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ABSTRACT

This research focused on introducing a new mechanism to measure the effective earth
pressure and total earth pressure in one degree of freedom sensor system. To identify
the structural deformation with respect to the earth pressure (in other words sense the
earth pressure) strain gauge based cross beam structure is introduced as the sensing
structure. This study was focussed on measuring 150 kN/m? maximum earth pressure
however, it is capable of customizing the system according to the measuring
requirement. A novel mechanism is developed to measure the effective earth pressure
directly by allowing infiltration of water into the sensor and there by cancelling the
outside pore water pressure. Finite element analysis was carried out to identify and
optimize the sensing cross-beam structure dimensions. Dimensions and the shape of
the sensor were finalized after referring to the literature. Aluminium material was
used to manufacture this sensor considering different geotechnical, mechanical and
environmental factors. Precision marching methods were used to manufacture a high-
quality sensor minimizing the manufacturing errors. For that CNC milling machine
and CNC lathe machine in the Die and Mould laboratory were used. After that a
complete data acquisition system was developed to collect, visualize and store the
data. Cloud database based remote sensing mechanism was also introduced to monitor
the earth pressure in real time via a web portal. Laboratory testing and validation were
done using sand material. Sensitivity, zero load drift and thermal characteristic of the
sensor was also identified. Finally using the developed sensor system, arching effect
of sand was studied. Initially the active and passive arching effect behaviour of dry
sand due to the settlement of clay soils was investigated. After that research was
carried out to investigate the arching effect of dry sand and saturated sand with the
known settlement. Special apparatus was developed to create a known settlement

inside a sand fill .
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1 INTRODUCTION AND STRUCTURE OF THESIS

1.1 Research background

Identification of the load transmission through the soil skeleton and evaluation of
pressure on planes due to applied forces is important. According to [1] there is a
relationship among the three stresses in soil. Total stress is defined as the force acting
per unit area due to soil mass in the normal direction on a plane. Pressure due to water
filling in the voids, is named as pore water pressure. Stress on the plane due to soil
skeleton is known as the effective stress. In addition, several internal and external
factors influence the earth pressure. One of the prominent scenarios is the arching
effect. When the part of support of the soil mass is going to yield while the remaining
soil mass stay in the same position, relative movement occurs between the adjacent
soil masses, which develops a shear resistance to keep the yielding soil mass
stationary. Therefore, pressure transfers to the stationary soil mass from the yielding
soil mass. Then pressure of stationary part increases. That mechanism is commonly

called the arching effect.

Figure 1: Pressure transfer in soil and arching effect

In Civil Engineering perspective, all kinds of structural loads ultimately get
transferred to soil. These loads and loads due to the existing soil mass and water,
create an earth pressure (total stress, effective stress) on a given point in a soil mass
or an interface between structural elements and the soil mass. For the applications like
dams, retaining walls, backfills, culverts, different types of abutments and
foundations; measurement of soil pressure acting on different directions is an essential
requirement. In addition, earth pressures will be affected by arching action (Ex:
flexible pipe in the earth dam, culvert in the embankment) which highlights the



importance of measuring actual earth pressure on such locations. There are, three
methods available to estimate the earth pressure. Those are constructive theories and
mathematical models, computational and numerical techniques and field earth

pressure measurements.

Earth pressure cell is kind of a force transducer which is designed to measure the
normal stress in soil [2]. According to their usage, they can be divided into the two
major categories [3] namely; embedment type earth pressure cells which will measure
the pressure distribution inside the soil mass and magnitude of the soil pressure [4]
and contact type earth pressure cells which is used to measure the earth pressure in

the interface of soil mass and the structure [5].

Figure 2: Earth pressure cells [6]

Main task of the earth pressure cell is to obtain an actual representation of the real
earth pressure. Accuracy and reliability of the sensor is important, which varies with
several factors. Those are inclusion effects (aspect ratio, cross-sensitivity, proximity
of structures and other stress cells, stress-strain behaviour of soil), cell/soil interaction
(s-cell stiffness ratio, diaphragm deflection(arching), eccentric, non-uniform and
point loads), placement effect and environmental effect, and dynamic response. Two
types of earth pressure cells are available; hydraulic pressure cells and deflecting
diaphragm type cells. Hydraulic pressure cell consists of two welded metal plates on
their periphery, creating an intervening cavity which is filled with a thin layer of fluid
[7]. Deflecting diaphragm cells have a readable electrical output due to attached strain

gauges or vibrating wire strain gauges.



1.2 Research problem

Even though several constructive theories of geomaterial behaviour and
computational techniques have been developed to estimate the earth pressure,
verification of the developed theories is necessary to establish the basic principles [8].
In addition, direct use of constructive theories or use of numerical techniques for this
purpose is questionable because of the several external and internal factors affecting
the accuracy like arching effect and non-homogenous nature of soil. Hence, in
practice, it’s common to see engineering judgments taken with the aid of experience
which leads to over estimation or under estimation. To overcome those problems, use

of an earth pressure cell will be much useful.

Other than that, evaluation of arching effect is not an easy task via analytical or
numerical methods. Finite element methods are applicable for small strains and
deformations, but soil/pile systems usually accompany large deformations due to soil
arching behaviour. We have to consider the finite deference method which is valid for
large deformations. However, this approach is needed for a proper definition of
interface mechanical model, however in the practical scenario it is very difficult to

obtain a reliable soil/structural interface constructive model.

Based on the above discussion it can be concluded that devices like earth pressure
cells, measuring systems and measuring instruments are available to estimate the
directional earth pressure. However, in Sri Lankan context it is difficult to use these
available devices due to the incompatibilities of requirement basically impractical
power supply method ,difficulties and complexity of operations and unbearable cost.
On the other hand most of the available systems are capable of measuring only the
total earth pressure and it is needed to measure pore water pressure separately to

estimate the effective earth pressure.



1.3 Objectives
The objective of the research work could be identified as follows. The scope of the

research is bounded by the objectives.

* Develop a sensor system to measure the effective and total soil pressure both in
laboratory conditions and under field conditions. This sensor system consists of two
sensors which are capable of measuring pressure up to 150 kN/m?2,

» Develop a data acquisition system with the developed sensor system which is
capable of collecting the real time data and transmit that data to cloud-based system.
Furthermore, it will be able to store the collected data locally and display those in real

time.

1.4 Limitations
The research work is bounded by following limitations which caused due to technical

capacity and time frame constraints.

Upper limit of 150 kPa pressure level is used in the research work. This upper limit
could be justified since the experienced effective earth pressure and total earth
pressure values are within the chosen upper limit in most cases. Although the design
was limited to the above upper limit it could be increased to higher values if there is

such a requirement.

