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ABSTRACT

There is an ongoing requirement for accurate strain measurement of geogrids in engineering applications.
Existing efforts to perform strain measurement have relied upon established strain sensing methods
including fibre-optic, piezoresistive, and acoustic sensors which face issues in strain transferal, adhesion,
and survivability due to the adverse environmental conditions of deployed geogrids. To mitigate these
drawbacks, the geogrid is often altered by adding protective elements which critically alter the behaviour of
the geogrid-soil composite. This study presents the development of a novel, non-invasive, electrical strain
sensor designed specifically for application to geogrids using transmission line principles. Physical and
Finite Element (FE) modelling were used to assess the performance of geogrids as a dielectric for the
transmission line system. Isolated in-air testing was performed, applying strain up to 13.8%, to assess the
physical behaviour of the sensor. A direct shear apparatus (DSA) was used to apply confining pressure up
to 200kPa in a dry sand to assess the in-situ sensor performance at strain values up to 9.0%. Signal phase
angle was measured across a 1-6GHz frequency sweep during strain application and compared to the initial
phase angle. In all tests, a linear relationship between phase and strain was observed in line with theoretical
and FE predictions. This study demonstrates that the novel sensor is suitable for application to geogrids
and is resistant to harsh environmental conditions while requiring minimal modification to the geogrid
structure. This is significant as it indicates that the sensor is suitable for commercial engineering practice
as well as laboratory applications.

Keywords: geogrid; sensor; strain; transmission line; novel; instrumentation

1 INTRODUCTION

The use of geosynthetics in civil engineering

the basis for existing design guidance and
geotechnical software, typically determines the

projects is increasingly widespread due to their
utility in enhancing the safety of soil structures and
reducing material consumption. Despite their
increased prevalence, understanding of the true
mechanical response of installed geosynthetics is
limited as direct observation is not possible.

Use of existing sensors for laboratory and live-
site testing has been difficult as they significantly
alter the geosynthetic-soll interaction
characteristics and further face issues in bonding to
the geosynthetic. Such sensors also have limited
utility in live engineering projects due to their low
resilience to environmental conditions such as
moisture, pressure, and abrasion. Additionally,
laboratory-based testing of the geosynthetic
response face issues in transferability to industrial
applications as it is difficult to accurately represent
the conditions and demands placed on the
geosynthetic on live, full-scale, construction
projects. Isolated in-air testing, which often forms

strength of a geosynthetic in line with its tensile
capacity. Existing design guidelines such as
ISO/TR 18228-7:2021 and AASHTO 2002 are
largely based on empirical and limit-equilibrium
methods which heavily rely on assumptions such as
treating reinforced soil elements as simple
composite blocks with improved strength and
stiffness characteristics. Such assumptions fail to
accurately represent the in-situ properties of
deployed geosynthetics, resulting in over-
conservative guidance [1]. An enhanced
understanding of deployed geosynthetics through
the use of real-time sensor systems will allow for
improved design methodologies which will, in turn,
drive the industry towards safer and more
sustainable structures. As a result of the limited
understanding to date, there has been an
increasing focus in both academic and industrial
research groups on direct geosynthetic
instrumentation.
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In addition to this, the development of live
monitoring systems using strain-sensing
geosynthetics has the potential to allow for early
identification of faults in the soil-geosynthetic
composite as well as general structural health
monitoring which will subsequently facilitate the
pre-emptive maintenance of the structure, leading
to cost savings and enhanced safety.

Limitations in existing sensing mechanisms has
resulted in an exploration of alternative sensors
which can be applied to, or embedded within,
geosynthetics. Existing areas of research include
electrically conductive polymer composite (CPC)
sensors, fibre optic sensors, as well as acoustic-
based sensors. Despite their continued
development, the aforementioned systems
continue to face issues in areas such as strain
transferal from the geosynthetic as well as poor
survivability in harsh environmental conditions [2,
3]

The use of transmission lines, a common feature
of electronic circuits, as strain sensing elements
hasn't been explored previously. An important
characteristic of transmission lines is that they
exhibit length-dependent electrical properties which
means that derivation of mechanical strain is
possible by measuring these properties [4, 5]. As
there are several electrical measurements which
can be analysed with reference to the length of the
line, there are a range of possible sensing methods
which can be selected based off the application and
boundary conditions. Further to this, it is possible
that several transmission lines could be combined
onto a single geosynthetic to provide environmental
and spatial sensing. This report focuses on the
measurement of variance in phase angle for a
sinusoidal signal to detect strain. This has allowed
for the development of a novel strain sensor for use
on geosynthetics and with potential uses in other
industries.

