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I. INTRODUCTION

The purpose of this study is to demonstrate that an interpretation of the salt
concentrations in the Scandinavian marine clays may yield valuable informat-

ion about some of the geotechnical properties of these deposits.

The method of interpretation is based on elementary concepts of sea-salt
diffusion superimposed on porewater flow. These concepts are developed

into a general program for analysing one-dimensional geometries.

Three clay deposits are interpreted by these concepts. The clay deposits
demonstrate the applicability of the method of interpretation and indicates

the range of variation in diffusion constants to be expected in the Scandinavian
marine clays. The experience with these deposits is developed into a general
regional prediction of the maximumn salt concentrations to be expected in the

marine clay deposits of the inner Oslofjord area.

The information obtained by interpreting thesalt concentrations of the marine

clays may find the following geotechnical applications:

1. In a given deposit, free draining layers may be detected, the
vertical velocity of flow may be determined, natural hydraulic
conditions may be understood qualitatively, and salt concentrations

may be predicted by interpolation between measurements.

2. The interpretation may be used generally, to predict whether a clay
deposit has salt or fresh porewater, from knowledge of its location,

thickness, and general geological condition.

II. THE METHOD OF INTERPRETATION OF SALT CONCENTRATION

IN MARINE CLAYS
The salt concentrations considered range from the initial sea water concen-
tration to the concentration at which the exchange of ions between the soil
skeleton and the free porewater influences the total salt concentration in the
free porewater markedly (Moum et al., 1971, Stderblom, 1969). In this
range the present salt concentrations are developed by two physical processes.

These are:
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1. Salt transportation, relative to the free porewater, by diffusion.

#

2. Transportation of the free porewater through the soil skeleton

by hydraulic flow.

Diffusion occurs because salt will move through water, with a flux which is
proportional to the gradient of salt concentration. The constant of propor-
tionality is the diffusion constant., The salt concentration in a given volume
may be described as a function of time by equating the net flux of salt out of
the volume element, to the rate of loss of salt with time. For one-dimensional
geometries, under conditions of constant porewater flow and constant diffusion

constants, it may be shown that the governing differential equation is:

2,
é.zé Sv8X . %"T (Heiberg, 1972)
6z

D is the diffusion constant in mz/year

is the salt concentration

x
v is the velocity of frce porewater in m/year
z is the vertical coordinate in metres

t

is the time in years

This equation is simplified by introducing :

1. The following dimensionless coordinates:

x ; . ’
yoo= . the concentration factor. X, 18 2 reference concentration,
o
normally the initial one.
z a . :
A T the distance factor. H is some reference distance,

commonly the thickness of the deposit.
Dt
T = EZ’ the time factor
¥
D

the velocity factor

2. The auxiliary function:

T vir
' = Ye © 4 where e is the base of the natural logarithm.

The simplified equation is:

e
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67
which is recognized as the equation governing one-dimensional heat flow in a
homogeneous medium. This equation is well studied. Details of the solution

procedures and references to pertinent literature is given in the appendix.

III. ANALYSIS OF THREE CLAY DEPOSITS

The salt concentrations presently measured in clay deposits may be inter-
preted by the concepts outlined above. When these concepts are to be used

for quantitative interpretations, it is often useful to know the initial salt con-
centrations, and the boundary concentrations with time. This is not always
required as a given distribution of the salt concentrations may be consistent
with only one set of initial and boundary conditions. In the analysis of the
three case records presented below, it has been necessary to know the time
elapsed since the conditions at the top boundary changed from salt to fresh.
This necessity is due to a lack of knowledge of the value of the diffusion
constant of the clays. The time elapsed since the top surface became fresh
are estimated from the present rates of isostatic uplift (0.0025 m/year at L&d-
8se, Jangdal, 1971 and 0.0037 rn/year at the other sites, Hafsten, 1960). The
time curve of isostatic uplift shows that these rates have been approximately

constant over the times involved.

For the deposit at Loddse, the time elapsed since the top surface became
fresh is taken to be the time elapsed since the ground surface rose above sea
level. For the other two cases, the time elapsed is taken to be the time
interval since the groundwater table rose above the sea. This assumption is
arbitrary and may be discussed. The value of the diffusion constant obtained
from Vaterland, Central Oslo, is strongly influenced by this assumption as

the terrain is located at an elevation near sea level.

In computing times from the rates of isostatic uplift, it is assumed that clay

compression has not occurred since the terrain rose above sea level.