The embedded depth of one degree of freedom sensor system Is limited to 3 metre
depth due to the length of the selected cable. it is justifiable to use at 3 metre depth in
measuring the arching effect since the critical values of affective earth pressure and
total earth pressure could be experienced within the depth of 3 metres. The design
could be altered to reach higher depths if required. The sensing system is designed to

correspond and measure pressure values to an accuracy of 1 kPa.

After the development of the sensor system it is required to calibrate. The research
work was extended to calibrate the device for sandy soil. Due to the time constraints
the calibration process was limited for sandy soil. Calibration should not depend on

the soil type.



Testing of arching effect using this device could be validated only for sandy soils as
the calibration was carried out using sandy soil in the research work. it could be

extended to other types of soils in future work.



1.5 Methodology

Identify the novel working principle Development of an experimental setup
for testina archina action

Design & Development of the sensor system Test with novel sensors

Testing and Validation Analyse and interpret the results

Conclusions and Recommendation

Report writing

Presentation and Publications

Figure 3: Methodology

The methodology of developing a new mechanism to measure the effective earth
pressure and total earth pressure in one degree of freedom sensor system is structured
as given in the Figure 3.

An in-depth literature survey is done to identify and study the available methods for
measuring earth pressure and pore water pressure and the technologies available for
load sensing systems. The literature survey initially evaluates the concept of earth
pressure cells in which the whole ideas of the research is based upon. Later, different
types of load cells which are used for measuring pressure are evaluated and compared.
Measuring principles behind load cells, sensing method used in fiber optic sensors for
earth pressure measurement, principles behind tactile sensors and piezoresistive cells

are discussed in detail to understand the theory behind the research objectives.

Next the literature survey identifies factors affecting the earth pressure measurement
and arching effect. Factor such as sensitivity of measuring equipment, effect due to
stress-strain behavior of soils, Non-uniform load distribution, placement effects of

earth pressure cells and environmental effects and dynamic response are evaluated



based on the available literature. It was possible to identify drawbacks in the existing
methods and possible improvements which could be implemented in this research.
Further requirement of calibration and methods of calibrating earth pressure cells are

evaluated.

The latter part of the literature survey elaborates on the theory behind arching effect
of soils. Starting from the background behind the arching effect of soils, it elaborates
on different theories proposed on quantifying the arching effect. The literature survey
concludes after elaborating on several experiments conducted to evaluate arching

effect of soils which could be used in developing the proposed sensing equipment.

The methodology expands to the third chapter which explains the design and
development of a new sensor and data acquisition system to measure the earth
pressure including soil and pore water pressure. It starts with explaining the novelty
behind the proposed methodology compared to the methods available in literature.
The proposed method has two sensing units, one for measuring the total stress in the
soil and the other one for measuring the effective earth pressure in the soil. The
sensing mechanism is based on the deflecting diaphragm which deforms respect to
the earth pressure. The next sections further elaborate on sensing techniques which
are used in measuring the pressure values. The latter part of chapter 3 explains about
the data acquisition system proposed in design and the development principle behind
it.

The chapter 4 elaborate on structural development of sensing equipment. It discusses
the methods used in developing sensing structures required in the sensing equipment.
A finite element analysis is presented to understand the structural integrity of the
sensing equipment which will contribute to precise measurements. The chapter 5
elaborates on methodology used in developing sensing elements and theory associated
with the sensing architecture. Further it justifies the placement of sensing elements in
the sensing equipment. The chapter 6 discusses on the fabrication and packaging of
sensing equipment. Precision machining of sensing structure, main casing, pressure
acting plates, load transfer rod and other fixing elements were discussed in detail.

Further fixing of sensing elements to sensing structure and water filtering mechanism



is discussed at later stage. The chapter 7 focus on the methodology used on
communicating the sensed measurements from the sensing equipment to data logger.
communication methods of signal conditioning processes, amplification of signals,
analogue to digital conversion are discussed in detail. The chapter 8 focus on the
remote monitoring platform and data logging system embedded to the sensing device

which make it a wholesome product to be used at industry level.



2 LITERATURE REVIEW

2.1 Earth pressure cell

2.1.1 Introduction

Earth pressure cells are used to measure accurate values of earth pressure. When
considering the types of earth pressure cells, those can be separated according to the
preposes, the basic mechanisms used to develop etc. Mainly earth pressure cells are
designed to measure the earth pressure within the soil mass or in between a structural
element and soil mass[3]. Normally embedded load cell is used to measure the
magnitude and as well as distribution of the insitu stress in backfill material and
embankment. Other than that, contact earth pressure cells are used to take the
measurements of pressure in culverts, shallow foundations, culverts and retaining
walls [9]. The Main purpose of using earth pressure cells are to measure the actual
earth pressure to verify the design assumptions and get feedback to improve the future
designs [10].

Behaviour of soil is very complicated because it is depending on the soil type, stress
history, shear and normal stresses, drainage and boundary conditions, and several
other environmental effects. Therefore, different researchers identified different
factors to minimize the difference between actual stress and the shown value of the
earth pressure. Factors like inclusion effects, cell/soil interaction, placement effect,

environmental effects and dynamic responses are identified.

To overcome the above effects and focusing on the different requirements, various
types of earth pressure cells have been developed. Mainly two types of mechanisms
are used to sense the earth pressure namely; hydraulic pressure cells and deflecting
diaphragm sensing cells [9]. Based on these mechanisms, several types of earth
pressure cells are available including load cells, fiber optic sensors, tactile sensors and

soil Pressure Mini-Sensor etc [10].

One of the most prominent techniques of the load cell is the strain gauge based

deflecting diaphragm sensing cells. Other than the earth pressure measuring, in



modern days strain gauge-based load cells are developed for various purpose[11],
[12]. Mainly the load cells applied in robotic research and haptic-based human-
computer interaction is currently developed using this strain gauge based deflecting
beam structures [13], [14]. Furthermore, these kinds of sensors are used to identify
the foot forces in human legs as well [14], [15], [16]

2.1.2 Types of earth pressure cells

2.1.2.1 Load Cell

Load cell belongs to the transducer family which convert forces into an electrical
output. When considering the load cells, various kinds of transducers are available
considering the application requirement and installation procedure. Fairly high stiff
plate or surface is provided in the load cell to carry the load transfer to the transducer.
As an example, this plate’s top surface is in contact with the soils. When load is
applied on to the deformable face, the relevant signal transfers to the transducer and a
readable output is given via the data acquisition system [10]. Load cells can be divided
into different types according to the mechanisms of the output signals generated like

hydraulic, pneumatic, electrical, etc.

