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PREFACE 

With the advance of soil mechanics and its applications in the design and con¬ 

struction of 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 determination of such levels and pressures is assum¬ 

ing increasing importance, and sources of error which may influence the measure¬ 

ments must be eliminated or taken into account. 

A review of irregularities in ground-water conditions and the principal sources 

of error in ground-water observations is presented in the first part 01 lhis paper. 

Many of these sources of error can be eliminated by proper design, installation, and 

op-ration 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 installation and the soil 

and ground-water conditions. Conspicuous among the latter sources of error is the 

time lag or the time required for practical elimination of differences between hydro¬ 

static pressures in the ground water and within the pressure measuring de /ice. 

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 introducing a 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 arc 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 atable facilitate prelim¬ 

inary estimates of the basic time iagfor 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 

th- soil in situ by means of time lag observations is theoretically possible and is dis¬ 

cussed briefly in the closing section of the paper. Such field determinations of per¬ 

meability have many potential advantages, but further researchis needed in order to 

elimina .e or determine the influence of various sources of error. 

An abstract of the paper war. 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 p.per the individual 

sections have been rearranged and amplified to some extent, and some new sections 

have been added. 
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NOTATION 

Page 

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 piezometric level, cm. 

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

xa Amplitude of fluctuating piezometer levels for steady state, cm. 

za 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. 

h 

H 

Hc 
Hc Constant piezometric head, cm. 

h' Increment change in transient differential head, cm. 

H' Transient differential head, H' = y - x, cm. 

Hq Transient differential head for t = 0, cm. 

A Area of casing, piezometer, manometer, or pressure cell, cm2, 

d Diameter of piezometer, manometer, or pressure cell, cm. 

D Diameter of effective intake, boring, or well point, cm. 

e Base of natural logarithms, no dimension. 

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

F Intake shape factor, from q = FkH, cm. 

L Length of effective intake or well point, cm. 

k Coefficient of permeability, cm/sec. 

k^ Coefficient of horizontal permeability, undisturbed soil, cm/sec. 

km Mean coefficient of permeability, km = k^ • ky, cm/sec. 

ky Coefficient of vertical permeability, undisturbed soil, cm/sec. 

ky Coefficient of vertical permeability, soil in casing, cn/sec. 

Transformation ratio, m = v kh/kv, no dimension. 

Rate of flow at time t and head H, cmVsec- 

Rate of flow at time t = 0 and head H0, cm^/sec. 

Time, seconds unless otherwise indicated, 
s Seconds) 
m Minutes) 
h Hours ) 
d Days ) 
Phase shift of sinusoidal wave, seconds unless otherwise indicated. 

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, cm^. 

Rate of linear change in pressure, cm/sec. 

Unit weight, g/cm^. 

Deflection of diaphragm in pressure cell, cm. 



TIME LAG AND SOIL PERMEABILITY IN GROUND-WATER 
OBSERVATIONS 

1 r 
r 

M. Juul Hvorslev* 

INTRODUCTION 

Accurate determination 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 fall or 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 consolidation, 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 ard 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 measuring«levice 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 whenthe pore-water 

pressures change after initial equalization. It is not always convenient or possible 

to continue the observations for the required length of time, 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. 

Conbultant, Soil* Division, Waterways Experiment Station. 



The magnitude oí the time lag depends on the 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 propci 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 assumptio. s 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 maybe influenced 

by several other sources ci error and by irregular and changing ground-water con¬ 

ditions. Therefore, an initial review of ground-water conditions in general and of the 

principal sources of error in determination of ground-water le veis 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. 
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PART I: GROUND-WATFR CONDITIONS AND OBSERVATIONS 

Irregularities and Variations 

Several sources of error in determination of ground-water levels and pres- 

: ures 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 impermeable 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 changes by: (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-watt r 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 misinterpreted and treated as 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 reter to references at end ot paper. 
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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 bottom of a bore hole 

or intake for a pressure measuring device 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 hydrostatic time lap. 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 

measuring device, and by a flow of 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 soil may be called the stress adjustment time lag. The apparent stress 

djustment 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 

Several sources of error may be found in the design, construction, and method 

peration 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 that of seepage along the outside 
of conduits, discussed below. 

Seepage along conduits 

S.,p.ge .long the c.sing, pi„„meU!t „ oth„ ^ 



in the 

re hole 

iources 

Lization 

ing de- 

of the 

/ater to 

ttained, 

and in- 

lume of 

a nd the 

(hanged 

ressure 

,and/or 

ill then 

[flow to 

stre ss 

lobbies 

|is time 

detail 

Ly take 



6 

place, especLUy when irregular ground-water conditions are encountered. A, shown 

n ‘•he figure, such seepage may increase or decrease the pore-water ores«; 

:::::1 lhe brm ,he hofe " - -—- * :: :rr::r;8 " t„ cio,ed sysh.m; 

de.erm,„::„ ZZl 7 "T'"' “ WÍU nxperime„h„ 

avo d seepage th P ^ ° ^ SyStem and OÍ the Permeabüity of the soil. To 

but this method c ^ PleZOmeter °r the Wel1 Point is driven into the soil; 

.1 des,: : . ‘""'“ed »' «>* »on, and in m,„y rase, tu' 

point is instaned” SUrrOU"d ^ W'U PO‘“' WÍth “ %Caded sand tiller. When the well 

rc'hnrrr :?■ ; vrir:::: 
•void stress chánges ,: *» » ««« -0 «. «.a s.me „tne 

naeaas o, an al:Z t^g“ ^ï' ^ 
CASAGRANDE (2) and (3). ^ eVe °Ped and USed successfully by A. 

Interface of liquids 

sure 8ag?srd^0up0p«npa0rtÍonfCntÍVatÍOn froSt*—ter and pres¬ 
oils. The difference in specific PleZ°me*erS may be filled with kerosene or other 

Position oi the inter,ace L.t beTh ,W*‘" ^ ^ ^ “ «he 

Whir pressure. However, when d','rm‘nÍ"S ^ P,>”- 

time, the position of the interface may cha k ^ en<led OVer periods of 
and be difficult to determine If th t ^ eCaUSe OÍ evaporation and/or leakage 

«ne pores, or in fine-8rTined I Ji ouZ T ^ I" ^ ^ °f “ with very 

errors may be caused by the menisci JrmLTn th01”1’^ C°nSiderabIe 

sur tace .„stun ., water and the ,„uid in TZ^Z; ^ """"" 

Gas bubbles in open systems 

- u.etgid8:.:.?::::::::;::;::::?''1 °r -— 
or the piezometric pressure level for the soil VT ^ 8round-water 
should be smooth, downward protrudino H erefore, the interior of the pipe 

diameter of the pipe should be large enou'ohV ” J°,ntS 8h°Uld ^ ÂVOÍded* and ^ 

section to rise to the surface. These recui ° ^ bUbbleS ÍÍ1Un8 ** cross 

and jointless plastic tubing, CASAGRANDE ^111^ ^ OÍ Seamless 
of such tubing is 3/8 in. or more. (3).and when the inside diameter 

Gas bubbles in closed system. 

