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RESUMEN

El sur de Italia, en particular Calabria, es una zona de interés geofisico debido a su
elevada actividad sismica y volcanica. La comparacion constante de los registros de las
amplitudes y fases de las sefiales de marea con los modelos de los registros gravitacionales son
atiles para detectar a tiempo acciones volcanicas y sismicas. Esta investigacion propone la
creacion de un nodo de medida para aplicaciones gravimeétricas disefiado para garantizar una
adquisicion multiparamétrica de las sefiales de marea y de la magnitud que influye en su
adquisicion.

El nodo es capaz de monitorar: la aceleracion gravitacional, la inclinacion en los ejes N-S
y E-O, la temperatura y la presion barométrica ya que estos parametros que tienen efectos sobre
las aceleraciones gravitacionales segun diversos modelos. Para la aceleracion gravitatoria se
utilizo el gravimetro G-1089 de LaCoste & Romberg. Tiene un rango operativo de 7000 mGal,
con una resolucién de 0,005 mGal y una precision de 0,04 mGal. Para la inclinacion, se utilizo el
inclindmetro Modelo 714 de Applied Geomechanics. Es capaz de realizar mediciones con un
rango angular de +8000,0 prad, una resolucion de 0,1 prad y una linealidad del 2% dentro del

intervalo de medida.

Como sistema de adquisicion, para este nodo de medida se utilizé la unidad de
adquisicion y conmutacion de datos Agilent 34970A. Que tiene una resolucién de 6,5 digitos (22
bits) y una precision del 0,004% para medir la tension continua. El retardo de lectura se midio en
7,99 ms con ¢ = 2,06 ms para canales consecutivos y se desprecid ya que el periodo de muestreo
del sistema fue de 5s en esta aplicacion. Se utiliz6 Labview para, convertir la hora y los datos en

Coordenadas de Tiempo Universal (UTC), comunicarse con la unidad de adquisicion de



conmutacion mediante directivas SCPI, escalar las magnitudes y almacenar las diferentes

medidas.

En particular, se confrontaron mediciones a las variaciones gravitacionales debidas a los
desplazamientos de las mareas en el globo terraqueo, ya que los valores tedricos pueden darnos
un punto de partida correcto para determinar si los datos adquiridos por el nodo son precisos y
utilizables para futuras investigaciones. Los resultados preliminares obtenidos, tras algunos
filtrados de ruido y aproximaciones polindmicas, demostraron seguir las variaciones teoricas de
las mareas en el mes de abril de 2022, lo que nos permite concluir que el nodo gravitatorio esta
funcionando correctamente, y que los datos obtenidos por el mismo pueden ser utilizados en

préximas investigaciones en el area de la geofisica.

Palabras clave: Gravimetria, gravimetro, inclindmetro, sistema de adquisicion de datos, retardo

de lectura, nodo de medicion, adquisicion de datos, procesamiento de datos.



ABSTRACT

Southern Italy, in particular Calabria, is an area of geophysical interest due to its high
seismic and volcanic activity. Constant comparison of records of the amplitudes and phases of
the tidal signals with models of the gravitational records are useful to timely detect volcanic and
seismic actions This research proposes the creation of a measurement node for gravimetric
applications designed to guaranty a multiparametric acquisition of the tidal signals and of the

magnitude influencing their acquisition.

The node is able to monitor gravitational acceleration, inclination on the N-S and E-W
axis, temperature and barometric pressure monitoring since these parameters that have effects on
the gravitational accelerations according to diverse models. For the gravitational acceleration, the
gravimeter G-1089 from LaCoste & Romberg was utilized. It has an operating range of 7000
mGal, with a resolution of 0.005 mGal and an accuracy of 0.04 mGal. For the inclination, the
tiltmeter Model 714 from Applied Geomechanics was utilized. It is capable of measurements
with an angular range of +8000.0 urad, a resolution of 0.1 urad and a linearity of 2% within the

full span.

As an acquisition system, the Agilent 34970A data acquisition and switching unit was
utilized for this measurement node. Which has a 6.5 digits of resolutions (22 bits) and a 0.004%
accuracy for measuring DC voltage. Reading delay was measured to 7.99 ms with o = 2.06 ms
for consecutive channels and was neglected as the sampling period of the system was 5s.
Labview was used for, converting time and data into Universal Time Coordinates (UTC),
communicate with the switching acquisition unit via SCPI directives, scaling the magnitudes and

storing the different measurements.



In particular, we plan to apply our measurements into gravitational variations due to tidal
shifts in the globe, as the theoretical values can give us a correct starting point to determinate if
the data acquired by the node is accurate and usable for further research in the future. The
preliminary obtained results, after some noise filtering and polynomial approximations proved to
follow the theoretical tidal variations in the month of April 2022, which allows us to conclude
that the gravitational node is working properly, and that the data obtained by it can be utilized in

upcoming research in the area of geophysics.

Key Words: Gravimetry, gravimeter, tilmeter, data acquisition system, reading delay,

measurment node, data acquisition, data processing.



10

TABLE OF CONTENTS

ACKNOWIBAGEMENTS ...ttt e st e e e aseesreenesraesreenne s 5
RESUIMEN ...tttk et e b b e e e bb e e e abe e e e nneesnneeaa 6
ADSTTACT ...ttt b bbb ere s 8
TaDIE OF CONTENTS .....eeeeiceieeee ettt e sreeneeenee e 10
TADIES TNUEX ...ttt bbbttt ettt bbb b ne e 12
FIQUIE TNABX .t b et 13
INEFOAUCTION ..ttt bbbttt sttt ne e 16
Chapter 1: Introduction of Gravimetry Applications and Equipment..........cccccoeevvnennnne 17
I €1 -1V [ 1 (-] RSO RTRP TP 17
A, Operational PrinCIPIE .........cooiiiiiei e 18

B.  APPHICALIONS......ociiiie e 24

N I 1 1110 T OSSP 26
A, Operational PriNCIPIE.......ccveiviiie e 27

B.  APPHICALIONS ..ot 28
Chapter 2: Implementation of the Gravitational Monitoring System .............ccccccevevvenee. 29
Lo EQUIPIMENT ettt bbbttt bbb 29
A. Gravimeter LaCoste & Romberg Model G-1089..........ccccceeveiiievveieiiccieenne 30

B.  Tiltmeter: Platform and Surface Mount Model 712 ..., 39

C.  Agilent 34970A Data Acquisition / Switching Unit...........cccoceovviiiininnnnns 44

D.  Other QUIPIMENT .......ccuiiieiic et re e 52

2 Software Implementation ..o 55
A, File Creation BIOCK:.........ouoiiieieieie e 57

B.  Time Based CONrol SrUCIUIES........cveieiierieeie e esie s 61

C.  ReEad FrOM DEVICE: ....cviiiieiieite sttt ettt nre e eneas 63

D.  WIIte INtO IXESUDV T ...ocveiiieiiee e 66
CHAPLEN 3: RESUILS ...ttt e sa e aeeaneas 68
1. Folder Structure and graphs: .........ccocooeiiiiiinee s 68

2. Gravimetrical MONITOIING .....ccoveiiviiiieie et 73
3. Additional Measured Parameters: .........ccccvererieerreieseeseene e e ee e e e e seas 77
4.  Confrontation with tidal monitoring from a different station: ..............c..ccee... 80

Chapter 4: CONCIUSIONS .......ccviiiiiiiirieeeee et 81



Bibliography



Table 1:
Table 2:
Table 3:

TABLES INDEX

Monitoring of Gravimeters Temperature.............ccoevviiiiiiiiiiieiieeniieannnn,
Color Coding of Tiltmeter..........c.ovuiiriii e,
Channel Delay ReSUILS .........oooniii e,

12



13

FIGURE INDEX

Figure 1. Time Diagram of a Free-Falling ObjJect ..o 19
Figure 2. Equilibrium of @ Spring mass SYSem .........cccoeiiiiiiniiiinieeee e 20
Figure 3.Sensitivity relationship to the elongation of the spring. ........ccccceevviieiieinenns 21
Figure 4. Torque equilibrium of a zero-length spring System. ..........ccccovvvievveiesiiennenns 23
Figure 5. Seismic activity in from 1984 to 2014 in southern Italy ............cccccevviieinennns 26
Figure 6. Single axis tiltmeter [aYOUL. ............c.cov e 27
Figure 7. Double axis tHtmeter layOUL.............coiiiiiiiieee e 27
Figure 8. Acquisition SyStem Diagram ...........coieiiieiirerese e 30
Figure 9. The LaCoste & Romberg Model G-1089..........ccocoveiviiniieiiiiceeeeesene 30
Figure 10. Polypropylene Thermal Isolation ENCIOSUIE ...........c.cooiiiiiiieicieniicscseias 33
Figure 11 Gravimeter Top VIew Diagram .........cccoeeierenenisesiseeeeeeie e 34
Figure 12. Gravimeter TOp VIEW PROtO...........cccoiieiieiecc e 34
Figure 13. EYEPIECE PROTO .....ccvviiiiiccie et 38
Figure 14. Temperature LCD MONItOIING .....coooviiieiieie e 38
Figure 15. Tiltmeter Layout from User Manual ..............cccccevveiiiiiiicic e 40
Figure 16. Tiltmeter PROtOGraph .......covoiiiiiiiieee e 40
Figure 17. Agilent 34970A Data Acquisition / Switching Unit...........cccccoeiiniininnnnnns 44
Figure 18. Agilent 34970A Data Acquisition / Switching Unit Backside ........................ 46
Figure 19. Channel Expansion Card Side VIBW..........ccocereiiiinieniininieiee e 47
Figure 20.Channel Expansion Card TOP VIEW .......ccccocviieiieiicic et 47
Figure 21. Datta acquired from the first 4 Channels...........c.cocooiiiii i 48
Figure 22. Data Acquired from 8 Channels ..........c.ccooveiieiii i 49
Figure 23. Sensors of Gravitational Station ............ccccevveeiiiiii e 54
Figure 24. Computer, Power Supply and Acquisition Unit. ..........ccccevvviiinininninnnnns 55
Figure 25. LabVIEW Front End INErface ...........cccooeiiiieniiiseeeee e 56
Figure 26. LabVIEW BaCKeNd VIBW .........cccoiiiiiiiiiieie e 57

