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Appendix A. Instrument capabilities for measuring
land-surface displacement

DATA
COLLECTION
CHARACTER-
ISTICS
SENSITIVITY CALIBRATION EASE/COST EASE/COST EASE/COST cosT
INSTRUMENT REMOTE LE"TER POWER F
INSTRUMENT AVAILABILITY | CHARACTERISTICS R EB"SCIED‘ RANGE ACCURACY ENY IRONMENT MAINTENANCE INSTALLATION OPERATION REQUIREMENTS OATA REDUCTION INSTRUMENT
DIRECT | AREA
SteeT tape TufkTn; Portable, rugged, | Divect | Ves t t0.01 ft | Temperature; wind; | periodically Instal) 2 tapenen plus None Simple 700 ft: $30 to
(structure ang Chesterman; | Tong life usually; tension clean, oil, and | reference 1 man to set $300
surface strain, verre available calibrate points stakes; use
surface and & Esser in 3 to against with tension-
structure crack 300 ft standard tape ing device,
movement ) Tengths taping pins,
plumbbob
Invar tape Keutfel Portable, prone Direct Yes S0 ft to | £0.005 ft Wind; tension Clean As above 2 tapemen; use None Simple 100 ft: $300
(structure and L Esser to breaking 100 £t periodically with tension 150 ft: 3400
surface strain, frames and
surface and weights; for
structure crack high accuracy
movement ) repeat readings
with 3 tapes
Precision Jeve) Jenoptik; Portable, rugged, | Direct | Yes | Maximum |[+0,002 ft wind; bright Check Install 1 instrument None Stmple; need Level: $850
(automatic or Kern; long Tife change to $0.005 sunlight telescope reference man; T rod man 1 engineer; may to $1500;
tilting with wild; in ft over alignment points and use computer rod: $700
optical micro- teitz; elevation | mile annually bench marks to reduce large
meter) with Zetss between | circuit volume of data
invar rod sights
(structure and ‘g";"’}
surface settle- Mg
ment; with tape sight
or tape extenso- Tength
meter for ground greater
Ht) than 7 ft
and less
than
150 ft
Precision theo- Kern; As above Direct No 1 sec Tenperature; wind; | As above Install 1 surveyor; None As above; Precision
dolite with tape wild; instrument | vibration; direct reference and 1 rod man computer Theodolite:
for baseline Jenopt ik; read to 0.2 | sun; temperature points and 1f targets not programs 0 to
(triangulation} Leitz sec by sensit:v‘lty 3 instrument | fixed; 2 men readily $9000
angle minimal with stations needed for availab
{surface and regetition: | invar tape taping of ¢
structure settle- 1:20.000 to basel ines
nt and strain) 150°000: ¢
me 1:50,000; between
best instrument
positional piers
accuracy
0,001 in
0,005 ft
Optical elec- First Portable; retro- Direct Yes- | 20,000 10.02 to T rature and Calibrat. 1 :
tronic distance deve loped reflectors may rod ft 0.2 ft p:'!’;:ul"! along tine a;ains: §0 v{x::lnce ;ﬁ:rrﬁﬂorer ::ttz:ge:gle 3:3:?.‘.54 Typical EDH:
measurement H | be portable or man plus of sight; smog can | meter invar points if retro- 1 day’s work ( automatic; Mekometer 3000:
device (EOM) AGA; fixed to only 1:25,000 disrupt readings; | tape every reflectors a few provide $34,000;
{use with theo- Kern reference point 0 may be used day or two years partable or only phase reflectors
dolite {f not ¥i650,000 | night adjustable; shift and $0.50 to 3410
built-in) Mekometer Tower cost per survey(lzrtmst
: mile of trav- convert to
[gtracture e, 207560
ft plus conventional
1:1,000,000 methods
(as good as
tavar)
Infrared EDM Wild; AGA; | As above Direct | Yes- | 1000 to | Typically | Temperature and As above As above As above Rechargeable | Distance usually | Reflectors:
(use with theo- Kern; rod | 16,000 0.02 ft pressure; less battery for | automatic; most $0.50 to $260
dolite if not Keuffel man g ft plus sensitive than 1 day's work | have automatic each; EDM:
buitt-in) L Esser; only { minimum; | 1:100,000 other EOM's; can correction for $3000 to $7000
Zeiss; 1ft te use day or night temperature and without
(structure and WP, 1:300,000; and in bright pressure theodolite;
surface strain Precision; Telluro- sun Tellurometer
and settlement) Cubic meter A 100.
Corpi A 100;
Telluro- 0.002 +t
meter over
300 £t
Infrared EOM As above As above Direct No As above | As above As above As above Inctall 1 surveyor As above As above; As above
(3-0 trilatera- reference reduce
7 points and distances to
fnstrument EDM to
(structure and statfons coordinates
surface settle.
ment and strain}
Laser EDM Developed As above Direct | Yes- | 5000 to |20.01 to Temerature and As above As above 1 surve
yor Lower power Distance auto-
(structure and late rod } 20,000 0.08 ft pressure; smog; and 1 rod consumption | matic
surface strain) 1960°s; man | ft and dust; fog; afr man than other
AGA only 1:1,000,000;| turbulence; g:
0.015 sensitive to
over vibration Techargeste
19 mides Yday'd work
EDM tachymeter :f:dimm Portable m_::ct v::» ':g(l&xt)u .tlaz ft Temperature; As above Install 1 surveyor Rechargeable | Automatic data $18,000;
(distance, modes portable | man | o' §iT5000,000 | ibration Peference o Lrod frgiery for | reduction; $10,000" (01-35
angles, :1,000, B points; man, 1f 1 day's n
horizontal 790 and reflec- | only to .02 ft | dust fnstall Targets operation | mawetyor onay Tt te):
o] o tors Tus instrument not fixed horizontal or “reflectors
elevation 15 Remote 5:1,000,000 stations vertical angle $0.50 to
automatically with if used ta get horizontal | $260 each
computed) 1 xed distance and
(structure and reflec- elevation (01-35
surface settle- tors only)
ment. and
strain)
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Appendix C. List of symbols used in text, part |

