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A novel fiber Bragg grating (FBG) sensor with three-dimensional (3D) fused deposition modeling (FDM)
approach is proposed for effective stress measurement in soil mass. The three-diaphragm structure
design is developed to measure earth and water pressures simultaneously. The proposed transducer has
advantages of small size, high sensitivity, low cost, immunity to electromagnetic interference and rapid
prototyping. The working principle, design parameters, and manufacturing details are discussed. The
proposed transducer was calibrated for earth and water pressures measurement by using weights and a
specially designed pressure chamber, respectively. The calibration results showed that the wavelength of
the transducer was proportional to the applied pressure. The sensitivity coefficients of the earth and
water pressures were 12.633 nm/MPa and 6.282 nm/MPa, respectively. Repeated tests and error analysis
demonstrated the excellent stability and accuracy of the earth and water pressure measurements. The
performance of the proposed transducer was further verified by a model experimental test and nu-
merical analysis, which indicated that the proposed transducer has great potential for practical
applications.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Earth pressure measurement is of great significance to ensure
safe design in geotechnical engineering (Zhu et al., 2012, 2015). The
earth pressure normally consists of soil stress induced among soil
particles and pore water pressure in the soil mass. The stress
transferred between soil particles is the effective stress, which
cannot be measured directly. Commonly used earth pressure
transducers measure the total earth pressure, which cannot be
decoupled from the pore water pressure. In general, there are five
types of sensing technologies used for earth pressuremeasurement,
such as the electromagnetic transducer, inductive pressure trans-
ducer, capacitive pressure transducer, vibration wire strain gauge
transducer andfiberoptic sensor (Pachava et al., 2014;Xu et al., 2017,
2018; Zhouet al., 2018). These strain gaugesorfiber optic sensors are
typically glued onto a membrane that is in contact with soil mass.
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
The application of traditional transducers is limited by their
susceptibility to anti-electromagnetic interference and poor
long-term reliability in harsh environments (Zhu et al., 2014; Xu
et al., 2019; Wang et al., 2020). Fiber optic transducers are
ubiquitous in engineering applications because of their resistance
to anti-electromagnetic interference, high accuracy, long-term
stability, and parallel connectivity (Singh et al., 2017; Xu, 2017;
Zhou et al., 2019). Many researchers have demonstrated the
effectiveness and efficiency of fiber optic sensors in various en-
gineering practices (Zhu et al., 2017; Xu et al., 2020a, b; Wu et al.,
2020; Li et al., 2021).

With the development of three-dimensional (3D) printing, the
fused deposition modeling (FDM) approach has been introduced
into the integrated manufacturing and packaging of transducers
(Tang et al., 2018;Wei et al., 2018; Meng et al., 2020; Pei et al., 2020;
Song et al., 2020). Gu et al. (2016) proposed a fiber optic transducer
for measuring hydraulic pressure by observing the deformation of
the fiber grating attached to the outer wall of a thin-walled cylin-
der. Hong et al. (2016) designed a fiber grating pressure transducer,
manufactured by 3D printing, to measure the vertical pressure.
Zhang et al. (2017) designed a shock-resistant fiber grating pressure
transducer, accompanied by a flat diaphragm as the force-loading
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. Sensing principle of fiber Bragg-grating sensor.
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surface, which was successfully applied in explosion experiments.
Hu et al. (2018) presented a fiber grating inclinometer transducer
for highway slope monitoring and early warning systems, which
could assist engineers to adopt quick and essential measures to deal
with potential landslide risks. Hong et al. (2019a, b, c) studied the
effectiveness and efficiency of FDM as the manufacturing and
packaging method of fiber optic transducers. Yang et al. (2019)
adopted the fiber grating and 3D printing to design a new type of
hoop strain transducer, finding good results in calibration and
uniaxial compression tests.

Determination of effective earth pressure is challenging as the
earth pressure transducer itself would affect the pore water
pressure distribution at the same point in soil mass (Zhou and Qi,
2019; Xu et al., 2020c; Cui et al., 2021). The effective earth pres-
sure was calculated from the measured results of total earth
pressure and pore water pressure which were measured by two
independent transducers. This approach would result in large
measurement errors (Li et al., 2017; Zhao et al., 2018). Thus, this
study proposed an earth/water pressure hybrid transducer fabri-
cated by the FDM technology which can obtain the effective stress
directly under fully saturated conditions. The working principle
and design details of the transducer are introduced. The results of
calibration and model validation tests are carried out and
discussed.