Figure 27.Create Files SUDVI ICON.........cooi it 57



Figure 28. Create FileS SUDVI PLL.....ccooiiiieiece e 58
Figure 29. Create FileS SUDVI PL2........ocviiieiiee e 58
Figure 30. Create FilesS SUDVI PL3.....coo oo 60
Figure 31.Header EXample OF .tXE ..o 61
Figure 32. UTC Time Transformation ............ccouiieieieieiesesesese s 61
Figure 33. Condition for 5 SeC AQUISITION..........ccuiiiiiiiieere e 61
Figure 34.Condition for New File Creation ..........cccceoeieiiiiiiiisiseeceeese e 62
Figure 35. Reading and Writing Data ............cccoeiiieiieieiie e 63
Figure 36. Communication with Switching unit ptl........c.ccccovviiiiiiiiiie e 65
Figure 37. Communication with Switching unit pt2...........cccccooeiiiiiii i 65
Figure 38. Write into .tXt SUDV L ....coovriiiiiecee e 66
Figure 39. File Organization ..........cccooeieiiiineiieieeese e 68
Figure 40 Folder File’s EXaMPIe........ccccoiiiiiiiiiiiiiciceeee e 69
Figure 41. -12V Channel monitoring eXample ..o 69
Figure 42. +12V Channel monitoring eXample..........cccooeiiiiiininiinnece e 70
Figure 43. Tiltmeter EW Channel monitoring example...........cccccovveiiiiiiiicviecie e 70
Figure 44.Tiltmeter NS Channel monitoring example...........ccccooevieiiiie v 71
Figure 45. Temperature Channel monitoring eXample ..........cccoveveeiicie i v 71
Figure 46. Central Level Channel Monitoring EXample.........cccooceiveiiiveiieie e 72
Figure 47. Lateral Level Channel Monitoring EXample ..........ccccooviiiiininnnncns 72
Figure 48. Feedback Channel Monitoring EXample ... 73
Figure 49. Gravitational Acceleration Raw data of January and February 2022.............. 73
Figure 50. Inclination of NOrth-SOUth AXIS .........couiiiiiiiiie e 74
Figure 51. Inclination of East WESE AXIS ..o 75
Figure 52. Temperature Monitoring for January 2022............ccccoeeeiieeiiieiiieeiie e 76
Figure 53. Pressure Monitoring for January 2022 ...........cccceevveiieiieesie e e 76
Figure 54. Lateral Level Signal MONITOrING .......cooveiiiiiiiiicce e 77
Figure 55. Central Level Signal MONITOrING ........cccveiiiiiiieiieii e 78
Figure 56.. +12 V SUPPIY MONITOTING.....cc.iiiiiiiiiiieieie e 78

Figure 57. -12 V SUPPIY MONITOTING.......oiiiiiiiieiieiciee e 79



15

Figure 58. Gravimetric Variation based on theoretical tidal fluctuation. ......................... 80



16

INTRODUCTION

Around 20 years ago, in the Universita della Calabria, geological studies were done
utilizing LaCoste y Romberg Gravimeter Model-1089, a good choice at the time LaCoste &
Romberg gravimeters where highly desired due to its accuracy, and build quality, although a
steep price. After a period of inactivity of more than ten years, twenty years later a first attempt
to create a measurement node for gravimetry is done with this thesis with this equipment. The
final aim is to create a worldwide network of gravimetric measurement nodes for a global study
of gravity changes in the world.

After initially connecting the device in September 2021, the measurement devices were
checked to determinate if they were still operational, hardware was chosen to measure the signals
and software was developed to monitor gravitational parameters from this measuring equipment.
Initial successful results were obtained. The metrological characteristics were evaluated by
comparing the tidal variation measured by the gravimeter and the theoretical one imposed by the
moon. Unfortunately, the vibrations introduced by the building structures hid these signals and a
new location for the node were established in the ground of Cube 41C of University of Calabria.

With a combination of other metrological monitoring station located on the same
University (Cube 41B) that has several metrological sensor equipment, the creation of a
metrological station with gravimetry sensors was finally achieved by the end of December 2022.

The thesis is organized as following. Chapter 1 presents general concepts of gravimetry,
the measurement instruments, their architectures, and applications. Chapter 2 describes the
hardware and software architecture of the gravimetric measurement node, the achievable
accuracy. Chapter 3 shows the results of the gravimetric signals acquired in the period January

and February 2022. Conclusion follow in Chapter 4.
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CHAPTER 1: INTRODUCTION OF GRAVIMETRY APPLICATIONS AND
EQUIPMENT

Gravimetry is the discipline in charge of studying the acceleration of gravity in, or near,
Earth's surface and its variations (Timmen, 2010). This discipline has several advantages for
mankind is fundamental for mapping (Olesen, 2022), navigation, and universal timing (G.
D'Agostino, 2005) (Snadden, 1998), which is utilized for urban and rural development,
transportation (L. Kallivroussis, 2002), construction (Carlos Duque, 2008) [7], and other human
activities. Also, the monitoring of Earth’s changes in the oceans (A. Albano, 2015), ice caps and
atmosphere (A.ThomasJ.Gebhart, 1994) can be fundamental, prevention, and mitigation and
alarm rising of natural disasters such as the ones generated by seismic (T.M.Niebauer, 2011) or

volcanic activity (Vajda, 2016).

1. Gravimeter

A gravimeter is an accelerometer with the purpose of measuring the strength of the
gravitational field, in our case, the acceleration due to earth’s gravity. The units of measurement
according to the International System (SI) is the meter per second-squared [m/s?]. However,
another common unit of measurement is the Gal which conversion rate is 1 cm/s®. Since earth’s
gravity is not constant through all the surface, previous research on the zone of Arcavacata where
this station is located in (Biolcati E., 2013), the accepted value for this zone is g = 9.80106699 +
9 x 10-8 ms? obtained with absolute gravimetry. Absolute gravimeters are the ones that report a
local value for the gravity in the position where they are placed. Relative gravimeters utilize a
measurement obtained by networks of gravimeters on different locations determine a local
measurement. This increases accuracy of the measurement but increases the complexity (Biolcati

E., 2013).
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A Operational Principle

There are several methods utilized by gravimeters to measure the acceleration of an
object regarding the gravitational force at which an object is subjected to. In (World Documents.
LaCoste & Romberg Gravimeters, 2015) the most common methods utilized by gravimeters are

evaluated. The three most common methods are the following:

a) Free-Falling Object
The simplest method utilized is to measure the fall of an object (Biolcati E., 2013). By
measuring the fall time on an object and the distance it falls, the following equation can be

utilized to determine the acceleration of this given object (LaCoste M. G., 2006).
1 2
x=x0+ vot‘l‘ Egt

This equation corresponds to the uniform accelerated movement of a free-falling object.
By measuring this object on three different instances in the same fall, the variables of the initial
position Xo, and initial velocity vo are not required for the calculation of the acceleration. With

the following equations, the gravitational acceleration g can be easily determined.

( 1,
xl =x0+ v0t1+ Egtl

1
<x2 =x0+ v0t2+ Egt% (2)

1
k.x3 =Xy + votg + Egt%

(x3 —x1)(tz — t1) — (X2 — %) (t3 — t1) 3)

B A S Ty
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Figure 1. demonstrates the variables required for the calculation of the acceleration.

XoVo ey t=0
) A— .
xl —_—— t)
x} — tg

\ 4

Figure 1. Time Diagram of a Free-Falling Object (World Documents. LaCoste & Romberg
Gravimeters, 2015)

This method is utilized in to determine absolute gravity in gravimeters such as the model
Migro-g LaCoste A-10 which is a transportable instrument, or the Migro-g Lacoste FG-5
(LaCoste M. G., 2006) which has a higher sensitivity and accuracy, but it is not a transportable
system. In this case the measurement accuracy depends on the accuracy with which the distance

and the time can be measured.

b) Static Spring—Mass System
The second method is the spring mass system. This system suspends a given mass by a
spring and it is elongated due to the gravitational force until it achieves equilibrium. This is

shown on Figure 2.
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mg

Figure 2. Equilibrium of a Spring mass System (World Documents. LaCoste & Romberg
Gravimeters, 2015).

The acceleration will be determined by Hooke’s law. In equilibrium, the net force of the

system adds up to zero as shown on equation 4:

mg—k(l—1)=0 (4)

Where:

e m corresponds to the mass of the object

e Kk corresponds to the elongation constant of the spring

e | is the distance the spring is elongated in the equilibrium position

e |y is the initial elongation of the spring without the application of any force

e s the gravitational force.

