cement. Sulfates in 
geological formation or mix water tend to replace cement anions, interfering with proper 
setting. The water should be free of foreign objects. 
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Special cements and mixtures, including bentonite, may be used to reduce 
shrinkage, reduce permeability, increase fluidity, reduce slurry weight, andor control the 
setting time. These mixtures should be carefully designed prior to performing the 
grouting task. Accelerators may be added if reducing set time is important. Calcium 
chloride can be added at a rate of 2 to 4 lb (I to 2 kg) per 94-lb bag of cement. These 
should be measured and mixed carefully. Table 4.4 summarizes the settings times of 
several common mixtures. 

Table 4.4 
Cement Curing Time Before Resuming Drilling or Well Development 

Grout Type Curing Time 

Neat cement Type I 48 hours 
Neat cement Type I with 2% bentonite 48 hours 
Concrete grout Type I 48 hours 
Neat cement with 2% CaCl, 24 hours 
High-early cement Type 111 12 hours 
High-early cement Type 111 w/2% bentonite 12 hours 
Concrete grout Type I11 12 hours 

Source: Gaber and Fisher (1988). 

Example Cement Grout Mixtures: 
Sand-cement mout. A mixture of Portland cement (ASTM C 150), sand and water 

in the proportion of not more than two parts by weight of sand to one part of cement with 
not more than seven (7) gallons of clean water per bag of cement (one cubic foot or 94 
pounds). The sand is added to reduce shrinkage and produce a tighter bond with the 
casing. 

cement mixtures: 
Bentonite-cement grout. Bentonite as an additive has several notable effects on 

(1) Lowering hydraulic conductivity 
(2) Increasing cement resilience to cracking 
(3) Reduces heat of hydration - due to increase in water content 
(4) Reduces compressive strength. 
Contrary to some past recommendations, using bentonite as an additive to neat 

cement does not significantly reduce or eliminate shrinkage. Much of the sodium 
associated with bentonite mixed into a cement slurry is replaced by calcium due to ion 
exchange. Calcium bentonite has much less expansive capacity than sodium bentonite 
clays. 
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However, the capacity to make the cement more resilient, preventing the 
development of long internal cracks in cement with a bentonite content of 4 to 5 % 

(Figure 6) is probably the feature of bentonite that may make it valuable in cement 
borehole sealing if the detrimental features (e.g., reduced strength) are not critical. 

Bentonite in the cement mixture requires additional water in the mix. ASTM D 
5299 states that bentonite may increase shrinkage as it ties up water that would be 
incorporated into the cement. SPE recommendations call for the addition of 0.6-gal. of 
water per sack per 1 % increase in bentonite mixture. With the addition of adequate water 
to compensate for that taken up by the bentonite, such cement-bentonite seals may serve 
the intended purpose of providing a rigid seal, while helping to compensate for the 
drawbacks of cement seals. 
4.4.2 Bentonite-Based Mixtures 

Bentonite grout mixtures have a number of favorable characteristics: 
(1) Bentonite, unlike cement-based mixtures,-remains plastic when installed as a 

grout as long as it does not dry out, and can be rehydrated if it does dry. High-active- 
solids bentonite seals do not crack or separate from surfaces. Low solids (or low active 
solids) slurries will crack and separate in the vadose zone. Water is sucked out of slurry- 
due to vapor pressure differences (soils suction-sluny/plug drops to a pezometric level- 
SWL-or-fust aquifer. 

(2) Plastic, hydrated bentonite expands to fill voids, displacing air or water and 
other fluids. 

(3) When properly prepared and emplaced, bentonite grout seals have hydraulic 
conductivities of 10" cdsec  or less, reportedly as low as 10-12 cdsec. This very wide 
range is a result of such variables as placement methond (and skill), bentonite type used, 
contitions of the solids in the mixture, and the environment into which the seal is placed. 

(4) Bentonite does not generate the heat of hydration experienced with cement, 
especially with larger annular radii (>2 in.). 

Drilling bentonite vs. groutinp bentonite: There has been a tendency in the past to 
employ drilling bentonite slurry also for grouting. It is important to note that materials 
called "bentonite" encompass a wide variety of natural clays consisting mostly of sodium 
montmorillonite (API standards, 85 % or more). With regards to grouting, not all 
bentonite mixtures are suitable as grouts. However, bentonite slurry mixtures for drilling 
and bentonite sealing mixtures actually have somewhat contradictory features (Table 
4.5): 

. 
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Longitudinal Cracks 
in Cement Grout 

Figure 6. Longitudinal Cracks in Cement. 

Grout 

Borehole 

Casing 
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Table 4.5 
Desirable Properties of Drilling Mud vs. Grout Bentonite 

Drilling Mud Slurries Grout Slurries 
Controlled viscosities, modest specific-gravity 
(“low weight”), and low-to-medium gel strength. 

Typically finely ground (200 mesh). 

Increased viscosity, high reactive solids* content 
and high gel strengths. 

Granular or pelletized, with a lower surface-area-to- 
mass ratio. 

*“Reactive” solids are clays that expand and contribute to grout properties, as opposed to mineral impurities. 

Solids content and m e :  The amount of shrinkage is controlled by the bentonite 
grout’s solids content, with bentonites that have high reactive solids content shrinking far 
less than low-solids types used in drilling fluid mixtures. Granular high-solids grades 
also have more dimensional stability than virtually liquid low-solids slurries (similar in 
some respects to the difference between neat cement and-concrete). For these reasons, 
high-solids bentonites should be used instead of drilling mud bentonite f H  borehole 
sealing applications. There is a need to define “high” solids. It presently appears to be 
based on what can be pumped with present equipment. 

in bentonite are clays that provide the bulk and dimensional stability (keeping the seal 
shape and size) in the bentonite gel matrix without increasing the permeability. 

Rock cuttings and sand have higher specific gravities than bentonite and tend to 
separate and sink in the hole (Figure 7). However, sand-dry bentonite mixtures (50:50) 
provide good stiff seals if emplaced so that separation is minimized (i.e., mixed in after 
the pump discharge and rapidly emplaced) and solids permitted to hydrate downhole. 

Some solids are more desirable than others. Unlike concrete, the preferable solids 

High-solids bentonite =out tmes: 
Powdered: Powdered bentonite clay products contain mixtures of sodium and 

calcium bentonite with other clays with a resulting slurry of 15 to 20 %-plus total 
suspended solids by weight. Their best feature is extended workability due to slower set- 
up and economy in large-hole jobs. The disadvantage is the relative poor dimensional 
stability and higher permeability of the seal. The quality of the clay mixture (degree of 
reactivity to hydration) is the main consideration. These products are more useful as 
annular sealing agents and may be less useful in some well and borehole sealing tasks. 

Granular: Granular bentonites (e.g., Benseal, Enviroplug Grout) are also 
manufactured from high-solids, high-yield bentonites. The particles are coarse granular 
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Drilling Mud Bentonite 

Cuttings Settling Out 
(Higher Permeability) 

Figure 7. Segregation of Heavier Drill Cuttings Solids from Slurry in Drilling Mud Installed as Grout. 
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(nominal 8 mesh is usual) and finer than chips used in borehole abandonment sealing. 
These products provide better dimensional stability and lower hydraulic conductivity. 

is lost. The presence of saline ground water, strong acids or bases in contaminated 
ground water, or some organic compounds, may also cause desiccation and shrinkage. 

can be provided by bentonite alone, which is plastic and somewhat compressible. 
Cement is sometimes recommended to be added to a primarily bentonite mixture to 
provide this stiffer finished product. However, cement constituents serve to destroy the 
sealing properties of sodium bentonites. 

The trade-off for stiffhess is generally in the form of a more brittle, more 
permeable seal. Calcium ions in the cement replace sodium ions by ion exchange, 
resulting in the clay particles settling closer together. Upon contact, the calcium ions link 
the platelets, causing flocculation. These changes are permanent once they are made. 

In practice, major problems with cement addition to bentonite seals are the 
formation of cracks and failure to establish a seal with casing surfaces (Figure 8). This 
accounts for the generally higher permeability and may cause long paths of migration. 
For a stiffer, solid set, it is preferable to mix and place a very high-solids bentonite or 
bentonite-and-sand mixture, instead of adding cement. 

Mixinn water aualitv: Water should be fresh (not saline) and approximately of 
drinking water quality in total dissolved solids and calcium ion content. The water should 
be sanitary and free of foreign objects. 
4.5 Methods of Installation of Grout 

Environment (including water aualitv): Bentonite grouts may shrink if moisture 

ProDertv-altering bentonite additives: At times, a more stiff "set" is preferred than 

For both cement and bentonite mixtures, it is important that the grout is mixed 
and pumued rauidly in one continuous operation. All volumes and amounts must be 
measured or calculated and not a guess or eyeball estimate. There should be sufficient 
material and labor on hand, and equipment ready in working order. Grout, water, and 
additive quantities must be calculated (with some reserve) prior to beginning. If there is a 
possibility of encountering large voids (such as fiacture zones), provision should be made 
for additional fill, concrete or neat cement to halt excessive grout loss to the void. 
4.5.1 Preparation 

Cement mixtures: Neat cement (cement and water), sand-cement, and concrete 
(cement, sand and coarse aggregate) are readily available already mixed or they can be 
easily mixed at the site. Neat cement and sand cement grouts are effective and permanent 
sealing materials and are preferred since their solids do not segregate out if mixed and 
installed properly. "Ready-mix'' operations personnel may not be as familiar with 
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Channels formed between cement grout and casing after shrinking during 
grout curing. 

Casing 
\ 

/ 

Figure 8. Failure to Establish a Seal with a Casing Surface. 
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handling neat cement grouting mixtures and should be briefed on the required mix and 
deliver instructions. 

Bentonite mixtures: Emplacement of bentonite grout formulated from powdered 
or granular bentonite requires mixing on site using a grout mixer pump to facilitate 
blending and pumping with minimum disturbance of the solids. Tremie pipes should 
relatively large diameter so that pumping can proceed as rapidly as possible. 
Recirculation of the mix (as with a mud pump) should be minimized to limit damage to 
clay particles. Contrary to drilling fluid applications, a venturi mixer is not recommended 
for bentonite grout mixing, since it shears the clav uarticles and entrains air in the mix. 
“Blending” do not shearing is recommended. For that reason, centrifugal pumps are 
undesirable. A paddle mixer may be used to make up batches prior to pumping. 
Following manufacturer mixing instructions is important for good results in bentonite 
grouting. 

slower water absorption, and therefore delayed swelling, if there are enough unyielded 
(unreacted) solids in place and you do not exceed the liquid limit of the bentonite. If 
mixing and pumping are done quickly (within approximately 15 minutes, depending on 
the mixing equipment) a high-solids grout can be emplaced in a low-viscosity state. 
Swelling and setting then occurs downhole. This is the preferred place for swelling to 
occur, instead of at the surface. 

enough, and the mix has been prepared with fi-esh water. The grout can then become very 
difficult to pump. There are three principle ways to prevent this possibility fi-om 
becoming reality: 

downhole as much as possible in the first place. The adding high-solids grout bentonite or 
bentonite-and-sand to a preblended slurry (see following) after the pump discharge 
(taking care not to disturb the clay particles any more than necessary) and down pumping 
a tremie large enough to take the mixture at the necessary rate. 

(2) Mix of the bentonite in a previously prepared 1 :400 solution of polymer-water 
(e.g., E-Z MUD, Wyo-Vis), with bentonite at 1.5 to 2 lb. per gal. This slows the yield in 
the slurry at the surface. 

A variation is to mix granular bentonite in a premixed inorganic blend dispersion 
(e.g., AQUAGROUT) to provide a grout slurry with a higher solids content (24 YO) and 
longer working time. However, the dispersant will reduce the amount of reactive solids 
and thus reduces the quality of the seal. 

One major-advantage of course ground, high quality sodum sent bentonite is 

One problem occurs when mixing and pumping into the hole cannot proceed fast 

(1) The best way to avoid problems is planning so that solids “yield” or swell 
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(3) Another approach is the Wisconsin-named "Ohio mix" (developed by Ohio 
well drillers), which involves starting with a sluny of 30 lb/100 gal. natural (untreated) 
API 200-mesh bentonite (e.g., Natural Gel, Gold Seal), into which 125 lb. of granular 
grout bentonite is mixed. The clay in the slurry eases the mixture of the grout bentonite 
and water and also delays hydration without the use of polymer or other blending agents. 

Planning for installation requires an understanding of the volume and density of 
the mixture to be employed, and how much \zvilI be needed for the job. Table 4.6 lists 
some relevant grout properties and Table 4.7 lists annular fluid volumes for common 
casing and borehole diameters. 

Table 4.6 
Approximate Densities and Volumes of Some Grout Slurry Mixtures 

~ 

Product Mixture Density Ib/gal Volume ft3/sacka 

Neat cement 

Neat cement + 2% bentonite 

Neat cement + 5% bentonite 

Neat cement + CaCl, 

Concrete grout 

Bentonite (granular) 
+ polymer hydration retardant 

Bentonite (granular) 
+ drilling bentonite 
("Ohio mix") 

- 

6.0 galback of cement 

6.5 galhack of cement 
- 

8.5 galhack of cement 

6.0 galhack of cement, CaCI2- 
2 to 4 Ib/sack 

6.0 gal + 1 sack each of cement 
and sand 

Bensealb - 1.5 Ib/gal. 
Water: water solution of 1 qt. 
polymer per 100 gal of wateP 

Bensealb - 1.5 Ib/gal. 
Water: water solution of 0.2-0.3 Ib 
fine bentonite per gal of waterb 

15 1.28 

14.7 1.36 

13.8 1.64 

15 1.28 

17.5 2 

9.25 4.75 

9.25 5 

"1 ft3 = 7.48 gal. (0.028 rn3 or 28.3 L). 
bhands quoted for illustration only. Mixtures vary by products-used. Follow manufacturer recommendations. For SI proponions. consult 
manufacturer instructions. 
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Table 4.7 
Volume Between Casing and Borehole 

for Selected Casing Diameters 
~~ 

Casing O.D. (in.) Hole diam. (in.) Gala per linear ft.of Annulus 

4.5 6 0.643 
7 1.17 

5.5 7 0.765 
8 1.377 

6.625 9 1.51 
10 2.289 

12 2.84 
10.75 13 2.18 

14 3.28 
13 15 2.284 

16 3.55 
16 18 2.774 

20 5.875 
20 22 3.427 

24 7.181 

8.625b 1 1  1.9 

a l  gal. = 0.1337 ft3. 3.785 L. 1 ft = 0.3 rn. 
bMake adjusrments based on actual casing O.D. 
Source: Anderson (1979). 

Where exact volume calculations are critical, it is valuable to run a caliper log so 
that the exact annular volume can be determined. Variations in the hole cause deviation 
from calculations assuming the annular space occurs between two perfect cylinders 
(borehole wall and casing). 
4.5.2 Emplacement in the Annulus 

by setting a surface or conductor casing above the water table to keep an annulus fiom 
caving prior to well completion. The conductor casing should be at least two inches (5 1 
mm) in diameter larger than the permanent casing, and the borehole sufficiently greater in 
diameter than the conductor casing (at least 1.5 to 2 in.) to permit an adequate seal of the 
conductor casing. 

The required amount of cement is poured into the hole and immediately after, the 
casing with drillable plug is lowered into the mixture. Concrete may be used for this 
purpose above the water table. 

Annular =outing of an installed lowered casing;. Whether using bentonite or 
cement, grout is preferably forced into the annular space by suitable pumps or by air or 

Setting a permanent conductor casin~ bv disdacement. This may be accomplished 
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water pressure. The casing should be suspended in tension so that it is not compressed or 
distorted. 

When pumped, the grout is pumped in through a rigid tremie pipe. Preferred 
pumps are positive-displacement rotary, piston or air-diaphragm types better designed to 
pump high-solids, high-viscosity fluids. Air or water pressure may be used to accomplish 
displacement out of the casing up into the annulus to be grouted. 

Tremie method. Where a tremie pipe is used there should be a minimum annular 
opening of two inches (5 1 mm) and preferably three inches (7.6 mm) between the outer 
surface of the inside casing and the inside surface of the external casing or borehole. The 
minimum size tremie pipe should be 1.5 in. and preferably 2 in. (I.D.) (38 to 51 mm). 
Where concrete grout is used the minimum size tremie pipe used should be 3 in. (76 mm) 
I.D. However, larger annular radii result in dramatically higher temperature rises during 
curing if cement is used, and this should be taken into consideration. 

Grout material is placed by tremie pumping (after drilling fluid has been 
circulated in the annular space sufficiently to clear obstructions). When-making a tremie 
emplacement, the tremie pipe must be lowered to the bottom of the zone being grouted, 
and raised slowly as the grout material is introduced. The trernie pipe should be kept full 
continuously from start to finish of the grouting procedure, with the discharge end of the 
tremie pipe being continuously submerged just below the surface of the grout until the 
zone to be grouted is completely filled. Keeping the tremie submerged at the bottom risks 
(1) loss of the pipe and (2) unnecessary force on the casing. Pump until certain that you 
are discharging true grout (as tested) from the annulus and not just colored water. 

Positive placement-exterior method. Grout material may be placed by a positive 
displacement method such as pumping or forced injection by air pressure (after water or 
other drilling fluid has been circulated in the annular space sufficient to clear 
obstructions). Grout is injected in the annular space between the inner casing and either 
the outer casing or the borehole. The annular space must be a minimum of 1.5 inches (38 
mm) for sand-and-cement or neat cement or bentonite grout, but may be not much more 
than that without compromising the seal. 

The grout pipe must initially extend from the surface to the bottom of the zone to 
be grouted. The grout pipe should have a minimum inside diameter of one inch (25 mm) 
for sand-cement or neat cement grout. It should have a minimum diameter of 1.5 inches 
(38 mm) for bentonite or concrete grout. Grout must be placed, from bottom to top, in 
one continuous operation. The grout pipe may be slowly raised as the grout is placed but 
the discharge end of the grout pipe must be submerged in the emplaced grout at all times 
until grouting is completed. 
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The grout pipe must be maintained full, to the surface, at all times until the 
completion of the grouting of the entire specified zone. In the event of interruption in the 
grouting operations, the bottom of the pipe should be raised above the grout level and 
should not be resubmerged until all air and water have been displaced fiom the grout pipe 
and the pipe flushed clean with clear water. 

drilling fluid in the annular space sufficient to clear obstructions. In the two-plug 
cementing method, the first spacer plug, which is drillable (e.g., plaster), is inserted and 
the casing capped. A measured volume suf%cient to grout the casing in place is pumped 
in. The casing is then uncapped, the second plug inserted, and the casing recapped. A 
measured volume of water slightly less than the volume of the casing is then pumped into 
the casing until the second plug is pushed to the bottom of the casing, expelling the grout 
from the casing up and into the anndar space. The water in the casing is maintained 
constant to prevent backflow until the grout has set. Pressure is then maintained for a 
minimum of 24 hours or until such time as a sample of the grout indicates a satisfactory 
set. Cement grout is used for this procedure with a minimum annular space thickness of 
1.5 inches (3 8 mm) completely surrounding the casing. 

Positive Dlacement: Interior method with upper plug. After water or other drilling 
fluid has been circulated in the annular space sufficient to clear obstructions, grout may 
be placed by the upper plug casing method. In this method, a measured quantity of grout, 
sufficient to grout the casing in place, is pumped into the capped casing. 

Because this grout is in direct contact with the drilling fluid in the cased borehole, 
there will be a narrow zone of weak grout between the drilling fluid and the good grout. 
The casing is uncapped, and a drillable plug, constructed of plastic or other suitable 
material, is inserted on top of the grout and the casing recapped. A measured volume of 
water, equal to the volume of the casing, is pumped into the casing, forcing the plug to 
the bottom of the casing and expelling the grout into the annular space surrounding the 
casing, and possibly diluted grout out at the surface. 

Utilizing this method, the weak grout zone at the interface of grout and drilling 
fluid will not be located at the critical position at the bottom of the casing. The water in 
the casing is maintained under pressure to prevent back flow until the grout has set. 
Pressure is maintained for a minimum of 24 hours or until such time as a sample of the 
grout indicates a satisfactory set. Bentonite, neat cement or sand-cement grout can be 
used for this procedure, with a minimum annular space opening of 1.5 inches (38 mm) 
completely surrounding the casing. 

m. Circulate water or other 
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Positive dacement: Interior method with capped casing. In this methods, grout is 
placed by pumping or air pressure injection through the grout pipe installed inside the 
casing from the casing head to a point 5 feet (1.5 m) above the bottom of the casing (after 
water or other drilling fluid has been circulated in the annular space sufficient to clear 
obstructions). The grout pipe extends (airtight) through a sealed cap on the casing head of 
the well casing. The casing head is equipped with a relief valve and the drop pipe is 
equipped at the top witha valve permitting injection. The lower end of the drop pipe and 
the casing remain open. 

head relief valve. The relief valve is then closed and injection of water is continued until 
it flows from the bore hole outside of the casing to be grouted in place. 

This circulation of water is intended to clean the hole and condition it to better 
take the grout. Without significant intemption, grout is substituted for water and (in a 
continuous manner) injected down the grout pipe until it returns to the surface outside of 
the casing. A small amountof water, not to exceed 17 gallons per hundred linear feet (30 
m) of 2-inch (51-mm) drop pipe may be used to flush the grout pipe, but pressure 
maintained constant on the inside of the grout pipe and the inside of the casing until the 
grout has set. 

Pressure is maintained for at least 24 hours, or until such t h e  as a sample of the 
grout indicates a satisfactory set. Bentonite, neat cement or sand cement grout may be 
uied for this procedure with a minimum annular space of 1.5 inches (38 mm) completely 
surrounding the casing. 

Continuous iniection method. Grout may be placed by the float shoe continuous 
injection method (after water or other drilling fluid has been circulated in the annular 
space sufficient to clear obstructions). The bottom of the casing is fitted with a suitable 
drillable float shoe. Tubing or pipe is run to the float shoe and connected to it by a 
bayonet fitting, left-hand thread coupling, or similar release mechanism. Water or other 
drilling fluid is circulated through the tubing and up through the annular space outside the 
casing. When the annular space is clean and open, grout is pumped down the pipe or 
tubing and forced by continual pumping out into the annular space surrounding the 
casing. Pumping continues until the entire zone to be grouted is filled. The grout pipe is 
then detached from the float shoe and raised to the surface for flushing. 

remaining in the bottom of the casing is drilled out. Bentonite, neat cement or sand 
cement grout may be used for this procedure with a minimum annular space of 1.5 inches 
completely surrounding the casing. 

Clean water is injected down the grout pipe until it returns through the casing 

After the grout has set, the float shoe, back pressure valve, and any concrete plug 
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Grout disdacement method. The hole is filled with the estimated volume of grout 
required for the purpose intended. The casing fitted at the bottom with a drillable back 
pressure valve, metal plate, or similar seal, is lowered through the grout to the bottom of 
the hole. If necessary to maintain the bottom of the casing at the bottom of the hole, the 
casing is filled with water or drilling fluid, and in some cases by applying a load on the 
bottom with drill pipe. The load is maintained until the grout has set, after which the 
bottom plug is drilled out and the well deepened. Use of this method is limited to wells 
not more than 100 feet in depth. 

Groutinn with a temuoraw conductor casing,. A temporary casing may be pushed 
or driven into place with drilling proceeding inside. The temporary casing should be four 
inches (1 00 mm) in diameter larger than the permanent casing. The permanent casing 
may be installed inside the temporary casing. A suface grout seal may be poured in the 
resulting annulus. Poured concrete may be used above the water table (largest aggregate 

Drv moutingmethods with driven casings. This method has been developed as a 
4 1 2  in.). 

means of providing a more positive seal around driven casings. Dry granular bentonite, 
which swells upon contact with soil moisture, must be used. Field experiments by the 
Michigan Department of Health indicate that this method can provide an annular seal 
with a permeability on the order of lo-’ cdsec  around a driven steel casing with threaded 
couplings to a depth of at least 30 ft, however this may not be possible with a high water 
table, where the grout tends to lodge. Couplings have to be present as bentonite will not 
travel past the water table surface with smooth-bore welded casing. 

In the single-driven pipe procedure, the bentonite is poured dry in a mound around 
the casing and replenished as grout is pulled along with the casing pipe as it is driven into 
the ground. Approximately 2.5 lb of bentonite per foot is used for a 4-inch diameter 
casing. More grout will be needed for larger casing diameters, with the amount needed 
being highly site-specific. 

An alternative procedure involves feeding the dry granular bentonite inside a 10 to 
15 ft (3-5 m) conductor casing. The level of the solid bentonite being fed in is kept below 
the level where casing joints are broken. This provides a larger-diameter surface grout 
seal, which optionally can be completed with concrete. The conductor casing is removed 
before grout is set. 

Cement curinp times before construction mav be resumed: See Table 4.3 for 
average or minimum set times. Some authorities recommend an additional magin of 
safety, by allowing Portland Cement Type I mixtures to set 72 hours and Type I11 
mixtures 36 hours. 
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Cement temDerature management: Cement heat of hydration is a potential source 
of problems for plastic casing (see Chapter 3). The critical time is about 6 to 12 hr after 
grout emplacement when temperatures peak. Temperatures rise much higher in air-filled 
as opposed to water-filled casings due to the difference in heat-exchange capacities of air 
and water. Where feasible, filling the plastic casing with water and circulating it slowly 
with a pump helps to reduce the heat peak that reduces the hydraulic collapse resistance 
of the casing. 
4.6 Centralizers 

Centralizers are used to maintain a lowered or floated casing in the center of a 
drilled hole to assure an even annular space around the casing for a more complete grout 
seal. Centralizers must be made from plastic or stainless steel that will not corrode in 
contact with the grout, and sturdy enough to stand up to handling during insertion. 
Connection bands on the casing must hold the centralizer in place without slipping. The 
profile of the centralizer should permit movement in both vertical directions and allow for 
some rotation.Some centralizer options include (Figure 9): 

(1) Centralizer at bottom of hole only. 
(2) Centralizer at bottom of hole and other critical points. Centralizers are 

attached to the bottom of the casing at other critical grouting points such as zones of 
unsuitable water quality. 

greater than 25 feet (7.5 m). 
4.7 Grout Integrity Testing 

a proper grout seal has been achieved. There are five most commonly used field tests: 

vs. time. 

(3) Centralizers at 25-foot intervals. Centralizers are spaced at intervals not 

There are presently no fool-proof field tests that can be performed to determine if 

(1) Static water level -- Measuring change in introduced water level in the casing 

(2) Water temperature -- More cement behind the casing will cause a larger 
temperature anomaly on a temperature log, if run within 24 hr (cement grout only). 

(3) Water chemical composition -- Determining if cement is affecting ground 
water physical-chemical quality. 

(4) Pressure -- Degree of pressure loss in sealed casing over time. 
(5) Cement bond log test -- Acoustic log signal amplitude is dampened and signal 

Each of these has imperfections. However, under controlIed conditions, the latter 
time delayed. 

two tests may indicate in a general way the nature of the grout seal and its probable 
effectiveness. The proper choice of any field method depends solely on a clear 
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Figure 9. Use of Centralizers. 

Figure is tkom the Australian Drilling Manual. 
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understanding of the specific hydrogeologic conditions and the construction techniques 
and materials employed in the grouting operation. 

procedure is of extreme importance, it is recommended that the grouted zone either be 
pressure tested or an appropriate cement bond log run if cement is used as grout. The 
interpretation of the data from such tests must be made by a log analyst with considerable 
experience with such data. 
4.7.1 Acoustic Sonic Cement Bond Log For Cement Bond 

conducted on bentonite seals. It is conducted upon completion of the cure of the grout 
(normally 72 hours but varying with materials and additives used). An acoustic sonic 
cement bond log is run in the borehole fiom the top to bottom to determine the quality of 
grout emplacements. The interpretation of the log should be made by a log analyst 
experienced with the interpretation of such data. 
43.2 Pressure Testing Of Grouting Seal 

for curing of the grout, and may be used for either cement or bentonite grout seals. A 
pressure of 7 to 10 psi (48 to 69 kPa) of air is to be maintained within the well, without 
the addition of more air, for a period of not less than one hour. Any loss of air should be 
construed as indicating a defective seal, which would need to be corrected by resealing, 
followed by a pressure test at 15 psi (1 03 kPa or -1 bar) for one hour. 

It should be noted that in situations where the effectiveness of the grouting 

This procedure is suitable for cement grout seals only although research is being 

Pressure testing of the grout seal may be employed following the appropriate time 
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5 Well Screens and Intakes 
To fulfill their function of providing water fiom aquifers, wells must allow access 

for water to the well casing. In wells developed in competent, non-sloughing rock 
formations, this intake is most often an open borehole of sufficient length and diameter to 
provide the optimal amount of water. In unconsolidated materials, and under certain 
conditions in consolidated materials, there must be openings opposite the water-bearing 
material to allow the water to flow into the well (Figure 10). 

Long practice has permitted the development of expedient perforations in casings 
or open-bottom completions. However, for the purpose of permanent water supply, these 
methods do not adequately protect against the entrance of fine material during pumping. 
For this reason (along with initial hydraulic efficiency and long-term resistance to 
performance degradation), wells in unconsolidated and poorly consolidated materials 
should be completed with an engineered well screen. For water wells expected to have 
long service lives, a screen should be specifically engineered for the formation 
characteristies and water quality of the well. 
5.1 Purpose, Types and Design of Screened Wells 

Well screens are engineered intake structures that provide known slot openings to 
permit the entry of water while excluding formation particles. Screens are not designed to 
exclude the finest material. They are designed to hold out the coarser (more hydraulically 
transmissive) particle sizes, while relying on these particles to assist in excluding finer 
materials. This is done by developing the well in such a way that the natural and, in some 
cases, artificially introduced, coarse-grained materials, retain finer-grained materials 
while enabling the water to enter without excessive head loss. A certain percentage of 
finer materials will be removed through the casing during development. 
5.1.1 "Natural" and "Artificial" Screen Packs 

There are two basic types of wells in unconsolidated formations: (1) naturally 
developed wells and (2) those with an artificially introduced filter media. 

Naturally developed wells are favorable in formations where the materials 
surrounding the screen are (1) highly uniform in grain size (homogeneous) but graded in 
such a way that the fine grains will not clog the screen, or (2) non-uniform so that the 
developed graded materials can form a naturally high-transmissive zone around the 
screen, called a "natural pack. In either case, during the process of development, the 
finer materials fiom the aquifer(s) are removed so that only the coarser materials are in 
contact with the screen. 

In formations which lack coarse grained materials and grading is uniform, or 
stratified units that have zones of fine material, an engineered filter pack of selected 
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material having a grain size coarser than the natural formation is placed around the screen 
to accomplish this purpose. Such a well is called an artificially packed well or, in many 
areas, a gravel-packed well (because fine gravels are often used for packing). Such filters 
are described in Chapter 6.  

Artificially packed wells are usually justified when the aquifer is (1) not 
homogeneous, (2) has uniformity coefficient less than 3.0, and (3) an effective grain size 
less than 0.01 inch, and a screen for a naturally developed well would not transmit the 
desired yield at an acceptable inlet velocity. They are also recommended in stratified 
aquifer situations in cases where more than 5 feet (1.5 m) of screen is required (and 
regardless of the homogeneity or uniformity coefficient of the aquifer formation). If 
aquifers in an interval are less than 5 feet (1.5 m) thick and separated vertically by less 
than 5 feet (1.5 m), the artificial filter should be used. 

a large percentage of fine materials in order to avoid excessive settlement of materials 
above the screen, (2) where the overlying formations consist of thin beds of fine sand, 
clay and gravel, or (3) to permit the use of larger screen slots. In addition, in poorly 
consoridated rock that tends to disintegrate and cave at the time of pumping, an artificial 
pack may be needed. 
5.1.2 Screen Inlet Area and Entrance Velocity Issues 

screen design. The well screen aperture openings, screen length and diameter (that 
together constitute inlet area) should be selected so as to have sufficient open area to 
transmit the desired yield without excessive head loss and flow velocity across the screen 
entrance. 

Artificial packs are sometimes needed to (1) stabilize well-graded aquifers having 

Screen inlet area (see following) is an important and somewhat consideration in 

There is an active debate on how high this velocity should be, which most likely 
depends on regional differences in formation material composition, water quality, and 
other factors such as potential for clogging biofouling. Recommendations (all based on 
empirical testing results) range all the way fiom XO. 1 Wsec to >4 Wsec. Select an 
aperture (slot) entrance velocity equal to or less than 1.5 Wsec to meet the standards of 
ANSUAWWA A1 00. However, wire-wound screen doctrine recommends <O. 1 Wsec. It 
is good practice for screen design to be based on the recommendation of a local, 
experienced hydrogeologist or geological engineer using good drilling sample data, rather 
than adhering rigidly to a standard. 

Gross open area of a screen is important to know in calculating the entrance 
velocity at a design pumping rate. Manufacturers can supply the figure for their screen 
design, however, part of the slot openings is blocked by the sand and gravel of the 
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formation or pack. How high the percentage blockage is depends on the particle size of 
the aquifer and pack, as well as the slot opening geometry. 
5.2 Screen Type, Aperture Size, and Material Selection 

analysis of the particle sizes of the formation material and its water quality. Filter-packed 
screens are selected to retain a filter pack selected to retain the formation (Chapter 6).  
Screens designs should provide an open area at least equal to the open area (porosity) of 
the surrounding formation, and provide design pumping volumes at an acceptable 
entrance velocity for the service life of the well. Screens design also must consider the 
mechanical loading that the screen will'experience under installed conditions (tensile, 
collapse, shear forces) (Figure 11). 
5.2.1 Screen Type Selection 

Punched (with material removed) and slotted PiDe. An economical screen can be 
manufacued from pipe that has been mechanically punched (with the material removed) 
or slotted by saw or mill. The slots should have as uniform spacing and size as practical. 
Slots or holes should taper outward (widen toward the interior). Due to corrosion 
concerns with metal pipe, slotted or punched construction should be limited to 
thermoplastic pipe material with sufficient strength to withstand the forces of installation 
and pumping when formed into screen. However, slotted or punched screens should not 
be relied upon for strength in deep or unstable settings. Slotted or punched screens 
generally should be completed with artificial filter pack (Chapter 6), with slot sizes 
selected for the filter pack. 

in it where material has not been removed, but opens outward to form louvers. Louver 
design screens may be selected where strength is a primary criterion for selection. The 
openings need to be uniform and their total area such that the entrance velocity at the 
design condition must not exceed 4 feet per second per manufacturer recommendations 
(or 1 .S Wsec per ANSUAWWA A1 00). Louver screen pipe should be steel or stainless 
steel (an alloy selected to have sufficient corrosion resistance in the design aquifer 
environment when slotted). Louver screens should be completed with artificial filter 
pack, with the slots selected for the filter pack. 

Continuous slot wire wound screen. The screen is constructed of wound wire, 
reinforced with longitudinal bars, the wire having a cross section that will form an 
opening between each adjacent coil of wire that is shaped in such a manner as to increase 
in size inward (tapers outward). The wire is firmly attached to the bars which are, in turn, 
attached to a coupling adapter. Wire-wound screens may be constructed of any weldable 

Screens for naturally developed wells are designed and selected based on a sieve 

Louvered-slot PiDe. The screen consists of casing pipe that has punched openings 
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metal (typically stainless steel) wire, reinforcing rods, and attachments. Mild steel 
construction is not recommended for water wells due to typically rapid corrosion 
(although mild steel screens have had acceptable service lives in selected circumstances 
with favorable environments). Alternatively, "wire-wrap" design screens may be formed 
or molded from thermoplastic or fiberglass-reinforced plastic. Wire-wound screens may 
be completed either naturally or artificially packed. Per manufacturer recommendations, 
the total open area should be such that the entrance velocity at the design condition 
should not exceed 6 feet per minute (OX foot per second). 

Stacked-rim V-slot screens. A modification of the continuous slot design involves 
stacking of thermoplastic slot elements on vertical reinforcing bars. The slot segments are 
designed so that the slot openings widen toward the center (taper outward). This design 
combines relatively high hydraulic efficiency, variability in slot dimension, and strength. 

Reinforced wire wrapped uunched pipe. Another hybrid screen type designed for 
strength in natural developed well completions consists of perforated pipe reinforced with 
longitudinal bars and wrapped with wire. The wire should have a cross section forming 
an opening between wires that increases in size as the slot extends inward. The wire will 
be firmly attached to the bars which are attached to the pipe. The total open area should 
be such that the design entrance velocity does not exceed 6 feet per minute (0.1 foot per 
second). Wire, pipe, and bars should be constructed of a single type of stainless steel or 
plastic to minimize or prevent corrosion. 

Artificial filter screen (precast). The screen is constructed by placing graded silica 
particles between an inner a slotted or wire-wound screen, and an outer screen to contain 
the filter sand. The sand may be bonded or just packed in place. The total open area 
should be such that the entrance velocity of water at the design condition should not 
exceed six (6) feet per minute (0.1 foot per second). 
5.2.2 Screen Aperture Size 

Aperture size selection for naturally uacked well completions is based on the 
following criteria: 

(1) Where the uniformity coefficient of the aquifer is greater than 6 and the 
aquifer is overlain by an essentially non-caving formation, the aperture size should be that 
which retains 30 percent of the aquifer sample. 

(2) Where the uniformity coefficient of the aquifer is greater than 6 and the 
aquifer is overlain by a readily (fmer textured) caving formation, the aperture size should 
be that which retains 50 percent of the aquifer sample, and the top of the screen should be 
two or more feet (- 1 m) below the finer formation. 
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(3) Where the uniformity coefficient of the aquifer is 3 or lower and the aquifer is 
overlain by an essentially non-caving formation, the aperture size should be that which 
retains 40 to 50 YO of the aquifer sample. 

(4) Where the uniformity coefficient of the aquifer is 3 or lower and the aquifer is 
overlain by a caving, finer textured formation, the aperture size should be that which 
retains 60 percent of the aquifer sample, and the top of the screen should be two or more 
feet (- 1 m) below the finer formation. 

( 5 )  For conditions between the extremes listed, interpolate between the extremes 
to obtain the proper screen aperture size, or follow manufacturer recommendations. 

(6) Where a formation to be screened has layers of differing grain sizes and 
gradations, use the following rule: If the 50 percent size of the coarsest layer is less than 4 
times the 50 percent size of the finest layer, the aperture size is selected on the basis of 
the finest layer, or for each specific layer as indicated in 1,2,3,4, or 5 (above). 
Alternatively, consider an artificially filter packed completion. 

select an aperture size that will retain 10 percent more than is indicated in the above 
paragraphs. 

top two feet (61 cm) of the underlying coarse sand. The coarse size aperture should not be 
larger than twice the fine sand size. 

Where an artificial filter is to be used the aperture size selection criteria are 
provided in Section 6. 
5.2.3 Screen Material Selection 
To reduce the possibility of corrosion, the well screen and its end fittings should be 
fabricated of the same material (Type 304 or Type 3 16 stainless steel, plastic, reinforced 
fiberglass, etc.). For all materials corrodible in water (metals), corrosion of a screen will 
be greater than for a similar mass of casing pipe due to (1) larger surface area, (2) metal 
alteration during manufacture, and (3) stress points from installation. 

biological quality of the water and prior knowledge of the local water quality. A prudent 
choice would be to select materials to withstand the most conosive water produced by 
nearby wells to account for changes in well water quality due to biochemical "maturing" 
over time. Blank sections used in combination with screens may or may not be of the 
same material as the screens. However, potential corrosion damage should be considered 
in such installations, and noncorrodible materials used whenever feasible. Installations 
with short blank sections of carbon steel placed between long screens of stainless steel are 

(7) Ifthe water is corrosive or the accuracy of the chemical analysis is in doubt, 

(8) Where fine sand overlies coarse sand, use the fine sand size aperture for the 

The material choice should be based on analyses of the physico-chemical and 
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more at risk of corrosion damage, usually occurring at the contact point of the two 
material types. Passivation of the carbon steel usually inhibits corrosion before damage 
occurs, unless microbial corrosion is an active mechanism in the formation. 
5.3 Screen Location, Length, and Diameter 

The well screen@) should be set at an elevation (or elevations in multiple zones 
where permittable) that approximate the best producing zone or zones. The screen setting 
should be based on results of an analysis of the formations penetrated as recorded in the 
driller's log, stratigraphic or boring log, and geophysical logs (if available) . 
5.3.1 Screen length 

yield from the water supply well: 
A. Formation being screened is homogeneous and the mound water under artesian 
pressure: 

thickness. 

Screen length should be selected by the following criteria to obtain the optimal 

(1) If less than 25 feet thick, use a length equal to 70 percent of the formation 

(2) If between 25 feet and 50 feet thick, use a length equal to 75 percent of the 

(3) If more than 50 feet thick, use a length equal to 80 percent of the formation 
formation thickness. 

thickness. 
The screen may be centered in the unit, or slot zones placed opposite preferred zones. 
B. Formation being: screened is not homogeneous and mound water under artesian 
pressure: 
Select the more permeable sections fiom: 

(1) Sieve analyses. 
(2) Geophysical logs. 
(3) Driller's logs (estimates of fluid loss). 
(4) Laboratory tests of permeability, if representative samples are available. 
(5) Visual inspection of samples of the formation, or borehole television or 

photographic coverage of entire interval (where available -- usually stable consolidated 
formations). 
C. Formation being screened is homogeneous and the mound water unconfined (water 
table conditions): Screen the lower one third of the formation. 
D. Formation being screened is not homogeneous (highly stratified) and under 
unconfined conditions: Common practice is to select the screen length as one third the 
aquifer thickness. The screen is usually set in the lowest, most permeable sand. 
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Hydrological well tests should be made to establish the location of the most productive 
zone (Chapters 1 and 9). 
5.3.2 Screen Diameter 

The diameter of a screen is usually not a critical factor for specific capacity but is 
an issue in designing to compensate for expected screen encrustation or corrosion. 
Doubling the diameter of a screen generally only increases the specific capacity by 7 to 
10 %. The primary advantage to increasing diameter is to increase the total intake open 
area and to decrease the velocity of flow up the screen (velocity should be 5 Wsec or 
less). 

Secondary effects of these design criteria are (1) optimal hydraulic efficiency and 
(2) longer time until natural well performance deterioration becomes apparent. If a lesser 
yield is specified, such as for a domestic well, the well screen may be situated for optimal 
performance, water quality and acceptable screen entrance velocity. 
5.4 Method of Screen Installation 

Suspended from surface method. The screen (with closed bottom) is attached by 
an approved manner to the casing and lowered into the fluid-filled open borehole to the 
design depth. In no instance should it be driven or forced. The casing and screen unit is 
suspended from the surface until the formation has collapsed against it or until a filter 
material or formation stabilizer has been added, and the screened area developed. This is 
the most practical method for artificial filter pack installations (Figure 12). 