Hydraulic pressure cell consists of two welded metal plates on their periphery,
creating an intervening cavity which is filled with a thin layer of fluid [7]. The pressure
from the soil transfer to the top piston pad and that is going to compress the hydraulic
fluid which is filled in the middle diaphragm chamber as shown in Figure 4. This

sensor is ideal for applying in the hazardous areas due to no electric components.
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Figure 4: Hydraulic Pressure Cell [6]

Pneumatic load cell is also based on the force balancing method. In this case no fluids
are in the middle of the diaphragm. These kinds of resonant wire type pressure cells

(transducer) were introduced around 1970s ([17],[18]). In this wire, one end is
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connected to the static element and other end is connected to the sensing diaphragm
as shown in Figure 5. A circuit is included to make the wire to oscillate at its resonant
frequency. When the deformation of the diaphragm varies due to pressure, wire is
subjected to tension. That phenomena changes the resonant frequency of the wire.
This frequency change can be identified very precisely. Therefore, this kind of a load

cell can be used to measure the very low differential pressure values.

sssss pre Cell
/' TransducerHousing Instrument Cable Electromagnetic
S / (4wndud?r. 22 AWG) H"ch'“i"dm“ml
A Pressure-Sensitive
Diaphragm
“ﬂ mE—

o
230 mm WireGrip ' Wire Grip

‘ Vibrating Wire

Figure 5: Transducer [17],[18]

Strain gauge-based load cells are widely used to measure the pressure, but not only
the earth pressure. This research is also focused on developing an earth pressure cell.
Mechanism of this load cell converts the loads into electrical signals via strain gauges.
These strain gauges are connected to the structural element using the bonding agents.
Purpose of that is to sense the deformation of the structural elements when a load is
applied [9]. A typical strain gauge-based load cell is shown in Figure 6. In this case
four strain gauges have been used to sensor the deformation of the structural members
to make the Wheatstone bridge to obtain the maximum sensitivity and temperature

compensation.

Figure 6: A typical strain gauge based load cell [15]

The null pressure cell was introduced by J. E. Jennings [19]. In that case they have
used the pressure balancing method to measure the applied pressure. Chamber
deformation due to the applied pressure on outside is measured and provide
equivalent pressure to make the deflection zero. To maintain the chamber deformation

in zero position, null point indicator which is kind of a linear differential transformer,
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is used [19]. Null pressure concept-based load cell is initially developed and used to
measure the soil pressure under road embankment by G. Margason and M. J.
Irwin[20]. According to Figure 7 strain gauges are bonded to the structural sensing
elements in an air pressurized steel chamber. When some membrane strain affects the
sensing element due to external pressure, it is detected by strain gauges and air is
pressurized until the membrane comes back to their original positions. M. Talesnick

[21] used null pressure cell to measure the contact pressure on a buried structure.
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O
| 2 = ol
- O
Q/0
Membrane Housing  Electrical Feedthrough ~ Membrane Seal

Pressure Feedthrough

Figure 7: Schematic section of null pressure sensor [21]

According to the above discussion, it can be concluded that various kinds of load cells
with various types of mechanisms are available for earth pressure measuring purposes.
Most common type of load cell for earth pressure measurement is hydraulic pressure
cells.

2.1.2.2 Fibre optic sensor (FOS)

Nowadays fibre optic sensors are widely used for different applications [22] including
biomechanics [23], biomedicine [24], temperature [25], water and waste water
treatment [26], navy applications (havigation) [27] etc. There are some parameters in
the optical beam which are intensity, wavelength, polarization etc. have been used for
the sensing principle. FOS became a commonly used sensor tool during late 1970’s
due to the advantages of immunity to electromagnetic interface, small size, large

bandwidth, lightweight, high sensitivity and easy implementation [28].
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Other than the pressure measurements, it is used for different purposes in civil
engineering field includes bridges, dam and tunnels monitoring systems [29],

moisture and chemical content of the soils [30], [31] and strain in the pipes [32].

When geotechnical applications are considered the most common types of FOS are
Fabry Perot Sensors (FPI) and Fibre Bragg Grating Sensors (FBG), rather Distributed
Brillouin/Raman Scattering Sensors that are used mainly for structural health
monitoring systems [33]. The different between the FPI and FBG sensors are such
that FBI has two mirrors reflectance which are separated by an air gap as shown in
Figure 8 and FBG is made out by altering the optical fibre core via exposing to the
Ultraviolet light as shown in Figure 9. As shown in Figure 10 Fibre Bragg Grating
Sensors are manufactured to measure the effective and pore water pressure in soil
application [34], [35].

[— Fabry-Perot Cavity
Attachment Points

- m""‘av‘v ‘.—:)

Vi Optical Fiber

Figure 8: Operating principle or a Fabry-Pérot cavity sensor [33]

I UV light

Phase mask

Optical fibre l

e EEEEN
—> <— Grating pitch

Mirrors

Reflected signal

s

Input signal

Transmitted signal

Figure 9: Operating principle or a Fibre Bragg Grating Sensors [10]
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Figure 10: Schematic diagram of the effective pressure sensor (Left) and photograph
of an FBG glued at the diaphragm centre (Right) [34]

2.1.2.3 Tactile sensors
Principle behind the tactile sensors is the change of electrical resistance with the

pressure of a material placed between two electrodes or in touch with two electrodes
placed at one side of the material [36]. Tactile sensors are widely used in different
geotechnical applications to measure the soil pressure. Tactile sensors are used to
measure the pressure distribution under rigid footing on sandy soil by S. G.
Paikowsky[37]. And, they show a good relationship between theoretical values and
measured value. Other than that tactile sensor is used to measure the rock fall pressure
distribution on protection wall by S. Springman[38]. In addition to the previous

examples, tactile sensors are used to measure the soil pressure on buried pipes in radial

pressure [39],[40] to measure the lateral earth pressure on the pipe [41] as shown in

Figure 11, and to measure the soil pressure on pipes due to cyclic loads [42].

Figure 11: Tactile sensors are bonded to pipes [41], [39]
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2.1.2.4 Piezoresistive Cells

This cell is based on the generation of electric current with some frequency when
piezo-electric materials like polyvinylidene fluoride, mono-crystalline silicone are
subject to the pressure. This material is generally laid on the flexible sensor to generate
the current with respect to the applied pressure. Importance of the piezoresistive cells
compared to tactile sensors is piezoresistive cells can be used to measure the dynamic
load rather than static loads. Piezoresistive cell is used to measure the soil pressure
under explosive loads [10].

In addition to the above, different types of sensors have been developed to measure
the earth pressure. One of the examples is Normal and Tangential Pressure Cells to
measure the earth pressure in vertical and horizontal directions. To measure the soil
pressure, Mini-sensor which is used to measure the earth pressure, developed by Y.
Xiao [43] can be used.