3.1 Drammen, Norway

The deposits in Drammen have been described by Bjerrum (1967). The
location of the two borings to be interpreted below are shown in Tegn. 007,

These are referred to as the Sundland and the Danviks gate profiles. The

]
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clay deposit at Sundland was modeled by two layers, one representing the unper
plastic clay, and the other representing the lower lean clay. The diffusion con-
stants of the two clays were assumed to be different. Measured pore pressure at
Sundland showed that the porewater travelled downward. It is assumed in the
analysis that this condition has prevailed since the top surface became fresh,

In reality the present hydraulic gradients must have developed gradually

as the total head in the clay never can have been less than in the sea., The

above assumption will most probably not cause great errors, however,

because the hydraulic gradients are small,

The analysis {Tegn.010) showed that the measured salt concentrations are
consistent with sets of values of the velocity factor and of ratios of the
diffusion constants of the upper layer to that of the lower layer. The relation
between permissible ratios and velocity factors are shown on Tegn.010. It

is probable that the ratio of diffusion constants is similar in value to the ratio
of the porosities (approximately 1.3), because the relative area available for
the flow of ions is determined by this ratio. The corresponding velocity factor
is 4.5.

The soil profile at Danviks gate is shown on Tegn.009. The pore pressures
at Danviks gate show that the water is moving upward. The profile is inter-
preted on Tegn.010. The profiles from Sundland and Danviks gate indicate
that no important changes in the deposit has occurred between the two sites.
It is therefore reasonable to assume that the diffusion constants in the upper
plastic clay layer are nearly equal at the two sites. Then the present ground-
water elevations may not be used to compute the times since the top surfaces
became fresh. This leads to the assumption that the clay deposits have
settled an equal amount at the two sites, or that the top of the clay became
fresh, while the groundwater level stood higher than at present. The accord-
ing results are:

Total settlements after the top surfaces became fresh, or equi-
valent change in groundwater level . <o 4 « &« & &« 5 & « & = @ 1.0 m

Years before present when the top surface at Sundland became

Tt R IR e e R - T T R S 1350 years

Years before present when the top surface at Danviks gate

o i T TN e e B SR S W s i SR 430 -

Diffusion constant of the plasticclay . . . . . . . . . . . . 0.017 mz/yr

Diffusion constant of the lean clay R i L i R R 2 e
Average vertical permeability . . & . Vi i 4w w e w o s B 0.077 m/yr

o 242 10T ecm/sec.
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3.2 Central Oslo, Norway

Two areas within Central Oslo are examined below: The Vaterland area, and
the Studenterlunden area. The location of the borings used for the interpre-

tations are shown on Tegn.O011.

The soil conditions at Vaterland are shown on Tegn.012. A top layer of clay,
extending down to elevation -6.0 metres, is characterized by silt layers and
occasional stains of oxidation. The base of this layer has a high undrained
shear strength. Geologically, the top layer is interpreted as being slide

debris. It rests on a layer of homogeneous clay.

Thesalt concentrations are measured indirectly by measuring electrical
resistivity. The inverse of the resistivity, or the electrical conductivity is
generally proportional to the salt concentration in the porewater (Sdder-

blom, 1969). A total of six boring logs are shown on Tegn.013. It is seen

that the resistivity increases sharply at the base of the top layer in the region
near the river. This indicates that considerableflow has occurred in this

layer near the river, where the hydraulic gradients have horizontal components.
The rise in resistivity indicates therefore that the base of the top layer is

free draining relative to clay above and below.

The resistivity logs away from the river are strikingly similar, between
borings and between the top and the base of the borings. This confirms the
pore-pressure measurements showing no hydraulic gradients of any significance
in the area. The logs of electrical resistivities are averaged and converted

to electrical conductivity. The profile of electrical conductivity is interpreted
on Tegn.014. Assuming that the top surface became fresh when the present

groundwater table rose above sea level gives the following results:

Time elapsed since the top and bottom surfaces became fresh . . 270 years

Diffusionconstant . . « < + i o s s & 68 & o0 o & & 0.013 mz/yr

The soil conditions, the hydraulic conditions, and the records of clay com-
pression at Studenterlunden are given by Eide & al. (1972). The clay at
Studenterlunden is similar to the clay found in the base layer at Vaterland.
The pore pressure measurements indicate that there are insignificant

gradients in the top part of the deposit which is to be interpreted.
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The soil condition is interpreted on Tegn.014. Assuming that the top surface
s
became fresh when the present groundwater level rose above se level gives

the following results:

Time elapsed since the top surface became fresh: 1300 years

)
Ditfasion constant . - siw & wos 4 6 b s e B 0.014 m"~ /year

This neglects that settlements are occurring. If it is assumed that the
measured settlement has occurred at the present rate since deposition, the
resulting diffusion constant will have a low value of 0.006 mz/year. Eide et
al. suggest that the settlements may be initiated recently (i.e. during one of

the last centuries) as a result of changed drainage conditions.

3.3 Lbdbse, Gobta River Valley, Sweden
The clay deposit at L8d8se is described by Stderblom (1969). The deposit
has a higher clay content and a higher porosity than the clays discussed

above.

The development of the L&dbse profiles was discussed qualitatively by Stder-

blom. His suggestions are made quantitative on Tegn. 015.

The interpretation of the profiles is based on the following assumptions :

1. The elevation at each boring may be determined from a slope
towards the river of 1:55.

2. The top surface of the clay became fresh when the terrain rose

above se level.