Washing: method. The screen is fitted with a self-closing valve on the bottom and 
attached to the well casing. A smaller pipe is placed in the screen and fitted to the self- 
closing valve. The screen with its casing is then "washed" into place by pumping clear 
water or the lowest possible weight drilling fluid through the inner pipe until the screen is 
in position (Figure 13). 

be screened and cleaned out to the level where the bottom of the screen is to be placed. 
The screen is fitted with a fiction or " K  packer, designed to seal against the casing, but 
to permit the screen to be lowered to the bottom of the casing (the interior of the casing 
should be smooth and straight). The screen and packer are then be lowered to the 
completion level by means of a removable cable or drill stem apparatus f l y  hooked or 
threaded to the screen. The screen is placed by gravity under conditions that limit the rate 
of descent. After the screen is in its proper location, a heavy steel bar, pipe, or drill stem 
may be set on the screen bottom to hold it down and the casing raised until the screen is 
exposed to the aquifer with the packer or seal lapped 12 inches (300 mm) into the casing, 
forming a watertight seal (Figure 14). 

Pull back method. The well casing is driven or lowered through the formation to 
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Figure 12. Artificially Filter-Packed Well. 
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Driven-through casing method. The casing is set at a level immediately above the 
top of the formation or portion of the formation to be screened. A well point screen fitted 
with a fiction or "K" packer (Figure 15) is lowered through the casing to the top of the 
formation using the drill stem or lowering hook. The screen is then seated in the 
formation by driving it to the desired depth and sealing it to the casing (Section 5.6). 
Driving force and screen strenee should be such that screen entrance slots are not 
distorted. 

Bailed-through casin~ method. The casing is placed at a level immediately above 
the top of the formation or portion of the formation to be screened. A piece of plain 
tubing of the same material as the screen and sey_eral feet long is attached to the bottom of 
the screen. A similar piece, long enough to lap 3 feet (1 m) into the casing, and a packer 
are attached to the top of the screen. The screen and attachments are then be lowered 
through the casing to the top of the formation by cable and hook or an attached string of 
pipe. The screen is then be put into place by-bailing the aquifer material out from under it 
and allowing it to settle into the design position. After the screen is in place, it is sealed to 
the casing and the bottom tubing plugged with nondegradable material. 

Bailed or air ietted through casing method. The casing is placed at a level 
immediately above the top of the formation or portion of the formation to be screened. A 
bail-down shoe is attached to the screen and a line of bail-down pipe attached to the shoe 
by a right and left-hand coupling, or similar release device. The screen is then be lowered 
by the bail-down pipe to the top of the aquifer and then bailed into place or seated by 
blowing air through the bail-down pipe. When the screen has reached the desired depth, 
the bail-down shoe is plugged at the bottom by an approved method, and the screen 
sealed to the casing. 

Washed-through casing method. The casing is placed at a level immediately 
above the top of the formation to be screened. The screen is fitted with a self-closing 
valve at the bottom and a small inner pipe attached to the valve. The screen is then 
lowered through the casing by any me= deemed appropriate. The screen is washed into 
place by pumping clear water or lowest-weight practical drilling fluid through the inner 
pipe (Figure 16). When in place, the screen is then sealed to the casing. 

In all instances, fluids used should be appropriate for a potable water installation, 
and any additives used should not promote biofouling or corrosion, and be completely 
removable by conventional development methods. All screen installations are finished by 
appropriate well development until optimal performance is achieved (see Section 8). 
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Figure 15. Drive-Through Method. 

Figure is from CrounmVnrer and We&. 
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Figure 16. Bail-Through Casing Method. 

Figure is from Groundwater and Wells. 
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5.5 Method of Joining Screen Sections 
Screen sections for a single interval may be joined by threaded and coupled or 

spline-lock joints, socket-type fittings and solvent welding, or electric arc or acetylene 
welding. Welding rods, solvents (where used) and methods recommended by the screen 
manufacturer shall be employed. Resulting joint@) must be straight, sand tight and retain 
100 percent of the screen strength. 

If joints are to be welded, the welding rod must be made of material suitable for 
joining corrosion resistant materials in a manner so as not to reduce that resistance. Heat 
distortion of the welded metal and weld spatter should be kept to a minimum to reduce 
corrosion attack. Where dissimilar metals are joined a dielectric coupling may be 
indicated where there is a history of corrosion problems. 

as the screen or a material noncorrodible in water (e.g., plastic or fiberglass). Blanks 
should be joined to the screen by the threaded and coupled or spline-lock joints, socket- 
type fittings and solvent welding, or electric arc or acetylene welding using materials and 
procedures described in Chapter 3 for casing. The resulting joints must be straight, sand 
tight and retain 100 percent of the screen strength (Figure 17). 
5.6 Method of Connecting Screen to Casing 

Screens must be attached to the casing so that a positive and permanent sand-tight 
sea1 results which excludes grout, or any undesirable leakage from the outside. The joint 
should be mechanically strong to withstand long-term use and future well redevelopment. 

coupled or spine-lock joints, socket fitting and solvent welding, or electric arc or 
acetylene welding using materials and procedures specified for casing in Section 3. The 
resulting joints must be straight, sand tight, and retain 100 percent of the screen strength. 

Neomene or rubber seal. A neoprene or rubber friction seal or "K" packer 
especially made for this purpose (designed to be self-sealing (sand-tight) in the well 
casing) is attached to the top of the screen. 

Cement fill in annulus. The casing is joined to a pipe extending above and 
attached to the screen by filling the space between them with neat cement for a vertical 
distance of at least 3 feet (1 m) and at least 1 inch (2.5 cm) thick through the cement seal. 
5.7 Methods of Sealing Screen Bottom 

The bottom of a screen should be closed to force water through the engineered 
screen. If it is to bear the load of the casing and screen, it should be mechanically strong 
enough to withstand distortion. All bottom closing materials should be permanent and 
resist deterioration or dislodgment under working conditions. 

Blank spacers for multiple-interval screens usually should be of the same material 

Mechanical or welded ioint. The casing and screen are joined by threaded and 
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Conduction Casing 
Grouted in Place. 
If Required 

Pump-Housing Casing 

Screen 

Blank Casing 

Screen 

Bail 

Figure 17. Casing and screen placed in open hole without forcing. Blank casing in nonwater-bearing formation optional. 

Figure is &om the AWWA Standard for Waer Wells (ANSIJAWA A100-84) 
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Fabricated dun  method. The bottom of the deepest screen section is sealed with a 

Self-closing valve method. The bottom of the deepest screen section is sealed by 

Bag cement method. A pipe extension at least 4 nominal screen diameters in 

threaded or welded plate, plug or point made of the same material as the screen body. 

means of a self-closing valve on the bottom of the screen. 

length is attached to the bottom of the screen (the drill hole having been deepened below 
the aquifer interval to accommodate the extension). The bottom is then sealed by 
lowering into the extension pipe sufficient dry cement in small cloth bags to fill it to a 
depth of at least 3 nominal diameters, packing it firmly into place. 
5.8 Open Borehole Completions 

While not as complicated as screen completions, open borehole completions also 
have design considerations. Open boreholes are preferred in competent rock aquifers that 
do not slough sand, silt or clay particles. Where a screen is not needed for well integrity, 
the well operator does not have to contend with the initial cost and head loss, and screen 
clogging or corrosion over time. 

The open borehole segment of the completed well should provide enough length 
and diameter to produce sufficient water fiom available fracture zones. The casing and 
casing grout seal should extend below upper poor quality zones and also below the 
pumping water level to minimize cascading during drawdown. Where a deeper zone will 
supply sufficient water, upper zones should be cased off to avoid cascading, biofouling 
and water quality degradation. If not necessary for production, deeper poor water quality 
zones encountered during drilling should be cemented off. 

developed. Refer to Section 8. 
Open borehole zones should be developed, just as screened completions are 
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6 Well Filter Construction 
An artificial filter pack (often referred to as a gravel pack) consists of a clean sand 

or gravel of selected grain size and gradation which is installed in the annular space 
between the screen and the wall of the well bore. The filter has a larger average grain size 
and usually a smaller coeficient of uniformity than the aquifer material. This permits use 
of a larger screen slot size and consequent larger open area so that entrance velocity is 
lowered and head losses to the well are reduced. The filter has aconsiderably higher 
permeability than the formation so that the effective diameter of the well is increased to 
some extent. Both these factors tend to increase the efficiency and specific capacity of a 
well and tend to reduce the possibility of excess sand production. 
6.1 Filter Selection and Construction Practice 

The grain size and gradation of the filter are selected to stabilize the aquifer 
material and to permit only the fme fiactions to move into the well during development. 
Thus, after development, a correctly filtered well is virtually "sand fiee" (fiee of 
formation particles), and a narrow m u l w  of the formation adjacent to the filter has its 
permeability increased to some degree. 

Generally, the thinner the filter the better. Actually a correctly designed filter 0.5 
inch (1 3 mm) thick would be adequate, but the mechanical difficulties of satisfactorily 
placing such a filter preclude its use. From a practical standpoint, filter packs are usually 
about 3 to 8 inches (75 to 200 mm) thick. Planned borehole diameter has to be increased 
accordingly to accommodate the filter pack annular size. Thicker filter packs present 
problems in developing (and later rehabilitating) wells properly, and encourage vertical 
flow in the pack. 

Wells in some unstable, weathered rock aquifers benefit from a formation 
stabilizer even if fine sand or silt pumping is not a problem. In this case, a stabilizer pack 
prevents dislodgment of rock fiagments into the well, or possible crushing or perforation 
of the intake screen. A stabilizer pack may also prevent overlying fine-grained materials 
from closing off aquifers. While the purpose for the filter pack varies from that of a filter 
designed for exclusion of fine particles, general pack selection and installation criteria 

6.1.1 Filter Pack Selection 
apply- 

Filter packs should be designed to retain the formation material as follows: 
(1) Construct sieve analysis curves for the aquifer intervals selected for screening. 

The filter pack grading is based on the layer with the finest material. In some cases 
where layers are particularly fme, it is beneficial to blank off these zones. 
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(2) Multiply the 70-percent size of the selected sediment by a factor between 4 
and 10 depending on the uniformity coefficient. Use 4 to 6 if very uniform and the 40 % 

retained size is 0.010 (0.25 mm) or less. Use a 6 to 10 multiplier in semi-consolidated or 
consolidated units where there is a low uniformity coefficient. Place the result of this 
multiplication as the 70-percent size of the filter material (Figure 18). 

point on the formation sieve analysis curve for the selected interval. 

right physical and chemical characteristics. 

(3) Draw a curve with a uniformity coefficient of < 2.5 intersecting the 70-percent 

(4) Select a commercial filter pack closely matching this curve and having the 

(5) The screen sh t  size selected should retain 90 % of the filter pack. 
(6) Calculate the volume of filter pack needed. 
The filter pack should consist of clean, well-rounded grains that are smooth and 

uniform. The filter material should be siliceous (recommended Mohs Scale hardness > 7) 
with a limit of 5 per cent by weight of calcareous materid (determined by testing with 
HCl). The filter should be obtained fiom a known source with adequate quality control 
and should consist of hard, rounded particles with an average specific gravity of not less 
than 2.5. Not more than 1 percent by weight of the material should have a specific gravity 
of 2.25 or less. The uniformity coefficient of the filter pack mix should be no more than 
2.5 (Figures 19A, B, C). 

The filter should contain not more than 2 percent by weight of thin, flat or 
elongated pieces (pieces in which the largest dimension exceeds three times the smallest 
dimension) determined by hand picking; and should be free of shale, mica, clay, organic 
soil components (e.g., topsoil or peat) and organic impurities of any kind. The filter 
particles should contain no iron or manganese, or other constituents in a form or quantity 
that will adversely affect the water quality. Filter pack material should be washed and 
dried. 

Samples of filter material to be furnished by a supplier should be tested prior to 
commitment for use on site. Samples of filter material, including sieve analysis, must be 
submitted in advance of delivery and placement. The filter material should be delivered to 
the site upon approval in a form acceptable to the well contractor in time for installation 
with the casing and screen. Filter material should be protected fiom the elements and 
from contact with the soil or other sources of contamination by a suitable covering. 
6.1.2 Filter Pack Placement 

The annular space between the well screen and the wall of the hole should be 
filled with clean, disinfected, selected filter material to form a bed around the well screen. 
Every precaution should be taken which will ensure the proper placing of the filter 
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Figure 18. Plotting the percent of the sample retained on each sieve provides a graphic illustration 
of the grain-size distribution. 

Figure is from Groundwater and Welk. 
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U.S. Sieve Sizes 

Figure 19A. Filter Pack Selection. 

US. Sieve Sizes 

Figure 19B. Filter Pack Selection. 

Figures are from the Handbmk of Ground Water Development. 
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Figure is fiom the Handbook of Crowd Wder Development. 
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material continuously from the bottom of the well to a point above the well screen 
without separation of the materials as they are introduced into the well. 

In a shallow well with 6 inches or more of annular space and 5 or 6 feet (1.5 or 
1.8 m) of screen, the filter material can be poured in to give a satisfactory installation. 
This should be tested and a switch made to tremie pouring if difficulty arises. 

avoid bridging and segregation of the filter material. If placed by gravity, the material 
should be introduced at a metered, uniform rate. Frequently it is placed via a tremie pipe. 
Other effective way of placing the filter pack include washing or pumping the filter 
material in with water (as a slurry). Once installation of the filter material is started, it 
should proceed at a uniform rate until completed from the bottom of the well to a selected 
point above the screen. Check the depth of the pack periodically and compare the volume 
introduced to the expected volume needed. 

If more than one grade of filter material is to be installed in the well 
simultaneously, the grades of gravel should be mixed at the surface before introduction 
into the well. Regardless of the method of mixing used, there must be no chance of 
contamination of the filter material during mixing. 

In deeper wells with longer screens, the pack should be placed with great care to 

Documentation of the filter pack should include: 
(1) Supplier's name, address and source location 
(2) Size designation 
(3) Gradation curve or percent passing each sieve 
(4) Gravel packed intervals 
(5 )  Quantity of gravel placed 
(6) Chemical composition of gravel. 
Per ANSUAWWA A100, the filter pack material should be disinfected during 

installation. In single-aquifer water supply wells, the filter pack material should be 
disinfected by maintaining and circulating a chlorine residual of at least 50 mgL, as 
tested at suitable intervals. In multiple-aquifer completions, the pack may be disinfected 
by adding 0.5 lb (0.23 kg) of granular or tablet calcium hypochlorite per ton of gravel, 
distributed as uniformly as possible. Filter pack may also be presoaked in a chlorine 
solution prior to introduction into the well bore. A disinfection tube run fiom the surface 
to the gravel pack provides another means of disinfection that can also be used later for 
maintenance treatment. 

When placing a filter in a well, care must be taken to assure that any filter 
material that enters the well screen during placement is removed during development. 
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6.2 Length of Artificial Filter 
The filter material should extend a distance at least 2 4 2  times the largest 

diameter of the well above any screen to the base of the screen interval. Filter packs can 
settle 10 to 20 %, especially with long screens. The length of settlement due to filter pack 
compaction in the annulus should be estimated and compensated for. For example: a filter 
pack is to be installed with a 12-in. screen, 50 ft in length, in a 24-in. hole. The "2-1/2 
times" rule would provide five ft (24 in. x 2.5) of filter pack reserve above the screen top. 
If there is 20 % settlement, the top of the pack would be five feet below the top of the 
screen. 

Finer sand should be placed between the top of the filter pack and the grout seal, 
according to state and local regulations. The size of the barrier sand should be such that it 
will not infiltrate into the filter material. 

For multiple-zone completions, finer pack may be installed between defined 
pumping zones to prevent vertical channeling in the fiher pack The filter material should 
extend fiom a point equal in distance to at least 2 4 2  times the largest diameter of the 
well below the lowest screen to the same distance above the highest screen. 
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7 Well Plumbness and Alignment 
7.1 Importance of Plumbness and Alignment 

particularly those where the smallest inside diameter of the well is considerably larger 
than the maximum outside diameter of pumping equipment in the well, some deviation in 
plumbness and alignment seldom causes serious problems. 

lineshaft turbine pump is to be permanently installed in the well. Manufacturers of 
turbine pumps state that their pumps will operate satisfactorily when considerably 
inclined from the vertical. However, a well badly out of alignment and containing kinks, 
bends, or corkscrews is not acceptable because such deviations cause severe wear on the 
pump shaft, bearings and discharge casings. Submersible pumps also may lay against one 
side, causing excessive wear on the pump housing, cables, and sometimes the well 
screen. Another problem to watch out for is contact of a hot motor with the external 
diameter of plastic casing. Under extreme conditions, misalignment ~ g h t  make it 
impossible to get a pump into or out of the well. 

of the material penetrated while drilling, trueness of well casing, tension of cable tool 
drilling line, and pull-down force on drill pipe in rotary drilling (Table 7.1). 

Plumbness and alignment of a well are never perfect. In relatively shallow holes, 

Plumbness and alignment become critical on deep holes and/or where a vertical 

Conditions that cause wells to become crooked or out of plumb include the nature 

Table 7.1 
Some Causes of Borehole and Well Misalignment 

Categories Scenarios Solutions 
Formation causes 

Borehole drilling 
method causes 

Stratified units oriented other than 90" from 
vertical 

Vertical and angled fractures in rock 
Changes in formation hardness in unconsoli- 
dated materials (particularly if lying at angles) 
Presence of boulders in soft media 
Highly fluid soft materials 

Not maintaining tension at impact in cable 
tool drilling line downhole. 

Using knowledge of conditions to plan and execute 
drilling (same for each of the following). 

Increase well diameter margin of safety. 

Check periodically at surface and also with dummy 

Not checking verticality when driving casing 

Excessive pulldown pressure in rotary and 
auger drilling (corkscrewing) etration rate. 

Excessive "chatter" or bounce in downhole 
hammer 

Moderate pulldown - 
Use rotary drill collars and stabilizers instead to put 
force closer to the bit. Practice moderation in hole pen- 

Be alert to sounds, maintain steady pulldown pressure. 
All: Make sure bits are sharp, properly shaped and 
gauged, and fully operating (e.g., all cones rotating). 
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Solutions for the problems vary as widely as do the conditions which cause the 
problems, but generally lie within reasonable care and skill in borehole drilling and well 
construction. With the proper tools, preparation and skills, wells sufficiently straight and 
plumb for suitable pump installation and service may be constructed in almost every 
situation. 

The existing well construction standard in widespread use, ANWAWWA A1 00, 
prominently features an alignment standard for well acceptance (Table 7.2). 

Table 7.2 
ANSYAWWA A100 Plumbness and Alignment Standards 

Plumbness 

Alignment 

Maximum allowable horizontal drift from vertical: 35 smallest I.D. 
per 100 ft (30 m). 

- 
A. 40-ft (12-m) pipe not >0.5 in. (12 mm) smaller than casing I.D. 

will move freely throughout tested interval. 

B. 40-ft ( 1 2 4  dummy assembly (3 rings: each end and middle, 
12411. wide) not 9 . 5  in. smaller than casing I.D. will move freely 
throughout tested interval, 

C. Difference between actual centerline (surveyed) and proposed 
pump centerline not >X difference between well I.D. and proposed 
pump maximum O.D. 

Depth standard applies to: Top of well to maximum depth specified (e.g., pump setting depth or 
base of casing). 

Use of such a test is not going to be necessary in relatively simple wells such as 
domestic supply water wells or shallower, single-casing commercial or municipal wells. 
They are recommended for deeper wells where there may be some question about the 
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verticality or alignment, and these factors matter (e.g., in pump setting). There is no 
single set of triggering criteria for specifying these tests, with specifying mostly a matter 
of professional judgment and preference. In any well where there is substantial doubt 
based on preliminary information (borehole TV survey or problems with pump setting), 
tests should be run. 

It should be noted that not all boreholes and wells drilled for water supply are 
necessarily intended to be absolutely vertical and plumb. Some water supply wells may 
be intentionally directionally drilled at angles other than 90 degrees. These are not 
specifically considered in this discussion. For directional completions, drillers should 
follow good practice in borehole navigation and well completion according to the 
standards of directional drilling. 
7.2 Methods of Testing 

well i s  sufficiently plumb and straight so that there will be no interference with 
installation, alignment, operation or h twe  removal of the permanent well pump. The 
standard for acceptance would be that the pump is successfully installed with sufficient 
clearance and does not touch the casing at any time during installation. Good quality 
control by the driller should include a periodic check of the plumbness of the cable or 
drill string suspended in the borehole. 

be run to see the direction that the hole is heading to allow an estimate to be made of how 
the casing will run. 

If casing is being driven, its plumbness or verticality should also be check at each 
joint with a level in at least two right-angle orientations. Alternatively, surveys in the 
casing show the verticality and straightness of the completed hole. This is accomplished 
by tabulating and plotting a series of displacement and drift measurements by depth to 
give a hole profile. 

bob is lowered down the hole or casing joint. By checking the position of the plumb line 
at the collar of the hole when the bob is observed to just touch the wall, a rough check of 
verticality is made. 

An accurate indicator of deviation is a heavy bailer on a light weight bailing line. 
Measuring hole deviation with the bailer is accomplished by aligning the bailing sheave 
over the center of the hole. In this way, the bailer hangs accurately in the center of the 
collar. Then, as the bailer is lowered down the hole, the movement of the line at the collar 

A basic plumbness and alignment standard and test might be that the completed 

Prior to running casing in deep holes, a drift-direction survey (see following) can 

The mirror observation method can be used for checking verticality, if a plumb- 
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of the hole shows not only the extent of the drift but also its direction: a movement first to 
one side and then back and over to the other side, shows that the hole is dog-legged. 

An objective plumbness and alignment test may also be specified as part of 
construction, with a standard that all casings and liners be set round, plumb, and true to 
line as defined by the specifications. The test for plumbness and alignment is made 
following construction of the well, and before test pump equipment is installed. Deviation 
from vertical is expressed in terms of & or deviation angle (degrees from a true vertical) 
and azimuth (the compass direction of the deviation) (Figure 20). 

for well construction. If any contractor subcontracts drilling, the contractor should inform 
the subconbactor that testing is a prerequisite for acceptance, because meeting an 
objective test standard will affect drilling practices and costs. 
7.2.1 Pipe or Dummy Test 

below expected pump setting depth or total depth). The test pipe consists of a section of 
pipe 40 feet (12 m) long or a dummy of the same length (see Table 7.2). The outer 
diameter of the pipe or dummy should not be more than 0.5 inch (12 mm) smaller than 
the inside diameter of that part of the casing or hole being tested when the casing 
diameter is a nominal 10 inches (250 mm) or less. When the nominal diameter of the 
casing being tested is 12 inches (300 mm) or greater, the outer diameter of the test pipe or 
dummy cannot be more than 1 inch (25 mm) smaller than the inside diameter of that part 
of the casing or hole being tested. When lowering the dummy into the casing, it should 
pass freely the entire depth of the well interval to be tested (or the total well depth) in 
order for the well to be accepted (Figure 21). 
7.2.2 Plummet Test 

If a test is specified for acceptance, it should be part of the written specifications 

Alignment is tested by lowering a test pipe into the well to a depth specified (e.g., 

The test for plumbness can also be made with a plummet. In this test, a hoist is 
constructed so that the center of the cable pulley is exactly 10 feet (3 m) above the top of 
the well. The pulley must be so located that the plumb line "A" will come off its outer 
edge exactly over the center of the well casing (Figure 22). The centerline should be 
measured and marked for use as a comparison in the test. To measure drift and drift 
direction, establish a North mark on the casing collar. 

diameter of the well casing. The plummet can be made from a piece of sheet steel or a 
short piece of pipe. Whichever is used, it must be heavy enough to keep the plumb line 
taut to the total depth in the well to be tested (not buoyant in any water column). The hub 
of the ring must not be solid as the water must pass through it as it is lowered in the well. 

The plumb ring or plunger is 0.25 inch smaller in diameter than the inside 
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Figure 20. Azimuth Compass Card and Dip Pendulum Card. 

Figure is from the Australian Driliing Manual. 
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0 Cable tool drill line 
tuns off center. 

Because the bailing line sheave is 
normally not set up over the center 
of the hole, little notice is taken of 
the bailing line running against the 
edge of the collar. With the sheave 
lined up, the bailer becomes a 
useful survey tool. 

Figure 21. Pipe or Dummy Test 

Figure is fiom the Australian DriiIing Marural. 
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Figure 22. Plummet Test. 

Figure is fiom the A W A  Standard for Water Welts (AWWA-A100-84). 
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The hole through which the plumb line passes must be in the exact center of the ring. 
Knots or marks should be made every 10 feet (3 m) on the plumb line, to indicate the 
depth the ring has been lowered in the well. 

The well characteristics are determined by lowering the plumb ring 10 feet at a 
time and taking a reading at each location. If the plumb line passes exactly through the 
center line at any location, the well is plumb at the depth the plumb ring is suspended. 
However, if the line does not pass through the centerline, the well at that depth is out of 
plumb by an amount equal to distance fiom the plumb line to the centerline, plus an equal 
distance for each 10 feet that the plumb ring is below the floor level. 
7.2.3 Drift Indicator Surveys 

determined at intervals of 50 feet (15 m) of depth to the total depth of the hole. If a 
deflection of less than one degree is indicated, the well is deemed to be in proper 
plumbness. 

and made part of the permanent well log and record. 

water wells may be determined with a long-pendulum (small angle) drift recorder. 
Readings, accurate to one tenth of a degree, are provided by instruments with a range of 
up to 2 degrees. As the range is increased, reading accuracy becomes lower. Both 
mechanical and photographic instruments are available. 

target card. A clockwork mechanism triggers the punching mechanism. The chart is 
turned between readings. Punch marks are made in a compass card calibrated to read the 
azimuth direction. Directional accuracy is poor when the hole is near vertical. 

(3) Photomuhic Units: A similar drift angle accuracy combined with an azimuth 
angle correct to the nearest whole degree, is obtained from a photographic directional 
recorder (Figure 24). 

ANGLE UNITS suitable for surveying holes at all dip angles. The angle Unit for flatter 
holes (0- to 80-degree dips) uses a different style of chart. 

Multiple shot instruments record a series of photographs of the angle unit 
readings. The units are electrically operated from self-contained batteries. The tool may 
be run on rods, but usually is lowered on a wire line. Wire line surveys are recorded both 
running in and coming out of the hole to provide check readings. 

A mechanical drift indicator (Figure 23) may be nin in the hole and the drift 

Records of deflection readings and all other-pertinent information must be kept 

(1)Pendulum Drift Indicators: The close control on verticality often required in 

(2) Mechanical Units: Mechanical units record by punching a small hole in the 

Photographic type survey tools (both single and multishot) can be equipped with 

7-8 



Pendulum drift indicators 
provide two punch marks 
which are on the same circle 
exactly opposite each other 
when correctly recorded. 

Chart Calibrated in Degrees of Drift Angle 

Figure 23. Pendulum Indicator. 

Figure is from the Australian Drilling Manual. 
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Indicator point marked by instrument. 

Concentric rings show deviation 
angle in degrees. 

Line drawn through center point and indicator point 
shows drift direction-in this case, northeast or 45". 

Figure 24. Azimuth and Drift Indicated by Photograph Direction Instrument 

Figure is horn the Australian Drilling Manual. 
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The instrument takes readings either every one minute or every two minutes. The 
cycle time is selected to allow the crew to reposition the instrument between readings. A 
careful record must be kept to show the depth of the instrument at each reading. 

Multiple shot surveys usually are run after the hole is completed. They provide a 
complete record of the hole with readings taken at 10-ft, 5-m, or other suitable intervals 
convenient to the surveyors. 

Gyroscopic Survey Instruments: In magnetically complex formations or when a 
survey must be conducted inside drill rod or steel casing, azimuth readings can be taken 
using a gyroscope to orient the instrument. High speed gyroscopes (40,000 RPM.) are 
available to run in holes as small as 1.6-in. (40-mm) diameter, although 3 inches (75-mm) 
is standard. Gyroscopes are delicate and expensive instruments which should be handled 
only by those trained in their operation. Two difficulties arise when using gyroscopic 
tools: 

(1) If the direction given by the gyroscope axis is to be truly constant, the 
gyroscope must be completely free of forces tending to turn the axis. This meansthat the 
effects of gravity on the gyroscope must be exactly balanced. 

(2) The gyroscope orientation is constant in space. Because the hole being 
surveyed is moving with the rotation of the earth, the constant direction given by the 
gyroscope appears to be changing (at the equator it completes a full rotation in 24 hours). 
This change is less significant as the latitude increases. It can be allowed for in 
calculating hole position from the readings. 

reoriented to the bench mark used before it was run. Gyroscopes usually are run in 
association with multiple shot survey tools. 

The survey record must include information on (1) hole location, (2) date and time 
of survey, and (3) depth and time each reading is taken. 

Photographic hole alignment survey tools have been developed to overcome the 
problems of magnetic and gyroscopic surveys. An alignment survey will not record the 
actual azimuth and dip of the hole at the survey point. An alignment survey measures the 
changes in direction (both azimuth and dip) along the hole. The azimuth and dip at the 
collar of the hole are measured using surface survey methods. 
7.2.4 Electric Well Surveys 

alignment surveys in cased holes or (2) magnetically controlled azimuth and drift angle 
surveys in open holes or holes cased with non-magnetic casing. 

To check on this drift in direction when the gyroscope comes out of the hole, it is 

Electrical survey tools providing a surface readout are available to provide (1) 
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These tools will operate in holes as small as 2-inch (50-mm) in diameter. 
Centralizers are used in larger holes. Their accuracy permits alignment surveys, reading a 
drift of as Iow as 20 mm per 100 meters of hole depth. The instrument provides a surface 
readout on North-South and East-West coordinates similar to the results of the plumb bob 
verticality survey. 
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Chapter 8 
Well Development 



8 Well Development 
8.1 Purpose of Well Development 

Practically all methods of drilling cause compaction of unconsolidated materials 
in an annulus of variable thickness around a drill hole. In addition, fines are driven into 
the wall of the hole, drilling mud invasion may occur to a greater or less extent, and a 
mud cake (if used) may form on the wall of the hole. 

In consolidated formations, similar compaction may occur in some poorly 
cemented rocks, where cuttings, fines and mud are forced into fractures, bedding planes 
and other openings, and a mud cake forms on the wall of the hole. All of these conditions 
reduce the permeability of the formiiti6n adjacent to the well and act to reduce the yield 
and increase the drawdown per pumping yield. 

Well development is the final well construction step that (1) removes formation 
damage caused by the borehole drilling process, and (2) establishes the most optimal 
hydraulic contact possible between the well and the aquifer formation supplying water. 
Proper well development breaks down the compacted borehole wall, liquefies jelled mud, 
and moves both mud and formation fines into the well, from which they are removed by 
bailing or pumping. This action creates a more permeable and stable zone about the 
screen or intake bore. 

The stabilization of the formation adjacent to the well intake that is achieved by 
development can practically eliminate sand pumping, and contributes to a more efficient 
well, longer well life, and reduced operation and maintenance costs. In addition: 

Proper well development can sometimes make a poor well into a good one. 
Without proper development, an otherwise excellent well may never be 

satisfactory. Proper development will improve most wells regardless of type or size. 
Only under unusual circumstances (or because of improper methods) will it do harm. 

Care must be taken in performing development to avoid applying forces on the 
casing, screen and grout that are beyond their capacity for resistance. Causing an 
excessive difference in hydrologic pressure between the outside and inside of a casing, 
for example, may result in casing distortion (Chapter 3). Sharp shock loading or 
unloading of some well screens may cause distortion or collapse. Tools should not impact 
sharply against casing joints or screen rods. 
8.2 Methods of Development 

Numerous methods of development are available and the literature contains 
considerable discussion of the suitability of each method for various types of formations. 
The more commonly used methods of well development are pumping, surging, 
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fracturing, and washing (including jetting). Each of these general methods have specific 
variations in methods and tools. 

An important factor in any method is that the development work be started slowly 
and gently, increasing in vigor as the well is developed. Well development methods 
generally require the applicztion of sufficient energy to disturb the natural formation or 
filter pack so as to (1) free the fines and allow them to be drawn into the well, and (2) 
cause the coarser fractions to settle around and stabilize against the screen. This is usually 
accomplished by the surging of water into and out of the well and the formation. 
Hydraulic jetting operates somewhat differently, depending upon a high velocity water jet 
discharging through the screen. The jets disturb both the filter and formation and the 
water (following the path of least resistance) returns to the well above and below the jets, 
carrying the fines into the well. 
8.2.1 Pumping or Bailing Method 

Continuous OverpumDinq. This simplest method of develepment involves 
uninterrupted pumping at a rate greater than design capacity. The intention is to dislodge 
formation damage that would not be brought out in planned pumping. A major 
disadvantage of continuous overpumping is that it does not provide for a return surge into 
the formation. Fines moving toward the well tend to pack against the screen andor filter 
pack, and may reduce capacity, or cause compacted zones around which incrustation may 
develop later. In general, overpumping is not recommended as a primary development 
method, but as a last, polishing step.. 

Interrupted ovemumpinn (rawhiding). Interrupted pumping may be done with a 
pump capable of pumping at rates up to two times the design capacity, without a check 
valve or foot valve, so that backwash occurs when the pump is shut off. The pumping is 
carried out in a series of steps. For example, pumping can be accomplished in five steps 
at rates of 1/4, 1/2, 1,l-1/2 and 2 times the design capacity. At each pumping rate, the 
pump is turned on for 5 minutes then shut off to backwash over a minimum of 2 hours or 
until such time as acceptable standards are attained. Rawhiding can provide reasonable 
results, but in many cases, the surging action is not vigorous enough to obtain the best 
results. In addition, as with overpumping, the development effect is concentrated at the 
top of the screen or near the pump intake. Finally, other mechanical development 
methods (discussed below) accomplish better results in less time. 

Surging and bailing (utilizing; bailer). Surging can be accomplished by utilizing 
the cable tool bailer as a surging device. Bailing has an advantage over direct pumping 
since the action of plunging the bailer rapidly into the water column causes a repetitive 
back surge (such as produced in a slug test). As the bailer fills and is withdrawn, water 
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and fines flow into the well. Bailing is a first-stage development method prior to 
introducing more effective surging methods for final development. 
8.2.2 Mechanical Surging And Pumping Method 

cable tool equipment is accomplished by surging and bailing the well. The surging is 
done by a single or double solid (or valved) surge block or swab. To avoid sand-locking 
during development, surging starts at the top of the screened interval and progressively 
downward to the bottom of the lowest screen in the well and repeated as necessary. As 
fines are drawn into the well and settle on the bottom, they accumulate and block the 
screen or intake area. When about 10 to 40 percent of the total screen length is blocked, 
the well is bailed to the bottom to remove the accumulated fines before resumption of 
surging. On completion of development the well is cleaned to the bottom and bailed 
clear. Development may be finished during initial test pumping. 

surging tool or swab (double-flange swab) which incorporates a piece of suction pipe in a 
valved double block. Airlift or suction pumping can be done simultaneously with the 
surging. Where pressure develops below the tool (tight or pressurized formation), 
installing a bypass through the double-flange tool increases effectiveness. Pumping rates 
up to about 112 design capacity are used in smaller wells. For higher capacity wells (12- 
in. screen or larger), 600 to more than 1000 gpm can be circulated. 

As with surging-and-bailing, surging starts at the top of the screen in the well and 
proceeds downward through the producing zone, and repeated as necessary. Fines drawn 
into the well can be pumped out periodically when an accumulation develops. Upon 
completion of the development work. the well is cleaned to the bottom. 

consisting of a heavy scow or sand-pump bailer fitted with a swab flange and run on the 
sand line of a cable tool rig. The well is frrst cleaned out by bailing, then the swabbing 
tool is run. The swabbing tool is most effective in open borehole or gravel-wall louver- 
screen wells. 

Surninp and bailinv lincludine surne block). Final or polishing development with 

Surging and D U D ~ ~ P  lflushind. This development process involves a modified 

Wireline swabbing. This method can be used on larger-capacity wells, using a tool 

Both repetitive surging and bailing and surging and pumping or swabbing provide 
a vigorous and controlled in-and-out flowing motion that provides effective development 
in a timely fashion. Surging methods are preferred over methods such as jetting that apply 
direct horizontal force for development of rock and louver-slot screen wells in some parts 
of the U.S., since it is the backflow along the more tortuous flow paths in these wells that 
provides the cleaning and particle-sorting effect. 
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These tools also take advantage of the economical hourly costs and reciprocating 
motion provided by the cable tool rig. Development can also, of course, be accomplished 
with other kinds of pressurizing and pumping equipment. 
8.2.3 Hydraulic Jetting Method 

Development is accomplished by simultaneous high velocity, horizontal-jetting 
and pumping. The jet pushes water into the screen, gravel pack, and formation, and the 
water returns to the well around the jetting tool. Pumping keeps the head in the well low 
enough that water returns, and removes fines from the well without stopping for bailing. 

Jetting works best with (and is recommended for) high open-area, V-slot screens 
where there is least resistance to jet flc~w. On the other hand, screen designs such as 
bridge and louver slots that cause deflection of the jet flow cause distortion and 
dampening of the jet force. More jetting application time or additional surging agitation 
may be needed for these well designs. 

The outside diameter of the jetting tool should be one inch less in diameter than 
the screen inside d e t e r .  The lowest effective exit velocity of the jetting fluid at the jet 
nozzle is considered to be 100 ft/sec and preferably 150 to 200 Wsec (46 - 61 dsec) .  
Velocities above 200 Nsec do not provide any additional benefit and may cause abrasion 
even in metal screens. A working pressure of 200 psi (1,380 P a )  is recommended for 
metal screens and 100 psi (690 Ha)  for PVC screens. Jetting of PVC screens should only 
be done with abrasion-free water. 

Jetting proceeds from the bottom of the screen to the top. Pumping fkom the well 
is conducted at a rate of 5 to 15 percent more than the rate at which water is introduced 
through the jetting tool. Water to be used for jetting should contain less than 5 ppm 
suspended solids. The tool is rotated slowly (at a speed less than one rpm) and positioned 
at one level for not less than two minutes, and never left stationary. The tool is then 
moved to the next level (recommended no more than 6 inches vertically fkom the 
preceding jetting level). 

the bottom may be pumped or bailed out at the end of each jetting pass. 
8.2.4 Air Development Method 

utilization of a single pipe air pumping system using the casing or the bore hole itself as 
the eductor line. To be effective, the compressors, air lines, hoses, fittings, etc. should be 
of adequate size to pump the well by the air lift principle at 1.5 to 2 times the design 
capacity of the well. 

Several passes may be made until the water is relatively clear. Accumulation in 

Single Pipe system oDen to atmomhere. Development is accomplished by the 
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The process works much like rawhiding in concept. The well is initially pumped 
with air until the well is developed to the point that it yields clear, sand-free water. Then 
the air is shut off and the water in the well allowed to retum to a static sondition, This 
process of lifting and dropping of the column of water is repeated until the well no longer 
produces fine material when it is surged and backwashed as described above (Figure 25). 

order to facilitate development of allintake areas and multiple water producing zones, 
and the process repeated until all zones yield water free of turbidity when surged and 
backwashed. 

For best results, the bottom of the air line should be placed at different levels in 

As with rawhiding, single-pipe air development may develop insufficient force to 
develop some wells. It also introduces the possibiIity of leaving air blocks within the 
filter pack or at the top of the screen. This method should be considered an expedient 
method only, used as an initial step in further development, or alone for less demanding 
well development (new wells drilled by air hammer for domestic use, for example). 

Decompression method: Single-Diue system closed to atmosphere. In this 
variation, a valve is installed on a discharge line leading from the top of the casing. Then 
an air line is secured into a blowing tee or ell affixed to the valved air connection on the 
top of the casing, which is sealed (Figure 26). A pressure gauge and relief valve must be 
installed at the top of the casing when this system is used to reduce the risk of injury and 
well damage due to overpressurization. To prevent air from entering the water-bearing 
formation, a separate pipe, open to the atmosphere at the top, is installed in the well to a 
point 10 feet (3 m) above the water-bearing zone. 

Air is introduced into the well, forcing the column of water in the well down. 
When the water level in the well is forced down to the bottom of this air-release pipe, the 
discharge valve is opened and the water allowed to rise back to the static level. This 
procedure may be repeated as needed until the airlifted flow comes clear. 

utilization of an air-introducing pipe and an air-and-water eductor line. The compressors, 
air lines, hoses, fittings, etc., should be of adequate size to pump the well by the air lift 
method at 142  to 2 times the design capacity of the well. 

system (see above), with the air line introducing air into the eductor line at a point above 
the bottom of the eductor line. When the well yields clear, sand-free water, the air line is 
lowered to a point below the bottom of the eductor line and air introduced until the water 
between the eductor pipe and the casing is raised to the surface. At this time the air line is 

Airlift method: Two-uiue system. The development process is carried out by the 

The well is initially developed by the single-pipe system closed to atmosphere 

8-5 



7 h 

J 

Eductor 
Pipe 

- 

Figure 25. Terms and Equipment Used in Air Lift Pumping 
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Figure is from Groundwater and Wells. 
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Single-pipe, closed-to-atmosphere air development installation. Note: valve 
installed on the larger-diameter discharge line leading from the top of the 
casing, and pressure gauge and relief valve installed at the top of the casing 
on the relief line to prevent overpressurization. 

Pressure Gauge 

Relief Line t Pressurization Line 

~ 

Figure 26. Installation of Pressure Gauge in Casing Seal. 
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raised back up into the eductor line causing the water to be pumped fiom the well through 
the eductor line. 

The procedure of alternating the relative positions of the air and eductor line is 
repeated until the water yielded by the well remains clear when the well is surged and 
backwashed by this technique. This system should only be used in driven or cement- 
grouted wells due to the risk of channeling in bentonite grout. 

Isolation tools. The combination double-surge and airlift tool described above 
(Section 8.2.2) provides a means of using the benefits of airlift pumping, while 
concentrating the force of development in a small area. They are designed more for 
cleaning and stabilizing rather than pumping as such. Surging is begun at the top of the 
intake area, and proceeds downward. 
8.2.5 Development Aids 

sediment from the well. A pump of sufficient size is needed for the washing process, 
agitating the formation by turbulent flow for the purpose of preventing bridging of the 
sand particles and removing a largeportion of the finer material. This is done as a final 
step after other physical development. 

Chemical augmentation of develoDment to remove clavs. Where applicable and 
required, mud dispersing (deflocculating) agents may be used. Hexametaphosphates and 
sodium acid pyrophosphates or trisodium polyphosphates are often prescribed for this 
purpose. Alternatives include polyacrylamide dispersants, which do not contain 
phosphates that enhance microbial growth in ground water. 

The solution is mixed at the surface, tremied in, agitated with a bailer or pump, 
and left to react (about 8 hr). The spent solution is then pumped clear, and testing shows 
that chemical is depleted. Spent solution should never be discharged into surface water 
bodies or to sewers without consultation with and approval of wastewater treatment 
operators. 

