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Abstract This paper discusses the problem of the measure-
ment of the apparent density of green ceramic tiles during
production. This is a fundamental parameter for the quality of
the final product. In fact, the apparent density determines the
entity of the dimensional shrinkage of the ceramic body during
the firing of tiles, and it is proportional to the final mechanical
resistance. Currently, non-destructive systems for the on-line
measurement of this parameter are not available. The work
presents an innovative method for non-intrusive measurement
of the apparent density of green ceramic tiles during the
production stage. This method uses non-contact ultrasonic
probes. The time of flight of ultrasonic waves is measured
during the transmission through the tile. From the time of flight,
with the distance between probes known, the propagation
velocity can be achieved, which is proportional to the apparent
density. The conversion factor between velocity and apparent
density is determined by a calibration procedure with a
reference method of known uncertainty, e.g. based on a
hydrostatic weighing in a mercury bath. This experimental
procedure is extensively validated in the work and supported by
a theoretical model. The paper presents the theory on which this
measurement method lays and the instrumental apparatus, and
discusses in detail the analysis of uncertainty. In the end, the
paper presents the results of an on-line application.
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Nomenclature

ρ Apparent density
ρs Average actual density

m Mass
Va Apparent volume (pores included)
Vs Skeleton volume
p Porosity (%)
v Longitudinal wave velocity
vt Transversal wave velocity
va Sound velocity in air
tc Total time of flight through tile and air
T Air temperature (°C)
u(x) Standard uncertainty of quantity x
us Type A standard uncertainty
ua Standard uncertainty evaluated as half-width of a

rectangular distribution (Type B)
Sρ Standard deviation of ρ achieved by least-squares

linear interpolation of the experimental data over
the whole considered range

SNR Signal-to-noise ratio
E Young’s modulus of the porous body
G Elasticity tangential modulus of the porous body
μ Poisson coefficient
E0 Young’s modulus at null porosity
G0 Elasticity tangential modulus at null porosity
b Empiric parameter proposed by Spriggs [11]
D Distance between the probes
dm Tile thickness
ta Time of flight in air without the tile
tm Time of flight through the tile thickness
θ Air relative humidity (%)
r(tm, tc) Correlation coefficient between tm and tc
cj Sensitivity coefficients for quantity xj

Introduction

This paper discusses the development and analysis of an
innovative non-contact measurement system of the appar-
ent density of green ceramic tiles during the production
stage.
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The apparent density ρ of a porous body (as a ceramic
material) is expressed in kg/m3 and defined as [1]:

r ¼ m

Va
ð1Þ

where m is the mass and Va is the apparent (bulk) volume of
the body gross open and closed pores, considered as the
total volume in the macroscopic external surface of the
body, i.e. in its envelope.

On the contrary, the average actual density ρs, expressed
in kg/m3, is defined as:

rs ¼
m

Vs
ð2Þ

where Vs is the effective volume of the body net of the
closed and open pores. This volume, called skeleton
volume, can be obtained grinding the body until it becomes
thin powder and then measuring the powder volume.

Therefore, the volume (Va−Vs) represents the volume of
the air in the pores inside the material. The porosity p is
thus defined as:

p ¼ rs � r
rs

¼ Va � Vs

Va
ð3Þ

generally expressed in percentage.
The apparent density of the green tile (not fired but

pressed) is a parameter of fundamental importance for the
final quality of the ceramic tile [2], as they are made of an
aggregate material with pores and granules. As a matter of
fact, if the spatial uniformity of this quantity is not adequate,
a non-homogeneous shrinkage of the tile will be generated
during the firing, causing a dimensional non-conformity,
such as irregular shapes, bending and non-constant side
length. Moreover, the mechanical resistance of green and
fired tiles is proportional to the apparent density.