Air or gas bubbles in a closed pipe connected to a ma 
manometer or pressure 
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gage will increase the time leg, 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 uir 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 -- will 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 diaphragm 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. 

ne ter and pres- 

rosene or other 

as well as the 

Lining the pore- 

long periods of 

and/or leakage 

point with very 

pd considerable 

le difference in 

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 electrol/sis. It is 

also advisable to avoid an excessive decrease of the hydrostatic pressur 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. 

[may influence 

ground-water 

por of the pipe 

voided, and the 

lling the cross 

le of seamless 

Iside diameter 

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 

c^0KR*nR an(f a further increase in time lag. Therefore and insofar as possible, a 

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

Ir or pressure 

Krosion and development 

A strong inward flow of water may carry fine particles from the soilinto the 
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p.pe thereby ,„cre.s,„8 the pernre.bih.y ,h. soil u,e vicinity of the polnt 

decre.s.„8,he ti^Ugor the insteiUtio.. An initie, s.ro„8 inw.rh „„„ o, we,er 

and development ot the well point mey in some ceses be desirable in order to de- 

cre.se the time Ug, provided the Wei, point end pipe there.ite, ere cleened on, end 

coin, , UaC°ntroU'd "““O" development is undes,reble on ec- 

z ;„;rruen:;nkno;n cha"g,'s in ^,im- •** ., 
r.i'ns m “ Brai”S '*“** well point, or the soil 

the time lac ^ P1Pe’ Ät the b°ttom- and ultimately increase 

accordance with ^ °PenÍnBS ^ ^11 P°Ínt Sh°Uld Seletted - 
be surroUnd d J COmPOSltl0n of the soil, or the well point should 

surrounded wlth a properly graded sand or gravel filter. 

Summary comments 

It should be noted that several nf the oK 
quire conflir** j- tbe ab'-'’e mentioned sources of error re- 

Which one o, Z "Z ““ "“•* ^ d~- 

*• *• *»d 6 in Fig. , will aliectr™ “'T ^ ^ ^ ’• 
made after practical r . ^ observatlons. even when these are 

Thee deZzrr rTZn °,f t:t and ou,s,d' pr"su"s ¡s —■ 
they may also affect the final r ’ 1*’ u PrlmaMly infl^nce the time lag, but 

rected for influence of the ti S W en the dlrect field observations are cor- 

deveiop or may disappear a^ That S°UrCeS °f error -aV 

within wide limits during the life of a ^ * UenCe °n the observations may vary 

sirable that facilities be provided f ^ therefore, it is de¬ 

inside the well point so that the t ^ C°ntr0lled chan8es°f the hydrostatic pressure 

-ined by methods to be ^ ^^th 8f ^ ” d— 
escribed in the following sections of the paper. 

mined & hydrOStatic P-ssure cell may be deter- 

may be radically altered and the timl L^r U reaUzed thatthese characteristics 

gases below the diaphragm after the pressure lêl/h^ aCCUmulation of 
static pressure cell is to be left in the ^ een insta^ed* When a hydro- 

sirable but also very difficult to providlm" ÍOr Pr0l°nRed periods-^ woold be de- 

tions and lor verifying the basic time lac ofTh"5 ^ relpaSln8 such 8as accumula- 
me lag of the pressure cell in place. 

■ or— vnsam 
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PART II: THEORY OF TIME IJVG 

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¬ 

ferential equation for determination of the 

hydrostatic, time lag, Fig. 2, is similar to 

that of the equations for a falling-head 

perrneameter and is based on the assump¬ 

tion that Darcy’s Law is valid and that 

water and soil are incompressible. It is 

also assumed 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 - - y, where z maybe a constant or 

a function of t. The corresponding flow, 

q, may then be expressed by the following 

simplified equation, 

GROUND 

WWW 

FREE OR 

WATER 

1—r- 

FkH = Fk (z - y) 11) 

INTAKE 

SHAPE 

PIEZOMETRIC 

LEVEL 

PIEZOMETER 

AREA = A 

r. 

RATE OF INFLOW AT ♦ 

q = f kH=F Mz-y) © 

VOLUME OF FLOW IN TIME df 

qdf = a dy 

AND 

dy F.k 

z-y df © 

total flow for equaliza¬ 

tion OF PRESSURE DIFF H 

V - A • H 

BASIC TIME LAC-T-DEFINED 

t = 0 AH 
F-k-H ’ 

A 

F k 

DIFFERENTIAL EQUATION 

|T COEFF OF 

PERMEA- II ll 
Il II 

FACTOR i i ,| BILITV 

. 1' '1 L 
F IL-JI K 

dy _ df_ 
z-y ' t 

Fig. 2. Basic definitions and equations 

where F is a factor which depends on the 

shape and dimensions of the intake or well 

point and k is the coefficient of permea¬ 

bility. This equation is valid also for con¬ 

ditions of anisotropic permeability pro¬ 

vided modified or equivalent values F and 

k are used; see pages 32-35. It is assumed thathe 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, the following equation is obtained, 

q dt = A dy 

where A is the c ross-sectional a rea 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(l), the differential equation canbe written as, 

Fk 
= “S' 

dt (2) 



■ .Ml .1 mm 

¡O 

The total volume of flow required for equalization of the pressure difference, H, is 

V - A H. The basic time Lag, T, is now definedasthe time required for equaliza¬ 

tion of this pressure difference when the original rate of flow, q = F k H, is main¬ 

tained; that is, 

Y - A H = A 
q'FkH'Fk 

and equation (Z) can then be written, 

dy dt 
- y - T 

(3) 

(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. 

AppUcations for Constant Ground-Water Pressure 

Whenthe Wei or piezometric pressure is constant and z = H0, 
41 lg- 3, equation (4) becomes 

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

4 
H 

= lnH^ - - In H° 
y ' lnTT (5) 

The ratio t/T may be called the time lag ratio, 
mined by the equation 

The head ratio, H/Hq, is deter- 

H 

Ho 
w 

and the equalization ratio, E, by 

E = -E- = i . Jl_ _ , 
Ho ~ 1 

t 
T - e 

(7) 
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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 latió 

of 0.37. An equalization ratio of 0.90 maybe 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, hj, h¿, hj, etc., for equal time intervals; see Fig. 3-B. 

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

x “ In 
Ho 
h7 

H1 H2 
In 'h2 ' ln h3- etc- 

and hence, 

or, 

H 
o 

H2 
Ho-Hl 
H, - H, 

t hl h2 
T = In = I" h^. etc. 

and since Hj = H0 - hj, H2 = Hj - h2> etc.. 