2 BACKGROUND

2.1 Existing Sensors

The need for accurate strain sensing technology for
use in soil reinforcing geosynthetics is widely
recognised across the geosynthetic industry [2]. As
a result of this, there has been a broad exploration
of different strain sensing options for use with
geosynthetic structures. At the most basic
standard, instrumentation of geosynthetics involves
the attachment of off-the-shelf foil strain gauges
and extensometers to the surface of the
geosynthetic using adhesive, heat, or ultrasonic
bonding [1, 6, 7].

2.2 Transmission Line Sensors
To date, transmission lines have not been
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employed as an alternative method for the
measurement of strain. For use in strain
measurement of geogrids, a parallel plate
waveguide, as shown in Figure 1, is used as a
sensing element to detect a change in length, Al,
which can then be used to derive the strain of the
element. The transmission line conductors are
made of a highly conductive coating in order to
minimise signal losses as the electromagnetic
wave propagates along the line while ensuring
effective strain transfer between the geogrid and
sensing element. Several methods of interrogating
the transmission line sensing element are possible,
however the phase angle of the propagated wave
is considered exclusively for the purposes of this
study. If a sinusoidal propagating wave of
frequency f is assumed, the change in phase of the
wave, A¢, is related to the change in length of the
sensing element by the relation shown in Equation
1, where B is the phase constant.
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Fig. 1. Geogrid parallel plate transmission line. The geogrid
is assumed to be a lossy medium of permittivity e,
permeability u, and conductivity o.

Ap = —f - Al (1)

As the complex propagation constanty = a + j3,
the phase constant {3 is given by Equation 2 [5].

g =3)
B = SR +jol) (G +jwC)]  (2)
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Use of Equation 1 relies on several
assumptions:

i) The dimensional change associated with the
Poisson's ratio of the geogrid is negligible. In effect,
this means that the longitudinal extension, Al has
an insignificant effect on the conducting plate width,
w. If it does have a significant effect along parts of
the line then a multi-section analysis approach
could be followed to overcome this.

i) The electromagnetic field is confined within
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the width w and does not interact with the
surrounding medium. This can be assumed to be
the case when w>>h. To minimise losses, one
could further consider insulating the line from the
surrounding lossy medium.

iii) The conductive coating has a skin depth, 6, at
the operating frequency that is sufficiently small
compared to its thickness (a coating thickness of at
least five skin depths is assumed.) This can be
achieved by using a high conductivity (low
resistivity) conductive coating.

As the conductive coating is a good electrical
conductor, the skin depth & is given by Equation 3
where ¢ is the permeability and oc is the
conductivity of the conductive coating [5].

_ 1
0= Vflcoc (3)

A vector network analyser (VNA) can be used to
determine the change in phase angle A¢ for each
frequency across a broad frequency sweep. For
measurements to be taken, it is assumed that the
coaxial network analyser port cables (often
terminated with SubMiniature version A (SMA)
connectors) can be impedance matched to the
geogrid transmission line (which itself is terminated
with  SMA connectors) and that the transverse
electromagnetic (TEM) mode propagates in the
parallel plate line. The latter assumption can be
ensured by operating in the monomode frequency
range. Impedance matching of the line can be
assisted by tapering the plate profile and by
modifying the conductor geometry at the SMA-
parallel plate guide interface. The network analyser
can continuously measure the phase angle ¢ for
each frequency through the Sy; scattering
parameter measurement. From this, ¢ can be
measured at the required sampling frequencies and
(time or strain) intervals and compared against the
initial unstrained phase angle ¢o to determine Ag.

Sy = |521|ej¢> = e~ a(+AD) o —jB(+AD (4)

Where the attenuation constant, a, is given by the
real component of the complex propagation
constant y as shown in Equation 5.

a=R(y)
a= Ry R +jwl) (G +juC)]  (5)

For the case where it is not possible to match
the impedance of the VNA cables to the geogrid
transmission line, signal reflections will occur in the
line which can result in erroneous measurements.
To mitigate against this, the through-reflect-line
(TRL) calibration method can be used to effectively
isolate the transmission line from the connectors for
the purposes of strain measurement [8]. As the
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geogrid transmission line is lossy, the magnitude of
the S, parameter is also expected to change.

