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Neutron emissions in brittle rocks during compression tests:
Monotonic vs. cyclic loading

A. Carpinteri'*, O. Borla'?, G. Lacidogna' and A. Manuello!

!'Politecnico di Torino, Torino, 10129, Italy
2 [stituto Nazionale di Fisica Nucleare, Torino, 10125, Italy

Neutron emission measurements, by means of *He devices and bubble detectors, were performed during two different kinds of
compression tests on brittle rocks: under monotonic and cyclic loading. The material used for the tests was Green Luserna Granite, with
different specimen sizes and shapes, and consequently with different brittleness numbers. Since the analyzed material contains iron, our
conjecture is that piezonuclear reactions involving fission of iron into aluminum, or into magnesium and silicon, should have occurred
during compression damage and failure. Some studies have been already conducted on the different forms of energy emitted during the
failure of brittle materials. They are based on the signals captured by acoustic emission measurement systems, or on the detection of
electromagnetic charge. On the other hand, piezonuclear neutron emissions from very brittle rock specimens in compression have been
discovered only very recently. In this paper, the authors analyse this phenomenon from an experimental point of view.
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1. Introduction

This paper discusses the phenomenon of neutron emis-
sions from brittle rock specimens under mechanical load-
ing from an experimental point of view. The aim is to em-
phasize the neutron emissions from piezonuclear reactions,
that have been recently observed for the first time and pub-
lished in [1-4], providing new experimental evidences.

The different forms of energy emitted during the failure
of brittle materials have been mainly measured based on
the signals captured by the acoustic emission measurement
systems [5—14], or on the detection of the electromagnetic
charge [15-22]. The acoustic emission technique analyses
the transient elastic waves due to stress redistribution fol-
lowing fracture propagation. Many experiments in measur-
ing the released energy from fracture of brittle rocks con-
ducted by acoustic emission have had a pioneering role [5—
7]. Nowadays, the acoustic emission technique is well-
known in the scientific community and applied for moni-
toring purpose also in concrete structures [8]. In addition,
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considering applications of damage mechanics to material
failure, and exploiting the analogy between acoustic emis-
sion and seismicity, acoustic emission associated with micro-
cracks is monitored and power-law frequency magnitude
statistics are observed [9—14]. The electromagnetic signals
are related to brittle materials in which the fracture propa-
gation occurs suddenly and it is accompanied by abrupt
stress drops in the stress-strain curve. A number of labora-
tory studies revealed the existence of electromagnetic sig-
nals during fracture experiments carried out on a wide range
of materials [15]. Moreover, it was observed that the elec-
tromagnetic signals detected during failure of materials are
analogous to the anomalous radiation of geoelectromagnetic
waves observed before major earthquakes [16], reinforc-
ing the idea that the electromagnetic effect can be applied
as a forecasting tool for earthquakes. A relevant attempt to
explain the electromagnetic signals origin is assumed to be
caused by net charges of opposite sign appearing on the
vibrating faces of opening fractures [17-20]. According to
this model, the electromagnetic signals amplitude increases
as long as fracture propagates, since the rupture of new
atomic bonds contributes to the electromagnetic emissions.
When the fracture arrests, the acoustic emission waves and
the electromagnetic signals decay by relaxation [21, 22].
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As regards the neutron emissions, we present new ex-
periments, performed by means of *He neutron detectors
and bubble type BD thermodynamic neutron detectors, on
brittle rock test specimens. Two different kinds of mechani-
cal tests were carried out: compression tests under mono-
tonic and under cyclic loading. The material used for the
compression tests was a non-radioactive Green Luserna
Granite, with different specimen sizes and shapes, and con-
sequently with different brittleness numbers. The compres-
sion tests were performed at the Fracture Mechanics Labo-
ratory of the Politecnico di Torino [4].