Nowadays lot of researchers are moving to develop the mems sensors rather than

dealing with the conversional earth pressure cells.

Table 1: Comparison of Different Types of EPC

Technique of Advantages Disadvantages
the earth

pressure cell

Conventional | ¢  Are in use for more than 7 e Most of the load cells
load cells decades are based on strain
¢ Due to the wide usage, lot of gauges, then limitations
technical problems and errors of stain gauges are
are identified common to load cells
e Commonly available. Because | e There are some
many suppliers are there problems like aspect
e Familiar to use these load cells ratio due to the
geometry

e Can measure only one
pressure at a located
point
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Fibre optic

No issues related to the
electrical circuitry

Given value can get
affected from the

sensors
Remote sensing method temperature
available for long distance Small gauge length
Capable to resist the water (around 25 mm)
effects Not much common
Multiplexing feature is also because it is relatively
available to connect several new to the earth
sensors to one wire pressure measurements

Tactile It is possible to measure the Given output is based

Sensors earth pressure distribution on the qualitative

rather than observing the single
point pressure value.

3D soil pressure distribution
can be visualized

Size of the sensor is very thin
and flexible

Possible to customize different
sizes and shapes according to
the requirements like pipe
diameter and curvature.

measurement rather
than quantitative
measurement

If quantitative value is
required, extensive
calibration should be
needed.

2.1.3 Factors affecting the earth pressure measurement

2.1.3.1 Arching effect
One of the most important phenomena in the earth pressure is the arching effect. There

are two situations namely active arching effect and passive arching effect. First one

occurs when the modulus of the structural element is larger than the modulus of the

soil medium at the measuring point. In such case the measuring stress of the earth

pressure cell is larger than the actual stress at that point in the free condition. That

phenomenon is called as “passive arcing” and due to that “over-registration” occurs

by the cell. Second one occurs when the modulus of the structural element is less than

the modulus of the soil medium at the measuring point. In such case the measuring

stress of the earth pressure cell is less than the actual stress at that point in the free

condition. That phenomena is called as “active arcing” [1] and due to that “under-

registration” is happening by the cell. This is shown in Figure 12.
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EPC

Figure 12: over-registration and under-registration [41]

Table 2: Factors affecting to Earth Pressure cell output results

Factors affecting
the earth
pressure cell out

put

Explanation of the error

Suggested method for correction

Inclusion effects for earth pressure cell

Aspect ratio
(Cell thickness:
Cell diameter)

Cell thickness is going to
change the stress
field around the cell

e Use of the relatively thin cells

[9]

e To maximize the accuracy

of

the earth pressure cell output,

aspect ratio  should

be

minimized as much as possible

[46]

Error due to
stress (improper
stress
distribution at

cell)

This error occurred due to
stress concentration in
corner areas of the earth
pressure cell. Due to that
reason cell is going to

over register.

e To avoid the effect, outer rim is
provided which does not affect
the input. In other words, it is
called as an inactive outer rim.
Sensitive area to whole area

ratio (d* to D?) might be less

than 0.25 — 0.45 [4], [47]

e Other

(Outer) sensing area

diameter called active diameter.
The values of d to Dso which is

the grain size ratio should
greater than 10 [48]

be
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Cross sensitivity
of the Earth

Pressure Cell

Cell can deform due to

lateral pressure of soils..

e Solution is depending on the
sensing mechanism

e In strain gauge-based earth
pressure cell, sensor can be
added to outer ring [49]

Effect of the gap
between
structures and
other earth

pressure or

Other cells and structures
influence on stress

distributions.

To avoid and minimize the effect of
other structures and cells, following
gap should be maintained with the
earth pressure cell.

e Horizontal Distance — 15 x
Diameter of sensor

stress cells . .
e Vertical Distance - 4 X
Diameter of sensor
e From face of structure to edge
of cell Distance — 05 X
Diameter of sensor [3]
Effect due to Confining conditions can | To avoid that error, calibration of

stress-strain

behavior of soils

affect the earth pressure

cell results

the earth pressure should be done in

real condition.

Cell/soil interaction effects for earth pressure cell

Stiffness of the
soil and earth
pressure cell

ratio

If stiffness of the soil and
cell are not compatible
that may lead to nonlinear

calibration

Ratio between the earth pressure

cell stiffness and soil stiffness
might be greater than or equal 0.5
[50]. To avoid this issue, stiff load

cells should be used.
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Arching effect
due to the
deflection of the

Pressure distribution is
going to change around
the Earth pressure cell.

Ratio between the sensitive

diameter of the earth pressure cell

and the maximum deflection >

diaphragm This issue occurs due to | 2000 — 5000 [51]
excessive deflection of
the load acting surface.
Non-uniform One of the main reasons | Sensitive diameter should be large
load is the soil particle size. | (D/Dso>10 to 50) [4]
distribution, When grain size is too

Eccentricity of
load and acting

of point loads

large compared to the cell
size this can happen.

Placement effects of earth pressure cell

Effects due to When the Earth pressure | This is a kind of a random error
placement cell is going to get placed,
disturbance can happen to
soil structure.
Stresses Sometimes this is
variations occurring due to the soil

compaction.

Environmental effects and dynamic response

Temperature

effects

Effects due to
temperature  variations
inside the soil.

should be

specific

Earth pressure cell
calibrated at that
temperature or result adjustment
should be done according to the

temperature variation
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Dynamic stress | Response time of the | When EPC is calibrated, dynamic
effect to the EPC, natural frequency of | effect should consider (dynamic
EPC the EPC and inertia of the | calibration)

measurements EPC may cause some

error

Corrosion and This may lead to | According to the situation proper
moisture effects | breakdown or failure of | action should be taken

the earth pressure cell

2.1.4 Calibration of the Earth pressure cells

The calibration of the earth pressure cells is the investigation and identification of the
specific relationship between the earth pressure cell output result and the applied load
[52]. Calibration is focused on identifying the calibration factor to convert the EPC
output voltage value which is related to pressure value provided by the EPC, to stress
(kPa). Whole idea of the developed earth pressure cell properties and expressions of
the design is provided by the calibration experiments [3]. It is better to do a higher
number of testing under various condition, because it helps to get accurate output
when it is used in the field with unknown loading histories [53]. Mainly there are two
ways to calibrate the earth pressure cells namely; known fluid pressure applied
method and using a soil pressure applied method. When these two methods are
compared, unlike a fluid calibration, earth pressure calibration shows non-liner
behaviour between the applied load and the output voltage due to arching effect in the
soil [54], [55].

