
MODEL STUDIES OF TIDAL EFFECTS

ON GROUND WATER HYDRAULICS

John A. Williams

Ronald N. Wada

Ru-yih Wang

Technical Report No. 39

May 1970

Project Completion Report

of

TIDAL EFFECTS ON GROUND-WATER HYDRAULICS IN HAWAII

OWRR Project No. A-015-HI, Grant Agreement No. 14-01-0001-1630

Principal Investigators: John A. Williams, L. Stephen Lau and Doak C. Cox

Project Period: February 1968 to June 1969

The programs and activities described herein were supported in part
by funds provided by the United States Department of the Interior as
authorized under the Water Resources Act of 1964, Public Law 88-379.





ABSTRACT

This report presents the results of a model study on the propa­

gation of periodic fluctuations in the piezometric head through a

saturated porous media. Three different models were employed: a

hydraulic model, a mathematical model, and an electrical analo~ model.

The hydraulic model consisted of one or more layers of polyurethene

foam placed in a lucite tank. The foam was tested in a confined and

unconfined condition using both a no-flow and a constant-head bound­

ary condition at the internal boundary. The mathematical and electric

analog models duplicated the conditions in the hydraulic model.

The results of the study indicate that diffusion theory can des­

cribe the propagation of such disturbances provided that the boundary

conditions are satisfied and that the correct diffusion coefficient is

employed. The calculation of the correct diffusion coefficient re­

quires that an appropriate storage coefficient and an apparent porosity

be used for the confined and unconfined models, respectively.

For the unconfined case, the ratio of the apparent porosity to

the true porosity is of the same order of magnitude for both the poly­

urethene foam and a Sacramento River sand.
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INTRODUCTION

In the development of ground-water aquifers, the coefficients of

storage and transmissability in the large are required. These coef­

ficients are usually determined from pumping-test data which yield

reasonably accurate values of the transmissability coefficient but

which produce values for the storage coefficient which may be con­

siderably in error. In aquifers in coastal regions which are in com­

munication with the sea, tidal changes produce fluctuations in the

piezometric head which, if measured, could be used to determine the

ratio of storage to transmissability. If pumping-test data were avai1­

able to give the transmissability, the storage could then be estimated.

Thus, the objective of this research was to investigate a tech­

nique for determining the ratio of storage to transmissability which

employs the response of coastal aquifers to tidal changes. To accom­

plish this, both hydraulic and electric analog models of aquifers of

simple boundary geometry were used and measurements of the amplitude

and phase of tidal-generated fluctuations in the piezometric surface

were compared with the amplitude and phase as predicted from the cor­

responding mathematical models.

Related previous work has been done by Werner and Noren (1951).

They have derived the mathematical model for an unconfined one-dimen­

sional aquifer, based on Dupuit's assumption of a constant hydraulic

gradient in any vertical section. They compared the ratio of the decay

factors for semi-diurnal and nine-day tidal periods with records by E.

Prinz (1923) of water-surface fluctuations in wells adjacent to the

Elbe River. The mathematical model predicted that the semi-diurnal

tide should decay about four times as fast with respect to distance

from the river as the nine-day tide. Measurements from the records

indicated that this ratio is around 2.0.

Todd (1954) has carried out an experimental investigation of un­

steady flow in unconfined aquifers using a 10-foot by 1.5-foot vertical

Hele-Shaw model. More specifically, he investigated the propagation

of transient disturbances produced by a sudden increase, a sudden de­

crease, and a solitary sine-wave fluctuation of the piezometric sur­

face in the forebay of the model. For the tests with the solitary sine
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wave, a constant oil depth of 6.6 to 6.9 cm was maintained at the out­

flow boundary. The heights of the waves varied from 2.5 to 15.2 cm

and their periods, from 2 to 6 minutes.

Miller (1941) conducted experiments in a hydraulic model where

the porous media was Sacramento River (California) sand having a grain­

size diameter which varied from 0.074 mm to 1.20 mm with a median diam­

eter of about 0.44 mm and a porosity of 0.345. The section of the model

containing the media was 9.6 feet long by 1.0 foot wide by 1.5 feet

deep. A solid wall provided a no-flow boundary condition at the interi­

or end of the test section. Fluctuations in the forebay were sinusoidal

in time with periods of either five or ten minutes. Miller's gener~l

experimental set-up was essentially the same as the hydraulic model

tests utilized in the study reported here. The only difference is the

porous media used.

THE MATHEMATICAL MODEL

The Basic Differential Equations

The application of the conservation of mass principle and Darcy's

Law to an isotropic and homogeneous porous media, saturated between the

surfaces z = 0 and z = z (x, y)l, yields two basic differential equations:

z ( 1 £) ah Ss ah
V • (zVh) = K Wo E + 13 at = Kat

and
£' azV • (zVz) = - -­K at (lb)

Equation (la) applies to confined aquifers where h is a function of

(x,y) and represents the piezometric surface. The quantities E, £,and K

are Young's modulus of the media, the porosity of the media, and the

Darcy coefficient of permeability, respectively. 8 and Wo are the bulk

modulus and the specific weight of water, respectively. The quantity

wo(l/E + £/8) is defined as the specific storage, Ss, and represents the

volume of water that a unit decline in head releases from storage from a

unit volume of media. This equation was first derived by C. E. Jacob

(Jacob, 1950, Chapter 5).

1 All symbols used are summarized in Appendix A.
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Equation (lb) applies to unconfined aquifers where compressibility

of the water is considered negligible and where the upper surface of the

water and the piezometric surface coincide, hence, z =h. If the capil­

lary fringe zone is neglected z = z(x,y) defines the phreatic surface

and ~ becomes E', the apparent porosity. K is again the Darcy permeabi­

lity of the media. This equation is known as Boussinesq's equation of

unsteady flow and the details of its derivation may be found in Chapter

8 of Physical Principles of Water Percolation and Seepage (Bear, et al.~

1968, Chapter 8).

Both equations (la) and (lb) are based on the assumption that the

streamline curvature of the flows involved will be small enough to pre­

vent any density gradients.

The Phreatic, One-dimensional, Finite Aquifer

If there is no variation of the flow in the y-direction, if the

changes in the elevation of the phreatic surface with re~ect to the

average depth are very small (i.e., ~ = z - z«l), and if the slope

of the phreatic surface always remains small (i.e., azjax«l), then

equation (lb) can be written

aZz; E' a~

axZ = KZ ax

iatIf there is a periodic dependence on time, then ~(x,t) = R[n(x)e ]

and equation (2a) reduces to

dZn. E'a
~ - 1an = 0, a = --_-

x Kz

This equation has solutions in the form,

C -:ViCi x C --Jia xn:z: Ie + ze , (2c)

where C1 and Cz are complex constants to be determined from the bound­

ary conditions.

For the boundary condition, ~(L,t) = ~(-L,t), C
1

= Cz (this is

the same as requiring a~jax = 0 or no-flow at x = 0), and

(3a)
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Finally, if the boundary condition at x = LOis s(L,t) • R(_isoeicrt)

then C3 = -iso/coshJ[a Land th.e solution becomes

s (x, t) = R[_eicrt isocosh-JIa xlcosh-Jra L] (3b)

or

where

So A + B + C + D
s(x,t) = 4

sinh~+ cos~ L

If ex + L)
A = 'i 2 sinrjf (x - L) + crt]

Jf (x - L)
B = e siniff (x + L) + crt]

-jf"(X - L)
C = e sin[i~(x + L) - crt)]

= e
- g2 (x + L) ( g )D V2 sin[- J2 (x - L) - crt ]

(3c)

This is the form of the solution found by Werner and Noren (1951) where

A and B are right-traveling disturbances and C and D are left-traveling

disturbances. This solution can be put into a second form which is

more convenient for numerical calculations, i.e.,

(4a)

where

p
cos~x + sinh~ x

COS~L + sinhjl~ L

and

tan 0p = (4c)

(Sa)
sinh~x

sinh~L
p =

If the boundary condition at x = 0 were that of a constant head,

then C1 = -C l in equation (2c) and the following equations for p and

0p result:



and

tan 8p =

a a a a
coth 2 x tan 2 x - coth 2 L tan 2 L

a a a a
I + coth 2 x tan 2 x coth 2 L tan 2 L

5

(Sb) .

The Phreatic, One-Dimensional, Cylindrical Island Aquifer

If there is no variation of the flow in the tangential direction,

if the changes in the phreatic surface are small with respect to some

average depth, and if the slope of the phreatic surface again remains

small, then equation (lb) can be written

I a
r ar (r~) = ~~ar Kz at ; i';; = z - Z (6a)

If a periodic time variation is assumed as previously, then (6a)

reduces to

d (rdn ) _ iarn = 0 . a = £'0
dr dr 'Kz (6b)

This is a modified Bessel's Equation and has solutions of the form,

(6c)

where C1 and C2 are complex constants determined by boundary conditions.

At r = 0, i';;(r,t) should remain bounded, hence, C
2

must be zero. If the

radius of the island, L, is small with respect to the tidal wave length,

no appreciable phase difference in the water-surface elevation will be

observed around the island and the boundary condition at r = L can be

expressed as i';;(L,t) = R(-ii';;oe- iot). If these boundary conditions are

applied to equation (6c) together with the identity, Jo(i~x) = berx +

ibeix, and the result multiplied by eiot , then the real part of the

product is i';;(r,t), that is,

(7a)

where

and

p = ber2 va r + bei 2 € r

ber 2 J(i"L + bei 2 Ja"L
(7b)

tan8p
= berJa L beiJ(i" r - bejJa L berJa r

berJa r berJa L + beiJa r bei.Jfi" L
(7c)
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The Confined, One-Dimensional, Finite Aquifer

If the aquifer is of constant thickness, i.e., z(x,y) =b, and

if there is no variation of the flow in the y direction, equation (la)

becomes

(8a)

For periodic time dependence, then h(x,t) = R[n(x)eicrtl, and equation

(8a) reduces to

(8b)

This is exactly the same as equation (2b), hence, the solutions pre­

viously determined for equation (2b) apply here, provided the proper

expression for a is used. Specifically, equation (3c) or its counter­

parts, equations (4a), (4b), and (4c), represent the one-dimensional

confined aquifer with a no-flow boundary condition at x = 0, and equa­

tions (Sa) and (Sb) apply to the confined aquifer with a constant-head

boundary condition at x = o.