For specimens of larger dimensions, neutron emissions,
detected by *He, were found to be of about one order of
magnitude higher than the ordinary natural background level
at the time of the catastrophic failure. As regards test speci-
mens with more ductile behaviour, neutron emissions sig-
nificantly higher than the background level were found.
These emissions are due to piezonuclear reactions which
depend on the different modalities of energy release during
the tests. For specimens with sufficiently large size and slen-
derness, relatively large energy release is expected, and
hence a higher probability of neutron emissions at the time
of failure. Furthermore, during compression tests under
cyclic loading, an equivalent neutron dose was found at the
end of the test, by neutron bubble detectors, about two times
higher than the ordinary background level. The preliminary
results of this study are reported in [4].

Since the analyzed material contains iron, it was suppos-
ed and recently proved by microchemical analysis [23], that
piezonuclear reactions involving fission of iron into alumi-
num, or into magnesium and silicon, should have occurred
during compression of the specimens. Classically during
the process of nuclear fission a neutron strikes a heavy
nucleus that splits into two lighter fragments. Each of the
two fragments consists of a nucleus with roughly half the
neutrons and protons of the original nucleus. This fission
process releases a large amount of energy and gamma rays
are emitted as well as two or more neutrons that are no
longer bound by the fission fragments. These free neutrons
are now capable of splitting other heavy nuclei, which then
release neutrons that split still more nuclei.

Instead piezonuclear fission reactions consist in new
nuclear reactions produced by new methods such as pres-
sure, fracture or cavitation. Even small deviations from
classical assumptions, e.g., from the concept of average bond
energy per nucleon, could explain these new phenomena. It
would suffice to assume a weak section within the nucleus,
as it happens in very hard and strong rocks, that nevertheless
cleave under very low stresses. The proposed fission of iron
into aluminum is supported by very accurate spectroscopical
analysis of the fracture surfaces and consistent geological
data [23, 24].

The present natural abundances of aluminum (~8 %),
and silicon (28 %) and scarcity of iron (~4 %) in the con-

tinental Earth’s crust are possibly due to the piezonuclear
fission reactions considered above [1-4].

This reaction would be activated where the environment
conditions (pressure and temperature) are particularly se-
vere, and mechanical phenomena of fracture, crushing, frag-
mentation, comminution, erosion, friction, etc., may occur.
If we consider the evolution of the percentages of the most
abundant elements in the Earth crust during the last 4.5 bil-
lion years, we realize that iron and nickel have drastically
diminished, whereas aluminum, silicon and magnesium have
as much increased. It is also interesting to realize that such
increases have developed mainly in the tectonic regions,
where frictional phenomena between the continental plates
occurred [1-4, 25-27].

2. Neutron emission detection techniques

For an accurate neutron evaluation, a *He proportional
counter was used. This type of neutron detector must rely
upon a conversion process where an incident neutron in-
teracts with a nucleus to produce a secondary charged par-
ticle. These charged particles are then detected, and from
them the neutrons presence is deduced.

Due to the difficulties in neutron measurements with
the presence of an electromagnetic field, electromagnetic
emissions were also monitored during compression tests
by using a measuring device with working frequency range
from Hz up to several MHz. The experimental results [28]
show that the typical electromagnetic emissions detected
during the tests are included in the frequency range from
160 kHz to 4 MHz. The neutron detectors used are designed
and manufactured under a quality system, in compliance
with the standard requirements provided by the International
Electrotechnical Commission for electromagnetic interfe-
rence. In particular, the instruments used are insensitive to
electromagnetic noise in the frequency range from 150 kHz
to 230 MHz, so that no spurious counts were observed du-
ring the tests.

2.1. *He neutron proportional counter

The *He detector used in compression test under displa-
cement control is a *He type (Xeram, France) with electro-
nics of preamplification, amplification and discrimination
directly connected to the detector tube. The detector is po-
wered with 1.3 kV, supplied via a high voltage nuclear in-
strument module (NIM). The output producing the logic
pulses is connected to a NIM counter. The logic output of
the detector is enabled for analog signals exceeding 300 mV.
This discrimination threshold is a consequence of the sensiti-
vity of the *He detector to the gamma rays ensuing neutron
emission in ordinary nuclear processes. This value was de-
termined by measuring the analog signal of the detector by
means of a Co-60 gamma source. This detector was also
calibrated for the measurement of thermal neutrons; its sen-
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Characteristics of displacement-controlled compression tests on Green Luserna Granite specimens