Synbol Term
A Cross-sectional area
Ap Area of point of sanpling spoon
a Area of nanoneter
b Thi ckness; effective stress due to buoyant wei ght of submerged deposits
b’ Thi ckness of aquitard
C DR
Ce Conpr essi on i ndex
Gy Coef ficient of consolidation
D Depth to conpressing beds
dh/ dt Rate of subsidence
E Young' s nodul us
e Void ratio; eg, initial void ratio
G Specific gravity
H Total subsidence
Ho Initial thickness
h Applied stress; difference in head; head at given el apsed tine
ha Aver age head in aquitard
hc Head in confined system
hg Head at zero tinme
h, Head i n unconfined system
J Seepage stress
K Hydraulic conductivity
K Vertical hydraulic conductivity
L Length of flow

M, Coef ficient of volune conpressibility
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Synbol Term
N Aver age of N (bl ows)
n Porosity
p Total stress (geostatic pressure); water |evel
p’ Ef fective stress (effective overburden pressure)
Pa Applied stress
Po Ref erence water | evel
Q Ampbunt of |iquid production; quantity of water discharged in unit tinme
R Radi us of stressed system
R, Utimte bearing resistance
rs Specific retention
S Storage coefficient; effective stress due to weight of unsaturated deposits
Sc Fi nal subsi dence
So Sorting coefficient
Sq Speci fic storage
Sy Speci fic storage of aquitard (conpressible bed)
Ske Component of S attributable to elastic defornation of the aquifer-system skel eton
Sske Component of Sg due to elastic deformati on of aquifer-system skel eton
Syv Conponent of S attributable to inelastic (virgin) deformation, of aquifer-system
skel et on
Sskv Component of Sg due to inelastic (virgin) defornmation of aquifer-system skel eton
Sew Component due to conpressibility of water
S sk Conponent of specific storage due to conpressibility of aquitard
S skv S/ b ; b is aggregate thickness of aquitards
S Amount of subsi dence; drawdown
T Transmissivity; time factor
t tine
U Degree of consolidation
U Excess pore pressure at tinme t
Uy Pore pressure (fluid pressure or neutral stress)
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Synbol Term
\% FIl ow vel ocity vector
w Mbi sture content, per cent of dry weight
W Liquid limt
Wp Plastic limt
Ys Specific yield
z Dept h
ake Conpressibility of aquifer-system skeleton in elastic range of stress
akv Conpressibility of aquifer-systemskeleton in virgin range of stressing
Bw Conpressibility of water
y Subnerged unit wei ght
Yo Buoyant unit weight of saturated deposits
Yd Dry unit weight
Ym Moi st unit wei ght
Ys Unit weight of solids
Yo Unit weight of water
Ap’ Change in effective stress
v Diffusivity; Poisson’s ratio
T Ti e const ant






Appendix D. Glossary, by Laura Carbognin and
Working Group

The purpose of this glossary is to explain the nmeaning of terms currently recurring in studies
on |l and subsidence due to ground-water w thdrawals. Because this volune is for readers wth
di verse backgrounds and for interested untrained personnel, the definitions given here are
sinplified. For a nore detailed explanation, the bibliography suggests sone books which will
hel p the reader.