Washing with water. Clean, clear, chlorinated water may be circulated to remove 

Polyphosphates have three major drawbacks in use: 
(1) The potential that clays may slough when they lose structure and cover the 

(2) In cold ground water (< 55 F), some polyphosphates may form a gelled 

(3) Polyphosphates that are not removed cause accelerated biofouling 

In general, the use of mud dispersants, especially polyphosphates, should be a last 

aquifer face, causing blockage especially on fine, semi-consolidated formations. 

precipitate that is very difficult to remove. 

development, resulting in accelerated well deterioration. 

resort when mechanical development has been ineffective and excessive wall cake 
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formation is identified as the cause of the blockage. This condition is minimized if proper 
drilling fluid control has been practiced. 

Acidizin9: to increase limestone Dermeabilitv. Acidizing with hydrochloric acid is 
sometimes prescribed to enlarge solution openings in fissured limestone. A wellhead seal 
is placed on the casing, with a tubing string run through it. The tubing ends near the top 
of the intake area offie well. A valve is installed in the tubing string above the casing 
seal. Another valve and pressure gauge are installed in the casing seal as in Figure 26. 

A quantity of HCl (usually equal to the bore volume below the casing) is pumped 
in, followed by enough potable (coliorm-free, not chlorinated water to displace the acid 
out of the borehole. The casing pressure developed from the C02 released as HCl reacts 
with limestone is closelv monitored and a valve is used to release excess pressure in the 
casing. Completion is indicated by a noticeable drop in pressure over time, and often 
occurs within 1 hour. 

have significant shale content. Precipitate development is limited by limiting acid contact 
time in the borehole. Spent acid solution should be pumped to containment and released 
to appropriate disposal only when neutralized. Risks include: 

(1) This system should only be used in driven or cement-grouted wells, because 
channeling in bentonite grout develops readily in most wells. 

(2) Gelatin should be avoided as an inhibiting agent due to the fecal coliform 
content typical of industrial gelatin products. Coliform bacteria can be injected many feet 
into fractured formations. 

Insoluble precipitates can develop, and are a problem with limestone facies that 

(3) Acid contaminants such as arsenic or metals may result in poor water quality 
results. Only very (new) clean (water treatment grade) acid products should be used. 
8.2.6 High-pressure or "fracturing" Procedures 

improve the effective area of a well by opening up natural fractures in crystalline and 
sedimentary rocks, and washing out drilling damage around the hole. 

The zone is sealed by a packer assembly. Inflatable or compression-set solid 
rubber packers are commonly preferred. Pressure is applied by pumping water into a 
sealed zone at pressures ranging from somewhat less than 1000 psi to >3000 psi (<6900 
kPa to >21,000 kPa) using a high-pressure piston pump. There is no fixed pressure 
recommendation. The pressures chosen depend on local experience and the nature of the 
rock to be treated. 

Two packer strategies are used: single packers and straddle packers. With single 

Hvdraulic fracturing. Hydraulic pressures applied rapidly in a focused fashion will 

packers (the more common), the packer is set at the top of the aquifer zone and water 

8-9 



injected. After pressure rise, fall, and pumping, the packer is reset lower if necessary and 
the process repeated. By proceeding fiom top to bottom, the top part of the formation, 
which is usually more fiactured, is opened first. The straddle packer procedure provides 
more a more focused application of force. In this case, water is forced into the formation 
between two packers set typically 10 to 50 ft (3 to 16 m) apart. This treatment starts at the 
bottom and moves upward, minimizing the threat of rock fragments dislodging and 
interfering with the packer setting and removal. 

is the development method of choice in hard rock aquifer situations over much of the 
world, particularly crystalline-rock areas of - North America and southem Africa. Field 
experience shows that this method combines relatively high success with low risk of both 
personnel and in-ground hazards. However, in hydraulic fracturing, casings grouted with 
bentonite or otherwise subject to movement under the forces applied should be isolated 
fiom the high-pressure water flow by a packer set its 111 length in the rock, not in the 
casing. 

Liauefied CO, - Iniection. Another variation on pressure methods to open rock 
fractures and stimulate production is the injection of alternating liquefied and gaseous 
CO,. This method was developed as a more systematic way to apply the effects of 
cryogenic CO, than introducing "dry ice" (solid CO,) in a closed casing and borehole as 
traditionally practiced. 

Hydraulic fracturing has developed an extensive track record in recent years, and 

The controlled combined liquefied-gaseous CO, process has four steps as follows: 
(1) A packer is set. 
(2) Injection of cryogenic liquid CO, at pressures as low as two bars and no more 

than about 35 bars. This induces freezing in the water column, opening fractures. 
(3) Allowing time for penetration into the formation and reaction. The gas 

expands into the formation, further opening fiactures. 
(4) After application, venting and depressurization. 
( 5 )  Repeating as necessary. 
The advantages of the process include: 
(1) The injectant is chemically reduced and not reactive with organic molecules. 
(2) It does not work under high pressure, so that fracture opening is minimized. 
(3) The material, compressed CO,. is relatively safe to handle. 
The best use of controlled CO, injection is probably development or 

redevelopment in rock wells and redevelopment in more robust screen situations with 
significant encrustation. The force applied by the expanding gas is readily dissipated in 
hydraulically highly conductive aquifers. Casings must be firmly sealed into the 
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formation with cement. As with hydraulic fracturing, it is probably best to avoid use with 
smaller, shallower bentonite-grouted screened wells, and to isolate the casing in rock 
wells by seating the packer full length in the rock. 
8.3 Planning and Evaluating Well Development 

and judgment but generally involves (1) the final production of water sufficiently sand 
and turbidity free to meet the standards of use, and (2) a pumping well yield closely 
approximating the potential of the formation and screen as calculated. At its initial 
completion and final development, pumping water from a well should be free of residues 
fiom drilling fluid and grout and any chemicals used in development. Development 
should proceed until these conditions are met. 
8.3.1 Testing for Sand in Water 

The sand content (actually a total sediment content) may be determined by 
averaging the results of 5 samples collected over the course of a fmal constant-rate 
pumping test (keeping the rate as constant as possible). The fobwing time sequence is 
recommended during the final pumping test: 

Determination of the adequacy of development is largely a matter of experience 

(1) 15 minutes after start of the test; 
(2) after 25 % of the total planned test time has elapsed; 
(3) after 50 % of the time has elapsed; 
(4) after 75 % of the time has elapsed; 
and (5) near the end of the pumping test. 
Averaging takes into consideration the observation that even properly developed 

wells may generate markedly more sand during start up, with sand output declining 
rapidly over 10 to 20 minutes. 

evidence of voids or incorrect pacuaquifer ratios that may be corrected by further 
development. In a performance step test (see Chapter 9), samples may be taken after the 
initial 10 minutes of each step and near the end to better pinpoint problem zones. 

A recommended minimum volume of water sample collected for testing for sand 
content is a volume determined by the formula: test rate of flow in gpm multiplied by 
0.05 (gpqest x 0.05). A practical maximum volume required for wells test pumped at 
more than 1000 gpm is 50 gallons (US.) (or convenient S1 equivalent), with the 
minimum required for wells tested at less than 20 gpm being 5 gallons (US.) (-20 L). 

Samples may be collected in the following manner. When the circular orifice 
meter (Section 9) is used to measure flow rate, the sample may be withdrawn from a 
manometer connection. When other devices are used for measuring flow rate on wells of 

It is also useful to record and graph the results over the test period to observe 
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a lower production rate (or if a propeller meter is being used), a sample may be collected 
directly from the full and open discharge. When using a Rossum Sand Tester (Figure 27), 
the device is installed on a small-diameter pipe tapped horizontally in the well discharge 
at the pipe centerline close to the pump head, and immediately after the discharge valve, 
or other turbulent zone. The sample must be allowed to settle not less than 10 minutes 
before the liquid is decanted. 

cone or similar device with gradations (accurate to 50 ppm). One-liter subsamples are 
collected during initial testing. In final testing, sediment volume may be measured in any 
accurate graduated container. 

ppm. It is a time-weighted average test of sand content. When installed as described 
above, a 0.5 gpm (1.9 L/min) sample is forced to flow through the tester. Sand particles 
separated by centrifugal action are collected in a graduated container. 

water. Colloids not measurable by sand-settlement methods can be troublesome. 
Electronic nephelometers with an accuracy range of about 0.1 to 40 NTU (turbidity units) 
are commonly used, although turbidity can be estimated visually against a standard. 
8.3.2 Sand and Turbidity Content Limits 

Sand content: There is no absolute universal standard for "sand-free", but 
experience has provided practical limits set by end use: 

(1) Wells supplying water for flood-type irrigation and where the nature of the 
water-bearing formations and the overlying strata are such that pumping the following 
amount of sand will not seriously shorten the useful life of the well: Limit-1 5 uDm (by 
volume). 

(2) Wells supplying water to sprinkler irrigation systems, industrial evaporative 
cooling systems, and other uses where a moderate amount of sand is not especially 
harmful: Limit-10 Durn (by volume). 

The sand (sediment) content in ppm is read directly via devices such as the Imhoff 

The most accurate device is the Rossum Sand Tester, which is accurate to 0.5 

Turbidity meters may be used where overall fluid clarity is critical in the raw 

(3) Wells supplying water to homes, institutions, utilities, and industries: Limit-5 

(4) Wells discharging directly into municipal water treatment or distribution 

(5) Wells supplying water to be used directly in contact with or in the processing 

DDm. 

mains (without filtration or settling) should produce 4 pprn sand. 

of food and beverages: Limit-1 Pum. 
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Figure 27. Rossum Sand Tester. 

Figure is &om the Handbook of Ground Waer Development. 
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These limits are reasonable goals achievable with good well design, construction 
and development. Sand production less than 1 ppm over a pump cycle of several hours is 
certainly achievable from-properly designed, constructed, and developed wells. 

often quoted as 5.0 NTU. For municipal water systems, frnal product water turbidity of < 
0.1 NTU is the standard. Critical beverage and industrial processes-(e.g., electronics) may 
also have specific low-hirbidity standards. 

well demand sand content less than about 0.7 to 1 ppm (v/v) or turbidity C5.0 NTU, and 
these limits are not achievable by well technology and operation, then filtration should-be 
specified. 

Turbiditv: A reasonable standard for raw well water output at well acceptance is 

If the water requirements of the process or system being supplied by the water 
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9 Well Testing for Performance 

of wells, such as pumping rates versus drawdown (specific capacity), well efficiency, 
sustained and transient yield, pump depth setting and aquifer hydraulic characteristics. 
The type of tests chosen at any time are dependent upon the information desired, intended 
use of the well, casts, and logistical considerations. 

New well design and estimates may be made based on tests of test wells, or of 
existing wells, at a specific location (if the existing well hydrogeology can confidently be 
compared to the new well location). Pumping test data analyses are ofeen compared to 
analyses of formation samples and geophysical logs to check their validity. 

NOTE: Although the focus of this discussion is on well construction, pumping 
tests may also be conducted on existing wells and equipment for documenting the "in 
place" operation of a well and water system. For this type of testing, it is important to 
note the operational cycle of the system and document the performance of the well over 
time. When doing this, if at all possible, allow the water system to operate in its normal 
mode. Note the time and fiequency of pump cycling. Note the corresponding pressures, 
flow rates, drawdown and recovery. Additional information may include pump and motor 
power use, noise and vibration, and water physical-chemical quality. Pump testing of a 
well and water system on a periodic basis is part of the foundation of a preventative well 
maintenance program, used to detect problems in time to make repairs, treatments, or 
other changes. 

In selecting the type of pumping tests to be used, the drawbacks as well as the 
benefits must be known and considered for any test contemplated. Performance test 
requirements should be consistent with the dimensions of the well, the capacity of the 
well, and the rate at which it will be pumped when placed in service. Care must be taken 
to avoid excessive pumping rates with respect to both the productivity of the aquifer and 
the requirement of the user. Lastly, but probably most important, the tester should not 
have rigid preconceived opinions on what the welvaquifer system will yield. This rate 
should be determined based on carell analysis of data from properly conducted tests. 

Typically, for small installations, the well contractors usually has sole 
responsibility for the testing, while for larger capacity and critical wells such as those for 
public water supply, the well contractor will more likely work with a hydrogeologist or 
geological engineer who will analyze pumping test data. Regardless of the responsibility 
involved, certain basic practices should be followed in making any well test, and care and 
accuracy are very important for test data to be of any value. 

Pumping tests can provide data useful in the long-term operation and maintenance 
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9.1 Pumping Tests General Requirements 

may range from a simple bailing test of relatively short duration to a completely 
instrumented test involving "step," "continuous" and "variable rate" testing lasting 72 
hours or longer. 

After development is completed, if a pumping test is to be conducted, a test pump 
capable of pumping more than the planned test yield is installed in the well. All logistical 
matters should be worked out prior to scheduling a test time (e.g., obtaining a generator 
of appropriate capacity or line power, where to take water level measurements, how to 
divert pumped water, permissions as necessary). Nearby pumping wells which may affect 
the test results must be accounted for. 

Depending on the size and intended use of the well, initial testing for performance 

The power and pump system should be test run prior to the planned test and the 
dynamic water level allowed to return to the non-pumping dynamic (static) condition. At 
this time, the response of the pumping well and proposed observation wells (as needed) 
can be observed. Exact horizontal distances to observation weHs should be measured and 
recorded. Changes in the test plan or corrections in equipment should be made at this 
time. The test should not be started until the static level has recovered after development 
and pre-testing has been completed. Diligent care must be taken to measure water levels 
before, during and after performance testing. 

procedure should be as uniform as possible. Test measurements are to be taken in the 
manner specified by the data requirements of the test and at the required time intervals. 
Recovery readings of water level in the well are started immediately upon shutdown of 
the test-pump and taken at specified time intervals thereafter. 

The amount and rate of drawdown and recovery of the water level with time are 
the most critical items of data needed to evaluate the initial specific capacity of the well 
(including well and formation loss factor values) and the hydraulic characteristics of the 
aquifer. 

Whoever is taking and recording water level and flow measurements should be 
trained in the operation of the equipment and its operation under test conditions, capable 
of making necessary-adjustments and performing routine troubleshooting or repairs to 
maintain the test operation. Non-professional or non-licensed personnel should be under 
the supervision of a ground water professional (licensed water well contractor, 
hydrogeologist or geological engineer). 

The test is conducted at the specified rate and duration. For bailing tests, the 
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9.2 Types of Well Tests 
With small-capacity wells which will operate intermittently or irregularly, testing 

should continue until an apparent stability of bailing or pumping level is achieved. The 
test should at least match the peak pumping condition (e.g., the need to pump 15 gpm for 
two hours) and achieve stability or acceptable pumping water level. Recovery should be 
measured to assure that permanent dewatering did not take place during the initial test. 

at a uniform rate of discharge until the cone of influence reflects any boundary condition 
which could affect future performance of the well. This probably will not greatly exceed 
24 hours for an artesian well, and 72 hours for a water table well. The duration and details 
of such tests are often governed by the requirements of state water resources or 
environmental agencies, or other local political jurisdictions. Consensus (ASTM) 
standards also exist as guides to practice. 

For variable-rate (step) tests, the pumping rates chosen should bracket (be lower 
and higher than) the p€anned production rate and span a sufficient range to permit 
professional calculation of turbulent well loss, and projected specific capacity. Step tests 
may be used over a period of time to establish changes in well loss, or to compare actual 
performance to theoretical performance factors. 
9.2.1 Rig-Based Test Methods 

Bailing Test Method. A bailer of known volume and length only slightly smaller 
in diameter than the casing I.D. is selected. The well is then bailed until the water level 
can no longer be lowered. The driller then lowers the bailer until it hits the water (a fast 
falling bailer makes an audible sound when it hits the surface), and marks the bailing line 
at a point level with the top of the casing when the bottom of the bailer is just touching 
the water. A second mark is then made one bailer length above the first. 

on the cable each time, then raising the bailer to the surface, noting the elapsed time per 
round trip. Each time the bailer emerges horn the well, the driller checks to make sure 
the bailer is full. If the bailer is not full, it is not to be lowered deeper; however, the rate 
of bailing is to be slowed until the bailer comes out full each time. The bailing rate, in 
gallons per minute (or equivalent SI units), equals the volume of the bailer divided by the 
time (min) per round trip. 

bailer. In such instances it is manifestly impossible to bring the bailer out full on each trip 
or to lower it below a certain point. Instead, the driller measures the amount of water in 

For constant-rate well-acceptance oraquifer testing, pumping should be continued 

The driller then rhythmically bails, lowering the line precisely to the second mark 

On occasion there may be less depth of water in the well then the length of the 
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the bailer and relates it to a timed interval of 1 minute for each time the bailer leaves the 
bottom of the well. 

sufficient quantity to blow the water out of the well. The discharge end of the air line is 
lowered to the bottom of the hole. 

Air Blow Test Method. The well is tested for 30 minutes by introducing air in 

A deflector is placed at the top of the well to deflect the water downward outside 
the well. A dike or other diversion is constructed around the well to contain the deflected 
water, and a discharge pipe placed near thetop of this dike to allow the water to discharge 
through it. A container of known volume is used to collect water from this discharge for a 
measured period of time and the flow rate (gpm, L/min) calculated from this information 
and recorded. A V-weir can also be installed in the dike to measure water flow. 

Air Lift Test Method The well is tested by the air lift method, using an eductor 
pipe submerged 60 percent. Submergence is the length of the eductor pipe from its open 
lower end to the pumping level as related to the total length of the eductor pipe (Figure 
28). 

Sufficient air to provide an eductor pipe velocity of fiom 1,000 to 2,000 feet per 
minute (300-600 dmin)  is needed. The air should be as finely divided as possible as it is 
introduced into the water.. A series of upward-pointing jets placed in the air line improves 
the air dispersion. 

Flow is controlled, diverted and measured as described for the "air blow test 
method". 

Drawdown in a well in which an air-lift pump is working is measured between the 
casing and the educator pipe by any of the conventional methods. If air flow is monitored 
Carefully during the airlift testing procedure, the drop in pressure can be used to 
determine drawdown while pumping. As the air is turned on initially, the pressure in the 
inductor pipe will rise steadily until the pipe has been evacuated. The pressure will rise 
until air bubbles are formed at the bottom of the inductor pipe. The absolute value of the 
maximum air pressure will determine the depth of submergence (psU2.43 = ft  of 
submergence). As pumping continues, the pressure maintained for a steady volume of air 
will drop if the well draws down. As the well draws down, the submergence will be less 
and thus the pressure needed to blow bubbles at the end of the inductor pipe is less. 
9.2.2 Pumping Test Methods 

selected to be the appropriate size for the well test, based on preliminary rig-based tests or 
past history. The pump should be complete with prime mover of ample power, controls 
and appurtenances, and be capable of being operated without interruption for a period of 

General: To assure successful completion of a test, the pumping unit should be 
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Figure 28. Air Lift Test Method Installation. 

Figure is from the Australian Drilling Manual. 
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hours sufficient to complete the test. The pump intake is set at the depth of the lowest 
producing zone and pumped at the design rate for the prescribed period. The pumping 
discharge is equipped with satisfactory throttling devices (valves), to permit adequate 
flow control and an accurate means of measuring flow under the test conditions. Water 
levels are taken and flow measured by competent personnel using accurate methods. 

production well and all observation wells to establish a reliable non-pumping dynamic 
(static) water level condition. These measurements are recorded as part of the pumping 
test. 

Prior to stating the pump, sufficient water level measurements should taken in the 

The discharge is measured with an accurate totalizing meter and stopwatch, a 
circular orifice meter, or a Venturi meter, or any method acceptable for the test and those 
ultimately evaluating it. Discharge is maintained within plus or minus 5 percent of the 
designated rate over the period of the test (1 0% short-term variation) by means of a gate 
or ball valve or other throttling device. Discharge should be checked and adjusted as 
needed-ibroughout the test. The discharge-and time of measurement must be recorded 
each time it is checked and a note made of any adjustments. For proper interpretation of 
measurements made during pumping or recovery, a static or non-pumping dynamic water 
level trend must be established. This is done by making periodic reliable non-pumping 
dynamic (static) water level measurements in the pumping and observation wells for a 
period of time at least equal to the duration of the proposed test and prior to its start. 
Where at all possible, water levels should be recorded in feet and 1/1Os of feet or meters 
to two decimal places with an accurate water level recorder. Discharge should be 
accurately measured and maintained within 5 percent of the testing rate over the duration 
of the pumping test, with short term variation not more than 10 % of the pumping rate 
(Figures 29 A,B,C,D). 

the pumping test data (e.g., hydrogeologists). The schedule should have closely spaced 
measurements early in the test, declining in frequency on an approximately logarithmic 
scale. At least ten measurements should be taken over any log time period (1 0 in first 10 
minutes, 10 over next 100 minutes, etc.). One recommended schedule: 0 to 10 minutes- 
every minute; 10 to 45 minutes-every 5 minutes; 45 to 90 minutes-every 15 minutes; 90 
to 180 minutes-each half hour; 180 minutes to the end of the test-each hour. Later 
stretches of stabilized tests, particularly for artesian aquifers, may permit less frequent 
measurements. Should the measurements not be made exactly at the times specified, it is 
important that the actual time of each measurement be recorded. On completion of 
pumping, recovery measurements are made according to the drawdown schedule. 

Drawdown is measured according to a pre-set schedule acceptable to those using 
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Variable Rate (Reducing) Method If the pump does not break suction for a period 
of 24 hours, the test is completed as a continuous rate test. The pump is operated at a rate 
expected to stress the well. If the pump breaks suction (or the PWL approaches the 
known pump intake level), the rate is slowly decreased until the pumping level stabilizes 
approximately 2 feet (0.6 m) above the pumping intake for a period of not less than 5 
minutes. The pumping rate is then decreased 5 percent and the well pumped at this rate 
until the punping level stabilizes for 1 hour. The discharge rate and drawdown thus 
established is then maintained for at least 4 hours. This pumping rate may be considered 
the available production rate of the well, and the observed pumping level during the test 
considered the production pump's pumping level. 

Constant Rate Method The constant-rate method provides information useful for 
well acceptance. The method also provides data to calculate aquifer hydraulic 
characteristics if well levels in observation wells known to be in hydraulic contact with 
the pumping wells are measured. The well is pumped at a pre-determined discharge rate 
that should not vary significantly for a set minimum of hours to meet the objectives of the 
test (well acceptance, defining boundary conditions, etc.). The test pump intake is set at 
least 5 feet (1.5 m) below the estimated lowest pumping level, and should have sufficient 
power and capacity to achieve the designated discharge rate. Drawdown measurements 
should be taken on a declining-logarithmic schedule as described above. For observation 
well level measurements to be reliable, drawdowns should mirror drawdown in the 
pumping well (show hydraulic connection) and be sufficiently large to be measured with 
confidence. 

Conducting a constant-rate test with a fuced speed motor (e.g., a 3450-rpm 
submersible) requires that the pump and motor have sufficient capacity to pump the 
desired flow rate at the greatest expected drawdown. This is usually done by valving 
down output early in the test (producing backpressure on the pump) and opening the 
valve later as flow requires adjustment when drawdown increases. 

multiple purposes related to the performance of the pumping well itself. Examples: 

pumping water levels at increased rates, 

periodically as a maintenance test, or before and after well cleaning and service. 

five or more. In a four-step test, the well is tested at rates of approximately 1/2,3/4, 1 and 
1-1/2 times the design capacity. Each step may be 60 to 100 min. (1 log cycle) in duration, 

SteD-Continuous Comuosite (Steu Test) Method. The step test is used for 

(1) Provide more refrned estimates of design pumping rates and projections of 

(2) Assess well and formation loss and specific capacity at construction and 

Methods vary somewhat. Reliable tests have at least three steps and sometimes 
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or until stabilization (three measurements 10 min. apart show no change). Stabilization 
should be achieved. Drawdown measurements should be taken on a declining 
logarithmic pattern. 

straight and rigid drawdown tube should be installed fkom a point 2 feet (0.6 m) above the 
pump intake to the wellhead. The top of the pipe must be readily accessible to insert, 
remove, and read the depth to water measurements on an electric water-level sounder, 
which is the preferred manual drawdown measurement tube for a step test. Alternatively, 
a transducer-based recording system may be used to measure the static water level and 
drawdown in the well. A clearly marked convenient reference point is set at the top of the 
pipe. 

SteD-PumDinrz and Recovery Test A variation of the step-continuous test includes 
a recovery period between steps. 

After recovery from the step test is complete, a constant rate test may be 
conducted by pumping the well at the design rate or at maximum yield for a period of not 
less than 24 hours and until the pumping level remains constant for at least 4 hours, or 
until the well owner-operator or hydrogeologist terminates the test. 
9.3 Test Planning Considerations 
9.3.1 Suspended Tests 

Whenever the specified conditions of the pumping test cannot be met, the test is 
suspended. Tests may resume after the water level in the pumped well has recovered to 
-95 % of its original level. Recovery can be considered "complete" if any three 
successive water level measurements spaced at least 20 minutes apart show no further rise 
in the water level in the pumped well. The test may be resumed immediately afterward. 
The supervising professional (hydrogeologist, licensed driller, engineer) should make the 
decision as to whether recovery is suffkiently complete for test conditions. 
9.3.2 Location of Discharge 

Discharged water should be conducted from the pump to the nearest surface-water 
body, storm sewer, or ditch, as approved by the property owner and other affected parties 
if necessary, or to a sufficient distance to prevent recirculation of discharged water into 
the aquifer being tested. More care is required for water-table aquifer conditions and 
more permeable surface soils to assure that recharge immediately adjacent to the well 
does not affect pumping water levels through recharge. It is imperative to insure that no 
damage by flooding or erosion is caused to the chosen drainage structure or disposal site. 

As with continuous-rate testing a 1/2-inch (1 3-mm) nominal diameter or larger 

9-12 



9.3.3 Record of Pumping Tests 

furnish copies of all records to others involved in the operation and approval of the well, 
including the well's owner-operator and regulatory or water resources agencies. The 
records should also be available to the owner or professional advisor (e.g., 
hydrogeologist) for inspection at any time during the test, and features explainedif 
necessary. 

For each well used in the test, the records must include physical data describing 
the construction features such as, but not limited to: well depth and diameter, complete 
screen description, length, and setting; a description of the measuring point and its 
measured height above land surface andor mean sea level; the methods used in 
measuring water levels and pumping rates. An accurate description or sketch map of the 
well locations with identifying names or numbers and distances between wells or fiom 
bodies of water should be provided as a part of each set of records. Records of 
measurements must include the date of the test, the c h k  time and elapsed pumping time 
of each measurement, the depth to water below the measuring point, the pumping rate at 
the time of measurement, and any pertinent comments on conditions that may affect the 
measurements. 
9.3.4 Measurement of Water Levels 

Personnel conducting a pumping test must keep accurate records of the test and 

Water levels can be measured with a steel tape, by flagging the bailer line, by 
reading pressure on an air line, with an electric sounder (preferably used through a 1/2- 
inch, 1 3 - m ,  or larger conduit), or calibrated pressure transducer. 

Accuracy to within plus or minus 0.1 feet (15 mm) must be attained with values 
recorded to the nearest estimated 0.05 ft. Accuracy may be required under special 
conditions to within plus or minus .01 feet (3 m). Personnel taking water level 
measurements should be familiarized with the specific operations of the test device to be 
used. 

Bailer Line Method. The bailing line is marked and measured from the bottom of 
the bailer to a point which is even with the top of the casing when the bailer encounters 
water. On the last run of the bailer on a bailer test, this measurement is recorded as the 
"bailed down" level. 

Air Line Method. A 1/4-inch (6-mm) rigid, straight tube fiee of air leaks is 
installed in the well with the test pump, terminating 5 feet (1.5 m) above the pump intake. 
The tube is fitted with an accurate altitude gage and air valve attached to it at the surface. 
The vertical distance from the bottom of the air line to the center of the gage is recorded. 
The line is then charged with air under pressure of at least 1 psi (0.1 Kg/cm2) for each 
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2.3 1 feet (0.76 m) of air line and until the gage will read no higher, and the water level in 
the well computed by subtracting the altitude in feet registered on the gage fiom the 
length of the air line. This method is not recommended for small drawdowns due to its 
lack of precision. 

Steel Taue Method. Water levels less than 300 feet (90 m) deep may be measured 
by chalking a weighted steel tape, lowering it a h-own distance into the well and 
determining the depth by subtraction of the submerged part of the tape as indicated by the 
wetted chalk mark. If the steel tape is to be lowered through a metal or plastic tube, the 
tube must be sufficiently large in diameter to permit free passage of the tape, and its 
bottom must terminate approximately 2 feet (0.6 m) above the pump intake. 

Electric Sounder Method. The electric sounder is lowered in the well until an 
audible or visual signal indicates that the probe has contacted the water. The level on the 
tape at the test reference point is then recorded. Sounders should conveniently show feet 
and 1/10 feet or meters to two decimal places under field conditions, have both an audible 
and visual signal detectable under field conditions for optimal convenience, and be 
accurate to 0.05 ft or 15 mm. One specific tape should be used throughout the test for a 
specific well to avoid bias due to differences among tapes. 

In the pumping well and in observation wells where cascading water may interfere 
with accurate drawdown measurement, a 1/2-inch (1 3 - m )  or larger diameter straight, 
rigid pipe is installed in the well from the surface to 2 feet (0.6 m) above the pump intake. 
The upper end of the pipe is arranged to that an electric sounder and line may be easily 
inserted, lowered, raised and read. Static water level, drawdown, and recovery 
measurements are made through this pipe, which should have a clearly marked and 
readily accessible reference point at the top. 

Automatic Electronic Transducer Method. In this method, a pressure transducer 
capable of detecting the difference in pressure due to changes in water level in a well is 
lowered to just above the pump in the pumping well or fixed depth in observation wells. 
The transducer output signal is recorded as depth to water surface. This method permits 
automatic data collection at very small and fixed intervals. Data may be collected fiom 
multiple points in a signal data recorder and may be collected unattended by personnel. 
Sounders should be checked for accuracy prior to installation, and connections and data 
recorder operation checked to assure that they are in order. Unattended tests should be 
manually checked periodically to assure proper operation. 
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9.3.5 Collection of Water Samples 

project planning should coordinate necessary project tasks such as well testing and 
sample collection to meet the goals of each. 
9.3.6 Pumping Test Standards 

confidence in the validity of the test data, and to know how they were collected. 
Individual states and other jurisdictions may have specific well test requirements that 
should be adhered to. This chapter may be used as guidance as well. Existing consensus 
standards relevant to well pumping tests have been published 'try ASTM. Most relate to 
the analysis of hydrogeologic testing data and other project-level factors (minimum data 
elements to identify a site, for example). Several are directly relevant to the performance 
of the tests themselves (Table 9.1): 

Water sampling and analysis are discussed in Chapter 11 of this manual. Well 

As in well construction, standards in well testing permit users of the data to have 

Talme 9.1 
ASTM Standards Relevant to Well Pumping Tests 

Standard Designation Title and Significance in Pumping Tests 

D 4043 

D 4050 

D 5716 

D 5737 

Standard Guide for Selection of Aquifer-Test Method in Determining 
Hydraulic Properties by Well Techniques: Which test analytical 
method to choose for a specific aquifer situation (affects how the test 
is conducted). 

Standard Test Method (Field Procedure) for Withdrawal and Injection 
Well Tests for Determining Hydraulic Properties of Aquifer Systems: 
How to conduct a pumping test. 

Standard Test Method for Measuring the Rate of Well Discharge by 
Circular Orifice Weir: Specifics of how to construct and use an orifice 
weir. Note that some variation in the illustrated design is permissible 
and still provide valid data. 

Standard Guide for Measuring Well Discharge: A general guide to 
using flow measurement devices, including open-channel methods. 

The above testing discussion is consistent with D 4050. As with all consensus 

standards, they are guidelines and not to be construed as having regulatory weight. Also, 

tests are most likely to be valid if conducted and supervised by trained and experienced 
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ground water professionals. It is reasonable, based on professional judgment, to vary 

practice to meet the practicalities of the test situation while still obtaining valid data. 

Reference to the standard in a well testing report suggests that the testing personnel 

conformed with the standard, and any deviation from it should be noted. Other standard 

test methods and standard guides may be in development, and are published annually by 

ASTM. Standards are by ASTM practice reviewed and updated as necessary every five 

years. It is recommended that ground water professionals be familiar with these and other 

relevant standards. 
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Chapter 10 
Well Disinfection 



10 Well Disinfection 
While well siting regulations, standards, and good practice in well location and 

construction serve to minimize contamination, further precautions in the form of 
disinfection during and after construction is recommended. Well disinfection is a 
necessary part of final well completion to remove any coliform bacteria or pathogens that 
may have been introduced during the well construction process. 

The following disinfection procedures are intended for basic sanitation as a part of 
well construction and service, and not for well rehabilitation or maintenance disinfection 
to remove biofouling. These procedures are considered separately in other publications 
referenced at the end of this chapter, 

The disinfection practices described are also intended for the removal of transient 
and accidental introduction of relatively low levels of "foreign" microorganisms, and not 
to counteract persistent contamination from an outside source, or to exclude native 
micro flora. The effect of disinfection practices on various potential pathogens (including 
viruses) and native microflora varies considerably and is poorly documented. Most 
disinfection experience in ground water construction relates to removal of coliform 
bacteria. 

Contaminants in the form of grease, oil, soil and other foreign substances can 
harbor and protect microorganisms fiom subsequent disinfection and must be removed 
for effective disinfection. Generally mechanical extraction, swabbing and pumping have 
proved effective for most cleaning requirements. Cleaning and disinfecting chemicals 
should only be employed where responsible and competent authority has approved their 
use, the amount to be used and the method to be employed. 

Well drilling equipment and tools should be kept clean and a conscientious effort 
made to prevent the transporting of foreign material fiom one well site to another. Water 
used for the drilling fluid should be clean and free of organic material and/or minerals 
which would impair the qualities of the drilling fluid. This does not preclude the use of 
approved commercial organic drilling fluid additives, but they need to be removed to 
below detection levels prior to final disinfection. 

installed prior to or during disinfection and be thoroughly hosed, scrubbed or otherwise 
cleaned of foreign material. 
10.1 Chlorination Purpose and Application in Well Construction 

with either calcium hypochlorite (yowdered or tablet form) or sodium hypochlorite in 
liquid form. Liquid chlorine (under pressure and fed as a gas), may also be used with 

Where test pumping equipment is to be utilized, such equipment should be 

Normal water well disinfection practice is to utilize a chlorine solution prepared 
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appropriate training and equipment. The effectiveness of a chlorine solution is generdly 
misconstrued to be the theoretical amount of fiee chlorine in the solution. The 
effectiveness of the solution is primarily related to the amount of hypochlorous acid 
(HOC1) present and not to the total free chlorine, commonly referred to in regulations 
dealing with well chlorination. Because the formation of HOCl is retarded at higher pH 
values, and standard chlorine compounds increase pH, a 100 ppm chlorine solution -- 
prepared with neutral (PH 7) water -- may be a less effective germicide than a 50 ppm 
solution prepared with water of lower pH. Effectiveness is also related to the amount of 
contact time. With a contact time of 8 hours, or more, chlorine solutions of 50, 100 or 200 
ppm apparently provide adequate effectiveness against pathogenic organisms. 

It should be noted here that appropriate compounds of iodine, bromine, ozone or 
other disinfectants may also serve as disinfectants in place of chlorine, but have practical 
drawbacks for purposes of primary well disinfection. 

The following paragraphs represent special conditions rather than normal 
disinfection practice: 

(1) Where the ground water has a low pH value, caution should be exercised with 
the use of chlorine as a disinfecting agent if a lengthy contact period is anticipated due to 
the highly corrosive nature of a chlorine solution with a low pH value. 

(2) As noted previously, continuous or periodic disinfection during the 
construction of a well may be desirable. In such instances care is required to ensure that 
disinfection not interfere with the work of construction (e.g, drilling mud properties). 

(3) Interim chlorination with a solution of 5 to 10 ppm of free chlorine is 
advisable when several days will elapse between well completion and the carrying out of 
normal disinfection required by regulatory agencies. While not normally acceptable for 
final disinfection by most state regulatory agencies, a chlorine dose of 5 to 10 ppm should 
provide adequate protection where prolonged contact time -- days rather than hours -- is 
assured. Where domestic wells are complete weeks before permanent pumping equipment 
is installed, an interim disinfection with a 5 to 10 ppm concentration should be carried out 
with the solution remaining in the well for the entire interval between well completion 
and the time the permanent pump is installed. 

Scheduling of disinfection should not normally pose a problem regardless of the 
type of well involved except where sampling for analysis of volatile or synthetic organic 
compounds is anticipated (well acceptance testing for public wells governed by the Safe 
Drinking Water Act). If VOC or SOC testing is not anticipated, disinfection should 
immediately follow completion of the well. For public water supply wells (SDWA 
testing), chlorination should be delayed until SOC and VOC samples are taken, but 
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should precede installation of the permanent well pump. If chemical sampling of a 
chlorinated well must be repeated, chlorine should be pumped out below instrument 
detection (<0.01 m a )  before samples are taken. 

It is of major importance in well disinfection to insure adequate distribution of the 
disinfecting agent in the well and also to that part of the well above the static water level. 
Usually a solution is prepared prior to placement of the disinfectant into the well. 
However, where disinfection with a dry chlorine compound is necessary or permitted -- 
without first preparing a liquid solution (e.g., in treating flowing artesian wells) -- 
appropriate means must be provided to achieve a relatively even application of the 
compound to the bottom of the well screen or intake area and throughout the well. Palets 
or powdered chlorine compound must be used with a mechanical carrier. 

Unless the chlorine is evenly distributed, the disinfectant may move laterally 
rather than to the bottom of the well. An appropriate tremie device -- hose or pipe -- 
should be employed to insure proper distribution of the disinfectant. Agitation through 
use of a bailer, surge block, or by intermittent stopping and starting of a test pump is 
recommended to force some of the solution into the water-bearing formation around the 
well. However, agitation is not an alternative to adequate distribution of the concentrated 
chlorine solution in the fcst place, because even distribution may not be achieved by 
agitation. 

If a test pump is available during disinfection, it provides a convenient means for 
application of the disinfecting solution to the dry part of the well through a hose. The 
discharge piping of either a test pump or permanent pump can incorporate a tap and hose 
connection on the pump side of a valve. Intermittent pump operation for surging wiIl not 
interfere with hose application of the solution to dry parts of the well, or in keeping such 
parts wet for an adequate period of time. When a pumped supply of dilute chlorine 
solution is not available for this purpose, a separate tank and gravity system will be 
needed. 

Although partial disinfection of the well system may be done during testing, a 
fmd disinfection must be the final act of well completion, eliminating any chance of 
contamination. 
10.2 Well Chlorination Specifics 
10.2.1 Disinfectants 

For the most part, chlorine-containing compounds approved for potable water use 
(as certified by NSF International or other appropriate agency) may be considered the 
primary disinfectants of choice for water well applications. Other compounds approved 
by state or local regulatory agencies for potable water use may be used as disinfectants. 
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The disinfectant must be recently purchased and delivered to the work site in 
original closed containers bearing the original label indicating the percentage of available 
chlorine to assure maximum effectiveness during treatment (all formulas and calculations 
assure the chlorine compound conforms to its labeled properties). Chlorine compounds in 
dry form should not be stored for more than one year and storage of liquid compounds 
should not exceed 60 days. During storage on site, disinfectant containers must be kept 
closed and-should be stored away from exposure to direct sunlight. Otherwise, the 
disinfectant will lose potency, and unacceptable byproducts, such as chlorate, will be 
formed. 

Warning: All chlorine compoundr are powerfil oxidants. Ifspilled on grease or 
oil, the potential for explosion or ignition exists. Contact with cloth, rubber, some 
plastics or skin may cause deterioration and irritation. Avoiding skin contact is 
recommended. Chlorine corrodes metals and degrades submersible pump wire, and 
should be flushedfLom surfaces. All chlorine compounds shouldbe handled with 
appropriate ventilation. Breathing chlorine dust or concentrated hypochlorous acid 
vapors may cause damage to mucous tissues. Liquid el2 must be handled with all safety 
precautions by personnel trained in its use with appropriate safety and emergency 
procedures in place. All containers should be rinsed and recycled properly in 
cooperation with the chemical supplier. 

A widely used standard for sufficient chlorine in new well or well-repair 
disinfection (unless superseded by a more strict governmental regulation) is a quantity of 
chlorine compounds sufficient to produce a minimum of 50 mg/L available chlorine in 
solution when mixed with the total volume of water in the well ( A N W A W A  C654). A 
50 ppm solution should result from utilizing quantities of chlorine compounds, proportion 
to the depth of water, as listed in Table 10.1. 
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Table 10.1 
Chlorine Compound Required to Dose 100 Feet of Water-Filled Well at 50 mg/L 

Chemical Compound Liquid 
Borehole or Volume per 100 ft Amciiunt of Calcium Sodium Hypochlorite3 Chlorine 
Casing Diameter of Water De th Hypochlorite2 (12 trade percent" (100% Available 
(inches)' (gallons) ' (65% available HOCI) Available HOCI) CI,) (Ib)' 

4 
6 
8 

10 
12 
16 
20 
24 
30 
36 
48 

65.3 
146.9 
261.1 
408 
587 
1,044 
1,632 
2,350 
3,672 
5,287 
9,400 

0.7 ounces (02)~ 

1.5 oz 
2.7 oz 
4.2 oz 
6.0 oz 
10.7 oz 

1 lb 1 oz 
1 Ib 8 oz 
21b6oz 
31b6oz 
6 lb 1 oz 

3.5 fluid ounces (fl 02)' 

7.8 fl oz 
13.9 fl oz 

1.4 pint (pt) 
2.0 pt 
3.5 pt 
0.7 gal 
1.0 gal 
1.5 gal 
2.2 gal 
3.9 gal 

0.03 
0.06 
0.11 
0.17 
0.25 
0.44 
0.68 
0.98 
1.53 
2.2 1 
3.92 

60 14,690 9 lb 7 oz 6.1 gal 6.13 
'SI (metric) conversions are provided in Table 10.2. 
%&antities of Ca(OC1)2 based on 65% available chlorine by dry weight (16 oz = I Ib). 
3Quantities of NaOCl based on 12-trade-percent available chlorine by US liquid measure (1 gal = 4 qt = 8 pt = 128 fl 02). 

Vrade percent is a term used by chlorine manufacturers: wade percent X 10 = grams available chlorine in 1 L of solution. 
Source: Table A. I ,  Appendix A, ANSUAWA C654. 

