
ABSTRACT 

FIELD DETERMINATION OF THE EFFECTIVE POROSITY 

1 G.A. BRUGGEMAN 

In order to solve geohydrological problems concerning intrusion of salt or 
brackish water, the movement of ground water particles along streamlines must be 
studied, and in order to find numerical results, the magnitude of the effective 
porosity of the soil has to be determined. 

This paper describes the determination in the field of the effective porosity 
by means of injecting a tracer in a three-dimensional sink-source system, and 
comparing the measured time-concentration curve at the source with a theoretical 
curve. 

INTRODUCTION 

In the eastern and southern parts of the Netherlands - the parts of the country 
that -are not below average sealevel - thick Pleistocene unconsolidated layers 
are found, sometimes consisting of several hundreds of meters of coarse or medium 
fine sands wi·th gravel, almost always botmded on top by semi-pervious layers and 
at the bottom by impervious T.ertiary clays. For abstracting groundwater of good 
quality these layers are very suitable and in fact they are intensively exploited 
for drinking water purposes nowadays. 

At a depth_ of 200 to 300 meters, brackish and even salt water is present, 
originating from Tertiary times, when the sea covered the whole country. From 
~hose early times up till now phenomena like dispersion and diffusion have done 
their work and the original sharp interface be·tween fresh and salt water has 
bee~ replaced by thick transition zones of brackish water . 

As the demand for good drinking water increases the water companies are obliged 
to enlarge their pumping capacities. Then .the problem arises to which extent the 
abstraction oi fresh water can go without attracting water of inferior quality 
(saline water) and if this may happen u how long will it last until water with 
an unacceptable chlorine content will reach the pumping wells. 

Questions like these reach the Institute , where the author works and people expec·t 
exact answers at short notice. 

In the Netherlands where almost everywhere unconsolidated sands are found, we 
find ourselves in a much more attractive position than the English collegues 
with their fissured rocks and chalk, where it is extremely difficult to predict 
the behaviour of groundwater flow in an acceptable way. However, if solutions 
to the problem of attracting saline groundwater are wanted at short notice, 
diff~ult phenomena like dispersion :and difference in density have to be ignored 
and the flow must be considered as that of an ideal tracer, following the single 
particles on their ways along the streamlines . 
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In fact these neglections are acceptable as the difference in density between 
fresh and brackish water is rather small, and if the trans·ition zone with its 
gradually in depth increasing chlorine content of the water is introduced in 
the analysis. 
An example of a solution based on such assumptions we mentioned during the last 
SWIM-m~eting in Gent, where we discussed the analytical solution of moving 
particles and fronts caused by the abstraction of groundwater by means of a 
partially penetrating well in an anisotropic aquife~, considering the variation 
of the chlorine concentration as a function of time at any point in the field, 
starting from an arbitrary initial distribution of the chlorine content. In the 
meantime we developed a computer programme based on analytical solutions, which 
solves similar problems for an arbitrary amount of wells of different sizes in 
a ~eaky or non-leaky anisotropic aquifer, in which uniform flow takes place 
(see figure 1}. 

screen 
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FIG. 1 PARTIALLY PENETRATING WELLS IN A LEAKY ANISOTROPIC 
AQUIFER WITH UNIFORM . FLOW 

THE EFFECTIVE POROSITY 

In the here discussed problems and in fact in all solutions of movement of 
particles along streamlin.es, whether analytical or numerical, and also in problems 
where residence times play a role, the property of the soil that is called the 
effective porosity appears. 

If in groundwaterflow a portion V of the total watervolume V is stagnant or 
absorbed, the remaining volume Ve 

0
= Vw - V0 is called the ef'¥ective volume 

and the corresponding porosity is called the effective porosity: 

Ye 
~e Vt 

where Vt = total soil volume. 

In some cases the effective porosity may differ considerably from the total 
porosity (for instance sandstones with many "dead end" pores), but for uncon
solidated sand layers only the absorbed water causes a difference. 

As the movement of groundwater particles along streamlines is controlled by 
the real velocity, which can be expressed as the bulk velocity divided by the 
effective porosity: 

it is obvious that a good knowledge of the numerical value of the effective 
porosity is of great importance to finding numerical results. 
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The best way to determine this property of the soil is to perform field tests , 
while laboratory tests are not fully reliable, due to the fact that the soil 
samples are not in the same condition as when they were still in the ground. 

The usual test comprises injection of a tracer in an injection well and pumping 
with the same discharge from a pumping well at a short distance from the 
injection well. In general "normal" fil terscreens, which have a considerable 
length (10 meters or more) are used. The flow pattern introduced by this kind 
of pumping tests is st.rongly influenced by the boundaries of ·the aquifer, 
especially in the case of fully or almost fully penetrating wells. As the 
boundaries are not always known in detail (geographical position, magnitude of 
the resistance of semi-permeable layers etc), the flow pattern, described by 
the analytical formulas that must be used for the analysis of the effective 
porosity, may deviate too much from reality. 

In order to avoid these difficulties a pumping test has been performed, m~ing 
use of very small fil terscreens (length of the screen about the same as the 
diameter; for instance 0.10 m], thus simulating a point-source and a point-sink. 
The advantage of this device is, that if the distance chosen between the two 
point wells is relatively small in comparison with the thickness of the aquifer, 
and the wells are located approximately in the middle of the aquifer, the 
boundaries of the aquifer will hardly influence the groundwater flow and the 
system may be considered as a point source and a point sink in an aquifer of 
infinite thickness. The theoretical background of the analysis of the effective 
porosity, based on t.l:l,ese assumptions, is as follows . 

