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In response to a need for a more accurate porosity measuring method for small solid samples (approximately 1 g
in mass) the porosity measurement sensor using the sensitive capacitive-dependent crystal was developed. This pa-
per presents the new sensor and the probe sensitivity (dependence of df on the volume). In addition, the new idea
of excitation of the entire sensor with stochastic test signals is described, and the porosity measuring method is
provided. The latter includes the influence of test signals on the weighting function uncertainty. The experimental
results of the porosity determination in volcanic rock samples are presented. The uncertainty of the porosity mea-

surement is less than 0.1 % (Temp=10-30 °C).
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1 INTRODUCTION

Porosity is defined as the ratio of the volume of
voids to the total volume of the material.

Porosity in rocks originates as primary porosity du-
ring sedimentation or organogenesis and as seconda-
ry porosity at later stages of the geological develop-
ment. In sedimentary rocks the porosity is further
classified as intergranular porosity between grains, in-
tragranular or intercrystalline porosity within grains,
fracture porosity caused by mechanical or chemical
processes, and cavernous porosity caused by orga-
nisms or chemical processes [1].

Solid rock is often not so solid. Sandstone might
have started out as a sand dune or a beach, which
got buried and compressed. But spaces remain be-
tween the particles. These spaces, or pores, are
where oil and gas may be found. If you look at a
sponge you can see many open spaces. Sandstone is
like that, only the spaces are generally much smal-
ler, so small that they cannot be seen without a mi-
croscope [2, 3].

Soils, too, contain pores, which can be classified
as micro and macro. Pore diameters larger than
0.06 mm are called macropores and those less as
micropores [2-5]. Soils are a heterogeneous compo-
sition of substances such as rock grains, water, air
and other admixtures. Rock grains are of different
sizes, shapes and mineralogical composition. They are
bound into a more or less dense structure. Among
these grains we can always find voids, which indica-
tes that soils can be justly considered a porous ma-
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terial. These voids are filled with air or water, or
with air and water. In the first case the soil is re-
ferred to as dry, in the second case it is saturated
and in the third case it is naturally humid. It is well
known that the properties of soils considerably de-
pend on the distribution of pores in the structure,
their size, the percentage of pore volumes in rela-
tion to the total volume, the quantity of water in-
side them, etc. Thus the number and size of pores
directly relate to soil organic matter content, tex-
ture and structure. Texture refers to the relative
proportions of sand, silt and clay, while structure is
the arrangement of soil particles into aggregates [1,
6-8].

Soils may be considered as a porous three phase
system composed of air, water and solids. In this
three-phase soil system, the density p of soils is de-
fined as the ratio of the sum of mass m to the sum
of volume V' of various soil phases [9-12].

2m
PV M
Zmi:ms+mw +m, +m,,, 2)

1

where
s solid phase
w  water phase
a  air phase
ad admixture.
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Equation (4) can also be rewritten as

_ pva +pwVw +paV;1 +padV;1d
R A

where solid particle density is

|74

Ps = 7;7 (6)
water phase density is
w,
= —_w 7
pW Vw 2 ( )
air phase density is
Wa
Pa = V s (8)

and soil admixture density is

_ Wad
Pad = Vad > (9)

with weight W, and volume V; of various phases.
Instead of density, the specific gravity can be writ-
ten. From equation (5) we can write

Vi+p, V., +0V, +PudVaa):
y= (ps s TPwVw TPaVa T Pad ad) g . (10)
Vi+V, +V,+V,,

N

In practice, we can define mass as the ratio of
weight of soil to gravity

_w
m—g. (11)

During weighting in air the mass must be reduced
due to the presence of the air

mg :m""pa'Vs’ (12)
4

m,, :ﬂ'i_pa'Vw’ (13)
8

My = uigad *+Pa 'I/t/td' (14)

Porosity of soil is defined by two parameters — void
ratio e and porosity parameter #. The void ratio e is
defined as the ratio of volume of pores to volume
of particles

e =Y a (15)
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The porosity parameter # is defined as the ratio of
volume of pores to volume of soil samples

v,+V, V,+V,
TV TV AV, +V, (18)

v,

w

v,

(a7 A a7 (19)
_Va_
Y

Ve (20)

Ma VoV, +V,"