2. The hybrid FBG-based earth/water pressure transducer

2.1. Working principle

The fiber Bragg grating (FBG) sensor was fabricated by a phase
mask method in this study. The length of Bragg grating was
10 mm. The working principle of the FBG is shown in Fig. 1. As
the broadband laser source injected into the optical fiber, a nar-
row band wavelength will be reflected and recorded by the op-
tical interrogator. As described by the coupled-mode theory,
narrowband light of a certain wavelength is reflected because of
the periodic structure of refractive indices when a beam of
broadband light is incident on the grating. The wavelength of the
reflected light is sensitive to the environmental strain and tem-
perature. Thus, the reflected wavelength of the FBG sensor have a
linear relationship with the strain and temperature, which can be
expressed as follows (Hill and Meltz, 1997; Majumder et al.,
2008; Garcia-Miquel, 2016):

Dl
l

¼ c1εþ c2DT (1)

where l is the reference wavelength at the initial conditions; Dl
is the wavelength drift due to the external strain ε and temper-
ature variation DT; and c1 and c2 are the strain and temperature
coefficients, respectively. The coefficients c1 and c2 are constants
with values of c1 ¼ 0.78 � 10�6 and c2 ¼ 6.67 � 10�6 �C�1. Thus,
the strain can be obtained by Eq. (1) according to the measure-
ment of wavelength drift Dl with the compensated temperature
effect.

2.2. Design and fabrication process

A detailed view and the three-layer structure of the proposed
hybrid transducer is displayed in Fig. 2b. The upper circular dia-
phragm I, used to measure the overburden earth pressure, was set
with a groove on its lower side. The groove was 0.5 mm in depth,
which was the minimum resolution of the 3D printer. The FBG
sensor was installed in the groove with the tension state. The AI
side would bear the overburden earth pressure during testing and
thus the tensile deformation occurred on the BI side. The defor-
mation of the membrane would result in the wavelength shift of
the FBG sensors. The middle layer circular diaphragm II was used
to measure the water pressure. The groove with the depth of
0.5 mm was fabricated on the tension side to install FBG sensors.
When the water pressure was applied to the AII side of the dia-
phragm II, the FBG in the groove on the BII side would be stretched
and the following shifted wavelength could be further used to
calculate the strain (i.e. εBII). An additional FBG sensor was
installed on the AII side to measure bending strain (εAII). Thus, the
bending strain induced by the water pressure could be obtained
by (εBII � εAII)/2 and the temperature strain could be calculated by
(εBII þ εAII)/2. The temperature compensation should also be taken
into consideration during these calculations. Normally, in exper-
imental test conditions the temperature has low variation,
therefore the temperature effect could be compensated according
to the room temperature.

A certain number of micro-pores were fabricated in the dia-
phragm III, through which only water was allowed to flow. As
shown in Fig. 2b, cavitieswere formedbetweendiaphragms I and II,
as well as between diaphragms II and III. The FBGs of diaphragms I
and II were designed to measure the overburden earth and water
pressures, respectively. The optic fibers should be carefully pro-
tected throughout the process of fabrication and application. The
printing processes for diaphragms I and II was similar which were
printed to a certain thicknesswith agroove formedaccording to the
design scheme. During the printing, the fibers were placed into the
grooves. After printing, diaphragms I, II, and III were assembled to
form the hybrid FBG based earth/water pressure transducer. The
data can be recorded by the FBG interrogator through the optical
fibers.

Fig. 3a is the schematic diagram of the manufacturing process
for the proposed transducer. The 3D FDM printing adopts special-
ized equipment to spray or fusematerials layer by layer to complete
the production, which greatly reduces the manufacturing
complexity. Printing materials were sent to the printer nozzle by
the wire feeding mechanism through the processes of heating,
melting and squeezing out materials to solidify layer by layer until
the model was formed. The raw material was the commonly used
polylactic acid (PLA), which was renewable and biodegradable with
good physical properties. Fig. 3b shows the 3D printing process of
the proposed hybrid transducer.

