Investigation of variation in oil sand properties ai@alysis oseismic anan-board truck data

by

Marjan Kakan

A thesis submitted in partial fulfilment of the requirements for the degree of

Master of Science
in

Mining Engineering

Department of Civil and Environmental Engineering
University of Alberta

© Marjan Kakan2014



Abstract

The ever increasing size of mining equipment has causey instabilityconcerngoth on
boardandin the ground underneath. This highlights the need for medejxh knowledge of
variation in the properties of the ground as it has direct influence on the durability asphlife
of mining equipmentSincelaboratory scaléestson the ground material s@lesprovide limited
information gainingfield information from orsite underfoot material providgseaterdetail.
Thepurpose of thisesearch iso analyse the results obtained from two sets efiten
measurements to predict the variation of grouifthess as a haul truck travedserit. The first
data searethe results of seismic measurements using an array of 72 geophones placed along a
mining haul road. As the truck travel®ongthis array, the geophones coll¢lse signalsiue to
themotionof truck. Upon application of appropriate frequency filters to remove noise signals
from the original seismic data, the shear modulus and load stiffness of the oil sand close to each
geophone can be determinad surface wave methods.

The second set alatawasobtained from the oboardtruck systemalso known as VIMS
(Vital Information Management System). Of themerous parametersaVIMS data, we used
strut pressureand truck speed in our analysis. Before performing any cosgrabetween
VIMS andseismic the drift in the time frame the two data sets walsulated and correcte@he
output signal ok geophone can beonsidered airect measurement af particlevelocity. These
valueswere usedo obtain thedeformation ofthe ground by integratig the area underneath the
seismic peak. Thanalysisof VIMS data resulted ia stiffness value in the range ofl® MN/m.
The seismic analysis resultedastiffness range of-30 MN/m. The two methods also predicted
similar shaperends in variation ofround stiffness along the geophone arrays. The predicted
stiffness values are relatively in agreement with the reportedssaild® MN/m for a softened

oil sand.
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Chapter 1

1. Introduction

The main goal of most mining operatsis to achieve increased production. Saigbal has
resulted in @rend ofdesigning and manufacturimgrger equipment. The advent of very large
haul trucks known as ultrelass haul trucks is also a direct result of this transition. An important
aspecbf moving towards larger equipment is the effect of unplanned failure and unscheduled
maintenance of these giant machines on total production. The high magnitude of loads carried by
these vehicles along with their own weight increases the probabilitypddnned and premature
failures. These failures can occur to different parts of equipment. In artlalsshaul truck, for
instance, tires, rims, the suspension systems, and the frame are parts that experience high level of
cyclesloads and hencéhefailure. The failure rate further increases when the ground conditions
are not stable. This can occur due to softening of the ground (oil sands for instance) caused by
weather and the cyclic nature of loads exerted on ground by equipment gitvesdstahlity
issuesave direct influence on thestability of equipment parts. Hence, it is necessary to
develop indepth understanding of equipmembund interactions to enhance the control aker
abovementioned issues.

Theissues regardintine stability of large mining equipment can be egobrized into two main
groups related tground stability and equipment stability. Since these two groups are closely
related to each other, it is inevitablethatstudyof one necessitate®nsidering the effects of
the other. Studies ofrgund stabilityare focused on the properties and behavior of ground
material under various conditions. Such studies can be done through conventional laboratory
testing(such as traxial compression tesihd by performing innovativend modified orsite
tests and comparison of the resuMigreover, thenteraction between the ground and equipment
during mining operatiasitransfers all the ground instabilities to the equipment. Hence, it is
necessary to investigate the influencehefvariation d the ground properties dhe equipment.

Trucks can be considered as one of the most alpisees oequipment inthemining
industry[1]. Most of the time, operators drive these vehicles as fast as theytansin
conditionsto increasgroductivity. The cost for operating a typical fleet of haul trucks can
account for 3@o 55% of the total expenses of an op@&mine[2]. This highlights the



importance of better maintenance stgae and finding the root causétruck failures. Around
20-25% of haulihg costs correspond to expenses related to[8teJires are the link between
the vehicle and ground. Considering the limited number of manufacturers and low inventory of
haul truck tires, tb design and maintenance of tires plays a key{#pldRims are other parts
which require further deelopment and design as haulers are faced toimghactloads due to
unstable road conditions and increased payload capéchj Astheheavestsingle component
of ahaul truck, the truckramealso suffers from significarfatigue and cracking failures which
are caused by the twist or racking motion in the framéhefvehicle[7, 8]. A component which
plays an importantrole in controlling cyclic impacts and fatigue failuretbéframe is the
suspension system. Modifying the current structure of suspension systems in haul trucks is a
possiblesolution[9]. Poor suspension systems also introduce vibrations which can cause safety
issuesmpactingoperatos back problem$10] .

The most important step towards investigation of the influence of grmumdition on
equipment parts is to evaluate the properties of the grouting @shicle travels above it. The
variation ofground properties due to motion @¥ehicle can be a keydicator to prevent most
of damages to different parts. While performing laboratory scalesiesisas traxial
compressiorto predict the behavior of the ground is beneficial, to examine tsg#@ground
properties usin@vailable data collection systsonavehicle could also provideseful
information about ground behavior. The main focus of this thesis is on evaluating the data
acquired by the truck to predict the variation of the ground. These are done by combining the
results of two orsite sets bdata collected by two different instrumef¥#al information
management syste(WIMS) and seismicand correlate their outcomés predict the ground
behavior. In the following sections, a background knowledge on the characteristics of oil sand as
aground material in our study is provided. Also, some background information about the
interaction of oil sand and haul trigkeported in the literature will be presented. In the last
section of this chapter, a brief introduction of the concept of seisralgsagis provided.
Seismic analysis comprises a major portion of this thesis as it providepin information

about the behavior of the ground.



1.1 QOil sand properties

As mentioned previously, the stability of any type of mining equipment dependscagtiifi
on the stability of the underfoot ground. It is very difficult to analyse the stability aspects of
equipment without considering the material undernétb Northern part of Alberta contains
the largest oil sand deposit reserve in the world. Besidavy oil, another type of crude oil is
bitumen. Bitumen is the primary hydrocarbon <c
oil sands bitumen reserves are claséhe surface makingxtracton through surface mining
feasible Surface mining initally used draglines for surface excavation. However, truck and
shovel operations started to replace draglines and long conveyonkibkd 9 8 06 s. Oi | s ar
shows some unstable characteristics which is most likely due to its complex structure. As shown
in Figure 11, it is a mixture of sand, water and crude bitumen. Therefore, dissimilarities in the

behavior of oil sand are expected with any type of variation in the content of each component.

Figure 11. Schematiof the structure of oil sand 1] .

The bitumen content of Albei@aoil sand varies between 1 to 18%. Bitumen percestage
above 12%areconsideredich while anything above 6% economically feasiklto be mined.
Themechanicabehaviour of oil sand has been found to be dependent on the grade (bitumen,
water and sand content), geologic deposition and temperature (influence on the viscosity of oil
sand)12] . It has also been found that the stability of equipment is directly affected by the
stiffness of oil sand. Tdwweather condition changes ifthern Alberta have direct influence on
the stiffness of oil sand. The temperature variation from 38a& causes the oil sand to behave
similar tosandstone in winter artd weaksoft clay in summeiThis is illustrated in Figure 1.2.

As can be seen in this graph, oil sand shows soft characteristics in summer.
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Figurel.2. Oil sand stiffness alifferentseason§l13].

This causes very poor rolling resistance conditions which in turn, requires touo& loaded
with less than their nominglyload. Furthermore, it has been shown that regardless of grade,
geologic deposition and temperatuné,sand stiffnesss a function of deformation. This is
shown in Figurel.3which is plotted based on historical and measured stretfgjtrmation data

[12].
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Figurel.3. Oil sand stiffnesdeformatiornrelationshipl2].

Another important behavior of oil sand is found when cyclic loads were applied. It has been
shown that oil sand softens during cyclic loading and its modulus decreasésawitimber of

cycles.This is illustrated in Figure 1.4



Force (N)
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Deformation
Figurel.4. Oil sand stiffnessleformation relationshifil4] .

Figure 1.4mimicsthe actual mine field conditions where trat¢kavelalonghaul road and
produce cyclic loads on ground. On the other hdodng cold seasons the surface is very stiff
while the suksurface layers are still soft. Uparfew loading cycles, the oil sandtine sub
surface layer softens and causes undulations of the ground. In such conditions, while rolling
resistance is notifh the surface undulations can cause severe cyclic impacts on the structure of
truck. Using this knovedge about the behavior of génd, finding a solution to reach a balance
between these two extreme cases has been the purpose of many academicsmd indu
researches. In the following paragraphs, the results from some recent studies on the stability of
oil sand are presented.

As mentioned, oil sand stiffness is a function of deforma#otypical surface mining
operation consists of digging usisgowels and moving the materiaith large trucks.

Josephl2] suggeste@nempirical relationship between oil sand stiffness and strain in the form

of following equation:

° -B

akD olé&n _ (
& IF to {w
Where k is théoadstiffness of oil sand, F is the load exerted by equipment with the depth of

I&z

Ola

influence D and v is the Poissbmatio (0.290.33). Here d is the deformation and B and C are
empirical constants for oil sand behavior. The depth of influence in this eqisatimtated by

the footprint area of equipment, A, and is independéséasonal change. Based on the extended
knowledge of geotechnical practices in oil sand mining industedepth of influence can be

expressed as follows:
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The mechanical properties of oil sand are also of importance when performing investigations
of oil sand stability. Due to its complex structure, oil sand properties are also affected by the
methodof sample preparation and testing. Triaxial testsraingd and undrained samples are
mostly used for this purpose. Plewes emphaied the fact thato mine field conditions where
equipment loading occurs on the surface, undrained testing condition prevails. The bulk density
of uniformly graded rich oil sand ranges from 2.05 to 2.18 Mg¥ith a porosity percentage of
28 to 3615]. He also reported the modulus of deformationgilifferent confining pressures
(s3) for drained oil sand which is shown in Figuré.

The strength of Athabasca oil sand decreases with increasing tempgtéture
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Figurel5. Modulus of deformation of oil sand for drained triaxial compressiofi&gst

As mentioned, the oil sand stiffness decreases during cyclic loading. The extent of such
softeningcan be affected by parameters such as load level, rate of loading, number of cycles and
temperatureln the case of druck at a giverfrequency of ground cyclic loadinfpr a given load
the ground performanaiepends not only on the speed of truck, but also on the number of trucks
assignedSharifAbadi[13] conducted research on oil sassamplesf 8 and 11% bitumen
content through conventional triaxial and plate loading tests under static and cyclic loading



conditions. Figurd..6 showsthe results of static triaxial tesstn two samples at different

confining pressures. As can be seen in Figuda), the peak strain for 8% bitumen content is
fairly consistent at around 0.4215, due to the low range of the confining pressures apptid

a linear relationship betweean ands; can be established. The peak strain for sasvpih 11%
bitumen is consistent at around G@4Q7. The peak strain for the 8% oil sand is aroune82.5

times greater than that for the 11% oil sand, due tairtliee grain of richer oil sand and a

tendency towards a better arrangement of the particles during compaction. From these simple
tests, it can be concluded that oil sand behaviour is highly variable depending on the grade and

degree of disturbance.