3. The diffusion constant is invariant with depth at each boring.

The profile at 57.7 metres from the river is most readily interpreted. The
initial concentration is still intact near mid.depth, The top and the base of
the profile may therefore be interpreted separately. The results of the inter-

pretation are:

Time elapsed since the top surface became fresh 540 years
Time elapsed since the base became fresh 3400 -
Diffusion constant 0.012 m?2/year
Velocity of pore water flow 0.001 m/year

*) As the ground surface here is about +7 m above sea level, the diffusion
constant computed is not very sensitive to this assumption.



ES GEOTEKNISKE INSTITUTT j o Y

A similar analysis may be performed for the profile at 106. 8 metres from
the river. As the initial salt concentrations are reduced throughout this
deposit, it is necessary to analyse the upper and lower parts of the profile

simultaneously. The results of interpretation are:

Ground elevation . . . . . ¢ . . . & 2: 25 m a;8;1,
Time elapsed since the top surface became fresh 895 years
Time elapsed since the base surface became fresh 2100 -~
Diffasionconstant . . . 5 « ¢ s &+ ¢ « @ s « o 0.016 m2/year
Velocity of vertical flow . . . . . . . . . . . 0.004 m/year

For the profiles at 157. 6 and 180. 5 metres from the river it is justified to
neglect that the two surfaces did not become fresh simultancously because the
present concentrations would not be markedly affected by these differences. The

results of the interpretation of the profile at 157. 6 m from the river are:

Ground elevation . 'c « « & ¢ 2 = & #-v-o o = & 3.16 m a, s.1.
Time elapsed since the top surface became fresh 1265 years
Diffusion constant . . + v a2 e o 4w o .o 0.026 m2/year
Nelocity of vertical flow o o o 0w o o 2 404 v s 0.007 m/year

The results for the profile at 180.5 m from the river are:

Cround elevation . o o s =le s % = 5% o ' 3.60 ma.s.1.
Time elapsed since the top surface became fresh 1430 years
DRIENRIon COnSIatt « « oo e p o iman . w Tal ek Gk 0.030 m2/year
Yelocity of vertical flow . « 5 4 o « o » ale e 0.009 m/year

The salt concentrations in the profile at 212.3 m from the river are too low

for an interpretation to be made.

The profile at 2.0 m from the river is not interpreted quantitatively. The
reason is that the salt concentrations are influenced by horizontal components
of flow. This is most clearly seen at a depth of 25 metres. Here, there is a
sharp local drop in conductivity. The same drop is observed at 57.7 metres
from the river. This is indicative of a layer of lower water content than the
clay. At 2.0 m from the river the conductivity exhibits a general depression
around the layer. This indicates that the salt content in the layer is reduced
by lateral flow and that diffusion is occurring towards this layer. Most prob-

ably the layer is a sand layer which is free draining relative to the clay. At
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the top portion of the profile the salt concentrations are reduced as a result
of the existing horizontal components of flow. There is no evidence of free

draining layers here.

3.4. A discussion of the value of the

diffusion constant
The diffusion constant of the salts of sea water in the marine clays is an
essential parameter. A best estimate of this parameter is derived from
each of the three case records reviewed. The estimated values of the
diffusion constants are plotted on Tegn. 016 against porosity. An upper
limit on the value of the diffusion constant is fixed at each porosity by the
value of the diffusion constant of the salt in water. The diffusion constant
of the salt in water is 0.04 mz/year. At any porosity this maximum value
is to be reduced because only a fraction of the total area, approximately
equal to the porosity, is available for salt diffusion. The remaining area
is occupied by the mineral particles. Tegn.016 shows how the diffusion

constants derived from the case records are distributed.

There is some uncertainty connected with the determination of each value of
the diffusion constant, as is clear from the reviews of the case records.
Tegn.016 distinguishes between values that are considered well documented,
and values that are not. The values from L&ddse are uncertain because the
time elapsed since the top surface became fresh is not know precisely. All
the values on Tegn016 are derived on the assumption that no, or only minor
compressions of the clay layers have occurred since the top surfaces became
fresh. A compression of the clay would increase the computed times elapsed
since the deposits rose above sea. The corresponding diffusion constants

would be lower than those shown on Tegn.016.

Stderblom has computed diffusion constants from the sites of the large land-
slides at Surte and G&ta in the G8ta River valley. The initial condition is a

discontinuity in salt concentration at the lowest sliding surface.

Four out of five determinations indicate diffusion constants much lower than
those shown on Tegn.016, varying between 0.003 and 0,005 mz/year. The
fifth determination indicates a diffusion constant of 0.019 mz/ycar, which is

in good agreement with the ” well documented” values on Tegn.019.
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From the discussion above, it is clear that some ambiguity is present in
the available data on the diffusion constant. It is therefore of interest to
measure the magnitude of this constant under controlled conditions in the

laboratory.

