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NOTA TION

Distance from ref. level to piezometer level for steady state, cm.

Distance from ref. level to piezometer level, transient state, cm.

Distance from reference level to the outside piczometric level, cm.

Values of x, y, and z for t= 0, cm.

Amplitude of fluctuating piezometer levels for steady state, cm.

Amplitude of fluctuating outside piezometric levels, cm.

Increment change in active head, cm.
Active head, H=z -y, cm.
Active head for t =0, cm.

Constant piezometric head, cm.

1

Increment change in transient differential head, cm.
Transient differential head, H' =y - x, cm.

Transient differential head for t =0, cm.

Area of casing, piezometer, manometer, or pressure cell, cmz.
Diameter of piezometer, manometer, or pressure cell, cm.
Diameter of effective intake, boring, or well point, cm.

Base of natural logarithms, no dimension.

Equalization ratio, E = (H, - H)/Ho, no dimension.

Intake shape factor, from q = FkH, cm.

Length of effective intake or well point, cm.

Coefficient of permeability, cm/sec.

Coefficient of horizontal permeability, undisturbed soil, cm/sec.
Mean coefficient of permeability, k_ =V k- kg, cm/sec.
Coefficient of vertical permeability, undisturbed soil, cm/sec.
Coefficient of vertical permeability, soil in casing, cm/sec.

Transformation ratio, m =+« kh/kv' no dimension.

Rate of flow at time t and head H, cm?/sec.
Rate of flow at time t = 0 and head H,, cm3/sec.
Time, seconds unless otherwise indicated.

s Seconds)
m Minutes)
h Hours )
d Days )

Phase shift of sinusoidal wave, seconds unless otherwise indicated.

Used only in Figs. 14, 16, 17.

Basic time lag, T ='V/q, seconds unless otherwise indicated.
Period of sinusoidal wave, seconds unless otherwise indicated.

Total volume of flow required for pressure equalization, cm3.

Rate of linear change in pressure, cm/sec.
Unit weight, g/cmB.

Deflection of diaphragm in pressure cell, cm.



PREFACE

Withthe advance of soil mechanics andits applications in the design and con-
structionof foundation and earth structures, the influence of ground-water levels and
pore-water pressures is being considered to a much greater extent than a decade
or two ago. Rapid and reliable determinationof such levelsand pressures is assum-
ing increasing importance, and sources of error which may influence the measure-

ments must be eliminated or taken into account.

Areviewofirregularities in ground-water conditions and the principal sources
of error in ground-water observations is presented in the first part of this paper.
Many of these sources of error can be eliminated by proper design, installation, and
operation of observation wells, piezometers, or hydrostatic pressure cells. How-
ever, other sources of error will always be present and will influence the observa-
tions to a greater or lesser degree,depending on the type of installationand the soil
and ground-water conditions. éonspicuous among the latter sources of error is the
time lag or the time required for practicaleliminationof differences betweenhydro-

static pressures in the ground water and within the pressure measuring device.

Theoretical and experimental methods for determination of the time lag and
its influence on the results of ground-water observations are proposed in the second
part of the paper. Simplifications are obtained by introducinga term called the basic
time lag, and solutions are presented for both static, uniformly changing, and fluc-
tuating ground-water conditions. The influence of a secondary or stress adjustment
time lag, caused by changes in void ratio or water content of the soil during the ob-
servations, is discussed,

The third part of the paper contains data which will assist in the practical
application of the proposed methods. Formulas for determination of the flow of
water through various types of intakes or well points are summarized and expanded
to include conditions where the coefficients of the vertical and horizontal permeabil-
ity of the soil are different. Examples of computations and a table facilitate prelim-
inary estimates of the basictime la,for the principal types of installations and soils,
and determination of the actual time lag is illustrated by several examples of field
observations and their evaluation.

Determination of the coefficients of vertical and horizontal permeability for
the soil in situby means of time lagobservationsis theoretically possible and is dis-
cussed briefly in the closing section of the paper. Such field determinations of per-
meability have many potentialadvantages, but further researchis needed in order to

eliminate or determine the influence of various sources of error.

An abstract of the paper was presented in January ‘1949 at the Annual Meet-
ing of the American Society of Civil Engineers, and a limited number of copies of
the first draft were distributed. In this final version of the paper the individual
sections have been rearranged and amplified to some extent,and some new sections
have been added.




TIME LAG AND SOIL PERMEABILITY IN GROUND-WATER
OBSERVATIONS

by

M. Juul Hvorslev*
=

INTRODUCTION

Accurate determinatioh of ground-water levels and pressures is required,
not only in surveys of ground-water supplies and movements, but also for proper
design and construction of most major foundation and earth structures. The depth
to the free ground-water level is often a deciding factor in the choice of types of
foundations, and it governs the feasibility of and the methods used in deep excava-
tions. A recent fallor rise in ground-water levels may be the cause of consolidation
or swelling of the soil with consequent settlement or heaving of the ground surface
and foundations. The existence of artesian or excess pore-water pressures greatly
influences the stability of the soil; determination of pore-water pressures permits
an estimate of the state or progress of consclidation, and it is often essential for
checking the safety of slopes, embankments, and foundation structures. In general,
determination of both free ground-water levels and pore-water pressures at various
depths is usually a necessary part of detailed subsurface explorations, and the ob-
servations are often continued during and for some period after completion of foun-
dation and earth structures.

Ground-water levels and pore-water pressures are determined by means of
borings, observation wells, or various types of piezometers and hydrostatic pres-
sure cells. During the advance of a bore hole or immediately after installation of a
pressure measuring device, the hydrostatic pressure within the hole or device is
seldom equal to the original pore-water pressure. A flow of water to or from the
boring or pressure measuringdevice then takes place until pressure differences are
eliminated, and the time required for practical equalization of the pressures is the
time lag. Such a flow with a corresponding time lag also occurs when the pore-water
pressures change after initial equalization. It is not always convenient or possible
to continue the observations for the required length of—gme, and adequate equaliza-
tion cannot always be attained when the pore-water pressures change continually
during the period of observations. In such cases there may be considerable differ-

ence between the actual and observed pressures, and the latter should then be cor-
rected for influence of the time lag.

* Consultant, Soils Division, Waterways Experiment Station.
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The magnitude of the time lag depends onthe type and dimensions of the pres-
sure measuring installation, and it is inversely proportional to the permeability of
the soil. A preliminary estimate of the time lag is necessary for the design or se-
lection of the proper type of installation for given conditions. The actual time lag
should be determined by field experiments so that subsequent observations may be
corrected for its influence, when conditions are such that corrections are required

or desirable.

Theoretical and experimental methods for determination of the time lag and
its influence on the results of pressure measurements are presented in this paper.
These methods are based on the assumptions usually made in the theories on flow
of fluids through homogeneous soils, and the results are subject to corresponding
limitations. In addition to the time lag, ground-water observations may be influenced
by severalother sources of error and by irregular and changing ground-water con-
ditions. Therefore,an initialreview of ground-water conditions in general and of the
principal sources of errorvin determination of ground-water levels and pressures is
desirable in order to clarify the assumptions on which the proposed methods are

based, and to delimit the field of application of these methods.




PART I: GROUND-WATER CONDITIONS AND OBSERVATIONS

Irregularities and Variations

Several sources of error in determination of ground-water levels and pres-
sures occur primarily when irregular and/or rapidly changing ground-water con-
ditions are encountered. Regular conditions, with the piezometric pressure level
equal to the free ground-water level at any depth below the latter, are the exception
rather than the rule. Irregular conditions or changes in piezometric pressure level
with increasing depth may be caused by: (a) perched ground-water tables or bodies
of ground water isolated by ir;—xpermeable soil strata; (b) downward seepage to more
permeable and/or better drained strata; (c) upward seepage from strata under ar-
tesian pressure or by evaporation and transpiration; and (d) incomplete processes
of consolidation or swelling caused by changes in loads and stresses. For a more
detailed description of these conditions reference is made to MEINZER (20)* and
TOLMAN (30); a general discussion of ground-water observations is found in a re-
cent report by the writer (16).

Ground-water levels and pressures are seldom constant over considerable
periods of time but are subject to changesby: (a) precipitation, infiltration, evapora-
tion, and drainage; (b) load and stress changes and/or seepage due to seasonal or
diurnal variations in water levels of nearby rivers, lakes, estuaries, and the sea;
{c) construction operations involving increase or decrease in surface loads and re-
moval or displacement of soil; (d) pumping and discharge of water; (e) variations in
temperature and especially freezing and thawing of the upper soil strata; and (f)
variations in atmospheric pressure and humidity. The last mentioned variations
may cause appreciable and rapid changes in ground-water levels, but the interrela-
tionship between atmospheric and ground-water conditions is not yet fully explored
and understood; see HUIZINGA (13), MEINZER (20), and TOLMAN (30). The possi-
bility that minor but rapid changes in ground-water levels and pressures may occur
should be realized, since such changes maybe misinterpretedand treatedas errors,

and since they may affect the determination of corrections for actual errors.

Sources of Error in Measurements

The principal sources of error in determination of ground-water levels and

®* Numbers in parentheses refer to references at end of paper.




pressures are summarized in Fig. 1, and some further details are presented in the

following paragraphs.