Table 1

Grapite Geometry of the specimen Displ'acement Peak load, KN | Peak stress, MPa Time at the
specimen D, mm H, mm A= H/ D velocity, mm/s peak load, s
P1 28 14 0.5 0.001 52.19 84.8 735.0
P2 28 28 1 0.001 33.46 54.4 1239.0
P3 28 56 2 0.001 41.28 67,1 1089.0
P4 53 25 0.5 0.001 129.00 58.5 960.0
P5 53 50 1 0.001 139.10 63.0 2460.0
P6 53 101 2 0.001 206.50 93.6 1180.0
P7 112 60 0.5 0.01 1099.30 111.6 231.3
P8 112 112 1 0.01 1077.10 109.4 263.5
P9 112 224 2 0.01 897.80 91.2 218.6

sitivity is 65 cps/ng,. During the experimental measure-
ments, the front-end electronics has been screened with alu-
minum foils for electromagnetic noise. In addition, the
associated measurement system was shielded with
polystyrene, in order to avoid possible accidental impact.

2.2. Neutron bubble detectors

A set of passive neutron detectors insensitive to electro-
magnetic noise and with zero gamma sensitivity was used
in compression tests under cyclic loading. The dosimeters,
based on superheated bubble detectors (BT, Ontario, Cana-
da) [29], are calibrated at the factory against an AmBe source
in terms of NCRP38 [30]. Bubble detectors provide instant
visible detection and measurement of neutron dose. Each
detector is composed of a polycarbonate vial filled with
elastic tissue-equivalent polymer, in which droplets of a
superheated gas (freon) are dispersed. When a neutron
strikes a droplet, the latter immediately vaporizes, forming
a visible gas bubble trapped in the gel. The number of
droplets provides a direct measurement of the equivalent
neutron dose. These detectors are suitable for neutron inte-
gral dose measurements, in the energy ranges of thermal
neutrons (£ = 0.025 eV) and fast neutrons (£ > 100 keV).

3. Compression tests under monotonic displacement
control

3.1. Preliminary tests on prismatic specimens

Preliminary tests on prismatic specimens were presented
in previous contributions, recently published [1-3], and re-
lated to piezonuclear reactions occurring in solids containing
iron — samples of granite rocks — in compression. The
materials selected for the compression tests were Carrara
Marble (calcite) and Green Luserna Granite (gneiss). This
choice was prompted by the consideration that, test speci-
men dimensions being the same, different brittleness num-
bers [31] would cause catastrophic failure in granite, not in
marble. The test specimens were subjected to uniaxial com-
pression to assess scale effects on brittleness [32].

Four test specimens were used, two made of Carrara
Marble and two made of Luserna Granite. All of them were
of the same size and shape, measuring 6x6x10 cm®. The
same testing machine was used on all the test specimens: a
standard servo-hydraulic press with a maximum capacity
of 500 kN equipped with control electronics. This machine
makes it possible to carry out tests in either load control or
displacement control. The tests were performed in piston
travel displacement control by setting, for all the test speci-
mens, a velocity of 0.001 mm/s during compression. Neut-
ron emission measurements were made by means of a *He
detector placed at a distance of 10 cm from the test specimen
and enclosed in a polystyrene case, to prevent the results
from being altered by impacts or vibrations.

The measurements of neutron emissions obtained on
marble yielded values comparable with the background,
even at the time of test specimen failure. The neutron measu-
rements obtained on the two granite test specimens, instead,
exceeded the background value by about one order of mag-
nitude when catastrophic failure occurred. The first granite
test specimen reached at time 7= 32 min a peak load of ca
400 kN, corresponding to an average pressure on the bases
of 111.1 MPa. When failure occurred, the count rate was
found to be: (28.3+0.2)-107* cps corresponding to an equi-

Fig. 1. Green Luserna Granite cylindrical specimens by varying slender-
ness and size-scale
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valent flux of thermal neutrons of (43.6%£0.3)-107*x
xng, cm -5~ The second granite test specimen reached
at time 7'=29 min a peak load of ca 340 kN, corresponding
to an average pressure on the bases of 94.4 MPa. When
failure occurred, the count rate was found to be: (27.2%
+0.2)-107 cps corresponding to an equivalent flux of ther-
mal neutrons of (41.9£0.3) ‘10_4nth em 257!