If raw materials and production parameters are not
varied, the apparent density generally remains constant
within the desired limits in a production batch. Anyway, in
some cases, ρ may have important variations depending on
the humidity and the granulometry of the ceramic powder
to be pressed and obtained by spray drying. In particular,
the powder humidity is the most critical parameter, as it
influences the compaction capacity. During production, the
powder humidity and particle size may have significant
variations (e.g. humidity can change from 4 to 5%) because
of uncontrolled variations in the processes before the
pressing (e.g. spray drying) or of the long period of storage
of the powder into the silo. On the contrary, defects in the
spatial uniformity of the apparent density of the single tile
can be caused by problems during the automatic feeding of
the powder in the press or caused by local wear in the dies.

The apparent density of pressed tiles has a value that,
depending on the raw materials and production parameters,

can generally change between 1,800 and 2,200 kg/m3 (with a
porosity between 20 and 40%). Nevertheless, for a certain
type of production, the apparent density variations to be
measured (both as spatial gradient on the single tile body,
and as from tile to tile, caused by errors of humidity, particle
size or feeding) are very low, normally between 30 and
40 kg/m3. A difference of apparent density of ±50 kg/m3

leads to a shrinkage difference of ±0.25% (e.g. 1.1 mm for a
tile size of 45×45 cm) on the fired tile caused by non-
homogeneous shrinkage.

Moreover, the density sensitivity to the pressure level is
very low. In fact, an apparent density variation of 3% (e.g.
from 1,980 to 2,040 kg/m3) is obtained with a pressure
variation of 40% (e.g. from 250 to 400 bar). These
conditions ask for accuracy in the measurement of ρ in
industrial setting of around ±10–15 kg/m3, equivalent to
±0.50–0.75% of the value.

Despite the need to control this quantity in real time on
100% of the production immediately after the pressing, the
state of the art is that no such measurement is done on line.
The apparent density can be currently measured off-line in
the laboratory (e.g. [3]), and the most used method is
generally the hydrostatic weighing in a mercury bath [4],
which is based on the measurement of the mass and the
estimation of the volume through the measurement of the
floating force when the sample bathes. This method allows
a good repeatability around ±2 kg/m3. Mercury represents
the ideal fluid for this kind of measure because it has a low
specific weight and it does not wet the green tile sample,
which would, for example, melt with water.

Nevertheless, mercury is noxious, and it is rarely used in
the field to comply with standards (as ISO 14000) regarding
environment, safety and health in workplace. Consequently,
the apparent density is rarely measured. Moreover, to
determine the spatial distribution of the density, it is
necessary to cut the tile in pieces and to measure each piece.

Alternative methods for this measure have been pro-
posed in [5–7]. For example, some methods use water
instead of mercury, but the piece must be sealed with a coat
of paraffin. Other methods use compressed air: the volume
is determined through the measurement of the pressure
increase in a test chamber with compressed air when the
sample is put inside it. The pressure variation (with respect
to the test chamber without the sample) is proportional to
the volume of the sample. Recently, laser triangulation
sensors have been used to measure the volume by a non-
contact scanning of the shape.

Nevertheless, these methods do not satisfy industrial
needs because they cannot be applied in production line.

Therefore, currently, it is not possible to measure the
apparent density during production.

This paper proposes a measurement system based on
non-contact ultrasonic transducers for the indirect measure
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of the apparent density, through the measurement of the
propagation velocity of the waves in the medium.

Since a long time ago, ultrasound sensors are used for the
characterization of material properties; nevertheless, the need
of contact (through water, gel, etc.) between the probe and
the sample limited the application in-line, where the object is
often in movement and cannot be touched.

For few years now, probes with high efficiency and
sensitivity have been developed, allowing work in non
contact mode [8]. These probes could significantly widen
the use of ultrasound techniques; nevertheless, it is
necessary to assess the measurement uncertainty because
of the strong reduction of the signal-to-noise ratio (SNR)
produced at the interface between mediums with very
different impedances (e.g. air–solid).

In this approach, the time of flight of the ultrasound
waves is measured in transmission through the tile. From
the time of flight, knowing the distance between the probes,
the propagation velocity can be obtained, which is
proportional to the apparent density for a given humidity
level.