If the TRL calibration is not possible and matching
is an issue then it is necessary to develop a
transmission line model which accounts for the
equivalent circuit of the transition between the
coaxial line and parallel plate and the difference in
impedance between the parallel plate guide and the
coaxial line (the latter of which is typically Z, =
50Q) [9]. It can generally be anticipated that some
radiation will occur at the transition (however any
such radiation is not accounted for in the below
model). The characteristic impedance of the
parallel plate line is given by Equation 6.

Zy =R+ jwl) /(G + jwC") (6)
== o= |
Zot Zo Lo
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Fig. 2. Geogrid parallel plate transmission line equivalent
circuit. The geogrid is assumed to have a characteristic
impedance Zo which differs from the standard Z,; = 50Q
impedance of the coaxial lines which interface with each
side of the parallel plate waveguide.

From this equivalent circuit, the Sy; value can be
determined using Equation 7.

To1T10e V2D

S21 = 1-T2¢—2v(+AD (7)
Where:
- Zy— Zof
Zy+ Zof
27,
1= 7 T 2y
27y
110 =70+ Zo;

The S21 phase plot can then be produced using the
relevant material parameters for any geogrid and
conductor arrangement.

3 METHODOLOGY

Uniaxial geogrids were selected to demonstrate the
sensing principle in a single axis. Geogrid samples
were provided by Tensar International (Blackburn,
UK) and were the RE540 grade from the Tensar
RES500 series.

3.1 Sensor Simulation
Finite element modelling simulation analyses were

performed for initial evaluation of sensor efficacy for
measurement of strain. To achieve this, Dassault
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Systemes CST was used to produce models of the
sensor which allowed assessment of the
electromagnetic (EM) properties of the sensor in an
idealised environment. In particular, this allowed for
observation of changes to the S»; transmission
parameter of the sensor element in response to
strain. A longitudinal geogrid rib was modelled
using default library PET material parameters.
Conductive traces, using silver material parameters,
were applied along the length of the rib on both
major faces. The model geometry was based from
dimensions shown in Figure 3. To model strain, the
length of the geogrid was increased incrementally,
however dimensional changes were omitted and
assumed to be negligible for the purposes of
modelling. S2; signal phase was recorded for a
frequency sweep of 1GHz to 6GHz for up to 10%
strain. This was used to provide an indication of the
efficacy and sensitivity of the sensor element as
well as to demonstrate the general signal response
to strain.

3.2 Sample Manufacture

The geogrids are manufactured from punched and
extruded PET. Bonding to PET using typical
adhesives is challenged by the inert surface of the
polymer while heat bonding methods are unsuitable
due to the heat-sensitivity of the extruded grid. In
development, use of typical adhesives resulted in
poor bonding to the geogrid, often leading to
coatings or components debonding and failing prior
to testing.

Cold atmospheric plasma treatment of the geogrid
was found to produce very strong improvements in
surface bonding. Vacuum plasma treatment was
used as it was more efficient and cost effective for
batch treatment of smaller geogrid elements.

The transmission line waveguide was created by
using the geogrid as the dielectric with two parallel
conductive traces applied along the longitudinal
axis of the grid. To date, a parallel-plate
transmission line has been found to perform the
most effectively for the chosen geogrid geometry
however other transmission line waveguide forms
are possible. 50Q SMA connectors were adhered to
the geogrid surface using cyanoacrylate.

Fig. 3. Completed sensor-enabled geogrid specimen with
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conductive trace visible and SMA connectors in-situ.

Several options for applying the conductive traces
were evaluated. Epoxy-silver flake based
conductive coatings have shown particular promise
for this application. The coating application method
may vary depending on geogrid geometry and
coating type. For this study, coatings were applied
with a high volume low pressure (HVLP) spray gun
perpendicular to the dielectric surface. This ensures
even coating thickness and dispersion of
conductive particles. A scalpel was used to remove
any overspill from the traces to prevent shorting.
The traces were cold soldered to the SMA
connectors using an acrylic-based silver flake
conductive lacquer. An epoxy-based conformal
coating was applied using the same method to
insulate the traces and to provide protection against
abrasion.