This method is utilized on relative gravimeters (B Richter, 2013), which means that the
measurement obtained for the gravitational force is compared with other measurements of other
gravimeters. The variation of the gravitational acceleration Ag will proportionally vary

accordingly to the variation of the elongation of the spring 41 as shown on equation 5.
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As these equation shows, the sensitivity is directly proportional to the elongation.
Therefore, a spring with a low stiffness, and a low elongation constant will stretch out a further

distance increasing the resolution of the gravimeter. This is shown on Figure 3.

e VA I S 7"/ !
- Ag E :

AL” AL"

Figure 3.Sensitivity relationship to the elongation of the spring (World Documents. LaCoste &
Romberg Gravimeters, 2015).

Formula description of this relationship is shown on equation 6.

m
- = — (6)
Ag —L & Al

Therefore, the resolution and uncertainty of these types of devices depend on the

accuracy with which the distance variation can be measured (B Richter, 2013).
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c) Zero-Length Springs

More modern gravimeters utilize zero-length springs (LaCoste L. ). Zero-length springs
are specially designed coils that would have a virtual length of zero if they were not subjected to
any force and are also able to sensitive to compression forces. This makes them efficient at
monitoring oscillating quantities such gravitational variations. with high accuracy any force.
Research has been done on the materials of zero-lengths springs, either quartz of metal.
Considering those studies, LaCoste & Romberg decided to go for metallic stings on their
measurement devices (D. Zhong, 2013) as springs have longer life spawn. Gravimeters based on
this principle where initially developed by LaCoste back in the first iterations of the company in

the year 1934 (LaCoste L. J., 1935).

The diagram of how the layout of these systems is shown on Figure 4. A leaver is fixed in
point one end, and a mass is suspended on the other. The spring creates a reaction forge to the
weight to counteract the tension that is produced by the mass suspended on the leaver. However,
the mass does create a variation on angles a and J. By measuring these angles, the gravitational

force and finally acceleration can be calculated (LaCoste L. J., 1935).
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Figure 4. Torque equilibrium of a zero-length spring system. (World Documents. LaCoste &
Romberg Gravimeters, 2015).

In equilibrium, the sum of all the torques of the system equals to zero. Equation 7 shows

the direct and inverse relationship of the variables.

mgacos(B) = k (Il — 1) bsin(a) @)

—k (L=1y)b %cos(ﬁ)
Equation 8 shows the calculation of the gravitational acceleration.

o= 2l ®

ma l
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Gravimeters developed by LaCoste & Romberg, as the one utilized on the system
implemented on this research metallic springs, which are useful due to its long duration on the
field. These gravimeters are also valued for their portability, making them common for on fields

applications (J. C. Harrison, 1984).

As on the previous example, the resolution and uncertainty of the gravitational force is

dependent on the ability to measure the elongation of the spring (LaCoste L. J., 1935).

B. Applications

Gravitational anomalies can be caused by a diversity of reasons such as changes in earth
tides (A. Albano, 2015), atmospheric density (Simpson, 1982), barometric pressure, and seismic
events (A. Albano, 2015). It must be noted that for these applications extreme resolution is
required. For the more extreme applications like on determining geological constants in (Biolcati
E., 2013), results with 8 decimal points and a resolution of 90nms™ are used to determine local g

values in southern Italy.

Gravimetry is utilized in diverse fields of study. In the mining field, gravimetry can be
used to determine the material below earth’s surface. The measurement of the gravitational field
can allow scientist to determinate the distribution and composition of masses within the interior

of the Earth’s crust, allowing the detection of hydrocarbons and other minerals (Peters, 1987).

Another application of gravimetry is the monitoring of the variation of the Earth’s tides
(R. Sulzbach, 2021). The water displacement of the water in the oceans leads to several fields of
study. For example, tide monitoring can allow prediction on the sea levels on coastal cities,
where hydroelectric plants exploit this phenomenon to produce energy (A. Cazenavea, 2009) .

Also, tide monitoring allows for the monitoring of variations mineral displacement in the oceans,
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and its effect on the flora and fauna of area. This gives valuable information for sustainable
phishing and preservation of diverse marine creatures. Tidal currents also influence the
temperature, precipitation, wind, and pressure of studied areas (Jing Tong, 2018). The study of it
which can shine a light on the metrological status of the studied area and its possible
repercussions in the weather which is used for navigation of sea craft as well as possible natural
disasters related to atmospheric variations such as tropical storms (Jing Tong, 2018). Tidal
variation is affected by the position of the sun and the moon relative to the Earth, as their gravity
affects the tides and allows scientist to pinpoint the location of this celestial bodies (A. Albano,

2015).

Lastly, the G as gravitational changes travel at the speed of light, they are used in warning
systems in seismic zones. Gravitometers are constantly used to study seismic and volcanic
activity as an important area of study where gravimetry has proven extremely helpful is in the
monitoring of natural disasters (A. Albano, 2015). Gravimetry used in warning systems in
seismic and volcanic zones as it studies events, event frequency tectonic plate movements and
earthquake risk estimations (Woollard, 1959). To study volcanic activity gravimetry is used to

study the underground mass distribution and movement that occur on these types of events.

In the south of Italy, where this system will be implemented, research of this field is a
common risk zone of both seismic and volcanic activity. Figure 5 shows seismic activity in the
region of south of Italy. Each circle marks a seismic event, higher than 3.4 on the Richter scale

and within 50Km of the earth’s surface since 1984 to 2014 (A. Albano, 2015).
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Figure 5. Seismic activity in from 1984 to 2014 in southern Italy (A. Albano, 2015)

2. Tiltmeter

A tiltmeter is an extremely sensitive inclinometer used to measure the vertical inclination
of the ground or of any structure that it is attached to (Review of Scientific Instruments, 2008).
The units utilized to measure could either be an arcminute or an arcsecond. An arcminute is
equivalent to 1/60 of a degree while an arc second corresponds to 1/3600 of a degree. Modern
electronic tiltmeters use microelectromechanical systems that allow the user to perform

inclination monitoring in singular or dual axis modes (Review of Scientific Instruments, 2008) .
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A Operational Principle

The operational principle of a tiltmeter consists of a tube with a small pocket of air inside
and filled with an electrolytic substance. Electrodes are placed a configuration such as that the air
bubble that its inside is barely touching both electrodes. As the device is tilted, the bubble is
moved from the zero position and the electronic resistance changes. Then, by measuring the
electronic resistance, the inclination of the device can be determinate. Figure 6 and 7 show
examples of single and dual axis tiltmeters respectively. Note that both configurations have a

common mode terminal to use as reference.

Quter Electrode Quter Electrode

Electrolytic Fluid

Common Electrode

Figure 6. Single axis tiltmeter layout.

Figure 7. Double axis tiltmeter layout.
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In (Jie Liu, 2022) devices utilizing this measurement principle arrived to stability at a

resolution of 1.8 nanoradians an uncertainty below 5%.

B. Applications

Tiltmeters are used to gather information on volcanoes all over the world, like Alaska,
America, Japan, Italy etc. As volcanos are preparing for an eruption, magma fluctuations occur
inside the volcano. As magma is shifting position, seismic activities can be detected by
gravimeters. However, magma relocation inside the volcano also starts to make surface
inclination as magma keeps accumulating in underground pillars from the inside the volcano. In
the surface, an array of tiltmeters can detect this movement and estimate the amount of magma
that is being displaced and estimate the potential risk. This information is extremely valuable as

it can rise an alarm before a natural catastrophe happens (Aline Peltiera, 2011).

By applying the same principle, in the extraction of natural gas tiltmeters are to estimate
the amount of displaces gas on an area gather by monitoring the inclination of the surface. This
process is called hydraulic fracturing or fracking, and it’s a well stimulation technique where
bedrock is broken down with pressurized liquid to extract petroleum or natural gas embedded on

the gravel (V.Cayol, 1997).
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CHAPTER 2: IMPLEMENTATION OF THE GRAVITATIONAL MONITORING
SYSTEM

The objective of this project is to create a measuring station that would give researchers,
as much information as it can be possible for a monitoring of gravitational variations and its
evolution in time. The end user will receive a list of information which will include: the
gravitational field, the inclination of the surface in two axis, North-South, and East-West
orientation, the temperature and pressure of the environment. In the future, to furthermore
complete the atmospheric station, sensors for relative humidity, pressure, wind velocity and the

amount of rain the area will also be included.

This way, a combination of on-site measurements as well information from
meteorological live stations in the nearby areas will complete a metrological station located in
Aravacata, Rende Cosenza in the south of Italy. This has been an area of interest by geologists,
as mentioned before due to the high seismic activity location around active volcanic zones as the
southern on ltaly is. Particularly, this situation is located in Universita della Callabria: Latitude:

39°21'29.39" N, Longitude: 16° 13'21.00" E.