Hydrostatic time lag

When the water content of the soil in the vicinity of the bottomn of a bore hole
or intake for a pressuremeasuringdevice remains constant,and when other sources
of error are negligible, the total flow or volume of water required for equalization
of differences in hydrostatic pressure in the soil and in the pressure measuring de-
vice depends primarily on the permeability of the soil, type and dimensions of the
device, and on the hydrostatic pressure difference. The time required for water to
flow to or from the device until a desired degree of pressure equalization is attained,
may be called the Aydrostatic time lag. In order to reduce the time lag and in-
crease the sensitivity of the installation to rapid pressure changes, the volume of
flow required for pressure equalization should be reduced to a minimum, and the

intake area should be as large as possible.

Stress adjustment time lag

The soil structure is often disturbed and the stress conditions are changed
by advancing a bore hole, driving a well point or installing and sealing a pressure
measuringdevice,and by a flowof water to or from the device. A permanent and/or
transient change in void ratio and water content of the affected soil mass will then
take place, and the time required for the corresponding volume of water to flow to
or from the soilmay be called the stress adjustment time lag. Theapparentstress
adjustment time lag will be increased greatly by the presence of air or gas bubbles
in the pressure measuring system or in the soil; see Items 6 to 8, Fig. 1. This time
lag and its influence on the results of observations are discussed in greater detail
in Part II, pages 21-29.

General instrument errors

Severalsourcesof error maybe foundin the design, construction, and method
of operation of the pressure measuring installation. Among such sources of error
may be mentioned: (a) inaccurate determination of the depth to the water surface in
wells and piezometers; (b) faulty calibration of pressure gages and cells; (c) leakage
through joints in pipes and pressure gage connections; (d) evaporation of water or
condensation of water vapors; (e) poor electrical connections and damage to or de-
terioration of the insulation; (f) insufficient insulation against extreme temperature
variations or differences, especially inactivation or damage by frost. The effect of
leakage through joints and connections is similar to thatof seepage along the outside

of conduits, discussed below,

Seepage along conduits

Seepage along the casing, piezometer tubing, or other conduits may take
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place, especially when irregular ground-water conditions dre encountered. As shown
in the figure, such seepage may increase or decrease the pore-water pressure in
the soil at the bottom of the hole or at the intake for a pressure measuring device.
Even under regular ground-water conditions seepage may occur in closed systems
with attached manometer or pressure gage, and it will always affect experimental
determination of the time lag of the system and of the permeability of the soil. To
avoid seepage, the entire piezometer or the well point is often driven into the soil;
but this method causes increased disturbance of the soil, and in many cases it is
also desirable to surround the well point with a graded sand filter. When the well
point is installed in an oversized bore hole, the space between the standpipe and the
wall of the hole must be sealed above the well point, preferably in a fairly imper-
meable stratum. Puddled clay, bentonite mixtures, and cement grout have been
used for sealing, but it is not always easy to obtain a tight seal and at the same time
avoid stress changes in the surrounding soil because of swelling of the sealing ma-
ferial. A seal consisting of alternate layers of sand and clay balls, compacted by

means of an annular tamping tool, has been developed and used successfully by A,
CASAGRANDE (2) and (3).

Interface of liquids

To avoid corrosion or inactivation and damage by frost, manometer and pres-
sure gages and the upper part of piezometers may be filled with kerosene or other
oils, The difference in specific gravity of water and the liquid used, as well as the
position of the interface, must be taken into consideration in determining the pore-
water pressure. However, when observations are extended over long periods of
time, the position of the interface may change because of evaporation and/or leakage
and be difficult to determine. If the interface is in the wall of a well point with very
fine pores, or in fine-grained soil outside the well point, additional and considerable
errors may be caused by the menisci formed in the pores and by the difference in

surface tension of water and the liquid in the pipe and well point.

Gas bubbles in open systems

Air or gas bubbles in an open observation well or piezometer may influence
the time lag and cause the stabilized level inthe pipe to rise above the ground-water
or the piezometric pressure level for the soil. Therefore, the interior of the pipe
should be smooth, downward protruding edges or joints should be avoided, and the
diameter of the pipe should be large enough to cause the bubbles filling the cross
section to rise to the surface. These requirements are fulfilled by use of seamless
and jointless plastic tubing, CASAGRANDE (2) and (3),and when the inside diameter

of such tubing is 3/8 in. or more.

Gas bubbles in closed systems

Air or gas bubbles in a closed. pipe connected to a manometer or pressure




gage will increase the time lag, but gas above the connection to the pressure gage,
and small gas bubbles adhering to the walls of the pipe, will not affect the stabilized
pressure indicated by the gage. Gas bubbles below the gage connection and filling
the entire cross section of the pipe will influence the indicated stabilized pressure.
The pipe should be provided with an air trap and outlet valve at top, and should be
smooth, without protruding joints, and of a diameter large enough to permit free rise
of gas bubbles. At least, facilities for occasional flushing should be provided and
the entire installation should be composed of materials which do not cause develop-
ment of gases through electrolysis.,

Gas entrapped in the water-filled space below the diaphragm of a hydrostatic
pressure cell of the type shown in Case 9,Fig.13 -- or in the perforated cover plate
or porous stone == wi‘il not influence the ultimate pressure indicated but will greatly
increase the time lag of the pressure cell. It is conceivable that a material accu-
mulation of gas below the didphragm may cause the time lag of a hydrostatic pres-
sure cell to be considerably greater than that of a closed piezometer with attached

manometer or Bourdon pressure gage.

Gas bubbles in soil

Air and other gases are often entrapped in the pores of the soil, even below
the ground-water level, or dissolved in the water. When the gas bubbles migrate to
and cluster around the well point or are released there from solution in the water,
the time lag will be increased on account of volume changes of the gas and because
the gas bubbles decrease the permeability of the soil. The well point should consist
of materials which do not cause development of gases through electrolysis. It is
also advisable to avoid an excessive decrease of the hydrostatic pressure inside the
well point and a consequent decrease of the pore-water pressure in the surrounding
soil, since a decrease in hydrostatic pressure may cause release of gases dissolved
in the water,

Sedimentation and clogging

Sediment in the water of the standpipe or piezometer will ultimately settle
at the bottom of the pipe. When a solid porous well point is used, the sediment may
form a relatively impervious layer on its top and thereby increase the time lag.
Therefore, a hollow well point should be used, the pipe should be filled with clean
water,and facilities for occasional cleaning and flushing are desirable. An outward
flow of water from the pipe and well point may carry sediment in the pipe into the
pores of the walls of the point or of the surrounding soil and may thereby cause
clogging and a further increase in time lag. Therefore and insofar as possible, a

strong outward flow of water from well point should be avoided.

Erosion and development

A strong inward flow of water may carry fine particles from the soilinto the
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pipe, thereby increasing the permeability of the soil in the vicinity of the well point
and decreasing the time lag of the installation. An initialstrong inward flow of water
and ‘‘development’'’ of the well point may in some cases be desirable in order to de-
crease the time lag, provided the well point and pipe thereafter are cleaned out and
filled with clean water. Uncontrolled erosion or development is undesirable on ac-
count of consequent unknown changes in the time lag characteristics of the installa-
tion, and because the soil grains may cause clogging of the well point, or the soil
grains may be carried into the pipe, settle at the bottom, and ultimately increase
the time lag. The porosity of, or openings in, the well point should be selected in
accordance with the composition and character of the soil, or the well point should

be surrounded with a properly graded sand or gravel filter.
Summary comments

It should be noted that several of the above mentioned sources of error re-
quire conflicting remedialmeasures, and for each installation it must be determined
which one of these sources of error is most serious, Those listed under Items 3,
4,5, and 6 in Fig. | will affect the results of the observations, even when these are
made after practical equalization of the inside and outside pressures is attained.
Those described under Items 7, 8, 9, and 10 primarily influence the time lag, but
they may also affect the final results when the direct field observations are cor-
rected for influence of the time lag. Itis possible that these sources of error may
develop or may disappear and that their influence on the observations may vary
within wide limits during the life of a particular installation. Therefore, it is de-
sirable that facilities be provided for controlled changes of the hydrostatic pressure
inside the well point, so that the time lag characteristics may be verified or deter-
mined by methods to be described in the following sections of the paper.

The time lag characteristics of a hydrostatic pressure cell may be deter-
mined by laboratory experiments, but it should be realized thatthese characteristics
may be radically altered and the time lag greatly increased by an accumulation of
gases below the diaphragm after the pressure cell has been installed. When a hydro-
static pressure cell is to be left in the ground for prolonged periods, it would be de-
sirable but also very difficult to provide means for releasing such gas accumula-

tions and for verifying the basic time lag of the pressure cell in place.
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PART II: THEORY OF TIME LAG

The Basic Hydrostatic Time Lag

In this and the following sections concerning the hydrostatic time lag, it is

assumed that this time lag is the only source of error or that the influence of the

stress adjustment time lag and other sources of error, summarized in Fig. 1, is

negligible. Derivation of the basic dif-
ferentialequation for determination of the
hydrostatic time lag, Fig. 2, is similar to
that of the equations for a falling-head
permeameter andis based onthe assump-
tion that Darcy's Law is valid and that
water and soil are incompressible. It is
alsoassumed that artesian conditions pre-
vail or that the flow required for pressure
equalization does not cause any percepti-
ble draw-down of the ground-water level.
The active head, H, at the time t is
H=12z -y, where z maybe a constant or
a function of t. The corresponding flow,
q, may thenbe expressed by the following
simplified equation,

q=FkH=Fk(z -y) (1)

where F is a factor which depends on the
shape and dimensions of the intake or well
point and k isthe coefficient of permea-
bility. This equation is validalsofor con-
ditions of anisotropic permeability pro-
vided modified or equivalentvalues F and

crouno [ | sumFace
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£ >
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AND
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BASIC TIME LAG - T- DEFINED

Fig. 2. Basic definitions and equations

k are used; see pages 32-35, It is assumed that the friction losses in the pipe are

negligible for the small rates of flow occurring during pressure observations. Con-

sidering the volume of flow during the time dt,

q dt = A dy

the following equation is obtained,

where A isthe cross-sectionalarea of the standpipe or an equivalent area expres-

sing the relationship between volume and pressure changes in a pressure gage or

cell. By introducing q from equation(1), the differentialequation canbe written as,

dy
zZ -y

F
X

14

k

dt

(2)



The total volume of flow required for equalization of the pressure difference, H, is
V = AH. The basic time lag, T, is now definedas the time required for equaliza-

tion of this pressure difference when the original rate of flow, q = FkH, is main-
tained; that is,

. Y_ AH _ A
T°q FkH Fk (3)

and equation (2) can then be written,

dy dt
z-y - T (4)

This is the basic differential equation for determination of the hydrostatic
time lag and its influence. Solutions of this equation for both constant and variable
ground-water pressures are derived in the following sections, and methods for de-
termination of the basic time lag by field observations are discussed. Examples of
theoretical shape factors, F, and preliminary estimates of the basic time lag by
means of equation (3) are presented in Part III, pages 30-37.

