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POROSITY SENSOR
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Abstract: 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 a sensitive capacitive-dependent crystal was developed. This paper presents the new sensor and the probe sensitivity,
frequency dependence 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 measurement is less than 0.1 % in the temperature range
10 - 30 °C.

Senzor poroznosti

Klju€ne besede: poroznost, zemljine, steklena merilna epruveta, kapacitivno odvisni kristali, direktna digitalna metoda.

lzvleéek: V iskanju bolj natanénega merjenja poroznosti malih trdnih delcev (mase priblizno 1g) je bila razvita metoda, ki uporablja kapacitivno odvisne
kristale. V delu je prikazan novi senzor in njegova frekvenéna odvisnost od volumna. V nadaljevanju je prikazana nova ideja vzbujanja senzorja s stohastié¢ni-
mi signali in zmanj$anje merilne negotovosti vpliva sistema (senzorja). Prikazani so eksperimentalni rezultati merjenja poroznosti vulkanskega pepela s
pogreskom 0.1% v temperaturnem obmocju 10 - 30°C.

1 Introduction Equation (1) can also be rewritten as
Porosity is defined as the ratio of the volume of voids to the Py APV, PV PV
total volume of the material. - VAV +V 4V, ) (4)
Solid rock is often not so solid. Sandstone might have start- where solid particle density is
ed out as a sand dune or a beach, which got buried and P y
compressed. But spaces and pores, remain between the p = m,
particles. Soils, too, contain pores, which can be classi- M 7 (5)
fied as micro and macro. Pore diameters larger than 0.06 ; h density i
mm are called macropores and those less as micropores. waler phase density 1S
Soils may be considered as a porous four-phase system o = m,
composed of air, water, solids and admixtures. The latter A (6)
are a mixture of water and solids and are soft. In this four- . o i
phase soil system, the density p of soils is defined as the air phase density is
ratio of the sum of mass m to the sum of volume V of vari- _m,
ous soil phases /1/-/3/ Pa=7, (7)
Em. m +m, +m +m, and soil admixture density is
p — i — 5 w a a ’ (1) m
ZV: V;+VW+I/a+I/ad Pad=;ﬂ‘. (8)
ad
2 m,=m_+m, +m +m, 2) Instead of density, the specific gravity can be written. From
i ! equation (4) we can write
V+p V +pV +p V )
AT ® s e JLCL S
; VoAV, +V. 4V, ’
where In practice, we can define mass as the ratio of weight of
S solid phase soil to gravity
w water phase W
a air phase m=— (10)
ad  admixture. g
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During weighting in air the mass must be increased due to
the presence of the air (Avogadro’s law)

74
m o=—+p, ¥V, (11)
g
WW
m,=—=+p, -V, (12)
g
W
My =——+p, V. (13)
g

Porosity of soil is defined by two parameters - void ratio e
and porosity parameter 1. The total void ratio e is defined
as the ratio of volume of pores to volume of solid particles

_Vt7,
€= v (14)
and phases void ratio as
— VW
ew - ;:: (1 5)
_7
€= ;/: (16)

The porosity parameter 1) is defined as the ratio of volume
of water plus volume of air to volume of soil samples.

Total:

AN S
A A (17)
Phases:
— VW —_ I/w
R
_r__ 7
m~7—2:2:2. (19)

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

W W

5 $

The absolute water content w, is defined as the ratio of the
weight of water to the total weight of sample

w, _W-w,-w-w,
W =—= . (21)
w w
The degree of saturation S; is defined as the ratio of the
volume of pores saturated with water to the volume of all

pores

W= (20)

I/w — nw
V.+V, mn,+n,’

w

S =

r
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1.1 Porosity determination methods

The simplest method is the determination of porosity by
saturation method (Fig. 1) /4/. In this standardised proce-
dure, the beakers are first filled to the same mark with grav-
el, 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.

Fig. 1. Determination of porosity by saturation.

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 ma-
terial, e.g. bulk density, heat capacity, seismic velocity,
etc.

n=-2.100 % (23)

total

where
Vwoia  pore space volume

Viotar  total volume

There are many different porosity measurement methods.
The imaging porosity method aims to identify and quantify
different pore systems to determine the nature and abun-~
dance of matrix and macroporosity. Matrix porosity is char-
acterised from digital images obtained from thin sections
cut from core plugs /5/.

The helium pycnometer method uses helium. The pycnom-
eter consists of two chambers, connected by a tube with a
valve in it. The idea is to measure the pressure difference
between the two containers, one of which has the sample
material in it. The degree of porosity is determined by the
difference in the pressures (due to porosity) caused by the
opening of the valve at constant temperature. The porosity
of the sample is the percentage difference between the
grain volume and bulk volume, divided by the bulk volume

/8/.