AQUI CLUDE

An areally extensive body of saturated but relatively inperneable naterial that does not yield
appreciable quantities of water to wells. Aquicludes constitute boundaries of aquifer flow
systens; termis synonynous with confining bed.

AQUI FER

An areal ly extensive body of saturated perneable material that will yield significant quantities
of water to wells and springs. An aquifer includes the unsaturated part of the perneabl e body.
Aqui fers may be cl assed as unconfined or confined, depending upon the presence or absence of a
water table. An aquifer may also be called a water-bearing stratum Unconsolidated all uvial
deposits of sand and gravel, porous sandstones, or fractured |imestones are exanples of
wat er - bearing fornmations

AQUI FER SYSTEM

A heterogeneous body of interbedded perneable and poorly perneable |ayers that functions
regionally as a water-yielding hydraulic unit. It conprises two or nore aquifers (perneable
formations) separated by laterally discontinuous aquitards that locally inpede ground-water
novenent but do not greatly affect the overall hydraulic continuity of the system

AQUI TARD

A saturated, but poorly perneable, bed that |ocally inpedes ground-water novenent and does not
yield water freely to wells, but which may transnmt appreciable water, to or from adjacent
aqui fers.

ARTESI AN

The term artesian derives from Artois (Lat. Artesium), a northern province of France where
naturally flowing wells were drilled in 1750. Today the term artesian is applied to any well
tapping a pressure aquifer or sinply to the aquifer itself. Artesian is synonynbus wth
confi ned.

ARTESI AN AQUI FER

An aquifer in which the water level rises above the base of the upper confining bed when

penetrated by a well. In recent years artesian aquifer has been used as a synonym for confined
aqui fer.
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BENCH MARK

A relatively permanent mark, natural or artificial, furnishing a survey point at a known
elevation in relation to an adopted datum Bench marks, or marked points, connected by precise
| eveling, constitute the control of |and-surface settlenent.

COEFFI CI ENT OF COMPRESSI BI LI TY (L2F!)

Conpressibility is the aptitude of the soil to be deformed. It is expressed by neans of a
coefficient which is the ratio between a void ratio decrease frome, to e and an increase in
effective stress. The value a, = eg-eAp represents the coefficient of conpressibility for the
range po to pg + p. Units usually are cnfkg !

COEFFI Cl ENT OF VOLUME COMPRESSI BI LI TY (L2F ')

The conpression of a clay (aquitard) per unit of original thickness, due to a unit increase of
effective stress, in the |load range exceeding preconsolidation stress. It is expressed by the
equati on

in which egis the initial void ratio. Units usually are cnf kg,

COVPACTI ON

A decrease in the volunme of a mass of sedinments fromany cause. In this guidebook, conpaction is
defined as the decrease in the thickness of sedinents, as a result of an increase in vertica
conpressive stress, and is synonymous wth "one-dinmensional consolidation,” as used by
engi neers. The term conpaction is applied both to the process and to the measured change in
t hi ckness.

In thick fine-grained beds, conpaction is a del ayed process involving the slow escape of pore
water and the gradual transfer of stress fromneutral to effective. Until sufficient time has
passed for excess pore pressure to decrease to zero, neasured values of conpaction are
transi ent.

COVPACTI ON, RESI DUAL

Conpaction that would occur ultimately if a given increase in applied stress were nmmintained
until steady-state pore pressures were achieved, but had not occurred as of a specified tine
because excess pore pressures still existed in beds of lowdiffusivity in the conpacting system
It can also be defined as the difference between (1) the anpbunt of conpaction that will occur
ultimately for a given increase in applied stress, and (2) that which has occurred at a
specified tinme.

COMPACTI ON,  SPECI FI C (L3F ")

The decrease in thickness of deposits, per unit of increase in applied stress, during a specific
time period.