Thanks to the non-contact measurement, even for tiles in
motion, the system allows to control the whole production
in-line, without any intrusivity. The use of mercury is
limited to the calibration step. Therefore, the proposed
measurement method has a significant impact on the
process control and on quality and safety control.

Theory

The time of flight of an ultrasonic wave depends, given a
certain length of the propagation path, on the propagation
velocity in the medium. In an isotropic material, the
relationships between longitudinal (oscillation along the
propagation direction) waves velocity v and transversal
(oscillation orthogonal to the propagation direction) waves
velocity vt with the elasticity properties of the material are
given by [9]:

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E

ρ
� 1� μð Þ
1þ μð Þ� 1� 2μð Þ

s
ð4Þ

vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E

ρ
� 1

2 1þ μð Þ

s
¼

ffiffiffiffi
G

ρ

s
ð5Þ

where E is the Young’s modulus, G is the elasticity
tangential modulus, μ is the Poisson coefficient and ρ is
the density of the material. For a porous body, like a green
tile (isotropic in first approximation, as obtained by powder

compaction), there are many theoretical models linking
the elastic properties with porosity and consequently
with the apparent density [10]. Commonly for ceramic
bodies, the empiric Spriggs model is used [11], which
states that Young’s and elasticity tangential modules
exponentially decrease with porosity:

E ¼ E0e
�bp ð6Þ

G ¼ G0e
�bp ð7Þ

where E0 and G0 are the values at null porosity (p=0, ρ=ρs),
and b is a parameter to be experimentally determined, which
can differ by some percentage between equations (6) and
(7), but it is normally b=4.0 – 4.5 when p=0 – 40%.

The Poisson coefficient μ tends to decrease with the
apparent density too, but its variation (in particular, in the
considered range for a green tile, i.e. μ=0.1–0.2) can be
considered as negligible in comparison with the variation
of Young’s modulus [5]. In [12], accurate experimenta-
tions and simulations showed that the variations of μ are
in a range of 0.01 for a 50% porosity reduction. Moreover,
supposing an isotropic material, μ is proportional to the
ratio between E [equation (6)] and G [equation (7)], which
is, in practice, constant with porosity. Therefore, in this
paper, it is assumed that the Poisson coefficient is
invariant with the apparent density. This hypothesis,
supported by theoretical and empirical observations, is
important for the industrial application of the proposed
method, as it allows elimination of equation (5) in which
vt is not easily measurable with non-contact ultrasound
probes (especially in-line).

Considering only the longitudinal wave velocity, like
those propagated by a non-contact ultrasound probe that
measures orthogonally to the sample surface, the relation-
ship that links the velocity v and the apparent density ρ is
obtained by combining equations (3), (4) and (6):

v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0�e�b� 1� ρ

ρs

� �
ρ

� 1� μð Þ
1þ μð Þ� 1� 2μð Þ

vuut ð8Þ

In Fig. 1(a), the function of equation (8) is plotted for
typical values (e.g. [10]) for ceramic green tiles (E0=6 GPa,
b=4, μ=0.2, ρs=2,600 kg/m3) obtained by traditional mix
of raw materials (clays, feldspars, etc.) and with a fixed
constant humidity content. The graphic shows that,
increasing the apparent density up to porosity values
lower than 60% (i.e. about ρ>1,000 kg/m3), the longitu-
dinal wave velocity tends to increase with an almost linear
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trend. If a typical range of apparent density of industrial
interest is considered [Fig. 1(b)], linearity constitutes a
good approximation. In fact, the discrepancies between the
model’s data and their linear interpolation are always lower
than 2 m/s (i.e. lower than 0.2%).

Figure 2 provides the results of a parametric analysis of
equation (8) with the variation of E0, b and μ. This analysis
clearly shows that the uncertainty on the model parameters
can generate significant uncertainty on the results of the
correlation between velocity and apparent density. On the
contrary, the discrepancies caused by the linearization seem
to be always very low.

The Measurement Method and the Experimental
Apparatus

In the proposed measurement method, the time of flight of
ultrasound waves is measured with non-contact probes in

transmission configuration through the tile in the produc-
tion line. The scheme of this measurement method is
showed in Fig. 3.