Porosity can also be determined by other conventional
methods such as adsorption method, infrared scattering,
mercury porosimetry, capillary method, dielectric method,
analytical method, proton nuclear magnetic resonance,
chromatography and ultrasound method /7/, /8/.
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The new porosity measuring method described in this pa-
per uses a highly sensitive sensor with improved uncer-
tainty of measuring results and reduced influence of dis-
turbing noise signals /9/. In comparison to the helium pyc-
nometer method it is a lot simpler. In addition, the water is
not poured on the material. Instead, the soil or rock sam-
ple 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 /10/, /11/. However, the
balance conditions for these and the main bridge being
interdependent, the balancing process can become very
tedious. Also, the ratio signal/noise is supposed to be high.

The well-known method is Miller's etalon /12/ which is de-
signed to sense small changes in the = 4 pF capacitor
from the phase change of a series-resonant 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
/13/ who used very sensitive tunnel-diode oscillator sys-
tems for measuring extremely small capacitance changes.
This gain in sensitivity is somewhat offset by a loss in sta-
bility.

2  The porosity sensor

The porosity sensor uses sensitive capacitive-dependent
crystals (40 MHz with stability of +1 ppm in the tempera-
ture range from -5 to +55 °C) due to stability and the long-
term repetition (Fig. 2). Two pseudo stochastic three-state
signals xy(t) and x(t) are used to influence the frequen-
cies of the two quartz oscillators /14/, /15/. The frequen-
cy of oscillator 1 is 40 MHz and that of oscillator 2 is 40.001
MHz /16/, /17/. The output of the pulse-width modulator
(EXORY) is a pulse-width signal which is compensated for
temperature and voltage drift.

QO

[ e
t
X, () Ml>* veo1 EXOR 0]
x(t) = x1{f) - x2(t) INT (— d/dt >
xz(f) 71>— VCO 2 J_O
U2 LQD H }J

Q2 Cx

Fig. 2. Sensor structure.

The sensor probe Cy is a capacitor on the outer surface of
the glass test tube (Fig. 3) /18/. The crystal is used as a
stable oscillation element whose substitutional electrical
structure only is being changed through the variation of
the series capacitance Cy. The values in the quartz substi-
tutional electrical structure and the capacitance Cx = 5 pF

are measured with impedance/gain phase analyser HP
4194A.

Solid sample

6 Cx 0
Fig. 3. Glass test tube.

The change of the water level causes the change of ca-
pacitance and frequency change in oscillator 2 (Fig. 2,
Fig. 3). The probe dependence df on the volume is shown
in Fig. 4. The frequency measurement uncertainty is £0.1
Hz. The resuits suggest that the change in frequency is
proportional to the volume in the range O -1ml.

1200 j&%
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. 800 ” e T=10°C
§ 600 jg/ e TR20°C
®° 400 gg/ s T=30°C
200
3 -
0 02 04 06 08 1
v (ml)

Fig. 4. The probe dependence df on the volume with

signals x1(t) and xaft).

3 Reduction of the measurement
uncertainty

The uncertainty of the measuring results is improved by
the direct digital method (DDM), which reduces the influ-
ence of disturbances /9/. Linear time-invariant system has
been chosen due to signals x1(t) and x»(t), which form a
special correlation function that is real-time independent.

T
q)xy(T):Zg(u)'(Dxx(T_u) (24)
u=0
@, (1) - cross-correlation function
g - weighting function

o, (1~-u) -auto-correlation function

T - measuring period
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For every value of T, one equation with various numbers of
elements is obtained. To calculate the value of the weight-
ing functions g(0), g(1),..., g(L), the equations are united
in the system with L + 7 equations

[0 CPYL)] o CPeL) . .. 0 (CP) ] [¢(©0)]
00l | loul) ... Gnli-

oot | o) enty”

0., (1) @, (1) @, (-1)
o6 | lowl)  en-n) L@

or its mathematical equivalent
(iiy_= b - 2. (25)

The biggest negative time move Tmin = - P and the biggest
positive one Tmax = M were used. The system of equations
hasthus P - L + M + 1 number of equations. If M=- P +
2L is chosen, L + 17 number of equations remain, so that

®,, becomes a square matrix and we get

. _1@)

g=d, 6, (26)

if P =L is determined, then the same number of values
{symmetrical auto-correlation functions (AKF) because Tmin
=-P=-L and Tmax = M = L for the positive and negative 1)
is used to calculate @, (z). The calculation of the weight-
ing function is simplified if the input signal is white noise
with the auto-correlation function as

©u)=0,7 56)= 0, 0)56), (27)
1 for 1=0
5(1){ } (28)
0 for |T|¢0
It follows that
N 1 A
g(’C)“q)xx(O)'d’xy(‘c). (29)

Having formulated (26) and having considered the meas-
urement time tmeas Which is to be as long as possible, we

get the weighting function g(t) (29) /9/.