(8) 

(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 

h2 " hj " h^’ etc> 

Equation, (9) form . con.nnien, me.„s of lhc st.bili„d prf ssu„ level. 

” “‘“i Pt“Ct‘" “ is to fill on empty the pienomete, to the computed 

' “ "‘"’“H“' lh' »»«tootion, for , period nufficient to verify or determine 
the actual stabilized level. 

"hen h“d °t the ratios between successive pres- 
,ur. Change, tor equal t.m. interval,, have been determined, tee ba.ic time lag may 
be found by means of equations 15), (7) or I8i Hete, j 
rorc » K ^ ^. or (b). However, due to observational er¬ 
rors, there may be considerable ttrAt«.,*;,. • , 

o, rabie scattering in results, especially when the pressure 



13 

changes are small. In general, it is advisable to prepare an equaUzation diagram 

or a semi-logarithmic plot of head ratios and time, as shown in Fig. 3-D. When the 

assumptions on which the theory is based are fulfilled, the plotted points should he 

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 III, pages 

38-45. 

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 = H0 + at 

and equation (4) may be written. 

H0 + at - y T 

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

-at 

H0 - aT 

which corresponds to equation (7) for constant ground-water pressure. Theoreti¬ 

cally a T and H0 may be determined, as shown in Fig. 4-B, by observing ree 

successive changes in piezometer level at equal time intervals, t, and expressing 

the results by threquations similar to equation (12). By successively eliminating 

(H0-uT) and A from these equations, the following solutions are obtained, 

2 
hj h3 - h¿ 

a* = h. + h- - 2h 

t . 
T = In 

= 1- e T 
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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 error in the com¬ 

puted value of CXt. 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 

pie/.ometer 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, 

or by rn ans of equation (10), 

z - x = aT = constant 

That is, the difference between the actual ground-water pressure and that indicated 

by the piezometer is constant and equal to a 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, ties differential is negative. With 

x = H0-aT+at and Ho 

■quation fl7) can be written, 

uni by means of equation (12) 

This equation is identical with equation (6) 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 

charge in the rate a, 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 attainedand 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 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'/H^ and the time, t, as in Fig. 3-D; that is, the basic time lag is the 

time corresponding to H'/H^ = 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, 

-L = 
T 

In 
h h; 

o _ i_ 1 
h; 

= In-, etc. 
H!,’ 

or by 

_t 
T 

etc. 

where hj, h^, h'^ are the increment pressure differentials. However, it is gen¬ 

erally advisable to use the ratios H /Hq 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, aT, 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 = ZasinT^ (19) 

where za is the amplitude and Tw 

differential equation (4) the following 

level is obtained, 

the period of the wave. By means of the basic 

equation for the fluctuations of the piezometer 

- ! (, 
dt T 'za Mn 120) 

Through the te 

2nts 

mporary s 

, and with 

ubstitution of a new variable v and y = ve T, setting 

y y0 for t - 0, the following solution of the equation is 

obtained, 
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GROUND-WATER PRESSURES 

= PERIOD Za= AMPLITUDE 

2 = ZaSin t Q 

PRESSURES inDIlATEO Bv PIEZOMETER 

T = BASIC Time LAG 

dy 

dt 

ZTTt , 
-(zasm —-y) 

' A © 

STEADY STATE 

t 5 = PHASE SHIFT X 0 = AMPLITUDE 

X = xasin -np (t-ts) 23 

tan V1! 2TT . _ 2TT 

© T-- 
cos T? t5 @ 

transient state 

_ t 

y=xasin^i- (t-tJ) + (y0+xasin4r5-t:)«T@ 

transient differential h'= y-x 

-i .i 
M'=(yo+xasin~ <5)«'=h¿«t © 

A - transient and steady states 

B- CHANGE IN AMPLITUDE AND PHASE OF STEADY STATE WITH BASIC TIME LAG 

Fig. 5. Sinusoidal fluctuating ground-water pressure 
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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 y, 

“ "¿n ,. . V 
x - 7. cos — sin It - tjJ 

* \A/ 

This equation represents a sinusoidal wave with the phase shift t8, determined by, 

2*ts 2 fl T 
tan 121) 

and the amplitude 

2 n ts 

Tw n/1 + (2 n T/T w)2 
U¿) 

The equation for the steady state can then be written, 

x = xa sin Y5- (t - ts) 
1 w 

(23) 

and the equation for the transient state, 

¿ w . . 2 n ts - — 
y ' xa Sln T ^ + (yQ + xa sin ——) e T (24) 

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

w' / 2 n ts 
H - (yo + xa sin _T^T ^ e T = Ho ‘* (25) 

W ere H° iS the tran8ient 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' rnay be de¬ 

termined as a function of h; by means of the diagram shown in Fig. 3-C, and it 

wi 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. 

of which“ and U3) are repreSenU?d by diagram in Fig. 5-B, by means 

be It r H U and the deCreaSe OÍ amphtud“ in the piezometer can easily 

r 0t ^ -V. reached th. sto.dy 

IieM „ „ ' W“V'. P",0d’ Tw “» I**- »U«. t5. c.„ be observed in the 
Leid. U « theoretically possible determine the basic Unie la* by means o, the 

iMMi ■.. I 

form of 
may be r| 
x , f(t) 

after the I 
sient pre| 
condition 

and with 
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manner 
sonable lei 
sure by aj 
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tion (4) r| 
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dia firam in Frg. 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 phase with those of the surface waters. When the fluctuations in the 

ground-water pressure are caused by load and stress changes without material 

s, epage and volume changes of the soil, it is possible that the phase shift in pore- 

ua,. r pressures, with respect to the surface water, may be insignificant even though 

a material decrease in amplitude occurs. On the other hand, when pressure changes 

in the pore water in parlare caused by infiltration or are accompanied by changes 

m 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 

th.- transient pressure differentials, and plotting the ratios and the elapsed 

time in a diagram similar to that shown in Fig. 3-D. 

Corrections for Influence of the Hydrostatic Time Lag 

The characteristics of an installation for determination of ground-water 

level and pressures may change with time because of sedimentation, clogging, and 

accumulation of gases in tfte 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 bestac- 

comphshed during periods when the ground-water pressure is constant, but as shown 

m Un* foregoing sections, the verification may also be performed during the steady 

stair 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 
curve representing the steady state of pressure variations. The pressure variations 

ma , fu represented by the following general equations, z = F(t) for the ground-water pressure; 
* lit) tor the steady stale of the piezometer pressure; and y = g(t) for the transient state or 
■> ter the piezometer pressure has been raised or lowered by an arbitrary amount H'. The tran- 

"* * r' ‘'sur<‘ differential is the H = y - x, and according to equation (4), which applies to all 
conditions, 

dy _ dt _ dx _ dy - dx dH1 
* - y * T~z-x = x-y ~ IT 

and with H' = IF for t = 0 

In H = - ■= + C 
T 

W Kh ls identical with equation (5). Therefore, when the piezometer pressure varies in such a 
manm r 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- 
sun by nn arbitrary^amount, H¿, observing the transient pressure differentials, H*, and plot- 
ing the ratios H /H0 as a function of time as shown in Fig. 3-D. Application of the basic equa- 

tioi 1) requires that the points in the semi-logarithmic plot fall on a straight line through the 
ociKin of tlie 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 connection 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 rmthods is shown in Fig. 6-A. The difference, Hc, 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 

y; that is, 

h 

Hc for HQ and h for 

Hc E ''■''i 

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, H0, has beendetermined, 

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 total change during the time interval, Ht = at, can be computed by means 

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

h - EH. 