The relationship between the applied load and EPC measured value was described by
the CAF concept in other words Cell Action Factor concept as shown in Eg. 1. Mainly
this concept is introduced to countify the error of the measurement. Actually, this
factor is the ratio between the normal pressure which is measured by the earth pressure
and pressure of that point when EPC in the absence [55].

car =" measured/ U Eq. 1
Applied
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2.1.5 Strain gauge based deflecting diaphragm sensors for different purposes

2.1.5.1 Anovel self-decoupled four degree-of-freedom wrist force/torque sensor
A novel 4 DOF wrist force/torque sensor has been developed in the past which is
suitable for HapHCI as shown in Figure 13[13]. When Fx force is applied to the elastic
body in X- direction OA and OC are floating on the two vertical beams AA’ and CC’
which act as compliant beams. Similar to that when Fy is applied in Y direction OB
and OD become a freely supported beam with two vertical beams BB’ and DD’ acting

as rigid beams.

When Fx force is applied on the elastic body in X- direction OA and OC are floating
to the two vertical beams AA’ and CC’ which act as compliant beams. Similar to that
when Fy is applied in Y direction OB and OD become a freely supported beam with
two vertical beams BB’ and DD’ acting as rigid beams. Z direction also act in a similar
way. When applying the Mz movement to four horizontal beams OA, OB, OC, OD,

they are identically deformed.

Figure 13: Sensing structure of 4DOF force/torque sensor [13]

(Song et al., 2007) developed this sensor system in the measurement range of the
forces/torque as FX = 20 N, Fy = #20 N, Fz = 20 N, Mz = +20 - 45 N mm,
respectively. Song et al., (2007) has used only 16 strain gages.

2.1.5.2 A novel three degree-of-freedom force sensor

During 2009 Chen & Song has targeted to introduce new a three degree of freedom
force sensor for Haptic based human-computer interaction[56]. A spoke-type elastic
body is used for sensing of the forces as shown in Figure 14. The applied force is

transferred to the elastic beam through the axle which is fixed in the center support.
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Hilton bridge circuit is used to place the 12 strain gages to measure three orthogonal
forces with low couple interference. When applying Fx force in x-direction to the
centre OA and OC become compression and tensile members while OB and OD bend
and act as simply supported beams. Then strain gauges which are connected to the OB

and OD can be used to measure Fx. Fy can be also measured in a similar way.

Figure 14: Sensing structure and 12 strain gauge distribution [56]

When applying Fx force in x-direction of the centre OA and OC become compression
and tensile members, respectively while OB and OD bend and act as simply supported
beams. Then strain gages which are connected to the OB and OD can be used to
measure Fx. Fy can be also measured in a similar way. When applying Fz force in z-
direction AOC and BOD beams act as simply supported beams with center joint. Fz
can be measured by Hilton Bridge Circuit which composes of strain gauges on both
front and back surfaces of cross beams OB and OD. The sensing element which is
used for the generation and amplification of force signals contains the sensitive
section, Hilton bridge circuit and the amplifying circuit, while the sampling circuit

consists of the circuit with USB interface mainly.

2.1.5.3 A three degree of freedom force/torque sensor to measure foot forces

Figure 15: Symmetric sensing structure [15]

A 3 degree of freedom force/torque sensor has been introduced to measure foot forces

[15]. For that a strain gauge attached cantilever system is used as shown in Figure 15.
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Main three components, base plate which is touching the ground, upper plate which
is connected to the foot and the sensor element which is placed in between that plate,
are used to make the sensor platform with a 10mm overall thickness. Sensor element
which is made out of 17-4PH stainless steel, consists of four chains of cantilevers.
Because it is needed to identify the vertical force and horizontal components (fx, fy
and fz) for simulating the motion of human or legged robots. This sensor is designed
for a maximum 2000N vertical load and 500N lateral loads considering human
weights. Other than that microprocessor-based data acquisition system is designed to
handle the data.  [15]has tried to develop a very simple and thin structure with a

capability of supporting a large force and a low-cost sensor system.

2.2 Arching effect

2.2.1 Background of the arching effect

The beginning of the arching effect findings are dated back to late 1800s. During early
1900s drainage engineers observed some structural failures in conduits (Buried
pipelines) which are placed in underground due to soil loadings[57]. Then they started
to evaluate different soil loading action on the underground pipelines [57]. The
concept was based on a soil column which is above the buried pipelines, transferred
their (soil column) weight to the adjacent soil walls due to arching action. Therefore,
finally due to the result of that phenomena transferred overlying soil loads on the pipe
will be reduced. To quantify that effect, different empirical relationships were
introduced. Some developed relationships which are used up to now [58]. According
to K. Terzaghi [1], arching effect in soils which occurs in the field and laboratory
conditions is a universal phenomenon. Terzaghi used these phenomena to describe the
soil overburden pressure on yielding foundation types and different type of voids
which are created due to differential settlements. In 1985, the shape of the catenary
concept for soil arching was proposed by Handy. Handy proposed that the shape of
the arched soil is a catenary. He proposed that the major or the minor principal stresses
take the shape of a catenary; if the arch is fully self-supporting, as is the case of a
lintel, the catenary represents the direction of the major principal stress, and, if the
arch is only partially supporting, the catenary is inverted and describes the path of the

minor principal stress [59].
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Early 1970’s computer technology-based techniques were introduced to study
different types arching problems. In the beginning, (Getzler,et. al., 1970) carried out
some analysis for arching pressure in ideal elastic soil model using finite difference
method. In 1982 L. C. Rude was going to identify the behavior of an installed culvert
in the laboratory tank via linear FEA (Finite Element Analysis) program [60]. Other
than that, several FEM models are presented by different researches [61], [62] and
[63]. The main limitation of finite element method (FEM) is, it can be applied only
for small strains and small deformations [64]. Other than the FEMs, Finite Difference
Method (FDM) was also widely used [65]. The limitation in this FDM is, it is valid
mostly for large deformations. Researchers have moved to the use of discrete element

methods recently [64].

After Terzaghi’s findings (1936) regarding the arching effect in trap door test lot of
researchers continue research in this field. As examples [66], [67], [68], [69] and [70].
Centrifuge modeling was used to identify the scaling issues and study about the
arching effects in geomaterials by G. Lglesia [71]. Other than that photogrammetric
method was used to measure and identify the stress distribution by T. Yoshida [72].

Tactile sensing method was used to investigate the stress distribution.