Applications for Constant Ground-Water Pressure

When the ground-water levelor piezometric pressure is constant and z = H
Fig. 3, equation (4) becomes

Q?

=

d d
oy =T

and with y = 0 for t=0, the solution is,

t Ho Ho
1=lg ey = ing™ (s)
The ratio t/T may be called the time lag ratio. The head ratio, H/H,, is deter-
mined by the equation
_t
H _'T (6)
Hg = €
and the equalization ratio, E, by
t
E:Lzl_ﬁ_:l_e'f (7)
H, Ho
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A diagram representing equations (6) and (7)is shown in Fig: 3-C. It should be noted
that the basic time lag corresponds to an equalization ratio of 0.63 and a head ratio
of 0.37. An equalization ratio of 0.90 may be considered adequate for many practical
purposes and corresponds to a time lag equal to 2.3 times the basic time lag. An

equalization ratio of 0.99 requires twice as long time as 90 per cent equalization.

When the stabilized pressure level, or initial pressure difference, is not
known, it may be determined in advance of full stabilization by observing successive
changes in piezometer level, hy, hp, h3, etc., for equal time intervals; see Fig. 3-B.

The time lag ratio is then equal for all intervals, or according to equation (5),

t & Hy Hy
T° lnﬁI = ln'lg =1n'I_T3-, etc.

and hence, .
L VL
Hl H; H) - H, h,
or,
h h
t .
T=lnTé =1n’h—§, etc. (8)

and since H; = H, - hl' Hp = Hy - hZ, etc.,

2 2
i By b
o= m or H; = m}—, etc. (9)

It is emphasized that these equations can be used only when the influence of the
stress adjustment time lag, air or gas in soil or piezometer system, clogging of the
intake, etc., is negligible, or when

Equations (9) form a convenient means of estimating the stabilized pressure level.
In actual practice it is advisable to fill or empty the piezometer to the computed
level and to continue the observations for a period sufficient to verify or determine
the actual stabilized level,

When the head or equalization ratios, or the ratios between successive pres-
sure changes for equal time intervals, have been determined, the basic time lag may
be found by means of equations (5), (7), or (8). However, due to observational er-

rors, there may be considerable scattering in results, especially when the pressure
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changes are small. In general, it is advisable to pPrepare an equalization diagram
or a semi-logarithmic plot of head ratios and time, as shown in Fig. 3-D. When the
8ssumptions on which the theory is based are fulfilled, the plotted points should lie
on a straight line through the origin of the diagram. The basic time lag is then de-
termined as the time corresponding to a head ratio of 0.37. Examples of both straight

and curved diagrams of the above mentioned type are discussed in Part 1lI, pages
38-43,

Applications for Linearly Changing Pressures

When the ground-water or piezometric pressure level, as shown in Fig. 4,

is rising at a uniform rate, + a, or falling at the rate - a, then
* z = Hy + at (10)

and equation (4) may be written,

d dt :
g = (11)
Hy tat-y T

With y = 0 for t= 0, the solution of equation (11) is,

t .
X =Ct LT b2
Ho - CIT -

which corresponds to equation (7) for constant ground-water pressure,  Theoreti-
cally ¢, T, and H, may be determined, as shown in Fig. 4-B, by observing three
successive changes in piezometer level at equal time intervals, t, and expressing
the results by threetequations similar to equation (12). By successively eliminating

(Ho - aT) and enT from these equations, the following solutions are obtained,
2
. hph3 - h; (13)
at = —————
h1 + h3 - th

hl-at

R T S
T—lnhz-at - (14)

2
. s — ’ (hl - at)
Hy = aT + BT TE (15)
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These equations correspond to equations (8) and (9) for constant ground-water pres-
sure. However, the form of equation (13) is such that a small error in determina-
tion of the increment pressure changes may cause a very large errdr in the com-
puted value of at. In general, it is better to determine the basic time lag and the

actual ground-water pressures after the steady state, discussed below, is attained.

Referring to Fig. 4-C, equation (12) represents the transient state of the
piezometer curve. With increasing values of t, the right side of this equation ap-
proaches unity and the curve the steady state. Designating the ordinates of the steady
state of the piezometer curve by x, this curve is represented by,

x-at 1
HO -aT
or by means of equation (10),

 ;

z;x=CIT=constant (16)

That is, the difference between the actual ground-water pressure and that indicated
by the piezometer is constant and equal to @ T during the steady state. The dif-
ference between the pressures corresponding to the transient and steady states of

the piezometer curve
H' = y-x (17)

may be called the transient pressure differential. For the conditions shown in Fig.
4-C, this differential is negative. With
x=Hy-aT+at and H' =aT-H
o o

equation (17) can be written,

and by means of equation (12)
H = H, ¢ T (18)

This equation is identical with equation (é) for constant ground-water pressure; that
is, the transient pressure differential can be determined as if the line representing
the steady state were a constant piezometric pressure level. As will be seen in Fig.
4-C and also the diagram in Fig. 3-C, the steady state may for practical purposes
be considered attained at a time after a change in piezometer level, or start of a
change in the rate @, equal to three to four times the basic time lag.

When the piezometer level increases or decreases linearly with time, it may
be concluded that the steady state is attained and that the rate of change, @, is equal
to that for the.ground-water pressure. If the piezometer level now is raised or
lowered by the-amount HJO', and the transient pressure differentials are observed,

then the basic time lag may be determined by means of a semi-logarithmic plot of
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the ratios H'/Hg and the time, t, asin Fig. 3-D; that is, the basic time lag is the
time corresponding to H'/H'O = 0.37. To complete the analogy with constant ground-
water pressures, the transient pressure differential may be observed at equal time

intervals, t, and the basic time lag determined by,

H H!
-%=Ln—?=ln-——'l,etc.
H) H,
or by
h) h>
L ln—.L = ln—?.', etc.

where hl" h;, h'3 are the increment pressure differentials. However, it is gen-
erally advisable to use the ratios H'/H'° and a diagram of the type shown in Fig.
3-D. Having thus determined the basic time lag, the difference between the piezom-
eter and ground-water levels, @T, can be computed.

Applications for Sinusoidal Fluctuating Pressures

Periodic fluctuations of the ground-water pressure, in form approaching a
sinusoidal wave, may be produced by tidal variations of the water level of nearby
open waters, Fig.5-A. Such fluctuations of the ground-water pressure may be rep-
resented by the equation

Z = 25 sin ‘—%3:: (19)

where 2z, is the amplitude and T, the period of the wave. By means of the basic

differential equation (4) the following equation for the fluctuations of the piezometer
level is obtained,

(oW

1

=3 (z,sin 8t - y) (20)
w
1

Through the temporary substitution of a new variable v and y =ve T, setting
25T, 0 25 4nd it for t =0, thefollowingsolution of the tion i

= . = =0, a
T\V— n 'T:‘ Yy yo or eio owtng soiutiion o e equaftion 1s

obtained,

Taw Tw a

2ntg 2n 2ntg | 2ntg L
Y = z4cos sin = (t - t5) + |y  +2_ cos sin e T
Ty w
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t

For large values of t, e ! becomes very small and is zero for the steady state,

for which the following equation applies, substituting x for vy,

2nts g
Tw SInﬁ (t-ts)

X = ZaCOS

This equation represents a sinusoidal wave with the phase shift tg, determined by,

Znts  2x T (1)
T

w w

tan

and the amplitude

- 2ntg z
xa = Za Ccos = 7 = (ZZ)
Tw Y1 +(2rT/T)2

The equation for the steady state can then be written,

- 2x

X = x, sinT—w- (t - tg) (23)

and the equation for the transient state,

e
s
™~
>
=

2 ( ) ( Znts) -
= x_sinm— (t-t_ )+ (y + x_sin e
Y 4 Tw s o a p e

The transient pressure differential, H'= y = x, is determined by

' Zn'ts -_t. ‘ -
H=(y°+xasin Tw)eT=H°eT (25)

where H;, is the transient differential for t = 0. Equation (25) is identical with
equations (6) and (18), and the transient pressure differential can also in this case
be computed as if the steady state were a constant pressure level. H' may be de-
termined as a function of H:) by means of the diagram shown in Fig. 3-C, and it
will be seen that for practical purposes the steady state is reached after elapse of a
time equal to three to four times the basic time lag, '

Equations (22) and (23) are represented by the diagram in Fig.5-B, by means
ol which the phase shift and the decrease of amplitude in the piezometer can easily
be determined. If the fluctuations of the piezoineter level have reached the steady
state and the wave period, Tw, and the phase shift, t,» can be observed in the

field, it is theoretically possible to determine the basic time lag by means of the
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diagram in Fig. 5-B. However, it is difficult to determine the phase shift by direct
observation, since it cannot be assumed that the pressure fluctuations in the ground
water are in phasc with those of the surface waters., When the fluctuations in the
ground-water pressure are caused by load and stress changes without material
Seepage and volume changes of the soil, it is possible that the phase shift in pore-
water pressures, with respect to the surface water, may be insignificant even though
@ material decrease in amplitude occurs. On the other hand, when pressure changes
in the pore water in part are caused by infiltration or are accompanied by changes
in water content of the soil, then it is possible that there also will be a material
shift in phase of the pressure fluctuations. The basic time lag may be determined
during the steady state by raising or lowering the piezometer Pressure, observing
the transient pressure differentials, and plotting the ratios H'/H; and the elapsed
time in a diagram similar to that shown in Fig. 3-D.