Ht = 

DETERMI 

method! 

1 - E 

DETERMiH 

METHC 

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 ana 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. 

adjustr 

cussior 

probier 
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DETERMINATION of ground-water pressure 
method of equivalent constant pressure 

A 

DETERMINATION of ground-water pressure 

method OF linear CHANGE IN PRESSURE 

ASSUME LINEAR CHANGE A TO B AND Ht=at, H0«n(lT 

h - at "T . .,i 
H -aT * 1 -e =E> h T E (n-i)aT, n =-¾ _ 

Ht T 

Hc *= +-(0-!)aT Ha*H0+-¿at= noT + yat 

n+tt-' 
n+- TT 

JT 

B C - RELATIVE ACCURACY OF METHODS 

I- ig. 6. Corrections for influence of hydrostatic time lag 

Influence of the Stress Adjustment Time Lag 

In absence of detailed theoretical and experimental investigations of the stress 

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

cussion is tentative in character, 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 changes 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 

repetitive 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 v ill 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 swell.ng, and the com¬ 

bined initial hydrostatic and stress adjustment time lags will probably be decreased 

when the initial hydrostatic pressure inside the boring or well point is slightly above 

the normal ground-water pressure, Fig. 7-A. 
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Fig. 7. Initial disturbance and stress change 
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Fig. 8. Points for pressure sounding rod 

A 'Ce «Uh inc,..Mdpo,.-w.ter p„„ut„ .„d . „„d.ncy to co„,oUd.,¡„„„l 
«.e .0,1 m.y „„«d Oy .„d di.PUc.m,„,ot ,oll duri„g 
a well point and by compaction of a sand filter nr « „ i u * «riving oi 

sure cell installed in an oversi« bore hole, Fig 7 B Z' ' ^ ^ 
sealing material may also cause consolidation of th 8«quent swelling of the 

, consolidation of the surrounding soil, but its effect 

on the pore-water pressures in the vicinity of the well oni„t 

water from the soil to the well point will increase the rat- unCfrtol»- A flow of 

the basic time lag of the installation is large the c h ° COn8oUdftUon*and when 
i«ge, the combinen i^Ual hydrostatic and 
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stress adjustment time lags will probably be decreased when the initial hydrostatic 

prt ssure 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¬ 

na usions 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- 

tarbance and the initial stress adjustment time lag. Even then there is an optimum 

si/.e.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- 

a. i 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 <i larger intake area than the one shown to the right and designed by BOITEN and 

H.ANTF.MA (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 

tnose corresponding to the pore-water pressures in the soil mass as a whole. The 
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probable sequence 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¬ 

periment to determine the changes in 

void ratio and water content around a 

well point, but similar changes occur 

during soil permeability tests with a 

rising or falling head permeameter, and 

observations made immediately after the 

head is applied in such a permeameter 

usually furnish too high values for the 

coefficient of permeability and are dis¬ 

ca rded as unreliable. Although the 

stress conditions around a rigid well 

point are more complicated than in a 

soil test specimen in a permeameter, 

the results of permeability tests, which 

are extended until practical equalization 

of the water levels is attained, will fur- 

nishan indication of the magnitude of the 

transient consolidation and swelling and 

on the resulting shape of equalization 

diagrams for a rigid well point*. A 

series of such tests were performed 

with Atlantic muck, a soft organic clay, 

t„_f _ c i* , anc* tlle testing arrangement and some 
test results are shown in Fio 1(1 tv. . i . 

tests w*»r i/ ,, . ‘ e ° ume cGanges during these permeability tests were very small since the test ^ ^or / 
obtain near! . , ^ 1 Specimens Were overconsolidated in order to 
obtain nearly eq»l consolidation and swelling characteristics. 

mg of the soil takes place, since the total vertical stretc 
the Dore-water u ^ xcalstfesses remain constant whereas 
me pore-water pressure has been increased and rr 
crease As a rnnC d d the effectlve stresses tend to de¬ 
crease. As a consequence, the rate of flow from th- d 

increased and the initial slope of the equalizat d P‘Pe t0 ** SoU SamPle ÍS 

swelling progresses and the water Wl ^rsU^8'^ AS ^ 

flow decreases; the equalization diagram ac ^ “* ^ OÍ *XCeSS 

dition will be reached where the void ratio 01^^ m COnCaVe curvature. and * c«n- 
void rauo of the soil corresponds to the pore-water 

. ; i 
\ 7 

I / «ICIO WELL POINT \ 

THE RESULTING TIME LAG OR mead ratio curves WILL probably 

resemble those shown in fig io 

Fig. 9. Transient changes in void ratio 

♦ The reUtively simple conditions shown in Fit, i ttnd 

may not apply in case „1 an open bore hole, when the ^C7",>ar,SOn W“h thr «^“ions ,n a permeameter, 

sure in Case B is so great that the soil is deflected and T"' ‘S n0' r,8,Cl *nd wh<-n pres- 
the soil. lea and a clearance is created betw><en ih .. 

wu Ut iw- rn the well point and 
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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 pUce 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 acqu' 

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, 

these results were influenced by very small temperature changes in the labor y 

When the water level in the standpipe is raised and maintained in its upper 

osition until the initial swelling of the soil sample is completed and then allowed to 

ill - Cases B-2 in Figs. 9 and 10 - a gradual re-consolidation of the soil takes 

lace during the actual test, and an equalization diagram which lies above the 

><igram is obtained, but its lower part is more or less parallel to the lower part o 

he diagram for immediate fall. 

39578 
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SimiJar diagrams were obtained by rising head tests. When the water level 

in the U-tube is lowered and immediately thereafter allowed to rise. Case A-l 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 soilwi.'l 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. 1 0. 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 temperature, but even such small var¬ 

iations are sufficient to cause conspicuous irregularities in the test results 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 „es bubbles in an open or closed pressure measuring sys- 

iem is summarized in Fig. I and discussed briefly on pages 6 and 7. Whereas such 

gas bubbles may cause a chan,-, in bo.h .he u.iima.e indicated pressure and the lime 

lag or slope ol tee c,u.lir..i„„ diagram, teey will materially influence tee shape 

o tee alter, since changes ,n pressure and volume of tee gas bubbles occur nearly 

Simultaneous y with tee change, hydrostatic pressure within tee system. On the 
other hand, when the gas bubbles arp in 

^ 8 th 1 surrounding the well point and their 
volume and the water content of thp «mil w j 

v . the 5011 are changed, there will be a time lag be¬ 
tween changes in hydrostatic oressurp in » a . 