These phenomena could be caused by piezonuclear re-
actions that occurred in the granite but did not in the marble.
Moreover, granite contains iron, which appears to be the
most favourable element for the production of piezonuclear
reactions [1-3]. These experimental evidences induced the
authors to carry out further tests on cylindrical Green Luser-
na Granite specimens of different size and shape.

3.2. Tests on cylindrical specimens
3.2.1. Experimental set-up

Neutron emissions were measured on nine Green Luser-
na Granite cylindrical specimens, of different size and shape
(Table 1, Fig. 1), denoted with P1, P2, ..., P9 [4]. The com-
pression tests were carried out by means of a servo-hydraulic
press, with a maximum capacity of 1800 kN, working by a
digital type electronic control unit. The management
software was TESTXPERTII by Zwick/Roel (Zwick/Roel
Group, Ulm, Germany), while the mechanical parts are ma-
nufactured by Baldwin (Instron Industrial Products Group,
Grove City, PA, USA). The force applied was determined
by measuring the pressure in the loading cylinder by means
of a transducer. The margin of error in the determination of
the force is 1 %, which makes it a class 1 mechanical press.
The specimens were arranged with the two smaller surfaces
in contact with the press platens, without coupling materials
in-between, according to the testing modalities known as
“test by means of rigid platens with friction”. The platen was
controlled by means of a wire-type potentiometric displa-
cement transducer. The tests were performed under dis-
placement control with the planned displacement velocities
ranging from 0.001 to 0.01 mm/s.

Due to natural radionuclide presence in Green Luserna
Granite an estimation of ambient gamma radiation dose rate
was performed on the nine specimens before the compres-
sion tests in order to make sure that the natural specimen
radiation level does not provide “spurious” counts in neutron
measurement. A gamma radiation monitor device (AT6130,
ATOMTEX) was used. The data acquisition time was fixed
at 600 s, and the specimen radiation level was measured.
Typical gamma radiation level for this type of granite was
found and compared with the natural gamma background
in room condition. The experimental results are reported in
Table 2.

For Green Luserna Granite the gamma radiation compo-
nent is mainly due to the natural radionuclide in granite
composition: Ra-226 (ca. 125 Bq/Kg, decay gamma rays
energy 186.1 keV), Th-232 (ca. 114 Bq/Kg, decay gamma

Table 2
Ambient gamma radiation dose rate measurements

Specimen Ambient gamma radiation
dose rate, uSv/h
Background 0.07+14 %
Pl 0.10£16 %
P2 0.11+17 %
P3 0.09+17 %
P4 0.11 +£15%
P5 0.09+11 %
P6 0.09+11 %
P7 0.15+14 %
P8 0.12+10%
P9 0.13£11 %

rays energy 63.81 keV and 140.88 keV), and K-40 (ca.
1276 Bq/Kg, decay gamma rays energy 1460.83 keV). Con-
sidering the type and the intensity of natural radionuclide
activity in granite and thanks to the logic output discrimi-
nation threshold fixed on the 3He proportional counter
(300 mV), no “spurious” signal was detected.

The *He neutron detector was switched on at least one
hour before the beginning of each compression test, in order
to reach the thermal equilibrium of electronics, and to make
sure that the behaviour of the devices was stable with respect
to intrinsic thermal effects. The detector was placed in front
of the test specimen at a distance of 20 cm and it was en-
closed in a polystyrene case of 10 cm of thickness in order
to avoid “spurious” signals coming from impacts and vibra-
tions.