1

Corrections for Influence of the Hydrostatic Time Lag

The characteristics of an installation for determination of ground-water
levels and pressures may change with time because of sedimentation, clogging, and
accumulation of gases in the system or in tne soil near the intake. When observa-
tions of such levels and pressures are to be corrected for influence of the hydro-
static time lag, the first task is to determine the basic time lag and verify that the
assumptions, on which the general theory is based, are satisfied. This is best ac-
complished during periods when the ground-water pressure is constant, but as shown
in the foregoing sections, the verification may also be performed during the steady

state of linear and sinusoidal variations in the ground-water and piezometer levels.

Verification by means of transient pressure differentials can be used irrespective of the
form of the curve representing the steady state of pressure variations. The pressure variations
may be represented by the following generalequations, z = F(t) for the ground-water pressure;
x = f(t) for the steady state of the piezometer pressure; and y = g(t) for the transient state or
after the piezometer pressure hasbeen raised or lowered by an arbitrary amount H;. The tran-

sient pressure differential is the H'=y - x, and according to equation (4), which applies to all
conditions,
)

dz dt dx dz - dx dH
= —T = = =

z-y “z-x x-y °H
or
InH'=-L4¢
T
and with H'=H; for t=0
t Ho
T H'

which is identical with equation (5). Therefore, when the piezometer pressure varies in such a
manner that the pressures can be predicted with sufficient accuracy for a future period of rea-
sonable length, the basic time lag may be determined by raising or lowering the piezometer pres-~
Sure by an arbitrary amount, H;, observing the transientpressure differentials, H', and plot-
ting the ratios ~H'/!-I‘;,' as a“function of time as shown in Fig.3-D. Applicationof the basic equa-~
tion (4) requires that the points in the semi-logarithmic plot fall on a straight line through the
origin of the diagram.
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Having determined the basic time lag and verified that the assumptions are
satisfied, corrections for influence of the time lag in case of linear or sinusoidal
variations may be determined as shown in Figs. 4 and 5. In case of irregular fluc-
tuations, it should first be noted that when the piezometer curve passes through a
maximum or minimum, the pressure indicated by the piezometer must be equal to
that of the ground water. In this connecticn it is again emphasized that the fluctua-
tions of the ground-water pressure are not necessarily in phase with those of the
water level of nearby surface waters. The maxima or minima of the piezometer
variations may be used as starting points for the corrections, which may be deter-
mined by assuming either an equivalent constant value or, alternatively, an equiva-
lent constant rate of change of the ground-water pressure during each time interval.

The first of these methods is shown in Fig. 6~A. The difference, H_, be-
tween the equivalent constant ground-water pressure and the piezometer pressure
at the start of the time interval may be determined by equation (7) and substituting

H. for Ho and h for y; thatis,

(26)

where h is the change in piezometer pressure and E is the equalization ratio for
the time interval, t, or time lag ratio t/T; see Fig. 3-C. It is now assumed that
the actual ground-water pressure in the middle of the time interval is equal to the
equivalent constant pressure during the interval.

In applying the second method of correction, Fig. 6-B, it is assumed that the

pressure difference at the beginning of the time interval, H_, hasbeendetermined,

O'
for example by starting the operations at a maximum or minimum of the piezometer
curve. Designating the equivalent uniform rate of change in ground-water pressure
by a, the totalchange during the time interval, Hy = at, canbe computed by means

of equation (12), or when solving for at and introducing the equalization ratio E,

h-EH 27
4, - 5 (27)
l-Ex

This method will usually give more accurate results than the method of equivalent
constant pressure, but the latter method is easier to apply. The results obtained by
the two methods are compared in Fig. 6-C, and it will be seen from the equations
and the diagram that the difference in results is only a few per cent when the initial
pressure difference is large and the time interval is small, in which case the easier
method of equivalent constant pressures may be used. On the other hand, there is
considerable difference in results and the method of equivalent constant rate of
change should be used when the initial pressure difference is small and the time lag
ratio is large.
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Fig. 6. Corrections for influence of hydrostatic time lag

Influence of the Stress Adjustment Time Lag

In absence of detailed theoreticaland experimentalinvestigations of the stress

adjustment time lag and its influence on pressure observations, the following dis-

cussion is tentative in chatacter, and its principal object is to call attention to the

problems encountered,
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As mentioned in discussing Fig. 1, the stress adjustment time lag is the time
required for cha;'xges in water content of the soil in the vicinity of the intake or well
Point as a result of changes in the stress conditions. A distinction must be made
between the initial stress changes and adjustments, which occur only during and im-
mediately after installation of a pressure measuring device, and the transient but
Tepetitive changes which occur each time water flows to or from the intake or well

point during subsequent pressure observations.

Initial disturbance and stress changes

When a boring is advanced by removal of soil, the stresses in the vicinity of
its bottom or section below the casing will be decreased with a consequent initial
decrease in pore-water Pressure and tendency to swelling of the soil. A flow of
water from the boring to the soil will increase the rate of swelling, and the com-
bined initial hydrostatic and stress adjustment time lags will probably be decreased
when the initial hydrostati& pressure inside the boring or well point is slightly above

the normal ground-water pressure, Fig. 7-A.
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] ouTsioe PRESSURE == === ¥ 717 .
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Fig. 7. Initial disturbance and stress changes Fig. 8. Points for pressure sounding rod

A zone with increased pore-water pressures anda tendency to consolidation of
the soil may be caused by disturbance and displacementof soil during the driving of
a well point and by compaction of a sand filter or a seal above a well point or pres-
sure cell installed in an oversize bore hole, Fig. 7-B. Subsequent swelling of the
sealing material may also cause consolidation of the surrounding soil, but its effect
on the pore-water pressures in the vicinity of the well point is uncertain. A flow of
water from the soil to the well point willincrease the rate of consolidation, and when
the basic time lag of the installation is large, the combined initial hydrostatic and
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stress adjustment time lags will probably be decreased when the initial hydrostatic

pressure inside the well point is below the normal ground-water pressure.

The initial stress adjustment time lag depends on the dimensions of the zone
of stress changes and on the permeability, sensitivity to disturbance, and consolida-
tion characteristics of the soil. The initial stress adjustment time lag will be small
compared to the hydrostatic time lag when the total volume change of the soil is
small compared to the required increase or decrease of the volume of water in the
pressure measuring device, as in case of a boring or observation well in coarse-
grained soils. On the other hand, the stress adjustment time lag may be very large
compared to the hydrostatic time lag for a pressure cell installed in fine-grained
and highly compressible soils.

The initial stress adjustment time lag can be reduced by decreasing the di-
mensions of the well point and/or filter, but this will increase the hydrostatic time
lag. When the ground-water observations are to be extended over a considerable
period of time, the hydrostatic time lag is usually governingand the well point should
be large. On the other hand, when it is desired to make only a single or a fewmeas-
urements at each location and depth, and when a sensitive pressure measuring de-
vice is used, then the well point should be small in order to reduce the zone of dis-
turbance and the initial stress adjustment time lag. Even then there is an optimum
size,and when the dimensions of the well point are made smaller than that size, the
consequent decrease in the initial stress adjustment time lag may be more than off-
set by an increase in the hydrostatic time lag.

Examples of points for pressure measuring devices, similar to sounding rods
and intended for reconnaissance exploration of ground-water conditions in soft or
loose soils,are shown in Fig.8. The one to the left, designed by the writer (14, 15),
has a larger intake area than the one shown to the right and designed by BOITEN and
PLANTEMA (1), but the latter is sturdier and will probably cause less disturbance
of the soil in the immediate vicinity of the point.