The Confined, One-Dimensional Cylindrical Island Aquifer

If the aquifer is of constant thickness, if there is no variation

of the flow in the tangential direction, and if changes in time are

periodic, then equation (la) becomes

~(rdn)_
dr dr

. 0 Scr1arn = • a = --, T (9)

Thus, the solutions for the phreatic island-aquifer, i.e., equations

(7a), (7b), and (7c) are valid when used with the correct expression

for a.

It should be noted that the solutions for the one-dimensional aqui­

fers with the no-flow boundary condition are also solutions for aquifers

of length 2L, having the same periodic variation in piezometric surface

applied at both ends, x = ±L. The solutions for the several aquifers

and their boundary conditions are summarized in Figure 1.
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FIGURE 1. SUMMARY OF MATHEMATICAL MODELS.
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The Electric Circuit Analog

For a confined aquifer of constant thickness and an unconfined

aquifer whose depth differs only slightly from some average value, z,

the equations (la) and (lb) take the form,

(10)

(lla)

(llb)

(He)

(lld)

where CD = SIT for the confined aquifer, CD = £'/Kz for the unconfined

aquifer, and x = X/a is a new variable which measures in "a" feet

units of length.

The following conversion factors relate the corresponding hydraulic

and electrical quantities:

q (ft 3
) = KI~ (coulombs),

h (ft) = K2 V (volts),

Q (cfs) = K3 i (amps),

t (sec) = K~te (sec),

where q = Q t requires

(12)

Making use of equations (lIb) and (lId) and considering a one-dimen­

sional flow, equation (10) transforms into

(13)

The flow of electricity in a circuit composed of a parallel plate

capacitor with one plate acting as conductor requires that

(14)

where Rand C are the resistance and capacitance per unit length of

the capacitor plate, respectively.

To relate CD with Rand C the analogy between Ohm's Law and Darcy's

Law is used, i.e.,

Q/ft. width = T lih and i ==
lix

1 liV
if liX
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where ~x is the distance over which the head drop ~ takes place in

the hydraulic system and the distance over which the voltage drop ~V

takes place in the electrical system. Application of equation (11)

to these two laws yields the relation,

(15)

Eliminating RT between equation (15) and (14) and taking CD for a con­

fined aquifer results in

(16)

Equations (14), (15), and (16) provide the necessary relations for the

determination of the electric analog for a given aquifer. That is, K2

is fixed and then K3 is selected in equation (15) to give a convenient

value for R. Kl is likewise selected to give a convenient value of C,

using equation (16). Finally, for the determined values of Rand C,

the time scale factor K4 is found from equation (12). The distance

"a" represents the grid spacing in the finite difference approach to

the solution of equation (10). For the unconfined aquifer, the same

equations that are valid if 5 is replaced by £' and T is replaced by Kz.

EXPERIMENTAL APPARATUS AND PROCEDURE

The Hydraulic Model

The hydraulic model consisted of a lucite tank 6.0 inches wide by

64.0 inches long by 18.0 inches deep. At each end a compartment 8.0

inches in length could be formed by inserting removable bulkheads. A

cylindrical plunger, made from five-inch diameter PVC pipe, was lo­

cated at one end of the tank. This plunger was driven by a 1/4 hp,

B &B variable-speed motor (254 inch-pound torque) and an 5-47 model

electronic controller which activated a driving rod connected to a yoke

and flywheel assembly. The motor speed could be varied from about 4

to 40 rpm, and the amplitude on the plunger displacement could be var­

ied from 0 to 4 inches. Two inches from the bottom of the tank and

along one side of it, a series of pressure taps was drilled. The first

twelve taps were spaced two inches apart from center to center, with
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the exception of Taps 4 and 5 which were 2.25 inches apart. The last

four taps were spaced six inches from center to center. Each tap was

connected through a needle valve and a piece of copper tubing to a

one-inch PVC pipe manifold. A single tap was drilled in the end

compartment containing the tidal plunger. The manifold and the tidal

compartment were each connected with a piece of Imperial 44-P-l/4

tubing to Statham Gold-cell transducers. Each Gold-cell was used with

a 0-2.0 psi range pressure diaphragm. The pressure transducers, in

turn, were connected to a two-channel Hewlett-Packard model no. 321

recording oscillograph. A sketch of the tank and plunger is shown

in Figure 2A and a photograph of the same equipment is shown in Fig­

ure 2B.

The Porous Media

Polyurethene foam was selected as the porous media to be used in

the hydraulic model. It had the advantages of being commercially

available and relatively inexpensive; at the same time, it was an elas­

tic material with interconnected pore spaces. Fairly extensive tests

were carried out on this material to determine its Young's modulus,

its porosity, and the Darcy coefficient of permeability, with the

following results:

Young's modulus, E = 13.6 psi

Porosity, s = 97 percent

Darcy permeability, K = 0.10 to 0.291 feet/sec.

Specific storage, Ss= 0.032 (feet)-l

The specific storage is determined from the relation Ss = Wo (l/E +

siS), where the specific weight and the bulk modulus of water have been

taken as 62.4 lbs./ft. 3 and 3.0 x 10 5 psi, respectively, and E and s

are as above.

The value of the permeability depends on the type of test used.

In general, the permeameter test results agree fairly well with the

falling-head test results made with the foam in place in a confined

condition in the model. A third set of tests, with. the foam in place

in the model in an unconfined condition, was also made. Both the

pressure transducers and a level and point gage were used to measure
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the water surface elevation directly. The K values. resulting from

this third set of tests were about 40 percent higher than those of

the other tests. Permeameter tests included flows oriented along all

three coordinate directions of several foam samples and indicated that

the foam was essentially an isotropic material.

A detailed description of the tests and their results are pre­

sented in Appendix B.

The Electric Analog Model

The electric analog model consists of a resistance-capacitance

network to model the porous media, a Hewlett-Packard model no. 202C

or a General Radio model l3l0-A audio frequency oscillator to generate

the tidal fluctuations, and a direct-current power supply to provide

a constant head when that condition was required. A dual-trace oscil­

loscope, Hewlett-Packard model no. l22A, and a Hewlett-Packard polar­

oid oscilloscope camera were used to monitor and record both the tidal

input at the "coastline" and the corresponding response at any interior

point in the network. The resistance-capacitance network is composed

of fifty 100-ohm resistors, forty-eight 0.02-microfarad capacitors

and two O.03-microfarad capacitors. All components were rated to be

within ±10 percent of their nominal electrical size.

Two different conditions at the internal boundary were simulated:

first, the no-flow boundary condition which requires that a reflected

disturbance return from the internal boundary; and second, a constant­

head boundary condition, i.e., constant voltage, at the internal bound­

ary. The no-flow condition requires that the aquifer be modeled by

the first half of the network, while the second half of the network

provides an image circuit in which the reflected disturbance can be

developed by inserting the same input at both Rso and Ri. The constant­

head condition can be achieved by placing the DC voltage source in

parallel with the resistance-capacitance network at Rso, i.e., at the

internal boundary.

The circuit diagram for the electric analog model is presented in

Figure 3.
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Experimental Procedure for the Hydraulic Model

The first step was to place the media in the model tank. Three­

inch thick strips approximately 0.125 inches wider than the 6-inch tank

width were cut to the proper length and placed in the partially-filled

model tank. Each strip was then kneaded and squeezed until all the air

had been removed.

After positioning the foam in the middle portion of the tank, the

procedure varied somewhat, depending on the type of aquifer that was

being simulated. If the aquifer was to be confined, the two removable

bulkheads were inserted and a polyethylene bag was placed in the region

over the media and filled with water. When the water in the end com­

partments was drained off as the bag filled, the foam layers compressed

and the bag seated itself around the edges of the foam. Once the bag

was seated, the water level in the tidal compartment was raised until

the level at high tide was about one inch below the level of the water

in the plastic bag, thus keeping an excess pressure in the region over

the foam. The excess pressure kept the bag seated and leakage into

the region between the bag, foam, and lucite wall was minimized. The

bulkhead, representing the internal boundary, was positioned with its

lower edge coincident with the tank bottom if the no-flow boundary

condition was required, and with its lower edge coincident with the up­

per surface of the foam layers if the constant-head boundary condition

was required. For the latter condition, the water flowed through the

media from the tidal compartment until there was no head difference

between the two ends of the media. This zero-head difference represented

the equilibrium condition about which the tidal fluctuations occurred.

The bulkhead, partitioning off the coastal end of the aquifer, was

positioned with its lower edge coincident with the upper surface of the

porous media.

For an unconfined aquifer with constant-head boundary condition,

neither the bulkheads nor the plastic bag were required. The no-flow

boundary condition was achieved, as before, by inserting a bulkhead at

the internal boundary.

The remaining steps in the procedure were the same for both types

of aquifers. The desired equilibrium level in the model was established
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and all the air bled from the manifold and the lines leading to the

transducers. A tidal period and amplitude were selected and the tidal

generator turned on. A continuous history of the tidal change was

recorded on one channel of the recorder while the corresponding fluc­

tuation in piezometric head at the several pressure taps located in

the media was recorded on the second channel. These fluctuations were

recorded every six inches, by leaving the appropriate needle valve

open for several tidal periods and then closing it.

A summary of the test conditions used with the hydraulic model

is presented in Table 1, and a sample record for tests of KaNA for

September 1969 is shown in Figure 4A.

TABLE 1. SU~Y OF EXPERIMENTAL CONDITIONS, HYDRAULIC MODEL.

DATE OF TYPE OF
EXPERIMEI'lT AQUIFER

AQUIFER DIMENSI~S, IN.

L b

AVG. WATER DEPTH, IN., TIDAL CHAi'GE,
AT X = L IN.

TIDAL PERIOD,
SEC.

lIh AT.X = 0,
IN.