A relative measurement of natural neutron backgro-
und was performed in order to assess the average back-
ground affecting data acquisition in experimental room
condition. The *He device was positioned in the same condi-
tion of the experimental set-up and the background measures
were performed fixing at 60 s the acquisition time, during a

Table 3
Neutron emission experimental data on Green
Luserna Granite specimens

Granite Average neutron Count rate at the neutron
specimen | background, 1()_2 cps emission, 1()_2 cps
Pl 3.17 +£0.32 8.33+3.73
P2 3.17 £0.32 Background
P3 3.17 £0.32 Background
P4 3.83 +£0.37 Background
P5 3.84 +£0.37 11.67 +4.08
P6 4.74 + 0.46 25.00 + 6.01
P7 4.20 +0.80 Background
P8 4.20 + 0.80 30.00 = 11.10
P9 4.20 + 0.80 30.00 = 10.00
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preliminary period of more than three hours, for a total num-
ber of 200 counts. The average measured background level
is ranging from (3.17 £0.32)- 107 to (4.74 £ 0.46) - 10> cps
(see Table 3).

3.2.2. Experimental results

Additional background measurements were repeated be-
fore each test, fixing an acquisition time of 60 s, up to the
assessment of no significant variation in natural background.
Neutron measurements of specimens P2, P3, P4, P7 yielded
values comparable with the ordinary natural background,
whereas in specimens P1 and P5 the experimental data ex-
ceeded the background value by about four times. Instead,
for specimens P6, P8 and P9, the neutron emissions achieved
values one order of magnitude higher than ordinary backg-
round. In Fig. 2 the load vs. time diagram and the neutron
count rate evolution for specimens P6, P8 and P9 are shown.
In Table 3, experimental data concerning compression tests
on the nine Green Luserna Granite specimens are summa-
rized.

The preliminary experimental results described above
and reported in [1-3] are confirmed by those obtained from
compression tests on the cylindrical specimens. Neutron
emissions related to specimens with very brittle or catastro-
phic failure result to be larger by about one order of magni-
tude than the ordinary background (see Fig. 2).

The maximum neutron emissions were obtained from
test specimens characterized with a volume large than a
threshold value of about 360 cm®.

In addition, the experimental results seem to demonstrate
that neutron emissions follow an anisotropic and impulsive
distribution from a specific zone of the specimen. It is a
matter of fact that the detected neutron flux and consequently
neutron dose are inversely proportional to the square of the
distance from the source. For these reasons, the *He device
could have underestimated neutron flux intensity. A possible
solution to avoid underestimated data acquisition is an
experimental measurement by using more than one *He
detector and more bubble dosimeters placed around the test
specimens.

4. Compression tests under cyclic loading
4.1. Experimental set-up

Neutron emissions from compression test under cyclic
loading were also detected by using neutron bubble detec-
tors. Due to their isotropic angular response, three bubble
detectors for thermal neutrons and three bubble detectors
for fast neutrons were positioned at a distance of about 5 cm,
all around the specimen. The detectors had been previously
activated, unscrewing the protection cap, in order to reach
the suitable thermal equilibrium, and they were kept active
for all the test duration. Furthermore, a thermal neutron
bubble detector and a fast neutron bubble detector were
used for the background control during the test. Three dif-

250 T
0
o
200 A 8
g
o
Z 150 g
< =
© c
o >
— 100 3
c
o
50 3
=z
0
0
50
b
1200 - @
440 ©
g
. El o
< 800 108
< 1 =
© c
3 {20
c
400 A 1 8
)\ 110 3
i 1 1 2
0 A éi: l'l_i‘. :1:2, i: iy S % é 1 é 0
T T T T T T T
0 100 200 300 400
Time, s
1200 T 50
] 0
- o
140 ©
o
1 &
800 -
2 Jo 8
1 p {1 =
3 S
it 420 §
400 - c
] =]
] 110 3
: 5 iéé%ﬁéh -
0 = s B A Y )
0 100 200 300 400

Time, s

Fig. 2. Specimens P6 (a), P8 (b), P9 (¢). Load vs. time diagrams (—) and
neutron count rate for Green Luserna Granite: D =53 (a), 112 mm (b, ¢)
and H =101 (a), 112 (b), 224 mm (c) (a); © — average neutron back-
ground: (4.74+0.46)-1072 (a) and (4.20 £0.80)-107 cps (b, ¢)

ferent tests were performed on Green Luserna Granite speci-
mens with the same shape and size (D =53 mm, =53 mm,
A=1).