Transient consolidation or swelling of soil

When water is flowing to or from a pressure measuring device, the pore-
water pressures, the effective stresses in, and the void ratio of the soil in the vi-
cinity of the well point or intake will be subject to changes. As a consequence, the
rate of flow of water to or from the intake will be increased or decreased, and this
will influence the shape of the equalization diagrams. The above mentioned changes
are more or less transient, and with decreasing difference between the piezometer
and ground-water ‘pressures, the stress conditions and void ratios will approach

those corresponding to the pore-water pressures in the soil mass as a whole. The
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probable sequeﬁce of consolidation and swelling of the soil around a rigid well point

when the piezometer level is lowered or raised is shown in Fig. 9,

It is difficult by theory or ex-

PIEZOMETER LEVEL LOWERED PIEZOMETER LEVEL RAISED

A F a3 B r‘ e periment to determine the changes in
IMMEDIATE DELAYED DELATED IMMEDIATE void ratio and water content around a
FREE RISE FREE RISE FREE FALL FREE FALL

well point, but similar changes occur

during soil permeability tests with a

l
l

rising or falling head permeameter, and

i |

l|”
[l

observations made immediately after the

H g §: 2 g’ é § head is applied in such a permeameter
83 3 Sf 5 ¢ 283 usually furnish too high values for the
3 ?‘_ z é § g’ 2 g g z coefficient of permeability and are dis-
z g 3 z ; ] g g § 3 carded as unreliable. Although the
S5s 13 iz " stress conditions around a rigid well
29 3z 3. <3 . ; .
% g £3 4 point are more complicated than in a
\ \ soil test specimen in a permeameter,
\/\’_ | y /\/ the results of permeability tests, which
/ ' jfLoworwAr:n@? \\ are extended until practicalequalization
{ : l)/;/;"_ J of the water levels is attained, will fur-
>\\ * ,\"'"" wett ”‘”’)\\ ; /« nishan indication of the magnitude of the
T T transient consolidation and swelling and

on the resulting shape of equalization

THE RESIATING TIME LAC OR HEAD RATIO CURVES WILL PROBABLY . . . M
RESEMBLE THOSE SHOWN IN FIG. 10 diagrams for a rigid well point*. A
series of such tests were performed
Fig. 9. Transient changes in void ratio with Atlantic muck, a soft organic clay,
and the testing arrangement and some
test results are shown in Fig. 10. The volume changes during these permeability
tests were very small since the test specimens were overconsolidated in order to

obtain nearly equal consolidation and swelling characteristics,

When the water level in the standpipe, Fig. 10, is raised and immediately
therealter allowed tofall -- corresponding to Case B-1 in Fig.9 -- an initial swell-
ing of the soil takes place, since the total verticalstresses remain constant whereas
the pore-water pressure has been increased and the effective stresses tend to de-
crease. As a consequence, the rate of flow from the standpipe to the soil sample is
increased and the initial slope of the equalization diagram becomes steeper. As the
swelling progresses and the water level in the standpipe falls, the rate of excess
flow decreases; the equalization diagram acquires a concave curvature, and a con-
dition will be reached where the void ratio of the soil corresponds to the pore-water

¢ The relatively simple conditions shown in Fig.9,and a comparison with the conditions in a permeameter,
may not apply in case of an open bore hole, when the well point or intake is not rigid, and when the pres=
sure in Case B is so great that the soil is deflected and a clearance is created between the well point and
the soil.
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Fig. 10. Volume changes during laboratory permeability tests

pressure indicated by the standpipe level. With-further fall in this level and de-
crease in pore-water pressures, a reconsolidation of the soil takes place with a con-
sequent deficiency in rate of flow from the standpipe. The curvature of the equaliza-
tion diagram decreases; the diagram becomes fairly straight and may even acquire
a slight convex curvature as it approaches the normal diagram, obtained when there
is no change in void ratio of the soil. However, the ultimate shape and slope of the
diagram could not be determined from the results of tests so far performed, since

these results were influenced by very small temperature changes in the laboratory.

When the water level in the standpipe is raised and maintained in its upper
position until the initial swelling of the soil sample is completed and then allowed to
fall -- Cases B-2 in Figs. 9 and 10 -- a gradual re-consolidation of the soil takes
place during the actual test, and an equalization diagram which lies above the normal
diagram is obtained, but its lower part is more or less parallel to the lower part of
the diagram for immediate fall.
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Similar diagrams were obtained by rising head tests. When the water level
in the U-tube is lowered and immediately thereafter allo~w;3d to rise, Case A-1 in
Figs.9 and 10, the soil will be subjected to an initial consolidation with a consequent
increase in rate of flow to the U-tube, but this volume decrease of the soil will later
be eliminated by a swelling and a corresponding deficiency in rate of flow to the
U-tube. The resulting equalization diagram has a concave curvature and lies below
the normal diagram. When the water level in the U-tube is maintained in its lower
position until the initial consolidation is completed and then allowed to rise, a gradual
swelling of the soil takes place; the rate of flow to the U-tube is decreased, and the
equalization diagram lies above the normal diagram.

All the above mentioned tests were repeated several times with both undis-
turbed and remolded soil, and the results obtained were all similar to those shown
in Fig.10. A slight sudden+drop in head ratio in case of immediate fall -- or rise --
is probably due to a small amount of air in the system. As already indicated, the
shape of the lower part of the diagrams was influenced by small amounts of leak-
age and evaporation and by temperature changes. The temperature in the laboratory
did not vary more than 1.5° F from the mean temmperature, but even such small var-~
iations are sufficient to cause conspicuousirregularities in the testresults when the
active head is small. However, it is believed that the results are adequate for dem-
onstration of the consolidation and swelling of the soil during permeability tests and
of the resulting general shape of the equalization diagrams.

Volume changes of gas in soil

The influence of gas bubbles in an open or closed pressure measuring sys-
tem is summarized in Fig, | and discussed briefly on pages 6 and 7. Whereas such
gas bubbles may cause a change in both the ultimate indicated pressure and the time
lag or slope of the equalization diagram, they will not materially influence the shape
of the latter, since changes in pressure and volume of the gas bubbles occur nearly
simultaneously with the changes in hydrostatic pressure within the system. On the
other hand, when the gas bubbles are in the soil surrounding the well point and their
volume and the water content of the soil are changed, there will be a time lag be-
tween changes in hydrostatic pressure in the system and corresponding changes in
pressure and volume of the gas bubbles, and this time lag will cause a change in
both slope and shape of the equalization diagrams. The general effect of the gas
bubbles is an increase in the apparent compressibility of the soil, and the equaliza-
tion diagrams should be similar to those shown in Fig., 10,

The change in volume of the gas bubbles, when the piezometer level is low=-
ered or raised, and probable resulting equalization diagrams are shown in Fig. 11.
This figure and the following discussion are essentially a tentative interpretation of
the results of the laboratory permeability tests and the field observations shown in
Figs. 10 and 17,
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Fig. 11. Influence of volume changes of gas in soil

When the piezometer level suddenly is lowered and immediately thereafter
allowed to rise, Case A-1, the pressure in the pore water is decreased, and the gas
bubbles tend to expand and force an excess amount of water into the well point; that
is, the initial rate of rise of the piezometer level will be increased and the equali-
zation diagram, A-C, will have a steeper slope than the normal diagram, A-B, and
a concave curvature. Itis emphasized that the normal diagram, A-B, corresponds
to the condition of no volume change of the gas bubbles and not to complete absence
of gas bubbles in the soil. Even when the volume of the gas bubbles does not change,
the presence of these bubbles will decrease the effective permeability of the soiland
increase the time lag of the piezometer. As the piezometer level rises, the differ-
ence between the pressures in the gas bubbles and the surrounding pore water de-
creases. At the time T, these pressures are equalized,and the rate of excess in-
flow ceases; thatis, the tangent to the equalization diagram, A-C, at the time T,
should be parallel to the normal diagram, A-B. With a further rise in piezometer
level, the pore-water pressure around the well point increases; the volume of the
gas bubbles decreases,and there will be a deficiency in inflow of water. The curva-
ture of the equalization diagram decreases and may eventually become zero or, per-
haps, even change to a slight convex curvature as the volume of the gas bubbles ap-

proaches its original value,

If the observations were startedat the time of reversal of the volume changes,

T,., the volume of the gas bubbles would decrease throughout the observations; there
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would be a deficiency in the rate of inflow, and the equalization diagram,A-C', would
be above the normal diagram. A similar but higher-lyihg diagram, A-D, would be
obtained if the Piezometer level is not allowed to rise immediately after lowering
but is maintained in its lower position until the initial swelling of the gas bubbles is
completed, Case A-2. The two diagrams ‘A-C and A-D should ultimately become
parallel, and the normal diagram is a straight line between these limiting diagrams
and is tangent at ‘A"’ to diagrams A-C' and A-D. ' '

When the piezometer level suddenly is raised and immediately thereafter is
allowed to fall, Case B-1, the volume of the gas bubbles at first decreases with a
consequent excess outflow of water from the piezometer. Later on the gas bubbles
expand until their original volume is attained, and during this period there will be a
corresponding deficiency in rate of outflow. The resulting equalization diagram is
similar in form to A-C for Case A-1. When the piezometer level is maintained in
its upper position until the ;nitial contraction of the gas bubbles is completed and
then is allowed to fall, an equalization diagram similar to A-D is obtained.