00
a L~ N
( ) o0 / ,_L-Mkpa
/ / t. 250 kPa
¢ o A=
g ——
g 600 //A—"’ N 200 kPa
% // N [is0kpa
400 = o -
200 //—__\\“'_ 1::.
=
0 0.05 0.1 015 02 025
Axial Strain
o
1400 / %= ¢
& 1200 / P S B kil
%1000 /'/ o 500 kPa =
2 oo [ A~ —
4 F—
1wl L1/ —
w i/ —
- /f// 100 kPa
N4

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Axial Strain

Figurel.6. Stressstrain curve for samples with (a) 8% and (b) 11% bitumen under static lo
[14].

Using a largescale dboratory method, Shatffbadi[17] conducted research on oil sand of

11% bitumen content and showed that after cyclic loading for sduandredcycles, the oll



sand pressure stiffnesenverges to a reduced valueB&Pa/mm.This valuehasbeen
subsequentlused for the prediction of ultimate oil sand deformation for different cycled load
levels. Being a viscous material, oil sand deformation was not only found to be a function of
time but also a function of load level and number otesc

From the results discussed above, it can be realized that a relatively comprehensive
knowledge of oil sand behavior exists. From these known facts, methods and empirical
equationssome prediction othe behavior of oil sandnderdynamic conditiosin a minecan
be madeFurthermore, the results obtained from thesda data collectiotestscan also be

confirmed againgiteraturereportedvalues.

1.2 Haul truck -ground interactions
1.2.1 Tire-ground interactions

Comprehensivavork hasbeen done to studie interaction of tirewith different types of
grourd materials. While most of this work hiagen done for highway and agricultural vehicles,
it is still beneficial to reviewsince the principles of interaction are similar to some extent.

In a thorougtstudy, Krick[18] investigated the behavior of tgen soft ground. On firm
ground rolling resistance and slip can, fa thost part, be neglected when undiering and
braking forces, whereder yielding ground they are of ceiterable importance. He investigated
the force system on driven wheels, arsg¢d an improved sigomponentestframe used by
previous workerswith all measurements were made in sandy loam in a soil bin. His main
conclusions were that (a) lateral fosdead an approximately linear relationship with slip angle
up to 30and (b) at a constant slip angle, lateral feecreased as traction fosiacreased.

From the experimental datérick developed relations between tractive and side forces as a
function of side slip angle and wheel slip (an example plot is shown imeFigD).
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Figurel.7. Relationship between side force and side slip angle at differen{ Bfijps

However, his measurements were on fairly small tiviés moderate tire loads. lother work,
Wong[19] presented a different method for studying-tireund interactions. He used a
photographic method to investigate the soil flowd@meath driven and towed tir@seasuring
theresponse of the terrain to the repetitive loading and thesisigage characteristics of the
terrain. He showethat soil does not flow in a mannakin to that beneath a plate, concluding
that the soil flowsn a compositenanner partly sideways and partly longitudinally. The
proportions of each part depemdon the wheel widthSo when the wheel is very wide, only
longitudinal flow occurs. But even beneath a rather narrow wheel, soil edbrgitudinalflow
phenomena. Using his photography method he was able to show that the characteristics of the
flow patterns and the trajectories of the particles show that the behaviour of soil beneath a
moving wheel conforms to the basic principles of soil mechaitos flow zones in sand are
bounded by a logarithmic spiral and a straight line. In clay, they are bounded by sections of
circles and a stralg line.Wong[20, 21] reviewed the existing knowledge of stile
interactions and introduced important methods and models to betlerstanding these
interactions.

As mentioned, there is an extensive knowledge in the literature on the performance of

agricultural and military tires on different types of soil. However, extending this knowledge
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the large tires useah mining haul treksrequires further understanding aedt work.
Investigatingthe causes of tire failuren haul trucls has been an active research field in the past
few years. The most common failures atttéulito tires ardread cuts, heat and mechanical
separationand sidewall cuts. Tread wear outs ocoully when the tread of the tire is physically
worn down due to the abrasive nature of the ground, something thalysseen in oil sand as
other failure mechanisms predominate. Tread cuts occur when a trigobvema sharp piece of
material and it pierces through the tread material. A rolling tire generates heat as it rolls and
flexes, so, heat and mechanical separations occur when heat is generated faster than it can be
dissipated causing the tire temperatiareeach a critical level where the rubber begins to
separate from the steel belting. As the operating temperature of the tires increases they become
more susceptible to failures from increaseechanicaloading, impact and fatigue. Sidewall
cuts occur Wwen the sidewall of the tire folds onto the ground surface duringdhighding
events and comes into contact with sharp material. This generally occurs when a truck turns a
corner.

Due to the strong motivation to study and detect the operational daonage! truck tires,
several approaches have been developed to detect these faults before they occur. The general
themefor such detection is to compare a set of features measured from the current situation to a
reference set for a mdamage cas@.hompsoret al.[22] have investigated the behavior of tires
by monitoring systems that rely on measured features such as suspension vibrations or strut
pressure, which can also be used to characterize minedaalguality. Another approach is to
track the temperature andegsure inside the tire using wireless sensors and identify the faults
occurring during operatiof23]. As a powerful method, modeling the tire and its interaction with
ground and the suspension system can leadytmd unlerstanding of tire behavior. Several
methods of modeling tisson rough surfaces were summarized by Mglde. These are
including: singlepoint contact model (parallel spring and damper), roller contact model (spring
and damper with a single contact point), fixedtprint model (distributed springs and dampers
atthecontact area), radial spring model (springs distributed in circumference of the tire), and
flexible ring model (thin ring connected to springs around the tire) and-&ldétaent models. A

schematicepresenting these methods is shown in Figu8e
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Figure1.8.Differenttypes of models for tire on rough ro§24.

In a recent study, Anzabi et[d] simulated the motion of tisausing a simple dynamic
model and showed that the differences between the motions of tires can be used as an indicator
for monitoring the faults imtire.

Digital image correlation (DIC) iathreedimensional (3D) fullfield optical technique that
measues the deformation of an object using images of the surface provided by savharia
collectdata during deformatiorit is predicted that the strain exhibited at the tire surface will
change as it undergoes wear, fatigue, separation and other forarmajelhe main idea of the
method is based on tracking the motion of points in a small region when the object is undergoing
mechanical or thermal stress. Studies show that DIC methedtleal for tire surface strain
measurement, as a noantact technige, because it does not require any instrumentation on the
tire itself[25]. Kotchan et al[26] were able to use this method measure the deformation f tire
in a laboratory scale test and calculate the tire strain under different loads and pressures. Vertical
and horizontal cuts were made on the sidewall ofcdife8and the imagebefore and after these
cuts were analysed using commercial software. Figj@eshows the displacement difference on
the tire side wall due to the presence of a horizontal cut. This method shows promising results

that can be further extended to faultadgion of onsite haul truck tires.
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Figurel.9. The vertical deformation caused by the presence of a horizontal cut in tire side
[26].

Apart from fault detction, tire maintenance is another research field that aims to prevent tire
failures through proper maintenance. This involves the application of engineering statistics to
find the best maintenance technique. In a case study, ZhoJZf]ainvestigated the effecf
tire rotation practices including the rotation sequence and frequency on the life of tire. They
established relationships betweder life, wear and the frequency of tire rotation and also
suggested the optimum rotatisaquence for a typical truck a similar study28] , the effects
of monitoring tire air pressure as an effective methodvé&tter maintaining haul tck tires has
been reported. Their researchadtypical mine truck brought the following conclusions: high
tire installation air pressure does influence tire life and tire tread wear rate and rear inside and
left front positions experienced the most air pressure spikes.

Another important factor in stlies of tireground interactiosis rolling resistance. Rolling
resistance is thepposing force to rolling motioand prevents vehicle tires from movir@@gne of
the main concerns in the mining industry is to reduce rolling resistance to an acceptble leve
suitable for heavy equipment where a considerable amount of energy can be saved with
appropriate maintenance of roads. Selection of road materials with lower rolling resistance is a

key solution. Numerous works have been dedicated to develop suitabiéatef and
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measurement techniques for rolling resistance d. tifer the sake of brevity, only few are
presented in this report.

Komandi[29] evaluated the rolling resistance force by defining rolling resistance as a
moment, but an active force is needed to move the wheel.z8ante acts at the axle of the
towed wheel and at the perimeter of the driving wheel. He went on to describe piesri
force based on the Coulolequation acting on running gear. Due to inadequacy of detailed
analysis this was furthed via Janoss equationwhich describes the peripheral force as a
function of contact area, load, frictiontime contact patch ahthetangent modulus of shear
stresq29]. Deriving from various observations, the equations were simplified to develop a
model for the moments at the driving and driven wheel separately. These were based on the
forces ating at the axle and on the peripheral forces on a wheel. Although these models were
consistent with all previous models developed, they did not represent the influence of various
factors that affect the rolling resistance of tires. From his observakonsandi drew the
following conclusionmechanical characteristics of towed and driving wheetler static
condtions are similar and analysean be transfeed from one case to the otheherethe
normal force due to deformation of tire or ground ohldwdve horizontahndvertical
components and moments exerted by these about the center of wheel aj2%qual

In anextensive study, Mieg24] employed a series of available models for-gireund
interaction to predict the rafig resistance of tiseunder dynamic vertical load. His basic

assumption on defining the rolling resistance is shown in Fityafe

e

—-

Figure1.10. Tire rolling resistance modeH].

Balancing the momeitased on the above model yid¢he following relationship:

13



0 Q
0 0

Whereh is the loaded radius of the tire and the rafiorepresents the rolling resistance. By

veé & avazicoi ¢ ©

comparing the experimental results and the predicted data form three different models he showed
the validity of these models falynamic vertical load frequenciep to 10 Hz. The limited
amount of experimental dataate it difficult to validate the rolling resistance for higher
frequency loads.

Another approach of analysing rolling resistance was employed by AB@ndUsing a
simple and innovative laboratory scale setup, he was able to correlate the force required for
pulling a scaled truck to the rolling resistance. Trnek was built with dimensions proportionate
to an ultraclass haul truck. This truckas designed to run on a test bed filled with different
materials in the same manneragmultra-class truck runs on a haul rodthe bed also needed to
be scaled appropriatelyhe change in the ramp angle represented a change in the rolling
resistance in thegests In order to establish a baseline relationship between the pulling force
and ramp angle (RR), initial tesstvereperformedon a rigid test bed. Figurg.11 shows he
relation between the pull force and the ramp af@lg

i /i//l
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Figurel.11. Pull force vs. % ramp on flat surfaf20].