“ , pressure in the system and corresponding changes in 
pressure and volume of the gas bubbles anri »hi«, » . .. 
Wh ei™ .cu t L ““Dies, and this time lag will cause a change in 

bubbles U an tecnaTatt I’““““;" 8""*1 ^ ““ 
tion diagrams should be ^ ^ 

The change in volume of the gas bubbles wh.n 

.red or raised, .ad probable resulting equ.lis.ú „ ''Ve' “ ^ 

This figure and .he to.lowiag discussion are cssenL.T^T *" ‘h°W“ *" ** U' 

tee results of tee laboratory permeability test, and tee F IdT' o! 
Figs. 10 and 17. th f eld observations shown in 

P'EZCv 

shot 

leve l| 

g-s b| 

ture i 

ha ; 
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PIEZOMETER LEVEL LOWERED 

«MEDIATE 

FREE RISE 

DELATED 

FREE RISE 
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_I__S] 
TIME (LINEAR SCALE) T 

PIEZOMETER LEVEL RAISED 

B- 2 *1 B-l 

DELATED IMMEDIATE 
FREE FALL FREE FALL 

0 

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-l, 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 po.nt; 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. It is 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. F.ven when the volume o’ the gasbubbles 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 Tr these pressures are equalized,and the rate of excess in¬ 

flow ceases; that is, the tangent to the equalization diagram, A-C, at the time Tr 

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 

gasbubbles 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 started at the time of reversalof the volume changes, 

Tr, the volume of the gasbubbles would decrease throughout the observations; there 
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would be a deficiency in the rate of inflow, and the equalization diagram, A-Cwould 

be above the normal diagram. A similar but higher-lying diagram, A-D, would be 

obtained if the piezometer level is not allowed to rise immediately aft-r 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-l, 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 b, a 

corresponding deficiency in rate of outflow. The resulting equalization diagram is 

simi ar in form to A-C for Case A-l. When the piezometer level is maintained in 

its upper position until the initial contraction of the gas bubbles is completed and 

t en is allowed to fall, an equalization diagram similar to A-D is obtained. 

Normal operating conditions 

The discussions in the foregoing sections concern mainly time lag tests dur- 

ing which the piezometer level suddenly is changed whereas the general ground- 

ground wat r°r POre"Water Pressure remains constant. In normal operation the 
ground water pressure chanees first • . K 
with a certain pressure differ I t P r leVel iolloWS th*s* es¬ 
pore-water nr k enCC °r tlme la8' When the ground-water level or 
below t. PreS;Ure ChangeS’the VOidratioof the soil and the volume of gas bubbles 

erallv als° tend ‘»ange, but the rate of such changes gen¬ 
erally decreases in the immediate vicinitv of * n • * 
measurino inct li «• V 14 well point or intake for a pressure 
measuring installation on accountof the presser» Hiff 
ail u P - difference ¿und time Icio, However 
all changes progress in the same direction and th„r ; ... 8 However, 
ratio and u/at.»*- * r n fnere is no initial increase in void 
ratio and water content followed by a decreas» 
time lag tests. "" VlCe versa as in case of 

In general, normal operatino conditir.no 

layed fall or rise, or rather delayed observation^ ^ de' 

Probable that the time lag dur.ng norn,al operating n‘ ^ ^ 
"tualrzatton dragra* »huh. for Praotual purposes ! 7 corresponds to an 

^ nr0U^ th‘ of the Jugrtim ond ParaUeî'to'^ 
diagram ettasned ,n tlmf fests. However sufhei t p0rt'°nS of tht 

ficationof the suggested approximation - especian ^ " eXperimentaldrtta for ven- 

changing ground-water pressures and with severa/C"mPardtlVe ^313 durin8 raPldl>' 
having widely different basic time lays Pr‘*ssure measuring installations 

e mgs -- are not yet available 

As indicated by permeability tests of the t 

that the influence of swelling or consolidation of tlT S 'T" ^ ^ ÍS probable 

when observation wells or open piezometers »r ***** Sma11 or negligible 
re used in ground-water observations, 

WMBOa 
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but it is also possible that such changes in void ratio may cause appreciable distor- 

tionot the equalization diagrams and increase in actual time lag when pressure gages 

or cells with a small basic time lag are used and the soil is relatively compressible. 

On the other hand, gas bubbles in the soilaround a well point may cause considerable 

distortion of the equalization diagrams 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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««T m - DATA Ton PBACTICAL DETEHMINATI0n and use of time ug 

Flow through Intakes and Well Points 

-Ing Tct:g the proper type °f -as. 

may be cornPuted by means of equation (^T orT^ t Cf0ndltl0nS’ ^ ^ la« 
formulas for flow through various types or shan "f ° SUCh comPutations, 

sembled in Fig. 12. These formulas are all H 650 °r Weil Polnts ^ as- 
stratum in which the well point is plac d "1Ved °n the assumption that the soil 

conditions prevaü, or that the inflow or and that artesian 

any appreciable change in the ground-water 1 V ^ 11 d°eS not -use 

wise noted by subscripts, as in k and k ^ PreSSUre’ ^Pt when other- 

hil'ty °f the soil. k, is uniform throughoutV^ aSSUmed that the Permea- 
TK f StratUm and «qaal in all directions 
The formula for Case 1 is that f ions. 

-try the flow in Case 2 is haf as grea^rt Tt ^ ^ °f Sy- 

derived directly by DACHLER (6). DerWat f 0rmUla f°r this -se has also been 

the books by FORCHHEIMER (9) and ^ ^ 3 ÍS «^en in 

o u on for Case 4 is not known to the writ a simple formal mathematical 

ernpirical and based on experiments by HARZAmTi ^ in Fi*' 12 is 

radial flow nets by TAYLOR (28). The formul ^ S 8raphical so^tion through 

Edition of the losses in piezometric ^ ^ J 7 ^ ^ ^ 6 ^ d-^ed by 
-d 4 .. and in the soiIinsidethe casinP e;ShU;fe head °utside the casing - Cases 3 

rect since it is assumed that the velocity of flovT ^ ^ aPProx^ately cor- 

length and cross section of the soil plUg. It is ° , distributed over the 

within the casing tne vertical permeability is B ^ Consideration that for soil 

that of the soil below the casing on account of souT^ ^ dif£erent from 

The formula given for Case 7 is deriv d b Sedim-^°n. 