1. Equipment

At the moment, the station includes a gravimeter, in particular the LaCoste & Romberg
Model G1089, and a tiltmeter, the 712 Model from the 700-Series made by Applied
Geomechanics which has an integrated temperature sensor. Both sensory elements are connected
to the Agilent 34970A Data Acquisition and Switch Unit which is controlled by a computer
running software that controls the data acquisition, as well as the processing and storage received
by these sensors. Figure 8 shows the connection scheme of this monitoring system as well as the

flow of information:
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Gravimeter
LaCoste & Romberg
Model G-1089

Computer
Processing & Storage

Tiltmeter
Applied Geomechanics
Model 712

Data Aquisition / Switching Unit
Agilent 34970A

Figure 8. Acquisition System Diagram

The following section will detail each element and its capabilities.
A. Gravimeter LaCoste & Romberg Model G-1089

The LaCoste & Romberg Model G-1089, is showed in Fig. 9

Figure 9. The LaCoste & Romberg Model G-1089
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a) Technical Specifications:

Obtained from the datasheet in (LacCste And Romberg, 2004), the technical specifications are

the following:

. Range: 7000 mGal

. Resolution: 0.005 mGal

o Accuracy: 0.04 mGal or better

o Repeatability: 0.01 to 0.02 mGal

. Drift: 1.0 mGal per month or less

. Length: 7-3/4 inches (19.7 cm)

. With: 7 inches (17.8 cm)

. Height: 9-7/8 inches (25.1 cm)

. Weight: 7 pounds (3.2 kg)

. Weight of the battery: 5 pounds (2.3 kg)

. Weight of meter, battery and carrying case: 22 pounds (10.0 kg)

b) General Information:

Several considerations that should be taken into account about this the G-1089
gravimeter. For starters, it has an extremely high range of measurement of 7000 mGal (World
Documents. LaCoste & Romberg Gravimeters, 2015). The mGal is utilized for high accuracy
measurements on the gravitational acceleration and its equivalence to the international system of

units is shown on equation 9, while equation 10 shows the sensitivity

1 Gal = 0.01 ms—2 9)
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The range of this particular model is higher than other models done by LaCoste & Romberg,
such as the model D gravimeters which have a range of 2000 mGal (World Documents. LaCoste

& Romberg Gravimeters, 2015).

However, the accuracy of the reading of this gravimeter, can be influenced by a variety of
factors. The three main causes of errors according to studies done to LaCoste & Romberg
gravimeters are (A. Albano, 2015): temperature fluctuations, shocks, and calibration errors.

These factors can make variations such as that the precision is affected up to +0.05ums™.

To avoid shocks, the gravimeter was placed on an excluded area with low traffic of
people. This way, the gravimeter will not be disturbed by people who can pass and accidentally
disturb the extremely sensitive device. When it comes to temperature, the gravimeter is
extremely sensitive to temperature fluctuations. The internal temperature of the gravimeter must
remain around below the 56.00 °C to maintain the accuracy and longevity of the device. The
ideal internal temperature is 55.85 °C = 0.02 °C. (A. Albano, 2015). The importance of
maintaining the temperature is so detrimental for the correct functioning of the device, that it
comes with an external battery that will maintain the gravimeter in the correct operating voltage
for the device not to go below the desired temperature range as long stretches of high

temperatures might damage the device.

In order to further isolate the gravimeter from temperature fluctuations two actions were
taken. The first one was to locate the gravimeter on the basement of the building. Other than
isolating the monitoring system of other people who might disturb the acquisition of data, this
location will allow the gravimeter to remain cool on the summer, where in Cosenza-Calabria,
where this gravimeter is located, temperatures of up to 40°C or higher can be reached. The

second action that was taken was to isolate the gravimeter with the ambient temperature by
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enclosing it in a polypropylene box as done previously on (A. Albano, 2015). This will

furthermore isolate the gravimeter from external temperature fluctuations. Figure 10 shows the

isolation box where the gravimeter is placed:

Figure 10. Polypropylene Thermal Isolation Enclosure

C) Calibration of the device:

Lastly, for the calibration of the device, the procedure detailed below was followed. In
order to (LaCoste M. G., 2006) explain the steps taken for this calibration a diagram and photo

are shown on figures 11 & 12.
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Figure 11 Gravimeter Top View Diagram

Figure 12. Gravimeter Top View Photo
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For starters, a verification that the central dial is positioned on the clamped
position before doing any movement of the gravimeter.

The gravimeter was then moved to the location where it is going to be set. The left
side of the gravimeter (as shown on the image) should be aligned with the North-
South Axis.

Set the feedback lever in the MVVR OFF position, it is located on the top right of
the gravimeter and turn off the reading & level light switch.

Connect the cables on the back of the gravimeter. There should be three cables
connected to the back, corresponding to the central level, left level and feedback
channel. CL, LL and FB correspondingly.

Connect the gravimeter and the battery to the electrical power.

Move the dial on the bottom left (see image) to the “G” position.

Verify on the LCD screen that the gravimeter is has a constant voltage of 12V.
Wait at least for 12 hours in order for the battery to fully charged (as indicated by
the LED lights on the battery charger) and also for the gravimeter it to achieve a
desired temperature of 55.88°C. This was verified by moving the lower left dial
into the “B” position and check the desired temperature is achieved on the LCD
screen. For this implementation, the waiting time was more than a week before
the gravimeter was manipulated further.

Once the set-up time has passed, turn on the reading & level light switch. The
level bubbles will now be easily visible.

With the light turned on, turn slowly the two dials of the cross level until the

bubble on the cross-level section is positioned in the middle.
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11. Turn the long level dial until the bubble in the long level is set up on the middle.

12. Turn the arrestment knob counterclockwise until the mass is fully unclamped

13. While looking through the 15x microscopic eyepiece, turn the nulling dial until
the reading line arrives to the value of 2.5.

14. Turn off the light from the reading & level light switch.

15. Turn on the feedback from the lever in the top left position of the gravimeter and
place it on the bottom position. The one corresponding to 10V.

16. Finally, enclose the gravimeter with the polyurethane isolation box.

After this set up process was done, constant controls were done to control that the internal
temperature of the gravimeter did not surpass the 56.00 °C. This was done constantly after the
gravimeter was set on the final position and several variables were taken into account. The
bubble levels were checked and kept centered during the next weeks after the set up. The reading
line was controlled, and it remained constant around the and the control of the first couple of

weeks can be shown on Table 1.



Date

2021-12-21

2021-12-22

2021-12-22

2021-12-23

2021-12-27

2021-12-28

2021-12-29

2021-12-30

2022-01-02

2021-01-04

Hour

22:52

13:59

16:47

14:42

15:21

17:30

14:50

21:09

21:06

22:30

Bubble

Levels

OK

Ok

Ok

Ok

Ok

Ok

Ok

Ok

Ok

Ok

Reading

Line

(oculare)

2.5

2.3

2.25

2.3

2.3

2.3

2.3

2.3

2.3

2.3

Reading

Number

(36__)

36600

36600

36000

36001

36601

36601

36601

36601

36601

36601

Gravity

measures

Dial in D

-1417.9

-1247.7

-1212.9

-1227.2

-1220.5

-1308.9

-1160.1

-1448.5

-1343.2

-1310.1

Table 1: Monitoring of Gravimeters Temperature.
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Temperature

[°C]

Dial in B

55.84

55.87

55.87

55.86

55.85

55.85

55.85

55.87

55.88

55.87
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Figure 13 is an image taken the 18 of February of 202. and shows how the gravimeter has

kept the reading line, initially settled on the value of 2.3 measured by looking at the eyepiece.

Pt

Figure 13. Eyepiece Photo

Figure 14. how the gravimeter after two months of operation has kept on the desired

temperature range, with a measurement of 55.85°C.

Figure 14. Temperature LCD monitoring
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B. Tiltmeter: Platform and Surface Mount Model 712
a) General information:

The tiltmeter utilized for the creation of this measuring node for gravitational applications
in this case of the family of the 700-Series Platform and Surface Mount Tiltmeters from Applied
Geomechanics. In particular, the one utilized for this project is the 714 model (Applied
Geomechanics). This tiltmeter has a are dual-axis analog output signal. It is designed for high-
sensitivity and low power consumption. The advantage of the 700 Series tiltmeters from Applied
geomechanics is that it is made for long durability, and reliability under rugged field conditions,
which makes it perfect for projects in remote locations where it will provide years of trouble-free
service in industrial and laboratory applications. In previous research, this tiltmeter has been
used on hydraulic fracture applications (Moradi, Angus, & Sharma, 2022) and seismic activity

(A. Albano, 2015) (Pater, Koning, Maxwell, & Walters, 2008.),

The 714 model is constructed with a stainless-steel base plate, and a stainless-steel cover
dome that shields the sensors, PC board, connectors, and switches. It has adjustable legs that are
used for leveling the tiltmeter on any hard horizontal surface. However, these adjustable legs are
also knotted which means that it can also be utilized for setting it on vertical application. The
nuts will ensure the adjustment of the surface mount tiltmeter and will guarantee that the

tiltmeter will lock in place for long-term measurements.

Figure show the tiltmeter and well as its layout view with the dimensions.
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Figure 15. Tiltmeter Layout from User Manual (Applied Geomechanics).

Figure 16. Tiltmeter Photograph
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One of the advantages of this Tiltmeter is that it has several external parameters such as
temperature, and the voltage supplies that powers the sensor. Table 2 was obtained from the
datasheet of the device indicates the color coding of the different signals that come out from the

gravimeter on (Applied Geomechanics).

Connector Pin Assignments and Cable Color Coding

Bendix Amphenol

Pin # Pin # Wire Color Signal/Function

H B red +12 VDC in

A I black Power ground+t

B F violet -12VDC in

G G blue Channel +Y out

K E brown Channel -Y out

J C gray Channel -X out

& A green Channel +X out

F* - - Case or cable shield (earth
ground)

E D white Signal groundf

D H yellow Temperature out

FSignal and Power grounds are common on the tiltmeter electronics circuitry.

* Pin F is connected to the tiltmeter case in Models 701-1, 711-1, 714-1, 716-1 and to the drain wire
(shield) of the tiltmeter cable in Models 701-2, 711-2, 714-2, 716-2, 702, 712, 715 and 717.