3.3 Sample Testing

In-air testing was pursued to validate the sensing
system's performance independently of
environmental variables. A sensor-enabled geogrid
was loaded directly from a loading frame and the
phase angle was recorded and assessed for
change in response to the load applied.

The test arrangement can be seen in Figure 4.
Initial geogrid transmission line length was
recorded before testing commenced Once the
geogrid was attached to the frame, it was
connected to the VNA using 50Q coaxial cables.
Care was taken to ensure that the coaxial cables
were not moved during testing and were routed
identically between tests. The VNA was calibrated
to measure the S27 phase parameter. The electrical
resistance between SMA connectors was also
measured before each test in order to assess the
conductivity of the applied trace.

500hm

Cables
Geogrid
Sample
PC
Loading
Network Frame
Analyser
Loading Pin

Fig. 4. Diagram of in-air testing arrangement showing
loading frame, VNA, and sample suspended from loading
frame.

Within the VNA software, marker points were
placed at various frequencies (1500MHz, 3000MHz,
4500MHz) across the frequency sweep, which
ranged from 0.1MHz up to 6GHz, and the phase
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angle for each of these markers was measured
through the test. The phase plots and
measurements were then compared to identify any
changes in response to load. Load was applied
using a loading pin and weights in 10kg increments.
Load was incrementally applied to the suspended

geogrid using a loading pin and weights up to 100kg.

At each load increment, the phase angle of the VNA
markers were recorded and the geogrid length was
recorded. This method was repeated for a variety
of transmission line and coating designs to assess
performance both in terms of sensing and strain
transferal. Only the key findings are presented
herein.

3.4 Shear Apparatus Testing

It was necessary to further assess the sensor within
a soil confinement. This because  the effect of the
transmission line's surrounding medium required
investigation as changes in the surrounding
medium’s permittivity could affect the signal
propagation and subsequent strain measurement
capabilities. Both confining pressure and soil type
were important to consider when evaluating the
survivability of the system as it was assumed that
increases in confining pressure would increase the
shearing forces against the sensing element and
thus make it susceptible to damage through testing.
The testing conditions used for the results shown in
this report are given in Table 1 and were chosen to
subject the samples to a variety of adverse
environmental conditions to assess its broad
suitability for civil engineering applications.

A modified large direct shear apparatus (DSA) was
used as it allowed for direct strain application to the
sensor-enabled geogrid with optional inclusion of
confining pressure and moisture which allowed for
precise control of environmental parameters. A
linear variable differential transformer (LVDT) was

used for recording the displacement of the base box.

The geogrid was installed in the shear box as
shown in Figure 5 with each end of the
instrumented element clamped to the top and base
boxes respectively. Axial displacement was applied
to the base box, straining the geogrid directly. Use
of the LVDT measurements allowed for derivation
of strain in the element through the test. This test is
performed to assess the resilience of the sensor to
high shearing forces over a large displacement.

Similarly to the in-air testing procedure, a VNA was
used for interrogation of the sensor. The VNA and
software were set up using the same procedure as
described in 3.3. The electrical resistance between
SMA connectors was also measured before each
test to assess the conductivity of the applied trace.
The length of the top and base boxes are 300mm,
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with the average length between SMA connectors
on the geogrid samples 465mm, and distance
between clamping terminations of 375mm.
Measurements were taken at each 1mm
displacement of the base box, with displacement
applied until either the shear force reached a
plateau or failure of the sample occurred.

Confining pressure

variable
Static top box
| Geogrid

clamped at

soil ||J

5

Axial 'I
displacement
of base box

each end

Moisture
content
variable

Coaxial
connectors
LvDT

Fig. 5. Diagram of shear apparatus testing arrangement
showing geogrid fixtures and LVDT.

Table 1. DSA testing conditions.

Test 1 2
Soil Type Sharp sand Sharp sand
Confining Pressure 100 200
(kPa)
Strain Rate (mm/s) 15 15
Moisture Content 1.97 1.93
(Yowt)
4 RESULTS

Measurement of signal phase angle has been
determined as the preferable method of using
transmission lines to detect strain. This is herein
referred to as the phase-shift method. Strain in the
transmission line results in a signal propagation
delay represented by a decrease in the signal
phase due to the increased signal lag. This
relationship is clearly represented by Equation 1
which indicates a negative linear relationship
between phase and strain in ideal conditions. Bis a
function of w which indicates higher phase-shift
sensitivity to strain as signal frequency increases.