from a line source for which the equipotential Lria'ce^a0“^ (6‘ ^ baSÍS °f flow 
fore, and as emphasized by DACHLER, the formula ca Semi-elf>Psoids. There- 
sults wh it is applied to a cylindricalinta we;an Pr°Vide only approximate re¬ 

hat the flow lines are symmetrical with respect Ó /k ' ^ ^ 8 Í£ is assumed 

center of theinUke.and the formula for Case 7 is th -°^1 ^ th«--8f> the 

The accuracy of these formulas aPPllPd t0the uPPer and lower 

l/r and l/d- ww. u„MT.u:.p:r*b,y ^ 
»»d « cor,.,Ad c.,e, 2 e„d !, respectively, bo, , " 'q“ 7 
velues (or the For ,.rg€ valj,8 o( Per c.„ 

formulas may be used, /D th* following 8impiified 

CASE 7. a= i-üi- k H 
In (2l7r) 

q - ¿nLkH_ 
q " ln (2L/D) 

CASE 8. 
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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, kh, is governing. The effective radius, R , depends 

on the distance to the source of supply and to some extent on the compressibility of 

the soil, MUSKAT (22) and JACOB (17, 18). It may be noted that the simplified f„r- 

mu a 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 formulas in Fig. 12 are based 

ÍUlly SatÍSfÍed Under Poetical conditions. It is especially to be noted 
that the horizontal permeability of soil strata generally is much larger than the ver¬ 

tical permeability. Correction of the formulas for the effect of anisotropic permea- 

1 ity is discussed in the following section. Even when such corrections are made, 

strau" VW"* ^ ^ ^ ^ results, since the soü 
U ta are not in mite in extent and are rarely uniform in character. However and 

Uking into consideration that the permeability characteristics of the soil strata sel- 

P^oToreT "T0 Ín adVanCe* the f0rmUlaS are 8enerally ade«Uat* the 

ing ^nsto^lation'Hb ^ th 7*" ” °f ^ Pr°Per ^ P«ssure measur- 
verifi d h tÍme laR °btained by the Armólas should always be 
verified and corrected by means of field experiments. 

Influence of Anisotropic PermeabiUty 

ofT’T(26) *nd i*t"by dachler - - 
between the CoetL^ ^ ^ 

bh. -b.yb.MK.„i»toeo„si<ie„u‘„tlurri P'rm'”b“Í,>’0',he5°Í1' ^ 
factor /kv/kh a„d usi„g the „„„ ‘ »»yroMal d,me„ilons by u, 

muías or flow nets for isotropic conditions may be us^d' V ' ^ Whereafter f0r 

coeffici^Tpl“;; ^:diZTl Pr0blemS and d— constai 

given bv VREEDENBURC (31 ) and MUSKAT ull ^ ^ CO°rdinate axes 1 

coeffic^nl^, f?nowing transformation is made, ° 40 arbitrarily Select** 

y = y 

and when an equivalent coefficient of permeability 

k = k /5~5T 
e oVk0 k„ 

^ko/k2 

(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 kvl it 

is convenient to use the following substitutions, 

kz = kv kX = ky = kh and m = •J kh/kv (30) 

whereby the transformations assume the following form, 

x' = x/m y' = y/m or r' = r/m and z' = z (31) 

ke = kv 'Z m2 • m2 = ky • m2 = kh (32) 

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 

vertical coefficients of permeability and the flow through the 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. 

Hh introduction of the mean coefficient of permeability, 

Icm = >/ kv • kh = m • kv = kh/m (33) 

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

follows; 

CASE 1. 

2«DkhH 

q In (m + 'Z 1 + m2) 

n DkhH 

CASK 2. q - -;-/ , 
In (m ♦ > 1 + m¿) 

CASE 3. q = 2 DkmH 

CASE 4. q = 2.75 DkmH 

2DkmH 
8 L km 

1 « d î^; 
CASE 5. 
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CASF. 6, 

2.75 DkmH 

. JJ L km 
1 + " Dky 

2«LkhH 

CASE 7. q = 
In (mL/R + 'Z 1 + (rnL/R)2) 

2 nLk^H 

CASE 8. q = 
In (mL/D + s/ 1 + (mL/D) ) 

T», lormula lor Cos. 9 in Fig. U i» already expressed in lerms ol die horrsonUl 

per.MU.y and is not .llec.ed by the translomnation. The modilied lormnl.s lor 

cases I and d should be considered as being only approximately correct an 

isotropic condittons or m = I they yield 13.4 per cent greater values oí How 

obtained by the basic formulas in Fig. Id. In Cases 7 and 8 and or arge 
tnl./R or ml./D ,he denominators may be replaced with In (dmU/H). respect,vely 

In UmL/D). 

Computation of Time Lag for Design Purposes 

■ 

th 

show i 

Examples of computation of the basic time l^rm and 
12, are shown in Fig. 13. In all cases it is assumed :, in the casing as 

pi rm,-ability equal in all directions; with a sphere of equal ,rm,-ability equal in all directions; with ft sphcre of equal 

n in Case 1. The porous cup poin -oint This trans- 

surlace area and the flow computed as through a sPherl^ through a 

lormation furnishes a time lag whi _thpr shaoeandequalsur- 

sph. rical well point is greater than ^^imilar to the one described 
far. area. The pressure cell shown in Ca U may be noted that 
in a report by the WATERWAYS EXPERIMENT STATiOM33)^ m buiU 

hydrostatic pressure cells with a diaphragm .. antj that a pressure cell 
and used successfully by the Waterways Exper men^^ ^ ^ BOITEN and 

with a diaphragm diameter of about one that the basic time lags for 

RLANTEMA (1); see also Fig. 8-B. U H is n0 accumulation of 

C« - s 9 and 10 are computed on the discussion on pages 7 and 8. 

below the diaphragm or in the sand filter, Fi . 13. ln 

A few general rules may be deduced from coefficient of permea- 

s the basic time lag is ‘"^"^^^lensth and the diameter of the intake. 

K“ 

all case 

bility. 

s the basic time lag is inverse y propo diameter of the intake. 

Wh,„ Ut. rhtio b.,w... ÜI. ‘"“,h ”nd ^ 
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Z, remains constant, the basic time lag is inversely proportional to the diameter 

*..-ie intake and directly proportional to the cross-sectional area or the square of 

nameterof the piezometer or manometer tube. When furthermore the diameters 

’.ne intake and piezometer are equal, Cases 1 to 4, the basic time lag is directly 

>oortionai to the diameter. 

The results of the examples in Fig. 13 are summarized in a slightly different 

rm in the last column in Fig. 14. The basic time lags are here given for a coeffi- 

....... 0f permeability k = ICT6 cm/sec., and these time lags may be used as a rat- 

:r.; of tne response to pressure changes for the various types of installations. For 

examples shown in Figs. 13 and 14 this rating time lag varies from 193 days for 

i ;-in. boring with 6 in. of soil in the casing to 0.4 seconds for a 3-in. pressure cell 

placed in a b-in. by 18-in. sand filter. 