Table 2. Color Coding of Tiltmeter (Applied Geomechanics).

As we can see from the table above, the tiltmeter has 7 signals useful for the monitoring
in the device in the gravitational station. Two dual signals are utilized for the monitoring of the

two axes that the gravimeter measures.

At the moment of set up, a compass was utilized in order to align the Y axis of the
gravimeter with the North-South axis of the earth and the X axis was aligned with the East-West
direction. Additionally, the voltage supply was also connected to the switching unit in order to

control the power supply of the tiltmeter. This will allow future researchers the monitoring of the
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power supply in case an anomaly occurs on the measurement of the tiltmeter. This will also be
useful to determinate if a power blackout occurred as it will allow researchers to pinpoint the
exact time frame at which it happened. For the power supply monitoring, the tiltmeter has three
signals: a +12V power supply, a -12V supply, and a ground connection which is the same for the

supply of the tiltmeter, as well as for the output signals of the tiltmeter.

Lastly, this tiltmeter has an external temperature sensor which allows the monitoring of
the ambient temperature where it is located. In total, the tiltmeter has 7 signals that can be

monitored.

The basic operating principle of this tiltmeter is that it contains two electrolytic level sensors
(one for each tilt axis) that produce a change in resistance in response to a rotation of the sensor.
By using a voltage divider to sense the resistance change, the electronics in the tiltmeter amplify,
actively rectify, and filter the AC sensor output to form a high-level DC signal that is

proportional to the tilt angle. Some technical features that this tiltmeter has are the following:

e The sensing of the change in tilt angle with is done with an electrolytic sensor

e All electronics are on a single printed-circuit board.

e The external connections of the circuit board are gold-plated in order to increase the
operation life of the tiltmeter and a noise-free operation.

e All resistors are utilized are of premium quality with a 1% tolerance.

e This tiltmeter was hand-assembled, calibrated, and tested at the plant with stringent
quality control standards from the manufacturer.

e The temperature sensor that is installed in the base and allows users to record and

evaluate the effects of temperature changes on measured structural and ground behavior.
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The use of the tiltmeter is required, as in a previous study done by [Anna], a correction
factor to the value of the gravity must be taken into account due to the inclination of the surface
where it is placed. In the previous research done with the same equipment, a correction factor

shown on equation 11 is
8g(nms™2) = g (1 —cosB) = 510736 (urad) (10)
Where the function of the inclination, 6(t), was obtained by the tiltmeter.

b) Technical specifications of the tiltmeter

The following list specifies specifications of the tiltmeter model 714 from Applied

Geomechanics (Applied Geomechanics).

e Angular Range: +8000 pradians
e Uncertainty: +0.46 degree
e Scale factor: 1 pradian/mV
e Resolution: 0.1 pradian
e Repeatability: 1 pradian
e Linearity: 2% of full span
e Temperature coefficient
o Scale factor: KS = +0.05%/°C typ
o Zero shift: KZ = +3 pradians/°C typ
e Tilt output: £16 Volts DC (differential)
e Output impedance: 270 Ohms
e Temperature operation range: —25° to +70° C

e Temperature output:
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o Scale factor: 0.1°C/mV (single-ended)
o Operation range: —40° to +100°C,
o Accuracy: +0.75°C accuracy

o Zero point: 0°C=0mV

C. Agilent 34970A Data Acquisition / Switching Unit

The Agilent 34970A data acquisition and switching unit is an extremely powerful
acquisition system that has several features and has a high versatility of operations. It can be
used for the monitoring of up to 20x3 channels both in DC and AC as well as options to monitor
thermocouple, thermistor and RTD temperature measurements. It can be used as a voltage source
both in AC and DC and it has 3 expansion slots with 8 different expansion cards utilized for

several diverse applications (Agilent ).

Figure 17. Agilent 34970A Data Acquisition / Switching Unit
a) Technical Features

The main technical features of the switching unit are listed below (Agilent ).

e Scanning of up to 120 analog input channels

e Measurements of AC and DC signals
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e Capability to monitor temperature instruments such as thermocouples, thermistors
and RTD’s

e Capability to measure, 2 and 4 wire resistance

e Capability to measure AC and DC currents.

e Capability to monitor frequency, and period of AC signals

e 6.5 digits of resolution (22 bits) with 0.004% accuracy for DC voltages

e 50k reading nonvolatile memory including timestamp

e Scaling and alarms available on each channel

e Scan rates up to 250 channels per second

e GPIB and 115 kbaud RS-232 interfaces standard

e Software drivers available for Agilent VEE and National-Instruments LabView

The basic requirements for this gravitational station where that the acquisition system
allows for a minimum of 8 channel monitoring systems with a space for growth for future
implementation of sensors and the possibility to connect it to a computer to control the data
acquisition and for manipulation and storage of the received data. Lastly, as for every acquisition
system, the highest possible resolution of the acquisition system was valuable, as the
gravitational measurements due to tidal fluctuations are extremely small, and a high resolution
could allow for a better detection of them. As shown by the technical characteristics, the Agilent
34970A switching unit is capable of monitoring up to a 22 bit resolution, 6.5 significant figures
with an accuracy of 0.04% and proves to accomplish all these requirements, making it a perfect

candidate for this application (Agilent ).
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b) Channel Delay Characterization

One important parameter to determinate from the Agilent 34970A data acquisition and
switching unit was the time delay it takes from the measuring of one channel to the next channel.
It should be noted that for gravimetrical applications, timing is an extremely important parameter
as the synchronization of different gravimetric stations is utilized for several research projects.
Therefore, reporting the delay that this device will take between the measure of each channel,

and evaluating its effect on the entire system is vital.

On the hardware side, on the back of the switching unit there is space for three expansion

slots. This is shown on the following picture:

Figure 18. Agilent 34970A Data Acquisition / Switching Unit Backside

On the upper slot, a 20-channel general purpose switch was introduced. This allows for
the switching unit to be able to measure 20 different channels. An example of this expansion

card and its connections is shown on the images below:
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Figure 19. Channel Expansion Card Side View
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Figure 20.Channel Expansion Card Top View

With a function generator, a sinusoidal with a frequency of 1Hz and an amplitude of 3V
was generated and the same was introduced on the first 8 channels of the acquisition unit. Then
with LabView, utilizing the SCPI command language for the Keysight 34970A data acquisition
system (Keysight), a directive to measure the same signal on the 4 channels was sent. This
process and the SCPI directives will be further explained on the software section below. In
theory, by sending measuring directive at the same time for the first 4 channels which are
connected to the same signal, all the channels should measure the same value of the generated
sinusoidal. However, as shown on the graph below, the sinusoidal from each channel shows an

apparent small phase shift compared to the ones of the previous channels.
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Figure 21. Datta acquired from the first 4 Channels

This problem was further amplified as more channels were introduced on the scanning
list. To scan several channels, a scanning list should be first specified with the following SCPI

command:

e rout:scan (@101,102,103,104)

This command will scan the first for channels on the expansion card inserted into the
switching unit. However, as the list increases further than 6 channels, the switching unit is not
able to process the whole scan list as it exceeds the memory limitations for a single scan.
Therefore, to scan more than 6 channels, two different scan lists should be stablished. To scan 8

channels, the SCPI directives should be

e rout:scan (@101,102,103,104)

e rout:scan (@105,106,107,108)

The set up of the scanning lists will introduce an additional delay between channel number 4 and
channel number 5, and also between channel number 8 and channel number 1 as the channel list
should be reset to the original scanning list to acquire data from the first four channels.

Graphically, this can be seen as a larger faze shift between the first four channels and the

5 5 b7
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posterior four channels. This can be seen on the following graph, where the first four channels
seem to have a small faze shift among each other, but they have a larger apparent faze shift with

the following four channels.

On Figure 22, channel 1 is graphed in blue, while channel 5 is graphed in purple, showing an

apparent faze shift between the signals (Keysight),.
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Data Point Number (# out of 520)

Figure 22. Data Acquired from 8 Channels

This process of switching between channel lists for the measurement of 8 channels was done a

total of 520 times to gather a large data set of points.

To calculate the delay between the channels, the inverse function of the sinusoidal was utilized to
determinate the apparent time at which each measurement was taken. Knowing the direct

function of the sinusoidal:

y = A x sin(2nft)

Where the amplitude of the signal was A = 3V and the frequency f = 1Hz, the inverse sinusoidal

function is to determine the apparent time at which the measurement was done is:
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Finally, by repeating this procedure for each datapoint obtained on each channel, a list of times:

tcqr through teys was achieved for the where the diverse measurements each of the 8 channels.