Further test were als@erformed on oil sand capped byfdient materials including

limestone, pit run and sand. The effectappingthe materials on rolling resistanceailf sand

14



ground over consecutive cyclessshown When a thin layer of limstone is added on top of oll
sand, the composite starts with a lower value of RR and shows an improved level of stability
over extended cyeig. His finding showedhe important role of using capping materials in
stabilizing the behaviour of oil sadq.

From the review presentetd@ve, it can be realized that the knowledge of the interaction of
tiresand ground is quite wellinderstood. However, further design and simpler measurements
techniquesvould bebeneficial to allow for adding the existing knowledge to the mine fields.
Thefollowing section reviews the influence of ground stabilitysospension systems and frame
of haul trucks.

1.2.2 Suspension systems and truck body considerations

Traditionally, suspension systems perform multiple tasks such as maintaining contact between
vehide tires and the road, addressing the stability of the vehicle, and isolating the frame of the
vehicle from roadnduced vibration and shocks. In general, ride comfort, road handling, and
stability are the most important factors in evaluating suspensiforpance. Ride comfort is
proportional to the absolute acceleration of the vehicle body, while road handling is linked to the
relative displacement between vehicle body and the tit@sever stability of vehicles is
related to the tirgground contact. fle main concern in suspension design and control is the fact
that currently, achieving improvement in these three objectives poses a challenge because these
objectives will likely conflict with each other in the vehicle operating domain.

According to Sarts et al9] , the current status of most suspension systems in mining haul
truck is based oasimple design sed for haulerfor 40 yearsSuch systems mainly rely on a
fixed orifice which controls the dampening for&antossuggested a adification of this system
by varying the size of orifice and proposed a saative suspension. The main objective of this
study was the observatienf ~ mppin UWp evens where metametal contact occurs due to
the excessive forsaluring a high gdvel event. Through application of thermodynamics and
fluid dynamic consideration§antosvasable to model the effect of variable orifice on the
damping force of suspension system. By comparing sasith those from OEM shock
absorbershe showed thathe modified shock absorber generates a greater damping force which
prevents the topping up event.

Several studies have been done on the performance of suspension systems of haul trucks. It

has been shown that the design of suspension systems has aamingféect on several factors
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including ride comfortframedamage, suspensia@peration energy consumptiof®, 31] . The
fundamental issues of current suspension systems were reviewed Hg1-8[8 and the
performance of these systems were analyzed through extensive modeling. Suspension design of
road vehicles necessities a complex compromise amongediiffperformance measures related
to ride and handling qualities. Moreover, control of suspension travel that influences both the
ride and handling qualities of vehicles is another important design task. The minimization of
suspension travel could also impe the productivity of heavy vehicles, considering regulations
on heavy vehicle dimensions. Cole also provides a numerical investigation of the roll control of
heavy vehicles using five different suspension configurations. The study involves an asfalysis
different passive and active suspensions, and it concludes that an increase in the stiffness of an
antiroll bar can improve the vehicle roll stability at the cost of ride comfort. Cole points out that
optimal suspension tunings achieved under certang speeds may not work well for other
speeds. This is particularly important in light of the fact that most road vehicles operate in a wide
range of speeds, apart from road roughness cond[®&hs

Another study was performed by Eslaminagz® on the design andevelopmenof a semi
active intelligent suspension system for haul truck. Several conclusions drawn from his works
are as follows: the gaspring suspension syshs was successfully mathematically modeled and
proven to be able to prediesehavior. Uilizing aneural network was proposed to model and map
the performance of seraictive damper, a new internal solenoid sactive damper was
designed and tested agditwo commercial dampers as benchmawksalysis of the response
times for three different dampers were performed and a newasdive strategy to control the
suspension system was proposed.

As atruck travelsalonga soft ground haul road, it experiereenany high g level loads as
previously mentioned. This is dtethe unstable nature of soft ground, oil sand for instance,
under cyclic loading conditions. The ground undulation is a direct consequence of such
instability. This causes the truck to experience cyclic loadsg reaction tground underneath.
Apart from tire and suspension systems, truck framed bodies also suffsom the appearance
of these loads. In order to realize the severity of such loads on the truck structure[doseph
introduced the concept of rack motion which is defined as the difference of the sum of diagonally
opposite strut pait Assuming k, Re, Lg and Rk denotdl left front, right front,left rear and right

rear struloadsrespectively, rack can written as:
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Rack = [Le+ Rr) T (Re+ Lr)] (4)

From this equation, it can be realized that the proper determination of thexierdeld on each
strut is an important factor. Josejpth also suggested the use of a simpler and more intuitive
descriptor for the amount of rack. Previous works have used the unit of pressure to express the
amount of rack however, expressing the rack in the form of acceleration, i.e. the nfignber
(9.81 m/4) can be recognized be a broader range of people. By performing conventional
Newtonian calculations, he was able to define the level of any dynamic load exerted on each

strut in the following format:

‘ )
O b Q

Where M is the mass applied on each strut arid thedynamiccontribution
on each strut. Hence, thecan be used to define the rack, roll and pitch parameters:
Rack=1/g[(a+as)-(a2*as)] (6)
Roll=1/g[(a+a)-(as+aq)] (7)
Pitch=1/g[(a+as)-(a2*as)] (8)
From the equatiort, Jopesh7] wasable to calculate the magnitude of rack force in terms
of number of @ in atypical mining haul truck in definedperiod The results of his observation
are shown in Figuré.12.
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Figurel.12. Rack experienced by truck in terms of number pf]g

From the number of eveswhere truck experiencg levek greater than 1.5, he estimated the

life of framebased on cyclic fatigue theoryhe analyses of data revealed that the effect of rack
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is dominant when truck is loaded and in roatiBy assuming the realistic number of 80% for
utilization in 350 day operation year, the estimated lifa fothme waseen a$.2 years. This is
significantly lower than the expected life time froine manufacturer point of view which is 10
years. Basedn this example case study, it can be realized the influence of ground instability
which in turn caused the advent of numerous high g level loadmthe structure atruck can
have tremendous damaging impacts on the truck f{d@ne

In another study, Whalen et §] employed finite element modeling to predict gtandard
effect of rack motion on the body atruck. The appearance of cracking in the intersection of
bolsterstringes was found to be the root cause of deflection in the frame. They propaosed so
alternative designs to improve this phenomenon which is a major issue for oil sand operations.
Their suggestions includemproving the welding of the joints at the intersections, changing the
geometry of the floor stiffensand replacing the bolstatringer intersectioswith a cast
component of similar geometf§].

Anotherexample of changing the design was proposed by Poh[8dhITheysuggested the
use of a curved steel membrane floor for the bodies of hauktamckcompared performance
against the flaplate type floor. Their comparison was based on the respone®isf When
struck by a standard impactor. Their optimal membrane design reduced the empty mass of a 172
ton truck by 8 ton. Apart from this, the membrane elimiciéite use of additional wear plates
and also reduckthe fatigue problems associated with el joints. Another advantage of such
amembranavasthe rapid replacement ability since it is only attached to the body by its edges.
They also built a prototype of their best design and reported 20000 working hours without the
need for replacement of thprototypd 34].

1.3, Seismic analysis

The basic and principle component of seismic analysis is thmgeaivave. The behavior of
seismic wavein any material depends on the physical properties of that material. In other
words, the generation, propagation, and attenuation of the wave will be governed by the physical
characteristicef amaterial. Hence, wterstanding the basic principles behind the physical
properties of materials helps better predict the seibeti@viorin that material. Seismic waves
can be considered as elastic waves as they only cause reversible deformation in the medium they

are travéing through[35]. This means that as waves travel through the material, there are
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simultaneous compression and tension motions in the particlegtal®mvave pathway. Before
explaining different types of seismic waves and their characteristics and applications, it is

advantageous to provide a summary of elastic properties of solids.
1.3.1 Mechanical properties of solids
1.3.1.1 Strain

Strain is defined as the change in the dimension of a solid relative to its original dimensions
and usually expressed apercentage. Generally, two types of strai @nsidered for any
material being normal or dilatational strain and shear si8&in Normal strain is defined as the
variation of a material along the axis through which adas being exerted to the material.
Figurel.13describes the one dimensional deformation in a material. As can be seen in this
schematic, a tension force has caudlredormpabi nt s
or dilatational strain is dafed as the ratio of the separation between the two point to the original
separation and can be written as follows:

. ()|

Here- is the normal strain. We can al& and'Q) as the elongation along the y and z

direction,respectively and similarly define
- —and- — (10)

It is also worth mentioning that the strain values due to seismic waves are in the order of 10

and require highly sensitive devices to be detected.
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Figure1l.13 Schemati®of normal strairdefinition

There is also another type of strain called shear strain. A simple explanation of shear strain
can be given based on the two schematics in Fibde In the first case (leffiagran), we can
assume that a block iy planeis fixed at itsbottom face and a pulling force is exerted on the
top right corner of ta block. It can be seen that the block will be distorted and the initially

19



perpendicular faces are inclined. In this case the shear strain would be the angleatianclin
shown as. A more complicated and realistic case is when the whole block body is freely
moving except the left bottom corner where it is still constrained. In this case beside the shear

straina, we also have a diagonal rotation showi.as
yA

=

LT

Figurel.14 Schematic of shear strain definition

—and- % — (11
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1.3.1.2 Stress
concept of stress. For a material under an applied force, the stress is defined as the ratio of the

The next important concept within the context of solid materials properties involves the
force to the area over which the force is being exeHedce, wecan define stress, as the

. (13)

following equation:
Similar to the case of strain, stress can also be normal or tangential to the surface of the
material. If the force has an anglefafo the surface, we can divide the force into two
compaents of normal and tangential. In the latter case, the stress obtained from the ratio of

tangential force to area is called shear stress.
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1.3.1.3 Relationship between stress and strain

For a solid substance, there is a linear relationship between the stratmendue to that
stress accor dB6hAssumiog thhoasdidisundei@gion or compression one

dimensional stress, the strain is proportional to the stress according the following:
, o— (19

Where E is the proportionality chkgareltlant know
demonstrates this relationsHigr a typical elastiglastic material. As can be seen in this plot,
the solid can undergo certain amount of stress without deformation. For almost any solid
substance, there is a limit below which the applied strain is reversible after the load isftaken
This limit is calledtheyield strength of that material. Beyond this point, the solid suffers some
permanent or plastic deformation whismot reversible. However, even for a plastically
deformed material some small portion of the deformationcisvered after the removal of the
load. The slope at which the deformation is recovered is still equal to its elastic modulus as

shown on the diagram.
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Figurel.15 Schematic of stresstrain relationship

In the case of three dimensiorfiatceswhere the stress has some X, y and z component, the
stressstrain relationship becormenore complicated. A tension stress applied along theix
would permitthe solid to elongate along the x direction while it causes contracttbeyrand z
directians. In this case, there #sproportionality between the deformationtirex directiondu,
and the deformatiain y, dv and z,dw directions.Sucha proportionality factor is called