17 ALG. Pa-IA '+S 12.00 10.375 2.1 12, 9, 6, 3

17 AU:; ~ '+S 12.00 10.375 2.1 12, 9, 6, 3

IS AU:;. Pa-IA '+S 6.00 5.'+36 0.5 9, 6, 3

IS ALG. ~ '+S 6.00 5.'+36 0.5 9, 6, 3

20 ALG. KCliA 50 2.S75 1'+.75 3.0 12, 9, 6, 3

23 AU:;. K~ 50 2.S75 1'+.75 3.0 12, 9, 6, 3"
1.5

3 SEPT. KCliA 50 5.S75 15.312 1.0 12, 6, 3, 1.5

'+ SEPT. K~ 50 5.S75 16.'+36 1.0 12, 9, 6, 31

1.5

9 SEPT. ~ '+9 6.00 5.250 0.65 9, 6, 3, 1.5

9 SEPT. Pa-IA '+9 6.00 5.250 0.65 9, 6, 3, 1.5

10 SEPT. ~ '+9 6.00 5.250 0.32 6, 3, 1.5

Experimental Procedure for the Electric Analog Model

.25, .13, .07, 0

.05, .03, 0

.OS, .03, 0, 0

.0'+, .03, 0, 0

The first step in the procedure was to determine the time scale

factor, K~. This required selecting the appropriate value for the Darcy

permeability and the desired boundary condition. The selection of the

appropriate value of K is discussed in "Analysis and Presentation of

the Data" (p.22) and Appendix C contains sample calculations for K~ for

the tests on KaNA for 4 September 1969. With K~ established, the audio

oscillator was set at the appropriate frequency. Switch, S, was placed

in a position consistent with the boundary condition required, and the

oscilloscope turned on. Trace 1 on the oscilloscope always recorded

the input wave form while Trace 2 gave the response to this input at
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FIGURE 4A. RECORDS FROM HYDRAULIC MODEL, TESTS OF KONA, 4 SEPT. 1969.
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FIGURE 4A (CONT'D).
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FIGURE 4A (CONT'D).
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any interior point where the oscilloscope probe was applied. The

response was measured at those points corresponding to the six-inch

intervals used in the hydraulic model. For the no-flow boundary

condition, this interval is 300 ohms (i.e., a = 2 inches) and for the

constant-head boundary condition, it is 600 ohms (i.e., a = 1 inch).

At each position a photograph of the input and the response was made.

As the film was exposed only to the illuminated portion of the cathode

ray tube, Trace 2 at all eight positions was photographed on a single

Polaroid film by simply using the vertical adjustment control to re­

position the trace on the cathode ray tube for each new position of the

probe. Since the input remained constant, it was eliminated from all

but the first exposure.

Table 2 summarizes the conditions of the tests with the electric

analog model and Figure 48 presents a photograph of the wave forms

observed for the test conditions on KONA for 4 September 1969.

TABLE 2. SlJv1MARY OF EXPERIMENTAL CONDITIONS, ELECTRIC ANALOG.

DATE OF TYPE OF CONSTANT VOLTAGE CHANiE IN VOLTAGE ELECTR I C ANtILOG FREQUENCY IN
EXPERIMENT AQUIFER DC VOLTS VOLTS CPS/AVG. DARCY COEFFICIENT OF PERMEABILITY FT/SEC.

12 SEC. 9 SEC. & SEC. 3 SEC. 1.5 SEC.

17 AlG. PG1A 12.5 0.& 92 101 125 173
3.59 4.27 5.20 7.53

17 AlG. PONO 0.& 133 184 253 501
9.&& 9.33 10.15 10.24

18 AlG. PG1A 12.5 0.& 122 1&0 250
7.5 7.2 13.5

18 AlG. PONO 0.& 229 312 &&3
14.3 15.7 14.8

20 AlG. KOHA 12.5 0.& 311 344 520
0.039 0.053 0.070

23 ALe. KONA 0.7 810 1080 1&20 3240
0.045 0.045 0.045 0.045

3 SEPT. KOHA 12.5 0.& &1 114 227 404
0.15 0.1& 0.1& 0.18

4 SEPT. KONA 0.& 204 244 348 53& 1172
0.18 0.20 0.21 0.25 0.25

9 SEPT. PONO 0.& 331 384 &80 1257
10.32 13.35 15.10 1&.35

9 SEPT. PG1A 12.5 0.& 111 144 182 330
7.7 8.9 14.1 15.5

10 SEPT. PONO 0.& 395 790 1&30
13.0 13.0 12.&



FIGURE 46. PHOTOGRAPH OF WAVE FORMS FROM ELECTRIC ANALOG, TESTS OF KONA, 4 SEPT. 1969. N
~
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ANALYSIS AND PRESENTATION OF THE DATA

The Hydraulic Model Data

Analyzing the data from the hydraulic model tests required that

amplitude and phase angles be determined from the time histories of

the piezometric surface similar to those shown in Figure 4A. To faci­

litate the presentation of the data, all amplitudes were normalized

with respect to the amplitude of the fluctuation at the coastline,

i.e., the tidal amplitude. Since the recorder response was linear

with respect to the changes in the piezometric surface, this normali­

zation was accomplished by dividing the number of chart lines from

peak to trough for each record taken by the number of chart lines

from peak to trough counted on the same channel from the time history

recorded nearest to the coastline. The latter time history was not

always recorded exactly at x = L, but was always close enough to x = L

so that differences in the amplitudes were less than those small dif­

ferences occurring randomly in the generated tidal change, i.e., less

than 2 percen~. The number of lines used in each case was taken as the

average number of chart lines based on three consecutive waves.

Phase angles were determined by projecting the peaks and troughs

of the trace recording fluctuations in the media into the trace re­

cording the tidal change. The phase angle was then measured as the

distance between the projected peak or trough and the peak or trough

of the tidal trace. The appropriate peaks or troughs were not diffi­

cult to identify as the phase angles increased slowly from zero with

distance from the coastline. The accuracy with which these angles

could be scaled off depended on the chart speed and the wave period.

This scale factor varied from l2°/mm, which corresponds to a 1.5 second

period tide and a 20-mm/sec. chart speed, to 6°/mm which corresponds to

a l2-second period tide and a 5-mm/sec. chart speed.

As the amplitude decreased the peaks and troughs flattened out,

making it difficult to pick out the maximum and minimum points. This

effect was minimized by increasing the sensitivity of the recorder for

several cycles of the tide whenever the crest-to-trough distance be­

came less than six or eight lines.

For the longer periods, the torque on the tidal-generator motor
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was not constant and produced a tidal change which was not strictly

sinusoidal, but contained some higher harmonics. This resulted in two

different values for the phase angle, since the phase shift for the

crests was not the same as that for the troughs. However, the ef­

fect was eliminated by averaging the two values of the phase angle.

Both the phase angle calculated from the crest shifts and that calcu­

lated from the trough shifts were average values based on three suc­

cessive cycles of the two traces.

Plots of the normalized amplitude, p, and the phase angle, 8p '

as functions of the normalized distance from the coastline, x/L, are

presented in Figures 5 through IS. The hydraulic model data is repre­

sented by the unshaded symbols.

Determination of Kfrom Hydraulic Model Data

In order to determine the Darcy permeability from an amplitude decay

curve, values of p were scaled off the plots of p vs x/L at points cor­

responding approximately to x/L = 0.75, 0.50, 0.25, and 0.04. Each pair

of values of p and x/L was substituted into the appropriate equation for

p given in the section on "The Mathematical Model" (p. 2). The equation

was then solved for a by employing the Newton-Rhapson technique for de­

termining the roots of an equation and the IBM 360 computer. K could

then be calculated since it was the only unknown factor in a. A sample

program employing the data of KONA, 4 September 1969, is presented in

Appendix D. The K values thus determined are plotted as functions of

x/L and are presented in Figures 16, 17, and 18. From these plots, an

average value of the Darcy permeability was estimated for each tidal

period tested. These average values of permeability are given in Ta-

ble 2.

The Newton-Rhapson method failed when applied to some of the data

obtained from the POHA models. The reason for this is the nearly linear

decay of the amplitudes (see Figs. 13 and IS). Equation (Sa) relating

p and x may be rewritten as

[
a2 a 2 ] 1'2

p = x (1 + 90 x lt + • • .) / (1 + 90 + • • .)

The quantity in brackets must approach unity if the amplitude decay ap-
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proaches a linear variation in x. This is only possible if a tends to

zero which requires that K become large. Hence, a slight amount of data

scatter in the hydraulic model results produced large variations in K

and the iteration process employed in the Newton-Rhapson method did

not always converge to the correct value. For this reason the electric

analog model was used as a computer to estimate K values. The proce­

dure involved adjusting the audio-oscillator frequency until the ampli­

tude and phase angles in the electric analog matched the hydraulic

model data. This frequency was used to calculate K~ and equations (12),

(15), and (16) were then solved for K. The values of K recorded in

Table 2 for the tests on POHA of 17 August and 9 September were deter­

mined in this way.

The Electric Analog Model Data

The analysis of the electric analog data was essentially the same

as that used for the hydraulic model data. Amplitudes and phase angles

were scaled off photographs similar to the one shown in Figure 4B.

Amplitudes were normalized with respect to the amplitude of the input

voltage by dividing the crest-to-trough distance of each trace by the

crest-to-trough distance of the input trace. The phase angles were

calculated by dividing the distance from the peak of the input trace

to the peak of the trace in question by the distance between the two

peaks of the input trace and multiplying the quotient by 360. In the

photo, each major division on the vertical scale represents 0.1 volts.

Each major division on the horizontal scale represents 60°. Since

these major divisions are 1.0 cm apart on the face of the cathode ray

tube, the scale factor for measuring phase angles is about 6°/mm.

The results from the electric analog model tests are presented in

Figures 5 through 15 as plots of the normalized amplitudes and the phase

angles as functions of the normalized distance from the coastline, x/L.

These results are represented by the shaded symbols.

The Mathematical Model Results

The results from the mathematical model are also presented as

plots of dimensionless amplitude and phase angles versus the dimension­

less position, x/L. The p and 8p were computed from the equations
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given in "The Mathematical Model" section (p. 2) with the aid of the

IBM 360 computer. Each average value of K (see Table 2) was incor­

porated into the calculations by adding an IBM card. The computer out­

put gave p and 0p at ten evenly-spaced intervals along the media. The

computer programs for p and 0p were identified as follows:

Konfined,l) one-dimensional, no-flow boundary condition aquifer - KaNA

Konfined,l) ~ne-dimensiona1, ~onstant-head boundary condition aquifer
- - - --m~

Phreatic, one-dimensional, constant-head boundary condition aquifer
- - - - - PO~

Phreatic aquifer, ~e-dimensiona1, ~o-f1ow boundary condition - PONO

~hreatic, ~ne-dimensiona1 ~lindrical ~sland aquifer - POCI

The mathematical model results are presented in Figures 5 through

15 and 19 and are represented by the solid curves. KaNA and PONO are

essentially the same program since the mathematical models for these

two cases differ only in the expression for a. Likewise, KO~ and PO~

are the same program, and POCI would also be applicable to the cylin­

drical island aquifer of constant thickness in the confined condition.