The water content w is defined as the ratio of the
weight of water to the weight of soil particles

w, W-W,-W,
w, 74 '

N N

ey

The absolute water content w, is defined as the ra-
tio of the weight of water to the weight of soil
samples

_%_W_Wa _WS‘

22
Wy == (22)

The degree of saturation S, is defined as the ratio
of the volume of pores saturated with water to the
volume of all pores

Vv,

Vo
Sr B VW+th - 77W+77a ) (23)

1.1 Porosity determination methods

There are many different porosity measurement
methods. The simplest one is the determination of po-
rosity by saturation method (Figure 1) [1, 2]. In this
method, the beakers are first filled to the same
mark with gravel, sand, silt or mixture of these three
materials. Then the water is poured into each of the
beakers until it reaches the top of each material.

LN

"‘l. &

'..

Fig. 1 Determination of porosity by saturation
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Porosity is determined by dividing the volume of
water that you were able to pour into the material
by the total volume of that material. The result is
expressed as a percentage. It dictates how much
water a saturated material can contain and has an
important influence on bulk properties of material,
e.g. bulk density, heat capacity, seismic velocity, etc.

n:@-loo % (24)
I/toml
where
Vi« — pore space volume
Vi — total volume.

The imaging porosity method aims to identify
and quantify different pore systems to determine
the nature and abundance of matrix and macropo-
rosity. Matrix porosity is characterised from digital
images obtained from thin sections cut from core
plugs. Microporosity is qualified with back-scatter
SEM or by 25x microscope objective; larger matrix
pores are quantified with 10x or 4x microscope ob-
jectives. In each digital image the porosity is »seg-
mented« by the image analysis software and a se-
cond image is created in which the porosity is
picked out in false colour [13-15].

The helium pycnometer method uses helium,
which as a very small atom penetrates all the cracks
and holes in the rock, and all the boundaries be-
tween mineral grains, but does not get inside the
grains. The pycnometer consists of two chambers,
connected by a tube with a valve in it. Each cham-
ber has assorted sensors to measure temperature
and pressure, which are read out to a computer.
The idea is to measure the pressure difference be-
tween the two containers, one of which has the
sample material in it. The volumes of the two
chambers are known very precisely, and the diffe-
rence in volumes available to the gas is due to the
presence of the sample in one of the chambers.
The difference in the volume of open space be-
tween the two chambers is related to the difference
in the pressures. The porosity of the sample is the
percentage difference between the grain volume
and bulk volume, divided by the bulk volume [16].

Porosity can also be determined by other conven-
tional methods such as adsorption method, mercury
porosimetry, capillary method, dielectric method,
analytical method, proton nuclear magnetic reso-
nance, chromatography and ultrasound method [17,
18].

The new porosity measuring method described in
this paper uses a highly sensitive sensor with im-
proved uncertainty of measuring results and re-
duced influence of disturbing noise signals [19]. In
comparison to the helium pycnometer method it is
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a lot simpler. In addition, the water is not poured
on the material. Instead, the soil or rock sample is
immersed in the water.

Most capacitive bridge methods can be adapted
to three-terminal measurements by the addition of
components to balance the ground admittances
[20-22]. However, the balance conditions for these
and the main bridge being interdependent, the ba-
lancing process can become very tedious. Also, the
ratio signal/noise is supposed to be high.

The well-known method is Miller’s etalon [23]
which is designed to sense small changes in the =4
pF capacitor from the phase change of a series-re-
sonant circuit. The weakness of Miller’s etalon is a
greater sensitivity to phase noise than with the
bridge method, which is due to higher frequencies
(up to 45 MHz).

An alternative approach has been described by
Van Degrift [24] who used very sensitive tunnel-di-
ode oscillator systems for measuring extremely
small capacitance changes. This gain in sensitivity is
somewhat offset by a loss in stability.

2 THE POROSITY SENSOR

The porosity sensor uses sensitive capacitive-de-
pendent crystals (40 MHz with stability of £1 ppm
in the temperature range from -5 to +55 °C) due
to stability and the long-term repetition (Figure 2).