Poissod mtio, ¥ which is a characteristigarameterwritten as:

- t— and- t— (19
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The negative sign is due to the contraction in y and z directions. For most rocks and crystallite
materialst varies between 0.2nd0.3. For a case which the solid is under tensisress in all

three directions, we can write the three components of stige8® following equations:

= l()_ ” iu in (16)
o :
- ,Q (b " ” ” (17)
Q0
- 'Ol_’ i” i" ”
Qa (18)

Similar toanormal stressiormal strain relationship, there is afgoportionalitybetween the
shear stress and shear str&iaring the propagation of seismic wavesisolid, the distortion in
thematerial will cause some shear strain which is proportional tehéar stress with the
proportionality constant G known #gerigidity or shear modulus. There is a relationship
between G and E which will be discussedihowing chaptersvhere we use that relationship to

define arelastic modulus from the shear modsilu
1.3.2 Propagation of seismic waves in solids

We can now use the elastic characteristics of materials defirteeprevious section to
describe the propagation of seismic waves in solids. To describe the behavior of waves in solid
materials, we can use Hookdés |l aw to obtain th
case, waves are traveling in all three dimemsidlowever, it is beneficial to assume the simple
case of one dimension motion to derive the wave equation using the relationships introduced in
the previous sectiofhis could be done by assumiag applied stress and strain along the
length of a rod ashown in Figurel.16[37].

ofx) o(x+dx)
L x
& —
/

u | utdu

v

Figurel.16 Deformation of one dimensional rod caused by longitudinal stress[&ayv
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We assume thatrod hascrosssectionalrea ofdA, density ofr and elastic modulus of E. As
we can seenelement at positior has been moved to the positioadx. It has also been
elongated along-axis bydu. The net force being applied on this element is thereifige
between the initial and final force on the element. In this case, force can be described by stress
times area, i.es(x) dA The stress at the positiarrdx is alsos(x+dx) dA The net force over the
el ement can al so be dawswherdthedote ibeguaNemassofthé s mo t
elementrdxdAtimes the acceleration of particles in the element in the fordfuddf. The

relationship between the two definitions of net forces is as follows:

on 20, .. (19
. o Q0 "=—=Qw0Q
Qo
We can write, " Q, 0 o2 éand replacing the stress with elongation based on

Eq. 14,, o) é,Q cye arrive to the following equation:

'OE'Q Qo %’Q R0 (20)
Qw Qo
Addingthe classical form od dimensional wave equati is:
Qn pon (1)
Qw w Qo
Where the simplest answer for the above differential equation is:
R 00EQwo » (22)
Comparing Eq. 22 with Eq. 20 results in obtaining the definition for the wave velocity based
on density and elastic modulus:

O |

w

- (23)

The three dimensional equation for wagan also be derivealsimilar manner. In brief, the

velocity of compressional (P) and shear (S) waves based on the materials elastic properties can

be obtained from the following equations:

¢O
” (24)

and

23



© 5 (25

Where_i s anot her characteristic feature of sol

with the following definition:
O’ (26)
P c¥

- P

1.3.3 Types of seismic waves

In the previous sections we described the general characteristics of elastic materials and the
relationships between seismic wave behavior and elastic features. Especially, the relationship
between the velocity of two types of seismic waves, compressiodahear waves and the
elastic features were described. These waves are also known as body waves in seismology. Apart
from these two, there are also two other types of wave propagating at the surface known as

Rayleigh and Love waves. A short descriptidreach type will be presented in this section.
1.3.3.1 Compressional waves

To describe the type of seismic wave, it is helpful to visualize the motion of particles
according to the propagation of compressional wave. A compressional wave causes the particle
to move in alternating condensation and rarefactr@anner where the solid particles move closer
together during the former and further apart during the latter. In fact, in three dimensional space
the waves propagate in therfoof spheres. As a compressjaules is applied to an elastic solid,
the zones of compression start expanding outward form the center of the pules in the form of
spherical shells. The radius of spheres increases according to the wave velasityeécribed
by Eg. 24. Following the firstondensation wave, there is another shell of rarefaction zone
expanding with the same spd@d]. Figurel.17shows the propagation of these spherical shells

according to the propagation of compressional wave.
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Figurel.17. Expansion of spherical shells caused by compressional imfaulapted froni38])

Another form oftheequation describing the compressional wave veloeitylze obtainedyb

combining Equations 24 and 26:

O p %
"o ' p ot (@D

1.3.3.2 Shearwaves

The motion of particles due to the propagation of shear wayespendicular to the direction
of wave motionSimilar to the previous case, combining Equations 25 and 26 results in a

different description of shear wave velocity in elastic materials

. 0 p
W ”cp ! (28)

And by comparison of Equations 27 and 28:

o o

o m 1 (29)

This equation suggests that the velocity of compressional waves is always greater than that of
shear waves. This is concluded based on the simple fact that the Poisson ratio for an elastic solid

cannot be greater than 0.5.
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1.3.3.3 Rayleigh waves

Rayleigh waves &vel along the surface of solid material. The motion of particles is in the

vertical plane and in an elliptical direction as shown in Fidui&[39].

Wavelength A
-~ “ Wave direction

v
‘(&0
s'\?-

O 0O O

Particle motion

Figurel1.18 Motion of particles as Rayleigh wave propagdtetapted fronj38])

The magnitude of the particle motion decreases exponentially with depth. The velocity of
Rayleigh waves is smaller than that of sheaves anhine-tenths of shear wave velocitj4Q].
More on this subject will be presented in the surface wave method chidmerelocity of
Rayleigh wavewary with frequency or wavelength. If the suréalayer contains loose material
such that the wave speed is very low compared to the dense subsaytas where the wave
speed is potentially highethe Rayleigh wave velocity is a function of frequeftij. For very
low wavelength compared to the agé layer thickness, the speed of weseabout ningenths
theshear wave velocity in that layer. In this case, the wave most likely does penetrate the
subsurface layersSimilarly, for low frequency or large wavelength waves the surface layer is
most [kely too thin to affect the wave and the wave penetrate the subsurface layers. The speed of
thewave in the subsurface material is about fievels of shear wave velocity in that layer.
Such behavior of Rayleigh wasm which the wave velocity is a fution of frequency or

wavelength is called dispersip#2].
1.3.3.4 Love waves

This type of wave occurs when the surface layer isdpeed overlaying a higspeed

subsurface laydged3, 44]. The motion of wave is both horizahtand transverse as shown in

Figurel.19
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Figurel.19 Motion of particles asove wave propagate@dapted fronj38])

Similar to Rayleigh waves, this type of wave has also dispersive behavior. The motion of
particles is caused by the multiple reflections of waves between the top and bottom layers. For
short wavelength, the Love wave velocity is equal to that of sheariwdve surface layer. For
large wavelength, the speed of wave is equal to that of shear wave in the subsurface layer. The
use of Love waves in seismic analysis is limited as most seismic sensors detect the vertical
motion of ground particles and not therizontal motions.

Different types of seisia waves and their relationshigth the elastic properties of materials
have been introducedhe next step towards analysis of these waves is to apphppriate
methods corresponding to each tyfzeobtain he unknown features. However, a key step before
performing this analysis is to identify tlappropriate conditions and frequendghe case of
surface waves. This is done through investigation of the response from the seismic sensors in the
frequency dmain and filtering out the unwanted signals. Also, it is helpful to understand how

seismic sensors function. These are subjects for the following chapters.
1.4.  Thesis overview

The current thesis consists of seven chapters:

Chapter 1 provides an overview of sand structure and its geotechnical properties. It also
summarizes previous work reported in the literature with respect to the interaction of oil sand
ground and active mining face materials with heavy mining equipment, focusing on haul truck
interactbns. The last portion of this chapter is dedicated to an introduction of seismic wave

theory including applications to obtain ground properties.
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In order to better analyze seismic data, it is necessary to ensure that an appropriate range of
frequencies & selected. This is presented in chapter 2 where the frequency response of seismic
results is highlighted. The concept of filtering in the frequency domain is explained and used to
identify the presence of different noise sources and the process to tithieia presence prior
to any detailed data analysis.

In chapter 3, a brief introduction to the principles of seismic sensors (geophones) is presented.
This is included as it is useful to understand the functionality of the components of a geophone
as wel as relationships between input and output data flow.

The fact that two different data sets were collected (VIMS versus seismic), necessitates the
need for a reliable time scale synchronization. This is discussed and investigated in chapter 4.
Using the tuck speed as a common baseline permitted the VIMS and seismic sourced data to be
compared; performed via a correction factor, applied to the time scales of one data set relative to
the other to negate drift in the raw data pairs.

Chapter 5 provides sometail of the methods previously established by other researchers for
establishing ground properties from seismic waves. The Matthews surface wave method, based
on using a set of waves with known frequency, has been applied to the seismic data in this
reseach, representative of the most widely accepted method to date. Due to the moving nature of
the truck, as the wave source; splitting the data into several smaller data envelopes is explained
in chapter 5 as a new step prior to applying Matthews surface mathod. The overall
performance of the ground in terms of shear modulus is then extracted from the ensuing analysis.

In chapter 6, the results of ground modulus values determined in chapter 5 are compared
against the results obtained from VIMS analySismbining VIMS strut pressure output
(converted to force values passing through the tire to the ground) and accounting for the ground
deformation from previously established oil sand strengteformation relationships permits a
ground force stiffness tdpe realized. This comparison of seismic versus VIMS permits
monitoring of truck data by operations to reveal the variation of ground properties as the truck
moves along a given haul road.

Chapter 7 presents the key concluding remarks of this thesis.

In chapter 8, recommendations for future work, extending this research further including
suggested foci and implementation strategies that might be considered for industry application

are outlined.
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Chapter2

2. Filtering

Seismic data analysisas beerhosen asie tool todiscern anyorrelation between the
passive seismic method and the data from VIMS. Similar to any seismic method, the major three
components of the analysis are the source, recording device and data processing. As for all
seismic investigationshe ground motion is required in order to obtain results. Such motion is
normally generated by explosives, hammer or other energy sources. The energy from these
sources causes the ground particles to move and vibithtéheir density, physical properties,
liquid content, etc. All these propertiegybe extracted from the seismic result through careful
processing. Among numerous industries benefiting from these analyses, waniltbpaina
more detded understandingf@round versufieavy vehiclanteractions. For instance, in oil
sandminesit has been reported that the ground underneath trucks and sélomets significant
instabilityin its propertieg12]. It was shown that oil sand undergoes a softening proc@ss as
constantly strained by heavy mining equipment. Ground softening can then redatiger
equipment contadootprint area and higher rolling resistance which eventually cdugesr
fuel consumption and lower truck tire life. A new unconventionathodtermedpassive seismic
analysishas been usealverthe past few years to identify the properties of oil sand underneath
mining equipmenf12, 45]. It is called passive since the major source of wave is the moving
vehicle and not a controllable static source. However, it is expected that the other sources of
waves includingengines, pumps and tearrounding noise from other vehicles also contribote t
the outcomef measurement$ience, careful data processing is necessatistimguish as
much wave sourcas possible and to filter out the unimportant sig(rabése) Passive seismic
analysis has been successfully used to reveal the interactioreebet shovel and the ground
underneathvia ground behavior during its duty cydl&2].