Table 10.2 
SI (metric) Conversions for Well Chlorination 

US Customary Unit Conversion Factor SI Equivalent 
Inch (in) X 25.4 millimeter (mm) 
Feet (ft) X 0.3048 meter (rn) 
US gallon (gal) X 3.7854 liter (L) 
US pint (pt) X 0.9232 liter (L) 
Fluid ounce (fl 02) X 0.02957 liter (L) 
Avoirdupois (wt) ounce (02) X 0.02835 kilogram (kg) 
Pound (lb) X 0.45359 kilogram (kg) 

Source: Table A.2, Appendix A. ANSIIAWWA C654. 

Note: Liquid sodium hypochlorite in a I2 percent solution is often sold for water 
and wastewater treatment plant use, as a commercial bleach, or for use with swimming 
pools. Using a "home use" chlorine bleach solution such as Clorox with a 5.25 % 
available NaOCl would require approximately 2.3 times as much product (2.3 gal per I 

To obtain a lOO-mg/L solution (e.g., as recommended by the Illinois Department 
of Public Health), double the amounts indicated in Table 10.1. 

Where a dry chemical is used it should be mixed with water to form a chlorine 
solution prior to placing it into the well for best distribution. Liquid chlorine should be 
metered with an appropriate chemical feed pump into water to form a solution prior to 
placing it in the well. 

gal). 
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10.2.2 Interim Well Disinfection 
Should a delay of three days or more be anticipated between the completion of the 

well and the regularly scheduled well disinfection, an interim disinfection should be 
applied unless chlorination may potentially interfere with VOC or SOC analytical results. 
Install an approved disinfecting agent in an amount equal to 10 percent of the amount 
required for final disinfection (amounts 0.1 x Table 10.1 values). Prepared solution in 
liquid form is placed in the well through a hose or tremie of sufficient length to extend to 
the bottom of the well. The hose is raised and lowered to achieve uniform distribution of 
the solution throughout the well. 
10.2.3 Daily Operations Disinfection 

well construction operations. The amount used should be sufficient to maintain a 
measurable residual in drilling fluid or the bore water column in cable tool drilling. 
10.2.4 Well Completion Disinfection Procedure 

conflict with governmental regulatory requirements, one or more of the following 
disinfection procedures may be employed. For each method of well-bore disinfection, the 
disinfecting agent is left in the well (or applied) for a period of at least 12 hours. After a 
12 hour (or longer) contact period (but not longer than 24 hr), the well is pumped to clear 
it of the disinfecting agent. Achieving the appropriate chlorine residual should be 
confirmed by testing with field chlorine test instruments. 

Pre-treating permanent equipment to be installed: All installed equipment should 
be clean and free of soil or other contaminant material. Exposed surfaces may be treated 
with a 200-mgL chlorine solution just prior to installation. 

water level should be maintained in a damp condition with water containing the required 
concentration of disinfecting agent for a period of not less than 20 minutes. 

exist for insuring that the disinfecting agent is uniformly applied throughout the entire 
water depth of the well without relying on subsequent mechanical or surging action for 
dispersing the disinfectant, the dispersion of the disinfectant may be assisted by pouring 
into the well a volume of water equal to the voIume of the screen, after the disinfectant 
has been emplaced. This will cause the disinfectant to flow out of the well into the area 
adjacent to the screen 

Daily chlorination of the well may be employed d ~ n g  long and relatively slow 

Unless otherwise modified due to p rdkms  involved with the specific well or 

Above-water-level chlorination: All accessible portions of the well above the 

Emdace chlorine solution and chase With water: Provided that reliable means 
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Disinfection of Water Table Drilled Wells: 
(1) Dry Chlorine Comuounds. A perforated pipe container (capped on both ends), 

filled with the appropriateamount of a granular chlorine compound for the well, may be 
moved up and down the entire well bore until the material has dissolved. Confirm the 
final chlorine residual by testing. 

Alternatively, dribble 5-g size tablets into the water column (avoiding lodging on 
the casing or equipment above the water level) and wait 30 min. or more to allow them to 
dissolve, then surge to distribute. Confirm the final chlorine residual by testing. 

(2) Stock Solution (a). A stock solution sufficient to produce 50 ppm of available 
chlorine is added to the well at different intervals by tremie pipe fkom top to bottom d 
then agitated to distribute it evenly throughout the well. 

continuous flow of water into the well to produce a 50-ppm concentration of available 
chlorine throughout the well. 

(4) Prepared Solution. The chlorine solution of the appropriate concentration to 
disinfect the well is prepared on the surface in containers having an aggregate volume 
equal to at least twice the volume of water in the well and then rapidly discharged into the 
well so as to thoroughly flush that portion of the casing which is above the water level. 

Disinfection of Flowing Artesian Wells: 
(1) Dry Chlorine Comuounds. A perforated pipe container, capped on both ends 

and filled with a granular chlorine compound, is placed at a point on or below the top of 
the producing horizon. This process is repeated as often as necessary to achieve and 
maintain the standard 50-ppm concentration for a period of not less than one hour. 

a suitable standpipe. 

pressure by means of a drop pipe to the bottom of the well. The cap is equipped with a 
suitable one-inch (25-mm) valve. After the injection is complete, air is injected for 
agitation while simultaneously opening the valve in the cap permitting the chlorine 
solution to be dispersed to the surface. When chlorine is detected at the surface outflow, 
the valve is then closed and the flow stopped. The chlorine concentration is maintained at 
50 ppm for at least six hours. 

treatment can be conducted as though the well was non-flowing. 

than one hour at a point at or below the top of the producing zone, The rate of application 

(3) Stock Solution (b). A stock chlorine solution of 15,000 ppm is added to a 

(2) Controlled Flow Disinfection. Flow is first controlled by either capping or by 

(a) In the event the well is capped, a stock chlorine solution is injected under 

(b) In the event that flow can be controlled by a suitable standpipe, the chlorine 

(3) Stock Solution. A stock chlorine solution is applied for a period of not less 
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is such that the standard 50-ppm concentration is achieved and maintained during the 
application period. 

Bored (including buried s1ab)wells: 
Drilled wells typically do not provide a large amount of casing storage (<1.5 gaVft 

in a 6-inch-diameter well). In some fine formations, it is customary to construct larger 
diameter (36-in.) bored wells. Some of these are completed well below the ground surface 
with a top slab and finished to the surface with casing. 

The particular designs of these wells pose disinfection challenges: 
(1) Assuring adequate chlorination of top slabs, pipe joints, and cement tiles. 
(2) Because there is minimal water in the casing, and the aquifer has a low 

(3) Flushing a chlorine solution of sufficient concentration to disinfect the inside 
hydraulic conductivity, backflushing into the formation is difficult to impossible. 

and gravel pack surfaces of the well may require two or three well volumes to be emptied. 
This may take 10 to 12 days. 

example, at 53 gal. per ft., a 4 0 4  36-in. diameter casing would require 2,120 gallons of 
solution. 

(4) Hauling disinfectant water would require significant volumes of water. For 

In addition to chlorinating the gravel packs of these wells upon installation (see 
following), one recommended procedure involves: 

(1) installation of two 1 -in.-diameter PVC pipes fiom the surface, along the riser 
casing, and into the gravel pack (1 80" apart). 

(2) After the well pump is installed, chlorine is mixed into the pumped water and 
circulated back down into the gravel pack. The chlorinated water flows through and fills 
the pack before penetrating the cement tile. 

(3) The chlorinated water is circulated through each disinfectant pipe in turn for a 
minimum of 3 hr for a total of 6 hr, after which the well would sit for a minimum of 3 to 
4 hr of contact time. 

(4) The well is then flushed and ready for use. 

Filter pack material being installed in new wells or replenished in existing wells 
10.2.5 Filter Pack Material Chlorination 

should be chlorinated upon installation to minimize microorganisms introduced from the 
surface. 

Warning: In all cases, one more good reason for filter pack to be free of organic 
materials is to avoid any potential for explosion when mixed with concentrated chlorine. 

Filter pack material in new installation: Prior to installation, drilling fluid should 
be thinned and the fluid level maintained at the surface. 
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(1) Tablet urocedure. Calcium hypochlorite tablets (5-g size) are mixed with 
gravel in a proportion of 1/4 lb to 1/2 lb (1 10 - 220 g) per ton of gravel, taking care to 
mix as uniformly as possible. The mixture is then fed by gravel chute to fill the annular 
space to the level desired. 

(2) Chlorine residual in drillinp fluid. When the drilling fluid is thinned, continue 
circulation and add chlorine to produce a chlorine residual of not less than 50 mg/L in the 
entire volume of the fluid within the borehole. The pack material is then fed by gravel 
chute to fill the annular space to the level desired. Chlorine residual is measured 
periodically and chlorine feed adjusted as necessary. 

a chlorine solution maintained at not less than 50 mg/L for at least 30 min. 

chute is maintained in place, an attempt can be made to feed a solution of at least 100 
mg/L chlorine down the chute. Feeding is continued at up to 20-50 gpm (70-1 90 L/min) 
until the chute can no longer accept water or until the volume fed is twice that of the 
annular space (fluid and pack material combined) in the filter pack zone. 

ground water dissolving the chlorine in water to the appropriate concentration and 
moving the chlorine through the pack. The water seeping into the filter pack has very 
little agitation ability, so that mechanical agitation is required for adequate distribution. 
10.3 Personnel Qualifications 

Although simple in concept, well disinfection can be difficult in actual practice. 
Investigations into problems with well-owner chlorination indicates the following 
problems: 

Filter pack being replenished: ImmediateIy prior to installation, soak filter pack in 

Chlorinatina existing mavel uacks to remove suspected contamination: If a gravel 

Agitation required: Mixing granulated chlorine with filter pack material relies on 

(1) Over-chlorination and damage to well equipment. 
(2) Poor distribution of chlorine compound with available means of recirculation, 

with resultant damage to casing, pipe, pump and pump wire, and at the same time, 
inadequate mixing to assure disinfectant contact throughout the well. 

to remove disinfectant-neutralizing material and assure adequate distribution. 
(3) Lack of adequate mixing and surging, particularly for wells already biofouled, 

(4) Inability to understand or follow instructions. 
Supervision or performance of chlorination by trained personnel are 

recommended. Testing should follow to provide quality assurance. 
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Chapter 11 

Water Samples and 
Analysis 



11 Water Samples and Analysis 
11.1 Background and Practice in Sampling and Analysis for Wells 

quality of water suitable for intended uses. Presence of disease-causing microorganisms 
and toxic chemicals are the main concern for potable water supply. Damage to crops and 
industrial equipment from chemicals in h e  water is the main concern for agricultural and 
industrial water supplies. While planning and construction should minimize exposure to 
undesirable (and especially unnatural) components, testing verifies absence of 
undesirable micro organisms and chemicals. Thus, all wells should be sampled during 
andor immediately following construction and development (this may be required by 
law, e.g., in public water supplies). Appropriate field and laboratory analyses are then 
made based on intended uses. 
11.1.1 Chemical Quality 

mineral composition of the aquifer, (2) past and current redox conditions, (3) conditions 
under which the aquifer was formed, and (4) its subsequent hydrogeochemical evolution. 
While most of these are not considered harmfil and may indeed be healthful (e.g., 
magnesium), some natural constituents can potentially be health risks (e.g., arsenic, 
radionuclide salts, and radon). 

human activities have become a major concern. Much of this concern centers around 
volatile organic chemicals such as benzene and other gasoline or kerosene (jet fuel) 
constituents, chlorinated solvents and other chlorinated organics associated with many 
industrial and cleaning activities, and agricultural pesticides. Locally, heavy metals, 
radionuclides, or distillates fiom improper ground disposal may cause ground water 
contamination. In addition, chemicals such as lead may leach fiom plumbing systems and 
fixtures, causing them to be present at levels above standards in samples taken from water 
supply systems. 

Natural ground water quality usually varies with depth, especially as different 
water-bearing zones are encountered. Knowledge of the quality of water encountered 
while a well is being constructed is highly desirable, and in some instances imperative 
because such knowledge can affect decisions regarding continued construction, selection 
of materials, and modifications in construction or in the planned operation of the 
completed well. Common examples of quality related problems are: saline, contaminated, 
or undesirable (e.g., sulfide-containing) water zones to be excluded by casing or grouting; 

Ground water from wells is tested to evaluate the ability of a well to provide a 

Chemicals in ground water are normally naturally occurring and reflect the (1) 

In recent years, pollution of ground water by industrial chemicals as a result of 
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corrosive waters affecting choice of casing and screen materials; iron-rich waters 
affecting screen settings; and selection of water treatment equipment. 

The importance of establishing the quality of water available for each aquifer 
penetrated is often overlooked, though this information can be critical to meeting the 
needs of the well owner. Water quality determinations should be made when possible 
after penetration of each new source (water-bearing zones). In extensively developed 
areas, determination of quality may simply be a matter of verifying whathas already been 
learned of water quality from nearby wells. 

The usefulness of any water quality analysis depends on the collection of a 
representative sample. The cost of laboratory analysis can be wasted if sampling is done 
carelessly or by those without training or experience. 
11.1.2 Bacteriological Quality 

microbial life. Only a very few species cause disease while others affect the quality of 
ground water and well performance. 

Ground water may become contaminated with microorganisms from 
malfunctioning, leaking or poorly sited septic tanks, cesspools or sewers, or animal 
wastes. Some poorly protected and highly transmissive fiactured-flow or karst aquifer 
settings are especially vulnerable to such contamination. 

Microorganisms in ground water that are dangerous to human health (pathogens) 
are usually not tested for directly. Instead, indicator organisms are used. Indicator 
organisms are non-pathogens associated with potential for microbial contamination, but 
more numerous, easier to culture and detect, and usueally more resistant to disinfection 
than pathogens. 

suitability of water for potable use is the total coliform test. "Total" coliform bacteria 
(some 50+ species) are common in the natural environment in soils, water, and on and 
within plants and animals, may be present in uncontaminated ground water. Detection of 
total coliforms in a ground water sample suggests that other, potentially harmful, 
contamination occurred and that pathogenic orgsims may be present. A positive total 
coliform test should be followed up by collecting another sample and testing for total 
coliforms and E coli. Current EPA standards generally call for less thatn 1 coliform per 
100 mls of water sampled. 

also widely present in the environment in minute quantities, but in large numbers in the 
intestinal tracts and feces of humans and other animals. Because these bacteria are 

Ground water is not sterile, and in fact, aquifers are ecosystems containing 

At the present time, the standard microbiological indicator method for judging the 

"Fecal" coliforms (including Escherichia coli), a subset of the total coliforms, are 
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discharged in bowel movements, any samples of water containing these bacteria are 
assumed to have been contaminated by feces. Thus, other pathogenic bacteria, protozoa, 
and viruses may be present, possibly causing human illness. 

ground water have been apparent for some time. Some pathogens such as Giardia or 
Cryptosporidiurn are more resistant to disinfection. The presence of viruses do not 
correlate well with coliform occurrence. Bacteria that grow in total coliform media may 
be natural inhabitants of aquifers and do not reflect fecal contamination. Despite these 
limits, coliform tests have remained the standard methods due to their overall 
effectiveness and practicality. Users of this manual should be alert to changes in indicator 
testing procedures and requirements in the coming years, particularly the addition of 
other bacteriological tests (e.g., fecal streptococcus) and bacteriophage (viral) testing. 
Depending on the vulnerability of the well site to fecal contamination, such tests may be 
warranted. 

analyses may be conducted to determine the initial presence of biocorroding or biofouling 
microorganisms in the formation. These analyses, along with physical-chemical 
parameter analyses, are used to make decisions on the potential for corrosion and 
clogging of well components. Examples include widely used pre-packaged culture 
methods as well as more traditional laboratory-prepared analytical procedures. These 
methods lack regulatory weight and standard methods are not yet formalized, although a 
general practice exists. 

Because the well construction process can introduce total coliform (or biofouling) 
bacteria to the producing zone, development and disinfection are important in assuring a 
tested-safe water supply and minimized biofouling potential (at least initially). Testing 
for bacteriological quality is the final step in well completion. The sample is colIected 
from the pump discharge after the well has been disinfected and the chlorine removed by 

The weaknesses of coliform analyses in making judgments on the potability of 

- 

In addition to microbiological sampling for indicators of microbial potability, 

PWP&5 
It occasionally happens following "disinfection" of a well that became heavily 

contaminated during construction, that a positive (bad) result is reported by the 
laboratory. This calls for disinfection and testing to be repeated. Failure to obtain 
negative (good) results after a second disinfection is reason to question the disinfected 
materials and procedures used, the sanitary protection of the well, the existence of some 
persistent source of contamination (such as a malfunctioning septic tank system) or 
possibly the quality of the water in the aquifer. Sometimes a fecal coliform test can 
indicate whether the source is from waste-disposal activities. 
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If the well cannot be cleared of contamination, another source of water should be 
developed or steps taken to provide continuous chlorination of the water before use. The 
delays, extra work and cost associated with having to repeat well disinfection procedures 
are compelling arguments for using adequate quantities of disinfectant and doing a 
thorough job the first time. 
11.2 Sample Collection for Analyses 

ground water quality in the aquifer to the extent possible. Ground water samples are 
collected during well construction to decide the as-built design of and materials used in 
the well, and to determine the potability and water treatment needs of the produced water. 
Quite often determination of quality must be made during 'the initial stages of 
construction to help decide whether or how to proceed with the work. Determinations 
may also be made to find out if water of undesirable quality has been encountered so as to 
exclude it, or to adjust or finalize the design of the well. These determinations are best 
made during the drilling and sampling phases of the construction. 
11.2.1 Sampling Considerations for Chemical Analyses 

The method used to collect samples for chemical analyses depends in part on the 
drilling method, the intended purpose and yield of the well, and the information desired. 
The simplest procedure consists of lowering a container into the well, allowing it to fill, 
and raising it to the surface. The bailer is such a device. More sophisticated devices for 
collecting samples at preselected depths have been developed. The so-called "thief" 
sampler that is tripped closed by a weight sent down the line, and the ball type sampler, 
are the most used of these devices. By collecting samples at selected depths, it is possible 
to obtain a quality "profile" of the well or borehole. Sampling with a bailer is common to 
the cable tool method of drilling, particularly where well yields are small, or where an 
operating pump is not yet available. 

are available. For water well sampling, the most common are those intended for 
production pumping, including submersible pumps, which are capable of producing 
minimally affected samples with proper use. Usually, samples are collected fiom the 
discharge during test pumping or after the production pump is installed. 

In some instances the interval to be sampled is segregated by sealing-off the rest 
of the well, installing a screen in the interval and pumping, or setting a packer. Pumping 
is begun at a low rate, then increased. 

Samples should be collected after the well has been pumped (or bailed) long 
enough to remove standing water, mud and other foreign material, including development 

A water sample taken fiom a well should be collected so that it represents the 

For wells of larger yield, pumped samples may be required. Many types of pumps 
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and disinfectant chemicals, so as to insure that ground water has entered the well and the 
sample is representative of the water in the aquifer@). While recommendations vary, 
removing three to five bore volumes helps to assure that nonrepresentative water is 
removed and formation water pumped for "representative" sampling. Periodic checking 
of purged water for electrical conductivity, pH and temperature (see following) can be 
used to make a judgment that aquifer water is being pumped. This typically is indicated if 
consistent readings are achieved over three to five measurements. 

personnel do not introduce contaminants into the sample. The level of care required to 
avoid sample contamination is proportional to the sophistication and sensitivity of the 
analytical methods employed. For example, GC-MS analysis detects VOCs in samples in 
the low fractional parts-per-billion range. At a minimum, there should be no external 
source of contamination (e.g, oils and grease from drilling equipment or residues from 
prior sampling). 

Sometimes, sampling requirements dictate that neither the construction of the 
sampling device nor method of delivering the sample to the surface may alter the physical 
or chemical characteristics of the sample (e.g., VOCs). Some chemical analyses may 
require field preparation? such as filtration or preservation of the sample. Although field 
preparation may only involve preserving the sample on ice (4 C), any field preparation 
should be done by qualified personnel. 
11.2.2 Chemical Sample Quantities, Containers, And Preparation 

vary from 50 ml to 500 ml in glass or plastic containers provided by a laboratory. 
Maximum holding times range from 24 hr to 30 days. Cooling of samples to 4 C is often 
required. Determine laboratory and regulatory requirements before sampling. 

Toxic metals (e.g., lead and arsenic): The usual sample size is 100 ml in glass or 
plastic containers provided by a laboratory. Maximum holding time is usually 6 months 
when the samples are preserved with acid (commonly concentrated nitric acid). Most 
metals are strongly sorbed to clay, sand and silt particles. A turbid sample from an 
incompletely developed well may give anomalously high values for metals. In this case, 
the well should be completely developed or the sample filtered before analysis. 

special glass containers with special caps, supplied by the laboratory. Samples are 
preserved with preservatives (e.g., HCl) specific to the chemical analyzed, and generally 
cooled. Holding times range from 7 to 30 days when preserved. Sampling for VOCs 
requires minimizing aeration that strips volatiles. VOC containers must be completely 

Care should be taken to assure that the sampling equsipment and the sampling 

boreanic constituents and nontoxic metals (ex.. nitrate. calcium\: Sample sizes 

Organic contaminants (ex.. VOC. uesticides): Samples range from 25 ml to 1 L in 
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filled without bubbles according to a specific practice. Samples should be collected by 
experienced, qualified personnel. 
11.2.3 Chemical Sample Collection 

the time the water bearing formation is encountered, frrst removing as much as possible 
of the water which has entered fiom other sources. The samples should be taken at time 
periods specified by the project sampling plan. Bailers, if reused, must be decontaminated 
and rinsed with deionized water between sampling events. 

sampler or other similar device designated for collecting water samples at predetermined 
depths. Waters foreign to the depth or depths selected for sampling, and other extraneous 
matter, are removed as completely as possible prior to sampling, by pumping or bailing. 

Discharge Samde Method. A water sample may also be taken of the water 
- discharged during development or test pumping after the well has been pumped for a 

specified amount of time. Sampling for regulatory or final water treatment analysis 
shouId be delayed until after development chemicals have been removed and there is 
minimum visual evidence of mud or fines (such as sand, etc.) in the water. 

elevation(s) designated with a submersible pump, air pump, or other device. The intake is 
set at the elevation(s) prescribed and the pump operated for the specified amount of time 
(minutes, hours, days). The sample should not be taken until the water being pumped is 
free of mud or other foreign matter. Sampling for VOCs, metals and organics should 
minimize aeration and turbulence. 

Bailed ComDosite Samde Method. A water sample may be obtained by bailing at 

Point Samde. A water sample may be obtained by use of a "thief" sampler, ball 

Pumued Samde: Comuosite. A water sample is obtained by pumping from the 

PumDed Samde: Segregated (Drill Stem Test Sample). A water sample is 
obtained by pumping from the formation(s) designated. The interval to be sampled is 
segregated fiom the remainder of the well by inflatable packers or other means. If 
necessary, the interval is screened so as to prevent the influx of loose material. The 
sample should not be taken until the water being pumped is fiee of mud and other 
extraneous matter that might affect the chemical analysis. 
11.2.4 Sample Collection for Bacteriological Analyses 

has been disinfected and chlorine removed by pumping. Collection of samples for 
bacteriological examination must be done carefully to avoid contamination of the water, 
the bottle, or the cap. Preferably, sample collecting should be done by specially trained 
persons; some agencies refuse to accept water for analysis that has not been collected by 

The sample is collected from the pump discharge at well completion after the well 
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authorized persons. Technical assistance and advice can usually be obtained from local or 
state health departments. 

A sample of the water fkom the well should be collected and analyzed for total 
and fecal coliform organisms after all traces of development and disinfectant chemicals 
have been removed fiom the well. A sample of water of at least 100 ml is collected for 
analysis for the presence of coliform bacteria. 

(1) A sterile 125-ml saniple bottle, preferably onejrovided by the laboratory that 
will make the determination, is used. The sample bottle (usually containing chlorine- 
neutralizing sodium thiosulfate) must not be rinsed. Taking duplicate sanokes cab reduce 
sampling error and reduces the chance of sending a compromised sample. 

(2) The choice of sampling point is important. Swivel and other possibly leaking 
taps should be avoided. Any aerators or attachments should be removed. In wellhead 
tests, taps should be inspected for cleanliness prior to disinfection and cleaned as 
necessary. 

(3) The water should be allowed to flow to waste for several minutes to clear the 
service lines before the sample is taken. Most authorities recommend or require that the 
sampling point be flame sterilized or disinfected then reflushed prior to sampling. 

collected. It is extremely important that nothing except the water to be analyzed come in 
contact with the inside of the bottle or the cap; the water must not be allowed to flow over 
an object or the hands into the bottle being filled. 

well, a field test for residual chlorine is desirable. 

possible, and in no event more than 30 hour (sometimes no more than 6 hr are permitted), 
after its collection. During delivery, the sample should be kept as cool as possible (4 C, 
not frozen). 

If the laboratory analysis shows the water is not safe to use, disinfection and 
analysis should be repeated until negative results are reported by the laboratory, or until it 
is determined by competent authority that disinfection of the well cannot overcome the 
problem . 

Available prepackaged culture methods may either be inoculated directly from samples 
taken at the well, or subsampled fiom bacteriological sample bottles. Protocols 
appropriate for coliform sampling (use of sterilized 125-mi sample bottles, aseptic 
handling) are followed. 

(4) At sampling, the flow is reduced to a “pencil-sized’’ stream and the sample 

(5) If interfering amounts of residual chlorine are suspected to be present in the 

(6) The sample should be delivered cooled (4 C) to the laboratory as soon as 

Sampling for indicators of biofouling is highly specific to the method used. 
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11.3 Analytical Considerations and Choices 
11.3.1 Field Tests 

Tests for chemical and physical quality of water, performed in the field, can be 
very helpful in making preliminary decisions affecting construction and in detecting the 
presence of certain substances that would otherwise be lost in the time it takes for the 
sample to arrive at the laboratory. A few such substances are: carbon dioxide gas, oxygen, 
and hydrogen sulfide gas (and total sulfides). To be valid, all these tests must be 
conducted according to procedures prescribed by the manufacturer of the test equipment 
employed, local health or water agencies, or as set forth in standard publications dealing 
with this method of analysis. Instruments must be calibrated, in proper working order 
(batteries, with clean, functional electrodes, etc.) and current reagents. Tests should be 
conducted by personnel familiar with the proper sampling and sample-handling. 

values. These include redox potential (by a highly specific methodology), pH and 
temperature. The temperature and pH of the water should be taken immediately upon 
collection of the water sample and recorded in the driller's or site-supervisor's log. 

Chemicals are usually added in the field to ensure the accuracy of iron and 
manganese determinations when the samples are brought to the laboratory for analysis. 
For this reason, determinations of different valence states of these metals (e.g., ratio 
Fe2+/Fe3+) must be made in the field. 

approximation of the mineral content of the water. Because the property of water to 
conduct electricity depends on the amount and kinds of mineral salts dissolved in the 
water, there is a direct correlation between the conductivity of the sample (indicated on 
the meter) and the total mineral content (calculated). Conductivity can be used in the field 
to determine if purged water has become stabilized formation water, or to profile changes 
in major ion content during drilling (e.g., looking for saline zones). 

This same principle is sometimes applied in a different way when an "electric log" 
has been run in the completed bore hole. Resistivity (the reciprocal of conductivity) 
values and other data from the log can be used to determine in a general way the relative 
mineral content of the water in the formations penetrated by the bore hole. Accurate 
interpretation requires considerable experience and a knowledge of aquifer 
characteristics. 

Some physical parameters must be measured in the field to obtain wellhead 

Specific electrical conductance (conductivity) is one field test that provides an 

Some of the prior "convenience vs. reliability" trade-off of laboratory and field 
methods have been upset in recent years. Field methods for major ions, metals, and other 
constituents of specific interest are highly accurate in qualified hands. 
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With photoionizing detection instruments, qualitative detection of specific VOCs 
can be made in the field. For example, if a well may be potentially contaminated by 
tetrachlorethylene, but drilling on the site is attractive if contamination is not present, 
periodic sampling and on-site analysis during drilling and test-pumping, looking for a 
TCE peak, can be used to make "real time" decisions, that is, in time to decide whether or 
not to continue drilling or Emping. 

Field qualitative or semi-quantitative analyses of many constituents are possible 
with immunoassay technology. These tests tum color in the presence of specific target 
constituents in the part per million to part per billion range. It is necessary to have some 
idea what may be present (e.g., atrazine versusalachlor, or PCBs) because of differences 
in detection. As with on-site VOC detection, these methods may be used for on-site 
decision-making without waiting for laboratory analyses. 

Field determination of biofouling and biocorrosion microfl ora is possible with 
pre-packaged media. Incubation at room temperature is indicated, and cold incubation 
only slows, but does not change the reaction. 

the membrane filter technique or chromogenic substrate test. Both require a reliable 
incubator (35 C). Considerable care and skill are required for membrane filtration, 
however, and the test is seldom run in the field unless transport is impractical. On the 
other hand, commercial chromogenic-substrate products are easy to fill and mix, and may 
be used for economic multiple sample provisional testing. Final judgment of the health- 
related bacteriological quality of the water should be based on tests made in approved, 
certified laboratories. 

Field determinations for the presence of total coliform bacteria are possible using 

Despite advances in technology and experience, field tests for water quality 
should be confmed by laboratory determinations, since laboratories typically have more 
stringent quality assurance-quality control protocols, and the legal weight of certification. 
All health-related parameters should be analyzed in a laboratory setting before final 
decisions are made on water potability or treatment. With greater portability of 
sophisticated analytical methods, the field-laboratory relationship is likely to continue to 
evolve. 
11.3.2 Laboratory Tests 

certified by the state or EPA. 

result of human activities. Rather than analyze for all possible substances (which would 
be costly and time consuming) only those which are known to be of significance should 
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be determined. It has become standard practice to group constituents in logical 
combinations, for example, to form the common minerals or suspected pollutants such as 
vocs .  

Selecting constituents for which analyses should be made involve consideration of 
the intended use of the water, knowledge of nearby quality conditions, familiarity with 
requirements of state and local regulatory agencies, understanding of commonly accepted 
user criteria, and the exercise of good judgment. 

government (on in reflection of federal or international -WHO - standards), the well 
owner or as required for the proposed useof the water (e.g., < 200 mg/L TDS for a 
bottled water). All laboratory tests must be performed by a laboratory approved by the 
well owner-operator or advisor, and certified in the specific constituents to be tested by 
the appropriate state agency. 

in Standard Methods for the Examination of Water and Wastewater by the U.S. 
Environmental Protection Agency. The most current information on USEPA methods 
may be reviewed and descriptions downloaded from the Internet (URL 
http ://www. epa. gov/Standards. html) . 

time, method of collection, point of collection, other relevant particulars (e.g., water 
bearing formation, depth), and the name and affiliation of the sample collector and well 
owner. 
11.3.3 Analyses for Specific Constituents 

standards). The USEPA sets numerical limits called "maximum contaminant levels" 
(MCLs) for contaminants in finished water provided by public water systems. These 
MCLs are based on determinations of risk to human health and are maximum 
concentrations of a contaminant that may be present in a public water supply. MCLs are 
enforced by the USEPA under provisions of the Safe Drinking Water Act (SDWA), 
usually through state agencies. SDWA MCLs do not necessarily apply to domestic water 
supplies, although they may be adopted or used as guidance by state and local health 
agencies regulating private water supplies. State and local governments may have water 
quality requirements more stringent than the USEPA, and may have guidelines for 
industrial and agricultural water supplies. 

Besides substances that specifically affect human health, substances such as 
chloride, hydrogen sulfide and iron can affect taste, odor, and the appearance of water 
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(and treatment eficiency). Many states and local governments have numerical guidelines 
for maximum levels of these substances usually called 'lsecondary contaminants." Both 
federal and state numerical limits are periodically updated and subject to change. The 
following analyses (Tables 1 1.1, 1 1.2,11.3) are usually required or recommended for 
various ground water supply applications: 

Table 11.1 
Domestic Ground Water Supply Constituents Analyzed 

RecommendecVRequired Special Situations 

Bacteria (total coliform) 

Nitrates (NO,-N) 
Iron (total) 
Manganese (total) 
Total hardness 
Alkalinity 
Conductivity (specific conductance) 
Chlorine residual 

PH 

Bacteria (fecal coliform) 
Bacteria (biofoulingbiocorrosion indicators)' 
Nitrite (NO,-N) 
Lead 
Volatile organic chemical scan2 
Corrosivity (e.g., Langelier Index) 
Radioactivity (gross alpha), Radon-222 
Sodium 
Hydrogen sulfide (or total sulfide) 

'Indicators of future water system deterioration. 
'Wells constructed from solvent-cemented PVC casing may show significant VOC, due to the cement, for long periods (months) after 
development and use, although this should be a rare occurrence. Should this contamination possibility be an issue, an approved solvent- 
free mechanical joining system should be considered. 

Table 11.2 
Irrigation Ground Water Supply Constituents Analyzed 

Recommended Analyses Special Situations 

Boron 
Calcium 
Magnesium 
Sodium 
Sulfate 
Bicarbonate 
Chloride 
Conductivity (specific conductance) 
Adjusted sodium adsorption ratio (SAR) 

Alkalinity 
PH 

Bacteria (biofouling/biocorrosion indicators) ' 
Potassium 
Nitrate (NO,-N) 
Iron 
Lithium 
Corrosivity (e.g.. Langelier Index) 
Total dissolved solids 
Pesticides' 
Hydrogen sulfide (or total sulfide)' 

'Indicators of future system clogging and deterioration. 
'Analyses of pesticides can serve to document any pre-existing amounts in ground water or as a baseline against which to measure my 
changes in pesticide levels in ground water. 
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Table 11.3 
Analyses for Design of Wells and Treatment Plant Facilities 

Recommended Analvses 
Conductivity (specific conductance) 
Total dissolved solids Chloride 
PH Carbon dioxide 
Temperature Nitrate (NO+) 
Iron (total) Dissolved oxygen 
Manganese (total) Fluoride 
Total hardness Sodium 
Alkalinity Hydrogen sulfide (or total sulfide) 
Redox potential (Eh) Biofouling-biocorrosion indicators 

Corrosivity (e.g., Langelier Index) 

11.4 Standards for Sampling and Analysis 
Laboratory tests should consist of those specified by the regulations of local or 

state government for the proposed use of the water. Analytical techniques and methods 
should be as prescribed in the c u e n t  edition of Standard Methods for the Examination of 
Wder and Waste Water, or relevant, defensible ASTM, EPA, or USGS standards. All 
samples must be appropriately identified as to geographic location, date, time, method of 
collection, point of collection, water bearing formation(s), depth and diameter of well, 
water level and yield, and include the name of the sample collector and affiliation and 
the facility owner-operator. 
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12 Permanent Well and Test Hole Decommissioning (Abandonment) 
12.1 Purpose for Well and Borehole Decommissioning Sealing 

quality and the preservation of the ground water resource. In addition to water supply 
wells, many types of holes or wells may affect aquifers. These include mineral 
exploration holes, seismic holes, solution or "in situ" mining wells, dewatering wells, 
temporary service wells, construction water wells, production wells, monitoring wells 
andor other structures (regardless of location or intended life of the structure or hole) that 
affect the withdrawal from or quality of water in an aquifer. These should be permanently 
sealed as described herein for water supply wells. There are literally millions of such 
holes across North America. In some areas (notably highly populated areas or lands 
extensively explored for minerals or oil and gas), unsealed, open holes can be a serious 
threat to ground water quality and personal or physical safety. 

The purpose of seahng an abandoned water well properly is to accomplish several 
objectives: (1) elimination of a physical hazard; (2) prevention of ground water 
contamination; (3) conservation of yield and maintenance of hydrostatic head of aquifers; 
and (4) prevention of the intermingling of desirable and undesirable waters. The sealing 
of such wells presents a number of problems, the character of which depends upon the 
construction of the well, the geological formations encountered, and the hydrologic 
conditions. 

Unsealed abandoned wells constitute a hazard to public safety, ground water 

As with well construction, proper abandonment sealing should be performed or 
directly supervised by water well contractors with the appropriate licenses in the 
jurisdiction, and experience in the procedure chosen. Many jurisdictions require permits 
for sealing wells or borings and most require the filing of a report. 

The basic concept governing the proper sealing (often refered to as 
f'decommissioning") of abandoned wells is the restoration, as far as feasible, of the 
hydrogeologic conditions that existed before the borehole was drilled and the well 
constructed. This serves the purposes of removing the abandoned well as a conduit for 
loss of hydrologic pressure in confined formations, intermingling of ground waters of 
differing quality, and entry of contaminated and polluted water. 

Any borehole or well that is to be permanently sealed should be completely filled 
in such a manner that vertical movement of water within the well bore, including along 
the annular space surrounding the well casing, is effectively and permanently prevented. 
If this is accomplished, the objectives for sealing wells will be fulfilled. 

character of the ground water encountered by the well must be considered. 
To seal an unusable or abandoned well or borehole properly, the hydrologic 
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(1) If the ground water occurs under unconfined, or water table conditions, the 
chief problem is that of sealing the well with impermeable material to prevent the 
percolation of surface water through the original well opening, or along the outside of the 
casing, to the water table. 

operation must confine the water to the aquifer in which it occurs: preventing loss of 
artesian pressure or cross-contamination by circulation of water to the surface, to a 
formation containing no water, or to one containing water under a lower head than that in 
the aquifer which is to be sealed. 
12.1.1 Preparation for Abandonment Decommissioning Sealing 

Prepare: The process of sealing a well or borehole begins with gathering 
information on the hole to be sealed. Sources include filed well construction logs, or 
project records for unfinished boreholes. These records provide the necessary dimensions 
and construction particulars (depth, diameter, casing type, screen if any, aquifer and 
aquitard zones). Where information is unavailable or unreliable, borehole measurements, 
borehole geophysical testing, or a borehole TV or gamma log survey provides the 
necessary information. Plan to seal the borehole fiom bottom to top. 

Obstruction removal: The next step is to remove barriers to proper seal 
installation. Strong efforts should be made to remove all materials fiom a well which may 
hinder its proper sealing. This is especially important where specified zones must be 
sealed. Pitless adapters, pump parts, pipe, wire, fallen debris, etc., should be retrieved, 
bailed or developed out of the hole if possible. 

Alternatively, in descending order of preference, if the obstruction cannot be 
readily removed, it may be (1) drilled up and bailed out (if large), (2) driven to the bottom 
(if it does not constitute a potential environmental threat), or (3) if it is sufficiently below 
the aquifer top and immovable, left in place and sealed in. 

Screens: If a screen has been installed in the well by telescoping, its recovery is 
usually possible by installing a string of fishing casing fiom the top of the well to a sand 
hitch placed close to the bottom of the screen. Following the setting of the sand hitch, a 
lifting force, applied either by mechanical or hydraulic jacks, or multiple pulling lines 
from the casing reel of the drilling machine, will usually withdraw the screen fiom the 
well (Figure 30A). CAUTION: Formation material upthrust into the casing may 
occur. 

(2) If the ground water occurs under confined or artesian conditions, the sealing 

Casing: Casings should not be simply filled without considering the substantial 
flow that can occur through an unsealed annular space. While often difficult and time- 
consuming (thus raising costs) casing should be removed or substantially destroyed 

12-2 



of 
Measured Quantity 

Coarse Sharp Sand 

Telescopic Screen and Packer 

Sacking 

Sacking Wired to Pipe Above Collar fl 
Collar * 

Strips of Sacking 

Figure 30A. Pulling the Screen with a Sand Hitch. 

Figure is kom Well and Borehole Sealing. 
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Figure 30B. Casing Spear. 

Figure is from Well and Borehole Searing. 
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wherever feasible so that open annular spaces are not left in an otherwise thorough grout 
job. Where casing cannot be totally or substantially removed with available methods, it 
should be ripped, perforated, or otherwise separated and pressure-grouted (Section 
12.2.4). When the casing is removed, the sealing of the aquifer zone (screen area or open 
borehole) should be f ~ s h e d  before removing casing completely, so that unstable 
formation material does not collapse into the hole prematurely. 

In recovering steel casings extending to the surface, the least expensive and least 
hazardous method is to apply a lifemg force to the casing by the use of jacks, or with the 
drilling machine, or with the two in combination (Figure 31A,B). Still more effective is 
the use of a jarring head applied at the top of the casing string and used in combination 
with lifting devices. For cases in which the steel casings cannot be removed, special 
techniques such as perforation of the casing and pressure grouting may be used (see 
Section 12.2.4). 

by a fishing cable tool string and used in cornbination with lifting device (Figure 30B). 
The trip spear is usually limited in its use to recently drilled wells or to those in which the 
casing is known to be in sound condition. The risk of failure associated with the use of a 
casing spear increases with the age of the well and the depth at which it is to be used. 

The order of descent into the casing for a trip spear string of tools is: (1) trip 
spear; (2) fishing jars; (3) sinker bar or drill stem; (4) rope socket, which is attached to the 
drilling line. The swage could replace the spear in the above string of tools. 

Where a drive shoe is attached to the bottom of a casing string to be extracted, it is 
often advantageous to separate the casing fkom the shoe. The preferred method for cutting 
casing is by use of a hydraulic or air-driven casing cutter. Some states do not permit the 
use of explosives inside the casing. 

Where appropriate, plastic casings may be pulled from the base (to avoid 
separation at joints). In some cases, small diameter (< 5-in) casings may be drilled out 
using an appropriate rotary blade bit or split with a casing splitter (Figure 32). 

same diameter as the spear, cutter, or any valuable tool prior to inserting the tool into the 
casing. A downhole TV or caliper survey run prior to casing removal and sealing 
procedures provides the information necessary to plan the project. Weak or corroded 
joints that would likely separate during pulling, or corroded joints that may collapse on a 
tool can be pinpointed and evaluated. The length of casing, condition of a screen, or depth 
to water-bearing zones in rock can also be assessed. 

Maximum recovery is usually obtained by using a trip-type casing spear actuated 

It is always good practice to probe the well with a caliper tool or swage of the 
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Figure 31A. Using the Jacking Method to PuI! Casing. 

Figure is from Well and Borehole Sealing. 
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Figure 31B. Using a Combination of Hydraulic Jacking and Percussion with Cable Stem to Remove Casing. 

Figure is from We11 and Borehole Sealing. 
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Run 1: Run 2: - 

Drill out well casing with tricone 
rotary bit to base concrete seal. 

Drill out remaining casing, concrete, 
and sand pack to bottom of original 
boring with under-reamer. 

Figure is horn Well and Borehole Sealing. 