Normal operating conditions

The discussions in the fore going sections concern mainly time lag tests dur-
ing which the piezometer level suddenly is changed whereas the general ground-
water. level or pore-water pPressure remains constant. In normal operation the
ground-water pressure changes first, and the piezometer level follows these changes
with a certain pressure difference or time lag. When the ground-water level or
pore-water pressure changes, the void ratio of the soil and the volume of gas bubbles
below the ground-water level also tend to change, but the rate of such changes gen-
erally decreases in the immediate vicinity of a well point or intake for a pressure
measuring installation on accountof the pressure difference and time lag. However,
all changes progress in the same direction and there is no initial increase in void
ratio and water content followed by a decrease -- or vice versa -- as in the case of
time lag tests,

In general, normal operating conditions resemble in most cases those of de-
layed fall or rise, or rather delayed observations, shown in Figs. lO0and 11, [t 1s
probable that the time lag during normal oterating conditions corresponds to an
equalization Jdiagram which, for practical purposes, may be represented by a strasght
line through the origin of the dra¢ram and parallel to the lower portions of the
dwavrams ottained 1n time lag tests. However, sufficient experimentaldata for veri-
licationof the suggested approximation -- cspecially comparative tests during rapidly
changing ground-water pressures and with several pressure measuring installations

having widely dilferent basic time lags -- are not yet available,

As indicated by permeability tests of the type shown in Fig, 10, it is probable
that the influcnce of swelling or consolidation of the soil is very small or negligible
when observationwells or open piczometers are used in ground-water observations,
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but it is also possible that such changes in void ratio may cause appreciable distor-
tionof the equalizationdiagrams and increase in actualtime lag when pressure gages
or cells with a small basic time lag are usedand the soil is relatively compressible.
On the other hand, gas bubbles in the soilaround a well point may cause considerable
distortion of the equalizationdiagrams and increase in actual time lag even for open
piezometers; see Fig. 17. Accumulation of gas in the pressure measuring system
causes no curvature of the equalization diagram but materially decreases its slope

and increases the effective time lag under normal operating conditions.
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PART lI -- DATA FOR PRACTICAL DETERMINATION AND USE OF TIME LAG

Flow through Intakes and Well Points

For the purpose of designing or selecting the proper type of pressure meas-
uring installation for specific soil and ground-water conditions, the basic time lag
may be computed by means of equation(3). In order to facilitate such computations,
formulas for flow through various types or shapes of intakes or well points are as-
sembled in Fig. 12. These formulas are all derived on the assumption that the soil
stratum in which the well point is Placed is of infinite thickness and that artesian
conditions prevail, or that the inflow or outflow is so small that it does not cause
any appreciable change in the ground-water level or pressure. Except when other-
wise noted by subscripjs, as in k, and kp, itis also assumed that the permea-.
bility of the soil, k, is uniform throughout the stratum and equal in all directions.

The formula for Case | is that for a point source, and by reasons of sym-
metry the flow in Case 2 is half as great, but the formula for this case has also been
derived directly by DACHLER (6). Derivation of the formula for Case 3 is given in
the books by FORCHHEIMER (9) and DACHLER (6). A simple formal mathematical
solution for Case 4 is not knewn to the writer, and the formula shown in Fig. 12 is
empirical and based on experiments by HARZA (12) and a graphicalsolution through
radial flow nets by TAYLOR (28)‘. The formulas for Cases 5 and 6 are derived by
addition of the losses in piezometric préssure head outside the casing -- Cases 3
and 4 -- and in the soilinside the casing. The formulas are only approximately cor-
rect since it is assumed that the velocity of flow is uniformly distributed over the
length and cross section of the soil plug. It is taken into consideration that for soil
within the casing the vertical permeability is governing and may be different from
that of the soil below the casing on account of soil disturbance and sedimentation,

The formula given for Case 7 is derived by DACHLER (6) on basis of flow
from a line source for which the equipotential surfaces are semi-ellipsoids. There-
fore,and as emphasized by DACHLER, the formula can provide only approximate re-
sults when it is appliedto a cylindricalintake or well point. In Case 8 it is assumed
that the flow lines are symmetrical with respect to a horizontal plane through the
center of theintake,and the formula for Case 7 is then applied to the upper and lower
halves of the intake. The accuracy of these formulas probably decreases with de-
creasing values of L/R and L/D. When these ratios are equal to unity, Cases 7
and 8 correspond to Cases 2 and |, respectively, but furnish 13.4 per cent greater
values for the flow. For large values of L/R and L/D the following simplified
formulas may be used,

_ _¢nLkH
CASE 7, 9= (27—1.. R)

_ ZnLk!i_
CASE 8, q= ln- (ZL/ )
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In this form the formulas were derived earlier by SAMSIOE (26). When L/R or
L/D is greater» than four, the error resulting from use of the simplified formulas
is less than one per cent. In Case 9 the flow lines are horizontal and the coefficient
of horizontal permeability, ky, is governing. The effective radius, R,, depends
on the disiance to tne source of supply and to some extent on tne c2mzcressivility of
the soil, MUSKAT (22) and JACOB (17, 18). It may be noted that the simplified for-
mula for Case 7 is identical with the formula for Case 9 when R, = 2L. For flow
through wells with only partial penetration of the pervious stratum, reference is

made to MUSKAT (22) and the paper by MIDDLEBROOKS and JERVIS (21).

The assumptions, on which the derivation of the formulasin Fig.I2 are based,
are seldom fully satisfied under practical conditions. It is especially to be noted
that the horizontal permeability of soil strata generally is much larger thanthe ver-
tical permeability. Correction of the formulas for the effect of anisotropic permea-
bility is discussed in the following section. Even when such corrections are made,
the formulas should be exﬁected only to yield approximate results, since the soil
strata are not infinite in extent and are rarely uniform in character. However and
taking into consideration that the permeability characteristics of the soilstrata sel-
dom are accurately known in advance, the formulas are generally adequate for the
purpose of preliminary design.or selection of the proper type of pressure measur-
ing installation, but the basic time lag obtained by the formulas should always be
verified and corrected by means of field experiments.

Influence of Anisotropic Permeability

As first demonstrated by SAMSIOE (26) and later by DACHLER (6) for two-
dimensional or plane problems of flow through soils, the influence of a difference

between the coefficients of vertical and horizontal permeability of the soil, k, and

v
ky,, may be taken into consideration by multiplying all horizontal dimensions by the
factor V¥ kv/kh and using the mean permeability k., =+ k, * kp, whereafter for-

mulas or flow nets for isotropic conditions may be used.

A generalsolutionfor three-dimensional problems and different but constant
coefficients of permeability Ky ky, and k, in direction of the coordinate axes is
given by VREEDENBURG (31) and MUSKAT (22). With k, an arbitrarily selected
coefficient, the following transformation is made,

x'=x~/k°/k y'= kao/ky z'=z~lk°/k (28)

X Z
k. ko, K
- LD AN
kg = hgof o=t = (29)
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is used, then the problem may be treated as if the conditions were isotropic. In ap-
Plying these transformations to problems of flow through intakes or well points in
soil with horizontal isotropic permeability, k. and vertical permeability k., it
is convenient to use the following substitutions,

ky =k, =k, ky = ky = ky, and m = kh;kv (30)
whereby the transformations assume the following form,

x' = x/m y' =y/m or r'=r/m and z

(31)

"
N

ke = k,¥'m?Z . m? =k, - m? =k . (32)

e
1

That is, the problems can be treated as for isotropic conditions when the horizontal
dimensions are divided by the square root of the ratio between the horizontal and
verticalcoefficients of permeability and the {low throughthe transformed well points
is computed for a coefficient of permeability equal to k. When these transforma-
tions are applied to Cases 1 and 2 in Fig. 12, the sphere and semi-sphere become an
ellipsoid, respectively a semi-ellipsoid, and formulas corresponding to those for
Cases 7 and 8 should then be used. In Cases 5 and 6 the transformations should be
applied only to flow through soil below the casing and not to soil within the casing.

With introduction of the mean coefficient of permeability,
krn=ka'kh=m'kv=kh/m (33)

the flow through the intakes and well points shown in Fig. 12 can be expressed as
follows:

22Dk, H
CASE 1. =
d In (m+‘/ 1 +m2)
CASE 2. =
d In (m+*/1 + m?)
CASE 3. gq= 2Dk H
CASE 4. q= 2.75Dk_H
- " . 2Dk _H
CASES5. q= ——2
5L Ky
1+-=-n
kav
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2.75 Dk H
CASE 6. q= — TC v
1+ ==
© D kg
CASE 7. gq-=
In (mL/R+V 1+ (mL/R)Z)
2Lk H
CASE 8. q =

In (mL/D + J1+ (mL/D)%)

The formula for Case 9 in Fig. 12 is already expressed in terms of the horizontal
permeability and is not affected by the transformation. The modified formulas for
Cases | and 2 should be considered as being only approximately correct, and for
isotropic conditions or m =1 they yield 13.4 per cent greater values of flow than
obtained by the basic formulas in Fig. 12. In Cases 7 and 8 and for large values of
mL/R or mL/D the denominators may be replaced with In (ZmL/R), respectively
In (2mL/D). ‘

Computation of Time Lag for Design Purposes

Examples of computation of the basic time lag, using the flow formulas in
Fig. 12,are shown in Fig. 13. In all cases it is assumed that the soil is uniform and
the permeability equal in all directions; this applies also to soil in the casing as
shown in Case 1. The porous cup point in Case 7 is replaced with a sphere of equal
surface area and the flow computed as through a spherical well point. This trans-
formation furnishes a time lag which is slightly too small, since flow througha
spherical well point is greater than through a pointof any other shape and equalsur-
face area, The pressure cell shown in Cases 9 and 10 is similar to the one described
in a report by the WATERWAYS EXPERIMENT STATION (33). It may be noted that
hydrostatic pressure cells with a diaphragm diameter of only 3/4 in. have been built
and used successfully by the Waterways Experiment Station,and that a pressure cell
with a diaphragm diameter of about one inch is describedin a paper by BOITEN and
PLANTEMA (1); see also Fig. 8-B. It is emphasized that the basic time lags for
Cases 9 and 10 are computed on the assumption that there is no accumulation of

gases below the diaphragm or in the sand filter; see discussion on pages 7 and 8.