IV. A REGIONAL INTERPRETATION OF THE SALT CONCENTRATIONS
IN MARINE CLAYS OF THE INNER OSLOFJORD AREA
Some general statements may be made regarding the salt concentrations to

be expected in the marine clay deposits of the inner Oslofjord area.

Firstly, Tegn.018 shows how the maximum of the dimensionless salt con-
centration factor varies as a function of the dimensionless time and velocity
factors, when the upper and lower boundaries of the deposit are made fresh
simultaneously. The time elapsed since the top boundary became fresh may
be estimated from the elevation of this surface on the basis of the known iso-

static uplift which has occurred.

From a knowledge of the time elapsed since the surfaces became fresh, and
the diffusion constant, it is possible to construct an upper limit of the salt
concentration which occurs in any deposit as a function of the elevation of

the top surface, the thickness of the deposit, and the fluid velocity. Tegn.017

shows a series of such upper limits.

V. GEOTECHNICAL ENGINEERING APPLICATIONS

The interpretation of salt conceantration profiles may find several geotechnical

engineering applications.

- Permeability determination: For particular deposits it may be possible
to evaluate the bulk vertical permeability from field measurements of salt
concentrations and hydraulic gradients. In regions where the hydraulic
gradients have horizontal components, it may be possible to determine free
draining layers. The case records of Drammen, L&dbse and Vaterland in

Central Oslo illustrate this.
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- Natural hydraulic conditions: Salt concentration profiles may be used to
evaluate the natural pore water flow condition and thereby the natural pore
pressure conditions, This is illustrated by the case records from Vaterland,

Central Oslo and Léddse.

- Corrosion conditions: A quantitative understanding of the salt trans-
portation makes it possible to interpolate values of salt concentrations
between borings in a given uniform horizontal deposit. As corrosion rates
on steel piles depends strongly on the salt concentration, this may help pre-
dicting corrosion rates. For many practical cases, a regional interpretation
of salt concentrations may be sufficient to determine whether there exists

a corrosion problem or not.

- e e e e e e e w w  wm m —

salt concentration in the pore water is above a few grams per litre. A know-
ledge of the development of the salt concentration profiles may make it possible
to evaluate the zones in a deposit where quick clay may not occur because of

too high salt concentrations.

SUMMARY AND CONCLUSIONS
The main points of this study are:

- The transportation of salt in the Scandinavian marine clay deposits is
modeled by applying elementary concepts of diffusion, superimposed on

pore water flow.

- The salt concentrations predicted by this model are remarkably consistent

with the salt concentrations measured in the clay deposits.

- The known rates of isostatic uplift in Scandinavia have made it possible to
estimate absolute values of the diffusion constants and permeabilities from
measurements of salt concentration profiles and hydraulic gradients. There
is some uncertainty connected with these values. The uncertainty arises
mainly from the unknown amounts of clay compression which has occurred
since the surface became fresh. The determinations of the values of the
diffusion constants should therefore be supplemented by laboratory determinat-

ions. The determinations of the diffusion constant presently available indicates
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that it varies within narrow limits, depending on the porosity.
The following conclusions may be drawn from these main points:

(1) Examination of the salt concentrations in marine clay deposits yield

reliable information on the flew conditions in the clays.

(2) The salt concentration at any point in a horizontal deposit may be
found by interpolation between measured points. Furthermore, the
salt concentration in a deposit may be estimated in general terms

from its location and geological setting.

These conclusions apply to the marine clay deposits where the salt con-

centration is still above a few grams per litre.
The conclusions, and the fact that salt concentrations of clays are easily

measured, establish the method of interpretation of salt concentrations

as a potential tool of geotechnical engineering.

NORWEGIANEEOTECj\' L INSTITUTE

Laurits Bje

S(g'-u-tl l“\d}{g 7 ;/.ffa T .,’/; ‘}{’ ¢ ;'-.":_

Sigurd Heiberg ~ Johan Moum
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APPENDIX

Description of the Diffusion of Salt in Porous Media
with moving Pore Fluids and Users Manuals to
Computer Programs

The diffusion of salt in porous media with moving pore fluids will be

described by its governing differential equation. Examples of solution
procedures, both analytical and numerical, will be given. The corre-
sponding computer program listings are presented together with users

manuals to the programs.

The governing differential equation

- SR w s am am e mam w e e M S g e am e mm e e e e

The differential equation governing the transportation of salt in porous
media with moving pore fluids is derived by Heiberg (1972). Five

assumptions are required to develop the equation describing one-dimensional

flow. These are:

(1) The flux of salt ions in stationary pore fluid is proportional

to the salt concentration gradient.
(2) There are no sources or sinks of ions in the body.
(3) The diffusion constant is invariable.

(4) The fluid velocity is invariable.

(5) The geometry is one-dimensional.

The appropriate differential equation may then be shown to be:

2
6 & 6

D is the diffusion constant in rnz/yea.r
is the salt concentration
is the vertical coordinate in meters

is the fluid velocity in m/year

- TR

is time in years

Equation (1) may be written in terms of dimensionless parameters:

Lﬂ‘z_vfﬂi .éﬂ’_ (2)



3ES GEOTEKNISKE INSTITUTT p.13

where
U= -:—— the concentration factor. X, is some reference concentration,
o

usually the initial concentration.

z = —%— the depth factor. H is some reference distance, usually
the full thickness of the deposit.