Figure 32. Borehole Overdrilling. 
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Once the well or borehole is prepared, it is a good idea that the well be shock 
chlorinated (1 00 to 500 m a )  to reduce the presence of possible contaminant bacteria, 
and the chance that the sealed well might be a future source of inoculum for other nearby 
wells. This chlorination can be accomplished by feeding a sufficient amount of calcium 
hypochlorite prior to moving on to the sealing steps (Chapter 10). 
12.1.2 Borehole Bridging 

sections of borehole or cavernous zones that may be impractical to grout, it is often 
desirable to establish a temporary bridge in the borehole upon which a permanent 
cement-based bridge can be placed (Figure 33A). This is a process that usually involves 
improvisation, and always requires skill and knowledge of the well structure and flow 
conditions. Representative techniques are described in Section 12.2.2. 
12.1.3 Preparation To Plug Flowing Artesian Wells 

around the outside of the casing either to the surface or to another formation presents a 
special problem. Grout must be still for the initial set to take place, otherwise it washes 
out. A necessary first step in bringing the flow under control is to establish a permanent 
cement seal between the casing and the point or interval from which the water is 
escaping. This process should be conducted by a driller experienced with artesian well 
sealing. 

lowered in the well. This can be accomplished by several methods. Some of these are: 

permit sealing to proceed. 

Bridging: Where permitted and to reduce cost of unnecessary backfilling of long 

The flowing artesian well with improperly sealed casing and with water escaping 

In order to place this seal effectively, the flow must be stopped and the water level 

(1) Pumping the problem well, thereby producing the necessary drawdown to 

(2) Pumping nearby wells, producing the same effect. 
(3) Introducing high (up to S.G. = 1.6) specific gravity ("kill" or lIcontrolll) fluids 

(e.g., barite mud or other weighted drilling mud) at the bottom of the borehole and filling 
the hole with the fluid until the driller determines that all flow ceases in the borehole. 

The method or methods used will depend in part on the piezometric or shut-in 
pressure of the well and the depth to which the water level must be lowered. 

The sealing of abandoned wells that have a rapid or high-volume movement of 
water between aquifers or to the surface requires special attention and ingenuity, and 
should be conducted by a driller experienced with the process. The movement of water 
may be suficient to make the sealing with ordinary materials and by the usual methods 
impractical. In such wells large stone aggregates (not more than 1/3 of the diameter of the 
hole), or a well packer or bridge should be used to restrict the flow thereby permitting the 
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Figure 33A. Borehole Bridging 

Figure is from Well and Borehole Sealing. 12-10 



Typical Drillable Plug 

In Hole Position 

Figure is from Well and Borehole Sealing. 

Figure 33B. Cement Plugging Tools. 
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placement of appropriate sealing material. If preshaped or precast plugs are used, they 
should be several times longer than the diameter of the well to prevent tilting. Any 
packer, bridge, or plugging material should be permanent and safe to leave in a potable 
water aquifer. Figure 34 illustrates well plugging procedures in artesian wells. 

controlled by running a liner with a packer, or an interval packer to slow inflow, then 
proceeding with killing and sealing by pressure cementing. 

In wells in which the hydrostatic head producing the flow is low and in which 
there is no escape of water below ground, the movement of water can be arrested by 
extending the well casing to an elevation above the artesian pressure surface. This permits 
the placement of sealants and fill materials, after which the casing may be cut off at or 
below ground level. 

can proceed. The flow of artesian-wells to be sealed can best be stopped with neat cement 
or sand-and-cement grout piped in by tremie under pressure. Alternatively, a suitable well 
packer or bridge may be placed at the bottom of the confining formation immediately 
overlying the artesian water-bearing zone, and sealing finshed with conventional cement- 
based grout placement. 
12.2 Seals and Their Functions 

Wells with lage holes or little o r no grout or surface casing may be initially 

Once flow is under enough control to permit working in the well, final plugging 

Three basic types of seals -- distinguished by their functions -- may be used in 

Permanent Bridge-Seal: This is the deepest permanent seal to be placed in the 
proper permanent well or borehole sealing. They are: 

well. This seal serves two purposes: (1) it forms a permanent bridge below which a 
considerable unplugged, fluid-filled hole may remain and upon which solid fill material 
may be safely deposited; and (2) it seals upper aquifers fiom any aquifer(s) which may 
exist below the point of sealing. Wherever possible, the bridge should be established on 
an aggregate or other stable fill base. Setting bridges is usually an improvised process that 
should be conducted by drillers experienced with it, and knowledgeable about the 
borehole. A TV survey would be highly recommended before attempting a bridge set. 

In some cases, a temporary bridge may need to be set on which to establish the 
final seal. "Temporary" refers to its status as a bridge, not its residence in the borehole, 
which is permanent. There is a temptation to use expedient materials (e.g., springy bushes 
followed by cobbles and smaller aggregate), but this must be avoided. No organic 
materials (e.g., wood) should be used in either the temporary or permanent bridge, except 
for specially manufactured devices, which are acceptable and these greatly facilitate the 
work. These include cement plugging tools in which neoprene rubber or plastics are used 
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(Figure 33B). Some of these devices permit establishing a permanent bridge without 
first having to set a temporary one. 

Intermediate Seal: This seal is placed between water-bearing formations which 
have, or are believed to have, different static heads. Its function is to prevent the 
interaquifer transfer of water (Figure 35). 

Seal at Umermost Aauifer: This seal is placed immediately above the uppermost 
aquifer penetrated by the bore hole. Its function is to seal out water from the d a c e  and 
from shallower formations. In flowing artesian wells, it is designed to prevent the escape 
of water to the surface, or to shallower formations (Figure 36). 

Each decommissioning effort should be considered as an individual problem, and 
methods and materials should be selected after detailed study of well construction, 
geology, and hydrology. Whenever there is doubt about either the construction or the 
hydrology and geology, the choices of materials and procedures should be those affording 
the greatest probability for successful and permanent sealing to protect the ground water 
resource. 
12.2.1 Aquifer Fill Material 

dimensionally stable aggregate or sand and gravel materials that are chemically inert in 
the aquifer material to be plugged. Use of suitable fill permits continued flow circulation 
within the aquifer interval. Aquifer fill materials should be clean (relatively fiee of clays 
and organic materials) before placement in the well. Material used to fill large, cavernous 
spaces should be large diameter (>1 inch). That used to fill other types of boreholes 
should be similar to the formation (unconsolidated aquifers) or about 0.25-inch ( 6 - m )  
aggregate for rock wells. 

above aquifer zone(s). The fill may be compacted mechanically if necessary to avoid later 
settlement. 

compounds such as sodium hypochlorite or calcium hypochlorite. Disinfection should be 
accomplished by dissolving sufficient chlorine compound to produce a calculated 
concentration of at least 100 ppm available chlorine in double the volume to fill the 
annular volume (see the gravel pack disinfection procedure in Chapter 10). 
12.2.2 Permanent Bridges 

holes or cavernous spaces below the deepest point at which a permanent seal is required. 

Aquifer zones, or long sections of the borehole, may be filled with disinfected, 

Enough space above the fill should be allowed to permit a secure seal between or 

Disinfection of aquifer fill materials is accomplished by using chlorine 

Where approved, permanent bridges may be used to avoid having to fill very deep 
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Bridges should not be set above known potable aquifer intervals except for aggregate- 
filled cavernous zones. 

In tectonically stable regions, permanent bridges may be composed of cement or 
cement-bearing materials with other noncorrodible mechanical components. The cement 
must be allowed to harden for at least 24 hours, if Type I cement is used, or for at least 12 
hours if Type I11 (high early strength) cement is used, before grouting or bacMilling is 
continued. In earthquake-prone regions, more plastic (flexible) bridge seals should be 
used. 

Mechanical bridges used to provide a base for the permanent bridge must consist 
only of inorganic materials (typically cement) -- except for nondegradable expandable 
neoprene, plastic, and other elastomer, and specifically designed for use in well 
construction. Open boreholes below bridges and caverns should be aggregate-filled to 
provide dimensional stability below the bridge. 
12.2.3 Placement of Grout 

General: The engineered grautmixture used as a sealing material in abandonment 
operations is introduced at the bottom of the well or interval to be sealed (or filled) and 
placed progressively upward fiom the bottom to the top of the borehole or well. All such 
sealing materials are placed by the use of grout pipe, tremie, cement bucket or dump 
bailer, in such a way as to avoid segregation or dilution of the sealing materials (Figures 
37A,B). 

Chapter 4 provides a discussion and descriptions of grout-handling equipment and 
cement and bentonite mixtures. Coarse particulate-sized chips of unprocessed bentonite 
(not discussed in Chapter 4, since it has limited application in annular grouting) is another 
alternative for borehole and well sealing. This high-solids, relatively rigid bentonite has 
the advantages of both filling the space to be sealed, and providing expansion due to 
swelling of bentonite particles when wet. 

Dumping cement-based grout material fiom the top should not be permitted. 
Bentonite mixtures may be pumped and chipped high-solids "hole-plug" bentonite may 
be poured fiom the surface with proper precautions to avoid bridging. 

be composed of cement-based mixtures (including sand-and-cement, bentonite-amended 
cement or concrete or neat cement) or high-solids bentonite mixtures intended for use as 
sealing grout. A minimum cement seal length, wherever dimensions pennit, should be at 
least 10 feet (3 m). A grout seal in place should have a hydraulic conductivity lower than 
the surrounding earth material (Table 12.1). 

Seals intended to prevent vertical movement of water in the well or bore hole may 
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Table 12.1 
Permeability of Various Earth and Sealing Materials* 

Earth or Sealing Material - Permeability (K) in c d s e c  

Silty sand 
Glacial till 
Compacted soil 
Neat cement (6 gal water/94 lb sack) 
Bentonite grout (20% bentonite solids) 
Bentonite pellets 
Granular bentonite 
Granular bemtonite/polymer slu-ny (15% bentonite) 
Coarse grade (chipped) bentonite 
Cement and bentonite 

10-1 to 10-~ 
lo-' to 10-l~ 
lo4 to 

to 
1 o-8 
1 o4 

lod to lo-' 
104 
1 o-8 

10-~ to I O - ~ ~  

*Values vary over a range. 
Source: Smith (1994) and Well Sealing Workgroup (1996). 

Tables 12.2 and 12.3 are provided to assist in calculating the volumes of grout 
material needed to seal boreholes and wells. 

Table 12.2 
Volumes of Material to Fill 100 ft of Well or Borehole Length* 

Hole Feet Bags Cu F t o f a  
Hole Gallons to be Volume Filled of Holeplug' A m a t e  

Gal1ons Bags Required to Plug a 100 ft Well* 

Diameter per Plugged in Neat Cu FtlFt Depth by 1 Bag toFil - . G-Fiia 
Inches Foot 100 ft Well Benseal Enviroplug Cement Depth of Holeplug 100 ft Well* 100 ft Well 

2 0.17 
3 0.38 
4 0.67 
5 I .oo 
6 1.51 
7 2.05 
8 2.70 
9 3.40 

10 4.20 
I I  5.00 
12 6.00 
15 9.50 
18 13.60 
20 16.80 
25 26.00 
30 38.00 
60 152.00 

17 
38 
67 

100 
151 
205 
270 
340 
420 
500 
600 
950 

I360 
I080 
2600 
3800 

15200 

1 
2 
3 
4 
5 
7 
9 

11 
13 
16 
19 
30 
42 
52 
80 

117 
468 

1 
2 
3 
5 
7 
LO 
13 
16 
19 
23 
27 
43 
61 
75 

I17 
170 
679 

2 
4 
7 

11 
16 
22 
28 
35 
44 
52 
62 
98 

I40 
173 
267 
390 

1559 

0.022 
0.049 
0.087 
0.136 
0.196 
0.267 
0.349 
0.442 
0.545 
0.660 
0.785 
1.227 
I .767 
2.181 
3.409 
4.909 

20.322 

3 1.30 
14.30 
7.90 
5.10 
3.50 
2.60 
2.00 
1.60 
I .30 
1.10 
0.89 
0.57 
0.39 
0.32 
0.20 
0.14 
0.04 

4 
7 

13 
20 
29 
39 
51 
64 
79 
95 

113 
I77 
255 
315 
49 1 
707 

2500 

2.2 
4.9 
8.7 

13.6 
19.6 
26.7 
34.9 
44.2 
54.5 
66.0 
78.5 

122.7 
176.7 
218.1 
340.9 
490.9 

2032.2 

*Number of bags has been rounded up to the next whole bag. 

Yield Calculations: 
Neat Cernent:One 94 Ib bag plus 6 gallons of water equals 9.75 gallons of grout. 
BenseakOne 50 Ib bag plus 10 02. of E-Z Mud plus 30 gallons water equals 32.5 gallons of grout. 
Envirop1ug:One 50 Ib bag plus 2.5 Ib of activator plus 20 gallons of water equals 22.3 gallons of grout. 

Holeplug is a granular bentonite product. X " 4 "  in size that is poured, not pumped. into a well. 
Source: Table 6, Well Sealing Workgroup 1996. page 40. (Table based on product information published by NL Baroid. Wyo-Ben Inc.. and 

Chemgrout lnc.) 



Table 12.3 
Well Casing Volume and Bentonite Needed to Fill a Casing Volume* 

Approximate Approximate Linear - Volume 

Diameter Gallons per Cubic Feet Pounds Graded Feet Filled per 50-Pound 
of Opening Foot of Depth per Foot Bentonite per Foot* Bag of Graded Bentonite 

2 inches 

3 inches 

4 inches 

5 inches 

6 inches 

8 inches 

10 inches 

12 inches 

14 inches 

16 inches 

18 inches 

2 feet 

2.5 feet 

3 .feet 

4 feet 

5 feet 

6 feet 

7 feet 

8 feet 

9 feet 

10 feet 

0.16 

0.37 

0.65 

1.02 

1.47 

2.6 1 

4.08 

5.88 

8.00 

10.44 

13.22 

23.50 

36.72 

52.88 

94.00 

146.90 

21 1 S O  

287.90 

376.00 

475.90 

587.50 

0.02 

0.05 

0.09 

0.14 

0.20 

0.35 

0.55 

0.79 

1.07 

1.40 

1.77 

3.14 

4.9 1 

7.07 

12.57 

19.64 

28.27 

38.48 

50.27 

63.62 

78.54 

1.4 

3.5 

6.3 

9.8 

14.0 

24.5 

38.5 

55.3 

74.9 

98.0 

123.9 

220.0 

344.0 

495.0 

880.0 

1375.0 

1979.0 

2694.0 

3519.0 

4453.0 

5498.0 

35.70 

14.30 

7.90 

5.10 

3.60 

2.00 

1.30 

0.90 

0.67 

0.5 1 

0.40 

0.23 

0.16 

0.10 

0.06 

0.04 

0.03 

0.02 

0.0 1 

0.01 

0.01 

Source: Eversoll et al. 1995 (table 2, p. 6). 
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12.2.4 Methods Of Grout Placement For Specific Seal Types 
Intermediate Seals. Intermediate seals may be placed in impermeable strata 

between aquifers which are identifiable as, or are suspected of being, hydraulically 
separated under natural, undisturbed conditions. Once the required seal has been installed, 
the remainder of the impermeable zone or non-producing zone between aquifers shall be 
filled with fine sand or aggregate, bentonite, or cement-bearing mineral material. Where 
these intervals are relatively short, it is usually more economical and effective to place a 
continuous grout seal. 

Seal at Uuuermost Aquifer. A cement- or bentonite-based seal should be installed 
in the least-permeable zone in or above the upper aquifer unit. This seal should have a 
hydraulic conductivity no higher than the last permeable zone immediately above the 
uppermost water-producing zone. Such seals are only placed only in quiescent (non- 
flowing) water. 

Seals Placed Within Casing. Liners, Filters. etc. Seal which must be placed in 
casinkhers, or filters require special attention. The material between the well and the 
face of the bore hole must be thoroughly perforated, ripped, or otherwise disintegrated as 
the necessary first step. Lineshaft oil or other polymer-containing material (including 
biofouling) coating the casing or liner surface should be reduced or removed to improve 
grout adherence. Neat cement only, neat cement with 5-to-6-percent (by weight) 
bentonite, or high-solids bentonite may be used. Pressure grouting, with injection 
pressure sufficient to penetrate into the annular space through perforations, should be 
used as the emplacement method (Figure 38). 

Example cased well grouting installation urocedures: 
Case 1. The calculated amount of cement grout required to fill the well interval 

plus the annular space outside the lining is placed within the space to be cemented, 
running the cement through a cementing packer manufactured specifically for this 
purpose and installed immediately above the perforated or ripped zone. The cement shall 
be injected at a pressure calculated to be at least 50 psi (-3.5 bar) greater than the normal 
hydrostatic pressure within the well at the point of injection. 

Case 2. A calculation is made of the amount of bentonite or cement grout required 
to fill the casing interval plus the annular space outside the lining, plus sufficient grout to 
fill an additional 10 feet (3 m) of the lining. The calculated amount is introduced at the 
bottom of the interval to be sealed. 

SandDoint wells: For a well of this type, it is best to pull it entirely out of the 
ground if at all possible and permit the hole to collapse if possible. If it does collapse, 
excavate to 3 to 5 ft and install a 1- to 3-ft moistened grout seal (using granular or 0.25- 
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Figure is from Well Md Borehole Sealing. 

Figure 38. Seals Placed Within Casing. 
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in. chip bentonite). If the hole does not collapse, pump the hole full of cement or 
bentonite grout to within 3 ft  of the surface, then finish with surfcial soil. 

Sealing dug wells and large shafts: Most dug water wells are relatively shallow 
(<300 ft or 100 m). Measure the static water level and check the shaft diameter and total 
measurable depth. Drilling logs fiom nearby may be used to determine the aquifer and 
aquitard arrangement. Fill the shaft to wi& 1 ft (300 mm) of the measured static water 
level with clean, chlorinated sand, sand-and-gravel, or aggregate. Install a 3-ft (1 -m) 
bentonite seal on top of the fill layer using coarse (0.25- to 0.5-in) "hole plug" bentonite 
chips, The remainder of the well cavity may then be filled with sand or native (clean fill) 
earth materials free of contamination, sticks and large objects to within 6 ft  (2 m) of the 
ground surface or final graded surface. Finish with (1) a 3-ft layer of bentonite (moistened 
thoroughly), then (2) a 3-ft layer of surficial soil and mound up to allow for settling. 

Contaminated wells: These should be entirely filled with low-permeability grout 
according to the procedure specified by the local jurisdiction. The uppermost 3-6 feet (2 
m) of the bore hole (at land surface) may be filled with a material appropriate to the 
intended use of the land. 
12.3 Well Decommissioning Records 

or hole should be determined and recorded, referencing the location with permanent 
reference points, by global positioning system, or otherwise as prescribed by the state or 
local regulatory agency. All information relative to the abandonment procedures and the 
location of the abandoned well should be recorded as prescribed by the state or local 
regulatory agency, with copies supplied to the respective agency and the owner of the 
land. Where required by local ordinance, copies may also need to be sent to other 
interested parties such as the managers of a wellhead protection area encompassing the 
property where the decommissioned well was located. 

Before equipment is removed fkom the site, the exact location of the sealed well 

References 
ASTM. Guide for Decommissioning of Ground Water Wells, Vadose Zone 

Monitoring Devices, Boreholes and Other Devices for Environmental Activities, I996 
Annual Book of ASTM Standarb, Vol. 4.09, ASTM West Conshohocken, PA, pp. 160- 
17.5. 

Australian Drilling Industry Training Committee, 1997. Drilling; The Manual of 
Methods, Applications and Management. Lewis Publishers, Boca Raton, FL. 

Eversoll, D.A., D.R. Hay and R.J. Tremblay, 1995. Guidelines for 
Decommissioning Water Wells: How to Plug Water Wells, Miscellaneous Publication No. 
3 7, Conservation and Survey Division, Institute of Agriculture and Natural Resources, 
University of Nebraska-Lincoln, Lincoln, NE. 

12-24 



Gaber, M.S. and B.O. Fisher, 1988. Michigan Water Well Grouting Manual, 
Michigan Department of Public Health, Lansing, MI. 

Harth, G. 1994. Bore cementing, part B. Drillers Seminar Handbook, 1994, Dalby 
2 & 3 March 1994, Queensland Department of Natural Resources, Toowoomba, pp. 7.16- 
7.30. 

NWWA Committee on Water Well Standards. 1975. Manual of Water Well 
Construction Standards, EPA - 570/9- 75-001. Ofice of Water Supply, Washington, DC. 

Smith, S .A. 1994. Well and Borehole Sealing: Importance, Materials, Methods 
and Recommendations for Decommissioning. Ground Water Publishing Co., Dublin, OH 

Well Sealing Workgroup, 1996. Technical Guidance for Sealing Unused Wells, 
State Coordinating Committee on Ground Water, State of Ohio, Columbus, OH. 

12-25 



Chapter 13 
Standards and Quality 

Control 



13 Standards and Quality Control 
An important aspect of ground-water supply exploration, well construction and 

development, and eventual decommissioning of wells is the existence of standards for 
practice and conduct. In the United States, Canada, and numerous other nations, federal, 
state or provincial, and sometimes local agencies have long maintained standards for 
essential well construction elements. These typically address well location, type of 
construction, casing, grout, yields, and water quality. In addition, national state and 
provincial governments also regulate the qualifications of personnel involved in well 
siting, drilling, construction, testing, and inspection. 

States and provinces may also issue guidelines, which do not have the force of 
regulation or legal standards, but may have the same influence (e.g., the need to follow a 
guideline in order to obtain a well permit). Readers involved in any of these activities 
should be familiar with the standards and guidelines of the jurisdictions in which they are 
working. Readers are referred to the appropriate agencies, but should also consult the 
National Ground Water Association, which maintains information on well and well 
construction law, regulations, standards, and guidelines in the United States: 601 
Dempsey Rd., Westerville, OH 43081 , tel. 800-55 1-7379, e-mail: ngwaah2o-ngwa.org 
or URL: www.ngwa.org. Because of its status as an association that spans the ground 
water industry, NGWA is the central source of well construction information. 

Some general definitions of the differences among these categories: 
Rermlations: 
Standards : 

Requirements defined by law ("must do") 
Normal expected professional practice as defined by an 
organization, agency or industry. 

of standards. 
Recommended practice, normally without the formal 
authority of a regulation or standard. However, they may 
have the same effect in practice. 

13.1 Consensus and Quasi-Official Standards for Practice 
Various organizations maintain standards pertinent to drilling, ground-water 

testing, and we11 construction. While not specifically legally binding in themselves, they 
are often cited in regulations, or may be used informally by regulatory personnel to 
evaluate well-related activities. 

Consensus standards: are set by mutual agreement by persons involved in the use 

Guidelines: 
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Table 13.1 
Active Standard-Setting Organizations 

Organization References Standards Activity 

AWWA 

NGWA 

NSF International 

ASTM 100 Barr Harbor Dr. 
West Conshohocken, PA 19428 
tel: 1-610-832-9585 

e-mail: service@local.astm.org 
URL: www.astm.org 

6666 W. Quincy Ave. 
Denver, CO 80235 
tel: 303-794-77 1 1 

URL: www.awwa.org 

601 Dempsey Rd. 
Westerville, OH 4308 1 
tel: 800-551-7379 or 614-898-7791 

e-mail: ngwa@ngwa.org 
URL: www.ngwa.org 

3475 Plymouth Rd. 
AM Arbor, MI 48 105 
tel: 800-673-6275 or 3 13-769-8010 

e-mail: info@nsf.org 
URL: www.nsf.org 

800 Roosevelt Rd., Bldg. C, #20 
Glen Ellyn, IL 60 137 
tel: 630-545-1762 

fax: 610-832-9555 

fax: 303-730-085 1 

fax: 614-898-7786 

fax: 313-769-0109 

Water Systems Council 

fax: 630-790-3095 

A wide variety of aspects 
of drilling, testing, and well 
construction 

Well construction, pumps, 
disinfection, chemicals used in 
these activities 

Certification of personnel and 
central clearinghouse of well con- 
struction and testing information 

Materials and chemicals used in 
well and water supply work 

Well caps and pitless units and 
adapters 

Tables 1 3.2 and 13.3 list relevant standards in water well construction. 

Table 13.2 
Various US.-Based Standards Addressing Well Construction 

ANSIfAWWAA100 AWWA Standard for Water Wells 

ANSUAWWA C654 AWWA Standard for Disinfection of Wells 

Committee of the Great Lakes-Upper Mississippi 
River Board of State Public Health and 
Environmental Managers 

"Ten State" Standard for Water and Wastewater 
Facilities 

wsc 

NSF International 

Performance Standards (PAS-97) and Installation 
Procedures for Sanitary Water Well (Pitless 
Adapters, Pitless Units and Water Tight Caps) 

NSF-60 and NSF-61 (NSF-pw) Chemicals and 
materials for potable water use and materials for 
potable water use (health effects), and NSF-14 for 
plastic plumbing system components 
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Table 13.3 
Selected ASTM Standards Relevant to Drilling, Well Construction, 

Completion, Testing, and Decommissioning 

D 1452 
D 1587 
D2113 
D 2488 
D 4043 

D 4044 

D 4050 

D 5088 
D 5092 
D 5254 
D 5255 
D 5299 

D 5434 
D 5521 
D 5608 
D 5716 
D 5737 
D 5753 
D 5781 

D 5782 

D 5783 

D 5784 

D 5785 

D 5786 

D 5787 
D 5872 

D 5875 

D 5876 

D 5903 
E 380 

Practice for soil investigation and sampling by auger borings 

Practice for thin-walled tube geotechnical sampling of soils 
Practice for diamond core drilling for site investigation 

Practice for description and identification of soils (visual-manual procedure) 

Standard guide for selection of aquifer-test method in determining hydraulic properties by well 
techniques 
Standard method (field procedure) for instantaneous changes in head (slug tests) for detemin- 
ing hydraulic properties of.aquifers 
Standard test method (field procedure) for withdrawal and injection well tests for determining 
hydraulic properties of aquifer systems 
Practice for decontamination of field equipment used at nonradioactive waste sites 
Practice for design and installation of ground water monitoring wells in aquifers 

Practice for minimum set of data elements to identify a ground water site 

Practice for certification of personnel engaged in testing soil and rock 
Guide for decommissioning ground water wells, vadose zone monitoring devices, boreholes 
and other devices for environmental activities 

Guide for field logging of subsurface explorations of soil and rock 

Guide for development of ground water monitoring wells in ,ganular aquifers 

Practice for decontamination of field equipment used at low level radioactive waste sites 

Test method to measure rate of well discharge by circular orifice weir 

Guide to methods for measuring well discharge 
Guide for planning and conducting borehole geophysical logging 

Guide for use of dual-wall reverse circulation drilling for geoenvironmental exploration and 
installation of subsurface waterquaiity monitoring devices 
Guide for use of direct air rotary drilling for geoenvironmental exploration and installation of 
subsurface waterquality monitoring devices 
Guide for use of direct rotary drilling with water-based drilling fluid for geoenvironmental 
exploration and installation of subsurface waterquality monitoring devices 

Guide for use of hollow-stem augers for geoenvironmental exploration and installation of sub- 
surface waterquality monitoring devices 
Guide for use of cable-tool drilling and sampling methods for geoenvironmental exploration 
and installation of subsurface water-quality monitoring devices 

Practice (field procedure) for constant drawdown tests in flowing wells for determining 
hydraulic properties of aquifer systems 

Practice for monitoring well protection 
Guide for use of casing advancement drilling methods for geoenvironmental exploration and 
installation of subsurface water-quality monitoring devices 

Guide for use of cable-tool drilling and sampling methods for geoenvironmental exploration 
and installation of subsurface water-quality monitoring devices 

Guide for use of direct rotary wireline casing advancement drilling methods for geoenviron- 
mental exploration and installation of subsurface water-quality monitoring devices 

Guide for planning and preparing for a ground water sampling event 

Standard practice for Use of the International System of Unirs (SI) (the modernized metric system) 
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In general, ASTM documents may be divided into ''guides", "test methods" and 
"standard practices." Guides are an overview of practices recommended for completeness 
or quality in an investigation, and do not specify exact procedures. Test methods are 
specific step-by-step test procedures. Standard practices are more exact delineations than 
guides of fairly mature procedures. In addition, ASTM publishes "provisional standards" 
in areas where it is perceived that some guidance is helpful, but these provisional 
standards are not finalized. 

Standards in the following topic areas are anticipated: 
Maintenance and rehabilitation of ground water monitoring wells. 
Designing and constructing production wells. 
Locating abandoned wells. 
Selection and documentation of existing wells for use in environmental site 

characterization and monitoring (would pertain to observation weIls for tests). 
Permanent closure of geotechnical exploration boreholes. 
Diamond-core drilling, coring, andsampling for site investigation. 
Design and installation of flush-to-ground-surface protection for monitoring wells. 
13.2 Certification and Licensing of Personnel 

monitoring well contractors and pump installers, organized by technical category. 
NGWA certification exists as a long-standing and well-developed standard of 
professional well construction personnel qualifications. To qualify, a person must have 
two years experience (or an equivalent in formal training), and then pass a test on the 
specific method (e.g., mud rotary drilling). The NGWA certification program also has 
provision for granting Master Ground Water Contractor to persons who pass all the 
topical tests, and complete an essay exam. Current specific information on the NGWA 
certification program should be obtained fiom the association. NGWA also offers a 
process for certified gound water professional designation for hydrogeologists and 
engineers, based on experience and qualifications. Where "professional" oversight is 
required in a ground water project "CGWP" is a valid standard of professionalism. 

Since 1968, the NGWA has maintained a certification program for water well and 
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Instructions for Use 

WATER WELL DRILLING AGREEMENT 

Overview: What Terms are Necessarv to Create a Contract? 

I f  two parties agree to  a price and a product, they create a contract. An oral agreement 
is a contract, and many disputes end up in court because persons do not realize that courts 
applying contract law might enforce any such agreement. 

Thus, the purpose of drafting a written agreement is to make sure that all parties 
understand exactly to  what they are agreeing. All changes to the Agreement should be in 
writing, and the parties should agree that any oral agreements simply shall not be enforced. 

Terms of the Agreement attempt to  reflect the parties' mutual understanding on all 
issues which typically lead to disputes in construction contracting. I f  construction proceeds 
as planned, the Agreement terms need not be enforced or even reviewed. The written 
agreement is re-read only after a dispute arises, and therefore any contract should contain 
all necessary provisions to  avoid foreseeable disputes. For instance, in addition to a precise 
description of the parties, the work, and the price, the Agreement should address the 
schedule for completion, responsibility for safety and injuries, how changes to the work or 
Agreement can be agreed upon, and how the parties will resolve disputes. 

Many contractors use a one-page "purchase order" with no terms addressing areas of 
common misunderstanding. This does not serve either the customer or the contractor, 
avoiding discussion of issues which may be agreeable before a dispute, but cannot be 
agreed upon after a problem arises. Therefore, the goals of this standard Water Well Drilling 
Agreement a re : 

1) To provide a simple, complete contract primarily for use with individual 
homeowners or short-term commercial subcontractors; 

2) To allow for flexibility in the work and state or local law, through use of 
customized attachments; and 

3) To include basic terms to  raise issues oriented language as a sales tool, not 
leverage to significant advantage. 

This Agreement may be used as a complete document, or either party may select only 
individual provisions from the Agreement to  develop their own form. I f  the owner has a 
contract for review, this document is intended to help the contractor consider the issues, 
and offer individual alternative provisions as appropriate. 
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Construction Contract Review and Neclotiation 

Several general areas of dispute require routine consideration when negotiating any 
construction contract, whether the contractor or owner writes the first draft. A contractor 
must make practical business judgments about these issues, as precise legal language 
always is subject to interpretation. Depending upon the parties' relationship and 
experiences, in a positive environment the contractor might overlook unfavorable contract 
terms, or alternatively in a negative environment the contractor might walk away from a job 
no matter how favorable the contract terms. 

THE PARTIES: A contractor must consider the other party carefully. I f  the Agreement is 
directly with the owner, the contractor should expect the job description to be reliable, as 
no third parties' intervene to misinterpret the buyer's intent. The contractor can assess 
financial responsibility for payment based on the property value. However, an owner may 
not understand even the most basic principles of construction contracting, and 
misunderstandings arise when a contractor relies upon "industry standards" which the 
owner does not know. Scheduling conflicts and numerous change orders typically result 
because an Owner does not plan the project based upon construction experience. 

I n  contrast, if the Agreement is with another contractor or owner's representative, the 
drilling contractor may assume that the other party has some experience in construction 
procedures. However, care must be given to the work description detail, and determine 
whether the other party is reputable, is authorized to allow the contractor onto the 
property, and is financially responsible for payment. I n  addition, the other party may insist 
on unfavorable contract terms based on construction experience and leverage. 

PAYMENT: Unlike public works projects, private projects seldom offer payment bonds or 
other evidence of financial responsibility. Therefore, the contractor must review the local 
Mechanics' Lien Law, to determine whether a statutory notice must be filed, and whether 
specific notices must be included in the contract language. Most states also have Home 
Solicitation statutes, requiring that consumers be given specific notices with a right to 
cancel any contract in certain circumstances, even if the work has been performed. Finally, 
credit terms require compliance with federal and state laws, with necessary disclosures. 
Consult a local attorney to determine necessary provisions in particular states. 

The contract should specify enough information for the contractor to provide all notices, 
both for payment applications and for any change orders or claims. The contractor must 
follow any specific procedures in the agreement, or risk loss of payment. 

SCHEDULE: Owners look for a date certain in completion, where contractors look to avoid 
this commitment. As a business policy to avoid disputes, it is better to have a date certain, 
negotiated well-beyond the likely date of completion. This avoids any misunderstanding 
arising from the owner taking other actions which depend upon completion, such as moving 
into that new home only to find no running water. The owner may expect the contractor to 
pay any costs. 

For construction, the contractor must review whether the owner will pay for owner-caused 
delays, which cost the contractor more in rental equipment, labor, increased material 
prices, and lost opportunities on other jobs. Some owner documents will include a "no. 
damage for delay" clause if legal in the state, allowing only an extension of the completion 
deadline, but no money. Contractors should look for these provisions, as the owner has no 
liability if the contractor agreed to the term knowingly. 
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The contractor also should insist that the owner is liable for unknown conditions, 
particularly underground. While most courts will allow additional compensation to  a 
contractor for latent conditions even without express contract language, as the building site 
is the owner's responsibility, some contracts require the contractor to warrant that the 
Contractor inspected and tested the site and agrees that there are no such conditions, thus 
waiving any additional compensation. 

The parties should have a clear understanding of when the project is "complete". Is the 
well complete when it pumps water, or does the well require testing, and site restoration? 
This understanding cannot be left to chance. 

DAMAGES: Case law in each state will determine the extent to which a contractor can claim 
money damages if the other party breaches the agreement. Many contracts contain a 
liquidated damages clause, stating that damages are difficult to determine and thus 
limiting the parties to a set amount. Such amount must bear some relation to potential 
losses, or the courts will not enforce the clause if it appears to be a penalty. These 
provisions can be favorable to contractors, limiting potentially large liability to a fixed 
amount. However, some provisions will apply only to certain losses, such as liquidated 
damages for delay in completion. A contractor must consider carefully any limitation to 
damages in a contract. 

DOCUMENTATION: Just as a written contract avoids disputes, usually requiring written 
notices of any changes to insure accuracy, the contractor must develop a consistent practice 
of internal documentation on each project. Daily job logs provide an invaluable source of 
information when alleging cumulative weather delays, or owner or other contractor 
i n te rference . 
As well drilling typically requires that the contractor undertake design of the work, the 
contractor should document the precise well site in a diagram approved by the owner, with 
any other system architecture if it could be subject to disagreement. The owner should 
initial the final design so there is no doubt of approval. 

When incidents occur which may lead to later liability, the contractor should send a written 
notice immediately to the owner if the contractor will claim that the owner should bear the 
cost. The owner has a right to "mitigate the damages'', and can avoid payment if the 
contractor allowed an incident to continue causing greater damage by failing to give the 
not ice. 

Review of NGWA Water Well Drillincl Aqreement Terms 

The enclosed standard Agreement should be reviewed by the Drilling Contractor's local 
attorney for compliance with state laws. Additional provisions can be incorporated by 
attachment, or the Drilling Contractor can prepare a customized contract by selecting only 
those provisions desired. All blanks should be filled in and attachments completed before 
submitting the Agreement to the Owner for consideration. 

PROPERTY OWNER'S NAME: Make sure that the customer has proper authority to 
contract for the work. Identify on the document whether the customer owns the property, 
rents the property, is a prime contractor with the owner, or has another interest that 
provides the authority to contract. What happens if the owner does not like the location or 
specifications of the well once finished?, Will the "authorized representative" pay" to re-drill 
the well? I f  in doubt, get the owner's direct approval on any key documents. 
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PROPERTY DESCRIPTION: Be as specific as possible in filling in the legal description of 
the property where the well will be located. This is necessary to aid in filing for any lien, 
judgment, or other statutory notices such as a notice of commencement. Identify the actual 
property owner if the owner is not signing the Agreement. 

DESCRIPTION OF THE WORK: For a standard contract form agreement to be used 
successfully while providing flexibility, a "Job Proposal" and a "Site Location Diagram" 
should be attached. As the Drilling Contractor will be responsible for some design, any 
variables should be submitted to the Owner and initialed to show the Owner's express 
approval. Then the Drilling Contractor can rely precisely on the work described and the 
prices quoted. Neither document requires any specific form; a letter, purchase order, and 
hand-drawing are acceptable, as long as they accurately reflect the final deal. 

Government approvals must be considered before signing the Agreement. Which agencies 
must approve, and who will be responsible to get the approval (and liable i f  not approved) 
should be listed in writing. Consider the building permit, zoning restrictions, water and 
sewer tie-in requirements, septic or drainage restrictions, testing and health approvals. Any 
single failure will land the Drilling Contractor in court if not expressly stated to be the 
owner's responsibility and risk. 

DRILLING CONTRACTOR'S STATUS AND DUTIES: The standard of care under "Control" 
requires the Drilling Contractors' "best skill and attention". This standard is lower than 
requiring the Drilling Contractor to follow industry standards, or the standard of care 
available". 

The Agreement includes an express reservation under "Debris, Restoration" that the Owner 
will be responsible for site restoration. This should be called to the Owner's attention, so 
there are no surprises. I f  the Owner disagrees, add a specific item to the Job Proposal. 

Liability for job site injuries is limited in "Responsibilitv" to only the work of the Drilling 
Contractor, its employees and subcontractors. Typical construction contracts vary this 
clause in many ways, and a contractor should review any alternative provisions carefully. 
Some states prohibit over-reaching shifting of liability. 

Under "Safetv", the Drilling Contractor agrees to "take all reasonable precautions" to protect 
even the Owner's and neighbors property. This is a selling point to Owners, but requires the 
Drilling Contractor to make an affirmative effort in protecting even the adjoining property. I f  
an injury occurs the Drilling Contractor can point to the "reasonable precautions" taken. This 
provision does not say that the Drilling Contractor will be liable to pay for those damages, 
unless the Owner can demonstrate that the Drilling Contractor failed to take reasonable 
precautions. I n  essence, the Owner must allege Drilling Contractor negligence, for which the 
Drilling Contractor would be liable anyway. 

CONTRACT PRICE: The Contract Price must equate to the prices listed on the Job Proposal. 
Often a contractor will propose one set of services, but fail to amend the proposal in writing 
before performing the work - a sure formula for litigation. 

This Agreement establishes a unit Drillincr Price with maximum depth, which cannot be 
exceeded without written authorization. I f  the Owner wants to continue beyond the 
maximum depth, the Drilling Contractor may change the per foot price and need not agree 
to the same unit prices in the Job Proposal. 

The Materials, Costs price should be identical to the same price on the Job Proposal, and the 
Total Price should be included to give the Owner an express understanding as to the total 
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cost, sales tax included, if the maximum depth is reached and all services are performed. 
Contracts which do not specify a maximum depth or total price leave to chance the 
possibility that a court will find that the Owner did not agree to that total; what is the point 
of a contract if such variables are possible? 

Included as an option is the "Drv Hole Discount", as a sales tool. I f  the Drilling Contractor 
does not wish to offer this, the paragraph should be crossed out, Likewise, the Initial 
Payment is an option, which sophisticated Owners and prime contractors may refuse. 

The Pavments schedule allows to the Owner a specific number of days to pay after the 
Drilling Contractor sends the invoice. No interest is charged in this Agreement, as credit 
terms generally are regulated by federal and state laws; if incorrectly done, the contract can 
be voided. While most wells will not take a month for completion, the Agreement 
contemplates use for multiple drillings for one Owner, or a commercial use which might 
extend more than thirty days. I n  that event, an Owner may expect to pay only when the 
entire project is complete; the Drilling Contractor cannot claim interim funds without an 
express provision for periodic payments. 

OWNER'S CHANGES: Typical to any construction project are changes. This provision 
requires that all changes be in writing and that the Drilling Contractor need not accept them 
on the face of the order but has the chance to reprice the contract in consideration of the 
change. The Agreement also disclaims any Drilling Contractor liability for delay due to a 
change order. 

Unlike many Owner-drafted contracts, once this Agreement is signed the Owner is liable 
under this Agreement for the entire Job Proposal, and may not stop the project to cut costs. 
Such stop action would be a change order, and the Drilling Contractor is entitled to the 
profit under the Agreement just as if the well is completed. 

SCHEDULE OF WORK: Some contractors prefer not to give a firm completion date. But 
owners plan on a date whether the contractor intends i t  or not. This term should not be 
excluded, so that both parties have a mutual understanding. Not included is the phrase 
"time is of the essence", so that the Drilling Contractor may argue that any delay does not 
breach the contract. 

The Agreement defines "ComDlete" for the well as merely operational by the Owner. Thus, 
the Drilling Contractor may request payment even if some government approvals or testing 
still might be required for full use. The parties should discuss what they believe is 
"complete" when drafting the Job Proposal, so that the Owner does not dispute payment 
even if the Drilling Contractor technically finished. 

DISPUTE, RESOLUTION, TERMINATION: This provision could include a number of 
foreseeable events upon which the parties might want to declare the Agreement in breach 
or simply no longer in force. As a standard form, included only are non-payment by the 
Owner and non-conforming work by the Drilling Contractor. 

The Drilling Contractor must give the Owner a written notice if not paid on time, with a 
grace period of seven days. Likewise, the Owner must give the Drilling Contractor "a 
reasonable opportunity" as a grace period to correct any work problems. 

Disputes must be resolved by binding arbitration, which in most states bars any action in 
court. The provision favors the Drilling Contractor, as arbitrators tend to  represent members 
of the construction industry and not owner's interests. The process is faster than court, and 
less formal. 

NG WA Water Well Drilling Agreement 



8 

WARRANTIES: Local counsel must review this provision to include any requirements of 
state law. Most states imply into the contract the warranties of fitness for purpose and 
merchantability, which can be waived with express terms. The Drilling Contractor should 
review exactly what is warranted, and for how long, attaching a specific description so as to 
avoid any doubt. A year or more after the well was drilled will be the test of whether the 
Owner is satisfied based upon the mutual understanding from the written warranty 
provisions. 