First of all, the distance among the probe membranes D
(100 mm in this case) has to be measured using a caliper. It
follows that the ultrasound measurement method consists in
two steps: (a) measure the time of flight ta of the ultrasound
wave in air in the environmental condition of use; (b)
measure the time of flight of the ultrasound wave through
the tile body tc (where tc< ta). Through measurement of the
arrival time of the second echo, it is possible to know also
the time of propagation tm of the wave inside the material.
These steps are repeated every time a tile passes through the
probes during the production.

The time of flights are measured with cross-correlation
algorithms between the excitation signal of the transmission
probe and the received signal. A typical signal of cross-
correlation measured on a green tile is showed in Fig. 3(c): tc
is represented by the first peak, whereas the difference in the
time axis between the first and second peak represents 2tm.

Fig. 1 (a) Plot of the longitu-
dinal waves velocity v as a
function of the apparent density
(E0=6 GPa, b=4, μ=0.2, ρs=
2,600 kg/m3); (b) zoom of the
diagram in a typical range of
industrial interest with relative
interpolating straight line
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Fig. 2 Parametric analysis of
equation (8) as a function of: (a)
Young’s modulus E0; (b) em-
piric coefficient b; (c) Poisson
coefficient μ
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From the measurement in air, it is possible to obtain the
propagation velocity of sound in air under a given
environmental condition:

va ¼ D

ta
ð9Þ

It is necessary to often repeat this measure because, as well
known, the sound velocity va changes in environmental
condition mainly as a function of temperature and humidity.
For example, with a temperature of 20°C and with a relative
humidity of 50%, there is a speed of 344 m/s.

In the literature, there are many formulas for the sound
velocity estimation; for example, from [13]:

va T ; qð Þ ¼ 331:5þ 0:59 � T �C½ �ð Þ 1þ 0:004
q %½ �
100

� �

ð10Þ
where T is the air temperature and θ is the relative humidity.

Nevertheless, to avoid the measurement of temperature
and humidity, it is better to compensate this effect by
directly measuring va, especially in the production line
where it is difficult to control environmental conditions.

By measurement of tc and tm, the average thickness of
the tile in the area of the ultrasonic beam (about 1 cm2) can
be obtained

dm ¼ D� va tc � tmð Þ ð11Þ

and, in the end, the propagation velocity of longitudinal
waves can be obtained as:

v ¼ dm
tm

ð12Þ

In reality, also the humidity content may have an
influence on the propagation velocity, but this has not been
considered in the present work as measurements have been
performed on dried tiles or on tiles with constant humidity
level. A preliminary attempt to deal with the humidity
influence on such ultrasonic measurements has been,
however, recently presented in [14].

The experimental apparatus used in the present work is
based on piezoelectric probes with a diameter of the
membrane of 12.5 mm working at around 1 MHz. These
probes [15] have a dedicated layer of low impedance material
(porous plastic, pressed fibres, polymers, etc. depending on
the specific patent) placed between the piezoelectric crystal
and the air to reduce the impedance difference between
emitting element and air. In fact, the attenuation of the energy
transmitted at the interface between two mediums is propor-
tional to the square of the difference between the acoustic
impedance of the two mediums. This phenomenon not only
takes a low emission efficiency, but it limits also the energy of
the wave propagating in the material. For example, the signal
attenuation on an aluminium sample is 20 dB when the
measurement is in water, whereas this increases to 158 dB
when the measurement is in air! If, finally, also the effect of
attenuation in air is added, it is clear how non-contact
measurements could be very critical in terms of SNR,
especially at the highest frequencies (>1 MHz) where these
phenomena are stronger.