CONE OF DEPRESSI ON

A cone of depression in the water table, developed around a punping well and extending

t hroughout the area of influence of a well (also see drawdown). For an artesian aquifer, this
can be called the "cone of pressure relief" (Tolman, 1937).
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CONFI NED AQUI FER

Sane as artesian aquifer.

CONSOLI DATI ON

The gradual reduction in the water content (void ratio) of a saturated soil, as a result of an
increase in the pressure acting on it, because of the addition of overlying sedinments or the
application of an external load. A |laboratory test called a one-di nmensional consolidation test
(odonetric test), is performed on soil sanples to evaluate consolidation. From such a test the
coefficient of consolidation, c,, usually reported in cnfsec’ !, is calculated as the ratio

c =K1
v
MY w
where Kis the hydraulic conductivity, m, is the coefficient of volune conpressibility, and vy, is
the unit weight of water. The theory of consolidation, developed by Terzaghi, leads to a

rel ati on between degree of consolidation and tine:

In this expression U is the degree of consolidation, that is, the percentage of tota
consol idation occurring in sone tine t; c, is the coefficient of consolidation; and His half of
the sanpl e’ s thickness when the odometric test is perforned.

DRAVIDOMN

As water is withdrawn from an aquifer by a punped well, the ground-water level is |owered
Drawdown is the distance the water table or pressure surface is lowered at a given point (see
al so cone of depression).

EXTENSOVETER

An instrument used for neasuring vertical deformation of fine-grained beds in the subsoil under
stress. Vertical extensoneters commonly are installed when | and subsi dence foll ows ground-water
wi t hdrawal . Extensoneters al so are used to neasure snall horizontal displacenents.

HEAD, HYDRAULI C, OR STATIC

The static head is the height, referred to a standard datum of the surface of a columm of water
that can be supported by the static pressure at a given point. The static head is the sumof the
el evation head and the pressure head.

HYDRAULI C CONDUCTI VI TY, K (LT %)

If a porous mediumis isotropic and the fluid is honbgeneous, the hydraulic conductivity of the
mediumis the volume of water at the existing kinematic viscosity that will nove in unit tine
under a unit hydraulic gradient through a unit area neasured at right angles to the direction of
flow In the netric systemit may be expressed in cmsec’®; in English units it may be expressed
in feet day ! (see also perneability).
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HYDRAULI C GRADI ENT

The change in static head per unit of distance in the direction of the maxi numrate of decrease
in head if not specified. If different, direction is specified

HYDROCOVPACTI ON

The process of volune decrease and density increase that occurs when noi sture-deficient deposits
conpact as they are wetted for the first tinme since burial. This type of |land settlenent has
al so been call ed "shal |l ow subsi dence. "

LAND SUBSI DENCE

Sinking or settlenment of the land surface, due to diverse causes and generally occurring on a
large scale. Usually the term refers to the vertical downward nmovenent of the land surface
al though snall-scal e horizontal nmovenents nay be present. The term does not include |andslides
whi ch have | arge-scal e horizontal displacenents, or settlenment of artificial fills.
PERVEABI LI TY

The capacity of rock or soil to transmt fluid under the combined action of gravity and
pressure. Perneability is expressed as the velocity with which water, under the influence of a
given difference in head, passes through a porous nedium having a certain cross section and
thi ckness. Perneability is dependent on the size and shape of the pores of the porous nedi um and
it can be reduced by conpaction (see also hydraulic conductivity).

PHREATI C AQUI FER

Sanme as unconfined aquifer

PHREATI C SURFACE

Sanme as water table.

Pl EZOMETRI C SURFACE

An imaginary surface coinciding with the head of the water in an aquifer. (Also see
potentionetric surface.)

POTENTI OVETRI C SURFACE

A surface which represents the static head. As related to an aquifer, it is defined by the
levels to which water will rise in tightly cased wells (USGS) Al so called piezonetric surface in
many countries.

REBOUND

An upward novenent of soil as a consequence of a decrease in effective stress. In fine-grained

soils, rebound is usually much less than the ampunt of conpaction, since the latter is nostly
irreversible.
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RECOVERY

The water-level rise in a well occurring upon the cessation of discharge fromthat well or a
near by wel | .

STRESS, APPLI ED (FL"2)

The downward stress inposed at an aqui fer boundary. It differs fromeffective stress in that it
defines only the external stress tending to conpact a deposit rather than the grain-to-grain
stress at any depth within a conpacting deposit.

