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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 paper describes the new sensor. Pre-
sented are the probe sensitivity and 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 presented. This method includes the influence of test signals
on the weighting function uncertainty. The experimental results of the porosity determina-
tion in volcanic rock samples are presented. The uncertainty of the porosity measurement
is less than 0.1% in the temperature range 10-30°C.

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 during sedimentation or organogenesis and
as secondary porosity at later stages of the geological development. In sedimentary rocks,
the porosity is further classified as intergranular porosity between grains, intragranular or
intercrystalline porosity within grains, fracture porosity caused by mechanical or chemical
processes, and cavernous porosity caused by organisms or chemical processes.™"

Rock grains are of different sizes, shapes and mineralogical composition. Among these
grains we can find voids, which indicates that most rocks are porous to some degree. These
voids are filled with air or water, or with air and water. Soils, too, contain pores, which can
be classified as macro, meso and micro. Pore diameters larger than 0.06 mm are called
macropores and those less than 0.06 mm, mesopores.> Pores in the range of 0-100
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nanometers in size are nanopores. It is well known that the properties of soils considerably
depend on the diswibution of pores in terms of their structure, their size, the percentage of
pore volumes in relation to the total volume, the quantity of water inside them and so
forth. (.67

Soils may be considered as a porous four-phase system composed of air, water, solids
and admixtures. As such they can serve well to explain how porosity is estimated. In this
four-phase soil system, the density p of soils is defined as the ratio of the sum of mass m to
the sum of volume V of various soil phases:®-'"
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where s is solid phase, w is water phase, a is air phase and ad is admixture. Equation (1) can
also be rewritten as

p= ps‘/x +pwvw+pa‘/a +paand
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The porosity of soil is defined by two parameters - void ratio e and porosity parameter 7;.
The void ratio e is defined as the ratio of volume of pores to volume of particles:
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The porosity parameter 1 is defined as the ratio of volume of pores to volume of soil
samples:
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In practice, we can define mass as the ratio of weight of soil to gravity:
W
m=—, (5)
During weighting in air, the mass must be reduced due to the presence of the air:

W
mx=?‘+p.-Vs, (6)
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The degree of saturation S, is defined as the ratio of the volume of pores saturated with
water to the volume of all pores:
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1.1 Porosity determination methods

There are many different porosity measurement methods. The simplest one is the
determination of porosity by the saturation method."-? In this method, beakers are first
filled to the same mark with gravel, sand, silt or a mixture of these three materials. Then
water is poured into each of the beakers until it reaches the top of each material. The
porosity is determined by dividing the volume of water that could be poured into the
material by the total volume of that material.

=h-100% (12)

total

Here, V,,q1s pore space volume, and V. is total volume. The material used has to be
consolidated to avoid the sinking of the material and edge corrections of the material have
to be made. Therefore, a combination of porosity determination methods is used.

The imaging porosity method aims to identify and quantify different pore systems to
determine the nature and abundance of matrix and macroporosity. Matrix porosity is
characterised from digital images obtained from thin sections cut from core plugs.
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Microporosity is quantified with back-scatter SEM or by a 25x microscope objective;
larger matrix pores are quantified with 10x or 4x microscope objectives. In each digital
image, the porosity is segmented by the image analysis software and a second image is
created in which the porosity is picked out in false colour.(2-14

The helium pycnometer method uses helium, which, having very small atoms, pen-
etrates all the cracks and holes in the rock, and all the boundaries between the mineral
grains, but does not penetrate the grains. The idea is to measure the pressure difference
between the two containers of the pycnometer, one of which has the sample material in it.
The volumes of the two chambers are known very precisely, and the difference 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 the open spaces between 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.!®

Porosity can also be determined by other conventional methods such as the adsorption
methods, mercury porosimetry, capillary methods, dielectric methods, analytical methods,
proton nuclear magnetic resonance, chromatography and ultrasound methods.®6:'?

