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Abstract - Conventional radial strain measurements in 
triaxial testing are done using a small number of strain gauges 
or cantilever radial devices. The usual restricted number of 
these gauges and their location does not favour capturing a 
full picture of material heterogeneities. Fibre Bragg Grating 
(FBG) sensing technology could revolutionize conventional 
strain measurement. It offers higher-resolution measurements 
and allows more measuring points, enabling 3D shape sensing 
to capture localized rock mechanical changes and 
heterogeneities. 

To integrate FBG sensing to triaxial vessels, a new end platen 
was designed and engineered out of carbon fibre material 
reinforced with epoxy resin. The platen configuration allows 
using conventional strain measurement devices 
simultaneously with FBG sensors when required. There is a  
high correlation, or the assumption of radially symmetric 
deformation regardless of the orthogonal cantilever-type 
gauges measuring radial strain, whereas the FBG sensors 
measure circumferential strain. 

Two hydrostatic tests were conducted on a standard 
aluminium plug of 76 mm in length and 38 mm in diameter. 
Six FBG sensors were attached to the surface of the sample. 
The aluminium plug, FBG wire and platen were positioned and 
secured inside the pressure chamber using a Viton sleeve. 
Additionally, two orthogonal cantilever-type gauges were 
placed on top of the test membrane. 

The results show that FBG strain values are comparable to 
those obtained from the cantilever devices, which indicates the 
functionality of the platen design and opens possibilities of 
obtaining high-resolution 3D strain maps from rock samples, 
which is especially useful if there are heterogeneities or for 
reactive transport applications. The platen has so far been 
tested for FBG sensors only, but in principle, it would enable 
the integration of any fibre optic sensor. 
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1. INTRODUCTION  

A typical rock mechanics test involves the application of 
vertical load and lateral pressure onto a rock specimen 

(usually cylindrical) under well-controlled conditions in a 
laboratory while measuring the resulting vertical and lateral 
deformation using strain gauges [1, 2], cantilever-type 
gauges and Linear Variable Differential Transformers 
(LVDTs) [3], either individually or combined, and usually 
placed at the sample’s mid-height. Although it is accepted 
that rock deformation can be reliably monitored with these 
techniques, those devices may offer only a limited view of 
the deformation field depending on the level of 
heterogeneity of a given material. The impact of such 
simplification could be particularly important, for example, 
for vuggy samples or if fractures or joints are present. 
Moreover, conventional electric gauges are susceptible to 
short-circuit, e.g., when exposed to brine for a prolonged 
period, thermal degradation, and electromagnetic 
interference [4, 5].  

The Fibre Bragg Grating (FBG) sensing technique [6] has 
established itself as a strong candidate for strain and 
temperature measurements, following successful 
applications in medical sciences, telecommunication, 
magnetic field detection and the energy sector [7-10]. FBGs’ 
real power lies in the sensor’s high-sensitivity retention in 
adverse environments, multiplexing capabilities, and 
immunity to electromagnetic interferences, among others [5, 
11, 12]. 

Recently, multiplexing FBG sensor arrays were 
successfully implemented to measure the deformation of 
rock samples subject to uniaxial compression under ambient 
conditions [12, 13]. However, using FBG sensors to measure 
strain when lateral confining pressure is present (as in 
triaxial or hydrostatic tests) is technically challenging, 
especially due to the FBG wire’s fragility and limited 
minimum bending radius [14].  

In this study, a new innovative end platen to integrate 
FBG sensor arrays into a triaxial system was designed and 
manufactured using carbon fibre reinforced with epoxy 
resin. A hydrostatic test was conducted to verify the platen 
functionality using a standard aluminium plug of 76 mm in 
length and 38 mm in diameter. For the test, an FBG wire 
containing six FBG sensors was inserted through the 
designed end platen to reach the plug radial surface. The FBG 
wire was then wrapped around the sample’s surface and 
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fixed using glue, and its free end was connected to an 
interrogator. The sample was finally placed inside a Viton 
sleeve. For the sake of benchmarking the strain measured 
from FBG technology, an additional standard technique for 
strain measurement was also added to the sample mounting: 
two orthogonal cantilever gauges were placed on the top of 
the Viton sleeve, adjacent to FBG sensors 3, 4 & 5, 6, to 
measure the sample’s radial deformation. The test was done 
under hydrostatic pressure up to 20 MPa and in a 
temperature-controlled environment of approximately 23O 
C. 