To determinate the delay between the measurements between channels 1 and 2, equation 13 was

implemented:

delaycyi—cuz = t; — t4]

Generalizing for any channel | on equation 14. :

delaycyi—cui+1 = ltiv1 — il

Note that the absolute value is required as the inverse sine function has negative values between

the values of -1 and 0. With these considerations, the following delays between channels where

obtained and are presented on Table 3.
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Delay Between Channels Delay [s] | Standard Deviation [s]
1 & 2 0.00832 0.00088
2 & 3 0.00792 0.00089
3 & 4 0.00770 0.00086
4 & 5 0.12357 0.04000
5 & 6 0.00827 0.00094
6 & 7 0.00798 0.00103
7 & 8 0.00777 0.00777
8 & 1 0.15605 0.05876

Table 3. Channel Delay Results

As it can be seen from the table above, channels on the same scanning list have an low
delay between each other. However, when the scanning list must undergo a reset and changed,
the delay is increased considerably. Finally, separating the delay of the channels that are on the
same scanning lists, from the delay of channels between scanning lists and averaging them, the

expected delay between channels is the following:
Between subsequent channels on the scanning list:

e Expected delay: 7.99ms

e Standard variation: 2.06ms
Between channels on different scanning lists:

e Expected delay: 140.0ms

e Standard variation: 49.4ms

With the delay values, a couple of observations must be noted.
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e Variables of higher importance and with a higher variability over time should be
prioritized and placed on the lowest possible channels as the delay accumulates from
channel to channel.

e Variables that influence other variables should be placed on subsequent channels and
splitting them into different channel lists should be avoided. For example, the inclination
is utilized to correct the gravimetrical acceleration, so they should go on subsequent
channels, preferably on the first scanning list.

e Variables with a lower dynamic nature, such as temperature or the voltage supply can be
placed on higher channels.

e Finally, as studied on (A. Albano, 2015) the frequency at which gravitational
metrological node takes its measurements is 0.2Hz, l.e. a sampling period of 5 s.
Therefore, a delay of 7.99ms for subsequent channels and 140.0 on between channel lists
represents a 0.16% and 2.8% respectively compared to the 5 second sampling period. In
comparison, the delay values are extremely low, therefore for this particular application
the order of the measurement does not have such an important effect on the
measurements. However, in another application where signals that are measured with a
higher frequency, the previous mitigation actions should be taken into account to avoid

delay issues.

D. Other equipment

The final hardware elements required for the gravitational station where a voltage supply
for the tiltmeter and a computer for the measurement control, data processing and storage. In

terms of the power supply, the only requirement was that it can maintain a constant voltage of
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+12V and -12V for long periods of time without variations. In particular, the model Codevintec

Model 02-4380 was chosen as it accomplished this requirement.

In terms of the computer, the only requirement was that it was able to run a version of
LabView that allows for the NI-VISA drivers, as included in them is the GPIB 488.2 functions
pallet which is utilized for the bilateral communication with the Agilent data acquisition and
switching unit. However, these packages have support for LabView since versions dating back to
2014 and supported in operating systems that go back to Windows XP. Therefore, the
requirements for the computer on the hardware side for the metrological station was not difficult
to accomplish. For this project, a computer with an Intel Xeon XE, 4GB of RAM, with a 200GB
SSD, running Windows XP and LabView version 14.0 surpassed the requirements for the

gravitational station.
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All the hardware sensors of the system are shown on the photo of figure 23.

Figure 23. Sensors of Gravitational Station

In the upper left corner, the tiltmeter is shown. On the lower left corner, the gravimeter is
located. Connected to the gravimeter, in the middle, the voltage supply control for the gravimeter
is located. The gray box controls the voltage supply that is utilized to power the gravimeter. It
has a control system that takes energy out of the electrical grid and powers both the gravimeter
and the battery, which is located on the right side of the image. The control box switches the
energy supply for the gravimeter between the electrical grid and the battery so that the
gravimeter in case the system is disconnected from the energy supply. This is fundamental as a
disconnection of the gravimeter from the power grid for long periods of time as this might led to
a decrease of the internal temperature of the gravimeter which will affect the correct operation of

the device.
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On the figure 24, the computer where the data is being processed as well as stored can be
observed. On the right-hand side of the table, in the back the voltage supply for the tiltmeter is

located. On the bottom right-hand side of the table, the Agilent Switching unit is located.

Figure 24. Computer, Power Supply and Acquisition Unit.

Lastly, as the images show, the metrological station is located on a secluded area. This is
an advantage as the sensors will not be disturbed by bystanders passing by. Now that the
hardware section of the metrological station is being fully described, is time to explain the

software side of the station.

2. Software Implementation

For the software implementation, a program was created in LabView for the control and
acquisition of the geological parameters studied on this metrological station. On the front end,

figure 25, the running program is minimal:
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Dutput Foldeyr
% C:\Documents and Settings\Francesco\Desktop\0 Juan Jose\35 Data 2014 E'

stop

Read Data
-4.98960300E+00,-6.48377200E+00, +4.98440300E+00,-6.47630200E+ 00, + 2.32220000E-01,-1.88611500E-01,+ 1.19490180E+ 00,-1.16911620E+ 00

utc in therory

00:00:00.000 PM
DD-SMnNm-YY

date/time string Time UTC

Figure 25. LabVIEW Front End Interface

From top to bottom, it contains a folder path where the data that is being processed is
being saved, as well as indicators for the last read data, an indicator for the date and time in
string format which shows the date and hour that the data was taken, and lastly, an indicator of
the date and hour in UTC format, which is how the information is presented on gravimetrical

studies.

On figure 26 the back end the following panel is shown:
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Time UTC

QOutput Folder

rrr

Read Data

ﬁ
GEC

utc in therory

Figure 26. LabVIEW Backend View

As we can see, there is a diversity of modules that have a desired action. Each one of

them will be detailed in the following sections.

A. File Creation Block:

Starting from the left of the back-end panel, the create files SubVI:

Output Folder

Fath T
e FILES
ARRAY

Figure 27.Create Files SubVI Icon.

When opening this block, the logic for the creation of the files is found. In the beginning,

the following panel is found on figures 29-30:
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Main Folder in

EP\.‘ h
E %eY%em%d %H%M%S Format Date/Time String
3 1
e 40
Get Date/Time In Seconds FlET ey
— ;

TILT-125upply |
TILT EO (XAxis)
TILT +125upply
TILT NS (YAxis)
TILT Temp

Figure 28. Create Files SubVI pt1.

\Path Array

........

g [i][1==]
|+ replace or create ¥} J'lj K s

8%

&l

Figure 29. Create Files SubVI pt2.

In the top corner, the main folder path where the data reports are being saved is passed to
the next section. On the second row, an initial “Get Date/Time in Seconds block is being placed,
and then the time is transformed into UTC format. The process of the creation of the different

files is done every-day at 23:59:59. That is why an addition of 1 second is done so that the name
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of the file is created with the date of the next day. This is done 1 second before the next day so

that it does not interrupt the data acquisition process.

The next two array of strings include: at the left the folder name where the data will be
stored so that every variable is saved on its own folder, and the second one includes the initial
part of the name that the file will take. The second part of the name that the file will take will
include the date and the hour that the file was created, obtained at the end of the second column.
By doing this, all the files will have on the name: the indicator of what parameter the file is
measuring, the date that the data was taken, and lastly the hour of the creation of the file. Since
the data is separated in different files for every day and the creation of the data is done at
23:59:59 plus 1 second, the hour of the creation of the file will always be 000000 (hour format
without the : character). This is also a safety feature in case the acquisition system is stopped
during the day, as an overwrite of the data is undesired, and it will be easier to merge the files
afterwards. The second image shows how the strings are combined for the creation of each of the
individual text files, and lastly, the output of this block is an array with the path of the created

files will be used later for the writing of the data into the .txt files.

For example, the file named “20220111 000000 GRAV FB.txt” corresponds to the
gravimeter feedback channel, corresponds to the 11™ of January of 2022 and was correctly
created at midnight. Moreover, this file will be located on the “<MainFolder>\8 GRAV FB\”

directory along with the other files for the gravity feedback channel acquired on different days.

Figure 30 of the File Creation Block SubV1 contains the following blocks:
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I Strumento Channel UbDMm Ratio Intervalo(s)

vl s Quiiral—

m Tiltmetro
Tiltmetro
Tiltmetro
Tiltmetro
Tiltmetro
Gravimetro

Gravimetro

- o
=)

Gravimetro

Figure 30. Create Files SubVI pt3.

This section only makes sure to correctly print a heather for each of the 8 files generated
of the 8 different parameters that are being studied by the gravimeter or tiltmeter. This heather
includes the instrument where the information was taken on, the channel to which is connected
on the Agilent Switching unit, the unit of measurement of that particular parameter, the ratio to
transform between that unit of measurement from the input voltage signal, and lastly, the interval
in seconds which separates the different measurements of that quantity. For the previous example
of the “20220111 000000 GRAV FB.txt” file, the heather on this file will be the following. On
this case, the unit of measurement is the volt and there is no transformation into an acceleration
since that should be done further by specialists that will utilize this information and will use their
models to determinate the gravity. In the meantime, this file only reports the raw data obtained as

a voltage signal. That is why the conversion ratio is 1 as shown of figure 32.
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[E 20220111 000000 GRAV FB.xt E3 ‘
Stru.mento| Channel UDM Ratio Intervalo(s)

Gravimetro 10 v 1 5

List of aquisitions:

S e M & I SR VIS |

20220111000000 1.234522E+0
20220111000005 1.234160E+0
20220111000010 1.240968E+0
10 20220111000015 1.278922E+0

[Tollse]

Figure 31.Header Example of .txt

B. Time Based Control Structures

In the main back-end diagram, figure 32, the hour is utilized on several instances in order
to control the two while loops utilized and the case structure. At the beginning, date and time are

obtained and transformed into UTC format with the following bocks.

1a =g i
Get Date/Time In Seconds 3 E utc in therory

iz:00
fivdivor

Figure 32. UTC Time Transformation

Once the hour is in UTC time, it is used for several internal controls. In the control of

figure 33:

Format Date/Time String

[0 . .
) date/time string
g =]

(e
3 8
me In Seconds

Figure 33. Condition for 5 sec Aquisition

From the data in UTC, the seconds information is extracted into a string. That string is then

transformed into an integer number and an integer division by 5 is performed. If the result is 0, it
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means that the second where this is a multiple of 5 and makes the actions inside the case

structure execute. These actions will be discussed in the following section.