o - ol

BSOS

Initial Phase Strained Phase

Fig. 6. Diagram demonstrating the phase-shift principle in
terms of signal delay across the transmission line element.
a) In an unstrained state, there is an initial delay between
the incident (red) and received (blue) signal represented by
phase x. b) Under strain, the delay between incident (red)
and received (green) signal increases, resulting in a
measured phase of (x+y). The change in phase can be used
to determine strain [14].
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TRL calibration was not performed for any samples
presented in this study. As mentioned earlier, this
means that the S»; measurements of the
transmission line will be affected by reflections,
standing waves, and scattering due to the
impedance mismatch between the transmission
line element and the VNA. As such, it is not possible
to accurately determine mechanical strain using the
phase measurements presented and the phase-
strain relationship will be nonlinear. The tested
samples were subjected to low strains. For these
strains, a linear behaviour was observed.

4.1 Simulation Results

0.1

0.15 -+

-]

0.2

0.25 1--

0.28 + + +
1 15 2 25 3 3.5 4 45 5 5.5 6

Fig. 7. S21 signal strength plot for simulated geogrid
showing negligible attenuation across the 465mm sample.

Strain (%)

W1500MHz  ®4000MHz ® 5000MHz  #GOOOMHz @ Average

Fig. 8. Plot of phase marker deviation from unstrained value
against mechanical strain for simulated results using RE540
geogrid geometry. A clear linear relationship is observed
between the values, with phase shift sensitivity dependent
on measurement point frequency.

4.2 In-Air Results

In-air testing was used to evaluate several aspects
of the sensor system. The primary focus was on the
transmission line interrogation methods in which
signal attenuation and phase shift methods were
evaluated. From this, it was determined that the
phase shift method produced the most accurate
and repeatable results between tests under
laboratory conditions. In addition to this, in-air
testing was used to evaluate different conductive
trace manufacturing methods, from which the
conductive coating method was found to reach the
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optimum compromise between adhesion, ease of
application, strain transfer, and abrasion resistance.
The summary of the materials selection analysis is
provided in Table 2. The phase shift results from the
conductive coating test are provided in Figure 9.
The trace resistances for this test sample were
6.1Q and 8.9Q.
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Fig. 9. Plot of marker phase angle change from unstrained
value against mechanical strain for the in-air test. The plot
demonstrates a linear trend between phase angle shift and
strain.

Table 2. Conductor material selection summary showing the
different materials evaluated and the criteria.
Conductor Adhesion Conductivity Abrasion Application

Cu Tape - ++ - +
Cu Wire + ++ - -
Cu ++ ++ ++ |
Electroplate
Ag Acrylic + + - +
Ag Epoxy ++ + ++ +

4.3 Shear Apparatus Results

Resistance of the top and bottom traces were 6.6Q
and 8.9Q) respectively. The slope coefficient of the
3005MHz and 3095MHz trendlines were -32.8°%
and -26.2°/%, with R? values of 0.999. The phase-
strain sensor response can be seen in Figure 10.

Change in Phase Angle {deg)
o
g

-100

120 Y

-140
Strain (%)

4 3005MHz M3094MHz @ Average

Fig. 10. Plot of marker phase angle change from unstrained
value against mechanical strain for the conditions described
for Test 1 in the DSA. A strong linear relationship can be
observed between phase angle shift and strain application.
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Resistance of the top and bottom traces were 11.3Q
and 17.4Q) respectively. The slope coefficients of
the 1500MHz, Average, and 6000MHz trendlines
were  -10.4°%, -23.2°/%, and -35.4%%
respectively. The R? values were 0.972, 0.984, and
0.993 respectively. The phase-strain sensor
response can be seen in Figure 11.

AHz #BOOOMHZ @ Averag

Fig. 11. Plot of marker phase angle change from unstrained
value against mechanical strain for the conditions described
for Test 2 in the DSA. A linear relationship between phase
shift and strain can be seen across all measurement points
[14].

Fig. 12. Photograph of localised damage sustained through
Test 2 in the DSA. Arrow shows where damage was
sustained by both the conformal coating and conductive
layer which has debonded from the geogrid substrate.