2. WORKING PRINCIPLES OF FBG OPTICAL 

Fibre Bragg Grating (FBG) sensing has gained popularity 
and received increased attention in recent years. Laying 
inside the core of an optical fibre are FBG sensors of different 
wavelengths that are sensitive to external deformation and 
temperature. This possibility solidifies FBGs’ multiplexing 
capabilities. In principle, FBG sensors work by partial 
reflection of broadband light that is transmitted into the 
system by equipment known as an interrogator (Fig-1). The 
reflected segment of light is of great importance and is 
defined by its wavelength, known as the Bragg wavelength, 
λB, which can be calculated using the equation:  

λB=2nΛ 

where n is the effective refractive index of the FBG and Λ is 
the geometrical grating interval equal to the distance 
between two successive alterations of the refractive index. 

 

Fig -1: FBG sensor and the corresponding spectra [13] 

 All variations in physical characteristics within the Bragg 
grating zone are linked to alterations of either the 
geometrical grating interval (Λ), the core refractive index (n), 
or a combination of both. The relationship of the relative 
Bragg wavelength shift (λB) corresponding to the changes in 
the mechanical strain () and the variation in the 
temperature (T) is expressed as a first-order differential 
equation [6]: 

 

 

where  represents the strain on the FBG, T is the 
temperature variation, p is the strain optic tensor related to 

the properties of the fibre,  is the thermal expansion 
coefficient of the fibre, and ζ is the thermo-optic coefficient. 

3. DESIGN OF NEW END PLATEN 

A major challenge integrating FBG sensors into a triaxial 
system is to access the radial surface of the sample without 
compromising the confining and pore fluid(s) pressures and 
temperature, nor damaging the very fragile optical fibre. 
Considering such constraints, a prototype end platen was 
designed and engineered from carbon fibre reinforced with 
epoxy resin. It features (Fig-2): (i) a flat surface on the top 
side to allow standard core plugs to sit flush during testing; 
(ii) a stainless steel ring that prevents the fasteners from 
damaging the platen; (iii) one feedthrough network at the top 
centre of the platen and inclined at a 10° angle as it 
progresses out to the opposite end in the vertical orientation, 
to allow for thick wall cylinder (TWC) testing with integrated 
FBG; and (iv)  another feedthrough network spiralling around 
the platen from the central position, next to the internal 
feedthrough at the bottom end of the platen and exiting out 
on the top side of the platen to facilitate FBG integration into 
the outer circumference of standard testing plugs.  

 

Fig -2: CSIRO’s end platen used to integrate the FBG 
sensing technique into a triaxial rig. (a) 3D CAD of the end 

platen, (b) end-product of the molded platen with FBG 
wire out of the spiral channel, and (c) the platen installed 

inside the pressure chamber preparing for a mock test 
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 The 2 mm feedthrough network design doubles as pore 
fluid lines for flow protocols. The outer feedthrough (iv) was 
designed to a maximum angle of 80° from the horizontal axis 
with gradual decrements of 10° as the feedthrough 
progresses spirally upwards to allow the minimum curvature 
possible. This transition is important as it allows for smooth 
entry of the FBG wire and prevents reflective losses while 
light travels through the FBG wire.   

 4. PILOT TEST 

To ensure the end platen design does not impact FBG 
strain measurement under stress conditions, a hydrostatic 
compression test (1 = 2 = 3 = 0) was conducted. The 
essence of this geomechanical test is to yield information 
about rock compressibility and the magnitude of the pore 
collapse pressure if such failure is achieved. For simplicity, a 
solid aluminium plug (known properties) of 76 mm in length 
and 38 mm in diameter was prepared for the test. A Fiber 
wire with six FBG sensors model DTG-LBL-1550-125, 
custom-made by FBGS Technologies GmbH, with 125 μm 
cladding diameter and Ormocer coating, was glued spirally 
along the plug length using Araldite epoxy adhesive with a 
curing time of 90 seconds (Fig-3a). The glueing was done so 
that FBG sensors numbered 1, 3, and 5 were positioned 
opposed to each other and at the same height as FBG sensors 
numbered 2, 4 and 6, respectively (Table 1). The range of 
Bragg wavelength of the six sensors is between 1530 to 1565 
nm, with a 5 nm spacing to avoid overlaps. The 
manufactured wavelength sensitivity coefficients assigned at 
ambient conditions are 0.776 pm/με, 8.53 pm/K, and 0.0023 
pm/K.  