2.2.2 Definition of the Arching

“When a specific part of a soil mass support is going to yield while another part of the
soil mass support remains same at the same position, then adjacent stationary soil
masses try to hold yielding part soil in the original position. Shear resistance generates
within stationary and yielding masses due to relative movement of them. Since the
shearing resistance tries to keep the yielding mass in its original location, the pressure
acting on the yielding part is reduced and the soil pressure on the stationary part of

the support is increased.” [1] as shown in Figure 16.
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Figure 16: Stress Distribution of the soil above the yielding part of the support[73]

2.2.3 Arching theories
2.2.3.1 Marston and Anderson Theory (1913)

This concept is based on the load in the soil column which is above in the buried pipe
is changed by the arching action via transmitting the soil column load to the adjacent
prisms in column sides as shown in Figure 17. Due to that reason the load acting on
the pipe is reduced. mason and Anderson introduced following expression (Eg. 2) to

calculate the load acting on the pipe.

S

Ky
W = ;K—#,WB ...................... Eq. 2

Please double check the accuracy of this eq. It does not look right.
Where
W= total weight on pipe, per unit of length
V= the average intensity of vertical pressure at the top of pipe, per unit of area
w= the weight of ditch filling, per unit volume.
B= breadth of ditch a little below the top of pipe
H= height of ditch filling, above the top of pipe
p= the coefficient of internal friction
K= the ratio of lateral to vertical earth pressure

w'= the coefficient of friction of ditch filling against the sides of the ditch

¢= the base of Napierian logarithms
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C= a coefficient of loads on pipe ditches.
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Figure 17: Load Acting on the pipe[57]

2.2.3.2 Terzaghi Theory (1948)

Terzaghi explained the arching effect by distributing the pressure among the yielding
part of soil mass and the stationary part soil masses. According to his theory, this load
transfer happens due to shear resistance which is due to relative movement among the

contact area between the yielding soil mass and stationary soil mass.

According to the real scenario, Terzaghi observed that sliding surfaces’ behaviour is
curved shaped and spacing of soil surfaces is greater than the yield strip width. As
shown in the following Fig yield strip named as “ab” and the real curved sliding
surfaces are named as curve “ac” and curve “bd”. Following assumptions which is

based on experimental observations, are made in arching theories.

. The sliding surface were vertical (which is shown as ae and bf in Fig 18)
. Pressure acting on the yield strip (ab) is equal to difference of the weight
of the sand in vertical strip (area among the ae and bf lines) and vertical

section shear resistance.

. Across the horizontal section, normal stress is uniformed
. Lateral stress coefficient (K) is constant
. Along the sliding surfaces, cohesion is (c)
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Figure 18: Terzaghi’s arching effect models[1]

Considering the free body vertical equilibrium as shown in Figure 19 the Eq. 3 was

derived.

2Bydz =
Where

2B =Yield strip width,
z = Depth to the support,
v = Unit weight of soil,
o, = Stress in vertical direction,
oy, = Stress in horizontal direction,
K= Lateral stress coefficient,

¢ = Cohesion,
@ = Friction angle.

2B(o, + do,) — 2Bo, + 2cdz + 20,dz tan® ....... Eq. 3

2 4
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dW=28rdz

Figure 19: Free body diagram [1]
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Then considering the boundary conditions, (g, = g (surcharge) and z = 0 level) Eq. 4
was obtained.

B(y- /B)(

-K tantz)%)
K tan®

oy, = e

According to the Terzaghi assumptions shear resistance is active on the lower part of
“ae” and “bf” boundaries. Let z: = n1B which is part of the prism act as the surcharge
and z, = n2B which is a part of the prism act as shear resistance as in Eq. 5.
_ B(r- /B) e —Kkn2tang —Kn2tan®
= (1- ) + Bnl.e~Kn2tand Eq.5

Where q =yn1B and z = n2B.

The aforementioned theory is applied to a tunnel by Terzaghi. Stress distribution of
the tunnel is the same as the stress distribution on the yield part strip. During the
construction period, tunnel laterally yields toward the direction of the tunnel. As
shown in the Figure 20 active earth pressure creates yield zone with an inclination of

(45° +@/2). Assuming yield prism e1bibie: and consider yield zone as side walls.

Figure 20: Arching effect in a tunnel [1]

Considering the depth of the tunnel is D from the ground, then the vertical stress of

the tunnel roof is following Eq. 6;

B B(]/— C/Bl) (1 _ e—Ktan(D,%) Eq. 6

v K tan®
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After a certain limit (certain depth from the top surface D1 of the tunnel as shown in
the following Figure 21), arching effect not extend furthermore, we can estimate the
D distance using the Eq. 7 [59].

g G
o
L
z=ly . ‘
Y ———1
S

Bl __ 1

Figure 21: Depth of the arching action effected [1]

Bi(v-“/p —KtangP? ~ktangP1t
0v=§(Tn¢1)(1—e o /Bl)+yDze @b, ... Eq.7

2.2.3.3 Handy Theory (1985)

The summation of vertical forces for the catenary representation of the soil arch is
similar to that of the classical representation with the only arching difference being
the lateral earth pressure coefficient (not clear). In the classical model, the coefficient
which relates horizontal stress to vertical stress is Rankine's active earth pressure
coefficient (Ka) shown in part (a) of Figure 21. Handy developed a similar earth
pressure coefficient that proposes that the shape of the inverted arch describes the path

of the minor principal stress, as shown in Figure 22 as Kw [59].

ilal T=Cc+Optand
T KOy
1-sing
o=
Tq——-oh 1+sing
dW=yBdh

(b}

ah—'I = Tv— Th

oL =Ko,

K= 1.06(cos?0+ K, sin?B)
B=45+4/2
Ky=tan?(45-¢/2)

Figure 22: Handy arching effect model [59]
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V:]/le_ezT ......................... Eq. 8

V = Total vertical accumulated load,

h = Depth,

v = Unit weight of soil,

B = Trench width

p=tan ©

2.2.3.4 Silo Theory

To find the vertical force on the silo base, let’s take “dh” as a differential element,
diameter B and depth of h as in Figure 23. The vertical force which is acting top
surface on the element “V” | is in a downward direction and in the bottom surface (V
+ dV) it’s in an upward direction. Self-weight of the considered element W =
yoB?dh/4 as shown in the following fig. Let’s consider the lateral stress o, =

4KV /mB? which is symmetric about to the centreline of the silo.
Two assumptions are made on silo theory

1. Inall depths lateral stress coefficient (K) constant
2. Shear stress developed over full depth via sufficiently settling the material
w.r.t to side walls.
By considering those assumptions, when the element tries to move in a downward

direction upwards shear stress is developed as in Eq. 9;

__ 4KVtan®r

T_T ................................... Eq. 9

Taking the friction coefficient between the granular material and silo wall to be tan@

: Eq. 10 was derived.