A few general rules may be deduced from the examples shown in Fig.13. In
all cases the basic time_lag is inversely proportional to the coefficient of permea-
bility. When the ratio between the effective length and the diameter of the intake,
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L/D, remains constant, the basic time lag is inversely proportional to the diameter
of the intake and directly proportional to the cross-sectional area or the square of
the diameter of the piezometer or manometer tube. Whenfurthermore the diameters
of the intake and piezometer are equal, Cases | to 4, the basic time lag is directly
proportional to the diameter.

The results of the examples in Fig. 13 are summarizedin a slightly different
form in the last column in Fig. 14. The basic time lags are here given for a coeffi-
cient of permeability k = 10-¢ cm/sec., and these time lags may be used as a rat-
ing of the response to pressure changes for the various types of installations. For
the examples shown in Figs. 13 and 14 this rating time lag varies from 193 days for
a 2-in.boring with 6 in. of soil in the casing to 0.4 seconds for a 3-in. pressure cell
placed in a 6-in. by 18-in. sand f{ilter.

In the central part of Fig. 14 the basic time lags for various coefficients of
permeability have been multiplied by 2.3 and indicate the time lags for 90 per cent
equalization of the original pressure difference, which approximately is the time lag
to be considered in practical operations. As mentioned on page 12, the time lag for
99 per cent equalization is twice as great as for 90 per cent equalization. Accord-
ing to data furnished the writer by Dr. A. WARLAM, the volume charngeof a 4-1/2-in.
Bourdon pressure gage is 0.5 to 1.0 em3 for 1.0 kg/crnZ change in pressure, or ap-
proximately half of that for a 1/16-in., single-tube, mercury manometer. There-
fore, when the standpipe in Cases 7 and 8 is connected to a 4-1/Z-in. Bourdon gage
or to a double-tube mercury manometer with 1/16-in. inside diameter, the time lags
will be about one-half those shown for a 1/16-in., single-tube mercury manometer.
It is possible that the above mentioned volume change for a Bourdon pressure gage
includes deformations of pliable rubber or plastic tube connections used in the ex-
periments, and that the volume changes and corresponding time lags are smaller

when rigid connections are used.

In all cases the computed time lags should be considered as being only ap-
proximate values, and they have been rounded off to convenient figures. The actual
time lags may be influenced by several factors not taken into consideration in the
above mentioned computations, such as stress adjustment and volume changes of
soil and gases in the soil or pressure measuring system, sedimentation or clogging
of the well point, filter, or surrounding soil, etc. The actual time lags may there-
fore be considerably greater or smaller than those indicated in Figs. 13 and 14, and
special attention is called to the fact that the horizontal permeability of the soil, be-
cause of stratifications, often is many times greater than the vertical permeability
as generallydetermined by laboratory tests and often used as a measure of the per-
meability of the soil stratum as a whole. Nevertheless, the examples shown in Figs.
13 and 14 will furnish some indication of the relative responsiveness of the various
types of installations and permit a preliminary selection of the type suited for spe-

cific conditions and purposes.
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Examples of Field Observations and Their-Evaluation

Logan International Airport, Boston

Observations of pore-water pressures in the foundation soil of Logan Inter-
national Airport at Boston are describedin papers by CASAGRANDE (3) and GOULD

(10). Most of the piezometers used were of the Casagrande type, shown diagrammat-

ically in Fig. 15-A.
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Fig. 16. Time lag tests at Logan Airport, Boston

The results of a series of time lag tests for piezometer C are

°
b4
N
x

€

EQUALIZATION RATIO

summarized in the paper by GOULD and further details were placed at the writer's
disposal by CASAGRANDE. The {ilter or intake for this piezometer is installed in
soft Boston Blue clay at a depth of 47 ft below the finished grade of fill,

The equalization diagrams obtained in two of the above mentioned tests, per-

formed a year apart, are shown in Fig. 16,
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The first of these diagrams is straight,



thereby indicating thatthe influence of transient stress adjustments or volume changes
of the soil and gas in the voids is negligible; the basic time lag determined by this
diagram is 0,98 hours. The equalizationdiagramobtained a year later shows a slight
curvature and a basic time lag of 1.76 hours. Since the curvature is very small, the
increase in time lag is probably caused by clogging of the porous tube or point and
the filter. Estimates of the coefficients of permeability of the soil were obtained by
means of new methods of settlement analysis, GOULD (10), and it was found that
k, variesbetween (28 and 35) x 10-9 cm/sec and ky, between(940and 1410) x I
cm/sec. Using the average values k, =315 x 10-% ecm/sec and kp = 1175 x 10-9

cm/sec, the transformation ratio, m, is then

m =V k,/k, = 37.5 = 6.1

The dimensions of the insfallation as given in the paper by GOULD are: diameter
of filter D = 2.5 in. = 6.35 ¢m; length of filter L =54 in. = 137.2 cm; inside dia-
meter of piezometer d = 0.375 in. = 0.95 cm. The rate of flow for the active head

H is obtained by the simplified formula for Case 8 on page 35

ZKLth
9% Tn (2mL/D)

and the total volume of flow required for equalization is,

= X 42
V-4dH

The basic time lag as determined by equation 3 is then,

2 0.95°% '
d® In (2mL/D) _ In (263.6) 1 19 _ 3910 sec = 1.09 hours  (34)

8 Lky T 8.137.2.1175

v
T=—=
q
which agrees closely with the actual time lag, T = 0.98 hours.
\

Vicinity of Vicksburg, Mississippi

A preliminary series of comparative tests with various types of observation
wells and piezometers has been performed by the WATERWAYS EXPERIMENT STA-
TION (34). The wells and piezometers were installed behind the Mississippi River
levees at two locations, Willow Point and Reid Bedford Bend. Time lag tests were
made one to eight months after installation, and some of the equalization diagrams
obtained in these tests are shown in Fig.17. All the diagrams show a distinct initial
curvature,and the period of observations was often too short, covering only the first
and curved part of the diagrams. It was observed that gas emerged from some of
the piezomété;s. and it is probable that the initial curvature of the equalization

diagrams is caused by transient volume changes of gas bubbles accumulated in the
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soil near the well poix;ts or filters. The individual piezometers in the two groups are
only 15 {t apart,and it is possible that time lag tests on a piezometer to a minor ex-

tent were influenced by flow to or from neighboring piezometers.

Laboratory tests on soil samples from the vicinity of the intakes for these
installations indicate that the coefficients of vertical permeability vary between (10
and 150) x 1079 ecm/sec. Data on the coefficients of horizontal permeability are not
available, and the soils at Reid Bedford Bend were jointed. Therefore, reliable es-
timates of the theoretical basic time lags cannot be made, but the basic time lags
obtained by means of the equalization diagrams fall between those computed on basis
of isotropic conditions and coefficients of permeability equal to the above mentioned

upper and lower limits of the coefficients of vertical permeability.

Piezometer No. 1 at Willow Point is of the modified Casagrande type, Fig.
15-B, and is installed 92.5 ft b1elow ground surface in a soft dark clay, locally known
as '‘blue mud.’" The first part of the equalization diagram, Fig. 17-A, is curved but
the lower part is fairly straight, possibly with a slight reverse curvature. If the ob-
servations are started 23.5 hours after the piezometer level was lowered, the dia-
gram A-C' would be obtained; this diagram is parallel to the lower part, B-C, of the
main diagram. As indicated on page 28, it is probable that the effective equalization
diagram for the piezometer under normal operating conditions may be represented
by a straight line throughthe origin and parallel to the lower and fairly straight part
of the diagram obtained in a time lag test. By drawing such a line in Fig. 17-A, an
effective basic time lag T = 18 hours is obtained.

In a second time lag test a Bourdon pressure gage was attached to the pie-
zometer so that a closed system was formed. The pressure in the system was low-
ered by bleeding off a small amount of water, but the piezometric pressure level
was above the gage level throughout the test. The equalization diagram obtained by
observing the subsequent rise in pressure,Fig. 17-B, is lower and has considerably
greater curvature than the one for an open system, which can be explained by the
fact that the total amount of flow required for pressure equalization in the closed
system is materially decreased, and the influence of volume chaqges of the gas bub-

bles and the soil consequently is greater.

Piezometer No. 8 at Reid Bedford is also of the modified Casagrande type
and is installed 30 ft below ground surface in a gray, jointed, medium clay. The ir-
regular, cloSely spaced joints in this clay are probably caused by previous drying,
and the surfaces of some of the joints are covered with a thin layer of silt, but the
joints at the depth of the piezometer intake are probably closed. The equalization
diagram, A-B-C in Fig. 17-C, shows a pronounced initial curvature, but the lower
patt of the diagram is fairly straight. A straight line through the origin and parallel
to the lower -partof the-dlagram indicates an effective basic time lag T = 9 hours.
In a second test the head -- H, = 9.98 ft -- was maintained for one hour before the
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piezometer level'was allowed to fall and the observations were started. The result-
ing equalization diagram, A-D, is above the first diagram and not so strongly curved.
If the full head had been maintained for at least 24 hours, it is probable that a dia-
gram similar to A-C or the lower portion, B-C, of the main diagram would have
been obtained.