After curing, the aluminium plug with the six FBG sensors 
was carefully inserted into a Viton Sleeve. The assembled 
system was then placed inside the triaxial vessel on top of 
the new end platen to allow the FBG wire to come out of the 
triaxial system and be connected to an interrogator (Fig-3 a 
& b). A pair of cantilever-type radials (here called RC-1 and 
RC-2) was then placed on top of the Viton sleeve, as shown in 
Fig. 3 a & b. After that, the pressure cell was closed, filled 
with hydraulic oil, and hydrostatic loading commenced at 0.5 
MPa/min in a temperature-controlled environment set to 

23° C. Two hydrostatic loading-unloading cycles of 7.5 and 
19.5 MPa (effective confining pressure) were conducted to 
ensure the repeatability of the FBG strain measurements. A 
high-accuracy, computer-controlled stepper motor pump 
was used. A LabVIEW application recorded pressure, 
deformation, and temperature data every second. FBG peaks 
data was obtained from FAZT I4 Femtosense software (Fig-3 
c), with a measuring capability of 120 dB and a 0.1 pm 
precision.  

To quantify the deformation of the membrane, which is 
inevitably captured in the strain measured by the radial 
cantilevers placed over the sleeve, and hence allowing a 
more realistic comparison of the FBG strain measurements 
with those from the cantilevers, an additional test was run in 

a different triaxial rig under similar temperature and 
pressure conditions, using an identical aluminium plug with 
one cantilever attached directly to the plug’s surface.  

 

Fig -3: Sample set-up in triaxial stress test vessel: (a) 
aluminium plug with FBG wire glued to its surface, sitting on 
the newly designed end platen; (b) the same aluminium plug 
inserted into the Viton sleeve, and radial cantilevers attached 
to the sleeve; (c) the triaxial cell closed and interrogator 
communication on a PC laptopTable -1: FBG sensor 
locations on the aluminium plug 

Sensor # 
Distance from the bottom end of 

the sample (mm) 

1 and 2 10.0 

3 and 4 40.3 

5 and 6 66.3 

 

4. RESULTS AND DISCUSSION   

Fig-4 a shows hydrostatic stress of both cycles vs time for 
the same loading rate. An example of wavelength shifts of 
FBGs during hydrostatic loading is in Fig-4 b. The results 
show that the wavelength shift increases linearly with the 
applied stress, consistent with the findings of Zhao et al. and 
Lei et al. [15, 16]. 

Stress-strain curves are shown in Fig-4 c & Fig-4 d. Data 
recorded by FBG sensor #2 and radial cantilever #2 were 
disregarded due to low quality, hence are not shown in the 
figure. The variation in the readings from the five valid FBG 
sensors could be attributed to: (i) nonuniformities in the 
glueing process, which was done manually and whose effect 
is yet to be investigated; and (ii) the inability to manually 
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reduce the reflected optical power. The latter can be solved 
by adding an attenuator in the FBG system to deal with any 
round-trip insertion losses, although the fluctuations in the 
strain measurements are quite small – in the order of 0.05 
and 0.07 millistrain for the 7.5 MPa and 19.5 MPa, 
respectively. Nevertheless, it can be observed that strain 
data derived from the FBG sensors show a similar trend to 
the ones derived from the readings of the radial cantilever 
#3 (RC-3) (measured straight on the plug’s surface), and 
they are also of the same order of magnitude. 

 

Fig -4: Summarized graphical representation of results 
obtained from this protocol: (a) stress vs time curves for 

both loading cycles, i.e. 7.5 MPa and 19.5 MPa; (b) FBG 
sensors wavelength change with the increase in 

hydrostatic stress for the 19.5 MPa loading cycle; (c) and 
(d) stress-strain curves for the loading cycles 7.5 MPa and 
19.5 MPa, respectively, as measured by FBG sensors, RC-1 
(reading on top of the Viton Sleeve) and RC-3 (reading on 

Aluminium surface) 

3. CONCLUSIONS 

In this work, we investigated the possibility of integrating 
Fibre Bragg Grating (FBG) multiplex sensors into an 
axisymmetric triaxial stress vessel using the newly designed 
end platen. Cyclic hydrostatic stress was applied on an 
aluminium plug prepared with 6 FBG sensors. 
Simultaneously, radial cantilever gauges were also used to 
monitor the radial deformation of the tested plug. Results 
show that FBG strain values were comparable to the ones 
from the radial strain cantilevers, which indicates that the 
implemented FBG sensing protocol using the newly designed 
platen achieved its purpose and can be used in future triaxial 
testing campaigns. Moreover, it opens possibilities of 
distributing more FBG sensors throughout the circumference 

of the rock samples to measure 3D strain variation 
orthogonally along the radial direction of samples.  

The results encouraged the design of another FBG-end 
platen, which is currently being engineered using 3D printed 
titanium technology (instead of carbon fiber reinforced with 
epoxy resin). The material choice aims at exploring the 
ability of FBG sensors to function at elevated temperatures, 
allowing the performance of geomechanical tests at high 

temperatures (above 100° C). 
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