The probes are controlled by the NCA-1000 unit,
constituted by a PC with dedicated boards for the
generation of high-voltage ultrasonic signals, necessary to
actuate the non-contact probes. The analog signals were
acquired by a LeCroy LA340 oscilloscope (maximum
frequency 1 Gs/s, vertical resolution 8 bit); the signals
were then processed in the LabView environment. This
measurement chain allows to obtain an efficiency (defined

Fig. 3 Scheme of the measurement method: (a) measurement in air, (b) measurement on the tile, (c) example of cross-correlation signal measured
on a tile (amplitude in arbitrary unit)
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as 20 log10Vreceived/Vemitted) “just” 40 dB lower than a
traditional contact system.

The signal used to excite the probes is a chirp, whose
amplitude, duration and frequency have been optimized
during the study to maximize the SNR. In this work, a
SNR ¼ 24� 28 dB was obtained with 200 averages in
different test conditions using the following parameters for
the excitation signal:

– Central frequency, 950 kHz
– Band amplitude around the central frequency,

±280 kHz
– Duration, 350 μs

As previously shown (Introduction), the propagation
velocity is proportional to the apparent density ρ, the
quantity of interest for the present work. Once the velocity
is measured, equation (8) could allow determination of ρ;
nevertheless, it would be also necessary to know E0, b, μ
and ρs. Considering that those parameters change by tile
typology (body, raw materials, etc.), their measurement is
very complex and uncertain and that this uncertainty can
reduce the accuracy in the density determination (see
Fig. 2), it is not suggested to use equation (8) to measure
ρ for the purposes of the present work.

On the contrary, considering that in the range of interest,
equation (8) can be considered as linear with an error lower
than 0.2%, this paper proposes to find the linear experi-
mental correlation between velocity and apparent density.
This relationship can be obtained by an experimental
calibration procedure to be carried out with a reference
method of known uncertainty, such as the one based on
mercury. Once the relationship is determined, the ultra-
sound system can be used to measure density in-line.

In this way, a simple, robust method is obtained to be
applied in industrial field, based on an experimental
relationship specific for the examined material, without
uncertainty on the estimation of model parameters.

In this work, green ceramic tiles having flat faces on
both sides, produced in laboratory, have been used as
calibration samples. The planarity of the sides allows to
have a higher SNR (see next paragraph) because the grid in
the rear side of the tile represents a modifying input for the
ultrasound measurement, caused by the effects of diffrac-
tion and thickness variations. In addition, the samples have
been dried to avoid any effect due to moisture. For the
calibration, 20 samples of known density (five samples for
four different pressing levels) were used. The propagation
velocity is measured in a point of each sample with 200
averages on the signal. Figure 4(a) provides an example of
correlation diagram, which can be later used to determine
the apparent density of unknown samples, once the
propagation velocity is measured. It is worth to underline
that the determined parameters are valid only for ceramic

green tiles with body and raw materials used for the
calibration samples. In industrial field, it is necessary to
repeat the calibration with every change of body. Such
correlation has been extensively verified in the research
work on different raw material typologies, and it is
completely supported by the theoretical model that justifies
the linearization in the considered range. Examples of
correlation diagrams achieved for three different kinds of
clay and body are reported in Fig. 4(b), showing the
possibility of generalizing the method.

Uncertainty Analysis

The measurement of the apparent density with the proposed
method consists of three main steps (once the distance D
between the probes is fixed and measured):

Step 1. Times of flight measurement
Step 2. Estimation of the longitudinal waves velocity

through equations (11) and (12)
Step 3. Experimental correlation between velocity and

apparent density through calibration

In each step, there are uncertainty components that could be
generated and propagated up to the final results. To
optimize the measurement process, it is necessary to
determine in detail the weight of each uncertainty source
on the final results.

The measurement of the times of flight (Step 1) is
mainly affected by repeatability problems. In fact, as
previously shown, the measurement in air has important
energy losses in the signal caused by the relevant differ-
ences of impedance between the propagation mediums. The
non-contact ultrasound probe signal can be unstable and
noisy (SNR ¼ 24� 28 dB in this case), even though the
measurement setup and the acquisition system are opti-
mized for the use. It is obviously possible to increase the
number of averages to reduce the noise, but in this case,
this possibility is limited by the time available for the on-
line measurement. Table 1 shows the results of standard
uncertainty estimation obtained with N=1,000 repeated
measurements on the same sample. Even in that case, 200
averages were carried out for each measure.