T = -I—)-t2-- the time factor.

H
VvV = yl_)I_-I__ the velocity factor.

Equation (2) may be transformed to a more convenient form, introducing
the variable:
-VZ +V2T
p’ = e 27 4 (3)
where

e is the base of the natural logarithm.

Equation (2) becomes:

M 1
.%_T

which is recognized as the equation governing heat flow in a homogeneous
medium. This equationvis well studied (Hildebrand, 1962; Carslaw and
Jaeger, 1959; Crandall, 1956; Zienkiewicz, 1971). The boundary and
initial conditions of a problem described by equation 4 must be transformed
according to equation (3). The solutions to this problem will therefore be
dissimilar to the more common solutions of the heat flow equation. Ana-
lytical solution to equation (4) may be obtained for several classes of
boundary and initial conditions. The equation may also be solved numerically
for general initial and boundary conditions with about the same computational
cffort as is required for the analytical solutions, provided a computer is
used. The main purpose of the analytical solutions is therefore presently to
provide true values against which the accuracy of the approximate numerical

values may be checked.
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Analytical solutions

A common case is the one where the salt concentration in the deposit is
constant initially, and where the top and bottom boundaries become fresh
simultaneously and remain at constant concentrations with time. This
case is solved by Heiberg (1972), using the method of separation of

variables. The solution is:

Lee]

s V 2
-— P Vz
Lp(le) = —Z%L--—-—— (L«® S (-l)n)e"(n wibg) T 2 xsinnmz (5)
_T+nz1rz
n=0

Another common case is the one where the salt concentrat.ion is constant
initially, at which time the top surface becomes fresh. The top surface
remains fresh subsequently. The boundary condition at the base remains at
the initial concentration. This problem may also represent the cases where

the initial concentration is unchanged at some depth in the deposit.

The initial and boundary conditions may be written as:

.
vV, V'T
b RN -5+ =
1\ z=l!¢=]‘l¢’=e =F(T)
] i N ;
{ 12 Yinitial = 0% ¥ initia1 = ©

z=0, =0, &’ =0

where the concentration factor for convenience is chosen to vary from -1
to 0.

The boundary condition imposed at the top surface on the function ' varies
with time. The solution may be obtained by use of the superposition inte-
gral, as outlined by Hildebrand (1962, p.451).

The effect of a unit change in ' at the top boundary is:

2.2

n
U(le) - Z +-% Ll sinfz - e T T (6)
T z n
n=1

Summing the effect of succeeding step variations of §’ bounded by the
function describing the boundary condition on ' and taking the limit as

the duration of the steps go to zero:

X ‘
4'(2,T) = F(0) - U(2T) + [ U(z,T-7)- SEE) a7 (7)
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Integration by parts gives:

Vv VZ
g (-1 re z ' nz-:rZT ;
W (le) = 2w B A (e -e ) sin nwz (8)
=5 i nzﬁ'2

n~41

Transforming to the concentration factor gives:

Z 2
-n

-
5 (z-1) -
. Sl T) sin nmz (9)

q;(zl'I‘) P 2we

In this case ¢ is varying between -1 and 0. In order to obtain a solution
where § varies between 0 and 1, unity is added to the above equation:

q"uSual = 1 + Equation (9) (10)

Numerical solution

The numerical method of solution to be described below may be derived
either from finite difference principles (Crandall, 1956) or from variational
principles (Zienkiewicz, 1971). The finite difference approach is adopted
here (Crandall, p.387). Itis convenient to represent the problem as a grid

in time and distance.

-3+ A ﬂ . The terms of equation {(4) are modeled as:
3+l }“—‘.
1 N
—i' . '}l}'k:% 22 l.[J’- —24}’- +4‘l
ET N R Wik & ||;‘ 07T _j-1, K+l j, K+1 j+l, K+1)
b ; T 6T (a2’
= = . o . .
fLA%; LWl
L - 2. o il
e 2 L1-0) (7 LR Vixl Vi, x)
(az)

sp’ Vi k4 TV K
T AT

where 0 is chosen between 0 and 1.

This formulation requires the solution of as many simultaneous equations

as there are distance steps for each increment of time factor.

The value of 0 determines the numerical quality of the formulation, a topic

which is extensively discussed by Crandall {1956, p.389). The best choice

.



3ES GEOTEKNISKE INSTITUTT P- 16

of 0 will depend on the boundary conditions and the grid geometry. For
instance, when the concentration factor, {, is kept constant at one boundary,
the boundary value of §’ will vary exponentially, the exponent being a funct-
ion of the time and the velocity factors. In order to obtain correct results
it is necessary to select 6 clos2 to 1 for this case, as the increase in y' on
the boundary has a large influence on the values at the K+l time.