The programs for KaNA, KO~, and POCI are written out in Appendix D.

A sample of the computer output for the tests on 3 and 4 September 1969

is included.

Analysis of Miller's Data

Miller (1941) presented his basic data in the form of graphs simi­

lar to those in Figures 5 through 15. Since the conditions of his ex­

periments were essentially identical to those for the hydraulic model

tests described here, his data was analyzed as described above. That

is, the Darcy permeability as a function of x was determined from the

data, an average value of the permeability was then calculated, and

finally, the average K was inserted into the computer program PONO and

the theoretical amplitude and phase angles as functions of position

were computed. The results are presented in Table 3 and Figure 20.

Table 4 presents a comparison of the average value of the true perme­

ability of the material, i.e., k = (~/wo)K = 2.35 x 10- 5/62.4 K, as

calculated by Miller, with average values determined by the technique

1) KOnfined is used for confined.
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TABLE 3. SUMMARY OF MILLER'S DATA.

H I h 2 T3 DIMENSIONLESS AMPLITUDE/DARCY PERMEABILITY0 0 IN FT./SEC. AT THE INDICATED POSITION, x/LFT. FT. SEC.
.750 = x/L .500 = x/L .250 = x/L .062 = x/L

1.047 0.10 600 0.690
10-2 0.525 0.435 0.430

7.52 X 7.23 X 10-2 6.24 X 10-2 6.36 X 10-2

1.105 0.10 300 0.690
10-2 0.525 0.430 0.430

2.35 X 3.17 X 10-2 3.34 X 10-2 3.05 X 10-2

1.004 0.05 300 0.725 0.535 0.475 0.470
18.5 X 10-2 15.5 X 10-2 14.8 X 10-2 14.8 X 10-2

0.550 0.05 300 0.340 0.125 0.060 0.040
3.23 X 10-2 3.52 X 10-2 4.40 X 10-2 3.95 X 10-2

0.561 0.10 300 0.285 0.115 0.040 0.025
14.2 X 10-2 13.7 X 10-2 11.95 X 10-2 12.05 X 10-2

0.270 0.05 300 0.250 0.080
10-2 0.020 0.015

4.02 X 10-2 4.82 X 4.67 X 10-2 5.14 X 10-2

I HO = AVERAGE WATER DEPTH IN AQUIFER.

2 hO = AMPLITUDE OF THE FLUCTUATION IN PIEZa-1ETRIC HEAD AT THE "COASTLINE."

3 T = PERIOD OF SINUSOIDAL FLUCTUATIONS IN PIEZa-1ETRIC HEAD.

TABLE 4. COMPARISON OF COEFFICIENTS OF PERMEABILITY FOR MILLER'S DATA.

CONDITIONS AVG. COEFFICIENT OF PERMEABILITY
K X 10 10 FT. 2

HO' FT.I hO' FT. T, SEC. L - INFINITY L=9.6FT.

1.047 0.10 600 378 258

1.105 0.10 300 697 112

1.004 0.05 300 770 598

0.550 0.05 300 142 142

0.561 0.10 300 115 488

0.271 0.05 300 152 175

I REFER TO TABLE FOR AN EXPLANATION OF THE TABLE HEADINGS.

(17)- crt)

described above. The basic difference is that Miller's calculation

assumes an aquifer of infinite length, and the method used here is

based on equations (4a), (4b), and (4c), which account for the finite

length of the model. That is, if L = 00, then in equation (2c) Cl must

be zero and the solution takes the form

<;(x,t) = <;oe-JfxsinrJfx
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where the aquifer extends over the region x > o.
Miller also ran permeability tests on the sand. Variable-head

permeability tests gave the permeability as 5.35 x 10- 10 square feet,

and tests made with sand in place in the channel under steady-state

conditions gave 9.5 x 10- 10 square feet. The latter is an average of

values of K computed from the slope of the free surface at several

points along the test section.

DISCUSSION OF RESULTS

The Coefficient, a

The analysis of the hydraulic model data has assumed, for purposes

of calculation, that the changes in the coefficient, a, resulting from

changes in the experimental conditions such as aquifer thickness, tidal

period, etc., can be expressed as variations in the Darcy coefficient

of permeability (see Figs. 16, 17, and 18). However, in a given fluid,

K depends only on a characteristic length of the porous structure of

the media and hence should not change appreciably under the experimen­

tal conditions used in this study. Therefore, the other factors in the

coefficient, a, are more likely to assume the major part of any changes.

For the confined aquifer it is the specific storage that will probably

vary, and for the polyurethene foam, this amounts to a change in the

Young's modulus as liE »c/S. For the unconfined aquifer the porosity

is the mo1'e likely to undergo a major change.

The Confined Aquifer Models

Figure 16 reveals a dependence of permeability on the aquifer

thickness, on the tidal period, on the position within the aquifer at

whicb it is evaluated, and on the boundary condition at x = o.
The permeability for the aquifer composed of two layers of foam

(b = 5.875 inches) is about three times larger than that for the aquifer

composed of one layer of foam (b = 2.875 inches). This difference is

largely the result of a change in the Young's modulus rather than a

true change in the permeability. The polyurethene foam did not deform

uniformly over its depth. The material in the immediate neighborhood

of the applied load underwent the maximum deformation and, therefore,
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exhibited the greatest compressibility and, hence, the largest specific

storage. Thus, the confined aquifer models with two layers of foam

had a smaller average specific storage, over its depth, than that for

the models with just one layer of foam. Furthermore, the good agree­

ment between the K values, determined from the permeability tests, and

those calculated from the two-layer foam model indicates that this non­

uniform compressibility is confined to a region small enough to permit

the foam to behave essentially in the same way as it did in the permea~

bility tests.

An additional factor affecting the compression of the foam was the

non-uniformity of the aquifer cross section. The plastic bag of water

which confined the aquifer adhered to the sides of the tank, causing

the aquifer to compress more in the central region than at the edges.

This difference in thickness amounted to about 0.25 inches for both the

one- and two-layer aquifers. For this reason, an average thickness of

2.875 inches or 5.875 inches was used in the calculation of K. The

fact that the upper confining surface of the aquifer offered more re­

sistance to vertical motion at the edges than at the center resulted

in a non-uniform deflection of the media, contrary to one of the as­

sumptions upon which equation CIa) is based. This effect of the non­

uniformity has relatively less influence as the thickness of the aquifer

increases.

Figure 16 indicates that the lower frequency tidal changes yield

the smaller coefficients of permeability. Again, it would seem more

likely that a change in the specific storage takes place with a tidal

period, rather than a true variation of K, provided the flow remains

laminar. That is, as the tidal frequency increases the specific stor­

age must decrease and, hence, Young's modulus would increase and re­

quire a smaller vertical deflection of the media for a given change in

the vertical load. This is consistent with the physical behavior of

the foam since the magnitude of the deflection depends on the time the

load is applied.

There is a general tendency for the permeability to increase

slightly with distance from the internal boundary, although for the

tests on KONA on 23 August 1969, K remains essentially constant for
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the 12, 9, and 6-second period tide and exhibits a slight decrease with

distance from the internal boundary for the 3-second period tide. This

tendency is probably the result of a secondary flow of water under the

bulkhead that partitioned off the tidal compartment and into the volume

bounded by the foam, the plastic bag, the bulkhead, and the tank walls

(i.e., into the corners where the bag was not completely seated). The

larger pressures that developed near the coastline as a result of the

secondary flow render values of K calculated from amplitudes scaled off

the pressure records correspondingly too large.

The variations of K with the boundary conditions exhibit no pat­

tern and are most likely the result of experimental error. That is,

the end compartments in the hydraulic model were only 48.0 square inches

in cross-sectional area; hence, changes in the water surface elevation

at x = 0 were observed for the longer periods tested. These observed

variations in the head are recorded in the last column of Table 1. For

the l2-and 9-second tidal periods, these variations are substantial and

influence the response of the aquifer over a region larger than just

the immediate vicinity of x = o.
Based on an average K selected from Figure 16, the results of the

mathematical and electric analog models compare very favorably with the

hydraulic model data given in Figures 5 through 8. The electric analog

model results are independent of the scale factor, K2, as can be seen

by eliminating K2 between equations (15) and (16) and substituting the

results into equation (12). The electric circuit is not subject to the

same restrictions that are imposed on the physical model, i.e., small

amplitude fluctuations with respect to water depth, etc.

The Unconfined Aquifer Model

Figures 17 and 18 indicate that the Darcy permeability depends,

essentially, on the same quantities as the confined aquifer model. In

particular, it appears to depend upon the average water depth, the tidal

amplitude, the tidal period, the location, and the boundary condition

at x = O. It is more reasonable to assume that, for the unconfined

model, it is the porosity rather than the permeability that changes.

An apparent porosity can be easily calculated from the expression
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£' = £(K/K'), where K = 0.20 ft./sec and is considered to be repre­

sentative of the permeabilities determined from the permeameter tests

(see Appendix B), K' is one of the average values of the coefficient

of permeability recorded in Table 2, and £ = 0.97, the true porosity

of the foam. The same calculations can be made for Miller's data

using k = 5.35 X 10- 10 ft. 2 and the average values of the permeability

for the finite aquifer presented in Table 4.
As a result of surface tension a partially saturated region forms

above the equilibrium level in the media where the porosity varies

from zero at the equilibrium plane to its true value, £, at the upper

edge of the region. For polyurethene foam this region is about one

inch thick. Consequently, the thickness of this zone relative to the

tidal amplitude and the average water depth becomes important in de­

termining the response of the aquifer to the tidal change of a given

period. A dimensionless combination of these three variables is

JgZ/~oT-I. This quantity can be interpreted as the ratio of the velo­

city of a long wave in shallow water to one-fourth the average velocity

of the vertical displacement of the free surface at a given point as

the long wave passes by. It can also be considered as the ratio of

the length of a long wave of period T to its amplitude. The effect

of tidal period, tidal amplitude, and average water depth on the poro­

sity can be studied by plotting £'/£ versus this dimensionless variable.

This plot is presented in Figure 21 and reveals the following facts:

1. As the amplitude of the tide increases, the apparent

porosity increases for both PONO and POHA. (See Table

1 and compare the test results of 17 August with the

other test results.)

2. As the period of the tide increases, the apparent

porosity increases quite sharply for POHA, but remains

essentially constant for PONO.