4  Porosity measurement

Due to the specially chosen test signals x1(t) and xa(t) the
function @41 (1) begins in the origin of coordinates and

ends on the X axis when 7 = tmeas (Fig. 5).
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Fig. 5. Functions ®, (1) and ®, ,(1).

Consequently, the porosity is defined as a change of area
between the functions @0 (7) and @y (1) whose

change is defined by capacitance Cx and specially cho-
sen test signals x1(t) and xzft). In this way the test signal
has been considered throughout the entire tmeas period,
as well as the sign change compensation in the calcula-
tion of the cross-correlation function. Comparing to the
measurements that are not DDM method based the im-
provement of the ratio signal/noise by = 30 dB is the most
significant gain.

4.1 Calibration

The frequency is simultaneously converted into volume
units by calibrating the ratio between the frequency and
the volume for each glass tube. Mercury, whose mass is
measured at an error of 0.01 % (at known temperature) is
used for calibration /19/. The mechanical nonlinearities
of the glass tube diameter along the whole tube are taken
into account. According to the producer's data these do
not exceed 0.01 %. The dependence can be linearized by
using the spline method.

4.2 The influence of temperature and
measurement error

The influence of temperature on measurements is consid-
ered in three ways. We must know the influence of the
temperature on the measuring equipment, on the measur-
ing medium in which the measurement 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 /19/.

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

V(T)=V(T,)+AV (T). (30)

Equation (30) gives the correction of the measurement with
respect to temperature changes. Temperature changes
also affect the volume of the measured medium, i.e. of the
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soil sample. Consequently, the change of volume due to
temperature changes is expressed in the determination of
the soil's specific gravity as follows

Y (T)=y(Z)+Ay(T) (31)

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

v(1)=V,(1,)-(1+0, (T-T,)) (32)
where s is the temperature coefficient of soil.

The change of volume due to temperature changes in nat-
urally humid soils is expressed as the sum of volume chang-
es of all soil phases

dv (T)=av (T)+av, (T)+adv, (T). (33)

The total measurement error of the porosity sensor in rela-
tion to known individual partial influences such as glass
tube nonlinearity, calibration with mercury, the influence
of temperature on the sensor (Fig. 4), linearization of dfon
V, frequency measurement y(t) (Fig. 2), specific soil weight
(31), change of water volume in the test tube and the
change of sample volume dV(T) (33) does not exceed 0.1
% (10 - 30°C). This value was calculated on the basis of
calibration data and the influence of temperature and meas-
urement error.

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. Four characteristic samples ap-
proximately 1 ml in size and 1 g in weight were gathered
near Puerto de Santiago, Mount Teide volcano (3715 m),
Tenerife (Fig. 6).

Fig. 6.  Four typical porous volcanic rock samples of
about 1 mlin size and 1 g in mass.

All test samples were randomly selected. To determine the
porosity of a random solid sample (at 20 °C), the sample is
immersed in water contained in a test tube around which
the capacitor Cx is placed (Fig. 3). The volume of the sam-
ple is measured. In the first case, the glass solid sample
with ~ O % porosity was immersed (Fig. 7).
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Fig. 7. Measurement of sample having ~ 0 % porosity.

The frequency remained unchanged after immersion,
which indicates that there was no air leak. In the second
case, a dry randomly selected volcanic rock sample
(weighting 0.821 g) was immersed in the water. Since the
sample was porous, the air leaked, which was reflected in
the dynamic change of frequency (Fig. 8). The transitional
phenomenon caused by immersion ends in 1 ms.
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Fig. 8. Air leak after sample immersion.

The measurement is performed until the final state towards
which the measurement limits is reliably predicted. Depend-
ing on the degree of porosity, this saturation limit is higher
or lower as shown for the other three samples (Fig. 8).

At known temperature the sample porosity can be deter-
mined

lyair

n=—"— . (34)

drysample + V:Zir
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The sample porosity on Fig. 8 was 23.8 %. The fastest
measurement time without test signalsis 1 ps.

6 Conclusion

The porosity sensor using the capacitive-dependent crys-
tals has been described and the dependence of df on the
volume of the sensor probe has been presented. The po-
rosity determination procedure includes the influence of
test signals on the weighting function uncertainty.

The formation of the cross-correlation function between
the test signal x(t) and the system response y(t) decreas-
es the influence of all disturbing signais that are not corre-
lated to the test signal x(t) for = 30 dB /9/. Other advan-
tages of the proposed method are high sensitivity, high
stability, a series resonant circuit which is not composed
of the elements L and C, the ratio signal/noise does not
affect the accuracy of measurements, reduced disturbanc-
es due to the structure and the method, the long-term rep-
etition, reduced hysteresis /17 / and low cost. It should be
noted, however, that pairs of crystals with similar tempera-
ture characteristics should be used. The accuracy and re-
peatability are determined only with the temperature fre-
quency difference of the crystal pairs /19/.
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