" 16Ktan@r

ymB (1 - e“*”‘m‘”’%) ..................... Eq. 10

When h replaces with full height H, the force acting on the base can be obtained
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Figure 23: Free body diagram of silo theory [73]

2.2.4 Different types of trap-door setups used to identify the arching effect
Table 3: Different trap-door experiments

Experiment details Arching setup and experimental figures

Experiment by McNulty,

(1983) IR ] ++..{* f"

This experimental setup

consists of a circular trap-

door in the bottom of a \h\\\\\ //J'\\\\\\ ]

+&
cylindrical soil chamber. b2
AXIALLY SYMMETRIC TESTS
. . P
Using this set up McNulty AR:P_. P, =75 PSI
studied both active and s
passive arching concepts. In Figure 24: Experimental setup layout of [66]

Figure 24 Pg, Ps,5, H and B
indicate  the  measuring
pressure, surface pressure
average displacement,
effective overburden depth
and door diameter

respectively
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Experiment by Ladanyi &
Hoyaux, (1969)

This was done based on the
granular mass laying on the
trap-door setup in plane
strain condition.

According to the Figure 25
and Figure 26 100cm high
and 200cm wide Aluminum
rod paced on the U-shaped

steel frame.

Experiment by  Harris,
(1974)

This  experiment  was
focused on simulating the
stress redistribution in the
long wall. The set-up has a
parallelly connected series
of trap-doors which can
independently move to
simulate the advancing face.
Pressure measuring cells are
placed in each trap-door as

shown in Figure 27.

Figure 27:Experimental setup used in [68]
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Experiment
(1984)
This first setup which is in

By EVANS,

Figure 28 was initially

developed to verify the
accuracy of the diaphragm
type pressure transducers for
arching effect scenarios. In
addition, Figure 29 shows
the Evans rectangular shape
main trap-door setup for his
primary  experiments in
plane strain condition. His
setup also consists of series
of trap-door to simulate the
This

instrumentation set up is

advancing  tunnel.
similar to trap-door set used
by Terzaghi in 1936. In this
experiment diaphragm type
transducers were used to get
more accurate  pressure
reading on trap-doors and
bottom part of the testing

box.

Plywood base with
2,25" round hole

k with

Zand_jae! § Ty e
nd Fressur
gauges -ransducer
afal transducer

Figure 28: Experimental setup with circular trap
door [70]

Plaxiglas trap dear IR
2" plexiglas base

i |

1

I
L]
Lyw

od |
|

lexiglhs

rosspiE e

A ha _51,;

Figure 29: Experimental setup with rectangular trap
door [70]
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Experiment by Iglesia,
Herbert, & Robert, (1990)

This trap door setup is also
similar to the previously
discussed experimental
setup. In this case as shown
in Figure 30, a real trap-door
is utilized for the centrifuge
model. In this experimental
setup, whole raw mass
inside the system can be
moved under gravity by
lowering the trap-door. In
addition, force
measurements can be taken
the

on trap-door

corresponding  to it’s

displacement.

_ _
I |- SOI/ROCK MASS
Pyl
. ' ! ) MOTOR
. . /—\ : o |
—_ _ :
] Lsxiw_:éi;‘g_; LEXAN | ||| || | | GEARBOX
e
S \EFLON.COATED ALUMINUM
|
/TRAPDOGR
£ /LOAD CELLS
| "BUTTONS" 075"
DISPLACEMENT | 0" UPPER WEDGE
TRANSDUCER , . METAL/| rs
N F| | STRIP ‘
N |
—_— | DRIVE SHAFT
|

%

|

— A R e e —

LOWER
|~ WEDGE

Figure 30: Centrifuge trap-door experimental
setup[74]

Experiment by Vardoulakis,
(1981)

This is a kind of a small-
scale simple trap-door setup
based on the Terzaghi’s in
1936 setup as shown in

Figure 31.

_FREE SURFACE OF THE

“sanD BoDY
A P——100cm- + ——
&
&
A - T
L G b |
: R . h
. | TRAP - DOOR [
cm| - A -
: ,+-.----/'/----‘.‘ *
e Ryl ~
fxe 1)
. ﬁ GLASS CONTAINER
i s had
PASSIVE MODE “-ACTIVE MODE
— 2B~

Figure 31: Trap door setup by [69]
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Experiment by Sadrekarimi
& Abbasnejad, (2010)

The experimental setup as
shown in Figure 32 also
consists of circular trap-door
in the bottom of the sand
container which has 0.358m3
volume, 60cm height and 98
cm diameter. Specialty of
this setup is that, it consists
of 3 different dimensional

circular trap-doors.

80
| 52 |

{ Displacement

cell
{ |
|

Computer set a0

\

Data logger [~ ~ ="

— Adjustment.
Rerew

Figure 32: Experimental setup by [75]

Experiment by R. Rui, A. F.
Van Tol, Y. Y. Xia, S. J. M.
Van Eekelen, and G. Hu [76]
This

consists  of

experimental  setup

two main
compartments as shown in
Figure 33 and Figure 34:
First one is a sand chamber
and the other one is a
Length,
and  width
800mm

respectively. This

moving section.
height
1200mm,
300mm,

experimental setup consists

are

and

of 16 movable steel beams to

control the trap-door.

B00 mm

Fll (sand)

75 mm  Dial "l

+—F indicatori I.i'l

Figure 33: Cross sectional view [76]
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Figure 34: Setup plane view and photo[76]
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3 WORKING PRINCIPLE OF SENSOR SYSTEM

3.1 Introduction

Different earth pressure cells which work under different principles and methods, to
measure the earth pressure in different directions. In this research, a strain gauge-
based earth pressure measuring, and monitoring system is developed. Measurement
of the total earth pressure, effective earth pressure and pore water pressure using a
single sensor system is a novel approach. The working principles of the sensor system

is shown in Figure 35.

. Microprocessor

Sensing Structure DAQ Device (Arduino-UNOQ) —
= o emote
8 Y Amplifier ) Ana(l:%gmt;r?;?\lal Ly (((O))) Monitoring
c (LMP2021MA) GSM/GPRS
[} . (ADC1415626)
¢) | Sensing Element + Module 0

Electrical circuitry f (SIMB08) [

Figure 35: Proposed sensor system with remote data logging and monitoring system

This system includes two sensing units, one for measuring the total stress in the soil
and the other one for measuring the effective earth pressure in the soil. Working
principle of sensing units is discussed in the following sections. These two values
given by the sensor can be used to find the pore water pressure in the located point.
The sensing mechanism is based on the deflecting diaphragm which deforms respect
to the earth pressure. Strain-gauges were used to detect the deformation of the
structure with respect to the applied earth pressure. In addition, it is needed to develop
the signal conditioning system to amplify the output voltage given by the
Wheatstone’s bridge electrical circuit. Analog to Digital conversion (ADC) method is
used for obtaining the readable outputs. After that the data acquisition system was
developed to collect the data and visualize the data with remote monitoring facility.

