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ABSTRACT:  Geohazards due to the increase of pore water pressure are adverse geologic conditions 
capable of causing widespread damage or loss of property and life. To predict the potential consequences 
of rising water pressure in the subterranean, modest and more accurate methods are necessary. Recent 
advances in optical fibre sensors enable spatial continuity along with fibre, which is incapable of discrete 
sensing systems. In this study, the ability of a distributed optical fibre sensor embedded into three silicone 
rubber membranes in series has been tested for pore water pressure measuring. A backscattered 
reflectometer has been used to measure the strain variations along the optical fibre. Subsequently, the 
strain variations along the membranes have been analyzed against the water pressure. It was revealed that 
the measured strain readings are proportional to the applied hydrostatic pressure. Accordingly, real-time 
measurements can be obtained frequently from a remote location as the optical fibres can transmit the 
measured data for long distances. 
 

1. INTRODUCTION   
 

The high content of moisture: saturated or 
partially saturated thus the presence of water 
pressure is a significant factor out of many that 
affect land stability. Increased pore water pressure 
in the soil can weaken it and increase its tendency 
to deformation or failure. This happens as the 
water pressure pushes the soil particles away 
followed by the reduction of effective stress 
between soil particles. (Gholamzade and Khalkhali 
2021)Basalt samples from Deccan have shown 
with the increasing amount of moisture content in 
the soil a significant exponential decrease of tensile 
strength, Young’s modulus and uniaxial 
compressive strength while with a linear decrease 
in cohesion and Point load index. (Verma, Thareja, 
and Singh 2014) As a result, the soil loses its 

ability to withstand the shear stress thus causing 
disasters: landslides, erosion, liquefaction or any 
other form of instability.  However, the 
relationship between water pressure and land 
stability is quite complex, non-linear and uncertain. 
(Zhao et al. 2016; Perrone et al. 2008) 

The evaluation of the water content in the soil is 
quite challenging, yet has been carried out using 
soil moisture sensors (TEROS 10 and TEROS 12 
measure volumetric water content) (Peranić, Čeh, 
and Arbanas 2022), standpipe piezometer (Picarelli 
et al. 2022), tensiometer (Ridley and Dight 2015), 
Micro-Chilled-Mirror Hygrometer (Watanabe et al. 
2012) pneumatic or electrical sensors based on 
strain gauges or vibrating wires (Schenato et al. 
2016). Anyhow these methods are to be pointed 
sensing (not capable to extend to long-range 
sensing) and indirect methods of measuring pore 
water pressure. 
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In evaluating the impact of pore water pressures 
on slope stability Perrone et al. have been using 
Casagrande piezometers at different depths and 
full-length inclinometers in clayey silt followed by 
calcarenite formation, assuming zero water 
pressure at the ground level. The study highlights 
that porewater pressure depends on stratigraphy 
and soil properties and greatly affects ground 
stability.  (Perrone et al. 2008).  

The ability of large range applications, minimal 
invasiveness and remote powering make it possible 
to use optical fibre cables in pressure sensing; 
either Distributed Optical Fibre Sensing (DOFS) of 
Fibre Bragg Grating (FBG). In structural health 
monitoring also, pressure has been set as a 
parameter of monitoring. OFS (Optical Fibre 
Sensing has been widely used in leak detection in 
industrial pipelines in terms of pressure. 
Meanwhile, pressure sensing with OFS has been 
highly effective in pressure regulation in certain 
valves in pipe networks. (Jayawickrema et al. 
2022)  

Since uncoated optical fibres are nearly 
insensitive to the hydrostatic pressure the best way 
to make a measurement is to convert that pressure 
into another parameter; strain or birefringence that 
can be achieved by optical fibres. (Schenato et al. 
2020).  The widely explored method for water 
pressure sensing using an optical fibre sensor is 
based on the principle of Fabry-Perot 
interferometry. a Fabry-Perot cavity has two 
reflecting surfaces that reflect a portion of the 
incoming light back and forth. Changes in pressure 
cause the cavity's length to shift, changing the 
interference pattern of the reflected light. By 
monitoring this shift, it is possible to determine the 
water pressure. (Niu et al. 2022) (Friedemann, 
Voigt, and Mehner 2022).  