STRESS, EFFECTI VE (FL™2)

Stress (pressure) that is borne by and transmitted through the grain-to-grain contacts of a
deposit, and thus affects its porosity or void ratio and other physical properties. In one-
di mensi onal conpression, effective stress is the average grain-to-grain |load per unit area in a
pl ane nornmal to the applied stress. At any given depth, the effective stress is the weight (per
unit area) of sedinments and noisture above the water table, plus the subnerged wei ght (per unit
area) of sedinments between the water table and the specified depth, plus or mnus the seepage
stress (hydrodynam c drag) produced by downward or upward conponents, respectively, of water
novenent through the saturated sedi ments above the specified depth. Thus, effective stress may
be defined as the algebraic sum of the two body stresses, gravitational stress and seepage
stress. Effective stress may also be defined as the difference between geostatic and neutra
stress.

STRESS, GEOSTATIC (FL™?)

The total | oad per unit area of sedinents and water above sone plane of reference. It is the sum
of (1) the effective stress and (2) the neutral stress

STRESS, NEUTRAL (FL?)

Fluid pressure exerted equally in all directions at a point in a saturated deposit by the head
of water. Neutral pressure is transmitted to the base of the deposit through the pore water, and
does not have a neasurable, influence on the void ratio or on any other nmechanical property of
t he deposits.

STRESS, PRECONSOLI DATI ON. ( FL™?)

The maxi num ant ecedent effective stress to which a deposit has been subjected, and which it can
wi t hstand wi t hout under goi ng addi ti onal permanent deformation. Stress changes in the range | ess
than the preconsolidation stress produce elastic deformations of small magnitude. In fine-
grained materials, stress increases beyond the preconsolidation stress produce nuch |arger
deformations that are principally inelastic (nonrecoverable).

STRESS, SEEPAGE (FL"?)

When water flows through a porous nedium force is transferred fromthe water to the nmedi um by
viscous friction. The force transferred to the nmediumis equal to the loss of hydraulic head.
This force, called the seepage force, is exerted in the direction of flow.

SUBSI DENCE/ HEAD- DECLI NE RATI O

The rati o between | and subsi dence and hydraulic head decline in the coarse-grai ned beds of the
conpacti ng aquifer system
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UNCONFI NED AQUI FER

A geol ogic formati on of perneable material that has a water table as the upper surface.

WATER TABLE

The upper surface of the zone of saturation in a phreatic aquifer in which the pressure is
at nospheri c.

VELL, ARTESI AN

A well that takes water froma pressure water body.
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Appendix E. Metric conversion table

Mul tiply inch-pound unit By
i nch 25.4
foot (ft) 0.3048
foot per mle (ft/m) 0. 1894
mle (m) 1. 609
pound ------------ma oo 0. 45 ----
square foot (ft?) 0. 0929
square mle (ni?) 2.590
acre 0. 405
acre-foot (acre-ft) 1, 233
gallon (gal) ---------------------- 3.785 -
0. 003785

cubic foot (ft3) 0. 0283
acre-foot per square nmile

(acre-ft/mi?) 476
gal l on per mnute (gal/mn) 6. 309xI O°
cubi ¢ foot per second per square 0. 0109

mile [(ft3s)/m?]
ft per year (ft/yr) -------cmm-an- 9.7x10 7 ---
gal | on per day per square foot

(gal /d/ft?) 4.716xl O-5
ton (short) 0. 9072
gal l on per day per foot (gal/d/ft) 1.433x1 078
pound per cubic foot (Ib/ft3) 16. 05
pounds per square inch (psi) 0. 07

To obtain netric unit

milimetre (m

netre (m

netre per kilometre (mkm
kilonetre (km.

ki | ogram (kg)

square metre (nf)

square kilometre (kn?)
hectare (ha)

cubic netre (n?)

litre (1)
cubi c netre(n?)

cubic metre (n?)

cubi c nmetre per
cubic netre per second (n¥/s)

cubi c netre per

[ (n?ls)/ knf]

centinetres per second (cms)

centinetre per second (cnifs)

netric ton (t)

square centinetre per second (cnf/s)
ki | ogram per cubic nmetre (kg/nv)

kil ograms per square centinetre (kg/cnf)

square kilometre (m/)kn?)

second per square kilonetre
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