3. A comparison of Miller's data with the data from PONO

indicates that the porosity ratio for the foam is of

the same order of magnitude as that for the sand.

The first fact can be explained by noting that the larger tidal

amplitudes produce larger vertical displacements of the piezometric
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surface, causing it to rise further into the less saturated portion of

the capillary fringe zone. Thus, the water moves into a region which

has on the average an increasingly greater porosity. This apparent

porosity should approach the true porosity as the tidal change becomes

large with respect to the thickness of the capillary fringe zone. It

should be noted that the tests on 17 August involved a water depth

about twice as large as that used for the remainder of the tests. How­

ever, it is unlikely that this difference in the average water depth

had any significant influence on the increase in porosity ratio as the

tidal amplitude was adjusted to keep the ratio ~o/z small.

The second fact is the result of not having the constant-head

boundary condition at x = 0 strictly satisfied. The change in head

at x = 0 lagged only slightly behind the change at x = L and, there­

fore, less water moved through the aquifer during a tidal cycle, re­

sulting in an increased displacement in the tidal compartment of the

model. These greater tidal changes produced larger phase lags and

an increased rate of decay of the amplitude of the head-change with

distance from the coast. The increased decay rate occurred over ap­

proximately sixty percent of the aquifer length. Hence, the dimension­

less amplitudes calculated from hydraulic model data taken on the

range of 0.4 ~ x/L ~ 1.0 were smaller than if the constant-head boundary

condition had been satisfied. These small values of p result in smaller

values. of the calculated Darcy permeability or in larger values of the

apparent porosity. It is worth noting that the porosity curves for

PONO and POHA converge as the period decreases and the constant-head

condition is more nearly satisfied. The increase in porosity with

period for PONO of 9 September 1969 is probably the result of leakage

under a poorly-sealed bulkhead at x = O.

Miller's data in Figure 21 exhibits a considerable amount of scat­

ter and no trend,with respect to the several variables involved, is

present. Since the thickness of the capillary fringe zone in the Sa­

cramento River sand was surely greater than 0.1 feet, a comparison with

the present tests should probably exclude the data for PONO, 7 August

1969, where the tidal amplitude was equal to the thickness of the capil­

lary fringe zone. All of the data from the present tests, however,
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falls within the range of scatter of Miller's data.

Figures 9 through 15 indicate that the mathematical model and

the electric analog model give good agreement with the hydraulic model

if the apparent porosity (or the apparent permeability) is used.

The Applicability of Darcy's Law

In steady flows the applicability of Darcy's Law requires that

the Reynolds number based on a representative grain size be less than

10. An estimate of the Reynolds number can be made using the head

changes at x = 0, as recorded in Table 1. The largest average velocity

was developed for a tidal period of 12 seconds using the unconfined

hydraulic model. A vertical change of 0.25 inches in the 6-inch x

8-inch end compartment over a 6-second interval implies an average

velocity through the 6-inch x 10.375-inch cross section of foam of

about 3 x 10- 3 ft./sec. For a kinematic viscosity of 1.0 x 10- 5

ft./sec. and a representative "grain size" of 3 x 10- 4 ft. (0.1 mm)

the Reynolds number is approximately 0.1. Reynolds numbers, which

are somewhat larger, may develop locally. For example, the steepest

gradients in the piezometric head develop at the coastline, x • L,

where the vertical motion is the largest and when the piezometric sur­

face is in its equilibrium position. Darcy's Law can be used to esti­

mate a velocity. The gradient in the piezometric head at x = L (where

p = 1 and 0p = 0) from equations (4) or (5) is as/ax = So a0p/ax.

From Figure 5, the maximum rate of change in phase angle is of the or­

der n/2 radians/foot. Thus, the maximum Reynolds number in the vici­

nity of the coastline is approximately SK, or 1.0, for K = 0.20 ft./sec.

Thus, the Reynolds number criteria appears to be satisfied.

The Cylindrical Island Aquifer

The results obtained from the mathematical model for an island

aquifer represent a cylindrical island with a radius of 4.0 feet and a

Darcy permeability of 0.2 ft./sec. If a confined aquifer is to be

considered, the curves correspond to an aquifer whose specific storage

is 0.032 (feet)-l; if an unconfined aquifer is considered, the curves

correspond to an aquifer whose effective porosity is about 1.5 x 10- 2
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and whose average water depth is 0.5 feet. A comparison with the results

from KONA on 4 September 1969 shows the effect of convergence in a radial

flow. Both the damping of the oscillations and their phase difference

with respect to the tide have been reduced.

CONCLUSIONS

The results of these tests can be summarized in the following

conclusions:

1. Diffusion theory can be applied to analyze the response

of aquifers to tidal changes provided the boundary condi­

tions are known and the assumptions implicit in the theory

are not seriously violated. I A direct consequence of the

validity of the diffusion theory is the applicability of

the electric analog model.

2. In studying confined aquifers, it will be necessary to use

an apparent specific storage coefficient if the compressi­

bility of the aquifer skeleton is modified by bridging or

arching or other structural anomalies.

3. In studying unconfined aquifers, it will be necessary to

deal with an apparent porosity because of the presence of

the capillary fringe zone. This apparent porosity should

approach true porosity as the tidal amplitude becomes

large compared with the thickness of the capillary fringe

zone. Also, the wave length in the media should be large

compared with the average aquifer depth to assure the satis­

faction of the Dupuit assumptions.

4. A comparison of the porosity ratios (£'/£) for the tests

described here and for Miller's tests on the Sacramento

River sand shows that the two are of the same order of

magnitude and that the apparent porosity varies over the

range, 1.0 x 10- 2 £ : £' ~ 5.0 X 10- 2 £, with an average

value of about 1.5 x 10- 2
• Further research is required

to delineate more precisely the relationship between ap­

parent porosity and tidal amplitude.

lIn order to m1n1m1ze the effect of local coastal geometry, observations
should be made at a distance of 8 to 10 average aquifer thicknesses from
the coastline.
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APPENDIX A. LIST OF SYMBOLS AND ABBREVIATIONS

a Characteristic length in hydraulic model

b Thickness of porous media

C Capacitance, farads

CD Diffusion coefficient

Complex constants

e Base of natural logarithms

E Young's Modulus, psi

h Piezometric head, ft

i ~ and electric current, amps

JO Bessel Function of first kind, of order zero

k Permeability, (ft)2

K Darcy coefficient of permeability, ft/sec

Kl , K
2

, K
3

, K4 Scale factors for electric analog model (see Sec. III)

L Length of porous media, radius of porous island

q Volume (ft)3

Q Discharge (ft)3/sec

~ Quantity of charge, coulombs

R Resistance, ohms; the real part of

r Space variable, radial direction

S Coefficient of storagb

Ss Coefficient of specific storage (ft)-l

t Time variable

T Coefficient of transmissability, (ft)2/sec , tidal period, sec

V Electric potential, volts

Wo Specific weight of water, lbs/(ft)3

x, y, z Space variables

YO Bessel Function of the second kind, of order zero

z Average water depth, ft

a SalT for confined aquifer model, €'a/Kz for unconfined aquifer

8 Bulk modulus of water, psi

€ Porosity

€' Apparent porosity
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8
p

p

cr

KONA

KOHA

POHA

PONO

POCI

Piezometric surface referenced from the equilibrium plane

Amplitude of tidal change

That part of the piezometric surface which depends only on the
space variable

Phase angle, degrees

Dimensionless amplitude = s/so

Angular frequency, rad/sec

Confined, one-dimensional, no-flow boundary condition aquifer

Confined, one-dimensional, constant head boundary condition
aquifer

Phreatic, one-dimensional, constant head boundary condition
aquifer

Phreatic aquifer, one-dimensional, no flow boundary condition

Phreatic, one-dimensional cylindrical island aquifer
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APPENDIX B

The Porosity, Compressibility and Permeability
of Polyurethene Foam

POROSITY TEST. The porosity of the polyurethene foam was determined

from the following equation:

Vv Vt - Vs Vt - Vwe: = -= =Vt Vt Vt

where V = volume of voidsv
Vt = total volume of sample

V = volume of solidss
V = volume of water displaced by sample.w

First, the volume and weight of the sample were determined. A

lOOO-ml florence flask was filled with water to a given level, weighed

and then emptied. Next, the polyurethene sample was cut into strips

and inserted into the florence flask. The flask was filled with water

and a glass rod was used to compress the foam strips to remove some

of the entrapped air. Then the flask was connected to a vacuum pump

to draw off the remaining trapped air. Water was added to the flask

to bring the meniscus to the same level as before and the flask was

weighed. The volume of water displaced was calculated by using the

following equations:

Wi - Wz = Ww

W
V =~

v Yw

where Wi = weight of beaker + water + dry sample

Wz = weight of beaker + water + submerged sample

Ww = weight of water displaced

Yw = unit weight of water.

The porosity of the foam was then calculated using the values of

Vt and Vv as determined by the above procedure.

A second method used in finding the volume of displaced water was
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to immerse a foam sample in a clear lucite cylinder filled with water.

The sample was kneaded and squeezed to eliminate as much of the trapped

air as possible, and the new water level was noted. The volume of

displaced water was calculated from the following equation:

where ~ = difference in water levels

A = cross sectional area of lucite cylinder

The porosity was then calculated as in the previous test.

The calculated porosity resulting from the first method was 0.97

while that resulting from the second method was 0.96.

COMPRESSIBILITY TEST. The compressibility of a foam sample was deter­

mined from the slope of its stress-strain curve.

A cylindrical section of foam 5 inches in diameter and 2-15/16

inches high was cut to fit snugly into a cylindrical PVC container

with approximately the same diameter. After the sample was placed in

the container, a circular metal plate with a diameter slightly less

than the inside diameter of the container was placed on top of the

foam sample.

The PVC container was placed on the base plate of a Bridgeport

vertical milling machine and a Soil Test proving ring placed on top of

the metal plate on the foam sample. The base of the milling machine

was moved vertically by using a control handle which was calibrated

to show the vertical movement of the base to the nearest thousandth of

an inch. The base was raised until the proving ring made contact with

the top bearing area of the milling machine and the zero was set on

the control handle scale. The base of the machine was raised further

until the dial gage on the proving ring registered a deflection cor­

responding to a l-lb load as determined from the calibration curve

for the proving ring. The deflection of the foam sample was then read

from the control handle scale. The load was increased by 1/2-lb in­

crements up to 5-lb and the deflection noted for each load. Deflec­

tions of the proving ring were subtracted from the total deflection

to obtain the deflection of the foam.