Fig. 4a shows the wavelength drift of the transducer during the
printing process. The wavelength drift can be divided into three
stages: before, during, and after printing. The initial wavelength of
the FBG sensor was 1526.4 nm. During printing, the hot PLA ma-
terial that was squeezed out from the nozzle of the 3D printer
caused significant thermal expansion of the FBG sensor, which
resulted in the wavelength drift with high fluctuations. When the



Fig. 2. Transducer design: (a) Overall geometry and (b) Main section view.
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printing was completed, the wavelength drift gradually decreased
with the decreasing of temperatures. The changes in wavelength
throughout the process can be attributed to the expansion and
shrinkage of the PLA material with its temperature fluctuations.
The designed FBG transducer successfully went through the melt
temperature of PLA at 210 �C without any influence. Fig. 4b shows
the final printed transducer that was used for further calibration
and verification.
3. Calibration test

3.1. Calibration for earth pressure

The fabricated transducer was calibrated for earth and water
pressure measurements. Two FBG sensors were installed in the
Fig. 3. Fabrication process of the FBG transducer: (a) Diagram of the 3D FDM fabri-
cation, and (b) Photo taken during fabrication process.
transducer, with an additional sensor to eliminate the temperature
effect by Eq. (1). The earth pressure of the transducer was calibrated
with stage loads. Three calibration tests were conducted with
stages loads from 0 N to 50 N at a speed of 10 N per step. Fig. 5
shows the FBG wavelength versus the applied pressures. The
wavelength was increased with the increasing of applied loads. The
wavelength drift versus applied pressure is shown in Fig. 6. The
results indicated that the FBG wavelength had a linear relationship
with the applied pressures. The sensitivity coefficient of the cor-
responding pressure was 12.633 nm/MPa in the measurement
range of 0e100 kPa.
3.2. Calibration for water pressure

The water/air pressure measurement by the proposed trans-
ducer was calibrated by a specialized designed system as shown
in Fig. 7. In this study, the measured water pressure was cali-
brated by applying air pressure from an air compressor. The
transducer was placed in an airtight pressure chamber, ensuring
that the pressure on the transducer was stable. The signal
transmission pigtail of the transducer was fed out from the
pressure chamber and connected to the FBG demodulator for
signal collection. There were seven cycles of loading and
unloading in the calibration tests, with an applied air pressure
range of 0e0.3 MPa. After pressurizing, time was required for
data stabilization before continuing pressurization. A stable
wavelength measurement was acquired for each air pressure
level before the next air pressure level was applied.
Fig. 4. Fabrication process and manufactured transducer: (a) Wavelength versus time
during the 3D printing process, and (b) The printed FBG pressure transducer.



Fig. 5. Calibration results of the hybrid transducer under normal pressure.
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The stability was verified by repeated experiments. Fig. 8a
shows the periodic changes of wavelength during loading cycles.
The wavelength was varied in an almost constant fluctuation range
Fig. 6. Relationship between wavelength drift and stress.

Fig. 7. Calibration system
of 1538 nme1541 nm when the air pressure was applied. The
wavelength under each load and the average wavelength were
calculated. The results indicated that the maximum error was 3.1%
with a maximum absolute relative error less than 2%. The results
proven that the sensor had relatively low error rates and high
sensitivity. The relationship between wavelength and pressure was
analyzed. As shown in Fig. 8b, the FBG pressure transducer shows
good linear characteristics with a sensitivity coefficient of
6.282 nm/MPa.

4. Model test verification

4.1. Experiments for validation

The pullout experiments of anchor rod were carried out after
calibration of the transducer. Fig. 9 shows the experimental setup.
The transducer was placed in a physical model box which has a
dimension of 60 cm in length, 22.5 cm inwidth and 30 cm inheight.
For comparisons, strain gauges were installed on the surface of the
glass-fiber-reinforced polymer (GFRP) bar. The dynamic strain
collector was adopted to check whether the transducer was in a
normal condition. The GFRP anchor was connected to a high-
strength steel wire, which was loaded step by step through
weights. The wavelength were measured and recorded by the FBG
demodulator. The strain gauge was connected to the dynamic
strain acquisition.