Users manuals to the computer programs

Three computer programs are available:

(1) A program computing values of the concentiration factor according
to Equation (7) of Heiberg (1972). This equation describes the
salt concentration in time and distance of a layer with constant
initial concentrations and where the concentration at the boundaries

are changed simultaneously by an equal amount.

(2) A program computing values of the concentration factor according
to Equation (10) above. This equation describes the salt concen-
tration in time and distance in a layer with constant initial concen-
tration, and where the salt concentration at one boundary is changed
bya constant amount, while it is kept at its initial value at the

other boundary.

(3) A program computing values of the concentration factor for
arbitrary initial and boundary condition. The program also handles
layered sediments where the layers are characterized by different
diffusion constants. The computations are based on the finite

difference technique described above.

A listing of program (1) is given in Heiberg (1972). A listing of program
(2) is shown in Tegn.018. Identical formats of data input is used for the

two programs. This is:

First card : Velocity factors (5 values): 5F10.0

Second card: Time factors (5 values): 5F10.0

25 isochrones of concentration factors will be computed for each data set.
As many data sets as desired may be submitted in one run by repeating

cards 1 and 2. The output is essentially as shown in Heiberg (1972).
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A listing of program 3 is shown on Tegn.019-020. The necessary

data input is:

|

'Card . : !

Symbol . . Data Format
. no. = i i N
1 | HED(20) |, Description of the computation 20A4
- l‘ ;‘ -
2 . DT { Time increment
i | NTIMIN | Total number of time increments
! ' i
f | NOZ l Total number of equally spaced
i i i distance increments
| i NDIS ! Distance increment number above .¥.10.0, 3110, F10.0
- ) 5 !  which the diffusion constant is i
; ! | l changed i
| 3 { XSIN | Initial value of the concentration
! i ! factor
| ' XS1i(1) ’ Boundary value of the concentration
i i i factor at the base
. XSNDZ | Boundary value of the concentration |
{ factor at the top
‘ NTZ . Number of different trials where the;i
| . time increment number when the top
| ¢ concentration becomes zero, is
| ; specified
]
! NV } Number of different velocity
; i factors to be used
E NT :  Number of different ratios of upper
} i . to lower diffusion constants to be
! | used
: i The total number of problems
i ! solved is NTZxNVxNT
| 3F10.0, 3F10
i L i
4 1 V(1) NV different velocity factors | 8F10.0
| 5 5 T2T1(I) | NT different ratios of upper to !
lower diffusion constants ' 8F10.0
6 NTEMP(I) NTZ different time increment
numbers at which the top boundary
value of the concentration factor
is to be set equal to zero 8110
SR B = EENCART L R Y s "D, NSRS

An example of the output is shown in Tegn. 021.

o~
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DIMENSTION ZU200)eVIS) «TIS ) XSTI(20.5)
B ARTITEIR« 101N
100 FORMATI(*1* 77 10X*SALT CONCENTRATTONS IN BODY ABOVE A SAIT RESERVOI
1R* /7 /)
Da'1l T=152D0
1 ZGIY=0.05+1
READIS«2001IVIT) «I=1 051 (TIT)eT=1e5)
200 FORMATISFL .01
PI=z3.1u4]15%93
PILSzPIsPI
PO 2 21«5
VSazVvVIiT)=+VI(T)/ .
DO 3 J=l.5
VSTHZVUSt=T(J)
PISTZPIS*T (U}
DO 4 K=Y «20
PIZ=PI*Z(K)
POWIZIVITI)Y*(Z(K)-1,0/2.0-VSTy
FACT1z=2«+PI«FXP(POW])
SumMz0.
DO S NzZ1.200
DENZVSU+NeNePTS
FACTZ2-((-1.)*+ (MY} *sN/DEN
FACT3-FEXPIVSTYU)-EXP(-N+N=PIST)
L=FACT2=FACT3
SUMZSUMeT]1 »SININ=PTZ)
CONT INUE
XSTIKeJiZ1+FACT] *»SUM

-~ U

 CONTINUE
«+ 3 CONTINUE
WRITFLG« 12V ITU LL Yl 1 =1e8) sl Z0L) «VIT)eXST(L «1)eXSTIL+2)
F 1o XSTLL «3 )1 XSTlLoa) e XSTAL*»S) sL=1¢19)
102 FORMAT (" z v =" oEBaZ» * TS sEG2 ¥ ToveERa2n
‘3 * T="sERe2¢ * T ERe2e/2UlF4a2¢ET25E€10.370)
2 CONTINUE
GO YO 8
EnND