The microcontroller was used for the processing purposes.

3.2 Proposed Novel Sensing System
This novel sensor was developed to measure the soil pressure which is acting

perpendicular to the instrument. But according to the requirement, this can be used to
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measure the pressure acting in vertical and horizontal planes by placing the instrument

correctly according to requirements.

| Load Transfer Rod :—

——N

| Sensing Structure :
- — —
. f—
Sensing Element I—
| et |
e —————— -y
r r r

Figure 36: Schematic view of proposed sensor

This sensor can be used as an embedded type earth pressure cell than a contact type
one. When earth pressure cell is placed inside the soil mass, the earth pressure, which
is acting on the plate as shown in Figure 36, and it slightly moves only in the vertical
direction on which the pressure is applied. Then that acting pressure is transferred to
the sensing structure through an intermediate rod which is called in above Figure 36
as Load Transfer Rod. The top end of that load transfer rod is connected to the earth
pressure acting plate and the bottom end of the load transfer rod is connected to the
sensing structure. That Sensing Structure consists of four beams and those four beams
can deform with respect to the acting pressure on the top plate. Sensing elements are
bonded to the sensing structure according to the structural analysis which is discussed
in the next chapter. Then sensing elements detect the deformation of the sensing
structure and get the output values with respect to the acting pressure from this sensing

elements. This sensing structure is connected to the outer package using bolts.
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To measure the total pressure, effective pressure and the pore water pressure, two
sensors were developed. One sensor directly measures the total stress and the other

one can measure the effective stress directly.

3.3 Total Stress Measuring Technique

Working principle of the load transferring mechanism is as same as mentioned above.
This sensor unit is developed to measure the total stress of the soil mass on the placed
point. For that, this sensor allows transferring of the soil pressure as well as the pore
water pressure acting on the same plate which the total earth pressure on to the sensing

structure via load transfer rod.

To achieve the above objective, the entire sensor unit should be water-tight. The only
place of the structure where water can get leaked into the sensor is the gap between
the earth pressure acting plate and the outer plate. To avoid that leak two modifications
were proposed. One is to apply greasy material and the other one is providing a water

sealant rubber ring as shown in Figure 37.

L Plate

Soil Pressure

l Water Pressure

Figure 37: Mechanism to measure the total Stress
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3.4 Effective Stress Measuring Technique

This sensor unit is focused on measuring the effective earth pressure at the point of
which the sensor is placed. The specialty of this sensor unit is that the effective earth
pressure can be measured directly without measuring pore water pressure. To achieve
the objective a new earth pressure sensor was developed as shown in Figure 39. In
this apparatus, the sensing mechanism is designed to cancel out the pore water
pressure effect by itself. In this sensor, water is allowed to go inside through the
provided holes. These holes were covered using a geotextile to prevent the soil
moving into the sensor. Then water fills the inside of the sensor and with time it
reaches the equilibrium with outside water pressure. Then that water pressure is
applied to the bottom part of the earth pressure acting plate and cancel out the effect
of pore water pressure acting on the top part of the earth pressure acting plate.

S &
| Tiding Ring to Loading I/

T —
[ ———— ——— ——— e ————
| Water R ine Hol | Geotextile covered |
ater Removing Holes 1 Holes |

Soil Pressure

l Water Pressure

Figure 38: Effective stress sensing mechanism

In this sensor, some holes were placed below the sensing structure to remove the water
inside when the water level gets lowered compared to the point which the sensor is

placed as shown in the above figure.
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3.5 Remote Data Logging and Monitoring System

One of the most important part of this sensing system is the data acquisition system.
After processing through the microprocessor data, three ways were introduced to get
the output values. First one was the real-time visualization, in that case, an LED is
display was attached to the main controlling unit. The second method was storing the
data to a storage unit inside the main controlling unit. Finally, data were sent to a
remote cloud-based data storage through a GSM/GPRS module in real time. Then

earth pressure can be monitored using a web-based platform.
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4 STRUCTURAL DESIGN

4.1 Cross beam structure

Figure 39: Proposed cross-beam structure with connected outer ring

To obtain the soil pressure acting on the sensor, the deformation of the diaphragm was
used. This sensor system was developed to measure the normal stress. As a
diaphragm, the cantilever cross beam structure was used to deform with respect to the
force acting on the sensor in the normal direction. Sensing elements (strain gauges)
were placed to identify the strains which occur in X- direction and Y- direction due to
the force acting in the Z- direction on the middle square island according to Figure

39. Therefore, this sensor has a single degree of freedom.

Symmetrical load distribution among the cantilever four cross beams is very important
to create the symmetrical deformation of the structure if not it is difficult to place the
sensing element symmetrically. To distribute the load symmetrically around the
structure, four cantilever beams with fixed end conditions were used. Middle island
for the cross beams was provided to transfer the forces equally to the surrounding

cantilever beams.
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4.2  Specifications of Cross-Beam Structure

One of the prominent considerations of the earth pressure cell is the dimensions of the
sensor. Final dimension of the sensor unit depends on the dimensions of the cantilever
system. Apart from that movement of the loading plate depends on the deformation
of the cross-beam structure. But it can be neglected, to avoid the occurrence of an
arching effect while measuring the earth pressure. According to the literature normally
its preferred that the ratio between the sensitive cell diameter and the maximum
deflection of the earth pressure acting plate (dmax) be in the range of 2000-5000 [51].
Then considering the above factors, it is necessary to come up with proper height,
width and the length of the beam to reduce the deflection and maintain the overall

dimensions of the sensor units.

Dimensions in Table 4 are used to fabricate the sensing cross beam structure after

doing a thorough structural analysis.

Figure 40: Cross-beam structure model

Table 4: Dimensions of Cross-beam structure

Item Symbol Dimensions (mm)
Height h 5

Width b 10

Length I 35

Middle island is 30mm x 30mm
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4.3 Modeling and Simulation of Cross-Beam Structure.

To analyze the cross-beam structure, the following assumptions were made.

*The end conditions of the four beams were assumed to be perfectly fixed ends in the

finite element model considering monolithic fabrication of four beams and rim.

The ends of the beams were restrained against rotations and translations about any
axes, as the monolithically constructed rims prevent such actions. Hence, it was
satisfactory to restrain all 6 degrees of freedom of the beam ends using a fixed

boundary condition as shown in Figure 41.

Figure 41: Fixed end condition

*As the load is transferred to the middle island through a rod passing through a hole
in the middle, the load was modeled as a point load without eccentricity as shown in
Figure 42.

Figure 42: Applied load

This idealization was made assuming a fabrication of the equipment with good
workmanship ensuring that the rod can pass through the middle with negligible
offsets. Hence, it can be assumed that there isn’t any eccentricity in