Staged loads were applied by using a hydraulic jack. The earth
pressures were controlled as 0.3 kN, 0.6 kN, and 0.9 kN with water
pressures of 0.01MPa, 0.02MPa, and 0.03MPa, respectively. Fig.10a
shows that the shifted wavelength during the experiment drifted
uniformly with the applied pressure and the two wavelengths
corresponding to earth and water pressures changed almost
simultaneously. Fig. 10b is the pressure calculated from the wave-
length of the transducer in Fig. 10a according to the previous cali-
bration test and the change of wavelength. The earth pressure
changed around 55 kPa and the water pressure changed around
7 kPa at each loading stage, demonstrating that the pressure change
of the transducer was stable.

4.2. Verification with numerical analysis

Numerical analysis was carried out to further verify the accuracy
of the experiment. COMSOL Multiphysics 5.6 with the structure
mechanics module and Darcy’s law were implemented to establish
the numerical model. Fig. 11 shows the boundary conditions of the
for water pressure.



Fig. 8. Calibration results under various air pressures: (a) Wavelength vs time, and (b)
Relationship between wavelengths drift and air pressure.
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experimental model with 104,587 elements. The parameters P and
F are the water pressure and pulling force, respectively. The Young’s
Fig. 9. Setup of the mod
modulus, Poisson’s ratio, and density of the GFRP anchor rod were
41 GPa, 0.25, and 2000 kg/m3, respectively.

Fig.12 shows the strainmeasured by strain gauges installed on the
surface of the GFRP anchor rod during the pulling process. It can be
found that the simulated results were matched well with the
measured results expect that the fluctuation measured by the trans-
ducer. The fluctuationmay be induced by the particle rearrangement
and strain dilation of soil mass during pullout process. The strains
along the GFRP bar were increased during the pullout process which
can be divided into three stages as indicated in Fig. 12. At stage A, the
GFRP bar was in an elastic equilibrium state in which the strain was
increased linearly with time. The GFRP bar was in a critical state or
limit equilibrium state at stage B where the pullout out force was
reached at themaximum static pullout force. At stage C, the interface
between the GFRP bar and surrounding soil was reached in a plastic
state where the GFRP bar was in the motion state. Although the
simulation can not consider the irregular interface between the GFRP
bar and the surrounding soil, the simulated results captured the
phenomenonwell.

Fig. 13 shows the simulated and measured earth pressure and
pore water pressure during the pullout process. The simulated and
experimental results matched well except that there are some de-
viation. Thedeviation canbe attributed to thenonlinear behaviors of
soil mass that are difficult to simulate by the numerical model, such
as the soil dilation, particle rearrangement, and irregular interface
between theGFRPbarand surrounding soil.However, themaximum
deviation between the measured and simulated earth pressure was
less than 6% which was less by considering the complex experi-
mental boundary conditions and nonlinear plastic interface be-
tween the GFRP bar and surrounding soil. The numerical analysis
indicates that the transducer has excellent performance in
measuring both water and earth pressure in soil mass.
5. Conclusions

A new type of earth and water pressures transducer was pro-
posed using the 3D FDM approach tomeasure the effective stress in
soil mass. The transducer was designed with three layers to satisfy
the needs of measuring earth pressure, water pressure and effective
stress. The working principle and design details of the proposed
hybrid pressure transducer were expounded. The calibration ex-
periments and verification tests were conducted. Major conclusions
are summarized as follows:
el test verification.



Fig. 10. Pullout test results: (a) Wavelength drift of FBG sensors in the transducer, and
(b) Pressure measurements of the designed transducer.

Fig. 12. Strain curves of anchor rod during pullout process.
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(1) A hybrid transducer with integrated FBG sensors for earth
and water pressure measurements in soil mass was designed
and fabricated with the 3D FDM approach. Temperature
compensation was taken into consideration by using a
separate FBG temperature sensor. The encapsulation method
was convenient for fabrication and of good deformation
compatibility in soil mass.

(2) The calibration tests showed that the sensitivity coefficients
for the measurement of earth and water pressures were
12.633 nm/MPa and 6.282 nm/MPa, respectively. Repeated
tests and error analysis revealed that the designed
Fig. 11. Diagram of the simulation model.
transducer has high stability and sensitivity for earth pres-
sure and water pressure measurement in soil mass.

(3) The performance of the transducer was further verified by a
model experimental test together with numerical analysis.
Fig. 13. Pressureetime curves: (a) Earth pressure, and (b) Pore water pressure.
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The experimental and simulated tests matched well, finding
a maximum measurement error of 6%. The transducer thus
has promising practical applications with stable perfor-
mance in engineering practices.
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