Dato Tegner
SH
Listing of computer program calculating the salt concen- Godkjent
tration in a uniform layer where the salt concentration at
the top boundary is changed. Oppdr.
nr. 50700
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PROGRAM PERFORMING AN TMPLICIT FINITE DIFFFRINCFE CALCUILATTION OF
THFE TRANSPORTATTON OF SALT IN A POROUS MEDIUM WITH A MOVING PORE
FLUTD
DIMFNSION XSTURNT«HFED(20) e XSTMI3Z0e2) e VIS)«T2T11(5)
DIMFEFNSTION NTEMP(S)
INPUT NESCESSARY DOATA
9 REANDIS«1(MiY HED
READISH101) DTeNTIMIN«NDZ«NDIS
NDZL=NDZ#1
D2=1 ./ND2Z
READI(SP1D3IXSTIMNeXST(1) o XSNNZeNTZ eNVeNT
READIS»102)(VIT)«TZ] «eNV)
READ(S«102¥(T2T1(T)eI=1eNT)
THETAZD.9
READIS«LOUM fNTFMPIT)IeT=]1«NTZ)
1000 FORPMATIBTIO
DO'10 ITEMPZ]1eNTZ
NTUZNTEMP{TITEMP)
DO 10 TV=1eNV
DO'11 IT=1eNT
XSTUNDZ]1 )=XSNDZ
WRITE(G, 2003 HED
WRITE(Be 204INVeNT e VITIV)IeDT e NTIMINNDZ e NDIS«T2T10IT)Ie XSTIN»
3 | XSTC1) +XSTINDZ1)eNTU
ESTABLTISH AN TNTTIAL CONDITTON

2=0.
=D
XSTM{1 1 )=XSTL{I)#EXP(=V(I)=Z/2.)
XSTMINDZ1e 1) ZXSTINDZII*FXPI-VIIV)YeZ/2.)
D0'1 I=2«NDZ
2=2+02
XST(IN=XSIN
XSIM (Tl )ZEXP(-VIEIVI*Z/2.)*XSIN
1 CONTINUE
OUTPUT HEADTNG AND TUNTTTAL CONDTITIONS
WRITE(Be 202V (T oT=3 e3U) o To(XSICTIsI=1eNDZ1)
=1
NZ2
DO B8 KZ1+NTIMIN
T=T+DT
XSIMINDZ 1« NIZXSTINDZYV»FXPIVITVYI2V(TV)I*T/u.-VI(TV)Z2.)
XSTIMEL eN)IZXSTLI)SEXPIVITVI sV (TV) T/ .)
IF(K .GE.NTUY XSTMINDZ] eN)=la
SOLYE FOR XSTIM USING GAUSS SEINDFL TTERATION
DO 6 I=1.200
DIiF=0.
DO 5 J=2.NDZ
DENTZDT
IFCSEQ NDISH I INDENT=DT#{T2T1tITYI+1)/2.
IFIS.GTONDTIS* 1) DENTZT2T1(TT)eDT
XSIMEZXSIM(JeN)
DENZ=2=* THETA/ZINZ*DZ2)+1./NENT
TERMIZH] a=THETAN #{XSEMOJ=) ol )=2«*XSTM{JelL 1+ XSTMIUs1:0L))/7(D7D2Z)
1 «XSIMISLDY/DENT
TERMZ2=THETA* [ XSTMIJ-1eN)I+XSTHM{Je 1 eNYI/IDZeNZ)
XSTMEIeNIZU(TERMI+TFEFRMD2 ) /NFEN

Dalo Tegner
St

Listing of a general computer program computing salt |
concentrations based on an implicit finite difference Cppdr. 50700
scheme,
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CONT INUE

IFCABSINIF) 4 TaYE~B) GO TO B

CONTINUE

WARITELGBe 20 1)

QUTPUTY THE | AST COMPUTED CONCENTRATIOQONS
DO 7 J=1«NDZ}

Z=NZ*+(J-1)
XSTOI)VSXSIMIJeNYSEXPUIVITIVI*Z 2, -V (TVI*VITIV)I=T)/0.)
CONT INUE

WRTITE(GE«203Y TUXST(J)ed=] +NDZ])

PET=L

L=N

N=JTT

CONT INUF

CONTINUE

CONTINUF

6o TO 9

FORMAT(Z20DA4G)

FORMAT(FIU.0+3T1UsF10.M

102 FORMAT(S8FL10.0)
103 FORMATEZFL10.0.3710)
200 FORMAT (' 1% +2(JA4/ /)

201

FORMAT(® ITFRATION FATLFD TO CONVERGE IN' 100 TRTIALS®)