Apart from the wave source, the recording device is the other n@jgranent of seismic
measuremenihegeophone is the most commonly used instrument to sense tla¢ cagised
by ground motion. Asvill be discussed ichapter3, modern geophones convert the ground
particle motions into a voltage output through the concept of inertia and electromagnetic
induction. The output voltage signal is the result of electromagoatrent induced by a moving

coil. It is the rate of displacement of the coil and not the absolute value of the displacement that
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gives rise to a voltage signal. In fact, the voltage output is theoretically proportional to the
velocity of moving particle that cause the motion. However, obtaining a velocity value requires
anunderstanding of the parameters and equations involved in such conversion.

The last and probably the most important part of seismic analysis is the data processing. A
great level oknowledge exists on various techniques and methods to analyse the seismic
outcome. As mentioned in chaptiedepending on the purposeatest and their configuration
various properties can be extracted. Passive refraction seismic analysis has been successfully
employed to identify the zones of different stiffness in the oil saimeé[45]. In this thesis, the
surface seismic waves are used to explore the change in the properties of the oil sand and
correlate them with the epoardtruck/VIMS load measureants. As mentioned above, the
output voltage of the geophone is a mixed signal that is the sum of various signals from different
sources. Therefore, a significant part of data processing is to deconvolute the effect of each
source and obtain the desiredral. For this purpose, the first part of this chapter explains the
methodology for stepy-step removal of noisef aseismic trace. This is an essential step in the
process of finding a meaningful correlation between the ground velocity and voltage tusp
also important to filter out all unnecessary data points to be able to draw conclusions regarding
the ground stiffness fromseismic analysis.

Before moving forward into the detail of seismic analysis, it is worth to point out an important
difference irthis seismic analysiapproacifrom common typsof analysisln aconventional
seismic or any passive analygise source has a fixed or pletermined positigrthe source in
our case is moving with a known speed. Here we consider the trdck@nme specifically the
truck tires as thevave source This results in a very complicated output signal which reqaires
high level of wave analysis. The interpretation of seismic &rioen a dynamic source is
somewhat beyond the current state of seisamalysis as well as the scope of this thesis.

However, one can simplify the situation by considering the trace of seismic waves as stationary
envelopes of signals in small time intervals. To perform such simplification, we must first select
the desiree@nvelopes since the whole data range can be split into too many envelopes. The
seismic trace from each geophone shows a clear maximum point which can be most likely
attributed to the location of the truck agi@entime. In contrast to VIMS with the freguacy of 1

Hz, seismic traces are recorded with a high frequency of 250 Hz wddohds250 data points

over the period of one second for each geophone. Hence, we can use the seismic data for the time
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interval of one second around the maximum point osthemic trace. In such small time
duration, we consider the truck as a stationary source of wave for all 72 geophones. Then we
analyse this envelope using conventional seismic data processing and explore the ground

properties in these envelopes. Thisasered inchapter 5
2.1  Seismic data processing
2.1.1 Noise sources

As mentioned abovas well as the introduction section of this chapter, the high resolution of
seismic data collection compared to VIMS results in including signals from any source of wave
in the eavironment. The high frequency range of measurement leads to obtaining a seismic plot
which consists of signals from various sourd¢égure 21 displays the resfrom a sample run
in an oil sandnine The data has been plotted in MATLAB software ushgcodes available
online at the University of Alberta websit€eismicLalo [46] data processing package. The raw
seismic trace is often plotted as so caftieihgle plots. The functiomwigbin thefiSeismicLalo
package isised in this figure. Equation 3dows thevigb function along with the parameters
used in it.

0 QAH ol (30

This function requires four input parameters to plot the traces. The first paramnetehe
original seismic data in the form of a matrix with each trace as a column. The second parameter,
scal is the scaling factowhich basically is a multiplication factor. The third inpytis aone
dimensional array of the offset or the distance values. In this case it is a matrix of numbers from
1 to 72 with spacing of 1 m. The last parametéhe time valuagain as dimensional matrix.

The time duration o seismic test was 6®eond. As can be seen Figure 21, a rough
estimate of the truck position can be obtained from this plot. Truck arrives at the first geophone

after about 28econddrom the beginning of theada acquisition.
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Figure 21. Raw seismic traces of a single run

By drawing a straight line passing through all the maximum points we have an estimate of the
average truck speed when moving across the geophone arrays. The slope of this line suggests an
average speed of 4.8 m/s or 17.3 km/h. The averagespsadrom the VIMS data is 4.5 m/s
or 16.3 km/h. However, the truck is not traveling at a constant speed as will be seen indchapter
showingVIMS truck speed. As the raw data clearly shows, there are several indications of noise
in the data. All the geophones afeated by a source of noise that arrives at about 5, 27 and 42
s from the starting timénhighlighted in Fig. 2.1)These could be due to the presence of farther
equipment such asshovel or dozewhosesignal arrives simultaneously to all geophones. Othe
signals which are clearly not caused by the truck tire are also present. In order tcleavera
vision of all noise sources it is essential to look at the frequency response of the geophones.

As mentioned it is not easy to identify the frequencpoease of any wave source by looking
at the original data ithetime domain. The process of convertingatitequency domain is done
usingadiscrete Fourier transform buith MATLAB code. The function is basically an
algorithm for computing Fourier traasform of a vector. A faster transform for large ameoit
data could be obtained when the length of the transformed vector is specified as squared power
numbers. This could be the closest squared numbers to the original length of data. Once the

transformation is done, we need a frequency vector to be able to plot the ddtadguency
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domain. As we know the acquisition frequencyleseismicdata wa®50 Hz, we can create a
vector expanding from 0 to 250 Hz with the same length of the transformexl. VEicjure 22(a)
represents the frequency response of all geophones on a stdgiR The first observation is
that the response is mirrored over the frequency range. This is simply because a Fourier

transform breaks up a signal into complex expaatntand a sine wave is the sum of two

complex exponentials.

w1’
28]

(@

Amplitude

Fraguency (Hz)

Amplitude

Frequency (Hz)

Figure 22. Original data ir{a) total frequency domaimand(b) frequencyrange of 850 Hz
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Another important observation is the presence of few major peaks in the frequency domain
plot. The two most intense peaks are in the rangel®f dnd 120 Hz, respectively. There are
also some peaks in the range of3B8and 7600 Hz. In order to indicatwhether if all these
frequency peaks are originated from the truck movement or any other source, we need to identify
the frequency response of these sources. As mentioned above, the truck engineaould be
significantsource ohoise as it is running constantly in a clgseximity to the geophone array
According to the manufacturer, the Caterpillar 797 truck hydraulic and cooling systems, and
engine power were listed in the range of 700 rpm (low idle) to 1950 rpm (high ndi€)7&0
rpm in the standard conditigd7]. Converting these values to frequency smite find
frequency rangeof 11.6, 2.5 and 29.5 Hz as the low idle, high idle and standard condition
frequency responses, respectively. A quick comparison between these values and the whole data
frequency response Figure 2.2 can easily show the traces of the motor and hydraulic systems
on the geophone data. This indicates that we need to remove these effects from the original data
before drawing any conclusions from seismic analysis. This is normally done through filtering
the data in a certain range of frequency. Another importantsaiithe noise stems from the
tire lugs vibrations as previously reported by Joseph and (W@laccording to the following

equation:

Q —o (B

Wherefr is the tire vibration frequency ang is the truck speed in km/h. According to the
truck velocity from VIMS thetruck travels in the speed range7e?9 km/h which corresponds
to the frequency range of 6.5 to 25 Hz. The average truck speed based on VIMS and seismic
were 16.3 and 17.3 km/h which correspetall4.4 and 15.3 Hz, respectively. This type of noise
source mainly contributes to the major lp@athe frequency response centered around 16 Hz in
Figure 22. The small peak iRigure 22 at around 42 Hz can also be considered as noise
however, its source cannot be identified with the current information. As most noise sources are
now identified, he next step is to apply various filtering methods and examine the influence and
effectiveness of each method on the seismic data and obtain the most optimal filtering

formulation.
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2.2  Filtering methods

Filters are the most common way to remove unwanted coemp®of the frequency response
of any data series. It is normally done by applying a so called bandpass filter to exclude a certain
range of frequency from the whole data. Some §ltdso can mute a portion of data that is
above a certain frequency linflowpass or high pass filters). Filters can be applied both in time
and frequency domains however the latter is usually preferred due to its simplithtytime
domain, the filter is applied through convolution methods as opposed to the frequenayidoma
which the filter is applied by multiplication. A great level of knowledge exists towards filter
design methods. In general, we can divide these methods into two categories of infinite impulse
response (lIR) and finite impulse response (F#®). The major difference between the two is
that the formerds response involves internal
while the latter responds in finite duration and reaches zea@inite time. There are numerous
advantages of FIR @ev IIR methods including better applicability to integer math, easier to
design andyreaterstability, etc. The known types of filter in IIR category are Butterworth,
Chebyshev types | and Hlliptic, and Bessel. On the other hand, methods like windoamnth
multiband and transient bands (equiripple arabt square) are among the most widskyd
approaches theFIR category49]. To explain the math and equations behind each method is
out of the scope of this thesis. However, the procedure to implement selected methods to our
seismicdata analysiso achieve the least level of noise will be presented in the following
paragraphs.

In order to design and implement filters to the seisrate MATLAB software was used. In
particular, the filter design and analysis tool (FDA tgd)]) is a user interface that enables the
design of various filters by inputting the correspogdspecifications for each filter. Two

different types of filter were selected to be applied to our seismic results.
2.2.1 Lowpass filter

In the first method, a lowpass filter in the FIR category using the equiripple approach was
designed. In a lowpass filtehe signals with frequencies lower than theaffifrequency are
passed and the signals beyond thisaftivalue are reduced in their amplitude. In the toolbox,
the required parameters are the sampling frequency which is 250 Hz in queraisgof a

passband frequencydss and beginningtthe stop frequencysf, The last two values could be
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examined to achieve the best result. A snapshot of a typical FIR filter using 10 Hz and 15 Hz as
the passband and stop frequency values is demonstrditaglia 23. As can be seen in this
example, the signals wifrequencies above 10 Hz wile reduced in their amplitude and those

with frequencies above 15 Hz will be removed from the original data.