The cyclic loading was fixed at a frequency of 2 Hz for
the three specimens. The load excursion was programmed
respectively from a minimum load of 15 kN to a maximum
of 110 kN during the first cyclic loading trial, from a mini-
mum load of 12 kN to a maximum of 85 kN in the second
test, and from a minimum of 10 kN to a maximum of 60 kN
during the third test. Test durations were approximately of
1126 min, 21 min, and 5026 min, respectively. The experi-
mental results are summarized in Table 4.
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Table 4

Compression test under cyclic loading. Neutron emission experimental data on Green Luserna Granite specimens

Test | Min—max load, kN

Test duration, min

Average neutron
background, nSv/h

Equivalent neutron dose
at the end of the test, nSv/h

Equivalent neutron dose to
neutron background ratio

1 15-110 1126 26.32 £ 5.26 4577 £9.15 1.74 £ 0.35
2 12-85 21 27.77 £ 5.56 59.29 + 11.86 2.14+043
3 10-60 5026 13.98 +2.76 28.74 £ 5.75 2.06 +£0.41

4.2. Experimental results

Droplet counting was performed every 12 hours and the
equivalent neutron dose was calculated. In the same way,
the natural background was estimated by means of the two
bubble dosimeters used for assessment.

In the first test the background was found to be
(26.32+5.26)nSv/h. A significant increment in the neu-
tron emission with respect to the background level was de-
tected at specimen failure. The equivalent neutron dose at
the end of the test was (45.77+9.15)nSv/h.

The background associated to the second test was of
(27.77+5.56)nSv/h. The neutron dose variation was
found to be more than twice higher with respect to ordinary

40
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Fig. 3. Compression test under cyclic loading. Equivalent neutron dose
(A) variation during the third test on Green Luserna Granite specimen;
o — average neutron background (13.98 +2.76)nSv/h
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Fig. 4. Compression tests under cyclic loading. Comparison between the
background equivalent neutron dose (o) and the equivalent neutron dose
at the end of the tests (a)

background, (59.29+11.86)nSv/h. In this test, bubbles
were formed concurrently to specimen failure. In spite of
the very short duration of the test, droplets reading was per-
formed after 12 hours, and compared with the natural back-
ground value. In this way it was possible to reduce ex-
perimental uncertainty related to equivalent neutron dose
evaluation.

Finally, during the third trial the ordinary background
was found to be (13.98 £2.76)nSv/h. The neutron equiva-
lent dose variation, evaluated during the third cyclic load-
ing test, is reported in Fig. 3 [4]. Also in this case, an incre-
ment of more than twice with respect to the background
level was detected at specimen failure. No significant varia-
tions in neutron emissions were observed before the fai-
lure. The equivalent neutron dose at the end of the test was
(28.74£5.75)nSv/h (Table 4).

The comparison between background equivalent neu-
tron dose and equivalent neutron dose at the end of the cy-
clic loading tests are reported in Fig. 4. From Table 3, consi-
dering the sensitivity of bubble detectors (20 %), it is pos-
sible to observe that in each test the average increment in
equivalent neutron dose at failure is about twice higher than
the natural neutron background.

5. Conclusions

Neutron emission measurements were performed on
Green Luserna Granite specimens during mechanical tests.
From these experiments, it can be clearly seen that piezo-
nuclear reactions giving rise to neutron emissions are pos-
sible in inert non-radioactive solids under loading. In parti-
cular, during compression tests of specimens with sufficient-
ly large size, the neutron flux was found to be of about one
order of magnitude higher than the background level at the
time of catastrophic failure. For test specimens with more
ductile behaviour, neutron emissions significantly higher
than the background were also found. Neutron detection is
also confirmed in compression tests under cyclic loading.
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