In the central part of Fig. 14 the basic time lags for various coefficients of 

r me ability 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 

t, be considered in practical operations. As mentioned on page 12. the time lag for 

” ner cent equalization is twice as great as for 90 per cent equalization. Accord¬ 

er., to data furnished the writer by Dr. A. WARLAM, the volume change of a 4-1/2-in. 

Bourdon pressure gage is 0.5 to 1.0 cm* for 1.0 kg/cm¿ change in pressure, or ap¬ 

proximately half of that for a l/l6-m.. single-tube, mercury manometer. There- 

: jre , when the standpipe in Cases 7 and 8 is connected to a 4-l/2-in. Bourdon gage 

r to a double-tube mercury manóme te r with l/lb-in. inside diameter, the time lags 

util be about one-half those shown for a l/l6-in., single-tube mercuty 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 

■ahen rigid connections are used. 

.11 case. IK.- computad tima 1«K* should ». e.n.idar.d .. barn* only op- 

proKimata »olue,. und they h.»e baa. rou.dad oil to co.vatttont Hydra,. Fha .ctu.l 
i f _▲ _nr»t taken into consideration in tne 

time lags may be influenced by severa a ■ . rhanoes of 
.. ...k ... stress adjustment and volume changes oi 

above mentioned computations, sue clouuina 
. a ,,rino svstem, sedimentation or clogging 

soil and gases in the soil or pressure measuring system. 

„1 tha wall point, filter, or surround..* soil. ate. Tha .Cu.. ..„.a !. . ™ 

lora ba co.stder.bly „ra.tar or sm.Ha, th.n those indicted ^ 

special attention is called to the fact that the honz^nta perm permeability 
cuse oi str.tmctlon., oiten .. m.ny Urna, gra.t.r th.n tha vert. P ^ 

• s Baner.lly determined by Utbor.loryte.W^nd oHen u.^ .hown in Figs, 

meability of the soil stratum as a w o e. neSS of the various 

„ .„d ,. »... iurntsh some spe- 
types of installations and permita pre y 

cific conditions and purposes. 

'■j 
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Examples of Field Observations and Their Evaluation 

Logan International Airport, Boston 

national Airport at Boston ^ ^ ^ SOÜ ^ Inter- 

UO). Most of the piezometers used lere ofTe Z (3) CüULD 
»Cflliy in Fig. 15-A. The result f saRrande‘XPe. shown diagrammat- 

lt °f a SerieS °f lag tests for piezometer C are 

BENTONITE 
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TUBING 

CASING 

2"STD PIRE 

Back fill 

V' STD PIPE 

ID» 06^4" 

POROUS 

TUBE 
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SCREEN 
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Filter 

i 
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BOSTON VICKSBURG VICKSBURG 

A 8 C 

Fig. 15. Piezometers used in tests -. ,, 
•g- 16. time lag tests at 1 

8 ests at Logan Airport. Boston 

summarized in the paper by GOULD and further d ♦ , 

disposal by CASAGRANDE. The filter or intake , pUced the writer’s 

«o t Boston Blue clay at a depth of 47 ft below the '* insUlled in 
Th n “mshed grade of fin 
Thn equalization diagram, obt.i„ed , 

formed a y.a, .par,, .re ahown Fig. ,6. The ,lr, ^ ■"'»«onad te.„, p„. 

•he., diagram, 1. .„mg.,. 

th Teby in<^ 

of the soil 

diagram 1¾ 

curvature 

increase iq 

the filter, 

means of 

kv variesj 

cm/sec. 

crn/sec, ta 

The dimef 

of filter 

meter of 

H is obtaj 

and the to! 

The basic 

A 

wells anc 

TION (it 

levees at 

made one 

obtained 
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and curvi 
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th Teby indicating that ihe 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 equalization diagram obtained a year later shows a slight 

curvature and a basic time lag of 1.7 6 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, varies between (28 and 35) X 1 0"^ cm/sec and between (940 and 141 0) x 1 0"^ 

cm/sec. Using the average values kv = 31.5 x 10"^ cm/sec and kjj = 1175 x 10*^ 

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

m = 'J k^/k = ^ 37.5 = 6.1 

The dimensions of the installation as given in the paper by OOULD are: diameter 

of filter D = 2.5 in. = 6.35 cm; 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 

2*LkhH 

q = In (2mL/D) 

and the total volume of flow required for equalization is, 

V = x d2 H 
4 

. he basic time lag as determined by equation 3 is then, 

V _ dz In (2mL/D) _ 0.95 In (263.6) ^9 _ 3910 sec _ j 09 hours (34) 

8 L ki 8 • 137.2 . 1175 

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 ,n 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 piezometers, 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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A ~ EXTENDED TESTS OPEN SYSTFm 
B - DETAILS open and closed systems 
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BEDFORD Plf^nr-rr., ,n 

Fig. 17. Time lag tests by the Waterways ITvr. • 
1er ways Experiment Station. Vicksburg 
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soil near the well points or filters. The individual piezometers in the two groups are 

only IS ft 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 ISO) X 10 ^ cm/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. 

lS-B,and is installed 92.5 ft below 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 through the origin and parallel to the lower and fairly straight part 

ol 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 changes 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 

part of the diagram is fairly straight. A straight line through the origin and parallel 

to the lower part of the diagram indicates an effective basic time lag T = 9 hours. 

In a second test the head — HQ = 9.98 ft -- was maintained for one hour before the 



42 

piezometer level wes allowed to fall ,„d the observations were started. The result 

.n8 ;,u, .ration diagram, A-D, is above the iirs, diagram and no. so strongl,, curved 

lull 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 thp mai h 
been obtained. ’ ^ dla8ram would have 

Pt.rom.ter No, 10 a. ».id Bedford is .„staffed 15 f, from piezometer No 6 

and a, the depth. The sand fitter has the same dimensions as fo. No. 8 b„, 

length of'the'filte'r .Ttt W“h “ ^ ^ eX,'ndi"8 «•'»“S1' «•= whole 

E^,fr..f::^;;r sl*"d"d Fie-,5-c' 
and are shown in Fio 17-n Th I 8 ^81°8 P^^ter levels 

determination „ thl^ftecUve L ^T:“0" 

prooably smaller than the 9 hours obtained f ^ W ^ ^ 8r°ater 4,2 h°Urs but 

ture of the diagrams is considerably less than thlt Tf^h" d^’^ ^ 

no. 8, which may be explained by ,h. fac, tha, ,h. cross-,ect!lT.^a "ÒÍT^ 
zometer pipe is (0.824/0 375)¿ - 4 « *im ectional area of the pie- 

change, o, soil 1 gai b^Ls ^ ^ 

lag should then also be 4.8 times a~ or at Sr™ller- However, the basic time 

for piezometers 8 and ,0 are identical Jt^ °f ^ Sand iil*~ 
smaller time lag This inconsi t equalization diagrams indicate a 