202 FORMAT (Y * oU4HTIME« UL X221 X)//FS5 .3 (30FU8.2)1
203 FORMAT{F54 3+ (3NFu.2))

204

R AR ADNE NN

FORMAT(* RUN TNFORMATION %/ 1H«15(1H=-)//

1577
* GENERAL TNFORMATION I%/1H «1941H-)//
P17H VELOCITY FACTOR «361*%.")e2H 1+F10.3/

N & AN

* NUMRFR OF VELOCILITY FACTORS %+27(1H.)e2H 2+75/
* NUMBER OF RATTOS OF UPPER TO LOWER DIFFUSTON CONSTANTS

17H TIME TNCREMENT oe36(°*.%)1e2H 2eF10.3/

31H NUMRER OF VFRTUCAL INCREMENTS ¢22(°.%)e2H
+1107/
«F10.377

* BOUNDARY CONNITIONS S */1He19(1H=)/7
* INTTIAL VAILUE OF CONCENTRATION “et](]1H.)e2H

*N RFCOMES ZFRO 'oT1U// /)
END

27H NUMARFR OF TIME INCREMENTS «26('.")::2H 2710/
< vl 100/
55H VERTICA! INCREMENT NUMBER WHERE DISCONTINUITY OCCURS

44H RATIO OF UPPER TO LOWER DIFFUSION CONSTANT

'g('o.)ﬂzl‘{

:*E1B .3 F
* RASE VALUF OF CONCENTRATION *s4y4{1H.)e2H :«F]1N.3/
* TOP VALUE OF CONCENTRATION ®egyS(1H<Ye2H 2 eF3i1.3/
* TIME INCREMENT NUMSBER WHERE THE ToP VALUE OF CONCENTRATI

Cato

Tegner
S H

Te

gn.019 - continued

Godkjent

nr.

Cppdr.
50700

Norges geotekniske institutt e

Tegn,

020

R



1IN3IISUl 2SI1un21026 sabioN

*020-610 ‘uBajg, uo uaard weadoxd aq;;o;nd;no[ea;ddl

e 1Y |
Jpddo
01D0Q

wapon

002108
#S
Joubay

LTD7SE PROFTLES 180-106. PARAMETER STUDY

RUN INFORMATION 2 -

NUMRER OF VELQCTTY FACTDR% % 2% F2W BA BT Be SW AT B0 FA 2T BW ae =

. S
NUMBER OF RATIOS OF UPPER TO LOWER DIFFUSTON CONSTANTS @ (1
GFNERAL TINFORMATTON 2
VF'OCITY FACYOR S C% 29 BT 5% BT ST 8% $% FA B9 EN PR PSS B9 FA a8 v v : lc[lrl{.’
TTME INCRFMENT BA S A A S PR ST R ST B BT B S R T e e e - : -1]11]
NUHHER ﬂF TTHF INCREHENTS ® EPe eT W W A ee e PA e BA A ea - : : IU
NUMRER OF VERTTCAI ]NCREMFNTS . 9% S S e PSS 42" 8% PSS s e - : 20
VERTICAL INCREMENT NWUMARER WHERE DISCONTINUITY 0OCCURS 2 1
RATIO OF UPPER TO L OWFR UIFFUSION CONSTANT cacsecssss © 1.000

BROUNDARY CONDTTIONS 2

———————— i — —— —— -

INTTTAL VALUE OF CONCENTRATION seeevevncscncnscacanace serscanasacancracaes - 1.000
BASE VALUE OF CONCFNTRATION ceavecvevervreacvcecassoacesecasse vasesacsanasansme s o -.nNno
TOP VALUE OF CONCFNTRATION scevasasescceasacasnsescccesvecasessassasansamananrsnsas = 1.00yu
TIME INCREMENT NUMRER WHERFE THE TOP VAL UE OF CONCENTRATION BECOMES ZFRO 2 1

VERTICAL \NCREMENT NUMBERS .
TIME [ 1 2 z iy 5 6 7

8 S SR X s Qe Y5 180T 318 19, 28 0% 22 2
.000 |.0DP1.001.001.001 .001.001.001.N01.001A001.001.001.0101.001.000.001.001.001.001.00]1..00
«D10 1,00 32 59 75 85 .91 .94 .96 98 «98 99 .99 +:99 98 +96 94 .20 82 .A9 .46 (i1
a020 |00 «2]1 w80 256 o699 +«78 o8BS o900 93 95 96 «96 =95 293 .90 85 77 «65 49 .26 (10
+030 |00 %16 31 85 58 68 76 82 <86 <89 290 291 89 87 82 .76 «686 «54 .39 .21 .00
040500 %13 +26 38 580 59 <68 78 #TH 82 LBO B4 <83 80 <75 BB =89 »4T «3% W7 W00
ABSOEL00 LY 222 33 U3 53 60 .67 572 276 w18 18 17 13 69 262 53 «842 A3 L1S5 <00
2060|800 BI0 .20 29 38 487 S8 a6] 65 89 71 1) 70 87 6% +56 S48 +38 =27 Y14 0NN
sDTB 100 w89 LYT 226 «3U o2 49 o955 259 463 B85 o685 =68 +B1 »57 251 43 «348 20 12000
LAER ISDD" W08 KLE 23 31 «38 08 U9 w54 ST 59 o559 58 «56 <52 4056 =40 «3I¥ 2?2 L1 J00
2090 08 07 %14 w21 28 =34 MO 845 89 2852 «53 98 2535 51 <47 «82 =36 «28 28 %10 Q0
= 10800 . 08 K1 3’519 25 231 <36 +83 =00 <47 09 49 48 4B 4% =38 w3%3 26 =1R 09 00
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