Frequency (HZ)

Figure 2.3. Lowpass filter with Fs510 Hz, kioi=15 Hz and sampling frequency of 250 Hz

At this point, the filter can be stored as a vector which will then be applied as the convolution
vector to the original data. The results for various passband and stop frequency combinations are

presented in the negection.
2.2.2 Bandpass filter

Another type of filter called bandpass was also used in our analysis of the seismic data. In this
method, the bandpass is defined by four corner frequencies namet,ds &nd f,. This type of
filter is also knowras anOrmsby filter in the literature. The parametegrarid f, are called low
cut and higkcut frequencies and &nd § are lowpass and higipass frequencies. Any signal
with frequency below;for above f will be rejected from the data. The filter is lindsatween {
to f, and f3 to § and flat betweenfto f;. An example of this filter with frequency values of 5, 7,
13 and 20 Hz is shown irigure 24.
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Figure 24. An example of a bandpass filter with 5, 7, 13 and 20 Hz as corner frequenc

Similarto the previous design, MATLAB was used to create this filter. In this case, the
functionbp-filter available inthe ASeismiclLalo [46] package was used. As shown in E2.tBe

function requires six parameters:

0  onNQQa obiehehietia (32

whered is the matrix of the entire seismic dadihjs the sampling frequency which is 0.004 s
in our case, and the four corner frequencies of the Ormsby filter. The function returns the matrix
A, which has the same dimensions of the original deaad can be presented in the form of
wiggle plots usingttewigb function. In the following section, the process of applying these
filters to the original data and their effects on the appearance of data is provided. Once the proper
filter design methodology is obtained, we can seek the relationship betwegopite®ne output
and the velocity as well as the analyzing individual envelopes of signals for our stationery

studies which are the purposetioé next chapters.

2.3, Filter implementation

As mentioned in the previous sections, the use of filters to remowsived signals and
obtain therepresentativeet of signals to analyze is essential. In this section, the process of
application of the two previously mentioned filters on the appearartbe eéismic results will
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be demonstrated in a step wise mannepalnicular, using the bandpass filter allows for

isolating the signals acertain frequency range and observing their effect in the wiggle plots.
Figure 25 shows the design of a lowpass filter that removes the signals with the frequencies

above 35 Hzln order to apply this filter to the data, first a vector containing the filter is created.

The vector is then convoluted to the original matrix of data using theitb®ATLAB function

convfunction.

Magnitude (8}

Tmnmﬂmﬂum O ETRSTA

Frequency (Hz

Figure 25. Lowpass filter with Fs:30 Hz, k=35 Hz and sampling frequency of 250 Hz

Figure2.6 demonstrates the seismic data after applying the lowpass filteFyag#80 Hz,

Fstop=35 Hz and its new frequency response obtained sitoilfie original data.

(a) Lowpass filter applied to seisndata
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(b) Frequency response after lowpass filter

25~ —

I | | | |
40 50 &0 100 120
Frequency (Hz)

Figure 26. (a)Filtered seismic data and (b) correspondfrgguency responsater applying the
lowpass filter with Fas30 Hz, Ko=35 Hz

A quick comparison of the seismic data in FigRi&to that inFigure 21 suggesta very small
difference in the appearance of the data. This is expected since the signals with frequémeies
range of @30 Hz occupymost of the data. The next stegadower the admission range thie
lowpass filter to stoppingmallerfrequendes Figure 27 depicts the result of application of a
lowpass filter withFpas=10 Hz, k=15 Hz and the corresponding frequency response of the
filtered data.

(a) Lowpas filter applied to seismic data
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Figure 27. (a)Filtered seismic data and (b) correspondingguency responsaterapplying the
lowpass filter with Fas&10 Hz, k=15 Hz

Figure 27 showshatthere is a significant change in the appearance of the seismic traces
upon applying the new filter. As the frequency response suggests, all the signals above the 15 Hz
areremoved. It also shows that theneestill three distinct regions in the frequency domain
being 02 Hz, 28 Hz and 815 Hz. The filtered seismic plot also shethvat beside the major
truck movement trace, the effect of the two noise sources of consttariagis from the
geophone arrays still persist. In order to distinguish the effect of each source a different type of
filter known asabandpass filter was used. Using this filter, one can select a certain region of the
frequency domain. An important fumat of suchafilter in our case is to identify the frequency
range corresponding to the two constant noise traces in the seismic result at around 27 and 42
seconds. For this purpose, in the bandpass filter the four corner frequencies of 3, 3.5, 6, 8.5 Hz
were used. Using thep_filter function in thefiSeismicLald packagg46], we can apply this
filter to the original data and observe the resiigure 28 shows the seismic trace filtered using
the above mentioned bandpass filter. As the seismic plot shows, the filter has been able to isolate
the effect of the noise sourcebish are located at the same distance from the geophone arrays.
A careful investigation of the camera recénain the field testsuggests that the noise could be
due to the operation of the shovel and a dozer at constant distance from the geophone arrays.
Hence, it is very important to remove these noises from the seismic result to obtain meaningful

data for analysis.
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Figure 28. (a)Filtered seismic datapplying the bandpass filter with corner frequencies8F
Hz, F,=3.5, R=6 and E=8.5 Hz and (b) the corresponding frequency response of the de

2.4. Optimized filtering options

Now that the nature of the two main sources of the noise is identified, wesedhe lower
frequency signals as tlessumegbure truck motion effect on the geophone arrays. Several
configurations of the application of the filters on the data are provided in the next few

paragraphs. In the first case, the two filtering approaches uged to isolate the signals in the
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range 62.5 Hz.Figure 29 shows the results of applying a lowpass filter Wths=2 Hz,
Fstop=2.5 Hz as well as a bandpass filter wiil0 Hz, K=1, =1.7 and =2.5 Hz.

I(a) Lowpass filter applied to seismiatd
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Figure 29. The seismic result after applying (a) lowpass filter withs?2 Hz, F=2.5 Hz and
(b) bandpass filter with corner frequencies@Hz, =1, RK=1.7 and =2.5 Hz

As both filtered seismic graphs kigure 29 show, the traces follow a trend similarthe
motion path of the truck. This suggests that the utilization of the low frequency signals is the
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most appropriate method for isolating the most useful part afdisenic data. As both plots

show, the effect of noise source close to 27 s time line is mostly diminished. However, the
presence of some noise signals around the time 41 s still persists. Interestingly, this set of noise
signal is mostly evident towardsetkend of arrays. This highlights the importance of the choice

of upper limit frequency when applying a bandpass filter. It is possible that some signals in the
regions above 2 Hz still contain contributions from the shovel or dozer. In other words, an
ovellapping of signals might happen in the frequency range®H2 where both truck and
shovel/dozer have contributions in the original data. To eliminate such overlapping issue, the
most intuitive approach would be to further tighten the passband innigt&igure 210

demonstrates the result of applying a bandpass filter which removes all the noise signals with
frequencies over 2 Hz. As the plot shows, the signals with constant arrival time of about 41 s are
not visible using this filtering option. Thigill be the first option for filtering which will be used

in the next chapters. The second filtering option is designed based on removing the signals with
over 20 Hz frequencies. This is to investigate the signals due to the tire rotation as well as the
low frequency signalslhis will be demonstrated in chapter 5 whtre effect of different

frequency choices for obtaining the shear modulus is investigated
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Figure 210. The seismic result after applying bandpass filter with corner frequens@$iE,
F=1, =1.5 and (=2 Hz

43



The application of the above mentioned two filtering options and their effects on the surface
wave seismic analysis will be investigated in chaptdrhe first filtering option will also be
used to clear the trace of each dgempe and have a better vision of the maximum peak. The
result will be used in identification of the drift in time scales of the VIMS against seismic data. It
will also be used to calculate the area underneath these peaks which could provide new insights
towards the properties of ground along the geophone arrays. The latter is the subject of last

chapter where the results of surface seismic analysis and VIMS are correlated.
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Chapter 3

3. Seismicsensors

The geophone is the most common type of sensing device or seismometer used in seismic
analysis. It basically measures the motion of the vibrating ground surrounding it. The main
function of a geophone te convert the motion of the ground into a voltage as an output. The
intention of a seismograph unit (seismometer and its recoding unit) is to measure the micrometer
or even nanometer scale motion of the ground ma{&@hl The main considerations regarding
such measurement are as follows:

The entire body of the sensor is being affected by the ground motions. Hence, it is not
possible to measure the displacement versus a fixed reference point. However, theassissiic
induce temporary movements that could cause accelerations which can be measured using the
geophone. This is the basic principles behind inertia seismometers. In other words, continuous
motions with constant velocity might be detected but cannot lveatly measured by the
geophone$51].

Another point to consider when designing a seismometer matige of frequency and
amplitude of the seismic waves. Ground motions as small as 0.1 nm can be caused by seismic
signals. On the other hand, in an earthquake, movements as large as 10 m could also happen.
This means a broad dynamic range of 10f6r 10*. In terms of frequency, the band ranges
from 0.00001Hz1000Hz. These resulted in developing numerous types of sensors such as short
period (SP), long period (LP), broad band (BB) or very broad band (VBB) with desired dynamic

and frequency detectionrrges[52] .
3.1 Seismometer
3.1.1 Mechanical seismometer

Almost all seismic sensing devices are based on the inertia of a suspended or proof mass. The
motion of the proof mass relative the ground motions is then used me#saring parameter. In
order to explain the theory of how the seismometer works, it seems useful to qualitatively

demonstrate its function using a simple mechanical inertia seismorrigiere( 31).
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Figure 31. A simplemechanicalnertia seismometdadapted from[53]]

Figure 31 represents a conventional inertia seismometer that consists of a proof mass
suspended on a spring, a dashpot to dampen the motiloa pifoof mass so thdtdoes not
vibrates near the resonance frequency of the system and a linear measure towards the relative
displacement of the proof mass with respect to the ground. As a large signal from the ground
reaches the seismometer, the wHodne would move up. At the same time, the proof mass also
moves down relative to the frame and this causes a phase shift thfe measured
displacement. In the case of a sinusoidal ground signal, as the ground moves up and down, a
similar response idetected by the proof mass with a phase shift ¥hen the frequency of the
signals is large enough, the amplitude of the proof mass displacement is equal to that of the
ground (gain=1). On the other hand, at low frequency, the ground moves so sldlhg timass
has the time to follow the ground motion and both the phase shift and the gain become small. In
the case when the ground has the frequency close to or equal to that of resonance, the mass
would get pushed in such a way that it shows larger &amdeli(gain >161]. The situations
mentioned above are schematically illustrateBigure 32 for a sasor with the resonant

frequency of 1 Hz.
3.1.1.1 Theory and principles

The basic principles of a simple mechanical seismometer were explained in the previous
paragraphs and now we can see the application via theoretical calculations of the sensor response

[35]. We assume that the vertical ground motion is expressed as u(t) and the displacement of the
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proof mass relative to earth is z(t). The total displacerokthe mass is then expressed as
u(t)+z(t). There are two forces being applied to the mass: the spring fgremdRhe damping
force (F).