urtties i„ ,o,i cidrnrr'rrio^ob.'br,::,*?o,h" - 
subject to clogging than a porous tube and that oas ^ ^ 

the screen extends to the top of the sand filter. ^ m°re ^8^ 8ÍnCe 

Piezometer No. 11 at Reid Bedford consists of a x/a 
its lower end in the center of a sand filter at the s A ^ pipe With 

mensions as the filters for piezometers 8 and I 0 Th T ^^10 

piezometer No. li are incomplete but indicate that th ft 7 8 °bSerVations for 

least 25 hours. It is probable that this increase in ti 6 \ * baS1C tlme la8 is dt 
zometers 8 and 10, is caused by clooRinB of th* - a ^ COmParison with pie- 

end of the pipe and of sand which may have entered"»! ^ ^ lmmediate vicinity of th«* 

ing of the pipe and subsequent careful surBinu / °W0r PaFt °f the pipe' Clean- 

lag, but it is probable that clogging would 717 UndOUbt0ClIy decrease the time «ging would re-occur in time. 

Piezometer No. 15 at Reid Bedford is a 3/4 

drive Point and a 4-in.-long, perforated section above Th ^ ^ * SOlid 
to the same depth as the other piezometers and th P<> ' ^ PiP* WaS driven 
lag test the piezometer level was raised 7.4ß ft 7 WUhdrawn one fo°t- In a time 

The lower part of the equalization diagram H,!*11 h°UrS U fellonly 0.12 ft. 

from 7.45 ft to 7.36 ft in 17 hours, is fairly strait ^ PÍeZ°meter level 

zometer level it is better to compute the effective b’ ” ^ * ^11 dr°P in P«' 
tion (5) than to determine it graphically; that is Hn1« lag by means of equa- 

-ft*;**. 
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1 17 
T = In (H0/H) = In (7.45/7.36) = 1730 hours = 72 days (35) 

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 

tue driving, that a smear layer of remolded soil is formed around the pipe, and that 

Unslayer has covered the joints in the clay and decreased its effective permeability. 

Determination of Permeability of Soil in Situ 

Basic formulas 

When the dimensions or shape factor, F, of a pressure measuring installa¬ 

tion arc known, it is theoretically possible to determine the coefficients of permea- 

Inlity of the soil in situ by field observations. 

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

(36) 

c 

For variable head but constant ground-water levelor pressure, the heads 

and corresponding to the times tj and t¿, and A = ^ d^ the cross-sectional 

area of the standpipe, the following expression is obtained by means of equation (5), 

A 
137) 

k = F(t2-tl) 

1 his is also the formula commonly used for determination of coefficients of permea- 

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

The simplest expression for the coeflicient of permeability is obtained by 

U' termination of the basic time lag, T, of the installation and use of equation f3); 

that is, 

k-A l38) 
The shape factors, F, for various types of observation wells and piezom- 

■ ters may be obtained from the formulas in Fig. 12 andón pages 3’ and 35 by elimi¬ 

nating the factors (k H), respectively (1^^) or tk^H), from the right side of the 
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equations. F.xplicit 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 <1 = ^ kH/L, or F = 4 D^/L. In 

cases D and F the coefficient of 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 13 and 35. Simplified formulas for d = D, = kv, 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 fHQ/H) = 1. The work involved in plotting the diagram is off¬ 

set by simpler formulas for computing the coefficient of permeability, compared to 

the formulas for variable head, and the diagram has the great advantage that it re¬ 

vi-ais 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. 

K.xamples of applications 

The following dimensions apply to the permeability tests on Atlantic muck, 

Fig. 10: D = 4.25 in. = 10.8 cm; L - 0.87 in. = 2.21 cm; d = 0.30 cm. The basic time 

lag obtained from the probable normal diagram in Fig. 10 is T = 178 minutes, and 

hence 

k.. = 
d¿L_0.302 • 2.2J— . 1S9 x 10-9 cm/sec 

D i2T 10.82 • 178-60 

The slope of the lower parts of the equalization diagrams corresponds to a basic 

time lag T = 210 m.n and ky = 135 x 10^ 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, 

. .. i t - 0 98 hours = 3530 seconds. With k = 31.5 x 10 cm/sec gave a basic time lap, T - U.70 nours v 
„ ^0» td the coefficient of horizontal permeability ot 

and the dimensions given on page 39, the 

Boston Blue clay may be determined as follows: 

kh = 

d2 in l2mL/D) 0-952 In (m.-J43.2) = 2„ 5 . 1Q-9 . ln (m . 43.2) 
—g . L'; x - 8 - 137.2 • 3530 



This equation maybe solved byestimating the value of m = and successive 
corrections, which yield 

kh - 1310 X 10-^ cm/sec and kh/kv = 1 310/31.5 = 41.6 

Th< se values he 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 

insta lation. This applies also to the installations at Willow Point and Reid Bedford 

>8. 17, since the strong initial curvature of the equalization diagrams indicates 

arge transient volume changes and probably accumulation of gas bubbles in the 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 tta. ,aB for bor.ng, „fmom.fers provide, then- 

Z :"' ‘ V",y Sirnple m'th°d ■‘'-""‘■“•‘o» »' fbe permeabifity soff i„ !úu 
tn or anisotropic conditions. However, many difficulties are encountered in the 

practical execution of such permeabilitv tests and i , , per.neaomiy tests and evaluation of the results obtained 
since the latter are subject to the s«m . c r ' 

J t0 the Same sources of error as those of pressure ob¬ 
servations discussed in Part I and sine as j r P essure od 
some of th s I 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 emnirical nr nni 

.. . P °r only dPProximately correct and thev are 
all based on the assumption of infinite thickness of the soil 1 w u X 

point or intake is installed. When sand filters are used th d ^ ^ W ^ ^11 

^termined with greater accuracy than is required for Dr T"8 ^ 
‘greatest part of the hydraulic friction losses or Pressur“ observations. The 

of a test consequently indicate the permeability ^ ^ 

of the intake. Misleading results are obUiled h " ^ ^ vicinitV 

changed by disturbance of the soil during ad!anc OÍ this soil is 

filters or well points, leakage, clogging of th C ^ °re h°le °r lnstallation of 

particles from the surrounding soil, and accumulation oY °l fine-8rain‘*d 
within the pressure measuring system may rend h «ases n,‘ar the intake or 

as a means of determining the permeabil ty of tie 

in the soil near the intake will decrease the ! P ^ ^ *** bubb1« 

equalization diagram, and increase the effectiveYlsic tim CUrVÄtUre OÍ 016 
coarse-grained filter or within the pressure ma * GaS bubbles in a 

pressure measuring system will not cause any 
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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 i. 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 

d. tection, 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 application of the results obtained by the method. 
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