The law regarding warranties on the materials and equipment constantly changes. 
Generally, the trend is to hold the Drilling Contractor responsible for any merchandise, 
regardless of the fact that the Drilling Contractor did not manufacture it. The Drilling 
Contractor should discuss "products liability" insurance and other proper insurance coverage 
with an insurance agent and discuss warranties with an attorney. For example, the 
Magnuson-Moss Warranty Federal Trade Commission Improvement Act governs the labeling 
of warranties of consumer goods. Unless the warranty meets the minimum standards for full 
warranties provided in the Act, it must be designated a "limited warranty". 

The Drilling Contractor must expressly disclaim anv guarantee of water quantity or quality. 
I f  the Drilling Contractor wants to assure the Owner of specific quantity as a condition of 
drilling, or quality after testing, put the exact understanding in writing, along with the 
impact to price or cost. For instance, under the "Dry Hole Discount", the Owner gets a price 
break, but no more. 

In  a specific geographic area that is known to be prone to natural contamination of a certain 
character, (e.g., the western part of the United States where arsenic levels are potentially 
higher than those deemed safe pursuant to governmentally-imposed standards), it may be 
advisable to also use a more specific addendum page that more explicitly warns of the type 
of potential contamination, as well as the potential effect on human health from the use of 
such water for human consumption. 

ENTIRE AGREEMENT: This provision makes clear that all understandings must be in 
writing and any oral agreement before or after this Agreement is signed is irrelevant and 
unenforceable. I f  a handshake is good enough, there is no purpose for a written Agreement 
which is not to be followed. 

SEVERABILITY: Some court precedent holds that if any single provision in the Agreement 
is declared void, the entire Agreement is void as the document must be enforced as a whole 
to give full effect to the parties' understanding. Unfortunately, this may prevent the Drilling 
Contractor from payment on the undisputed work due to a dispute on one provision. 
Therefore, this clause should appear in any contract, unless the parties feel all clauses are 
necessary as a whole. 

SIGNATURES: Both parties each should sign two copies of the Agreement, so that each 
has a signed original copy in the event of a dispute. 

LOCAL. STATE LAWS: This Agreement is a form designed to apply to typical well drilling 
and repair sales. However, it cannot apply to all situations and comply with all laws of the 
50 states. As a consequence, before using this Agreement, consult your attorney for specific 
legal requirements applicable to consumer and/or home solicitation sales, among other 
specific state law requirements. 

Many states require notices and statutory language included in the contracts. Two examples 
are provided; the Texas statute requiring the contractor to give notice of an existing well 
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which requires plugging, and the Minnesota statute requiring notice of mechanics' lien 
rights. I n  addition, other specific contract variations may be necessary for particular terms 
agreed to by the parties. This form Agreement and Instructions are provided as a service, 
and are not intended to offer legal advice whatsoever. The National Ground Water 
Association and its agents disclaim any and all liability for damages attributable to 
the use of this standard form Agreement. 

LIENS: Specific steps must be taken within specific time limits to obtain certain liens. The 
Drilling Contractor always should consult a local attorney prior to contract as to the proper 
way to meet the lien requirements, attaching such language in the Agreement if required. 
Time limitations are critical under all state lien laws. I n  some states, a notice of 
commencement must be filed before construction begins for purposes of mechanic's lien 
laws. Be aware of the specific requirements in the project state. 

NO CREDIT TERMS: This Agreement should not be used in installment payment 
transactions where credit has been extended to your customer. Use it only where the 
customer's obligation is to pay cash upon termination of your work. I f  used for a credit 
transaction, the parties will violate numerous state and federal laws, which carry severe 
penalties. 

JOB PROPOSAL: This attachment is necessary, as referred to in the "Description of the 
Work" in the Agreement. I n  a larger construction contract, this would contain the plans and 
specifications describing the scope of work. The Drilling Contractor may use any similar 
proposal form, but must list all work to be performed in detail. I f  work is left to verbal 
agreement or is unclear, a court may not enforce the Agreement for payment of that work, 
as the parties did not have a "meeting of the minds". Thus, be sure to get the Owner's 
initials at the bottom of this-page, just so there is no doubt that the Owner intends to pay 
for these items. 

WELL MAINTENANCE, TESTING SERVICE ADDENDUM: This form is optional. Drilling 
Contractors may not consider either an ongoing maintenance contract or testing until an 
owner initiates a request later. As this is different than the scope of work contained in the 
primary Agreement, an additional form and signature is required. 

The Addendum must contain a description of the work, a price, and a schedule. An express 
warranty also protects the Drilling Contractor from any Owner mistake. I f  prepared 
separately from the primary Agreement, other terms (such as dispute resolution) should be 
added. Here, by attaching it as an addendum, not only is the agreement made as early as 
possible, prior to problems arising, but the Addendum can refer to the other terms of the 
Agreement. 

Summarv 

The National Ground Water Association hopes that this standard "Water Well Drilling 
Agreement" serves its membership as a form useful in most individual or commercial sales 
opportunities. With a careful review and understanding of the terms, including all 
understandings in writing, the Drilling Contractor will anticipate typical issues addressed in 
construction contracts while offering a flexible Agreement to foster a positive relationship 
with the customer. 

Please contact us to offer comments or feedback for consideration in future additions. 
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WATER WELL DRILLING AGREEMENT 

This Water Well Drilling Agreement (the "Agreement") is made and entered into effective this 

day of ,200- between: 

("Owner" or Owner's Authorized Representative) and 

("Drilling Contractor"), for the construction of a Water 

Well on the real property at the following location ("Premises"): 

[STREET ADDRESS], 

[CITY], [COUNTY], [STATE], 

and for which Premises the Owner has the authority to undertake the improvements contemplated by this 

Agreement, upon the following terms and conditions. 

1. DESCRIPTION OF THE WORK. 

1 . 1 Work: Drilling Contractor agrees to furnish all labor, services, materials, 
equipment, and all other things necessary for the timely and proper completion of the Water Well in 
accordance with the Job Proposal and to be located as identified on the Site Location Diagram, each 
attached hereto and made a part of this Agreement (the "Work"). 

1.2 Restrictions: Drilling Contractor agrees to cause construction of the Water 
Well in accordance with all applicable zoning and building regulations, laws, ordinances, and orders of 
any public authority bearing on the construction and all restrictions and covenants of record concerning 
the subdivision in which the Premises are located, if applicable. 

2. DRILLING CONTRACTOR'S STATUS AND DUTIES. 

2.1 Control: Drilling Contractor will supervise and direct the Work, 
using its best skill and attention, and shall be solely responsible for and have control over construction 
means, methods, techniques, sequences, and procedures and for coordinating all portions of the Work 
under this Agreement. Construction of the Water Well shall conform to the Job Proposal, with such 
changes only as may be agreed to by the parties in writing. Neither party will unreasonably withhold its 
agreement. 

2.2 Debris, Restoration: During construction, Drilling Contractor shall keep the 
work site and surrounding area free from any unreasonable accumulation of debris and waste materials. 
Unless expressly agreed to in writing in the Job Proposal, upon completion of the Work the Owner shall 
be responsible to remove all debris, waste and surplus materials or rubbish remaining on the work site, 
and to restore the site to its required condition. The Drilling Contractor shall not be responsible for any 
site restoration. 

2.3 ResDonsibilitv: Drilling Contractor shall be responsible to Owner for the 
acts and omissions of Drilling Contractor's employees, subcontractors, and their agents and employees, 
and other persons performing portions of the Work under a contract with Drilling Contractor. 

2.4 Safetv: Drilling Contractor shall be responsible for initiating, 
maintaining, and supervising all safety precautions and programs in connection with the performance of 
the Work and shall comply with all applicable laws, ordinances, rules, regulations, and orders. Drilling 
Contractor shall take all reasonable precautions for safety of, and shall provide protection to prevent 
damage, injury, or loss to a) persons who may be directly injured during the Work, b) the Water Well and 
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materials and equipment to be incorporated therein, and c) any other property and improvements at the 
site or adjacent thereto. 

3. CONTRACT PRICE. Owner shall pay Drilling Contractor as follows: 

3.1 Drillina Price: $ .OO total drilling pfice at the rate of 
$ .OO per lineal foot drilled, to a maximum depth of feet. Drilling Contractor shall 
not exceed this depth without written authorization of Owner agreed to by Drilling Contractor not to 
exceed an additional lineal foot price and depth. 

3.2 Materials, Costs: $ .OO total materials and costs, as itemized 
in the Job Proposal. No additional Work shall be performed other than as itemized in the Job Proposal 
without written authorization of Owner agreed to by Drilling Contractor. 

3.3 Total Price: $ .OO total contract price including 
maximum depth drilling and all other costs as itemized in the Job Proposal. This price shall not be 
changed without written authorization of Owner agreed to by Drilling Contractor. 

3.4 Drv Hole Discount: If the Drilling Contractor reaches the maximum depth 
without producinq gallons of water per day, and the Owner decides not to authorize additional 
drilling, the total drilling price shall be discounted by $ .OO, and the Owner shall pay only for 
the drilling, those materials and other costs in the Job Proposal actually used to that date. 

3.3 Initial Payment: Owner agrees to prepay $ .OO of the total 
price to Drilling Contractor upon signing of this Agreement to provide Drilling Contractor with funds in 
advance for expenses relating to the Work. 

3.4 Pa m e n  ts: Upon receipt of each payment made by Owner to Drilling 
Contractor, Drilling Contractor will provide the Owner with a lien waiver in the amount of the payment 
received. If the duration of the Work continues for more than one month, Drilling Contractor shall be 
entitled to payment of the Work completed monthly, by submitting a Payment Application accompanied by 
properly executed releases of liens by subcontractors and substantial material suppliers for the prior 
payment. The Owner shall pay Drilling Contractor not later than days after receipt of a Payment 
Application. 

4. OWNER'S CHANGES. Owner, without invalidating this Agreement, may order changes 
in the Work. Such changes shall be authorized by written modification of this Agreement. An appropriate 
adjustment to the price will be made with the consent of both Owner and Drilling Contractor in writing, 
which consent shall not be unreasonably withheld. Owner acknowledges and agrees that Drilling 
Contractor's ability to complete the Work in a timely manner will be directly affected by any change order 
requested by Owner. 

5. SCHEDULE O f  WORK.Construction shall begin by [date] and shall be 
complete by [date] excepting delays beyond Drilling Contractor's control. "Complete" 
shall mean that the Water Well is operational by Owner. 

6. DISPUTE RESOLUTION, TERMINATION. 

6.1 Non-Pavment: If Owner fails to make payment due to Drilling Contractor 
for a period of days after the submission of a Payment Application for Work that is not disputed 
by Owner, Drilling Contractor may terminate this Agreement seven (7) additional days after written notice 
to Owner, and recover from Owner payment for all Work executed and for loss of materials, equipment, 
tools, and machinery, including reasonable overhead, profit and other consequential damages. 

6.2 Corrections: Owner shall provide Drilling Contractor with a 
reasonable opportunity to cure any claimed non-conformity and agrees not to remove Drilling Contractor 
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from the Premises or order Drilling Contractor to stop work so long as Drilling Contractor diligently 
undertakes to cure the claimed non-conformity. 

6.3 Mediation. Arbitration: All claims or disputes between Owner and Drilling 
Contractor arising out of or relating to this Agreement shall be submitted to non-binding mediation 
pursuant to the Construction Industry Mediation Rules of the American Arbitration Association. Owner 
and Drilling Contractor shall mutually select and equally share in the cost of the services of a mediator. 
The chosen mediator must have reasonable knowledge of the water well drilling industry. In the event 
that the dispute is not resolved following mediation, the matter shall be resolved by binding arbitration 
pursuant to the Construction Industry Arbitration Rules of the American Arbitration Association. 

7. WARRANTIES. 

7.1 Workmanship, Materials: Drilling Contractor warrants that (i) all Work 
performed hereunder will be performed in accordance with this Agreement and in a proper workmanlike 
manner, free from all defects; (ii) all materials used will be new; and (iii) all materials, the Work, and the 
Premises will at all times be free and clear of liens and encumbrances. In addition to the foregoing 
warranty, Drilling Contractor will assign to Owner all warranties received by Drilling Contractor in 
connection with the Work, including, specifically, manufacturer's warranties and guarantees on appliances 
and equipment incorporated into the Water Well. 

7.2 Extxess Warranties, Onlv: No representations or warranties, expressed or 
implied, are made or agreed to be made by any party hereto, except those specifically provided herein. 
Drilling Contractor provides no other warranty or guarantee, unless expressly in writing attached to this 
Agreement and signed by both Owner and Drilling Contractor. 

7.3 No Quantitv of Water Guaranteed: Drilling Contractor specifically does not 
warrant that the water well bejng constructed will produce water in any specific quantity, or that it will 
produce any water at all. All risk of failure to produce water shall be borne by the Owner, and failure to 
produce water shall not release Owner from payment other than in accord with this Agreement. 

7.4 No Qualitv of Wafer Guaranteed Drilling Contractor specifically does not warrant 
that the water well being constructed will produce water of any specific quality, or that it will be fit for 
human consumption, except as otherwise specifically required by state law. All risk of failure to produce 
water fit for human consumption shall be borne by the Owner, and failure to produce water fit for human 
consumption shall not release Owner from payment other than in accord with this Agreement. 

a. NOTICE 0 F POSSIBLE CONTAMINA TlON. 

8.1 

8.2 

Notice of Potential Natural Contamination: Drilling Contractor hereby gives notice to 
Owner that certain natually occurring contaminants may be present in the ground 
water that will supply the water well being constructed. Such naturally occurring 
contaminants may include, but are not limited to, certain minerals, bacteria and toxics 
such as arsenic, and may render the water produced by the well unfit for human 
consumption unless the water is treated on an ongoing basis. Drilling Contractor 
specifically disclaims any guarantee that the water produced by the well will be free 
from any such contamination, and Owner acknowledges being notified of such 
potential natural contamination by signing this Agreement and initialing here: 

Notice of Importance of Testing: Drilling Contractor hereby gives notice to Owner 
that prior to using the water in the well for any purpose, and in particular for human 
consumption, Owner is advised to have the water tested for naturally occurring 
contamination. Owner is responsible for arranging, ensuring completion of, and 
payment for such testing, unless otherwise provided in this Agreement. All risk of the 
presence of naturally occurring contaminants in the water shall be borne by the 
Owner, and the presence of naturally occurring contaminants in the water shall not 
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release Owner from payment other than in accord with this Agreement. Owner 
acknowledges being notified of the importance of testing for naturally occurring 
contaminants by signing this Agreement and initialing here: 

9. ENTIRE AGREEMENT. This Agreement contains the entire understanding of the 
parties hereto and all prior agreements, which fully and completely constitutes the entire Agreement 
between the parties regarding the construction of the Water Well. 

10. SEVERABILITY. Each provision of this Agreement shall be interpreted in such manner 
as to be effective and valid under law. If any term, condition, covenant, agreement or provision of this 
Agreement shall be deemed invalid or unenforceable under applicable law, such provision shall be 
ineffective to the extent of such prohibition or invalidity without invalidating, impairing or otherwise 
effecting any other provision of this Agreement, which shall remain in full force and effect. 

Signed and agreed to effective the day and year first above stated. 

OWNER: DRILLING CONTRACTOR: 

By: By: 

Address: Address: 

ATTACHMENTS AND ADDENDA: 

Job Proposal 

Site Location Diagram 

Well Maintenance, Testing Service Addendum 

Notification of Potential Contamination Addendum 

LEGAL NOTICES ATTACHED: 

Express Warranties, Waivers 

Notice of Abandoned or Deteriorated Well' 

For example, excerpts from Texas Rev. Civ. Statutes, Water Code, Title 2, Sub. D, Sec. 32.01 7: 
"(b) A licensed driller shall notify the commission and the landowner or person having a well drilled 
when the driller encounters water injurious to vegetation, land, or other water, and the well must be 
plugged, repaired, or properly completed in order to avoid injury or pollution. The driller shall assure that 
the well is plugged, repaired, or properly completed under standards and procedures adopted by the 
commission." 

1 
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Mechanics’ Lien Notice2 

Other Legally Required Notices: 

A 

B 

C 

~~ ~~~~~~~ ~~~~ ~ 

“(c) 
person possessing the well that the well must be plugged or capped in order to avoid injury or pollution.” 

A licensed driller who knows of an abandoned or deteriorated well shall notify the landowner or 

For example, Minnesota Statutes, Sec. 514.01 1 requiring in contract notice to owner of lien rights. 2 
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1. 

2. 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

WATER WELL DRILLING AGREEMENT 

JOB PROPOSAL 

Drillinq 

Test drilling, estimated depth f e e t  at $ 

Well drilling, estimated depth f e e t  at $ 

per foo 

per foot 

Maximum Drilling Depth, Total Drillinq Price: 

Materials, Costs 

Well casing, maximum depth -feet at $ 

Casing size: 

Well and pump permit 

Well screen and installation 

Well developing and surging 

Well acidization 

Well disinfection 

Chemical and bacteriological laboratory tests 

Pump and installation, Repairs 

Other Materials, concrete, gravel 

Labor (Non-supervisory base rate $ 

Other skilled trades (electrical) 

Trencher or backhoe work 

Crane, truck or service rig 

Mobilization and demobilization 

Other water-supply equipment and installation 

Area cleanup 

per foot 

per ho u r) . 

Sub-Total Material and Costs: 

Total Drilling, Material and Costs: 

Sales tax: 

Total Proposal Price: 

0 National Ground Water Association, 2004 APPROVED BY OWNER: 



WATER WELL DRILLING AGREEMENT 
WELL MAINTENANCE, TESTING SERVICE ADDENDUM 

This Well Maintenance, Testing Service Addendum ("Addendum") to the Water Well Drilling 
I 200- between the parties 

, 200- upon the 
Agreement (the "Agreement") originally dated 
signed below, is made and entered into this day of 
following terms and conditions: 

1. DESCRlPTiON OF THE WORK. 

1.1 The Drilling Contractor shall perform periodic labor for maintenance 
of the Well upon request of the Owner, furnishing and installing replacement materials as required and 
directed by Owner. Maintenance visits shall not be less than once per (time period), nor 
more than per year. 

Maintenance: 

1.2 Testing: The Drilling Contractor shall perform periodic tests of the Well upon 
(time period), nor request of the Owner. Tests shall be conducted not less than once per 

more than per year, including the specific tests listed below. 

2. CONTRACT PRICE. Owner shall pay Drilling Contractor as follows: 

2.1 Maintenance: Maintenance work shall be charged at the rate of $ .oo 
Per 
materials, with a markup of 

(insert "visit", "hour" or other basis), plus Drilling Contractor's actual cost of replacement 
% (percent), plus tax. 

2.2 Testinq: Testing shall be charged at the rate of $ .OO per 
(insert "test", "hour" or other basis), plus Drilling Contractor's actual cost of testing supplies, with a markup of 

YO (percent), plus tax. Specific tests shall be performed at an inclusive price: 
a. $ .oo 
$ .oo 
C. $ .oo 
$ .oo 

b. 

d. 

2.3 Maximum Price: In no event shall the total cost pursuant to this Addendum 
exceed $ .OO without additional agreement between the parties. 

3. SCHEDULE OF WORK: The Work shall begin on I 

200- and continue as required by the Owner, in effect until ,200-. 

4. OTHER TERMS: Drilling Contractor specifically does not warrant and shall not be 
held liable for the quantity or quality of the water produced during or after maintenance or testing, or to 
determine whether any maintenance or tests are required, but shall serve only as the Owner directs. The 
parties hereby incorporate all other terms of the prior Agreement, not in direct conflict with the terms of this 
Addendum, as though fully restated herein. 

Signed and agreed to effective the day and year first above stated. 

OWNER: DRILL1 NG CONTRACT0 R: 

By: By: 

Address: Address: 



Addendum of Notification 
of 

Potential Contamination 

By this addendum, Drilling Contractor hereby notifies Owner that because Owner's 
well will be located in 

contaminated with higher levels of 

water containing higher levels of 

[insert general geographic area here; e.g. "the western 

portion of the United States"), it is possible that ground water that will supply the well will be 

e.g. arsenic] than are considered safe for human consumption. Over time, the consumption of 

e.g. arsenic] than are considered safe for human consumption may lead to 

[insert specific contaminant here; 

[insert specific contaminant here; 

[insert specific health risk here: e.g. arsenic poisoning]. 

Drilling Contractor hereby gives notice to Owner that prior to using the water in the 
well for any purpose, and in particular for human consumption, Owner is advised to have 
the water tested for all naturally occurring contamination, and specifically for 

[insert specific contaminant here; e.g. arsenic]. Owner is responsible 
for arranging, ensuring completion of, and payment for such testing, unless otherwise 
provided in this Agreement. All risk of the presence of naturally occurring contaminants, 

arsenic], in the water shall be borne by the Owner, and the presence of naturally occurring 
contaminants in the water shall not release Owner from payment other than in accord with 
this Agreement. Owner acknowledges being notified of the importance of testing for 
naturally occurring contaminants, including but not limited to 

Agreement and initialing here: 

including but not limited to [insert specific contaminant here; e.g. 

[insert specific contaminant here: e.g. arsenic], by signing this 

~~ 
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APPENDIX B 

Glossary of Terms' 
A 

ABANDONED WELL-To cease efforts to produce f l ~ , ;  from a we 
to plug the well without adversely affecting the environment. 

1 depleted formation and 

ACCELERATOR-A material that accelerates or speeds up the normal rate of reaction behveen 
cement and water, resulting in an increase in the development of early strength, and, in some 
cases, a decrease in the setting time or thickening time. 

ACID-Any chemical compound containing hydrogen capable of being replaced by positive 
elements or radicals to form salts. In terms of the' dissociation theory, it is a compound which, on 
dissociation in solution, yields excess hydrogen ions. Acids lower the pH. Examples of acids or 
acidic substances are: hydrochloric acid, tannic acid, and sodium acid pyrophosphate. 

ACID RESISTANCE-The ability of a hardened cement slurry to withstand the softening and 
corrosive effects of organic or mineral acids, or water solutions of these acids and their salts 
having a pH lower than 7.0. 

ACTNE STATUS-A water well which is in use. 

ADDITIVE-A material other than cement or water that is added to a cement subsequent to its 
manufacture to modify properties. Equivalent of admixture in ASTM usage. 

AGGREGATE-An essentially inert material of mineral origin having a particle size 
predominantly greater than 10 mesh. Also a group of two or more individual particles held 
together by strong forces which are not subject to dispersion by normal mixing or handling. 

ALKALINITY-The combining power of a base measured by the maximum number of 
equivalents of an acid with which it can react to form a salt. In water analysis, it represents the 
carbonates, bicarbonates, hydroxides, and occasionally the borates, silicates, and phosphates in 
the water. It is determined by titration with standard acid to certain datum points. 

ANNULAR FLOW-Formation fluids are produced up through the tubing-casing annulus and 
recovered at the surface. 

ANNULAR SPACE-The space between the well bore and the outside of the well casing. 

ANNULUS (ANNULAR SPACE)-The space surrounding pipe suspended in the wellbore. The 
outer wall of the annulus may be the wall of the borehole or it may be larger pipe. 
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API-American Petroleum Institute. Founded in 1920, this national oil industry trade association 
maintains a headquarters office in Washington, D.C., and a Production Department office in 
Dallas, Texas. It is also used as a slang expression for a job well done (that work is strictly MI) ,  
or for utter confusion (it's M I  today, two engines are down). Standards for many items of 
drilling and producing equipment are produced by industry committees of the Production 
Department, including specifications for wire rope and solid wire line. 

API CEMENT CLASSES-A classification system for well cements defined in API Spec 10. 

AQUICLUDE-A body of relatively impermeable soil or rock materials that is capable of 
absorbing water but will not transmit it fast enough to supply a well. 

AQUIFER-A reservoir which bears water in recoverable quantity. 

AQUIFER-A formation, group of formations, or part of a formation that contains sufficient 
saturated permeable material to yield economical quantities of water to wells and springs. 

AQUITARD-A geologic formation, group of formations, or part of a formation through which 
virtually no water moves. 

ARTESIAN WELL-A well deriving its water from a confined aquifer in which the water level 
stands above the ground surface; synonymous with flowing artesian well. 

ASTM-American Society for Testing and Materials 

AUGEFED WELL-A well that is constructed by using an auger to bore the hole and extract 
materials. 

B 

BALANCE, MUD-A beam-type balance used in determining drilling fluid density. It consists 
primarily of a base, graduated beam with constant-volume cup, lid, rider, knife edge, and 
counterweight 

BALANCED CEMENT PLUG-The result of pumping cement through drill pipe, workstring, or 
tubing until the level of cement outside is equal to that inside the drill pipe/workstring/tubing. 
The pipe is then pulled slowly from the cement slurry, leaving the plug in place. The technique is 
used in both open-hole and cased hole applications when the wellbore fluids are in static 
equilibrium. 

BARREL - (BBL OR bb1)-A common unit of liquid volume measurement in the petroleum 
industry. One barrel (1 bbl) is equivalent to 4 2 gallons (1 58.97 liters). 
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BENTONITE-A plastic, colloidal clay largely made up of the mineral sodium montmorillonite; a 
hydrated aluminum silicate. For use in drilling fluids, bentonite has a yield in excess of 85 
bbl/ton. The generic term "bentonite" is neither an exact mineralogical name nor is the clay of 
definite mineralogical composition. 

BENTONITE GROUT-Bentonite grout consists of powdered sodium bentonite clay and clean 
water in the proportion of not less than 1 pound of powdered bentonite to 1 gallon of water. 
Bentonite grout may be used in all geologic formations. Bentonite pellets and granular bentonite 
may also be used as a seal material without forming a slurry. 

BENTONITE SLURRY-A mixture of bentonite and water, weighing not less than 9 pounds per 
gallon. 

BHP-Bottom Hole Pressure 

BHT-Bottom Hole Temperature (OF) 

BOND-Adhering, binding, or jointing of two materials (e.g., cement to casing). 

BONDING-The state of bond between cement and casing andor formation. 

BORED WELL-Synonymous with an augered well or a well dug with a bucket-drill. 

BOEEHOLE-The wellbore; the hole made by drilling or boring a well. 

BOTTOM HOLE PRESSURE-The pressure at the bottom of a well generally associated with the 
pore pressure of the formation open to the well. 

BRIDGE-An obstruction in the dA1 hole or annulus. A bridge is usually formed by caving of the 
wall of the wellbore, by the intrusion of a large boulder, or by filter pack materials during well 
completion. Bridging can also occur in the formation during well development. 

BRIDGE PLUG-A downhole tool (composed primarily of slips, a plug mandrel, and a rubber 
sealing element) that is run and set in casing to isolate a lower zone while an upper section is 
tested, cemented, stimulated, produced, or injected into. 

BIUDGING MATERIAL-Fibrous, flaky, or granular material added to a cement slurry or drilling 
fluid to aid in sealing formations in which lost circulation has occurred. 

BRINE-Water containing relatively high to saturation concentrations of common salt (NaCI) and 
relatively low concentration of other salts of calcium, magnesium, zinc, etc. 
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BULLHEAD SQUEEZE-The process by which hydraulic pressure is applied to a well to force 
fluid such as cement outside the wellbore. Annular flow (retums) is prevented by a packer set in 
the casing above the perforations and/or in open-hole. 

BULLHEAD SQUEEZE-The process by which hydraulic pressure is applied to a workstring or 
tubing to force fluids, such as cement, outside the wellbore. Annular flow (returns) is prevented 
by a packer set in the casing above the perforated and/or open-hole interval. The packer shields 
the inner string wall from exposure to the pumping pressures. 

C 

CABLE-TOOL DRILLING-A method of drilling a well by allowing a weighted bit at the bottom 
of a cable to fall against the formation being penetrated. 

CALCIUM-One of the alkaline earth elements with a valence of 2 and an atomic weight of about 
40. Calcium compounds are a common cause of the hardness of water. It is also a component of 
lime, gypsum, limestone, etc. 
CALCIUM CARBONATE (CaC0,)-A slightly soluble calcium salt (limestone, oyster shells, 
etc.) sometimes used as a weighting material, and also as a standard unit for expressing hardness 
of water. 

CALCIUM CHLORIDE (CaCJ-A highly soluble salt which imparts special properties to drilling 
fluids, but primarily to increase the density of the fluids and to accelerate the hydration reaction 
of cement and water. 

CALCIUM HYDROXIDE (CA(OH),]-The active ingredient of slaked lime and also a hydrolytic 
constituent of Portland cement. In field technology it is called "lime." 

CALCIUM SULFATE-Anhydrite (CaSO,), gypsum (CaSOp2H20), hemihydrate 
(CaSO,.%H,O), or combinations of these. 

CASING-A tubular retaining structure installed in the excavated hole to maintain the well 
opening. 

CASING CEMENTING-The practice of filling an annulus with cement slurry. 

CASING STRING-The pipe run in a well, for example: surface string, intermediate string, 
production string, etc. 

CATHODE-The portion of a corrosion cell which does not corrode. Reduction always occurs at 
cathode. 
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CATHODIC PROTECTION-A technique to prevent the corrosion of a metal surface by making 
that surface the cathode of an electrochemical cell. 

CEMENT 
API Classes-Cement (Classes A through J> meeting the applicable requirements of API Spec 
10. ASTM Types-Cement (Types I through V) meeting the applicable requirements of 
Standard Specifications for Portland Cement ASTM C 150. 

Common, Regular or Ordinary-A cement intended for use under conditions not requiring 
moderate to high sulfate resistance. Corresponds to M I  Class A or Class C which are similar 
to ASTM Type I or Type III cements, respectively. 
Construction-See Common, Regular or Ordinary. 

Gel Cement-A cement or cement slurry that has been modified by the addition of bentonite. 

CEMENT-A mixture of calcium aluminates and silicates made by combining lime and clay 
while heating. Slaked cement contains about 62.5 percent calcium hydroxide, which is the major 
source of trouble when cement contaminates drilling fluid. 

CEMENT DENSITY-The specific gravity of a well cement as determined by a method similar to 
ASTM C 188: Test for Density of Hydraulic Cement. Most Portland cements have a specific 
gravity of about 3.15 when tested by this method. Cement density should not be confused with 
slurry density. 

CEMENTING-The process of pumping a cementitious slurry into a well through steel pipe to 
critical points in the annulus or open-hole. Cementing is performed to isolate different zones in 
the well, protect the pipe fiom corrosive fluids, support the pipe in the hole, or repair previous 
cement j 0’0s. 

CEMENTING TIME-The total elapsed time for a cementing operation fiom the beginning of 
mixing until the completion of displacement to final depth and complete circulation of any 
excess slurry to the surface. 

CENTRALIZERS-Guides which are attached to casing and which serve to keep it centered in the 
hole. See API Spec 10D. 

CIRCULATE-To cycle fluid through pipe and wellbore while drilling operations are temporarily 
suspended. This is done to condition the drilling fluid and the wellbore before hoisting the drill 
pipe and to obtain cuttings fiom the bottom of the well before drilling proceeds. Circulation of 
the drilling fluid while drilling is suspended is usually necessary to prevent drill pipe from 
becoming stuck. 

CIRCULATION-The movement of drilling fluid fiom the suction pit through pump, drill pipe, 
bit, annular space in the hole, and back again to the suction pit. The time involved is usually 
refened to as circulation time. 
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CLAY-A plastic, soft, variously colored earth, commonly a hydrous silicate of alumina, formed 
by the decomposition of feldspar and other aluminum silicates. In a true clay, 30% by weight of 
the solid particles are of diameter less than 0.002 micrometer. 

COILED TUBING-A continuous length of small diameter (i.e., usually I " to 1 3/47 ductile steel 
tubing which is coiled onto a reel. The tubing is fed into the well by an injector head through a 
coiled tubing blow-out preventer or stuffing box. The coiled tubing may be used for pumping 
fluids, including cement, into the wellbore. 

CONCRETE GROUT-A mixture of one sack (94 pounds) of Portland cement, an equal amount 
by volume of sand and gravel or crushed stone, and not more than 7 gallons of clean water. 

CONDUCTOR PIPE-A relatively short string of large-diameter pipe which is set to keep the top 
of the hole open and provide a means of returning the upflowing drilling fluid from the wellbore 
to the surface drilling fluid system until the first casing string is set in the well. Conductor pipe 
may also be used in well control. Conductor pipe is usually cemented. 
CONFINED AQUIFER-A formation in which the groundwater is isolated fiom the atmosphere 
at the point of discharge by impermeable geologic formations; confined groundwater is generally 
subject to pressure greater than atmospheric. 

CONFINING LAYER-A body of impermeable or distinctly less permeable material that lies 
above andor below one or more water-bearing zones. 

CONNATE WATER-Water that probably was laid down and entrapped with sedimentary 
deposits, as distinguished fiom migratory waters that have flowed into deposits after they were 
laid down. 

CORROSIVE GAS-A gas which when dissolved in water or other liquid causes metal attack. 
Usually included are hydrogen sulfide (H,S) ,  carbon dioxide (CO,) and oxygen (0,) 

CROOK3ED HOLE-Wellbore which has been inadvertently deviated from a straight hole. 

CURING TIME-Minimum time required for particular types of cementing or grouting materials 
to harden. 

D 

DARCY-A unit of permeability. A porous medium has a permeability of 1 Darcy when a 
pressure of 1 atmosphere on a sample 1 cm long and 1 sq cm in cross section will force a liquid 
of 1 -cp viscosity through the sample at the rate of 1 cc per sec. 

DECOMMISSIONED WELLS-When used in relation to a water well shall mean the act of 
filling, sealing, and plugging water well in accordance with the rules and regulations of the state 
Department of Health. 
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DENSITY-Matter measured as mass per unit volume expressed in pounds per gallon (ppg), 
pounds per square inch per 1,000 ft  of depth (psi/l,OOO fi), and pounds per cubic ft  (lb/cu ft). 
Density is commonly referred to as "weight." 

DISPERSANT-A cement additive which reduces the initial consistency of cement slurries. 

DISPLACEMENT-The lateral distance from the surface location to the primary target. 

DISPLACEMENT RATE-The volumetric flow rate at which cement sluny is pumped down the 
hole. 

DISPOSAL WELL-A well through which fluid (usually brine) is returned to subsurface 
formations. 

DOMESTIC WATER-A water well providing water to any water supply system furnishing water 
for human consumption other than a public water system, or for the watering of livestock, 
poultry, farm and domestic animals used in operating a farm, and for the irrigation of lands not 
exceeding a total of two acres in area. 
DOWNHOLE-A term to describe tools, equipment, and instruments used in the wellbore. For 
example, a downhole tool is used in the wellbore. Also, conditions or techniques applying to the 
wellbore. 

DRILL S"G-A combination of drill pipe, drill collars, and accessory components. 

DRILLED WELL-A well that is constructed with a rotary drilling machine that incorporates the 
use of circulating drilling fluid or compressed air to remove drill cuttings fiom the well hole. 

DRILLING FLUID-A fluid circulated through the bit; an integral part of rotary drilling. It serves 
to carry cuttings fiom the bit. Hole conditions may dictate other necessary functions for the fluid. 
The fluid phase may be air (or other gas), water, oil or any combination thereof. 

DRILLING FLUID OR MUD-A circulating fluid used in rotary drilling to perform any or all of 
a variety of h c t i o n s  required in the drilling operation. 

DRILLING MUD-A drilling fluid where the fluid phase is oil, water, or a combination thereof 
(synonym MUD). 

DRILLING MUD-A fluid composed of water and clay (either native clay or a combination of 
native and commercial clays) used in drilling operations to remove cuttings fiom the hole, to 
clean and cool the bit, to reduce fiiction between the drill stem and the sides of the hole, to seal 
the sides of the hole, to prevent caving, bridging or loss of circulation, and to prevent the 
interchange of water between aquifers. When permitted, drilling mud maybe used as filler or 
plugging material, provided it weighs not less than nine pounds per gallon. 

B-7 



DFULLING OUT-The operation during the drilling procedure when the cement is drilled out of 
the casing before further hole is made or completion attempted. 

DRILLING RIG-Equipment and machinery assembled primarily for the purpose of drilling or 
boring a hole in the ground. 

DUG WELL-A hand-dug well sometimes lined with brick or stone but in many locations 
unlined. 

DUMP BAILER-A cylindrical container with a shear device that is used to release small batches 
of cement downhole on impact or by electrical activation. Used primarily to install cement on 
downhole tools such as bridge plugs or cement retainers. 

E 

EFFECTIVE PERMEABILITY-The permeability of a rock to a fluid when the rock is not 100% 
saturated with the fluid. See Permeability. 

EFFLUENT-A discharge of liquids and/or solids into the environment, partially or completely 
treated or in their natural state. Generally used in regard to discharges into waters. 

ELECTROLYTE-A chemical substance or mixture, usually liquid, containing ions that migrate 
in an electric field, The term electrolyte refers to the soil-or liquid adjacent to, and in contact with 
a buried or submerged metallic structure including the moisture and other chemicals contained 
therein 

F 

FALSE SET-An abnormal early thickening of cement slurry wherein the slurry remains 
pumpable for the usual thickening time. The thickening may be reversible during the pumping 
history of the slurry. 

FILLING MATERIALS-Well-plugging materials that are used to take up space in a well. 

FILTER CAKE-The suspended solids that are deposited on a porous medium during the process 
of filtration. See also Cake Thickness. 

FILTER-CAKE THICKNESS-A measurement of the solids deposited on filter paper in 32nd of 
an inch during the standard 30-min. API filter test. See Cake Thickness. In certain areas the 
filter-cake thickness is a measurement of the solids deposited on filter paper for a 7 ln-min. 
duration. 

FILTRATE-The liquid that is forced through a porous medium during the filtration process. 
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FILTRATION-The process of separating suspended solids from their liquid by forcing the latter 
through a porous medium. Two types of fluid filtration occur in a well: dynamic filtration while 
circulating and static filtration while at rest. 

FINAL SET-Cement shall be considered to have acquired its fmal set when it will bear, without 
appreciable indentation, the h a l  Gillmore needle. This is not an API test. See ASTM C 266: 
Time of Setting of Hydraulic Cement by Gillmore Needles. 

FINAL STRENGTH-The strength of a cement at such a time when under the given conditions of 
temperature and pressure it ceases to change significantly (synonym Ultimate Strength). 

FISH-Any object lost in the borehole. 

FLASH SET-Flash set is abnormal early thickening or setting of cement slurry wherein the 
cement slufiy becomes unpumpable. 

FLUID LOSS-The volume of filtrate lost to the permeable material due to the process of 
filtration. The API water loss is the volume of filtrate determined according to the Fluid-Loss 
Test given in API Spec 10. 

FLUID LOSS CONTROL-A means by which the volume of filtrate lost to a permeable material 
is reduced. 

FLY ASH-Fly ash is the fmely divided residue that results from the combustion of ground or 
powdered coal in thermal generating plants and is transported from the firebox through the boiler 
by flue gases. Fly ash is an artificial pozzolan. 

FORMATION PRESSURE-The pressure exerted by fluids in a formation, recorded in the hole at 
the level of the formation with the well shut in. Formation pressure may also be termed 
"reservoir pressure," or "shut-in bottom-hole pressure." 

FRACTURE-Crack and crevice in the formation either inherent or induced. 

FUNCTIONS OF DRILLING FLUIDS-The most important function of drilling fluids in rotary 
drilling is to bring cuttings fiom the bottom of the hole to the surface. Some other important 
functions are: control subsurface pressures, cool and lubricate the bit and drill string, deposition 
of an impermeable wall cake, etc. 

G 

GEL-Oilfield term for sodium-bentonite clays belonging to the general class of 
montmorillonites. 
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GEL-A state of colloidal suspension in which shearing stresses below a certain frnite value fail to 
produce permanent deformation. The minimum shearing stress that will produce permanent 
deformation is known as the gel strength. See Shear Strength. 

GEL CEMENT-Cement having a small to moderate percentage of bentonite added as a filler 
and/or to reduce the slurry weight. 

GELATION-The formation of a gel. 

GLACIAL DRIFT-A general term for unconsolidated sediment transported by glaciers and 
deposited directly on land or in the sea. 

GRANULAR BENTONITE-A naturally occurring clay that is crushed and sized for pouring and 
easy handling. Like processed bentonite, it swells when hydrated by fiesh water and will form a 
plastic, essentially impermeable mass. 

GRAVEL-PACKED WELL-A well in which filter material is placed in the annular space to 
increase the effective diameter of the well and to prevent fme-grained materials from entering the 
well. 

GROUNDWATER-Water present in the saturated zone of an aquifer. 

GROUNDWATER TABLE-The surface between the zone of saturation and the zone of aeration; 
the surface of an unconfined aquifer. 

GROUT-A fluid mixture of cement and water (neat cement) of a consistency that can be forced 
through a pipe and placed as required. Various additives, such as sand, bentonite, and hydrated 
lime, may be included in the mixture to meet certain requirements. Bentonite and water are 
sometimes used for grout. 

GROUTING-The operation by which grout is placed between the casing and the sides of the 
wellbore to a predetermined height above the bottom of the well. This secures the casing in place 
and excludes water and other fluids from the wellbore. 

H 

HYDRATION-The chemical reaction between hydraulic cement and water forming new 
compounds most of which have strength-producing properties. 

HYDRAULIC FRAC"NG-The act of pumping fluid(s) into a wellbore and into a specific 
formation to induce fractures. 

HYDROLOGIC PROPERTIES-The properties of rocks or soil that control the entrance of water 
and the capacity to transmit water. 
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HYDROSTATIC HEAD-The pressure exerted by a column of fluid, usually expressed in pounds 
per square inch (6.9 kPa). To determine the hydrostatic head at a given depth in psi, multiply the 
depth in feet by the density in pounds per gallon by 0.052. 

HYDROSTATIC PRESSURE-Uniform external pressure on the sides and ends of a member. 

HYDROSTATIC TEST (HYDROTEST)-Filling a pipe with water, under pressure, and its ability 
to hold a certain pressure without leaking or rupturing. 

I 

ILLEGAL WATER-Any water well which meets any of the following: is not in an active, 
inactive or abandoned status; operating equipment has been removed and it is not in an inactive 
status; is in such a state of disrepair that continued use is impractical; was not properly 
decommissioned; was constructed after October 1,1986, but not constructed by a licensed water 
well contractor or by an individual on land owned by the individual used for farming, ranching, 
agricultural purposes or at the individual’s place of abode. 

INACTIVE STATUS-A water well which is in a good state of repair, which the owner has 
properly maintained, and which meets the following standards: does not impair the water quality 
of the groundwater encountered by the well; had a water-tight cover constructed to prevent 
unauthorized access or removal; is visibIy marked and identified as a water well and the area 
around the well kept clean and clear of wastes and debris. 

INDUSTRIAL WELL-A well used to supply water for plants that manufacture, process, or 
fabricate a product. The water is usually used to cool machinery, to provide sanitary facilities for 
employees, to air-condition the plant, and water grounds at the plant. Water used for mining or 
processing ore, such as graveI, is included in the industrial category. 