Considering that the duration of the excitation chirp
signal is 350 μs and that after another 350 μs, all the
following echoes completely disappear (i.e. are definitely
covered by the noise) because of the strong losses at the
interfaces and the attenuation in air, it was decided to
generate a chirp every 700 μs. The total time for each
measurement with 200 averages is thus about 0.14 s such
as it could be performed on-line. From the results, it is
clear that the grid on the rear side of the tile reduces the
repeatability; this is due to diffraction effects, curvatures
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and thickness variations that tend to further disperse the
ultrasonic beam. Samples with flat sides and tiles with
grid have been clearly realised with the same raw
materials.

A low repeatability in the measurement of times of flight
propagates into the velocity estimation (Step 2) through
equations (11) and (12).

To assess such propagation, the expression of combined
uncertainty [16] for the propagation velocity v was used,
which in this case is:

u vð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ta � tc þ tm

ta�tm
� �2

�u2 Dð Þ þ � D� ta � tcð Þ
ta�t2m

� �2

�u2 tmð Þ þ � D

ta�tm
� �2

�u2 tcð Þ

þ D� tc � tmð Þ
t2a�tm

� �2

�u2 tað Þ þ 2� �D� ta � tcð Þ
ta�t2m

� �

� � D

ta�tm
� �

�u tmð Þ�u tcð Þ�r tm; tcð Þ

vuuuuuuuuuuuuuuuut

ð13Þ
In this estimation, also the possible correlation between tc
and tm was considered, as these are quantities simulta-
neously extracted from the same cross-correlation signal.
An experimental analysis carried out on different tile
typologies shows that r(tm, tc)=−0.1 to −0.4 [see example

Fig. 4 (a) Correlation diagrams
(with relative straight fitting
line) between longitudinal wave
velocity and apparent density
measured on green ceramic tiles;
(b) examples of correlation dia-
grams achieved on green tiles
with different raw materials and
body

Table 1 Estimation of type A standard uncertainty in the measure-
ment of times of flight with N=1,000 repeated measurements

Example of typical
measured values

Standard uncertainty

Tiles with flat faces
on both sides

Production tiles with
the grid on the lower
side

tc=260.28 μs us(tc)=0.066 μs us(tc)=0.091 μs
tm=7.50 μs us(tm)=0.035 μs us(tm)=0.085 μs
ta=277.78 μs us(ta)=0.035 μs us(ta)=0.035 μs
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in Fig. 5(a)]. The correlation between the two variables is
mostly caused by the fact that the instantaneous oscillations
of the ultrasonic beam, emitted by the vibrating membrane,
took minimal variations of dimension and direction of the
very beam. These variations are observed by the measure-
ment system as an instantaneous minimal variation of the
thickness dm, which is not perfectly constant also in the
samples with flat sides. To prove it, if from equations (11)
and (12) the relationship between the two variables is
obtained under the hypothesis that only the material’s
thickness changes [ta, v and va are constant, whereas tm
changes with dm in accordance with equation (12)], the
following equation can be achieved:

tc ¼ ta þ 1� v

va

� �
�tm ð14Þ

Figure 5(a) provides this function diagram overlapped to
the experimental data to show the similitude in the observed
trend. Further confirmation of this hypothesis is that the
correlation coefficient in module is higher in tiles with the
grid.

Looking at the diagram [Fig. 5(b)] of the standard
uncertainty u(v) as a function of r(tm, tc), it is clear that
when r(tm, tc)<0, the standard uncertainty decreases with
respect to the zero correlation case [i.e. r(tm, tc)=0]. This is
very useful because in the tile with the grid, in which the
repeatability is typically lower, it limits the uncertainty
increase.

Nevertheless, considering the variation observed in r(tm,
tc), in this uncertainty analysis, it is preferred to assume
r(tm, tc)=0 to have a sort of “safety coefficient” on the
estimation.