The new porosity measuring method described in this paper uses a highly sensitive
sensor with reduced uncertainty of measurement results and reduced influence of disturb-
ing noise signals."®% In comparison with the helium pycnometer method it is cheaper.

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

The well-known method is Miller’s etalon® which is designed 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®” who used very sensitive
tunnel-diode 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-dependent crystals (40 MHz with stability
of =1 ppm in the temperature range from —5 to +55°C) because of their stability and long-
term repeatability (Fig. 1). Two pseudo stochastic three-state signals x;(z) and x,(z) are
used to influence the frequencies of the two quartz oscillators.®>?" The frequency of
oscillator 1 is 40 MHz and that of oscillator 2 is 40.001 MHz.®***) 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 (Fig. 2).C0
The crystal is used as a stable oscillation element whose electrical circuit is changed
through the variation of the series capacitance C,. The values in the quartz electrical circuit
and the capacitance C, = 5 pF are measured with impedance/gain phase analyser HP
4194A.®)
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Fig. 1. Sensor structure.
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Fig. 2. Glass test tube.

The change of the liquid level causes the change of capacitance and frequency change
in oscillator 2 (Fig. 1, Fig. 2). The probe dependence df on the volume is shown in Fig. 3.
The frequency measurement uncertainty is +0.1 Hz. The results suggest that the change in
frequency is proportional to the volume in the O—1 ml range.

3. Reduction of the Measurement Uncertainty

The uncertainty of the measurement results is improved by the direct digital method
(DDM), which reduces the influence of disturbances."®!® The linear time-invariant
system has been chosen due to signals x1(f) and x2(¢), which form a special correlation
function that is real-time independent.
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Fig. 3. Probe dependence df on the volume with signals x1(¢) and x2(¢).
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Here, @, (7)is the cross-collection function, g(u)is the weighting function, ® _ (7 —u) is
the auto-collection function and T is the measuring period. 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 areunited in the system with L + 7 egs.
(14).
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The largest negative time move 7,,,, = —P and the largest positive one 7., = M were used.
The system of equations has thus P — L + M + ] number of equations. If M =-P + 2L is

chosen, L + I number of equations remain, so that (i)nbecomes asquare matrix and we get
g=0 10 _. (15)

If P = Lis determined, then the same number of values (symmetrical autocorrelation
functions (AKF) because T,x = —P = -L and 7,,,, = M = L for the positive and negative 7)

is used to calculate @ (7). The calculation of the weighting function is simplified if the
input signal is white noise with the autocorrelation function as

®,,(1)=0-8(1) = ®,,(0)-5(2), (16)
1fort=0
(7) 0forft]|20]" &)
It follows that
oy ] &
g(f)—&)n(o)' (7). (18)

Having stated eq. (15) and having considered the measurement time 7y, wWe get the
weighting function g(7)as shown in eq.(18).0%1¥

4. Porosity Measurement

Due to the specially chosen test signals xJ(z) and x2(t), the function ®@,,,(7) begins at the
origin of coordinates and ends on the X axis when T = t,.,s (Fig. 4). Consequently, the
porosity is defined as a change of area (surface) between the functions @,,,(7) and (1),
whose change is defined by capacitance Cx. In this way, the test signal has been considered
throughout the entire 7,,.,, period, as well as the sign change compensation in the calculation
of the cross-correlation function. Compared with the measurements that are not DDM-
method based, the improvement of the signal/noise ratio by = 30 dB is the most significant
gain.

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.®? The
mechanicalnonlinearities of the glass tube which, according to the producer’s data, do not
exceed 0.01%, are taken into account. The dependence can be linearized by using the
spline method.
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Fig. 4. Functions.