INTERMEDIATE CASING STRING-The casing set in a well after the surface casing. Also 
called PROTECTION CASING. 

INVERT OIL-EMULSION DRILLING FLUID-& invert emulsion is a water-in-oil emulsion 
where fiesh or salt water is the dispersed phase aid diesel, crude, or some other oil is the 
continuous phase. Water increases the viscosity and oil reduces the viscosity. 

IFGUGATION/AGRICULTURAL WELL-A well used for irrigating cultivated plants, for 
watering stock, fish farming, and for similar agricultural activities. Most irrigation wells supply 
water for farm crops, but this category also includes wells that are used for watering parks, golf 
courses, cemeteries and wells which are used exclusively for watering lawns in urban areas. 
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JET-PERFORATING-An operation similar to gun-perforating except that a shaped charge of 
high explosives is used to bum a hole through the casing instead of the gun which fires a 
projectile. 

JETTING-The action of causing erosion by fluid impingement on the formation. 

JUNK-Metal debris lost in a hole. junk may be a lost bit, milled pieces of pipe, wrenches, or any 
relatively small object that must be fished out of the hole. 

K 

KILL A WELL-To stop a well fi-om producing so that surface connections may be removed for 
well servicing or workover. It is usually accomplished by circulating water or mud to load the 
hole and render it incapable of flowing. 

KILLING A WELL-Bringing a well that is blowing out under control. Also, the procedure of 
circulating water and drilling fluids into a completed well before starting well-servicing 
operations. 

LAMINAR FLOW-Water flow in which the stream lines remain distinct and in which the flow 
direction at every point remains unchanged with time. It is characteristic of the movement of 
groundwater. 

LIGNOSULFONATES-Organic drilling fluid additives derived from by-products of sulfite paper 
manufacturing process from coniferous woods. Some of the common salts, such as ferrochrome, 
chrome, calcium, and sodium, are used as universal deflocculants while others are used 
selectively for calcium-treated systems. In large quantities, the ferro-chrome and chrome salts are 
sometimes used for fluid-loss control and shale inhibition. 

LINER-Partial length pipe string extending between bottom of borehole to an elevation above 
bottom of the previous casing string. Liner performs same function as productive casing in 
sealing off productive zones and water-bearing formations. Liner may or may not be cemented in 
place. 

LOST CIRCLZATION MATERIAL-A material added to cement slurries or drilling fluids which 
is designed to prevent the loss of cement or mud to the formation. See Bridging Material. 

LOW-YIELD CLAYS-Commercial clays chiefly of the calcium montmorillonite type having a 
yield in the range of 15 to 30 bbVton (2.63 to 5.25 d t )  usually refers to percent by weight. If 
percent by volume is meant, it should be so stated. 
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MARGINAL WELL-A low-producing rate well that is approaching depletion to the extent that 
any profit from its continued production is doubtful. 

MARSH FUNNEL-An instrument used in determining the Marsh funnel viscosity. The Marsh 
m e 1  is a container with a fixed orifice at the bottom so that, when filled with 1,500 ml fresh 
water, 1 qt (946 ml) will flow out in 26 *0.5 sec. For 1,000 ml f?esh water outflow, the efflux 
time is 27.5 2~0.5 sec. See AF'I RP 13B for specifications. 

MAXIMUM ALLOWABLE WORKTNG PRESSURE-The maximum gage pressure permissible 
at the top of a completed vessel in its operating position for a designated temperature. This 
pressure is based on calculations for every element of the vessel using nominal thicknesses 
exclusive of allowances for corrosion and thickness required for loadings other than pressure. It 
is the basis for the pressure setting of the pressure relieving devices protecting the vessel. 

MEASURED DEPTH-Actual length of the wellbore from its surface location to any specified 
station (refer to Well Depth). 

MESH-The number of openings (and fiaction thereof) per linear inch in a screen, counting from 
the center of a wire. 

MONITORING-Periodic or continuous determination of the amount of ionizing radiation present 
in a region. 

MONITORING WELLS-A well used to obtain hydrologic and water-quality data, usually 
installed at or near a known or potential source of groundwater contamination. 

MONTMORILLONITE-A clay mineral commonly used as an additive to drilling fluids. Sodium 
montmorillonite is the main constituent in bentonite. The structure of montmorillonite is 
characterized by a form which consists of a thin plate-type sheet with the width and breadth 
indefinite, and thickness that of the molecule. The unit thickness of the molecule consists of three 
layers. Attached to the surface are ions that are replaceable. Calcium montmorillonite is the main 
constituent in low yield clays. 

MUD-A water- or oil-base drilling fluid whose properties have been altered by solids, 
commercial andor native, dissolved andor suspended. Used for circulating out cuttings and 
many other functions while drilling a well. Mud is the term most commonly given to drilling 
fluids. See Drilling Fluid. 

N 

NATURAL CLAYS-Natural clays, as opposed to commercial clays, are clays that are 
encountered when drilling various formations. The yield of these clays varies greatly, and they 
may or may not be purposely incorporated into the drilling fluid system. 
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NEAT CEMENT-A slurry composed of Portland cement and water. 

NEWTONIAN FLUID-The basic and simplest fluids from the standpoint of viscosity 
consideration in which the shear force is directly proportional to the shear rate. These fluids will 
immediately begin to move when a pressure or force is applied. Examples of Newtonian fluids 
are water, diesel oil, and glycerine. The yield point as determined by direct-indicating viscometer 
is zero. 

0 

OBSERVATION WELL-A well used by the owner, by governmental agencies, or by an 
appropriate engineering or research organization to obtain information on the water resources of 
an area. 

OBSERVATION WELL-A well drilled in a selected location for the purpose of observing 
parameters such as water levels and pressure changes. 

OCS ORDERS-Rules and regulations promulgated by the Minerals Management Service that 
govern oil and gas operations in waters under federal control. OCS is an abbreviation for Outer 
Continental Shelf. 

OIL-BASE DRILLING FLUID-The term "oil-base drilling fluid" is applied to a special type 
drilling fluid where oil is the Gontinuous phase and water the dispersed phase. Such fluids 
contain blown asphalt and usually 1 to 5% water emulsified into the system with caustic soda or 
quick lime and an organic acid. Silicate, salt, and phosphate may also be present. Oil-base 
drilling fluids are differentiated from invert-emulsion drilling fluids (both water-in-oil 
emulsions) by the amounts of water used, method of controlling viscosity and thixotropic 
properties, wall-building materials, and fluid loss. 

OPEN-HOLE-Uncased portion of a well. 

OVERSHOT-A fishing tool attached to a wireline tool string, tubing, rods, or drill pipe that is 
lowered over the outside of a "fish" lost or stuck in the wellbore. A fiction device in the 
overshot, usually a basket or a spiral grapple, firmly grips the fish allowing it to be pulled fiom 
the hole. 

P 

PACKER-Downhole equipment consisting essentially of a sealing device, a holding or settling 
device, and an inside passage for fluids. It is used to block the flow of fluids through the annular 
space between the tubing and the wall of the wellbore (or between tubing and casing) by sealing 
off the space between them. 

PAY SAND-The producing formation, or that formation which represents the objective of 
drilling. Also referred to as PAY. 
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PEPTIZED CLAY-A clay to which an agent has been added to increase its initial yield. For 
example, soda ash is frequently added to calcium montmorillonite clay, 

PERCENT WATER-The water content of a cement slurry expressed as parts of water per 100 
parts of dry cement by weight. Percent usually refers to percent by weight. If percent by volume 
is meant, it should be so stated. 

PERFORATING-The act of making holes in pipe, cement, or formation at desired depths 
(usually formed with an explosive device utilizing bullets or shaped charges). 

PERMEABILITY-The capacity of a.porous medium to conduct or transmit fluids. Normal 
permeability is a measure of ability of a rock to transmit a one-phase fluid under conditions of 
laminar flow. Unit of permeability is the Darcy. 

pH @H VALUE)-A unit to measure the degree of acidity or alkalinity of a substance. A neutral 
solution (as pure as water) has a pH of 7; acid solutions are less than 7; basic, or alkaline, 
solutions are above 7. 

PIPE-A long tube or hollow body of wood, metal, earthenware, or the like, as to conduct water, 
oil, steam, etc. 

A. Conductor Pipe-A short string of casing of large diameter. Its function is to keep the top 
of the wellbore open and to provide a means of conveying the upflowing drilling fluid 
from the wellbore to the slush pit. 

B. Surface Pipe-The second string of casing run in the well which may be set fiom a few 
hundred ft to a depth of a few thousand ft. Its primary purpose is to seal off fresh water 
aquifers and to help support subsequent casing strings and wellhead equipment. 

PIPELINE PIG-A scraping tool forced through a flow line or pipeline to clean the line or test for 
obstruction. 

PLASTIC VISCOSITY-A measure of the internal resistance to fluid flow attributable to the 
amount, type, and size of solids present in a given fluid. It is expressed as the number of dynes 
per sq cm of tangential shearing force in excess of the Bingham yield value that will induce a 
unit rate of shear. This value, expressed in centipoises, is proportional to the slope of the 
consistency curve determined In the region of laminar flow for materials obeying Bingham’s Law 
of Plastic Flow. When using the direct-indicating viscometer, the plastic viscosity is found by 
subtracting the 300 rpm reading from the 600 rpm reading. 

PLUG AND ABANDON (P&A)-Placement of a cement plug or plugs in a well, in which no 
future utility has been identified, to seal the entire wellbore against fluid migration, and protect 
fresh water aquifers fiom contamination. 
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PLUG AND ABANDON (PLUGGED AND ABANDONED)-Expressions, often abbreviated 
"P&A," referring to the act of placing plugs in a depleted well or DRY HOLE, then abandoning 
it. See Abandon. 

PLUG BACK-To place cement or other material at or near the bottom of a well to exclude 
bottom water or to perform another operation such as side tracking or producing fiom another 
depth. It may also be used to denote the setting of a mechanical plug by wire line, tubing, or drill 
pipe. 

PLUG BACK-To place cement or other material in the well to seal off a completion interval, to 
exclude bottom water, or to perform another operation such as side tracking or producing fiom 
another depth. The term also refers to the setting of a mechanical plug in the casing. 

PLUGGING MATERIAL-A material used to block off zones while treating or working on other 
portions of wells. Blocking may be temporary or permanent. 

POROSITY-The amount of void space in a formation rock, usually expressed as percent voids 
per bulk volume. Absolute porosity refers to the total amount of pore space in a rock, regardless 
of whether or not that space is accessible to fluid penetration. Effective porosity refers to the 
amount of connected pore spaces (i.e., the space available to fluid penetration). See Permeability. 

PORTLAND CEMENT CLINKER-Hard granular nodules composed essentially of hydraulic 
calcium silicates, with small quantities of calcium aluminates and femtes, produced by the heat 
treatment of cement raw materials in a kiln. Clinker is pulverized with the proper quantity of 
calcium sultate in the manufacture of Portland cements. 

POTABLE WATER-Water suitable for drinking or cooking purposes fiom both health and 
aesthetic considerations. 

POZZOLAN-A siliceous or siliceous and aluminous material, which in itself possesses little or 
no cementitious value, but will, in finely divided form and in the presence of moisture, 
chemically react with calcium hydroxide at ordinary temperatures to form compounds possessing 
cementitious properties. See ASTM C 61 8: Fly Ash and Raw or Calcined Natural Pozzolans for 
Use in Portland Cement Concrete. 
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PPM OR PARTS PER MILLION-Unit weight of solute per million unit weights of solution 
(solute plus solvent), corresponding to weight-percent except that the basis is a million instead of 
a hundred. The results of standard M I  titration of chloride, hardness, etc. are correctly expressed 
in milligrams (mg) of unknown per liter but not in pprn. A correction for the solution specific 
gravity or density in g/ml must be made as follows: 

Thus, 3 16,000 mg/l salt is commonly called 3 16,000 ppm or 3 1.6 percent, which 
correctly should be 264,000 ppm and 26.4 percent, respectively. 

mg/l 
p p m =  solnden, g/ml 

mg/l % by wt = 
(lO,OOO)(soInden, g/m/)  

PPm 
10.000 

=- 

PRESSURE-Force per unit area 

Bottom Hole Circulating Pressure-The pressure at the bottom of a well during circulation of 
any fluid. It is equal to the hydrostatic head plus the annular friction loss required to move 
the fluid to the surface plus any back pressure held at the surface. 

Bottom Hole Static Pressure-The pressure at the bottom of a well after the well is shut-in 
long enough to reflect ambient formation pressure. 

Circulating Pressure-The pressure at a specified depth required to circulate a fluid in a well at 
a given rate. 

Final Squeeze Pressure-The pressure at the completion of a squeeze cementing operation. 
Final squeeze pressure usually refers to the surface pressure. 

PRESSURE GRADIENT-Uniform change in pressure fiom one point to another. For example, 
the pressure gradient of a column of pure water is about 0.433 psi/ft of vertical elevation. 

PRIMARY CEMENTING-The original cementing operation performed immediately after casing 
has been run into the hole. See Casing Cementing. 

PRODUCTION CASING (PRODUCTION STRING)-The last string of casing set in a well; the 
casing string set to the top or through the producing formation and inside of which is usually 
suspended the tubing string. Also called the OIL STRING or LONG STRING. 

PRODUCTION CASING-Full-length pipe string extending between the wellhead and elevation 
at or below pay formation inside of protective or surface casing and cemented in place to seal off 
productive zones and water-bearing formations. 
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PROTECTION CASING-A string of casing set to protect a section of the hole and to permit 
drilling to continue to a greater depth. Sometimes called INTERMEDIATE CASING. 

PSI-Pounds per square inch pressure. 

PSIG-Pounds per square inch pressure obtained from a pressure gauge. 

PUBLIC SUPPLY WATER WELL-A well which provides water for drinking, cooking or 
washing use by the public, or transients, or by persons other than the immediate family of the 
owner of the supply. A public supply water well may be either a community water well or a non- 
community water well. 

PUMP-THROUGH TUBING PLUG-A plug set inside the tubing string which will not permit 
back flow, but will pennit pumping through from the top side. 

PVC WELL CASING-A polyvinyl chloride plastic pipe conforming to current AWWA Standard 
A100 andor ASTM F-480 Standard for water well casing. 

QUALIFIED PERSON-A person who, by possession of a recognized degree, certificate, or 
professional standing, or who by knowledge, training, or experience, has successfully 
demonstrated the ability to solve or resolve problems relating to the subject matter, the work, or 
the subject. 

R 

RAT HOLE-Hole that is drilled ahead of the main wellbore and which is of a smaller diameter 
than the bit used in the main borehole (refer to Pilot Bit). 

REAM-Enlargement of the wellbore to straighten the hole. 

REAMING-The operation employed to enlarge the hole to the size originally planned. 

RETARDER-A chemical which is added to cements or slurries to lengthen thickening time. 

REVERSE CIRCULATION-Normal course of fluid circulation is downward inside the pipe and 
upward in the wellbore annular space surrounding the pipe. This normal circulation is sometimes 
reversed and the fluid returns to the surface through the pipe after being pumped down the 
annular space. 

RIG SUPPLY WELL-A water well drilled at an oil- or gas-drilling site to supply water for 
drilling andor other oilfield related activities. 
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RUNOFF-The portion of rainfall, melted snow, or irrigation water that flows across ground 
surface and eventually is returned to the streams. Runoff can pick up pollutants from the air or 
the land and cany them to the receiving waters. 

S 

SALINITY-The degree of salt in water, expressed as ppm or as m a .  

SALT-In drilling fluid terminology, the term "salt" is applied to sodium chloride, NaCl. 
Chemically, the term salt is also applied to any one of a class of similar compounds formed when 
the acid hydrogen of an acid is partly or wholly replaced by a metal or a metallic radical. Salts 
are formed by the action of acids on metals, or oxides and hydroxides, directly with ammonia, 
and in other ways. 

SALTWATER DRILLING FLUIDS-A drilling fluid containing dissolved salt (brackish to 
saturated). These fluids may also include native solids, oil, and/or such commercial additives as 
clays, starch, etc. 

SALTWATER FLOW-An influx of formation salt water into the wellbore. 

SALTWATER INTRUSION-The invasion of salt water into a body of €i-esh water, occurring in 
either surface or groundwater bodies. When this invasion is caused by oceanic waters, it is called 
sea-water intrusion. 

SALTWATER DISPOSAL-The method and system for the disposal of salt water produced with 
crude oil. A typical system is composed of collection centers and disposal wells in which treated 
saltwater is injected into a suitable formation. 

SANDLA loose material most commonly composed of small quartz grains formed from the 
disintegration of preexisting rocks. 

SAND-CEMENT GROUT-A mixture of one 94-pound sack of Portland cement, and equal 
amount by volume of clean masonry, sand, and not more that 7 gallons of clean water. 

SANDPOINT WELL-A well constructed by driving or jetting a pointed well screen connected to 
a small-diameter pipe into water-beaxing sand or gravel. 

SCRATCHER-A device fastened to casing which aids in removal of mud cake from the annulus 
while the pipe is being moved during the cementing operation. 

SCREEN-A structural tubular retainer, usually metal or PVC, used to support the hole in 
unconsolidated material with openings which are selected on the basis of adopted standards, and 
which allows sand free water to flow freely into the well in ample quantities and with a minimum 
loss of head. In agricultural wells, slotted pipe is sometimes used as a screen. 
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SCREEN ANALYSIS-Determination of the relative percentages of substances, passing through 
or retained on a sequence of screens of decreasing mesh size. Analysis may be by wet or dry 
methods (synonym SIEVE ANALYSIS). See Mesh. 

SEALING MATERIALS-Well-plugging materials that will cause a tight seal in a well because 
of their characteristic impermeability. 

SEEPAGE-Water that flows through the soil. 

SERVICE WELLS-A service well is one drilled or completed for the purpose of supporting 
production in an existing field. Wells of this class are drilled for the following purposes: gas 
injection (natural gas, flare gas, inert gas, propane, or butane), water injection, steam injection, 
air injection, saltwater disposal, water supply for injection, and observation. In certain states, 
these service wells require MI Well Number assignments. 

SET CASING-The installation of pipe or casing in a wellbore. Usually requires mudding up, 
reconditioning or at least checking the drilling fluid properties. 

SETTING TIME-A term defining the hardening time of construction cement. This term is not 
normally used with reference to well cement. 

SHALE-A fine-grained sedimentary rock composed of silt and clay sized particles. The most 
frequently occurring sedimentary rock. 

SHUT-IN PRESSURE-Pressure as recorded at the wellhead when the valves are closed and the 
well is shut in. 

SIDE TRACIUNG-Usually drilling past an obstacle which has become permanently lodged in 
the hole. 

SILICA SAND-A high purity graded sand of a particle size in the range of about 0.210 mm, to 
0.088 mm. It is used in cementing formations where a high density slurry with strength 
deterioration protection from high temperatures is required. 

SILICATE-A compound containing SiO, which may be used for the prevention of metal 
corrosion caused by oxygen. 

SLOUGHING-The partial or complete collapse of the walls of a hole resulting from 
incompetent, unconsolidated formations, high angle of repose, and wetting along internal 
bedding planes. See Heaving. 

SLURRY-Suspension of solids in water, oil, or mixture of both. 

SLURRY DENSITY-The density of a cement slurry expressed in either pounds per gallons 
@gL) or pounds per cubic foot (g/cm’). 
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SLURRY VOLUME-The sum of the absolute volumes of solids and liquids that constitute a 
slurry. 

SLURRY YIELD-The volume of cement slurry in cubic feet that is obtained fiom a sack of 
cement. 

SOUR GAS-Natural gas containing hydrogen sulfide. 

SPECIFIC GRAVITY-The ratio of the weight of a substance to the weight of an equal volume of 
a standard substance. Water is the standard for liquids and air is the standard for gases. 

SQUEEZE CEMENTING-The process of forcing cementing material under pressure into a 
specific portion of a well, such as fractures, openings, or permeable zones. 

Hesitation-Squeeze Cementing-The process of forcing cementing material under pressure 
into the points to be squeezed with a final pressure equal to or greater than the formation 
breakdown pressure and with a final temperature equal to the bottom hole static temperature. 

High Pressure Squeeze Cementing-The forcing of cement slurry into the desired position 
with a final pressure equal to or greater than the formation fracture pressure. 

Low Pressure Squeeze Cementing-The forcing of cement sluny into the desired position with 
a pressure less than the formation fracture pressure, 

STAGE CEMENTING-A procedure that permits using a cement column height in the borehole 
that normally would cause fracture of a subsurface formation. Stage-cementing operations are 
conducted after the primary cement job has been completed in a normal manner. When the 
primary cement hardens, ports are opened in a stage-cementing tool which was placed in the 
casing string as casing was being installed into the borehole. The second-stage cement is pumped 
through the ports into the borehole above the top of the primary cement. 

STTANDING WATER-Water that is displaced in a well due to the addition of sealing or fdling 
materials; water displaced above the normal static water level. 

STRATIGliApHIC (CORE) TEST-A stratigraphic test is a drilling effort, geologically directed, 
to obtain information pertaining to specific geological conditions that might lead to the discovery 
of an accumulation of hydrocarbons. Such wells are drilled without the expectation of being 
completed for hydrocarbon production. This classification also includes tests identified as core 
tests by some operators. 

STRIPPER-A well nearing depletion that produces a very small amount of oil or gas. 

STUCK PIPE-A condition in which the pipe sticks or hangs and cannot be moved. 
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SULFATE RESISTANCE-The ability of a cement to resist deterioration in the presence of 
sulfate ions. 

SURFACE CASING-The shallowest casing string required to protect fresh water zones, to 
provide sufficient pressure control during drilling operations, and to support the wellhead. It is 
not to be confused with a drilling conductor pipe nor with a large caisson in an offshore area 
which encloses several and unique surface casings at the surface. 

SWAB-A rubber-faced, hollow cylinder mounted on a hollow mandrel with a pin joint on the 
upper end to connect to the swab line. A check valve installed on the lower end of the swab and 
opening upward may be used to unload a well (remove fluids) when the well ceases to flow. 

T 

TAIL PIPE-Pipe run in a well below a packer. 

TEMPERATURE-The degree of heat, usually expressed in either U.S. customary units as 
degrees Fahrenheit ( O F )  or metric equivalent units as degrees Celsius ("C). 

Casing Cementing Temperature-The temperature of a cement slurry at any point while it is 
being displaced in a cementing operation. 

CircuIating Temperature-The temperature of any fluid at any specified depth in a well while 
it is being circulated. 

Squeeze Cementing Temperature-The temperature of a cement sluny while it is being 
displaced at the maximum cementing depth in a squeeze cementing operation. 

Static Temperature-The temperature attained at a specified depth in a well after the well is 
shut in long enough to reflect the ambient formation temperature at that depth. 

TEMPERATURE SURVEY-An operation to determine temperatures at various depths in the 
hole. This survey is used to find the location of inflows of water into the hole, where doubt exists 
as to proper cementing of the casing and for other reasons. 

THIXOTROPY-The ability of fluid to develop gel strength with time. That property of a fluid 
which causes it to build up a rigid or semi-rigid gel structure if allowed to rest, yet can be 
returned to a fluid state by mechanical agitation. This change is reversible. 

TOTAL DEPTH (OR TD)-The greatest depth reached by the drill bit 

TOXIC SUBSTANCE-A substance or material which can be detrimental to human health or the 
functional capacity of a person having exposure to it, 
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TOXICITY-The quality or degree of being poisonous or harmful to plant or animal life. 

TREMIE PIPE OR LME-A device, usually a small-diameter pipe or hose that carries grouting 
materials to the bottom of the hole and allows pressure grouting fiom the bottom up without 
introduction of appreciable air pockets. 

TUBING-Pipe used in wells to conduct fluid from the well's producing formation into the 
Christmas tree. Tubing is distinguished fiom casing as being susceptible to manipulation under 
operating conditions, whereas casing is ordinarily considered a fixed or permanent installation. 

U 

UPSET TUBING-Tubing that is "upset" is made with a thicker wall and larger outside diameter 
on both ends of a joint to compensate for cutting the threads. 

V 

VERTICAL DEPTH-Vertical component of the measured well depth. 

VERTICAL HOLE-A hole in which the wellbore is nearly maintained in a position vertically 
below the surface location. 

w 

WAITING ON CEMENT-The time necessary for the cement to set or harden in the wellbore. 

WALL CAKE-The solid material deposited along the wall of the hole resulting from filtration of 
the fluid part of the drilling fluid or cement slurry into the formation. 

WALL STICKING-See Differential-Pressure Sticking. 

WASTE WATER-Water carrying wastes fiom homes, businesses, and industries that are a 
mixture of water and dissolved or suspended solids. 

WATER-BASE DRILLING FLUID-Common conventional drilling fluids. Water is the 
suspending medium for solids and is the continuous phase, whether or not oil is present 

WATER CEMENT RATIO-The ratio by weight of water to cement in a cement slurry (abbr. 
WJQ). 

WATER POLLUTION-The addition of sewage, industrial wastes, or other harmful or 
objectionable material to water in concentrations or in sufficient quantities to result in 
measurable degradation of water quality. 
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WATER QUALITY STANDARD-A plan for water-quality management containing four major 
elements: the use (recreation, drinking water, fish and wildlife propagation, industrial, or 
agricultural) to be made of the water; criteria to protect those uses; implementation plans (for 
needed industrial-municipal waste treatment improvements); and enforcement plans and an 
antidegradation statement to protect existing high-quality waste waters. 

WATER SOLIDS RATIO-The ratio by weight of water to the total solids In a cement slurry. 

WATER TABLE-The upper level of groundwater. 

WATER TABLE-The surface between the vadose zone and the groundwater; that surface of a 
body of unconfined groundwater at which the pressure is equal to that of the atmosphere. 

WATER WELL-A well drilled to (1) obtain a fresh water supply to support drilling and 
production operations, or (2) obtain a water supply to be used in connection with an enhanced 
recovery program. 

WELL DEPTH-Measured depth in the wellbore. Usually measured from the kelly bushing, 
derrick floor, or foundation as a datum. Refer to Measured Depth. 

WELL LOG-A record of one or more physical parameters of geological formations as a function 
of depth in a borehole. Distinction is sometimes made between a log as an entire record which 
may contain several curves showing specific measurements and the individual curves 
themselves, which are also called "logs." 

WELL PERMIT-The authorization to drill a well issued by a governmental regulatory agency. 

WELL SCREEN-A filtering device used to keep sediment from entering a water well. 

WELL SERVICING RIG-Equipment and machinery assembled primarily for the purpose of any 
well work involving pulling or running tubulars or sucker rods, to include but not limited to, 
redrilling, completing, recompleting, workover, sucker rod or tubing pulling, and abandoning 
operations. 

WELL YIELD-The volume of water discharged from a well in gallons per minute or cubic 
meters per day. 

WELLHEAD-The wellhead is a composite of equipment used at the surface to maintain control 
of the well. Included in wellhead equipment are casing heads-lowermost and intermediate - 
Aubing heads, Christmas tree equipment with valves and fittings, casing and tubing hangers, and 
associated equipment. 

WHIPSTOCK-A device inserted in a wellbore used for deflecting or for directional drilling. 
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WORKOVER-Operations on a producing well to restore or increase production. A workover 
may be done to wash out sand, acidize, hydraulically fracture, mechanically repair or for other 
reasons. 

WORKOVER FLUID-Any type of fluid used in the workover operation of a well. 

ICompiled by Stewart Smith and from terms in Guidelines for Decommissioning Water Wells. 

B-25 


	þÄ�aEÒ?Üí?e�hˇÂêCK#~ ªuûÊ
	?÷°û?ê¹ö�^æSÆ˜£²?¿9K
o¿Ë��?�?7²?&^?³šðlÔ|Ý?*;ÖÒ�Ió?ºíZ<6öf�?¸�oC?
	³X4y??¾?�nÀ’�,æGzö“?Ü4ºÉ?õ?3ÃÛ?ú??Æ
	?]ùQwârä%®�N“¦»R?X2_þÂ4??Ê"Ö§?÷ÔN°â�¦M�»n?óþ‘ãç³+O1¬˙?¹ÇåL-?«C?Ó¦n?VÆ_Y
	»×ˆ¾©-_hËø¦þãlù?9p“�ç?FN¸�vGP?W@Éè�«˜òúXÊ�?t¹�îÕ’a�¨º�|z{X�nÁ�
	?’BXïjkå��ð\N?ç	±C+�½â˚Ã?h è?s??É2&� «ëO	?
	.¸I?¢Ñ[ò
�9:�³I?tv?}?H‘?�?ýåìj_˚½»˚?Ðó“?ö7��*£i¢�˚!?{?vXéëB:?
²?OèO?Û?1�?%?l

	?�P¬;Æ?�¼Åf?ü??®j?˛šØ�LÝ\@£’¿AÑ|ÿ?3�YGl¸m’�@q^ð�$z�
RÒ?±¬C6º
	ðeo&�ÃBN?Ep³1<ó¨ìzÂ˝é<4�j3õ??\¨KBÜ²úÛË�?bõ
	l[ÿOËá�ûìÐÐ!÷ �X11êº\Æ8â§?+#µs9��’r©d?U�˜ç??˜Ç\±çõsT�’V×e˚gÄ
	ïý~?ôcjÂ�_³�÷l]p¡XFQ?ÅÊ"?°�sþ2??Jc1aò?�Ø/óÐ$ÖÓâ.ÌH90˛ãY½6Ò�"

	¬47_»?ÓÍr?BIFD?? 2'K?�e:
˙@z6‘Ë¦øIðw?b÷&;ðáÔˇÑMdê¥??‘�^i¶nð�±ÄÜ&j?�Ã�Ñ?�áÔÉ\þÏ.?Ù�
	ÚndPÁy½ü9?ªk
É�êÚQÖë
c�X®áÐc_YXbpþ¬èP�__3�-ýñÔºsÑªaÂ�¨
	�ºtP¼j§zý‘Ô?�ÃhO¿b-p¨3?Flçþ?F¬/6�a˙Wg?8ç‘ïw/?r�Á�8�M¢ñ�²mªˆ�V<�%?“Æä3�H�²ô©
	Ô¾Z??G“0?×{QyQûE4?ÙÜˆ¨Z?ól9gdzmÌÚ¯c��yÛÔgE’ï fWÊñ¿Lð�F\±wµËXÊeÞ¦?ëÌÀ˘*<a&
	®Ëä??cT�Åä?O?3TJ`ë�k1åÍÇ�3'˛§å,ß�`D˚ó?�¹`�xt$É‘�Y£�ôßøkÉ61GÆ%ª�H]«;W�¸A*"?
5nOqÜ�m˚á&µ.üDÛ�÷��ûãHÃjn§Ý
	G²¿Ëcÿo˙
1Wå?Wþÿå\Ú®I�?È½¢à?ÓáQ!×Ø;�o8�Ã»�?ú5=Øý¬ÝJfˇ6
	�¤"¼«Ô??*=óVx¹Ý�?ë�m �XyKÚ?Ã�Ð�Ñ¾&ÜC’ÿ5ÂI�?GWZÛ®�˛*<ÿ?G
	§??¯?þ
<�ý®Xõ¹�_w?WÛ`:�ÀH?AmñÄ}?e¥@î
!+?3g];?�»*XrÍ*Ä3w�·»	4
	Ç	�·��&W�ïäº˜|V±$cCàÖ»�?ûd`˘?Çù�u£?ßs©Á�?Õ??/-Ä1nb±V?ô
	-8;ÇÖzàªl$B˘??�?ØË±?XÅ!l!
ä�ôM�g�[ã_?Î?ÿÂIæÞÌEß
	d@÷ª©©?�p˚?î.�Ê·1?¹?Ø??£ì?Zí?ßD9jZˇ‘R?,]5[?8H®&
�Ú5ªÞ¬?
	#[ÈO:²�p»PTCÉài�¿ÚYàRuÝ?˚¿ð��Å?Ï�¯?TÌM7
8i?^ü0qm?M˚n“ÈX�X?~?ˇIfÛ
EØUšù»�Â§�E�?�/�Ua°k=?�r˜á"?˚[?ïý?¾??
	·~«T�ØÔþã¾ü�\×�?N�{?øÅô?11Ì?$EÊt»¦Qõ�ÝôöÍäVÃ��˘®¹Å¦ÊpF5ö|ˇ


	·¿05�¬ù?�--·}ùBk¡²?Ú.üå�©?=hm�pÞRÝ˘.ðÏjYî-øí˚F�H&?Ut?«w?UšpÛ?ä
	“FD.�H½U??�°eO`’03°�Ð}-�Õ?è�?0?PÐ¿ß?åzˇ×¦?
Ó�?Mù˚l?ZU2‘G� ù?�`�I
	qj�š1ulxH÷°UêM²5
±ú1©½1¶M,�Ê
ˆ<I?±©?ÛPË�yª+®y��LÓ?�BöJ@ü+
	Ê?Â[_?Ã
ã¡˚xª˝ý�WJ"Û�’

	òt?K2�þØ?j ¾?éK˚æ|#s?kF²UÚHiá;?+Ó�D?¦K[�±àø´?À�ÝÂ?Bße¨'«¬h?ÞñóB
	Jsuÿ�Ø?3?Myô0Ðš-¬ý’ˆF§Þ�ùoÂ9ˆDÄô?¼¥ZJWa�é?«î ?Ir˚·�ÝÓ�˙?
	 ´Ë7k?2-\õx�?�ú«ïBI6?���OigÌ�?[fù2Á?ò�IåâÜ¬�á±öïCNò�£øán
	®É?-?Ë=?Õ˝È��"=ê°âÆÀ�Ú¹Êç?%ì?$?Ò?©ÚE¥_�ïÏ¦½y´Od?ù?Ñ£Ö?ÖûA3!hd»j¸¤u®ñ"Ñ^�?Q?N»Ç4ô,ËÑÂÇ!M
	DíZ¾˜D�?ÐšZ?VwJ`“?T?A���õ�J¼p½5?}c�ñçí+?ÓD
	?�³q%³š&?%Hqr÷©¡dé�4àô?�?qÏ?ü0Á;h&�TD,]6h0Sëÿ
	\?Qäá*²“ µ=?ç“?ñã!µ�5JÐ?®DU¯½
í?�??úàf¹«îxÚá
÷²y=üÍ�p½?h�¶8Zº:yZ?Ô±
§£Egâ�?©ïæ
	tZ!åmsÜñ[Û ?P?õlóçÐ®g@mHÉ?éÀÿ??ÁÆ?Ù?^4?D?Ì	?Ù?&Þ?Y6¤
	]·.¶é?ÄAIN«¹é*uV�Òú�.ÌW
m�?hªÿ«?\?1y˛Ñˆ/1[?o3Oô»A¶;rð?¹Y,®˙ï`’mcÜ?�fó˘¹pÒØö"[ø�E�ñB�IZÆ
ºû0ugÖ¬F#$�Zù³��÷��KU[?	¬?3
	ì»e?ïx4ðk_t�c<'2[z1?¡êQ’´?o[?Y,êr÷?0e5ÈÒ}¶?qg�ˆÜ?Yø:}%Ê?mîkú£'q?1�0I¡v?ùs˛»,	²-9ú?l3?_*
	?ûÓÖ¹æ|�ö.??w�?ˆXXn
?¿x�ª?!ãÆw��$Æ?½?�?Ák_&1ë4?bÌm~ia«U?c?Ãâå3�5ÈðV�	
	<b�
bl˙ihÌ?h]¨1å�² 
�?½ÛÀí�Ê˝R%�Ûy¯9�Ç|n�o§Î‘ê@l˜a`�?����=Ô¸[u2dá?¥â¼�±*æGã??°V?-ÞÀDI%A¾;=?ˇ±g§m�÷�tùx»
SO??ciôÅûÜ]yÖ˚Ï;ÍýFš7�2U
	¾é.Òˇ?ø�M?£y
Áhl���ß?¹?Å2�?H`·ÁOI_o}O�Ô?Ô�s�Ôeùªh9f&y0˜3J˘õÛIÙ³?[??š


	áÒ«bçë
/ÊTçÞy	‘UR?¯�t?

	ù?+UÒ*Ô@Ë?IêìÃ.?ßKÝ\Ì »?x?l~~ ½õ�\?Ù?¿vÆ3�?ñfqÞ?˛�lÚ˜?ª²»s6??yö¯˝Ô"~£xL4?&«h'?ð��\ñº
	�‘?Q	˜z]“�µIOöÍ´jt�LJ'�îZl?öm?ò�ëè‘ZÊìN63êôPÌEäÚÃ©â?
	-¹{ír
3ËÖú’1ÈÓ¬á^�BaÆr¿£ÃÒˆÇ®ý5ãáV�ºq??í°°ZD[a�l¤t¥?µÄävÍ?
	ù¼Èj½??˝	\?�˚ˆ×?%?ÚT� B�^¦�C\_áÒàÁ�ZZ,?Å[,�fÃ;Æ?äðÐ*nHN9Á?Ä	Hc?Fv�®¥Ù�y2'|ó?«ùT²oñé?Y=?
	q?	óú/šË�±àHi¯¾??˜	·�SP?1?n�2M0é|×Ö=??MÅ?ºÔÐä��³©Ä?=îJ¹{Îdë�x

	³iRìnOaÇ?i˛Ò˝Ûl±vw hšþ�®m˝˜`lþòïâ??yÉÔèA�ü;šµÒÕ�j°Õ$ý¥Ú’²º
	?aÞ¹'àË³gTü?�/.ß$Ý.þç?5Óo?]WÍ	?Ï?�#ê¨˝Py˜ª#d_OÒýçt ê?¬°˛3þÕ�i
	»Pe�&fÍ[�ˆ�vï"?�`’¬CÊï;˘"Ì�Ò1?á?˝m9??�
	°?^áÙc§�O£ðò�Õc? GrÚ�3uˆï�æÇ??R	¯¥Èatºã¤?1rêÔå½õÔ2?Y¼�
	²t�'t¢W6TÎ?ÔlÂÕ§i!	ì�Î¬»�?�Hv-4?ÏSMyÌs�þkA%?ªéÉ�¼èÐ\?d˚óÀ?ïLM?ÝM�Ø¿°ˇ?�æ«9;6e?Ó?N˚S9ï+0˙sqï?V
	A??µ_\«?©�JøÐˇ�ïìU
éÓˆ?2¼p¾ZðÁòË�Õ??ÿ¢��¸"*�Îÿ³+«sÿ9`ð@Þ


	¬E÷zæ|�D˜¾˚1ã˘?˘èæÞçÐˆç�2:~ÜjûÀõ�Ëi¶ì@�]ÏË?ß?�Ô¶u�*û?ïfÎ`�ˇ?�]]Å3w�
	?��j˘¡?Î˚&9z�[¦JÉ«�"¦�Á?pÐeY?�4Û3Yf6ši˝H’I0îvÙ
	�¯`�ø�ˇ˝¢98?Ðæ2J�˛au~¥sU£Õ±¬?h˚?·ft}Û’
	Æ?�*�C®fÞov?xÎVå�’WHõ?î�¨QˆD�õSëyš??�´¡?�AÊ�`ÈF�k±¥d À!BÄï�³š4�
	%ü˜f=¶ÀqwáÅÏö??è_�?¨?