U Ql Cl
L ﬁ C %| H Compensation
VCO 1|, EXOR .
xy(8) y(@©)
x(1) =x () —x2(0) INT — d/dt —»

X(1)

> Tveoal
T MDH}J

U.
: QZ Cx

Fig. 2 Sensor structure

Two pseudo stochastic three-state signals x;(¢) and
x,(¢t) are used to influence the frequencies of the
two quartz oscillators [25-27]. The frequency of os-
cillator 1 is 40 MHz and that of oscillator 2 is
40.001 MHz [28, 29]. The output of the pulse-width
modulator (EXOR) is a pulse-width signal which is
compensated for temperature and voltage drift.

The sensor probe C, is a capacitor on the outer
surface of the glass test tube (Figure 3) [30]. The
crystal is used as a stable oscillation element whose
substitutional electrical structure only is being chan-
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Solid sample
e

Fig. 3 Glass test tube

ged through the variation of the series capacitance
C,. The values in the quartz substitutional electrical
structure and the capacitance C,=5 pF are measu-
red with impedance/gain phase analyser HP 4194A
[29].

1200
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v
800 /W ——T=10 °C

N

T 600 /m/ —{+T=20 °C

S 400 ,W// —A—T =30 °C

200 A

or/
0 02 04 06 08 1
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Fig. 4 The probe dependence df on the volume with signals x,(t)
and x(t)

The change of the liquid level causes the change
of capacitance and frequency change in oscillator 2
(Figure 2, Figure 3). The probe dependence df on
the volume is shown in Figure 4. The frequency
measurement uncertainty is 0.1 Hz. The results
suggest that the change in frequency is proportional
to the volume in the range 0-1 mL.

3 REDUCTION OF THE MEASUREMENT
UNCERTAINTY

The uncertainty of the measuring results is im-
proved by the direct digital method (DDM), which
reduces the influence of disturbances [19]

Py (7)= :g:g(u)G)xx (r—u). (25)

For every value of 7, one equation with various
numbers of elements is obtained. To calculate the
value of the weighting functions g(0), g(1), ..., g(L),
the equations are united in the system with L +1
equations as (26)
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(@0 (-P+L)| [®,_ (-P+L) - ®.(~P) ][g0)]
(pxy (—1) (Dxx (-1) - P (-1-L)
D,0) |=| P.(0 P, (-L)
@, (+1) @ (+1) @, (1-L)
@, (M) Pu(M) P (M-L)| |g(1)]
b, =Py g (26)

The biggest negative time move 7,,,=—P and the
biggest positive one 7,,,,=M were used. The system
of equations has thus P—L +M+1 number of equa-
tions. If M=-P+2L is chosen, L +1 number of
equations remain, so that @, becomes a square
matrix and we get

~ A& 1 2
g=R " D - 27

If P=L is determined, then the same number of va-
lues (symmetrical auto-correlation functions (AKF)
because 7,;,=—P =—L and t,,,=M=L for the posi-
tive and negative 7 is used to calculate AKF @,.(7).
The calculation of the weighting function is simpli-
fied if the input signal is white noise with the auto-
-correlation function as

D, (1) =03 -0(r) =P, (0)-5(7) (28)
5 1 for 7=0 29
(T){o for |r1¢o}' (29)

It follows that

g(1)= D (7). (30)

1
Dy (0)
Having formulated (27) and having considered

the measurement time ¢, we get the weighting
function g(7)(30) [19].

4 POROSITY MEASUREMENT

Due to the specially chosen test signals x;(f) and
x,(t) the function @,,(r) begins in the origin of co-
ordinates and ends on the X axis when 7 ={,
(Figure 5).

Consequently, the porosity is defined as a change
of area (surface) between the functions @,,(r) and
@,,(r), whose change is defined by capacitance C..
In this way the test signal has been considered
throughout the entire ¢, period, as well as the
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Fig. 5 Functions <ny1(1) and dﬁxyz(r)

sign change compensation in the calculation of the
cross-correlation function. Comparing to the mea-
surements that are not DDM method based the im-
provement of the ratio signal/moise by =30 dB is
the most significant gain.

4.1 The analysis of physical soil properties

Measurements are conducted according to stan-
dard procedures. A three-stage measurement for the
determination of physical properties is suggested.

4.1.1 Stage I

As in conventional measurements the weight of a
representative soil sample 7 is given. The sample is
dried and dry weight is given T,. The weight of wa-
ter T,, is obtained from the difference of the two
weights

T,=T-T,. (31)
The natural humidity w of the soil is calculated
TW
W= (32)

The share of grain weight v, and the share of
water weight v, in relation to the total sample
weight are calculated

I
Vs = T > (33)

TW
vy, = 7 (34)

All the remaining characteristics determined in
conventional tests are given in the first stage.