The stress-strain curve is plotted in Figure Bl-l, and the



59

8
STRESS VS. STRAIN

A

40

'P 0
0 0

X
Z
<{
l[ 0...
CD 20

0.3

YOUNG'S MODULUS: 13.6 PSc

Q2

STRESS psi

A STRAIN: 73 X 10""'

0.1

0
0

TRIAL I 0 LOADING

A UNLOADING

10
TRIAL 2 0 LOADING

0 UNLOADING

FIGURE 81-1. THE STRESS-STRAIN CURVE.



60

resulting Young's modulus of the foam is 13.6 psi.

PERMEABILITY TESTS. Permeability tests were conducted using both a

small vertical cylindrical permeameter and the hydraulic model itself

with the polyurethene foam in place.

Per.meameter Tests. The specimens were cut with diameters approxi­

mately 0.125 inches larger than the permeameter to insure a snug fit.

The permeameter was connected with rubber tubing to a constant-head

tank which was continuously supplied with water. The permeameter and

the polyurethene samples were submerged and the samples squeezed to re­

move the trapped air. Then the samples were placed in the permeameter

and both were taken out of the water.

The tests were run by noting the head loss over a given length of

sample and the volume of water collected over a given period of time.

Calculation of the permeability was based on the equation:

K = (Vjt)L
M

where A = cross-sectional area of the sample

L = length

h = head loss over length, L

V = volume of water collected in time, t.

Different rates of discharge were obtained by changing the elevation

of the permeameter with respect to the constant-head supply.

Since a small diameter plastic piezometer tube was used to deter­

mine the head at the lower end of the sample, a correction for capil­

lary rise was subtracted from the head measurement. This correction

factor was obtained by filling the permeameter with water and observing

the difference between the height of the water in the tube and the

height of water in the permeameter.

The polyurethene samples were taken from a larger sheet of foam

and were cut in such a way that their axes of symmetry coincided with

either the length, y, the width, x, or the depth, z, of the sheet.

Hydraulic Model Tests. The tubing from the tidal chamber pressure

tap to the pressure transducer was disconnected at the transducer end

and used as a Jischarge outlet into a collecting tank.
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A rubber hose with a gate valve attached to one end supplied the

inflow. The gate valve end was immersed in a bucket which was continu­

ously supplied with water to give a constant-head supply. The opposite

end of the hose was placed in the upstream compartment of the model

tank. The gate valve was adjusted until a steady-state water surface

profile was achieved. (This condition produced a straight line on the

recorder chart.)

The pressure at several different pressure taps was recorded on

the chart. The differences in pressure (number of lines) were converted

into feet of water by using a calibration constant, 1 mm = .020 feet.

The relative elevations of the pressure taps were determined by using

a Wild tilting level. The difference in the elevations between two

pressure taps, ~h, was added to the difference in pressure heads, ~y,

to obtain the total head difference, ~H, between the two points. (The

distances, ~, were about one or two millimeters and, therefore, of the

same order of magnitude as ~y.) An average water surface slope was

obtained by dividing the difference in water surface elevation, ~,

between two pressure taps by the distance between the taps, ~x.

The discharge was determined by recording the volume of water

collected from the outlet in a graduated cylinder over a fixed period

of time.

K was determined by using the Dupuit equation:

K = V/t

where V =
b =
~ =
y =

volume of liquid collected in time, t

width of sample

head drop in distance, ~x

average water surface elevation over the length
l

~x.

The same hydraulic model set-up as in the previous test was used,

but a Wild tilting level and point gage were used to determine the

head difference between the two ends of the foam.

A point gage with a ruler graduated in millimeters fastened to it

was placed in the upstream compartment.

A Wild tilting level was set up along side the hydraulic model and

a line of sight established. After a steady state condition was estab-
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lished by adjusting the gate valve, the pointer was moved until it just

touched the water surface, and the point where the line of sight inter­

sected the ruler was noted. The point gage was then moved to the down­

stream compartment and adjusted until the line of sight of the level

again intersected the ruler at the point previously noted. The dial

indicator on the point gage was reset to zero, and the pointer moved

until it touched the water surface. The deflection shown on the dial

indicator was equal to the head loss across the hydraulic model.

The discharge was determined as described above.

The Darcy permeability was again calculated from the Dupuit equation

with ~x = L, the length of the foam.

A steady-state flow condition was difficult to maintain, hence, the

moving and adjusting of the point gage had to be carried out quickly.

FA~LING HEAD PERMEABILITY TEST. The hydraulic model of a confined aquifer

was also used as a falling-head permeameter. The discharge outlet used

for the unconfined model tests was sealed off.

The water depth in both the upstream and the downstream compart­

ments was set initially at 9 or 10 inches. Using a bucket of water, the

upstream compartment was quickly filled to approximately 13 to 14 inches

and the water surface elevations in both compartments noted. An observ­

er continued to note the water surface elevation in the upstream com­

partment at predetermined time intervals. The permeability was calcu­

lated from the following equation:

K = LAI In (ahl,o - Co )
Amat ahl Co

= length of media

h2 0 +
Al

= - hI 0, A2 '
= cross sectional area of the second compartment

= cross sectional area of the tidal compartment

= upstream head at any time, t

= upstream head initially

8 downstream head initially

= 1 + ~~ = 2.0

Am = cross sectional area of media.

The results of several of these tests are presented in Figure 81-2

where L

Co

Al

A2

hI

hI 0,
h2,0

a
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FIGURE Bl-2. DARCY PERMEABILITY VS. HEAD DIFFERENCE
FOR FALLING HEAD TESTS.

where K is plotted as a function of head difference (hi - h2 ).

The results from all of the permeability tests are recorded in

Table 81-1.
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TABLE B1-1. SUMMARY OF RESULTS OF PERMEABILITY TESTS.

DATE TEST CCl'lDITIONS
FLCM RANGE OF K AVERAGE K

APPARATUS SWf'LE SIZE TIME DIRECTION FT .tSEC. FT.tSEC.

1 AUG. 69 PERl'EAl-ETER TEST 2.875"D X 5.25"L STEADY Z .099 - .158 .123

2 AUG. 69 Z .120 - .184 .145

5 AUG. 69 2.875"D X 6.25"L Y .145 - .151 .149

5 AUG. 69 2.875"D X 5.25"L X .129 - .167 .149

6 AUG. 69 ' HYDRAULIC ~EL 6"W X 12"H X 48"L X .255 - .262 .258
~CONFINED

7 AUG. 69 1 X .234 - .238 .237

14 AUG. 69 1 X .169 - .193 .181

19 AUG. 69 2 6"W X 6"H X 48"L X .291

20 AUG. 69 2 HYDRAULIC ~EL 2.875''W X 6"H X 50"L X .178
CONFINED

23 AUG. 69 FALLING HEAD X .165 - •201 .170

3 SEPT. 69 5.875"W X 6"H X 50"L X .108 - .174 .170

3 SEPT. 69 X .071 - .205 .170

4 SEPT. 69' X .097 - .187 .170

HEAD MEASURED BY PRESSURE TRANSDUCER.
HEAD I'EASURED BY LEVEL AND POINT GAGE.
SA/o£ CCl'lDITIONS AS TESTS ON 3 SEPT. EXCEPT SWf'LE HAD BEEN IN TANK FOR 24 HOURS PRIOR TO TEST.

z

SIZE AND ORIENTATION
OF THE

POLYURETHENE SHEET

y

x
STRIPS FOR HYDRAULIC
MODEL CUT ALONG X­
DIRECTION
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APPENDIX C

Calculation of the time-scale factor, K~, for tests on KONA, 4 Septem­

ber 1969.

For KONA: 2 in Ss = 0.032 ft -1
a = ,

For the tests on 4 September 1969: b = 5.875 in , K = 0.21

ft /sec for T = 6 sec

Thus, the storage and transmissibility become

S = Ssb = 0.0155,/ and

T = Kb = 0.103 ft /sec

Let K2 = 0.1 ft /volt (this value was used in all electric analog

model tests). Then from equation (15)

K3 = RTK2 = 1.03 X 10- 2 R

A convenient value for R is loa ohms, hence
3K3 = 1.03 ft lamp-sec

From equation (16)

a 2 SKl = -C- K2 = 4.31 x 10-~ C- 1
•

A convenient value for C is 0.02 X 10- 6 farads, hence

Kl = 2150 ft 3 /coulomb

Thus, from equation (12) the time-scale factor is

K~ = Kl/K3 = 2085 hydraulic model seconds/electric analog

seconds.

Specifically, a period of 6.0 seconds in the hydraulic model cor­

responds to 348 cps in the electric analog.





APPENDIX D

Computer programs and sample output for:

KONABAK Data of 4 September 1969

KONA Data of 4 September 1969

KOHA Data of 3 September 1969

pocr
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KONABAK - 4 SEPTEMBER 1969

FORTRAN IV G LEVEL 1, MOD 4 MAIN DATE 70124 16/03/22

0001
0002

0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013

0014
0015
0016

0017
0018
0019
0020
0021

C
C
C KONABAK CALCULATES THE ARGUMENT, A, GIVEN RHO, AND X, BY USING THE
C NEwTON RAPHSON METHOO
C

1 REAO IS, 21 RHO, X
2 FORMAT IF6.3, F6.31

C TEST FOR SENTINEL CARD, RHO = 0.000
IF IRHO .EQ. 0.0001 STOP
WRITE 16, 5) RHO, X

5 FORMAT 11HO, 6HAMP = , F6.3, 3X, 6HLOC , F6.3/1HO, 5HALPHAI
A = 4.0
N = 1

3 COS2A = COSIAI •• 2
SINH2A = SINHIAI •• 2
COS2AX = COSIA • Xl •• 2
SINH2X = SINHIA * Xl *. 2
FX = (RHO .* 21 • ICOS2A + SINH2AI - ICOS2AX + SINH2Xl
OFX = (IRHO .* 21 * ISINHI2 • Al - SINI2 • AlII + (X * ISINI2 * A

C DFX = THE DERIVATIVE OF FX WITH RESPECT TO X
1* XI - SINHI2 • A • XIII

ANEW = A - IFX 1 OFXI
WRITE 16, 41 ANEW

4 FORMAT I1H , E13.61
C IF THE ABSOLUTE VALUE OF IA - ANEWI IS LESS THAN 1.0E-3 OR IF ANEW
C HAS BEEN CALCULATED MORE THAN 50 TIMES, CALCULATE ANEW USING NEw
C VALUES OF RHO AND X
C
C OTHERWISE, REPLACE A WITH ANEW AND CALCULATE ANEW AGAIN