	ø0Be�?‘�‘�
�ý£9?oï:�*#?�Ò�_û¡½XûÙ%
	«ÕJ�ˆˆ·n“ØÐ“?“�+ßù 

A’NÁX #1ïp°¤Ö0P_ás×??ã$?º�RGÂTÁ`Ü
	+Éáü²x�CÇ�b???9¬HE?pÇmª.=?·8AÀ/?lYéÒõ}ûK¾GÕ
·r?*½&ˆ
	Ç+/˛ÂR|ÎÇK¤iå?ñ?g"��j4Øøè5è#h?�ãJíO.c/�ñ?'?Á
	L?}¾@Æ¸lê	�yÀ&»ß¤˛	W÷��è§�ÞvÚpD?!?Ä[‘Ãî “�?;°v�
?Öx÷÷º¦0¤
	®�Á^=ÄÃ?	?Õ??ó?y¼¿ã8`� 
8%/4`Äe63?_i«jü6�øqSaâ4jˇQò$T¯˜VEW�?°pdd¤vûus?J‘“�Û??`É3?I‘¨!¾

	r,�Fš£ø{�5ädÝ&º¯´ó$Xe�ûl`î	Ì®šç�¹6?¯KmdRV˜ëÞûÇ±É’ÇÜö§oyäVbšBÙHHÑ®�s?
	�Ãö?û²?#s?v¡¬
®PÎWÞ�¡-}�?+qt�?7�¨8?iË/ôýE¥?2Äº�!??mÈÍ^Ó&	wm?1Ò?ÎÃs
	}ÇÓ?p¸¸ˇÎ²O�$%?T'?˝ñ?î�˜ÚGåb:ý®�.?Ø[¾¸¸Ïi
	»bvUš&ÔíL??D?Þ�Z?ü/SfÞ�D?ÁD?û˘QcDˆû¦I?ôÅ�a½bæé?�~˜âî&jÿ�ÿ‘?tªr?Ç±Pú?nRR?¥Î?‘@??m’S�þ9QÿäùM?æ�ï´
	Õ8&ÿ]‘z¤ÃëÔÎ9Éª???#¨4�?“¸?û
ÐóCc?á?ë‘Ì´áÿPP©Ú¾OÓä/
		!7µˇ�Ôíu'’��??a??
X±�DKØ¸|?àüyßa?j´¦ÿ�â?N˙OûÖ-‘?Yt`U"?q~iÌ«þû

	pÂ??gUt§òÚÆÍ@D?òÕ2#?êÎo×$4ä!¯|TýÓ?j«Ã}�T�?�'X?ÄþvÈ!s`´qÉ�½�?z
	ûØ;ïµm? 6˜á��\áð*Ò¦Õ?¼?�Á�D0è8òU<�49ZCö¯�!µK Q?¾§k"
?¤ES\˛?Í??~?År??U�qLî¸0dÜd�¸˛=zl˛<ÆE˛ˆˆ8ë�»ÒwÓHk
	��?�ûqÈïl
£!5Å¶?£rÁù	}îY˘Ñ!ÔÑ˝4jkËtÖ°àAÊÂe�|vÞã55®�?#g?±ÁÎ${?[D
	Ô:m�ç˙�"ðXl56ßää?�¨±õ9¥üª¹�nGë]â/�˘ü?-ˇˇ-?�äß?Ð Æ?£˚�oM}Ff˜Óö-kT?z?0Ù?¤Ø�ÈH6šei]ÏÚ
	�aµÈÁØ	'ˇ˙È¾4Já�ª˚?¬ýdW˘?õÊ7Øk?¼|
	�??˚Ph?Ð·Ã�Ù%öZÜ¢¹üå‘ÏàsÌ�C˛ùÌd'¼.
	ua¿Û#šÀ�uYæ9?Aè9µI?Òôûø�?èkøK?WCN6�pù?��²%¬`�ÏcÕä‘!pIT è�?¿ÕÓE6Ýo ¥ZOon�?a?Uû˜:ö��??ïw²?ò
	¯ý`<ß??ÝK®!sÞþIù?ïê?9ÛþVQ¸Ï¶��/?Í�
#?½9çæ??Öù§?³¨Etn|í¥Ún·À-îë˛¤bæ}D?*ÙDÝ¸w¤Þ�òÎé˛H	ê'�QwÂ
Ý
	5¹?ˇìlJOàh
A³ÔÉö|<ä?4ÌÞ?³ü[#,A�nªC&."Ð�¶¹N?-�Îàç4Ô�~$¬
?ÑH


	�˜X?%Z?’�?ítæäÌÉ?ËQà]Â¿7Ó'{ØJÀ?CJÎ� ˛!Z9?â·3Õ�¢E`?±UFÞbÖÙrç�÷ý3 FíYNÓ?/
	µs��!L´k��½a©$3?à,?1MÒ??µT?¡1�!�Ü¤??
	³ÑÈ'�Æô'Õˇ� ÍWèðÏ°pz�RzÐV¥¢ õÎð?W{£Züw9˛ö?Ð�×˙?
	³wÞ3¢\*	Á_ñMKª:A©úIÃ˛Ü?ëP˛˝mGéF˙UÚPHºI?F@¨§`�µ?å[âÆ�'�

	®Ä˝?�GÝ?�økˇhè·åØ?S�Ì<?kCcãÛsüeààbØ?62«¸G?À*�?'õ ÇDó�o3Áß?Ûr˝ªwÎNÜ
	ÿ?¸"h�?m
�Ì:i?ïy?&üá¨1Ç%pÒGìZúw?çÉ�¹Ì}?fÓÚ³x5˘v»1NBÓº`ê	?,«??þ�£?þX^/ÙÉ˙Â£ù8þ¬ãeT6cY<ü?ÖLG¸<.�M×�ÇÏf®¨Zâø?ä�½ÑxfÈb~N\?÷˘0·
	˝½�Ô·i?~þi# 8¾:ì;?c2èk
àçBes×^˛?¢ÏˆøE"]�"?
HúT‘"�à¯ìV�Ü�KZº^ÁµªÀê¨^JÍ?V�?˝�'Gä?Ï˛�.ÎE©V?/S?×dÐÇ?B˙ÿÂI[Ä?¾é£N?"=˛
	T?Ó?��˛ ³�a¾Ëbx “�xÝê¬±ÎäÕ¹ô7�CÈÇ6æ�Y?ËöK"Wá
	/Â6ÇI³ÓÞOø#Ë�˘¾’F5«�ˇ�Ou®ËÓ‘ï8Ø?Oô?æ©X¬Ü=ß�-V¼ãÊ\NVSõ<h�Ò˝;²ÕÇ»�“Ó_4¶˙#?FÜ0/�_î,<üÝ
	+Oè?ü?JØÃç÷´p?·'ð?wÎ�¢ã�Òˆ
Ê�Wþù�yêÀ?Ñ�É®´è�L�˜Äóóc~ùePfL»F?NTsÓ{*B*ZÈä? Ç&?JÝpig�`
±?P?Ñ¶Q¨Áü¼Û
KN&C5NãâãÌ÷üeq¾’x:3ô
	^Þ'ÕðbQÜÑãh+\[¨?.4Ä�?ý2dËÆ¾Ún?yñ¡?Æ§t
~X~${Ú“b²212?7Kø
	?¯f�a?ó6W�"H�a?j?Ëñj�«?�@¿´|ˆ?ù?Ä ¶<ìâ�÷Hñ]cô�Ç�Á6M�«Ý|#ößw˙¯¯ntÞ
?“è6
	Åç?l?QÍW´ì�Ê??ë%�&uDu8ÖR¶¢ølû6Ç
=dðmÕ8Pã|�*³VA�/xqÑoX3+�?´�˙àÚù?�V«
	?ÄÌwGê,]?o0UÙQç;%�s"dã�`Èxæ�??
¹|õíË¬-?�uM�ÿh˜ßf:?ANßL÷’¦î«ˆêa±vg“³O?
pSæY
'?½ã�ÒÊß7iÃæ@2Û^˚š�² ?þ?ÃÔ
	â1X<?x��ú�p.Ñ?ÊIgû?õ
ä?=??ÔšºqIë�¦4²¦[,þ@ACs?/?åY-³·&?7ˆäv"ðTæðÇ?C�?r??X%�Çê]F¸CÁ�g4?FÝ$.o¨ú{
~}?è?
	£Ý-=˘?�cüˇs1öÿ?Hqy?š%Í¿�6Á±*d�¿XšKX?Ô£�LV¨<�?AøûFºN?wa�¹ÙÆ˝�
��ßW�	?i`¶?À®?y???Õ¾??-8˜˙huG×}©H�?|¬m·q�x®O?T�õ£ôdi?�s_Vúçç�¼Òh÷
	àC°ˆ+ú?É?¡I±�RÛü??·í²ï	��Ò‘$´’?+?Üäw?Põ�|¼�Ø?^?å6*w�l8é1 3Y??
XEv�ë#m"SÐ¿¼±??


	?C¼ZT9RbbÛ1�?»“�“+±b©¢"±�?nà?E??
	¶O?1z?¼MÎrÃñt��DåBá�ÌMÅxP¼ñb^Û˛’Ûº¦ÆAþ�?.»²R�ë�íè¥Æ�
µ?ã
	©pìtù˘?nÈ©?¹ÑÁ?ç@dCÑÑc?MÑ�?1ÆÙDý9�Ù�xÿ,x‘Ã~dfG¢�?\Ï]uó?.õFo2sa³ÐÐ×¿¢r@?�÷È8?�?��íÅÛu·�«?e?\?F?Å?2?�%hâþ1�
	Ó¥@{ô�õÙ?å»ò0|ß$¦jP�õ@@§Ãø“Ã��Àù=Ë/3pÀü«H?3?�ê?zz˛.� @˛H[W�4VcÓ�4<x}uU×ÎËÁÔ$Ä

	ì?'¯ã?»Ø?Û‘Ïòèî4ÛºØÌlí

	?vÒ?9<�¡Ónö±w�]^&=åÑ§�¤m5]??`?Þ ˇéE�éˆÏ
fJ}ÝÁ6i˝?UÒ
0�Ål
	?�²ºè9W�A�/îr<ÈÙI¤?¾À?r�f¢
@?}?2\pªÑ?[Ký�{Àgø�?4#nëÄjõ	%�úH=ÀOÐárQ�Ô7áå0ªãÔ÷«˚M½?ý�
"cM¥ù@§˛`«Þ
	?Ñ˙ ???�^Õjáò?Î�®Ë¡��mDoý?ó�¤“CFFN
s??ê?Eg� ?Õú?a¦%�?h�³??G¯ÚBç×Mî¸�Ñ#�
L,?šÌû�`0ÃÒÆ1˝ÿDçí,9
	l¢Ö?¶9˛U¤§1ËîO˝üMrÔ
ûûÏùÊÇá?ð/õ³i?ß¡?îKY¼þ�??Gæˇ?�<?þ?S�Â¿Ø6w�@ÂÃ�xL±�Üš?˚ya�_˜ˆ?'Ùxð/E1˜�Ò ?Æ]F¥jûhu??BUÆ

	Qæ?L¤?ÞrËu’ê¦ s_iüÁ;º=+9sˇ¸T�Õ×ñÖÇ¹QÊXRHb?»�e®»«9-¡ôm?UR¼�©¸¿?\ó|ñ£?ãÈeùÜ¿??+}yòâ$šóT?sj˙?yêrì¢'²£?¹?�ˇn˚0¿?
	ôy¡OV© ÄéK´À.®a?0ô?í?ã?=?«“¥�q?Å5F¿5ñöÄ@É·¬��Ä"£2Y�.øû
	Û’]g“¹á[¬?µV×?åEo�×Ð� âä�*4ÖûÁ³E�?ñGv?z-?ïHDxÜ~ý¸?§?9�?�â/eÅ?<
Î<A?ª@?`���?
èTt:¬�Ç?³Äò�1KF˝Æ·î÷thÎÃ%6[\C·ªc?�´KK.
	??½jfšÊkAp?ó?,ÅÞ�à*¶×¯�´�±ò?ß6v�˚qäÎ\u?¶|Ë?9ø^Ñ�àÁ_5î
	»Ì?ÒöùT�þú;9{Ræ³üR˛þ^ÎË�%m?�]Ë�’×�ÕÇ˘’Sö©]Û
©ú�˙©?±HzS��5¼#X8â?ÏZN «v?ˆë7®Á9’!�Ô?Ê�
	k{?r²??ÔD’¾˘ù?b��H{Ãmöáb??2˜°½läÞf`�s˜kðˇ�±æsÇsÕ½£5ãtÂÖø?w^©’&i�?z�¹?_?[
	§??’F¼ï:?óE?�¿�EË8¹Ñµ�ä��?nÍ,ºWo?«˙â§¼Å²Æìd?ûÀ~?¹?þn±?ÄMx�Ö¾K@çK�í‘÷nÙÝMA?is�!S8�?Móy³Ûó?5
	“Kôâ¹äÉ³³ÓpÍ/#àÚ?b1¨?��,=.u@4"�Qññ7?ÂK�˙!?Ç?K˛[�?£Ém
�ÓÀ?©xÒ}õ?1»PÅˆ�“¯®Á???±ó¡ÓH�é4·

	YoÈó]ãÃ!ù¤©�7?�?MíÃ�u9;’�Û�l?ipT�‘?¦\?ëm�6Æ3wj©¨:F˙=
	t?¡ä�ÜJ:FÀ�§à�+4ióüµ&�'7èCx��dõëåó¹Hñ7pi�??RYëÅ;¢O6?
;®¹w\zHÑ�@Ã

	e“|èouä´@1TÅu�?˛šßî`?D¿àý��tìÑ+ß·ÙÀÀ§Csî¨?
ªP¼t�Élët?ûÕÌx?Ä¿�|?¤a
�y]ì²6x?0¹tú'æñJ
	¨?~æ¼iD1Í?=ën&B˜?¥¾F«:úo�f˝˚oÀ�¸ghR?{®Â?
	ÞS1�ÿsÌ�KÀf?‘??b?£?Âìcé¦:ÓIÊ¨!L3z<�µÖ�?��FZ

	Ð˙ú�?Ç$ã‘L]Ó�’uPp?|G?@�?¥0È“n÷?l�ñ½¶?÷Z£Z5^?jþÌ�pÒêB¼Ý[©ÿ`�ù?bªA�K�?
	 _�ßàik='§îÏ-s	<?°�ÉTÁ+cþÏ�¾]ðÎ	Ó?
½ó+X�?::RkAVo�!²?Oþï¢ñ6ï3�Ó'µzÓ?ÁùÒfy§?ôü
	?¸U˘�˜?? Òf�s#û?áše³º¹?ôÅl0}’§\Ä¥�±~N<õ u�ùäÊ¯?^P�õg?’Fjýiï?"ªÜù§£äò?t??�?åaÒlR?:ïî?
	Lap?�ñH´	®dÞ¥?�TbÏà<	¡°˜°#j\Ä˘C3˙�ñR�@Îº³%PoZ7%nÐ?»?R??SÊl?{tÙúKÙBV4�×}�~x
	÷å�h°×Q?#3³ÿÔÛ�Râ=\a�|YâçëØ˝2]?î×Ëfe6ús=A{ãÉ§¥i�þjPjÅ�á«"#ÜÐ
	G !VqBãvX^^D&Ô¬]?nýÇª�

	??yGªe�ÿXÐU8c@®áæØàÚ�+?
ì$_«ü`¯§7�è!?Ð¶îÖ¢BÅ?íú�Þ÷?]�+°c
	ãˇ¿¯�?#=-é?j©�ªPøùA;À’Ã¦˙�N¯?ä?o"?HÙ¢çð�9�°¢?%Hg9LÝ}¶r?¶Ä´ç˙±d?ñÁ	D°ˇk?V@J???Åû�‘#��ÿËéßh� Êq
	ÄV/}~�´ÁÞ?d�’[@ç9©5�¹?ujì¨½ú¢¶óñ±˛½oèÄ-À??GC�Y7?W¯f'
3
	+vw³<¸;q?åäàfÂB¢þ?h¯®‘näS?»ˇÓ?¿£íDI;˛;?ì±vþ~\\$�ú2ÒwMðcu

	æ�??üù2·?ÌüU˛_˝?¿5
ÐGR?˚˘L¾*ÕÃ<*Ô-ñE?tqö�|ÆS|?5�òe˝Ú˛?û���Qòï�2?
	o¶ò�|?=Zô?ô.�jGÌ*v�Ð�x

	±É?šú}4sñÆIç˙ð\§dµ?Ì{�À"D5?îÝM¥?�¾«� Ù¤H6Äµãˆ?˚p‘V¬Ã?A�“?eÏ²ßëyÏ
	?î³c°všˆ8|?8 ý|ÁN�GÑÝ8�“Êù�mÄxOM¯^E@`ú�|e	ÉµZ5Êkcbc?˙�²¼?¤sÖÅ8�?[¤Ò©§ö�?h|ÌZAc
E«n?ú
	óÐ?I8 
/¢Ó?Æ “Â»[l�í��2Î¨V?ÐN˜9?z{á?˘x�½�6x�I
	qÜ×´aÊ?N½l"°{'??$ÁÅÃ¡??ÑËO¤·£õ C�˙8wEöÖ¨ÃÜdïf?Üé�»
	˝�Å¹F?½:?zÛo+Ô?U¸šÃ1	As+IÒ¥£Ú±@�JQ;"É
	˜1y_�òiG?/Ü¥þcw˝�ß!¥Ý?´�@6???í�rÎ_½Lk¹Qdz?"ÚGjV?ê���Ü{Z?ý;?
	oÉ¡=ÌÍÍÝÒ �?»\C©ˆ`oÆÐkHr_Fe�“Å??�ò�Ä?}�ø+?	Mb÷?�"ú XJ§Å6?¯èa}‘?Î@º�ˆ}?,'íç

	
�"¼?�kt5,XïWNWÖ�ÅX.²Ø?v?ãrA¡��¼á'Á°??~U¸^{'½ôy*Ú?�Ó?·ö“

	3æ[÷˛1NsË§h??�?UÕ/]�?G

	ÇKP¶×Ô;Ã'ò??�Ñ¡�^³:õˆÄ��·¨©� ´B��šÚÀ?$	c
	2=Í^ò?Vb$Ï¬þ®lÞ�ºdÈ Ð}³�?÷?`7TP¾}#�˘°??_¸�ÂÜéñ?zD]çÔl�½¶9Iów£íPR
	�‘ ˝HÀ˝å�?Â�µF�k`EÈGË¨òL³¤ÿO	òJX�_^T{?mëHÄÚ?¨]!®owæq?Ñ
	5A®[¬Ø0n6õUÌ¤Ý‘åc?ÒÆ˛¸j?�c#Û2?j�÷hJw¡?Ýµù?�'y$£È�Xæ;éû��û�×ÿè{�X
	Õ�Ð�Dö·� CÐ²cKO?�èÚb<×ü3XE�[y?h?˝úå!Æ�ç²î["¾2‘ûˆlk$ÿß�Ýä?IåæS
	ÿÜ|Pù“dE
’`pÂÞ?�
Nó"³gÜa?�%˚F?Ý??/ó4?ªš±=�?ní %Ë§çÎssÚmò	Å?ÖÝ�
{?ò?#%[Ò/¸-?
�Pk�öÆ
Ü¤?v
	Á þáH?ò£bí¨�˘´?z¾?¦� i?¿yÞ?1ùLäg^óÿÄAMs�4Ñ�ïþT*I�X¶?-\z"ó? Øó� Vˇö®ò?�Î?0¡©øU�K^??Ö�xñÒ^â˝Âð®�

	4Åí?c¤Ç�¬o#a�’¤¯|�,s3“uÉá?z`ßí‘9þ�l£.D˘£§º�é»?w“¢7Ýný[˝�˙�ˆ?� ?ÎA�É5[Á¡[E3g??d^�¦¨âÚ�?í©
	û6!$d�¿VPq�??uwà/šìó�Ä¶?¬8Wü�.b¢¸?zí|�?í,¯‘¹˛š½£Ì¤“’?µ_v ~??��?M$ü� ôÑiK
�?45¦Où8@`eMI\Ê«ö¡©X*˙?O.J˙Ê
Æ
	'ÅQ�µ¡ó@??[�
UQý˘?OèY˙Ô1�wñ��ö§Ð,�M=�<??qðá“.0zQ5Ã©???@ñ?*°äµ<\[v×{çÚÍB??�K«ˆ
	¦SÂ[M?¥ù�ËVÞ?Ã�?�?�?K3�þ˙3ÚÞçH?³6+.OuEF7:8»¶uI½�G��?

	®çÆ	X¤a¸Ö??˜ç�7Å£Ýc?l?RGïò_*ln?�ýÖÓL=KN@ë"nP¦ˇ˘·=êG?êê?˙í?�W5Q
	·Jö]4c±WU?Â?"PöÉ��??¤$»šù�.?ö��?êMO�˙ßZ�RU?¢.öáQß,¾?�?bÈ
	bZÅ+[%¿ÚÃÊê	YïGÿ1Bsáã&�XØt <Nö£?!È×br*�ï1´ˇÒ¹??¾C�@~º??˚wÛÜ˝�îQõ¾�ª�J�êÑÚ|±Ü?�??˘ˇö	�˜4µ'l�
	�6<GQ½!ýÁ?3ïñGø_šÎl?˝ÍÐ�G¿÷�ð�æ?�5˙jr´4éÀ1ZX?t?�wiq��À¹6˚?ê_ê?+â«¯35]OUôVì¦û�å“t �AÏ©³�8�]ñ»áÅL£ÿ?��f?§1˘×�0�Ò’}E.È¢??
Êr¤?¸ÌÔ¿-ø:?æ?Êq?"®#
	??�ì�À;~?ÃÇ ?�z˙XjO ?lÑOÆI?¹\W "<�nÞ¾§ÊÂV
??·?��Ù�¿�Þ¸Ìê?Êg?Ê#Ã0ï?J˛ð?Ó¬lâ?:rÊ
	#Í?�?×Æ0Ï%?s?WÚ˚5]mp3ép.±F??_Ù2��?ã¹n'¯¾'p˚?w?¾_

	²“v�ËÄ{²ÂmˇLjyû°�:î}®íç?Ð7Îé?Êå?��fD�ÈfþùI©ºË?
	ê�2ªrî¦%¢“�õÂ9«7éû�
?´Äe?~ÿÛQHÇNâL?Æh!�ª4äó]�»ª*E~�NË
	�¬Vˇdr˜<�˙˙&ãzMá�;µª3�ý÷p ˙?Åý?ó5?6�&��À.®?îGbrðÌ?ì|Û?ÆÆ^û?1/?×HÔÍú�½©ÕµÀ-l#÷?ûýlý�rè�ZAlÓf?ÓÿE
QG�R2‘\EZ'?;?�§×±KÈ~°
ô/â
	Á�fÇa’ä*4a˜N¾�:’n,ˆ0�˙?Ã?G4Û�ÑX�˘PˆÉíéìÊ8?�ªˇ?ØG/‘v“?�\ý2�1�Ò«\³+X®?µ�}ÿIv¸U’9w�qd?Q=¢/?�Ú_Vä!�¤\á8½ˆ�F

	¯ˆ®Ú¹£�Ó¿�?°L<?ÿ£??¿?©�ís??¹Ä�?E×’þ��©?Ó“¤1æ“ý# AõÍÇþzÐ§?¨æ3d?Ð4ë?X�bm§Y�Lêêgæ<?V ð�-{Üej²À8o
	jÏbÖ¹Úèi	i� .M�<itSè˜á?eç�“2PÄhÎSe°lt	�¨hPÝô�^?£AzÉR¦�Ý�Hì
	�7ËPþ���]ë˙lá?ø??qÁ?q&¹ÄIá��Ï??ûpU5ˆV?Âa�
Ô¡öÅ¢B?r?Jô$
S6ýÄå?˚ä??"ã¶


	D{�¥êÏöZ*|ñ;Z?Ezì±Ùâoi �¬69Õp6??M[ V��¢À$T?h��lj+WùA�AÀÏw5�X�mXš¹Î×^/ˇXæu?¹ÀI�?«õ?I«??]¼µ�
	U
�è?*oÄÄ®ÈÛóÞÜÏZÅÍc©!þ�˛Z`´³˜+?e˝s“i�x!îÔ-�+˘?ö98.îåc�Kp
˝ç�Ä?
	ñ�Àª]Û?Y
³�µ<?ëU»?¼?4üOÎñ¹�Aîèä3é*?Ä?üÞÚ.’4k?@éº÷~EÜÅZð?Ó?�¯¥~�^å[Ìñø{I�vñ?�	
	Z�úC]FÕ�“{ÝJ¤??3Ï�ÐQA#?L�ÑfÌ˘Þ?9Ôz&ÁÂ3f�§
	1F?Ù¾¹Ìû?íÅ&?^?båko×T¢�˛?¯T`¾ˆÒ�2�˜


	ÞÐ?]ÿ¢�Ð?ü???˘m??�wì�?

	��ªî?�5ÐÍµ×¤�^
Åäá	?e2ñXB¬ì�d
L:¬ÏSÂ?9Üÿ$·Þ˛fsS˚?¦˛D{��k‘ì��?Ê:
	˙·yuéo.Vÿ�ãÃAe\ùÎ?íqÒu
Â?�Û,˘®?K�p¬�¸ÍTX¯?ÃÅøùàÐ´“ðþ6!?À�äDmvÕ
L?óË?v3k	¢�ñ�¯a
	?Ö[Òï«õ~V|ÓO?'où?¦=ò	��d��»k¸Ëy�?�¿W1ÍBV1Å�Ã³O�
	:Lw�˚â�ˆÐ2¯?S??n²|`�ÿ��-`hÚ1Ì;·î:³&,Ü?µ?Y»½ä5¯É¾µÛÝ½¡˘ù»˘
	Å"ÄÛ’�ß�K¶36|NR?¤Y}k?S�6 A?â?oG�:5XÓx??±åÕVq£Wé´.w“?Ø$�l
	�T?�ÚÛªÑZñT·oÂMðä˘
\F�ÿ+¼U j‘?�4Hoß"ei×èÞ?¹rÁ?˜“frº˛½ákò
	¯š\'Ò#?<3N¹AÁ¬pÏ'M?¾¯;�J?Ôr¾GÇšI?ì�?9AˇÔ˛Ý��.Ëf�ü¤Ð¯Ø“?bþ

	YCÃû?p5�ñsç�Èë2ˆ8?¨%G÷HQqAo˚ä/Ï8ÕîuðL�ä¡�?Â?º3?�Zk��²�
	˘Í?tšã?¯C¿�,�ømBúØ�¹<ó�IjÌ-Í?ÿÏX
^ˇ?-71Ü?y�HL?½'q?.˛M??Í"{F§[K!âOµdø	é�?˛���?áá
	e¶zØÙíÕv½?¿þrêtö?å.û?Ñèî¬y�“?"?�Ï?idèv"vRì˚?$Qw¾
¿?ç?]�6�C
	_±�$þ.?w�Î¿˘?�t¸�ð?8?Vòå¡&%Õ·z� l·Â°�ê%?á¯³ˇ�ð@?‘?×1?äü%l�‘#+Ëss»º?å˘!\¨ì5¬EèÀ?��d�ñ	|t³?ØJRð�Ì}¬?A»r5�xp˛
	Ì¢[ç 6	\²�7�Wê¼Ä&�?Ü-Þ�%�???Òiþâ Dü1È?�?SxÂÙH Py	}?�Ä¥?LO¹�[É?ó 3úÈráÆ?º�o¼<¾?


	�?º»ONá{?f{?�˛k�æçÆl?ü?*o\��?s/�t«[4ò?7O’<?!»?˘�ê/E0aÄ~ÏbFuv�Ü×?þv
	?ð??f×NlÜHë�ÞÌÆxkÜö��Û3Û.#L1?�u±é½#½Q?"�X`?+
	ëã0¶a[G?FU��®�T?  Q{
“˝.¼a{àÛ_?n=²©¦‘¥ô¦ÔØö?¬�ðz¢`ÜP^Ü\2
	?Ú2ô^À«ÕÇ?§Ââlñ�Ì �qé·ãÔN¸S1
’nÊ¥Å
�àHIL¶$“QÉõe,å\
K²d
<h¹š«
	âÚj¡?¥?�îÿl"'�~˛?¯.g?d¦mÉ#lP?Y˙P2Rˆ?hˆ??,L_&ÆM˘"�?ÏnsèØ?M*°ú?�è?BÓ!‘
	ÜëÑ×�?·;v�ˆàÛ��?˛Ê9æU?ÒZÌÎ?·Ãeù�¶Â�Ò ê Bßì[£±]?w˛ÑO�,�
	˘Ù?3fXôºn=¿Ð/?@?j!?iS¿ù¾˚ËWNÓ?u¬&'Xä&?�ðbö;"ö<�
	ª3?¯ï}Á"J�¥ð2�ëf?Ëì˘Í?�!5ØP1+Î`Añ?òPæné]?Râ�ÀxÀÜ±�Ñß
	OgÒõ9�R<�h¸��;šã¶�½/‘?ˇ¥qJµ�?Ñ�|
EÏß6?�üA¿³?ñ@Àcø¹[~Í±]bÇ=¿ÔsÏˆ�
	?[±Ý¿�4{5ë�?Ðˆâ¼Å¹9R�§	X˙=öÒTØw?hYÓµõîõ�NV3Á<˚ô¢N?�îEØU6Î¢Uï�Ý.i«?Ä˜���~Ë«ñS©¿?|? IÖ�¯�ªí%ÄK

	rÑv‘Éj20�S¾]°?�’^�§ç»:?�?°vbNÕÂñÀ?��;?"?�?Ïøè�Ê£m�N	±ëR¦�?�ê~æ�v�]¤
	u%çiâG,#d
brÉM$|b[?x¦¶/?ý¥?�?D*Í˝ò@Ã^�“£ß?$?±ßª�X�ÐÑ�BÜKE˛

	~�M?¹ˆ'3G˜Üûc“6?Î^Ðø\š

	2¨3n^«s˚G"Þ¸Ë0= ?ÒÁ±2õ¶/??¯$Õ??6Êï?NáôOúí�°
	î?“~?M?¿£ûÄ˛©¤È´@˛?b?¿’z¥�X7CVæEngøïhãEÓ�˛�å!¼¿_{˘3ï??Y?ó{X*Å°?ñ³^?²s6`š¡ª¯2 Ó"G?6@ºVþÙ?˘Ã˘? ð�à¨2F�#ì?Çm�*Z½Q#F?2w6??:µ?Î?L0
	%3BÊ?_Ùû�·ö&*?l4?¿�B?Oâ5ÒËí�['æúKÎ�á<AöB£çt0b¤S-�Åu??®[?�×???��ê8
	äK��¤ÐÞó«Úº�÷P.š,µ?µ?¸ó�lßéï?~Ùõ�ay´¬p˝˙ì¥
	<0Èwoµ?cˇ?Y¤ûåuo�©?ØSÈòÂºVÓ%h3�qWUFˆ?T=þT gZ|"fà6JÈ?Cèb�9ÜTO^+]ªÎ
	]X�æ,ê§��ãO?Ç�¿««VÐ˜Ãw|L?p°§F?�«?Û�´ö�J?ÇV�~
?n?U?˙Ä�Vˇuð?�¹º???Î�ˇgåì?gÖ
	å®?�ÞTSEwÍIØÖ¬â?ñ:�%äÀß7SÙ¯DR/?ˆ{Â±7ß¥/pu�7¥?þocA7m?Ëvö¦?g?�˘J?YzCø¬¸YF+$ÊjeùÝ¾x]m?á?Ê¡\Q×Í
	ÛK?i�˘N;˛éðÏP½azË^î�]0~¸~=à�u?ßÀF0“?K˚¶eWOºâšéë?è£ÑÌ���Z?Ô©˝4:Û|Ù�º"¿zûc¢W"ßÄ=�Îæ.:?"é,wÊ3¯î¾Ñ?�¼�=˛\ÖÈÆã��
´²ÖQ?Ö˜
	ÃÝSöþÑd:?~??á²§§Û}°ii7��?�˙;bÅ+sßÈÅ/j,TšýÇµ˛ïXG¦©ÂVYìˇÕ\Ñ :\°?Y�·?3âÛ�ïÍÅ?Á?c@Y
	6�³ædR?è9US4 ðß�ê�?˚«£;XfJ0M¶ˆ~O�xf¼¦?Ãäþ�ðí<ˆ?u˙pÿ¶~0¶'Fz?ÌÃ?á/"HÐ?�x»ëÀ’0MúG“ÒÒð˙Úÿ=t\<?¬˛Ë!??Ý
xÛA}?cý]ý-lË�ñ

	?Ü¾�G?˛ÃÉˆMˆõ?�µÕúG*|HxÂ¾5 	æOy@?ˇvÊð;;\õ¶¶eeº±.bz‘Â�?Ó]râô/še¾�?JÁ?Ü¶�w`�ûê??xìc

	?ª�?.?ÆÞ?·U=Ë+û?Û\éßK�?˛ùÀ²½?|¶�?IK@,?û�+¼îU?
ª?Ñ“?’??Án8�Á
	a´KkË Ã�ÄN^�àB��YüÀ¥�

	Ò?à�¡m
åj=j¥�$Å ÁmQXB�ÿ È’LA??êE\?f˘�´ÈÜ{u˛Ä�gãß?��pÜ.~�Àá`¿	
	Ð©CMæ·^ç�±?HÏ?_W ÚÿÌ¶p7®L�’à?1Ú[áh]¸ñÉÝ�?¹w£8�5i�ÔÅ�cF¦sˇ¨Ê§�ìò½25Ê�?ÀÔkÌ×Ì?åOöa6î÷WÏö�H§uñ$?ÒN�
?Nq¸:¨T}ˇ¨�³ÛB!Do³L³¼Z�E?<
	åm^0¬âšàõ?3Å˜«?q-£µö³??Ñ�õÆ�ÒÚ_˛'Øå�¸þÔKâÍ?ñšôõÇ
	Ö�5µ�,ÙYTª?'QXL·ÍÆ˛þi˛�½1S�?ph?�2?§\I {éæ»ºM˜ˇ8~?çÞ^õê?Wf��PS

	¹?¾Ý�/�<ã_vˆ˝%~ËÃÏÊ²©?Çxn?z\ð1gõR�ÝiF³"?é?~�$?{ÒúH5¡?ô Â±cF@j?ix»Ö×e� Lw
	á��?�˛y
?±5Ó&�;�˛Î	Å?ÔÕS¾cWî!??FëGç?ý~5???«C¤²�Í?Ü�e÷û$K³Ê˚{�þéo¸�óÄïñª0}ýË¦¶?xd{"¡?Ê?âÊš?öR��¯�`9¾�6X ??
	@Ò/��??ý¥?QÍMÀYd:¥`ÍMt�?]?˙g¼Ã�À¼þüöã�"�=&íëjp=oé áîG�qAàò J?GašCñˆÁN³¼��§?½??w:^_Ä?&*ªæ*Â"ò;2\´©?+�Ö¹]á“?åºR
Î¼Õ£ñ
Ù+©N	OÀ?
	LåÎ?ü~?3±`»�Æ¿š§hjí¶�Rmï¾RNF¾�´Ñn ?ãÐÎôç dÈ!?óÇH41‘¬Ü�L�%???°°?ÿÁtd.?�g,jdW?_ÌWá;Ûúf?SVÑ?¹ÓèÈcèÔ@ÈèýätùN?ß?ï?˝{¼ÑÊ3$Qæõoñ²[F¶˙�?w;0¦¯G5°CyAAÉ¥Qá~�h¦Û×=,?«
	�ÒÈ?? ò
µX3=@q¬^<?4˚;w+¸:Ñ�¦}?i?˜šù?¸çÓD�?~í|Jô÷ÜO»&�?Åé3Áß ô³Ê?��/?·��t?³ÿªHe«h·%½Ü~°�w�A~jìÍ
	�ÎjÈ<˘sÒ8<???´ù�˝Ý/?è?îÜ¼?�M¾s�áêÅä7�¾���æ¨?�÷±Ý
×#óPÜÇö,?8]‘åR˛;ä�*?B�P�´� �/KC��&¥�vÄp§á�Y�2ñËõ<Ò~±`y�y±B

	×?�µíg¥��?ÆW$t;�Î?-
?o¨AY}?@jöþ'¿�ý�Æ@p×E/�ñL?�
äÖÐ90^E!ú �X?<Od/˚/á
	?/�Ê?Ã±²ÁbNeˇ h¹×¯?2ìR?f?cDÉhºE˝?Î?VQ	q�??�§ºK'�Ó_W�;?lðˆ¯_a?ˆg
˛y!µh
?	p�‘½/Lr¸
	?-?í?|5Ê®±˘`Â?ë˙�Â?š�?ñ[äÕYp?.¡íÓ®S&\3??*¶/°
	9?
qÐÝ

��Æ?v� ¿�bCÿíug;?¨Ã$¬ú�ÛùÚ�¿ÙìïU$“G=0�þfjeâ 
8��?�Ç?sæ;òt?
	GÈ?5C’{'ÁF˘eÊ<$?ã7îø§s^ð«2ÔË¥ÏZ �Q¬´g�´?cO±�ñ5Pã?w�pP˘3¯Ì4??`QÕj÷w¸n
	àØbì§JC4øT®:è�è?ÁMñO5õ÷?¢IÛD?qÈrf���ägî+?¤#B?’§P?ûÝ1×B{Û?��·cJÀ˛Vêˇmí¨\r?KwÊ˛¹É¬´±à|Âñùq¿ýˇfÁ6¢�?ù¢íÕ?¡÷?Ô?¨æ3
??y#�;_a

	n�<Y¯9Í8JæÅ�7~&'8?ØT¨®G+ÿ?î]/?e5è�?:65�l'e|1ÇþËÕ˚§�Ø�Y?�dÙ\?yÞØ+îÚ½ÜÏÝný?º
?þå"|¥¸¨�Éµâ?.+3Re·?ëS�sãø�Íro

	eðÛ???ÀÜªi61å?~Ï�Ë·n»�Ñ°�ÑÕï[~*í˚âútK»P¾ª�HõQ´F¡?c?TÍ�uý0E�Ú??o¥fM«þ²£Zþ?£�ù#4?K?�ã
	»@Õx?¦x? ?áoV?mÀpAÅ·óp-²ˆ�Ø@ò�4u ÊEY=
	ôÆ øúÅã"³
^Dtð¾B<è;Å?[åæ±,?êBÓþØeÊ�xÐ-Ë§Ö±+Yô[ê`
	puë5òs¢y´¶}bÓ&·g?ùö$ùµ´'}iá?x?§4<Ì½C¼L�üðâ?¨UßºÌ-?Mª4·È�?�ßí¾�[ˇF˛º���
ˆP?-G�?î?vT

	?¬ÐÄù'
?Y-¦@¥ˆ?|ª?ãW¦j¯bÌ-�Ûévb�?˙Ó�iÛ¶=^£ÔWH?&©ÃÝ,çÉc?kRd˛
£?ì“LOp9ç�“�¸�~?��ß#
	?±tÑe4#L]?@¦â$jm{Ý�ûW?

	ÿc¸Ø=Û6¨�yïÉ“!lšØAÄ�Z6*¨£í?!¹�;,XìF�oÝæ¿ð«�ÁLßråF6*�ü_j˚ñÎ�Ä$ýKˇ?š�¾˚c� ??¡HQ�C5Ø?E	ÔÓ?ô?lß?=½eWš»Kf	??7��<D?»»?ã?È4s©ë�?f�Ý
	þ©
F˘4^½5¶B'ü&?ëÔˇ	ÙÅ?�sö£Ñ‘é÷Ñ0Àª??÷×��Êóá[?ü¸Ø�˛¢ò»^;¡|+ñ�Û˛�N?Kß/É??·?¸g? �˜òI'¢RˆÕ·@+¶G¯hH¿ �?^É�'�6�vé+wˆ=@˘nìO˚
	¯öæLF:Ý²jJ
 ¶#��o¡?�?�H,ëÀˆµ˛a�1gÈ{Ýñ¢ËÁmÀêniÉêÙÄ×vJ.??BÑ¿U˛¤¯im¤³¨#%j‘¯`môAÅ?��XÒåW'½_cºm?¸ûâ˝?b&úñÒ«	pJQ_.Qášßâ?tJ
		fÏü‘˚Ä¯#?4á�2rû�Ê?ô{?i p÷?¼îÂ˘uâ�
	�Ñ;˛d?ª»e�n²±Ðù�§?8�6��Qh¹ð?ˆ?q;NÈS�ï?ó1×ëßÍ?¦�í×�3ÔÚíeü�
	ý¡�!����o�êt�Þ?çýßf?�*�“’Ç»?ði?�¬´
	É+x"b`È²YwÒé4ÞJ¤Ñe/óü“�??G³ó?¥¨Ñ

	ìXª?·¡�ÍN?A5n,×'o4Ü#�Í�rÐ9¨ñÍ˜Ó?�©ªÏ?0Ó4Añ�=}ð�Y?
	0u]�"?¸?5vÕ»¿u@Ç�úÿ¹�K,2%"��L¹D˙�ý?

	fÅ|X_Ýi¡d@??¬Ç˛<�g9ú²m��µF?
?mBD`O¸ºSˆõüÇ??³�Y?êcL�ˆ*QêÄí¦Zì?·=U©��jö½ßA:Þîz?Õ?N?B�=<;å[¹õ?´QÕÉÀ˘,µ

	»r§Ä5-�[ôôÝ???å®Þ?û??C�Vµ¤â�oÎÄèÉ�á<Nt�?Öx?Î�%W?ðj¥ñ?iÆ7¶4îãñã
	ß°ÆpF?3³Ãš��å%?!çÙ?Ù`õ0»Qé¾�Ã
m¹ËÄº]ÏiNûÒIÍjYV�1ët�¶êI£ª
	»7a¦]@Ï?�4'¥Hä¥šÀÿ»šË“Ý?t¡k?Ì\˛ó?�MPÓÑ?��ZûÛ�eø?ãÚ
	î©P?öÕ|2��lºVÿ?Ð2ÙÃ�i;yÛ
bá;? ¼1’?ûQ¸?l¸Yõ2o?Èó½Ñ.UF
	Ù±µ??bm?}Ýº˘A¿?�é?“þW?#ÂK�Y?w�À˙6ä

	˜ÈwZ?tBï??7°/}³éW#ÆGFT_.?2~Þvß�Ö�ÚVÝ“ÅßÈº�?þ�2Ò˝Ø¥j˙2T%º˛,?oÕËg˛9¥éY-ö$_´Ý¥wÏ|��h�ôÅª�ò?Qñ¤4?°?o?êËe?ˇG˛�ª‘�o??÷Rgè_
	%S?îñsÅ7�?ÙGøÌ[ÉÍXm?#©¼èÞgxÜi hÎ¼ûvàM0V4 KÈ“¶�./L©U&?ËÕ 
	w???*Z˛u?
˘Øò¤|�’�ª´n?äþ?_����·µ¾õÓS?ÜO¹¥å0³M7ÀR+ð[÷l'¯*%?¥3*�«]?¯?	?
	?�ò~öo�ˇì®�Ô¼0D?ôµJªÿ˚¡úˇçï%|?]Áˇü?k?BÔ.�U?Ð�d{pj??lÒˇØÓ?SU@?X·DW?r5ât9z&Dô<Di82?��¥Åí�?@2HA?�i½!��ÂÍ�?k\'À?}j?_92WY’
	}²UCûfßU¶üÅãl˝â?GØÜ*�z�¿å«?�Ú?åïþÛtn¨ãª1�$Öx�??é��æTÔ�ÿ�Ê7-À�nWt$ì?â�ÓI?ª]?X±?¡¬¸ökz�HØ¸xÇˇ²f�G_Hø�sÓ?¶£�¥�˘÷òÂU²ûeË�5%uÎ+
	Þ?mïûÑ?Ï¨?Y*É�¾÷�¢ª¬¹Å ??ùAy�ÕÞÙ??ºÇ;ˆ˙w$Ù�«{ÉÁ??
	
'~?1�,ÆÌFð?©�?þ?Éfz`G�ø?áÏ-&äcAºo³Ùu˜ÂÍ?¦Ïåª*ÖTí<˚˛m??ûð�¼ÑL?7�ðˆ�ûüx¨;,ˆ¬�ËZ??�qLÌE??W
	u33è.Y¹æ²µ/?�=0�zp?È9&3� fAÞßˆ÷ÒrBó²?î‘MÃ�zÌ]�ª¼"ý&c+Àˇ�


	ï@×ShVz{IR˜µ??1?hxÂ5?Æ,�Kñ¤§Üã?[¼9Ô £²öÓ?˛4u?U??`X½øäR½¸VJ?? ®SPÜª5
	?$ß?ØÐ�"�& ?ùTÁÒUê˜±3é

	óÓ·�“ãª;Õ?˙?8HùãkWØB¹i9
|§àc,˚�çðkLÈÜHª£#mW63·ÍÆÜ?
?˙?ÖífÝÓë_*±óVøëÖ
	�I+I<U?ˆÜ�àþèU~C�?|½˜¿Â?*+?YýDd¬�¿WW¬¥Ïí1'Á ô¦Eú???SX/ç&ßP‘Å�çM®¦m#Î? ?òI?�¹Nø5Ñ?¡�Í=¨?ñÍÈúõ�?·Ë?4?0èe?�Â?¬�CÂ´Z
	½˛õæ±í7?¼Bô7ôO<|^ly�!�’?#î°3˚eÎ}˝0ÇÆ ??{$ë?ù¦ì[ÀË»-?jr´?3¤¸¬CXÆ2Y:G`?Çp?2?5�¥Ì@�*Æ?_;$FÚ??éÀ

	÷�QÛ¹ã?!7wQVZ?˘b�šâNç#n¸&:@?Ìë?6�e
	cç0�é˘,ìÊeL?HJ�½Ìô+obdw
éXé??ß¥ 
	e66fdßQ?%K¸˝¦VhÞS@˚??=S“?m©Hü½
	cRÕ“�?¸~Ó3¾l?:0T£XH?

	˛=˛?d?Ó»÷d�&�jC ?èù¸?}f�<êý?hÕw?˘b�?Ú�?j?�ö˝?<+BˇÃ%®Ð??˝¤+#tÿÙ?ð ˚û5¹iî&Ò?#^,?

	fô�#ÝBcûË£ög˚âÇ¸tÈÃx�ÒJ‘Ýc˛7?F5fÑÅ?;�,1?e%ÍÑ´ýÚ®?¸oç?ÌÛÚ??\