4.1.2 Stage II

The second stage is performed on a random num-
ber of small samples. Each sample must be dry and
in bulk. All samples are weighted T;. Each sample
is put into a glass tube and its volume V; is mea-
sured. The measurement is performed until the fi-
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nal state towards which the measurement limits is
reliably predicted. The specific gravity of the si-th
soil sample is calculated

T
Vsi _Z' (35)

4.1.3 Stage III

The third stage is performed on a random num-
ber of small naturally humid and undeformed soil
samples, with natural form and dimension. All na-
tural humid samples are weighted 7,. Each sample
is put into a glass tube and its volume is measured
V,. The measurement is performed until the final
state towards which the measurement limits is reli-
ably predicted. From measuring and equation (35)
weight of water is calculated

Ts =V T. (36)

The specific gravity of the i-th soil sample is cal-
culated.

T=T,+T,. (37)

The sample is immersed into the glass tube and
the total volume V' and the volume of air V/, in the
sample are measured. The volume of water in the
sample is measured from the known water weight
and (measured) temperature

T
Vo= 38

v (38)

7w = f(temp), (39)

V,=V-V,-V,. (40)

The density (volume weight) is determined

=1 (41)
Py (42)
The porosity of the soil is determined

e= w, (43)

e, = %, (44)

0= (#5)

y=terbe, (46)

T = (47)

To=rs. (48)
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The degree of the soil saturation S, is deter-
mined
v

Sr = m . (49)

4.2 The small volume measurement technique

Glass tubes filled with fluid are used for mea-
surements. For each test, the fluid level in the glass
tube is measured and the changes of the volume in
the glass tube are measured indirectly from the
changed fluid levels. The mechanical nonlinearities
of the glass tube which, according to the producer’s
data do not exceed 0.01 %, are taken into account.

4.3 Calibration

The frequency is simultaneously converted into
volume units by calibrating the ratio between the
frequency and the volume for each glass tube. Mer-
cury, whose mass is measured at an error of 0.01 %
(at known temperature) is used for calibration [31].
The dependence can be linearized by using the
spline method.

4.4 The influence of temperature and measurement error

The influence of temperature on measurements
is considered in three ways. We must know the in-
fluence of the temperature on the measuring equip-
ment, on the measuring medium in which the mea-
surement is performed (i.e. the fluid in which the
test is carried out), and the influence of the soil’s
temperature on its physical properties [31].

The temperature of the environment affects the
linearity of the measuring sensor. Calibration is
used to establish the measurement error of the sen-
sor which is 0.03 %. If the relation between the
output frequency and the volume is known (Figure
4), we get

V(Temp) = V(Tempy) + AV(Temp). (50)

Equation (52) gives the correction of the measu-
rement with respect to temperature changes. Tem-
perature changes also affect the volume of the
measuring medium, i.e. of the soil sample. Conse-
quently, the change of volume due to temperature
changes is expressed in the determination of the
soil’s specific gravity as follows

y(Temp) =y(Temp,) + Ay(Temp). (51

In conditions of linear temperature relationship
inside a certain temperature range it holds true that

V(Temp) =V (Tempy) - (1 +ay, (Temp - Tempy)). (52)
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The change of volume due to temperature chan-
ges in naturally humid soils is expressed as the sum
of volume changes of all soil phases

dV(Temp) =dV(Temp) + dV,,(Temp) + dVa(Temp).
(53)

The total measurement error of the porosity sen-
sor in relation to individual partial influences such
as glass tube nonlinearity, calibration with mercury,
the influence of temperature on the sensor (Figure
4), linearization of df on V, frequency measurement
y(t) (Figure 2), specific soil weight (51), change of
water volume in the test tube and the change of
sample volume dV(Temp) (53) is 0.1 %.

5 EXPERIMENTAL POROSITY MEASUREMENT

To test the new method, volcanic rock samples,
which are known for their porosity, were selected for
experimental determination of porosity (Figure 6).