Table 2 provides in a detailed way the obtained budget for
the uncertainty sources [17]. The accuracy in the measure-
ment of the probe distance (with a caliper) is evaluated in
±0.1 mm, taking into account also the potential effect of
temperature and of the measurement procedure. The uncer-
tainty on the peak assessment in the cross-correlation is
estimated as ±5 ns (with a resolution of 1 ns) based on type
B considerations [16] linked to the peak shape. Type A
standard uncertainties are expressed with us (values from
Table 1), whereas resolutions and accuracies evaluated as
half-width of a rectangular distribution (whose variance
value is thus estimated as ua

2/3) are reported in column ua.
The analysis of the sensitivity coefficients cj shows that

tm is the most influent factor, in opposition to D, which has
a lower impact. Anyway, the repeatability uncertainty
seems to be the most relevant. This suggests concentrating
attention on the elaboration and “cleaning” of the signals.
To this aim, in [18], the authors proposed algorithms for the
noise filtering and reduction, especially during on-line
measurements.

Finally, it is necessary to consider the uncertainty
associated to the correlation between velocity and apparent
density (Stage 3). To this aim, the slope of the experimental
linear correlation achieved by calibration [Fig. 4(a)] has
been considered, and from this, the apparent density
standard uncertainty was derived as u(ρ)=u(v)/1.77. Table 3
provides the results. They are compared to the standard
deviation Sρ of the apparent density estimated by the least-
squares interpolation of the experimental data of Fig. 4(a)
for the tile with flat sides and of Fig. 7(b) for the tiles with
the grid measured in-line during production. This value
Sρ can be considered as proportional to the whole accuracy
of the method, whereas the value u(ρ) is obtained as
combined uncertainty from repeated measurements on a
single sample and without considering the uncertainties on
the coefficients of the linear interpolation.

The comparison and analysis of these results provide
important information:

– The values are of the same order of magnitude; thus,
the adopted model for the measurement method can be
considered in first approximation as correct.

Fig. 5 (a) Correlation analysis between tc and tm achieved on a
sample with flat sides: r(tm, tc)=−0.27, compared with theoretical data
from equation (14); (b) diagram of the standard uncertainty of v in
function of the correlation coefficient r(tm, tc) for tiles with flat sides
(see Table 2)
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– The differences between u(ρ) and Sρ are due especially
to two elements whose weight is up to 50% of the
whole balance of uncertainty:

(a) Non-uniformity in the calibration samples: this
point is particularly critical because ρ is a “local”
quantity that may have spatial variation even
inside the same sample. The ultrasound method
works in an area of about 1 cm2, whereas the
mercury method performs a sort of average on the
whole sample volume (normally with a surface of
10 cm2). This can cause a significant spread of the
data.

(b) Extension of the analysis to the whole range (and
not only around a single value) with a consequent
linearization uncertainty in the relationship be-
tween v and ρ.

– The expanded uncertainty with a coverage factor of 2 is
compatible with the accuracy requirements of the
industrial problems, thus showing the applicability of
the proposed experimental correlation method.

Application in Production Line

Finally, the measurement system was installed (Fig. 6) and
tested in the industry Leonardo 1502 Ceramica of Casal-

fiumanese (BO). In the production line, many different
interfering and modifying inputs are present that have to be
assessed. In particular:

1. Non-controlled temperature of the environment: the
measurement of va allows to compensate this effect.

2. Powder on probes membranes.
3. Vibrations: to reduce the effect of this phenomenon, it

has been decided to isolate at the base and separate the
structure holding the probes from the structure of the line
(from which vibrations are generated). This was imposed
to have a support with a long rigid arm for each probe;
this generates uncertainty in the value of D, which is not,
however, very critical due to the low sensitivity of the
method to the uncertainty on the probe distance (see
Table 2) and alignment.

4. The tiles on the line have the grid embossed on the back
side and often present superficial roughness for decora-
tive purposes: these factors generate, as previously
shown, thickness variation and diffraction effects.