Recent studies have explored the use of various 
materials for membranes, such as silica (Zhang et 
al. 2014) and aluminium foil (Niu et al. 2022). 
Additionally, multilayer membranes composed of 
silicon dioxide, platinum, and aluminium nitride 
have also shown promise (Friedemann, Voigt, and 
Mehner 2022). Other than that an advantageous 
method is measuring the pressure induced strain in 
a membrane: rubber, nitrile rubber, carbon fibre, 
polyurethane or stainless steel. (Aime et al. 2021). 
The method of embedding optical fibres into a 
flexible membrane has been tried by Aime et al. 
(2021), Wong et al. (2018) and Schenato et al. 
(2016) with temperature compensation at the same 
time, while Aime et al. (2021)  has tasted for a 

strain sensor composed of an optical fibre cable 
embedded into a glass fibre reinforced polymer 
membrane and validates the enhanced pressure 
resolution in distributed sensing rather than FBG.  

In this study, it is aimed to study the capability 
of extending the use of elastomers to combined 
with optical fibre cables to identify and measure 
pressure through a less complex mechanism. Once 
the sensors are implemented vertically in water 
prone areas the pressure at different levels below 
the surface level can be assessed. The extended 
design includes the outer casing which allows the 
flow of water to each membrane. With reference to 
the measured water pressure together with land 
orientation and the type of the soil, any developing 
land motion can be identified. Thus, a geohazards 
can be alerted.  

2. MATERIALS AND METHODS 

The pressure sensing technology compromises a 
silicone membrane with an optical fibre embedded 
in it. In order to determine the correlation between 
pressure applied to a membrane and its strain in the 
direction of optical fibre cable placement, a 
silicone membrane was simulated using Creo 
Parametric 3D CAD software. As shown in Figure 
1, a 35 mm diameter membrane was constrained 
and the pressure was applied to the mid-region (22 
mm, the diameter of the hole of the aluminium 
square hollow section in the real experiment setup). 
The pressure ranges from 1 kPa to 10 kPa with a 
step of 1 kPa which is equivalent to hydrostatic 
pressure of a water column of 1 m to 10 m with a 
step of 1 m. 

In the simulation process, the maximum strain 
was plotted against the respective pressure value to 
develop the correlation between the two 
parameters. The experiment was followed by the 
data validation. 

In preparing the pressure sensing membrane a 2-

 
Figure 1. CAD simulation for the silicone membrane 
and corresponding strain measurements at expanded 
and compressed sides when the pressure is 5 kPa 



 

part silicone (RTV 586) was mixed with the 2% of 
the curing agent by weight. Due to its high degree 
of elasticity, silicone RTV 586 can stretch and 
deform when subjected to stress before recovering 
to its original shape when the load has been 
removed. This material's elasticity allows it to 
tolerate repeated compression and elongation 
without permanently deforming. With the addition 
of 2% of the hardener the tensile strength of the 
membrane was maintained at 2.28 MPa.  

SMF 28 125 μm single-mode bare optical fibres 
were placed in moulds as depicted in Figure 02 
such that the fibre lies in the midplane of the 
membrane and silicone was poured into the mould. 
The moulds were kept in the vacuum oven at room 
temperature for 2 minutes at -0.08 bars to eliminate 
any air trapped inside. The silicone-filled moulds 
were pressed between 2 glass plates for 24 hours. 

Then the sensors were mounted on an 
aluminium square hollow section (SHS). As shown 
in Figure 3, the aluminium SHS features a 22mm 
hole located behind the membrane, which enables 
the membrane to expand. Additionally, the edges 
of the SHS are sealed to maintain a consistent 
atmospheric pressure and prevent water from 
entering. As illustrated in Figure 4, the array of 
sensors was placed inside a vertical tube. 

 
Figure 4. Fabrication process of sensors (a) dried silicone rubber membranes in the moulds (b) bare optical fibre 
cable before pouring silicone rubber (c) silicone rubber membrane tightened to the aluminium bar (d) fully 
fabricated sensor array 
 

 
Figure 3. Pressure sensing element mounted on the 
aluminum square hollow section 
 

 
Figure 2. Experiment setup; Water is filled in to the 
PVC tube and the respective data is collected 
through the backscattered spectrometer and fed in to 
the data acquisition system 
 



 

The sensor was connected to the LUNA OBR 
4600. During the data acquisition process the Luna 
OBR 4600 was configured to be on 1555.870 - 
1577.155 nm scan range. The system specifications 
also include a group index of 1.5, 1 mm spatial 
resolution and a 10 mm gauge length. 