Gain Phase shift
T 0 T

(a) Low damping ( b)

High damping

L -180 L
1 1
Frequency (Hz) Frequency (Hz)

Figure 32. The amplitudga) and frequency responge) of a 1 Hz resonant frequency

seismometef54]

The spring force opposes the mass displacement and is as follows:
Fs=-kz (33
where k is the spring constant. According to a simple fapseg system, we can define
wo? = k/m as the resonant angular frequency of the system wigerép /T,.
The damping force is proportional to the mass velocity and is as follows:
Fo=-Da (34
where Dis the damping constant.
Based on the Newtonds | aws of moti on, F=ma
the proof mass is expressed as:
-kz-Da=ma+mod (35
By replacing thevy and defining h=D/2mw, as the seismometer damping constant, we will
have the following:
&+ 2hwed + we’z=-6  (36)
This equation shows that the earth acceleration can be obtained from the measurement of
mass displacement and its time derivatives. In the cases of very high frequency, the acceleration

term becomes dominant and we can approximate the ground accelesatron@and the
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negative sign suggestpashift in the response. At very low frequencies, the z term becomes
important and we can write:
woz=-0 (37
This suggests that at low frequency, the relative displacement of the mass is proportional to
the ground acceleration. The negative sign in this case is only due to the phase shift between the
acceleration and displacement. In the cases where the damping constant, h is very high, we can
write:
2hwott=-6 (38)
Here, the seismometer velocity is proportional to the ground accelerations. In other words, the
seismometer displacement is proportional to the ground velocity.
The easiest way to solve equati@6)(is to assume a harmonic signal for the ground motion
and solve it in the frequency domdig5].
u(t) = U)e™ (39
The displacement response can also be expressed as the following:
z(t) = Z(t)e™ (40)
We can now have the following equations:
6 =-wPUw)e™ (41)
a=iwzw)e™ (42
a=-wzw)e" (43

Replacing the above equations in equatB8) &nd dividing by the ¥ factor results in
obtaining the relationship between thevZJ(w) which is called the frequency response
function Tg(w):

(44)

Ty(w) = Z(w)/U(w) =

TheT4(w) is a complex function that can be written as:

To(w) = Aw)e' ™ (45)
where A(v) = | T¢(w)| is the amplitude anidy(w) is the phase displacement response.
Again, we can see that when the frequency is high)A( that means a gain in value of

unity. Similarly, at low frequency AQA w*wg>. For high dampingA(w)~w/2hwo. Figure 33
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demonstrates the amplitude and phase response of a seismometer with the natural resonant of 1
Hz and damping constant between 0.25 and 4. As can be seen in these graphs, at high frequency,
the amplitude response is 1 and the phase response increaséddw damping constant (h<

1) results in a peak in the amplitude response at the resonant frequency. The seismometer is
called critically damped when h = 1. The proof mass returns to its initial position at the least

possible time in this conditiofb1].
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Figure 33. The amplitudga) and frequency responge) of a 1 Hz resonant frequency

seismometer with damping constant (3%

3.1.2 Electromagnetic geophone

The formulation mentioned above is the basiog@ples of almost all conventional
seismometers. In a geophone, the dashpot has been replaced by a coil moving in a magnetic
field. The electromagnetic field generated in this coil in response to the relative displacement of
magnet which is fixed to thedme acts as an opposing or damping force. In this case, the
resonant frequency ranges frord® Hz.Figure 34 shows a typical moving coil geophone with

all components exposed.
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Figure 34. A moving coil geophone with its compongb6)

3.1.2.1  Principles of geophone

The dectromagnetic induction principle based on Faraldays law is used in this system
[56]:
v e dz/dt ora (46)
where v is the voltage generated by a moving coil in a magnetic field. Two more parameters
are added to this case compat@@d mechanical seismometeg \Bhich is the sensitivity or
generator constant with units of V/il.@ypically ranges between 3800V/m.s?), and R as
the resistance of the coil in Ohms. In this case, ¥&&®d we can write:
Fo= Sl = SeV/ Re = S6°& Rg  (47)
and hence D constant in equation (23d& Rs. Dividing by mass results in
D/m= S?/mRg = 2hs Wy (48)
wherehg is the electromagnetic damping constant. In the case of mechanical sensor, the Z(w)
was the output. In this case, the obtained output is the voltage proportional to the proof mass
velocity &(w) = iwZ(w) and &. The displacement frequency response indhge is:
(49)

“a(w) = (W) Se/U(w) =

The voltage output from the geophone can then be expressed in the g/ Ac
where H is a transfer function and A is any type of input including ground displacement (U),
velocity (dU/dt) or acceleration {d/df%) [57]. The seismometevoltage response can be
expressed in terms of these inputs in the following equations:
(50)

VG:SG U
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17y (5])

Ve=Ss o
1oy
Ve=-Se TT.C (52)

Figure 35 demonstrates a comparison schematic of the amplitude frequency response of
mechanical and electromagnetic seismometers based on three different inputs. The resonant
frequency is assumed to be 1 Hz. The slope of each portion of a graph is also stoown. It
interesting to note that each curve can be translated to another by varying the slope by one unit
up or down. From the curves corresponding to the electromagnetic sensor it may be seen as the
ground velocity is equal to the direct output value of theogene aww> w,. However, it should
be noted that there is a phase variation which causes a difference between the input and output
values. It is possible to correct the data for the phase change by performing a deconvolution
techniqug58]. However, in mosticcumstancesuch correction results in a change in the
amplitude and hence, the correlation between the ground velocity and the output response might
also be altered. Moreover, in most cabessensor is used for measuring signals at frequencies

belowwy.
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Figure 35. The amplitude response of mechani@dland electromagnetic geophofig with the

resonant frequency of 1 Hadaptedrom [51]]
3.1.3 Geophone parameters

As was shown in the previous section, seismometers have certain characteristic parameters
that are designeidr different purposes. The selection of the appropriate geophone should be
made by considering the frequency range at which it will be used. Other factors such as dynamic
range, sensitivity, linearity and output are also of importance in choosing thaurtable
sensor. In the following sections, a brief description and functionality of each of these factors

will be discussed.
3.1.3.1 Frequency response range

Every sensor is designed to work in a certain range of frequency. In general, they are designed
to havea flat velocity or acceleration response in a specified frequency range. In those cases
where this range is exceeded, the response can be affected by the probable damage to the

geophone. Also, it is recommended to use every sensor in its specified &ngaad where its
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response is linear and predictable. It should also be noted that some parameters such as dynamic
range and sensitivity could be altered by varying the frequency range. For instance, a sensor
might have a dynamic range of 100 dB in thejirency range of 0.01 to 50 Hz and 150 dB in the
range of 0.01 to 20 Hz. Such a sensor is expected to show more noise when used above 20 Hz
[59].

3.1.3.2 Sensitivity

Generally the sensitivity of the sensor is defined as the change in the output values in
response to the unit change in the signal that is being measured. For some geophones, the
sensitivity is specified in terms of V/nt.sThis is the same number used in &§.1t is worth
mentioning that reporting the sensitivity is this format mightbeable to provide quick
information about the smallest signal that can be detected by geophone. This is another way of
describing the geophone sensitivity. In many cases, this is restricted by the level of the noise
caused by the electronics. For instanoesome geophones the number of turns for the coil wire
can be altered by using a different wire size to achieve certain sensitivity. On the other hand this
might cause the resistivity to increase which in turn increases the generator constant or the

sersitivity.
3.1.3.3 Dynamic range

The ratio between the largest and smallest signals detected by the geophone is defined as its
dynamic rang¢51]. For instance, the smallest detectable displacementin a 1 Hz sensor is 0.1 nm
at 1 Hz. Assuming sensitivity values of 300 V/.the output value of 0.1*2*300=188 nV is
obtained. On the other side, the mechaniaaitditions of the sensor allows for maximum
displacement of @mm. This will result in the dynamic range of 10 mm/0.1 nm £=1060 dB.
However, to obtain the same voltage output at 0.1 Hz the displacement should be increased by
three orders of magnitud&his means that the dynamic range will decrease by three orders of

magnitude.
3.1.3.4 Linearity

The most convenient sensor is the one that has a linear transfer function. This means that the

output is directly proportional to the input. This could be difficula¢hieve in some cases where
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springs are used. It is normally a challenge to get the springs to behave linearly. Linearity is

usually not specified in the specification sheets of the instrument.
3.1.4 Analog to digital conversion

To be able to analyze the sigmabtained from a sensor, it is first necessary to convert the
analog signals to a data format readable by computers, i.e. numbers. The process of converting a
continuous signal to a series of numbers is called analog to digital (ADC) conversion and is
performed by AD convertor. In this section, a brief explanation of this process and the
contributing parameters is provided.

The conversion from an analog signal to digital involves two major steps of sampling the
signal in discrete time intervals and thassigning a number to each sample and outputting the
results in the form of code. In such process, there will be some errors introduced into the data
since some parts of the original signal are lost during the process. Before introducing the most
common ADC method, several parameters involved in this process are described.

Resolutions the smallest portion of the analog signal that can be detected. For instance, most
common ADCs are able to detect as low ag¥ dtep. However, for a seismometer such as a
passive seismometer with output values in the order of nV, the convertor requires a preamplifier
to be able to perform the conversi@ain or sensitivity will be expressed in terms of counts/V.

For a resolutiomf 10nV, the gain would be 1 count/f¥ or 10° counts/V.Sampling ratés the

number of samples acquired per second. It is in the range of 1 to 200 Hz for seismology analysis.
The dynamic range of the ADC is the ratio of the largest to the smallest niirode produce.

The dynamic range is usually given in terms of bit available in output data. For examyplié, a n
convertor has-2" numbers as its output.

Several methods and algorithms have been used for converting the analog results to the
digitizeddata. A brief description of these methods is given here. The ramp ADC is amongst the
simplest method of digitizatiorigure 36 demonstrates the operation of a ramp ADC where the
analog signal enters the comparator. It then triggers the control logio wend a ramp to send
a ramped signal through the generator with a minimum level of zero to the comparator. The
counter also counts the ramping level simultaneously. Once the ramp signal is equal or larger
than the input signal the counter stops cognéind the last counted level would be the output

voltage. The counter will be reset after a certain time and the next sampling will start. One of the
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disadvantages of this convertor is that it is quite slow when working with a high number of
samples for lgh resolution measurements. Some modifications have been applied by

implementing more complex logic systems to improve this sygsdin

Analog Input Digital output
Control Logic Counter [—>
l Jm |
Ramp
generator

Figure 36. A simple schematic of ramp ADfadaptedrom [51]]

Several digitizers have also been developed within the concept ofainaltnel ADCs. In the
least complex scenario, each channel works with a separate digitizer and the results will be
collected in a computer. In some cases where the incoming sgrealy weak such as in
seismology and earthquake analysis, it is usually necessary-aonpiéy the signal before
entering the digitizer. Gain ranging has been used in these cases as a method to amplify the gain
of the ADC using a program. However,tms method the resolution might be compromised
when a low gain is used for a signal with both small and large amplitudes. Another method for
improving the weak signal is to use oversampling. In this case the signal is samples at a higher
rate to improvette amplitude and then is subjected to a low pass filter. It is then sampled at a
lower rate where the samples are the average of the many points taken at high rates. This method
enables for obtaining higher accuracy and a higher dynamic range.