In the second control, figure 34, the signal that is obtained with the UTC hour is

transformed into a string and an evaluation of the time is done

235959
Format Date/Time String
HH%EM%S 17 T oo

=01
‘T
E L2 a

Figure 34.Condition for New File Creation

The output of the equality will acquire a true value only if the current time (in UTC) is
equal to 23:59:59. If this condition is met, the internal while loop will be stopped, and the
external while loop will come into action. The external file creation block is the one in charge of

the creation of the files discussed on the previous section.

Lastly, the UTC date and hour information is formatted so that the date and hour enter the
true condition of the case block. It should be noted again that the true condition of this block is
accessed only at multiples of 5 seconds starting at midnight every day. The False condition of the
case block is completely empty. On the true condition, two different actions are taken place as

shown on figure 35:
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% EI True ~ t
P

TREK
FILES

AAA
N - . DEVICE
%Y %m %d %H%M%S |

- _g— Send Data
Format Date/Time String: l ; .

Figure 35. Reading and Writing Data

The two actions that are taken inside of this block are the following: reading from the
device (green block) and printing the different .txt files (pink block). These blocks contain Sub

VI’s that will be further explained on the following sections.

C. Read From Device:

The read from device Sub VI oversees the bilateral communication with the Agilent
34970A Data Acquisition & Switching Unit. They are connected by a USB to RS-232 cable that
connects the computer with the acquisition system in that order. Then, by directives utilizing the
SCPI command language and utilizing the GPIB send and receive modules from the GPIB 488.2

function library the communication between these two devices is achieved.

The scanning of the channels of the different channels requires the individual
configuration of them. In the configuration, the maximum amplitude expected must be inserted
as well as the resolution expected on the reading. To scan the eight channels of that the
gravitational station has, a higher emphasis was done on separating the channels based on the
expected operating range, and signals where grouped based on the maximum values that they can

achieve. By doing this, three different scanning lists where set. The first one scans the variations
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of the inclination signals of the tiltmeter as well as its voltage supply and is set to measure up to
20V. The second one oversees measuring the temperature obtained by the tiltmeter, measuring
up to 5V. Lastly, the last scanning list contains the values of the gravimeter and is set up to

measure up to 10V.

The following commands SCPI directives were implemented in order to scan the 8
channels currently evaluated, and the process is repeated every 5 seconds. The commands are the

following

o *rst
e conf:volt:dc 20,0.0001, (@101,102,103,104)
e rout:scan (@101,102,103,104)
e init
e fetch?
e conf:volt:dc 5,0.0001, (@105)
e rout:scan (@105)
e init
o fetch?
e conf:volt:dc 10,0.0001, (@107,109,110)
e rout:scan (@107,109,110)
e init
e fetch?
The block diagram that communicates the previously stated directives are shown on

figure 36 and 37.
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f@107,108110) 3

Icunf:wu}t: dc 10,0.0001,

I(@105]

|1.DODODOE+2=

Irout:scan I'

Iccnf:voltdc 1,0.0001,}

Iruut:;can I‘*

[[[[[

(@101,102,103,104)

Iccnf:volt:dc 20,0.0001, frmmmmmnmnnmannnnnnnnsssnnnnnnnnanssonnnnnannnnsnoeoc O nns | B e
Figure 36. Communication with Switching unit pt1.
Read Data
Irout:scan } fretch? bl 2] frmomm 5
R
4]
ECEIL) o
SEHD, =

3

Figure 37. Communication with Switching unit pt2.

It should be noted that in the upper lines, blocks where introduces to eliminate the new

line creation after each of the reading directives, and at the end, commas were introduced to
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maintain the data obtained by different channels separated by commas. In this way, the final read

data will take the following shape:

-4.98960300E+00,-6.48377200E+00,+4.98440300E+00,-6.47630200E+00,+2.32220000E-01,-

1.88611500E-01,+1.19490180E+00,-1.16911620E+00

Where the eight measurements of the different channels are presented in scientific
notation, with the dot (.) as a decimal separator and the comma (,) as a separator for the different
measurements. The next block will separate the data, process it and print it into the different .txt

files created on the file creation block.

D. Write into .txt SubVI

The final block is in charge of printing the different measurements on the correct .txt files
from each of the parameters that is being measured. The block diagram of this Sub VI is shown

on figure 38:

Path Array

“Acquisition, Time Strings

[abe

e

Channel Data

Figure 38. Write into .txt SubVI.



67

As an input, this block has the path array where the locations of the diverse .txt files are
located. An acquisition time string that includes the date and the time that the measurement is
also passed into the block, as when the data is printed, a time stamp that indicates this
information will be placed before the measured data. The channel data first separated into an
array and then converted into a double variable. This is done in order to multiply the values by
the transformation ratios that will change the voltage signal into the correct measured
parameters. In this case, the measured parameters that are transformed are the inclination of
obtained by the tiltmeter that is transformed by multiplying by multiplying it by a factor of
50.8urads/V. In the same way, the temperature value is multiplied by a scaling factor of
100°C/V. The other measurements remain in volts, as the researchers that utilize this information
will utilize diverse methods and models to finally transform the electrical signals into the desired

parameters.

Finally, the numerical values of the diverse measurements us further transformed back
into a string type character, it is joined with the time stamp that indicates the time at which the
measurement was done and finally, with the write to txt block, the data is written in the

corresponding .txt file.
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CHAPTER 3: RESULTS

1. Folder Structure and graphs:

Figure 39 shows the Main Directory where the data is stored of the 8 channels monitored through

the months of January and February of 2022:

1 TILT -125upply
2 TILT EO

3 TILT +125upply
4 TILT NS

5 TILT Temp

6 GRAV CL

7 GRAV LL

8 GRAV FB

Figure 39. File Organization

Each folder is filled with data separated every day based on UTC standard time and

separated on daily files as on figure 40.



|=l 20220101 000000 TILT -12Supply
|5l 20220102 000000 TILT -12Supply
|=] 20220103 000000 TILT -12Supply
|=| 20220104 000000 TILT -12Supply
|=] 20220105 000000 TILT -12Supply
|5l 20220106 000000 TILT -12Supply
|5l 20220107 000000 TILT -12Supply
|=] 20220108 000000 TILT -12Supply
|=| 20220109 000000 TILT -12Supply

|=] 20220110 000000 TILT -12Supply

Figure 40 Folder File’s Example

Figures 41-48 show examples of each type of file gathered, its decimal precision, the unit

E 20220101 000000 TILT -12Supply - Notepad

File Edit  View

btrumento

Tiltmetro

Channel UDM Ratio

List of aquisitions:

20220101000000
20220101000005
20220101000010
20220101000015
20220101000020
28220101000025
20220101000030
20220101000035
20220l101000040
20220101000045
20220101000050
20220101000055
20220101000100

-11,956878E+@
-11,956965E+0
-11,956933E+0
-11,956944E+0
-11,956944E+0
-11,956922E+0@
-11,956954E+0
-11,9569@0E+0@
-11,956954E+@
-11,956954E+0
-11,956965E+0@
-11,9569@0E+@
-11,956933E+0

Figure 41. -12V Channel monitoring example

69

Intervalo(s)
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E 20220101 000000 TILT +12Supply - Notepad

File Edit  View

Strumento

Tiltmetro

Channel uDM Ratio Intervalo(s)

List of aquisitions:

20220101000080
20220101000005
2022011000010
20220101000015
2022011000020
20220101000025
20220101000030
20220101000035
20220101000040
2022011000045
20220101000050
2022811008055
202201@1000160

12,008106E+0
12,008160E+0
12,008138E+0
12,008149E4+0
12,008149E+0
12,008149E4+0
12,008149E+0
12,008138E4+0
12,008138E+0
12,008171E+0
12,008149E4+0
12,008128E+0
12,008117E4+0

Figure 42. +12V Channel monitoring example

E 20220101 000000 TILT EO (XAxis) - Notepad

File Edit  View

Strumento

Tiltmetro

Channel ubDM Ratio Intervalo(s)

2 prad 50.8 5

List of aquisitions:

2022010100000
20220101000005
20220101000010
20220101000015
2022010100020
20220101000025
20220101000030
2022010108035
20220101000040
20220101000045
202201601000050
20220101008055
20220101000100

-986,282102E+0
-986,281035E+0
-986,279917E+0
-986,282102E+0
-986,278800E+0
-986,281543E+0
-986,281035E+0
-986,279917E+0
-986,278800E+0
-986,279917E+0
-986,281035E+0
-986,279358E+0
-986,278241E+0

Figure 43. Tiltmeter EW Channel monitoring example



E 20220101 000000 TILT NS (YAxis) - Notepad

File Edit

btrumento

Tiltmetro

View

Channel upM Ratio

4 prad 50.8 5

List of aquisitions:

20220101000000
20220101000005
20220101000010
20220101000015
20220101000020
20220101000025
20220101000030
20220101000035
20220101000040
20220101000045
20220101000050
20220101000055
20220101000100

-985,811490E+0@
-985,8114190E+0
-985,811490E+0
-985,811490E+0
-985,810932E+0
-985,81@932E+@
-985,809865E40
-985,812608E+0
-985,809865E+0
-985,810424E+0
-985,809865E+0@
-985,809865E40
-985,809306E4+0

Figure 44.Tiltmeter NS Channel monitoring example

E 20220101 000000 TILT Temp - Notepad

File Edit

Strumento

Tiltmetro

View

Channel UDM Ratio Intervalo(s)