IF IABSIA - ANEWI .LT. 1.OE-3 .OR. N .GT. 901 GO TO 1
N = N + 1
A = ANEw
GO TO 3
END
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AMP = 0.902 LOC = 0.760 AMP = 0.860 LOC .: 0.160

ALPHA ALPHA
0.352515E 01 0.352814E 01
0.305656E 01 0.306354E 01
0.259493E 01 0.260101E 01
0.214456E 01 0.216300E 01
0.112141E 01 0.114136E 01
0.135120E 01 O.139392E 01
0.108588E 01 0.114292E 01
0.928911E 00 0.101143E 01
0.877048E 00 0.988350E 00
0.871921E 00 0.986958E 00
0.811876E 00 0.986957E 00

AMP = 0.850 LOC = 0.520 AMP = 0.800 LOC = 0.520

ALPHA ALPHA
0.350652E 01 0.350141E 01
0.301558E 01 0.301784E 01
0.252955E 01 0.253388E 01
0.205904E 01 0.206668E 01
0.163082E 01 0.164441E 01
0.128208E 01 0.130177E 01
0.104211E 01 0.109068E 01
0.922927E 00 0.10001aE 01
0.894707E 00 0.9857a8E 00
0.893286E 00 0.985457E 00
0.893282E 00

AMP = 0.775 LOC .: 0.280
AMP = 0.830 LOC = 0.280

ALPHA
ALPHA 0.350142E 01

0.350120E 01 0.300391E 01
()..300326E 01 0.251138E 01
0.250951E 01 0.203807E 01
0.203342E 01 0.161660E 01
O.160545E 01 0.128894E 01
0.126374E 01 0.108657E 01
0.103592E 01 0.100973E 01
0.930124E 00 0.999686E 00
0.908577E 00 0.999529E 00
0.907771E 00

AMP = 0.770 LOC = 0.040
AMP = 0.820 LOC = 0.040

ALPHA
ALPHA 0.350085E 01

0.350072E 01 0.300264E 01
0.300214E 01 0.250925E 01
0.250777E 01 0.203550E 01
0.203151E 01 0.161450E 01
0.160449E 01 0.128847E 01
0.126543E 01 0.108878E 01
0.104243E 01 0.101443f 01
0.942433E 00 0.1005iOE 01
0.923609E 00 0.100497E 01
0.923006E 00
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AMP = 0.810 LOC = 0.760 AMP ::; 0.700 LOC = 0.760

ALPHA ALPHA
0.353250E 01 0.354689E 01
0.307375E 01 0.310783E 01
0.262495E 01 0.268566E 01
0.219042E 01 0.228594E 01
0.178624E 01 0.192542E 01
0.144872E 01 O.164387E 01
0.122435E 01 I). 149069E 01
0.1l3178E 01 0.145310E 01
0.111793E 01 0.145120E 01
0.111765E 01 0.145119E 01

AMP = 0.700 LOC ::; 0.520 AMP ::; 0.520 LOC .- 0.520

ALPHA ALPHA
0.350983E 01 0.351840E 01
0.302394E 01 0.304572E 01
0.254562E 01 0.258770E 01
0.208737E 01 0.216155E 01
0.168096E 01 0.180892E 01
0.137477E 01 0.158956E 01
0.120732E 01 0.151677E 01
0.1l6123E 01 0.151006E 01
0.1l5816E 01 0.151001E 01
0.1l5815E 01

AMP = 0.470 LOC ::; 0.280
AMP = 0.650 LOC = 0,280

ALPHA
ALPHA 0.350436E 01

0.350l14E 01 0.301350E 01
0.300631E 01 0.253629E 01
0.251752E 01 0.209888E 01
0.205327E 01 0.175488E 01
0.165243E 01 0.156296E 01
0.136638E 01 0.151160E 01
0.122660E 01 0.150845E 01
0.119639E 01 0.150844E 01
0.1l9514E 01
0.119514E 01 AMP ::; 0.460 LOC = 0.040

AMP = 0.635 LOC ::; 0.040 ALPHA
0.350289E 01

ALPHA 0.301019E 01
0.350138E 01 0.253140E 01
0.300461E 01 0.209420E 01
0.l51508E 01 0.17539lE 01
0.205118E 01 0.156845E 01
0.165320E 01 0.152119E 01
0.137344E 01 0.1S1856E 01
0.12416lE 01 0.151855E 01
0.121532E 01
0.12J439E 01
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AMP = 0.560 LOC = 0.760

ALPHA
0.358809E 01
0.320809E 01
0.287155E 01
0.259544E 01
0.240455E 01
0.231702E 01
0.230101E 01
0.230054E 01

AMP = 0.350 LOC = 0.520

ALPHA
0.354329E 01
0.310953E 01
0.271235E 01
0.238071E 01
0.216395E 01
0.208554E 01
0.207727E 01
0.207719E 01

AMP = 0.250 Loe = 0.280

ALPHA
0.351628E 01
0.305165E 01
0.263271E 01
0.231500E 01
0.215773E V1
0.212694E 01
0.212595E 01

AMP = 0.230 Loe = 0.040

ALPHA
0.351241E 01
0.304483E 01
0.262864E 01
0.232558E 01
0.218979E 01
0.216808E 01
0.216760E 01



73

KONA - 4 SEPTEMBER 1969

FORTRAN IV G LEVEL 1, MOD 4 MAIN DATE 10124 14/44/21

0008
0009
0010

0011

0012
0013
0014
0015

C
C
C

0016
C

0017
0018
0019

CALCULATES THE AMPLITUDES AND PHASE ANGLES FOR A ONE
DIMENSIONAL CONFINED AQUIFER ~ITH NO FLOW BOUNDARY CONDITIONS

C
C
C KONA
C
C

10 READ IS, 11 PERIOD, T
C T = TRANSMISSIBILITY

1 FORMAT IF5.0, F1.41
C TEST FOR SENTINEL CARD, PERIOD = 18.0

IF IPERIOD .EQ. 18.01 STOP
C ALPHA = ISQRTIIS*SIGMAI/IT*2.0111*L
C S = STORAGE COEFFICIENT = 0.0155
C SIGMA = FREQUENCY = 12*PII/PERIOD RAD/SEC
C L = LENGTH = 4.161 FT

SIGMA = 6.2831583 1 PERIOD
ALPHA = ISQRT110.0155 * SIGMA) 1 IT * 2.0111 * 4.161
WRITE 16, 2) ALPHA

C FORMAT PRINTS HEADINGS, LOC AMP PHASE
2 FORMAT I1Hl, 6HARG = , F6.3/4HOLOC, 5X, 3HAMP, 1X, 5HPHASEI

C CALCULATE AND PRINT THE AMPLITUDES AND PHASE ANGLES FOR VALUES OF X
C BETWEEN 0.0 AND 1.0 INCLUSIVELY, INCREMENTING X BY 0.1
C RHO = AMPLITUDE
C DEGREE = PHASE ANGLE
C X = LOCATION

TENX = 0.0
20 X = TENX 1 10.0

RHO = SQRTIIICGSIALPHA * X) ** 21 + ISINHIALPHA * XI ** 211 I
l( ICOSIALPHAI ** 21 + ISINHIALPHA) .. 2))1

TAM = IITANHIALPHA * XI * TANIALPHA * XII - ITANHIALPHAI •
2TANIALPHAI)) 1 (1 + (TANHIALPHA * XI • TANIALPHA * X) *
3TANHIALPHAI * TANIALPHAIII

THETA = ATANITAMI
DEGREE = THETA * 1360 1 6.28318531
WRITE (6, 31 X, RHO, DEGREE

3 FORMAT I1HO, F3.1, FlO.3, F12.31
X IS PRINTED UNDER LOC HEADING
RHO IS PRINTED UNDER AMP HEADING
DEGREE IS PRINTED UNDER PHASE HEADING

IF IX .GE. 1.01 GO TO 10
IF X = 1.0 START LUOP AGAIN WITH NEW ALPHA

TENX = TENX + 1.0
GO TO 20
END

0001

0003

0002

0001

0004
0005
0006
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ARG = 0.893 ARG = 1.170

LOC LOC AMP •PHASEAMP PHASE

0.0 0.837 -41.548 0.0 0.664 -62.770

0.1 0.837 -41.091 0.1 0.664 -61.986

0.2 0.837 -39.720 0.2 0.664 -59.636

1
0.3 0.839 -37.437 0.3 0.667 -55.734

1
0.4 0.842 -34.254 0.4 0.674 -50.333 ,
0.5 0.848 -30.198 0.5 0.689 -43.563

0.6 0.860 -25.323 0.6 0.715 -35.663

0.7 0.879 -19.720 0.7 0.757 -26.979

0.8 0.907 -13.520 0.8 0.817 -17.911

0.9 0.947 -6.886 0.9 0.897 -8.830

1.0 1.000 0.0 1.0 1.000 0.0

ARG = 0.979 ARG = 1.516

LOC AMP PHASE LOC AMP PHASE

0.0 0.786 -48.241 0.0 0.461 -86.556

0.1 0.786 -47.691 0.1 0.461 -85.239

0.2 0.787 -46.044 0.2 0.462 -81.295

0.3 0.788 -43.304 0.3 0.468 -14.790

0.4 0.792 -39.489 0.4 0.482 -65.963

0.5 0.801 -34.646 0.5 0.510 -55.343

0.6 0.817 -28.867 0.6 0.557 -43.727

0.7 0.A42 -22.299 0.7 0.628 -31.953

0.8 0.880 -15.143 0.8 0.725 -20.614

0.9 0.932 -7.633 0.9 0.849 -9.965

1.0 1.000 0.0 1.0 1.000 0.0
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ARG = 2.144

lOC AMP PHASE

0.0 0.236 56.424

0.1 0.236 59.057

0.2 0.238 66.898

0.3 0.249 79.456

0.4 0.275 -84.791

0.5 0.324 -68.148

0.6 0.399 -52.377

0.7 0.503 -37.994

0.8 0.635 -24.746

0.9 0.799 -12.194

1.0 1.000 0.0
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KONA, 3 SEPTEMBER 1969