Piezometer No. 10 at Reid Bedford is installed 15 ft from piezometer No. 8
and at the same depth. The sand filter has the same dimensions as for No. 8, but
the porous tube is replaced with a well point screen extending through the whole
length of the filter,and the piezometer proper is a 3/4-in. standard pipe; Fig.15-C.
Equalization diagrams were obtained for both falling and rising piezometer levels
and are shown in Fig. 17-D. The periods of observation are too short for definite
determination of the effective basic time lag, which is greater than 4.2 hours but
probably smaller than the 9 hours obtained for piezometer No. 8. The initial curva-
ture of the diagrams is considerably less than that of the diagrams for piezometer
No. 8, which may be explained by the fact that the cross-sectional area of the pie-
zometer pipe is (0.824/0.375)2 = 4.8 times as great and that the influence of volume
changes of soil and gas bubbles consequently is smaller. However, the basic time
lag should then also be 4.8 times as great, since the dimensions of the sand filters
for piezometers 8 and 10 are identical, but the equalization diagrams indicate a
smaller time lag. This inconsistency may be due to local joints and other irregu-
larities in soil conditions, but it is also probable that the well point screen is less
subject to clogging than a porous tube, and that gases can escape more easily since
the screen extends to the top of the sand filter.

~ Piezometer No. 11 at Reid Bedford consists of a 3/4-in. standard pipe with
its lower end in the center of a sand filter at the same depth and with the same di-
mensions as the filters for piezometers 8 and 10, The time lag observations for
piezometer No. Il are incomplete but indicate that the effective basic time lag is at
least 25 hours, It is probable that this increase in time lag, in comparisonwith pie-
zometers 8 and 10, is caused by clogging of the sand in the immediate vicinity of the
end of the pipe and of sand which may have entered the lower part of the pipe. Clean-
ing of the pipe and subsequent careful surging would undoubtedly decrease the time

lag, but it is probable that clogging would re-occur in time.

Piezometer No. 15 at Reid Bedford is a 3/4-in. standard pipe with a solid
drive point and a 4-in.-long, perforated section above the point. The pipe was driven
to the same depth as the other piezometers and then withdrawn one foot.. In a time
lag test the piezometer level was raised 7.48 ft,and in 22.7 hours it fellonly 0.12 ft.
The lower part of the equalization diagram, during which the piezometer level fell
from 7.45 ft to 7.36 ft in 17 hours, is fairly straight. For such a small drop in pie-
zometer level it is better to compute the effective basic time lag by means of equa-

tion (5) than to determine it graphically; that is,
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t 17
"R - In T ATy - 140 homrs, = 72 days (35)

T

Because of the solid drive point, it is doubtful that withdrawal of the pipe for one foot
materially affects flow to or from the perforated section, and the effective length of
the latter would then be less than 4 in., even when the perforations remain open.
However, it is possible that the perforations have been filled with molded soil during
the driving, that a smear layer of remolded soil is formed around the pipe, and that

this layer has covered the joints inthe clay and decreasedits effective permeability.

Determination of Permeability of Soil in Situ

Basic formulas

When the dimensions or shape factor, F, of a pressure measuring installa-
tion are known, it is theoretically possible to determine the coefficients of permea-
bility of the soil in situ by field observations.

For constant head, H_, and rate of flow, q, equation (1) yields,

q (36)
FH

k =
C

For variable head but constant ground-water levelor pressure, the heads H;
and H, corresponding to the times t, and t, and A =§d2 the cross-sectional
area of the standpipe, the following expression is obtained by means of equation (5),

Ho Hy _A Hy
tp -t = T(ln;{—g—lnﬁz)-ﬂln;{;
A H)

= ——————— ln — (37
k F(‘z‘fl)lnHz (37)

This is also the formula commonly used for determinationof coefficients of permea-

bility in the laboratory by means of a variable head permeameter.

The simplest expression for the coefficient of permeability is obtained by
determination of the basic time lag, T, of the installation and use of equation (3);
that is,

A
k =_-T (38)

The shapz factors, F, for various types of observation wells and piezom-
eters may be obtained fTom the formulas in Fig.12 and on pages 33 and 35 by elimi-

nating the factors {(k H), respectively (k__H) or (kh}{), from the right side of the
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equations. Explicit formulas for determination of coefficients of permeability by
constant head, variable head,and basic time lag tests with permeameters and various
types of borings and piezometers are summarized in Fig. 18. For a permeameter,
Case A, the rate of flow for the head H is q =§ D2 kH/L, or F =% DZ/L. In
cases D and E the coefficientof vertical permeability of soil in the casing is usu-
ally governing, and the equations have been solved for this coefficient and appear in
a form slightly different from that corresponding to Cases (5) and (6) in Fig. 12 and
on pages 33 and 35. Simplified formulas for d = D, k"', = k,, and the ratio (mL/D)
greater than 2 or 4, are given below the main formulas in each case.

The basic time lag is easily determined by means of an equalization diagram
-=- or a semilogarithmic plot of time versus head -- as the time T corresponding
to H=0.37H ; i.e., In (Hy/H) = 1. The work involvedin plotting the diagram is off-
set by simpler formulas fox; computing the coefficient of permeability, compared to
the formulas for variable head, and the diagram has the great advantage that it re-
veals irregularities caused by volume changes or stress adjustment time lag and
permits easy advance adjustment of the results of the tests. It is emphasized that
the above mentioned methods and formulas are applicable only when the basic as-

sumptions for the theory of time lag, page 9, are substantially correct.
Examples of applications

The following dimensions apply to the permeability tests on Atlantic muck,
Fig.10: D =4.25in.=10.8 em; L = 0.87 in. = 2.2]1 ¢m; d = 0.30 cm. The basic time
lag obtained from the probable normal diagram in Fig, 10 is T = 178 minutes, and

hence

_d%L  0.30%.2.21
V DT 10.82.178 .60

=159 x 10-9 cm/sgc_

The slope of the lower parts of the equalization diagrams corresponds to a basic
timelag T =210 min and k, = 135 x 10-9 cm/sec. Larger basic time lags and cor-
respondingly smaller values of the coefficients of permeability were obtained in sim-

ilar tests with other undisturbed samples of Atlantic muck.

The first test with piezometer C at Logan International Airport, Fig. 16,
gave a basictimelag T = 0.98 hours = 3530 seconds. With kV =31.5x 10-9 em/sec
and the dimensions given on page 39, the coefficient of horizontal permeability of

Boston Blue clay may be determined as follows:

4% In (2mL/D)  0.95% 1n (m - 43.2)
kh =78 L-T =" 8§-.137.2.3530

50




—

This equation may be solved by estimating the value of m =+ kh/kv and successive
corrections, which yield

kp = 1310 x 1077 cm/sec  and Kk, /k, = 1310/31.5 = 41.6

. These values lie within the limits obtained by other methods, GOULD (10), and dis-

cussed on page 39.

The second time lag test with piezometer C gave T = 1.76 hours and indi-
cated thereby that clogging of the porous tube had taken place. Therefore, reliable
values of the coefficient of permeability can no longer be obtained by means of this
installation. This applies also to the installations at Willow Point and Reid Bedford,
Fig, 17, since the strong initial curvature of the equalization diagrams indicates
large transient volume changes and probably accumulation of gasbubbles inthe sand
filters and surrounding soil with a consequent decrease in permeability of this soil
and increase in time lag.’

Advantages and limitations

Observation of the basic time lag for borings and piezometers provides theo-
retically a very simple method for determination of the permeability of soil in situ,
even for anisotropic conditions. However, many difficulties are encountered in the
practicalexecution of such permeability tests and evaluation of the results obtained,
since the latter are subject to the same sources of error as those of pressure ob-
servations discussed in Part I, and since methods of correction for the influence of

some of these sources of error have not yet been devised.

The shape factor of the installation must be computed, but some of the for-
mulas in Figs. 12 and 18 are empirical or only approximately correct, and they are
all based on the assumption of infinite thickness of the soil layer in which the well
point or intake is installed. When sand filters are used, the dimensions must be de-
termined with greater accuracy than is required for pressure observations. The
greatest part of the hydraulic [riction losses occur near the intake, and the results
of a test consequently indicate the permeability of the soil in the immediate vicinity
of the intake. Misleading results are obtained when the permeability of this soilis
changed by disturbance of the soil during advance of a bore hole or installation of
filters or well points. Leakage, clogging of the intake or removal of fine-grained
particles from the surrounding soil, and accumulation of gases near the intake or
within the pressure measuring system may render the installationwholly unreliable

as a mecans of determining the permeability of the undisturbed soil. Gas bubbles

in the soil ncar the intake will decrease the permeability, cause curvature of the

vqualization diagram, and increase the efflective basic time lag. Gas bubbles in a

coarse-grained [ilter or within the pressure measuring system will not cause any
8 p

51




appreciable curvature of the equalization diagram but will materially decrease the
slope of the diagram and increase the basic time lag so that too small values of the
coefficients of permeability are obtained.

Many of the above mentioned sources of error are avoided in the commonly
used pumping tests, during which the shape of the draw-down curve is determined
for a given rate of flow, but such tests are expensive and time consuming. Deter-
mination of the permeability of soil in situ by means of the time lag of observation
wells and piezometers has so many potential advantages that it is to be hoped that
systematic research will be undertaken in an effort to develop reliable methods of
calibration or experimental determination of shape factors, and also of methods for
detection, correction, or elimination of the various sources of error in the observa-
tions. Until such research is successfully completed, it is advisable to exert great
caution in the practical appligation of the results obtained by the method.
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