Fig. 6 Four characteristic porous volcanic rock samples of 1 mL in
size and 1 g in mass (see page 210)

All test samples were randomly selected. To de-
termine the porosity of a random solid sample (at
20 C), the latter is immersed in water contained in
a test tube around which the capacitor C, is placed
(Figure 3). The volume of the sample is measured.
In the first case, the glass solid sample with 0 %
porosity was immersed (Figure 7).

The frequency did not change, which indicates
that there was no air leak. In the second case, a dry

AUTOMATIKA 44(2003) 3-4, 155-162
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Fig. 7 Measurement of sample having 0 % porosity

randomly selected volcanic rock sample (weighting
0.821 g) was immersed in the water. Since the sam-
ple was porous, the air leaked, which was reflected
in the dynamic change of frequency (Figure 8) [32].

800.00
;-4‘ &
700.00 gs \ dyair lim
[ —=>
600.00- Y
N 500.00- =
s o ~
5, 400.00- +
& 5 o
300.00- e =
= E
200.00~ =~ ..
=
100.00- ~
A
000 f ’l 1 ] 1 'I [] 1
0 25 50 75 100 125 150 175 200
Time, ms
Fig. 8 Air leak after sample immersion
800.00
A
750.00-
3 700.00- AV
=
650.00-
600.00- K\‘w .
550.00 N

] 1 [] 1 [)
100 125 150 175 200
Time, ms

i
0 25 50 75
Fig. 9 Air leak after sample immersion (enlarged Figure 8)

The measurement is performed until the final
state towards which the measurement limits is reli-
ably predicted. Depending on the degree of porosi-
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ty, this saturation limit is higher or lower (Figure
8). A more clear image of the air leak and the volu-
me change within 200 ms time span is given on Fi-
gure 9 (enlarged Figure 8).

At known temperature the sample porosity can
be determined
V,

air (54)

+ Vi

77 =
Vdry sample air

The sample porosity on Figure 8 was 23.81 %.

6 CONCLUSION

The porosity sensor using the capacitive-depen-
dent crystals has been described and the depen-
dence of df on the volume of the sensor probe has
been presented. In addition, the porosity measure-
ment using the surface-measuring method has been
given. The latter includes the influence of test sig-
nals on the weighting function uncertainty.

The formation of the cross-correlation function
between the test signal x(¢) and the system response
y(t) decreases the influence of all disturbing signals
that are not correlated to the test signal x(¢) for
=30 dB [19]. Other advantages of the proposed
method are high sensitivity, high stability, a series
resonant circuit which is not composed of the ele-
ments L and C, the ratio signal/moise does not af-
fect the accuracy of measurements, reduced distur-
bances due to the structure and the method, the
long-term repetition, reduced hysteresis [28] and
low cost. It should be noted, however, that pairs of
crystals with similar temperature characteristics
should be used. The accuracy and repeatability are
determined only with the temperature frequency
difference of the crystal pairs [33].

Experimental results confirm the applicability of
the porosity sensor. The equipment enables very ac-
curate measurements. The subsequent computer
analysis and statistical processing of obtained re-
sults additionally reduce the measurement error. In
addition to high quality interpretation of results,
this method also offers their immediate on-site in-
terpretation, if the specific gravity is known. Furt-
hermore, the measurements can be performed on a
large number of small samples of any shape which
allows the establishment of the local heterogeneity
of the material. The sample size can be adjusted to
the granulometric composition of soils.
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Odredivanje poroznosti primjenom stohasticke metode. Razvijena je metoda za mjerenje poroznosti malih
¢vrstih uzoraka tla (priblizne mase od 1 g) s pomocu kapacitivno osjetljivog kristala. U radu su opisani novorazvi-
jeni senzor i osjetljivost probe (ovisnost promjene frekvencije o volumenu). U nastavku je prikazana nova ideja po-
bude cijelog senzora stohastickim ispitnim signalima kao nova metoda mjerenja poroznosti. Ona ukljucuje utjecaj
ispitnog signala na tezinsku funkciju mjerne nesigurnosti. Prikazani su eksperimentalni rezultati mjerenja poroznosti
vulkanskih stijena. Kod mjerenja poroznosti dobivena je mjerna nesigurnost manja od 0,1 % u temperaturnom pod-

rucju od 10 do 30 °C.

Kljucne rijeci: poroznost, vulkanska stijena, kapacitivno osjetljivi kristal, stohasticka metoda
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