CALCULATES THE AMPLITUDES AND PHASE ANGLES FOR A ONE
DIMENSIONAL CONFINED AQUIFER WITH CONSTANT HEAD BOUNDARY
CONDITIONS

FORTRAN IV G LEVEL 1, MOD 4

C
C
C KOHA
C
C
C

MAIN DATE 70124 15/00/47

1
I

0008
0009
0010

0011
0012
0013

0014
0015
0016
0017

C
C
C

0018
C

0019
0020
0021

0001

0002

0003

0004
0005
0006

0007

10 READ 15, 1) PERIOD, T
C T = TRANSMISSIBILITY

1 FORMAT IF5.0, F7.4)
C TEST FOR SENTINEL CARD, PeKIOD = 18.0

IF IPERIOD .EQ. 18.0) sri?
C ALPHA = ISQRTIIS*SIGMAI/IT*2.01)I*L
C S = STORAGE COEFFICIENT = 0.0155
C SIGMA = FREQUENCY = 12*PI)/PERIOD RAD/SEC
C L = LENGTH = 4.167 FT

SIGMA = 6.2831583 / PERIOD
ALPHA = ISQRTII0.0155 * SIGMA) / IT * 2.0)11 * 4.167
WRITE 16, 2) ALPHA

C FORMAT PRINTS HEADINGS, LOC AMP PHASE
2 FORMAT I1HJ, 6HARG = , F6.3/4HOLOC, 5X, 3HAMP, 7X, 5HPHASE)

C CALCULATE AND :K PH THE AMPL nUDES AND PHASE ANGLES fOR VALUES Of X
C BETWEEN 0.0+ AND 1.0+ INCLUSIVELY, INCREMENTING X BY APPROXIMATELY
C 0.1
C RHO = AMPLITUDE
C DEGREE = PHASE ANGLE

TENX = 1.0E-I0
20 X = TENX / 10.0

RHO = SQRTl I ISINIALPHA * X) ** 21 + ISINHIALPHA * X) ** 21) 1
11 ISINIALPHAI ** 2) + ISINHIALPHA) ** 211)

COTHA = 1.0 / TANHIALPHA)
COTHAX = 1.0 / TANHIALPHA * X)
TAM = IICOTHAX * TANIALPHA * Xl) - ICOTHA * TAN(ALPHA))) /

III + ICOTHAX * TANIALPHA * X) * COTHA * TANIALPHA))
THETA = ATANITAMI
DEGREE = THETA * 1360 1 6.2831853)
WRITE 16, 31 X, RHO, DEGREE

~ FOR~AT I1HO, F3.1, FI0.3, F12.3)
X IS PRINTED UNDEK LOC HEADING
RHO IS PRINTfD UNDER AMP HEADING
DEGREE IS PRINTED UNDEK PHASE HEADING

IF IX .GE. 1.0l G(l TO 10
IF X IS GREAHR Tt",\1 DR EQUAL TO 1.0 START LOOP AGAIN WITH NEW ALPHA

TENX = TENX + 1.0
GO TO 20
END
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ARG - 0.979 ARG -= 1.896

lOC AMP PHASE lOC AMP PHASE

0.0 0.000 -18.169 0.0 0.000 -62.866

0.1 0.098 -17.986 0.1 0.079 -62.179

0.2 0.196 -17.437 0.2 0.158 -60.120

0.3 0.294 -16.522 0.3 0.238 -56.692

0.4 0.392 -15.241 0.4 0.319 -51.911

0.5 0.491 -13.594 0.5 0.403 -45.816

0.6 0.590 -11.585 0.6 0.492 -38.486

0.7 0.689 -9.215 0.1 0.591 -30.046

0.8 0.791 -6.489 0.8 0.704 -20.675

0.9 0.894 -3.414 0.9 0.838 -10.585

1.0 1.000 0.0 1.0 1.000 0.0

ARG = 1.341 ARG = 2.527

lOC AMP PHASE lOC AMP PHASE

0.0 0.000 -33.457 0.0 0.000 BO.582

0.1 0.093 -33.114 0.1 0.057 81.801

0.2 0.187 -32.084 0.2 0.115 85.456

0.3 0.281 - 30.368 0.3 0.173 -88.416

0.4 0.314 -27.968 0.4 0.234 -80.07Q

0.5 0.469 -24.890 0.5 0.302 -69.551

0.6 0.566 -21.142 0.6 0.382 -57.271

0.1 0.665 -16.744 0.7 0.482 -43.709

0.8 0.769 -11.725 0.8 0.611 -29.387

0.9 0.880 -6.126 0.9 0.780 -14.728

1.0 1.000 0.0 1.0 1.000 0.0



78

POCI

FORTRAN IV G LEVEL 1. MOD 4 MAIN DATE 101Z4 14/59/44

C
C
C
C
C
C
C
C
C
C
C

0001
0002

C
0003
0004

C
0005

C
C
C
C
C

0006
0001
0008
0009
0010
0011
001Z
0013
0014
0015
0016
0011
0018
0019

OOZO
0021
00Z2

C
C
C

0023
C

0024
0025

POCI CALCULATES THE AMPLITUDES AND PHASE ANGLES FOR AN UNCONFINED
CYLINDRICAL ISLAND AQUIFER

SAR = SQRTIIEPSI*SIGMA*IRB**ZII/IK*ZII
EPSI = POROSITY
SIGMA = FREQUENCY
RB = RADIUS OF THE ISLAND
K = PERMEAB.Il ITY
Z = EQUILIBRIUM POSITION

10 READ 15, 11 SAR
1 FORMAT IF6.31

TEST FOR SENTINEL CARD, SAR 0.000
IF ISAR .EQ. 0.0001 STOP
WRITE 16, ZI SAR

FORMAT PRINTS HEADINGS, LOC AMP PHASE
2 FORMAT IIHI, 6HARG = , F6.3/4HOLOC, 5X,. 3HAMP, 1X, 5HPHASEI

CALCULATE AND PRINT THE AMPLITUDES AND PHASE ANGLES FOR VALUES OF X
BETWEEN 0.0 AND 0.9 INCLUSIVELY, INCREMENTING X BY 0.1
X = LOCATION
RHO = AMPLI TUDE
DEGREE = PHASE ANGLE

TENR = 0.0
20 R = TENR I 10.0

A = SAR
AX = SAR * R
CALL CALBER IBERI, AXI
CALL CALBER IBER2, AI
CALL CALBEI IHEII, AXI
CALL CALBEI IBEIZ, AI
BERI2 BERI ** 2
BER2Z = BER2 ** 2
BEI12 = BEll ** 2
BEI22 = BEI2 ** Z
RHO = SQRTIIBERI2 + BEI121 I IBER22 + BEI2ZI1
THETA = ATANIIIBER2 * BElli - IBEIZ * RERl)1 1 IIBERI * BER21 +

IIBEII * BEI2111
DEGREE = THETA * 1360 I 6.28318531
WRITE 16, 31 R, RHO, DEGREE

3 FORMAT IIHO, F3.1, FI0.3, F12.31
X IS PRINTED UNDER LOC HEADING
RHO IS PRINTED UNDER AMP HEADING
DEGREE IS PRINTED UNDER PHASE HEADING

IF IR .GE. 0.91 GO TO 10
IF X = 0.9 START LOOP AGAIN WITH NEW ALPHA

TENR = TENR + 1.0
GO TO 20

I
1
~

i

FORTRAN IV G LEVEL I, MOO 4 CALBER DATE = 10124 14/59/44

0001

0002
0003
0004
0005
0006
0001
0008
0009
0010
0011
0012
0013
0014

SUBROUTINE CALBER IBER, XI
C SUBROUTINE CALBER CALCULATES THE BER FUNCTION WITH ARGUMENT X, USING
C THE SERIES REPRESENTATION OF BER.

BER = 1.0
TERM = 1.0
DO 3 I = 1, 100
TI2 = 12 * II ** 2
TIP12 = 112 * II - 11 ** 2
XX = 110.251 * IX ** 211 ** 2
Y = 1(-11 * XXII 1T12 * TIPI21
TERM = TERM * Y
BER = BER + TERM
IF IABSITERMI .LE. 1.0E-51 GO TO 4

3 CONTINUE
4 RETURN

END



FORTRAN IV G LEVEL 1, MOD 4 CALBE I DATE = 70124
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0001

0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014

SUBROUTINE CALBEI IBEI, XI
C SUBROUTINE CALBEI CALCULATES THE BEl FUNCTION WITH ARGUMENT X, USING
C THE SERIES REPRESENTATION OF BEl.

TERM = 0.25 * IX ** 21
BEl = 0.25 * IX ** 21
DO 3 I = 1, 100
tI2 = 12 * II ** 2
TIM12 = 112 * II • II ** 2
XX = ((0.251 * IX ** 211 ** 2
Y = II-II * XXI I ITI2 * TIM121
TERM = TERM * Y
BEl = BEl. TERM
IF IABSlTERMI .LE. 1.0E-51 GO TO 4

3 CONT I NUE
4 RETURN

END
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ARG = 1.158 ARG - 1.637

LOC AMP PHASE lOC AMP PHASE

0.0 0.973 -18.975 0.0 0.903 -36.683

0.1 0.973 -18.783 0.1 0.903 -36.299

0.2 0.973 -18.207 0.2 0.903 -35.148
I
1

0.3 0.973 -17.247 0.3 0.904 -33.230
~
1

0.4 0.974 -15.903 0.4 0.906 -30.549 ~
0.5 0.975 -14.177 0.5 0.909 -27.117

0.6 0.977 -12.072 0.6 0.916 -22.953

0.7 0.980 -9.592 0.7 0.927 -18.093

0.8 0.984 -6.744 0.8 0.944 -12.594

0.9 0.991 -3.542 0.9 0.968 -6.531

ARG = 1.337 ARG = 2.316

loe AMP PHASE lOC AMP PHASE

0.0 0.953 -25.067 0.0 0.719 -66.425

0.1 0.953 -24.811 0.1 0.719 -65.657

0.2 0.953 -24.043 0.2 0.720 -63.353

0.3 0.954 -22.763 0.3 0.722 -59.521

0.4 0.955 -20.973 0.4 0.727 -54.194

0.5 0.956 -18.675 0.5 0.739 -47.450

0.6 0.959 -15.876 0.6 0.760 -39.438

0.7 0.965 -12.587 0.7 0.794 -30.390

0.8 0.973 -8.826 0.8 0.843 -20.600

0.9 0.984 -4.618 0.9 0.911 -10.379