The influence of temperature on measurements is considered in three ways. We must
know the influence of the temperature on the measurement equipment, on the measurement
medium in which the measurement is performed (i.e., the fluid in which the test is carried
out), and the influence of the rock temperature on its physical properties.®"

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. 3), we get

V(T)=V(T,)+ AV(T). (19

Equation (19) gives the correction of the measurement with respect to temperature
changes. Temperature changes also affect the volume of the measurement medium, i.e., of
the rock sample. Consequently, the change of volume due to temperature changes is
expressed in the determination of the rock’s specific gravity as follows

y(T)=y(T,) + Ay(T). (20)

Under the conditions of a linear temperature relationship inside a certain temperature
range, it holds true that

V(1) =V,(T,)-(1+ &, (T - T,)). (21)
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The change of volume due to temperature changes in naturally humid soils is expressed as
the sum of volume changes of all rock phases:

dV(T) = dV.(T)+dV,(T)+dV,(T). (22)

The total measurement error of the porosity sensor in relation to individual partial
influences such as glass tube nonlinearity, calibration with mercury, the influence of
temperature on the sensor (Fig. 3), linearization of df on V, frequency measurement y(f)
(Fig. 1), specific rock weight, change of water volume in the test tube and the change of
sample volume dV(T) in eq. (22) is 0.1% (10-30°C).

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
approximately 1 ml in size and 1 g in weight were gathered near Puerto de Santiago, Mount
Teide (3715 m), Tenerife.

All test samples were randomly selected. To determine 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 (Fig. 2). The volume of the sample is measured. In the first case, the
glass solid sample with 0 % porosity was immersed (Fig. 5). The frequency did not change,
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.
6). The transitional phenomenon caused by immersion ends in 1 ms.®? The measurement
is performed until the final state towards which the measurement limit is reliably predicted

800
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Fig. 5. Measurement of sample having 0% porosity.
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Fig. 6. Air leak after sample immersion.

(the capillary effect is taken into account). Depending on the degree of porosity, this
saturation limit is higher or lower as shown for the other three samples (Fig. 6). At a known
temperature the sample porosity can be determined.

; Viir
= iy 23)

air

V.

dry sample

The sample porosity in Fig. 6 was 23.8%. Taking into account total measurement error,
which is 0.1% in the temperature range 10-30°C, we can conclude that the measurement is
+1% accurate. To evaluate the accuracy of this method, this result should be compared to
mercury porosimetry and helium pycnometry. The fastest measurement time without test
signals is 1 ps. These measurement results show the applicability of the new method,
which in combination with other porosity determination methods such as weighing meth-
ods, helium pycnometry, powder pycnometry and mercury pycnometry, could serve as a
quality control procedure.

6. Conclusion

The porosity sensor using the capacitive-dependent crystals has been described and the
dependence of df on the volume of the sensor probe has been presented. In addition, the
porosity measurement method has been given. The latter includes the influence of test
signals on the weighting function uncertainty.

The formation of the cross-correlation function between the test signal x(¢) and the
system response y(¢) decreases the influence of all disturbing signals that are not correlated



Sensors and Materials, Vol. 16, No. 1 (2004) 11

to the test signal x(¢) for = 30 dB.!#!» Other advantages of the proposed method are high
sensitivity, high stability, a series resonant circuit which is not composed of the elements L
and C, the signal/noise ratio does not affect the accuracy of measurements, reduced
disturbances due to the structure and the method, the long-term repetition, reduced
hysteresis® 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 from the temperature frequency difference of the crystal pairs.G?

Experimental results confirm the applicability of the porosity sensor. The sensor using
quartz crystals enables very accurate measurements for consolidated materials provided
that edge corrections are made. The subsequent computer analysis and statistical process-
ing of obtained results additionally reduce the measurement error. The sensor was used in
rheological research using compressed soil samples. In addition to high-quality interpreta-
tion of results, this method also offers immediate on-site interpretation, if the specific
gravity is known. Furthermore, the measurements can be performed on a large number of
small samples of any shape whichallows the establishment of the local heterogeneity of the
material.
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