5 °C 100 5

List of aquisitions:

20220101000000
20220101000005
20220101000010
20220101000015
20220101000020
20220101000025
20220101000030
20220101000835
20220101000040
20220101000045
20220101000050
20220101008055
20220101000100

15,19@000E+0
15,179000E+0
15,179000E+0
15,179000E+0
15,173000E+0
15,173000E+0
15,173000E+0
15,184000E+0
15,179000E+0
15,184000E+0
15,168000E+0
15,1900600E+0
15,184000E+0

Figure 45. Temperature Channel monitoring example

Intervalo(s)

71
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E 20220101 000000 GRAV CL - Notepad

File Edit

Strumento

Gravimetro

View

Channel ubm Ratio Intervalo(s)

7 \ 1 5

List of aquisitions:

20220101000000
20220101000005
20220101000010
20220101000015
20220101000020
20220101000025
20220101000030
20220101000035
20220101000040
20220101000045
20220101000050

20220101@00055
2022010100100

-732,137200E-3
-731,992300E-3
-731,992300E-3
-732,137200E-3
-732,064800E-3
-731,992300E-3
-732,064800E-3
-732,354500E-3
-732,137200E-3
-732,137200E-3
-732,354500E-3
-732,064800E-3
-731,919900E-3

Figure 46. Central Level Channel Monitoring Example

B 20220101 000000 GRAV LL - Notepad

File Edit

Strumento

Gravimetro

View

Channel uDM Ratio Intervalo(s)

List of aquisitions:

20220101000000
2022010100005
2022010l1000010
202201@le00015
20220101000020
20220101000025
202201eloe00030
20220101000035
20220101000040
20220101000045
20220101000050
20220101000055
2022010100010
20220101000105
20220101000110

-391,63690@0E-3
-446,540000E-3
251,264700E-3
31@,368800E-3
-20,570500E-3
-46,863200E-3
-301,821900E-3
283,134600E-3
-317,3947@0E-3
325,651800E-3
32,087100E-3
302,691100E-3
277,991900E-3
212,876100E-3
257,856000E-3

Figure 47. Lateral Level Channel Monitoring Example
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5 20220101 000000 GRAV FB - Notepad

File Edit  View

!Str‘umento Channel UDM Ratio Intervalo(s)
Gravimetro 10 Vv 1 5
List of aquisitions:

20220101000000 1,467534E+0
20220101000005 1,458770E+@
20220101000010@ 1,457@31E+0
20220101000015 1,455728BE+@
20220101000020 1,467244E+0
20220101000025 1,457031E+0
20220101000030@ 1,468910E+0
20220101000035 1,452033E+0
20220101000040 1,450295E+@
20220101000045 1,466592E+0@
20220101000050 1,451237E+0
20220101000055 1,445297E+0
20220101000100 1,459494E+0

Figure 48. Feedback Channel Monitoring Example
2. Gravimetrical Monitoring

As the main parameter of study of interest for gravitational applications is the gravity, the

raw data obtained during January and February of 2022 is presented on figure 49:

Gravitational Force Detection Gravitational Force Detection

Voltage [V]

- o
Voltage [V]

-~ N R B

o
oo

(=]

(4]
(=]
(=]

o
i

0f . . . ] 02t . . . .
Jan 15 Jan 29 Feb 12 Feb 26 Jan 31 Feb 03 Feb 06 Feb 09
Date 2022 Date 2022

Figure 49. Gravitational Acceleration Raw data of January and February 2022
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As it can be seen on the right side of picture where only 3 days are analyzed, the signal
follows a period of approximately 24 hours with two pics. Further research on this variation
show to correspond to the tidal variations due to tidal changes on the ocean. Therefore, the
collected data can be used on further research on investigations that require this data. To

additionally complement this information, other metrological data is also presented.

Figure 50 and 51 present the inclination on both of earth’s axis and its variation on the
studied period, since as shown on (A. Albano, 2015), this information can be further while

processing the data to increase the accuracy of the measurements.

North-South Inclination

North-South Inclination

-984.5 0
| ! -200 t
_985 1 | f
— I/1| ,'Il |Fl] I"-, “ —_—
-c-é A M'I E -400
> Y] 'FI \ n\ : \' A =
) —985 5 l‘,"llu'l \ |J\ | [) _II L \ (71
Al N § o0
& / oy
o .WL,J‘V,I .-"\\, 'I‘II rlb =
-986 BT -800 1
-1000 r e
-986.5
Jan 01 Jan 08 Jan 15 Jan 22 Jan 29 Jan01 Jan 08 Jan 15 Jan22 Jan 29
Date 2022 Date 2022

Figure 50. Inclination of North-South Axis
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Figure 51. Inclination of East West Axis
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In particular the expected effect of inclinations on the gravimetric studies in (A. Albano,

2015), is shown on equation 17:

1)

g [nms™?] = g (1 —cosf)

=5-10 — 3 [prad]

(15)

Additionally, other metrological station located in the same university as this project is

researched, Universitd della Calabria in Arcavacata, Cosenza, also provides additional

metrological parameters. Noted that this station is within a 400m distance of our location site and

are shown figures 52 and 53.
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Dati dal 01/01/2022 al 30/01/2022
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Figure 52.Temperature Monitoring for January 2022
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Figure 53. Pressure Monitoring for January 2022

It is also mentioned in (A. Albano, 2015), that the pressure might introduce additional

uncertainty in the order of:

e -29+0.2[nms?hPal].
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While temperature might introduce additional uncertainty in the angle of inclination in

the order of the direction (A. Albano, 2015):

e 5.28+0.03 (E-W) [urad/°C]

e 1.94 % 0.05 (N-S) [rad/°C]

3. Additional Measured Parameters:

Additionally, the electronic level channels obtained from the gravimeter are also

presented on figure 54 and 55.

1 . L. Levgl Gravin?eter . . L. Level Gravimeterl
e |
0.2 oY | )
||‘. KI‘ ||| ‘l H || |’ |||‘ ||| | n |A \ ﬂ || ln
0{”_ M ||le| | || ‘|| |I ll'lH \H || H_
P 52| || Ml “ll \'y‘\ j||"| w 1”"
g g | A
S. g_m_!‘ |\‘||| 'J HIIIH H\ H Ul || _|_
. |‘ | ] WA
06| | NS ‘ VI- B
'. i | B
0871 v 'I | [] |\ =
_1Jgn01 JanIDB Janl'15 JanI22 JanI29 Jan09:00:00 Jan09:00:02 JanDQZOO:Dtt
Date 2022 Date 2022

Figure 54. Lateral Level Signal Monitoring
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Central Level Gravimeter Central Level Gravimeter
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Figure 55. Central Level Signal Monitoring

The system also monitored the power supply during the whole testing period. As it can be
shown on figures 56 and 57 and the voltage maintained constant around the +12.0 V /-12.0 V

ad required within a 1% accuracy.

+12 V Suppl +12 V Suppl
12.009 " : PP)’ " 14 : PP)’
M. 12
12.008 1
10 t
E 12.007 ¢ E 8l
@ @
o o
ke £
£ 12.006 | o
4
12.005
2 L
12.004 : : : : 0 : : - -
Jan01 Jan08 Jan15 Jan22 Jan29 Jan01 Jan08 Jan15 Jan22 Jan29
Date 2022 Date 2022

Figure 56.. +12 V Supply Monitoring
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Figure 57.-12 V Supply Monitoring

As it can be seen on these examples, the Agilent Switching unit provided monitoring with
a variable range of between -20V to 20 V with resolution of 6.5 decimal places or 0.5uV. And an
accuracy of with 0.004%. Commercial acquisition cards like the NI myRI10-1900 from National

Instruments have a resolution up to 12 bits (National lInstruments).
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4. Confrontation with tidal monitoring from a different station:

As it can be observed on Figure 58, when compared to the actual tidal fluctuations on
earths oceans, The measured results (upper right) closely follow the theoretical approximation
(lower right) and at the left, the Fourier transform with the frequency peaks is as expected for
tidal monitoring:
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Figure 58. Gravimetric Variation based on theoretical tidal fluctuation.
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CHAPTER 4: CONCLUSIONS

As demonstrated on the results section, the expected accuracy of the gravitational
monitoring system proved to be exceptional. The Agilent switching unit with 22 bits of
resolution (while common data acquisition devices have 8-to-12-bit resolution) and a 6.5 decimal
digit precision with 0.04% accuracy proved to be a perfect match for the LaCoste & Romberg
Model G-1089 gravimetry, as this brand has been highly placed amongst research on the field
due to its high-quality gravimeter and development of sensors in the last in the last 40 years. The

brand has been known for its high quality at a steep price.

Further considerations where also done as the delay that the Agilent Switching unit
introduced a delay in the order of the 200 milliseconds. However, it was not dimed signific, as
the sampling period is 5 seconds while and in the worst-case scenarios the delay represents only
a 2% of this sampling period. Furthermore, the gravity fluctuation due to the tidal change in
planet earth follows a variation with a frequency of around 1 day, furthermore, negating the

importance of a 200-millisecond delay with so slow changing parameters.

Future improvements could be introducing new barometers and thermometers to the
gravitational station. Although the information that is used not being directly measured is close
enough to the new metrological station, further implementation, and variety of should be aimed
for. Thankfully, the system allows several possibilities for expansion. Internet connection for live
monitoring is also in the apriority to easy access to the data generated and useful in integration to

larger metrological networks.
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