5 DISCUSSION

This study has been successful in demonstrating
that transmission line elements can be used for
measurement of strain. In-air testing was initially
pursued as a means of exploring potential sensing
mechanisms associated with the proposed
transmission line strain sensor system. As
previously alluded to, there are several other
potential sensing methods which can be used for
the detection of strain in a transmission line element
including the phase-shift method which has been
covered in this report. These include amplitude-shift,
pulse time delay and pulse attenuation methods. To
date, the most consistent sensing method has been
the phase-shift method. The results obtained from
testing, both in-air and using a shear box, are highly
encouraging in supporting the use of transmission
line elements as strain sensors.

Research focused on the methods of creating a
parallel plate transmission line using a geogrid as a
dielectric. This was supported through use of FEM
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analyses to aid in material selection and conductor
geometry. In summary, the criteria which were
prioritised in material selection are shown in Table
2. It is worth noting that, while established in
literature [15, 16], use of electroplated plastics such
as polyethylene is sparse in industrial applications.
Following a review of existing methods of trace and
cold solder application in industrial settings using
the stated criteria, the use of conductive coatings or
paints was found to be an effective compromise.
Adhesion testing performed in line with ASTM
D3359 which has shown that plasma treated
samples have allowed for conductive coating onto
the geogrid with 5B, excellent, adhesion. Following
this, protective conformal coatings were applied. To
date, both acrylic and epoxy-based coatings have
acted to protect the conductive element sufficiently.

The results shown in Figure 10 shows a linear
transmission line system response when strain is
applied to the line. These were useful as it provided
a representation of what potential qualitative and
quantitative changes could be expected when
analysing a phase plot during testing of early
prototypes. Further to this, they demonstrate the
suitability of the phase-shift principle for strain
sensing using transmission line elements. Use of
FEM analyses further demonstrated that both PET
and PP, commonly used for geogrid manufacture,
are suitable dielectric media for transmission lines.
The simulated results showed low attenuation at -
0.3dB which indicated that the signal could be
propagated along a large sensor length. This
provided clear assurance to progress towards
physical testing and highlighted the efficacy of
transmission line elements as novel, discrete, strain
Sensors.

The phase shift was observed in all in-air tested
samples and can be seen in Figure 11. It is worth
noting that the rate of change of phase appeared to
increase as strain increased. The sample was
subjected to excess strain which may have caused
inelastic behaviour of the polymer. Nonetheless,
these early results were taken to be indicative of the
system's ability to provide repeatable changes in
electrical parameters in response to mechanical

strain which could then be used to create a sensor.

" A .
Additionally, A—‘: increases as the measurement

point frequency w increases. This is in line with
Equation 1 and simulated findings, indicating that
the system behaves in line with theoretical
predictions.

Both DSA tests show a strong linear relationship
between A¢ and strain, indicating that the sensor
performs in line with theoretical predictions despite
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increased confining pressure and presence of soil.
Test 2 was particularly insightful as it could be
compared against simulated results. The average
phase angle root-mean-squared-error (RMSE)
across all measurement points was 8.6°, indicating
a strong relationship between predicted and
experimental findings. This is promising as it
indicates that the PET geogrid is an effective
dielectric and that the EM fields are largely
contained within the dielectric and traces rather
than radiating out into the environment which would
cause excessive attenuation and poor sensor
performance. Both tests exhibited high R? values
over 0.970 across all measurement points,
indicating that the sensor is capable of strain
detection at a range of frequency points. The
limitations of R? due to calibration errors are
discussed above, however the overall results are
encouraging as they are an indication of sensor
performance. This indicates a clear area for future
research as improved calibration methods, namely
through-reflect-line (TRL), will be required to
remove errors associated with impedance
mismatching of the sensor.

A¢

Similarly to simulated and in-air results, v

increases as measurement frequency increases.
This means that calibration against strain will have
to be performed for the geometric average of
measurement points or individually for distinct
points. It is posited that lower frequency
measurement points (<3GHz) will be significant in
industrial deployment of the sensor as they are less
affected by environmental attenuation, specifically
due to moisture, and are more suitable for larger
sensing. This highlights a key area for further
research as the sensor response to environmental
moisture has not been investigated to date. It will
be necessary to both understand the sensor
performance in fixed, elevated, moisture contents
as well as varied moisture contents.

Figure 12 shows that damage was sustained to the
samples as a result of the shearing forces and
confining pressure. It is anticipated that this can be
ameliorated with use of alternative conformal
coatings and improved curing. Despite the damage
sustained, it is worth noting that the samples still
functioned after the test completion which indicates
that they are resilient to trace damage.
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