One of the mst commonly used methods in converting analog signals is the Sigitea
ADC. The basic principle behind this method is similar to oversampling. It samples the signal at
low resolution and at a fast pace and then applies a running average to thesalugsutov
improve the resolution. The simple schematic of this convertor is illustratédure 37. In
summary, the analog signal goes through an amplifier and then a differential amplifier and an
integrator. It then gets digitized and the digitized algjoes into a digital filter where the

running average of all values is calculated and resampled at a lower rate.
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Figure 37. Schematic of Delt&igma ADC[adaptedrom [55] ]

Although many other methods have also been implemented to convert an analog signal and
also to improve the resolution and the speed of this conversion, the detailed description of all
these methods is out of the scope of this the

and the citations therein for further information about seiegy instrumentation.
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Chapter 4

4. Drift correction

In order to investigate the interaction between a moving truck tire and the drengwth,
which is oil sand in our case, three different sets of data were collected. The available techniques
to collect such data in our studiesrethe truck oARboard data acquisition system known as vital
information management system (VIMS)video canera recordinghe location of the truck and
the seismic data. To be able to find correlations between the loading data from tlantiinek
ground properties requirescareful examination of thdata. In the other wosdsome level of
synchronizations necessary when the information comes from three different devices with
specific sampling rates and independent time scales. In this chapter, a detailed overview of the
process of minimizing the stalled drift inthis data and in particular the seismiwdavVIMS data
will be provided.

The onboard data collection system, VIMS consistatdrge number of sensors
manufactured fothe truck to provide vital live information about the health and function of
different parts of the truck. An important role\@&MS is to monitor the weight of the truck in
empty and loaded states through strut suspension pressure measu@oheniss allows not
only for tracking the overalllynamicweight of the truck but also identifying the loads over
individual tires. This ability can be further utilized to study the different key parameters
including pitch, rack and roll as recently reportedlbgepti7]. Truck payload and velocity is
acquired viavVIMS data. An important factor to be considered is the rate of data acquisition in
VIMS. According tothe manufacturer, the data is acquired with the rate of 10 Hz. However, an
internal process of data sampling for enhancing the signal to noise ratio isrédsmed. The
output data is given at the rate of 1 Hz. The dargpate of the camera is 30 Hz but converted
to 1 Hz.

In our seismic analysis, an array of 72 vertical geophones@stinant frequency ofz
wereused. The geophones were placed alongilssandroutewhere the truck hauls material
from the shovel towardsdumping area and travels back to the shovel. The sampling rate was
250 Hz with ageophone spacingf 1 meter. The total time of data acquisition which includes the
timethetruck reaties the array as well as the time for the truck to pass through the geophones.

The data acquisition rate for the geophaate250 Hz allows for sampling a wide range of
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frequencies caused by various sources including the tamiponentsother heavy vehies as

well as the tires. Theoncept here wato use théruckand tires in particular as the source for
generating seismic waves. However, the sampling environment is not isolated from surrounding
sources and hence the data contains some noise sigmalsigh resolution of seismic data is
beneficial for identifying such sources and mitigating their effects in the seismic traces. Such
process can bgreparedn the frequency domain where the characteristic frequency range for
each particular source iséwn. In this way, we can obtain a more meaningful correlation
between the VIMS and seismic data. As mentioned above, the first step in correlating these
results is to assure that they @iree synchronized. Since the time scale for the seismic analysis

is limited to 65 seconds, we could minimize the amount of drift within this time frame.

Moreover, due to its higher resolution the seismic trace is chosen as the reference for performing
the drift correction. In the following section, the detailed processiimizing time drift is

presented.
4.1 Drift correcting procedure

4.1.1 Matching unfiltered seismic and VIMS

As mentioned above, in order to perfoandrift (possible time differenceorrection we must
assume one set of data as the reference. Assuming the seisulis as the reference seems to
be a moreppropriatechoice as we hae about 250 seismic data pofat every second as
opposed to only one VIMS dapmintsper second. The first step is to obtain a clear picture of the
drift and its amount in the datkor this purpose, two sets of VIMS and seismic results from the
same run were chosedfigure 41 shows the first trace of seismic data along with the VIMS
results. In this case, two sets of VIMS data for theftefit (LTF) and leftrear L TR) are
selected. As can be seen, the VIMS data for the two selected struts show no drift between the two
data sets since they were collected with the same onboard instrument. Furthermore, the seismic
trace displays a maximum point at t=27.7 s. It is waréntioning that to simplify the
calculations both data sets werestmaled to start from time zero. As explained, these
calculations are made in the time frame of 65 s which is the maximum length for the seismic
analysis. It seems safe to assume that.5=27s the moment at which truck is the closest to the
targetgeophone.
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First seismic trace and VIMS
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Figure 41. The first seismic trace and the VIMS result

As the resolution of the VIMS data is only 1 s, we cannot match the truck pdssed on
trace lwith any of the VIMS points. Hence, we need to move along the seismic traces until the
maximum point overlaps with a data point in VIMS. This first occurs at t=28 s at geophone 7 as

shown inFigure 42.

Matching the 7 seismic trace with VIMS
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Figure 42. The seismic trace 7 showing good chatvith the VIMS result

59



4.1.2 Matching filtered seismic and VIMS

Moreover, due to the high number of data points in the seismic trace as well as the presence of
several noise sources, it is beneficial to perform such matching process on the filtered sggnals. A
discussed in chapt@r, related to filtering methods, the original data series contain noise signals
within several ranges of frequen®atain the low frequency range of®Hz still showed some
presence of shovel/dozer vehicles working at a fartistanite from the geophone arrays.

Similar noise traces from shovel/dozer have been observed by other researchers analysing similar
set of dat448]. This resulted in an even smaller range frequency for filtering the seismic data.

The most promising results obtained from removing all the signals with frequencies above 2 Hz.
This leads to obtaining a cleawision of ground respongsiieto truck motion without

interference of any noise source. Therefore, in the following sections the seismic traces of below

2 Hz frequency are used for the matching process.

Figure 43 demonsates the first and"7seismic traces after the filtering process. To better
visualize the matching process, the absolute values are plotted. The solid line over the seismic
trace shows a simple fitted curve obtained using the Gaussian curve fittingiopM&TLAB.

The fitted curve helps better realize the exact time of the maximum point in the seismic trace.
Similar to the cases of the original traces, the maximum point of trace 1 lies somewhere between
times 27 and 28s. The maximum point of the traoceeflaps with t=28 s where a VIMS data

point is also present. The trace 7 in the seismic analysis is the first location where we see a fairly
good overlapping of a point in the VIMS data with the position of the truck based on seismic
results. The tracdsetween these two numbers expectedly show maximum point between the

time 27.5 and 28 s.

We now assume that both data series are perfectly synchronized up to this point. This is a
necessary assumptiontagtruck approachethe geophone array after ab@n3 s and its
location cannot be traced before this time. The following section summarizes thy step

procedure towards correcting the drift existing between the seismic and VIMS data.
4.1.2.1 Stepby-step drift correcting procedure

In this section, the dails of all the steps involved in the process of correcting the drift

between the two data series of seismic and VIMS is outlined.
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(a) Matching the first seismic trace with VIMS
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Figure 43. The filtered seismic trace for geophone(a) 1 and (b) 7

1- As mentioned previously, the first step in the drift correction process is to define a
reference point at which we assume a negligible amount of drift. The difference in the resolution
of the two data series, our calculations are limited by the lowsstution set which is VIMS in
this case. Starting with the first seismic trace, we can find the position of the truck based on the
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location of the maximum point. Fitting the data as well as filtering help to better identify this
point as shown in the primus section. If the time corresponding to this maximum value contains
any decimal number, the matching of such mwith any VIMS poins which do not have any
decimal number would not be possible. Hence, we need to look for the first seismic trace for
which the time of the maximum point is a number without the decimal part. This occurs for the
seismic trace 7 as showshkigure 43. Once this poinis found, we can assume that the two data

series, seismic and VIMS have the least amount of drift.

2- The next step is to use the VIMS data to predict the location of the truck after a certain
amount of time. This is possible using the truck speed valu@she time frame betweej28s
and time at any of the peak values of the VIMS daigure 44 represents a portion of the VIMS
data for the speed of truck during the 65 seconds of seismic measurements. At any given time for
VIMS, we have the speed tife truck. For instance, atB0s we can obtain the speed of the
truck for every second. During the time framegP8s and+30s we can predict the distance

traveled by truck by multiplying the average speed of truck within these 2s by time (2s).

The speed of truck based on VIMS

—e—VIMS Speed (m/s)

>

Truck Speed (m/s)
N
<§

Figure 44. Truck speed based on VIMS

We can perform such prediction for multiple points in the VIMS data to measure the distance
traveled based on the basic motion equation:
Yo ® Yo (53
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where®is the average speed during the tifée © 0 . This has been done fafew
points and the results are shown in Table The first row of the table suggests that at time 31s
(Yo  of) the truck has traveled 14.9 m from its reference point (whiéh is¢ {in our
case). Based on this calculatiove can expect that the truck passes over geophone 22 at time
31s. The number 22 comes from the fact that the geophone 7 was chosen as the reference point
and assumed to be in the least drift with the VIMS data. The next step is to explore whether if the

trace 22 supports this prediction.

Table 4.1. The distance traveled by truck at different time steps ffer28s

ti mes}y Yo i Yo
31 3 14. 9
33 5 24 . 8
35 7 34. 7
37 9 44 .0
40 12 53.5
4 3 15 60. 0

3- If we assume that theren® drift the data from VINk and seismic, the trace 22 must show
a peak value overlapping the peak value observed in VIMS. This is plottgglie 45 to
examine this argument.

As can be seen in this plot, the maximum point of the seisate does not@ctly overlap
with the peak at;£31 s. The dashed line indicates the time 31s. The seismic trace 22 indicates
that the truck passed over that location at time of about 30s while the VIMS prediction suggests
that truck must be at geophone 22 at time Bhss is a clear indication of the time drift between

the two time frames. To further demonstrate this drift, we can use theYothiea | ues i n Tab|

41t o make similar predictions and overlay then

noted ag&dbvna ltubmsh 4ilémhh e t he di stance traveled by

reference point. Hence, @l Ifitrtseas @7r'tpeccap lbvhn enths ti
obtain the corresponding geophone nuMbiesr . It
not a round number, the closest round number

trace.
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Seismic trace 22 against VIMS
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Figure 45. Overlaying seismic trace 22 with VIMS

Figures4.6-9 demonstrate the VIMS data along with the seismic traces corresponding to each

Dx value for different time steps in Tabldl.

Figure 46. Overlaying seismic trace 32 with VIMS
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