5. The tile is in movement on the line: this imposes a
dynamic modulation of the effects at point 4 with a
frequency equal to the passing of each edge of the tile
grid between the probes, thus increasing uncertainty.
Algorithms for noise filtering and reduction have been
proposed by Marchetti and Revel [18].

Table 2 Budget of uncertainty sources (without covariance) for tiles with flat sides

xj us(xj) ua(xj) u2(xj) cj ¼ dv
dxj cj

2u2(xj)

Symbol Value Description

D (m) 0.10 Accuracy 1.0E−04 3.3E−09 1.2E+04 4.8E−01
ta (s) 0.00028 Accuracy 5.0E−09 8.3E−18 4.4E+07 1.6E−02

Repeatability 3.5E−08 1.2E−15 4.4E+07 2.3E+00
Resolution 5,0E−10 8,3E−20 4,4E+07 1,6E−04

tc (s) 0.00026 Accuracy 5.0E−09 8.3E−18 −4.8E+07 1.9E−02
Repeatability 6.6E−08 4.4E−15 −4.8E+07 1.0E+01
Resolution 5.0E−10 8.3E−20 −4.8E+07 1.9E−04

tm (s) 7.5E−06 Accuracy 5.0E−09 8.3E−20 −1.1E+08 1.0E−03
Repeatability 3.5E−08 1.2E−15 −1.1E+08 1.5E+01
Resolution 5.0E−10 8.3E−20 −1.1E+08 1.0E−03

Variance of v 2.8E+01
Standard uncertainty u(v) (m/s) for tiles with flat sides 5.3E+00
Standard uncertainty u(v) (m/s) for tiles with the grid (achieved by a similar table, but considering the standard uncertainties us of
Table 1 for the tiles with the grid)

1.1E+01

Table 3 Comparison of stan-
dard uncertainties achieved by
the two different methods

Standard uncertainty achieved
by measurements on a single
sample [u(ρ)=u(v)/1.77)]

Standard deviation of the linear regression
of the experimental data over the whole
range (Sρ)

Tiles with flat faces 3.0 kg/m3 6.1 kg/m3

Tiles with the grid 6.2 kg/m3 8.5 kg/m3 (on-line data)
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Figure 7(a) provides an example of the result achieved
after the drier. Each density value corresponds to the
average on a line 6–7 cm long. The acquisition is
synchronized with an optical sensor, which recognizes
the presence of the tile. Some tiles, measured on the line
with the ultrasound method, are then taken from the line
and measured with the mercury reference method. The
achieved results are synthesised in Fig. 7(b) and Table 3,
showing thus the effectiveness of the proposed technique.

Conclusions

In this work, an original method for the measurement of the
apparent density of ceramic green tiles during production
has been developed and applied. The method, being based
on non-contact ultrasonic probes, is completely non-

Fig. 7 (a) On-line measurement
results with relative uncertainty
bars; (b) comparison between
on-line ultrasonic measurements
and reference laboratory mercu-
ry measurements

Fig. 6 Installation of the ultrasonic probes in the production line
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intrusive assuring the opportunity to check the 100% of the
production in real time. Moreover, the proposed technique
allows to have information on the spatial distribution of the
apparent density over the tile, an important parameter for
the dimensional conformity of the tile after the firing.

The uncertainty analysis allowed to determine the
achievable accuracy (about ±0.75% of the reading), which
is compatible with the specific requirements of the industrial
application. The experimental correlation between the
velocity propagation and the apparent density has been
verified in the work through experimental calibrations, and it
is supported by the theoretical model that justifies the
linearization in the considered range. A detailed uncertainty
analysis was carried out to quantify the effect of this
correlation procedure. It is shown that the main uncertainty
sources are linked to measurement repeatability problems in
air and to the limited uniformity of the calibration samples.
In the end, an application of the measurement method in
production line was presented, which confirms the achieve-
ment of the initial targets of the work.

Further development of this activity will be linked to
the extension and application of the measurement
method to other industrial sectors with similar prob-
lems, such as the wood and paper production.
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