The experimental set-up was built up to induce 
hydrostatic pressure at each sensor level as 
described in Figure 4 once the tube is filled with 
water at different heights the water pressure will be 
induced on the membrane making the membrane 
stretched. Since a strain is developed in the 
membrane. 

3. RESULTS AND DISCUSSION 

Using the CAD simulation, the correlation 
between the pressure and the strain was extracted. 
Figure 5 depicts the stain variation along the 
membrane in YY direction. The negative values 
stand for compressions which are expected around 
the constrained area while the maximum positive 
strain is achieved in the midpoint of the membrane. 

The pressure at the midpoint of the membrane 
was graphed against the respective strain. As 
expressed in Figure 6 the strain developed was 
changing linearly with the pressure allowing the 
pressure sensing in terms of strain, which is 
possible with fibre optics. 

When the experiment is carried out the strain 

 
Figure 5. Simulated pressure variation along the 
membrane from 1 kPa to 10 kPa 
 
 

 
Figure 6. Correlation between pressure and the 
strain 
 

 
Figure 7. The strain induced in each membrane with respect to the volume of water filled. 
 



 

data was extracted with the backscattered 
reflectometer. The optical fibre span was reduced 
to the length of the sensor array and the strain 
induced on the optical fibre cable by the water 
column was extended to Figure 7.  The peaks can 
be clearly seen from three discrete points as the 
water column height was increased. 

As the height of the water column increases, the 
pressure acting on the membrane also increases in 
magnitude. Each subsequent peak has a higher 
value than the previous one due to that reason. The 
largest elongation was noticed at membrane 01 
because of high hydrostatic pressure.  

The strain induced between the hikes are 
identified as results of tension due to the elongation 
of two beside membranes. After converting the 
volume of the water column to its corresponding 
height, it was calculated the strain at each 
membrane. Considering the midpoint of membrane 
01 in YY direction, readings for the strain 

behaviour with respect to the height are graphed in 
Figure 8.  Hence the height and the hydrostatic 
pressure shows a linear relationship for fluid with 
constant density, the pressure follows the same 
curve for fluids with constant density and 
gravitation acceleration, and the relationship 
between height and hydrostatic pressure is linear. 
Hence the pressure follows a consistent curve as 
the height at all points. 

Considering the strain induced in the optical 
fibre cable as the independent variable and the 
magnitude of the pressure as the independent 
variable a linear regression model has been 
developed as depicted in Figure 9. According to 
the linear regression model, the R2 is equal to 
0.9704; approximately 97.04% of the variance in 
the dependent variable is explained by the 
independent variables in the model. The model has 
demonstrated a remarkable ability to capture a 
substantial portion of the data's variability and 
exhibit powerful predictive capabilities, as 
evidenced by the high degree of goodness of fit. 

4. FUTURE WORK 

The current setup can be modified to be 
implemented in watery areas with certain 
adjustments. Once the underground water 
penetration is allowed to the membrane series, 
through the expansion of that the pressure is 
identified beneath the soil as mentioned in Figure 
10. 

 
Figure 9. The relationship between the height and the 
strain. 
 

 
Figure 10. The relationship between the hydrostatic 
pressure and the strain. 
 

 
Figure 8. Extended sensor array for future 
applications 
 



 

Through plenty of experiments, a big set of data 
for pressure can be gathered which can be trained 
to detect the hazard causing line, thus a 
geographically unstable conditions can be warned. 

5. CONCLUSIONS 

In the experiment, the relationship between the 
hydrostatic pressure and the induced strain is tested 
while an increment of strain with the pressure is 
observed. The pressure-strain behavior can be 
developed into a linear regression model and the 
behavior is linear. The clear variation of strain in 
the presence of pressure with a coefficient of 
determination of 0.9624 makes it possible to 
extend the setup to measure the water pressure 
inside the soil with the aid of a proper penetration 
method of water to the membrane together with 
calibration.  

The proposed sensor has the potential to 
precisely measure pore water pressure. A model 
combined with water pressure sensing and land 
properties can be developed in the future to address 
any developing geohazards in water prone areas. 
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