POINT SOURCE AND POINT SINK IN AN INFINITE FIELD 

z 

FIG. 2 A POINT SOURCE AND A POINT 
SINK iN AN INFINfTE AQUIFER 

Figure 2. 
A point sink was placed at a 
vertical distance of 2 1 above a 
point sou~ce, making use of the 
same borehole. 

An c.mount of water Q was injected into the point sink and the same amount was 
withdrawn from the point s·ource, thus yielding an axial symmetric three 
dimensional flow pattern. 

One point source in the origin of a coordinate .system in an infinite field gives 
a drawdown: 

_Q_ = 
41TKp 
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in which '{) = drawdown (L) 
Q discharge (L3T- 1) 
K coefficient of permeability (LT- 1) 
p distance from the on.g1.n (L) 
r and z = cylindrical coordinates (L) 

The drawdown in the system of fig. 2 becomes 

Q = 4~ fv 1 I v 1 2'] 
r2+(z-t) 2 r 2+(z+f) 

(2) 

The bulk velocities in r- en z-direction can be calculated by means of the 

formulas: 

v r 

vz 

The equations 

Yr. 
ne 

in which ne 

t 

61{) _2._ [- r 
= K- = + 6r 41T { r2+ (z- t) 2 p/2 

61{) = _2._ [- z-l 
= K- + 6z 41T (r2+(z-n2j3/2 

of motion along a streamline are: 

dr 
and ~ dz = = dt ne dt 

effective porosity (dimensionless) 

time (T) 

(r2+(z+:l2Jl!2] 
(3) 

z+! l 
tr2+(z+o2p/2 

(4) 

Combining equations 3 and 4 gives a set of two differential equations. By making 

use of dimensionless parameters, these equations can be written down as follows: 

dr 6iP r{ r2 + , 1+:z>2} -3/2 -f -2 - 2J-3/2 -- = = r r+(1-z) 
dE 6-.,r (5) 

dz ~ - [ -2 - 2 J ··3/2 '1+z> [ r2 +O+z> 2} -3/2 = (1-z) r +(1-z) + 
dt 6z 

with r 
r 

= t' z = 
z 
[' 

41TKl'{) 
1{) = ---=-

Q 
and ·t 

(all dimensionless) 

After solving this simultaneous set of differential equations and filling in the 
right initial value one may obtain a function f(r,z,t) which can be considered 
as a family of surfaces (of revolution) of equal detention times for a tracer 
that is injected continuously with a constant concentration into the point sink . 

The solution was obtained by applying the Runge-Kutta method; a graphical re
presentation of the solution is given in fig. 3. 
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FIG. 3 POINT SOURCE- POINT SINK COMBINAriON STREAMLINES 
(FULL LINES) AND LINES OF EQUAL RESIDENCE TIMES 
(DOTTED LINES) OF INJECTED TRACER PARTICLES 

Critical point 
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FIG. 4 TIME - CONCENTRATION CURVE AT THE SOURCE 
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Thefirst particle of the injected water 
the.one that travels along the straight 
The travelling time of this particle is 
calculated in a direct way, as follows: 

that is to ·arrive at the point source is 
streamline between the sink and the source. 
called the critical time t and can be cr 

Along the z-axis is r = 0 so that from eq. 5: 

dZ <o,:Z> 1 1 2 < 1+z2> = = + = 
dt c1-:Z> 2 < l+z> 2 0 _:z2 > 2 

+1 +1 

t .! J <1-Z~/aZ 1 J -~ 4 = = - (z -3+ --) dz 2 -2 2 -2 1+z z +1 
-1 -1 

1 [ 1 -3 r 1 ' 3z 3z + 4arctg z = 
_,_ 

3 + 1T = 0,475 2 f -1 < 

Qt 6n f3 
and hence as t = 47rn t 3 t = e (6) cr Q e 

The travelling times along the other streamlines were calculated numerically and 
are given in table 1. 

The streamlines in figo 3, denoted by the fi~ures from 0 to 1 with intervals 
of 0, 1 represent surfaces. of revolution which cover certain quantities of the 
total flow, according to their number. For instance within the surface of 
revolution, indicated by 0,3, a quantity of 0,3 of the total injected water 
flows from the sink towards the source. From this and table 1 it is very easy 
to draw a theoretical curve representing the gradually increasing tracer con
centration of the pumped m:il.xed water from the source. The result is shown in 
fig. 4 with tan logarithmic scale along the horizontal axis and the ratio between 
the concentration of the pumped water Cp and that of the injected water Ci 
on normal scale along the vertical axis. 
The measured time-concentration curve of the pumped water was also drawn on 
semi.logari thmic scale and was compared with the theoretical curve by trying to 
let both. curves coincide. 3 

411'ne f This will immediate.ly yield a va.lue for Q and thus for the effective 

porosity ne, as the oth.er constants are known. 

In fact, theoretically the effective porosity might have been determined directly 
from formula 6 and the measured Critical time 1 bUt in View Of elimination Of the 
influence of the dispersion the whole measured time-concentration curve was used 
for the determinat~on of the effective porosity. 

In this way, values of the effective porosity were found, varying from 0,35 to 
Ot40 for medium fine to medium coarse sands. 

Table I 

Relation between stream surface and travelling time. 

parameter value of 

stream surface 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

travelling time 0.475 0.70 1.14 1.93 3o56 7.33 18 56.8 289 
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