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ABSTRACT
The traditional measurement method for the horizontal displacement of deep soil usually uses an 
inclinometer for piecewise measurement and then generates an artificial reading, which takes a 
long time and often contains errors; in addition, the anti-jamming and long-term stability of the 
inclinometer is poor. In this paper, a technique for monitoring horizontal displacement based on 
distributed optical fibres is introduced. The relationship between the strain and the deflection 
was described by a theoretical model, and the strain distribution of the inclinometer tube was 
measured by the cables laid on its surface so that the deflection of the inclinometer tube could be 
calculated by the difference algorithm and regarded as the horizontal displacement of deep soil. 
The horizontal displacement monitoring technology of deep soil based on distributed optical fibre 
sensors developed in this paper not only overcame the shortcomings of traditional inclinometer 
technology to realize automatic real-time monitoring but also allowed for distributed measurement. 
The experiment was similar to the expected engineering situations, and the deflection calculated 
from the strain was compared with an inclinometer. The results demonstrated that the relative error 
between the distributed optical fibre sensors and the inclinometer was less than 8.0%, and the 
results also verified both the feasibility of using distributed optical fibre to monitor the horizontal 
displacement of soil as well as the rationality of the theoretical model and difference algorithm. The 
application of distributed optical fibre in monitoring the horizontal displacement of deep soil in the 
engineering of foundation pits and slopes can more accurately evaluate the safety of engineering 
during construction.

1. Introduction

The development and utilization of underground spaces, 
such as multilayer basements of tall buildings, subway 
lines and stations, and underground civil air defence pro-
jects, are producing a large number of deep foundation 
pits. It is impossible to calculate the horizontal displace-
ment of the surrounding land precisely during excava-
tion due to the complex nature of geotechnical mechanics 
and many other related factors. Therefore, it is necessary 
to use instruments and sensors for the long-term moni-
toring of the horizontal displacement of the soil and the 
retaining pile (1). Traditionally, the horizontal displace-
ment of deep soil is measured using an inclinometer, but 
there are inevitable shortcomings: the process takes a long 
time and induces errors due to requiring manual meas-
urements; it cannot be monitored automatically; and the 
protection from interference, durability and stability of 
the inclinometer is poor, so it is difficult to adapt to the 

requirements for the long-term monitoring of pits (2). 
The distributed optical fibre sensors developed in this 
paper are protected from electromagnetic interference, 
demonstrate good corrosion resistance and durability, are 
easy to lay on the structure because of their small size and 
light weight, and have less of an effect on the performance 
and mechanical parameters of the monitored object (3–5). 
When compared to the traditional measurement method, 
distributed optical fibres allow for real-time monitoring 
of the horizontal displacement of deep soil and can also 
measure continuous displacement to locate the maximum 
displacement position and accurately determine the max-
imum horizontal displacement.

Mendez et al. (6) first used fibre sensors in 1990 to 
detect strain in reinforced concrete structures. In recent 
decades, fibre optic sensing technology has rapidly 
developed. Distributed optical fibre sensing technology 
is widely used in foundation pits, tunnels, slopes and 
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screws. The theoretical model can be used to calculate 
deflection from the measured strain using the difference 
algorithm instead of the integral method. To simulate 
the  engineering applications of this measurement, the 
inclinometer tube was immobilized vertically to load it. 
The Rayleigh backscatter technique was used to demod-
ulate the strain distribution of the optical fibres attached 
to the surface of the inclinometer, and then the deflec-
tion was calculated using the strain and compared with 
the measurement of the inclinometer. The feasibility of 
monitoring the horizontal displacement of deep soil based 
on distributed optical fibre sensors was verified by these 
experiments.

2. Measurement principles

2.1. Principle introduction of OBR

OBR is based on a frequency-domain technique and uses 
a scanning wavelength coherence interference technique 
to measure the temperature and strain distribution of a 
fibre. Differing from other frequency-domain techniques, 
optical backscatter reflectometry is sensitive enough to 
measure the Rayleigh backscatter in standard single-mode 
fibres. OBR uses swept wavelength interferometry (SWI) 
to measure the Rayleigh backscatter as a function of length 
in optical fibres with a high spatial resolution. An external 
stimulus (such as a strain or temperature change) causes 
temporal and spectral shifts in the local Rayleigh backs-
catter pattern. These temporal and spectral shifts can be 
measured and scaled to obtain a distribution of temper-
ature or strain measurement. The shifts due to strain and 
temperature changes can be given by:
 

where � is the average wavelength; ν is the frequency of 
the light; KT is the temperature coefficient; and KS is the 
strain coefficient. KT and KS are mainly determined by 
the type and concentration of the fibre core as well as the 
composition of the cladding and the coating.

OBR improves the level of spatial and spectral resolu-
tion over the initial demonstration of the technology. The 
SWI approach enables robust and practical distributed 
temperature and strain measurements in standard fibres 
with millimetre-scale spatial resolution over tens to hun-
dreds of metres of fibre (15).

The optical fibre demodulator used in this experiment 
is a LUNA OBR4600, with an ultra-high spatial resolu-
tion of 1 cm, a maximum measurement length of 2 km, 
a strain accuracy of 1��, and a temperature accuracy of 
0.1  °C, which meets the monitoring requirements of a 
deep foundation pit.

(1)
Δ�

�
= −

Δ�

�
= KTΔT + KS�

other forms of geological engineering due to its facility 
in long-distance remote monitoring (7–9). Zeni et al. (10) 
measured the deformation characteristics of soil using dis-
tributed optical fibre sensors based on Brillouin scattering 
and presented how it could be used for both the moni-
toring of slope stability and early landslide identification. 
Mohamad et al. (11) monitored the deformation caused 
by the excavation of adjacent tunnels by laying the distrib-
uted optical fibre sensor along the torus of the tunnel. The 
deformation of the tunnel was predicted according to the 
strain distribution of the tunnel loops that were demod-
ulated by Brillouin Optical Time Domain Reflectometer 
(BOTDR), which matched the observed results. Klar et al. 
(12) monitored the ground deformation caused by tun-
nel excavation by laying a distributed optical fibre sensor 
in the upper soil of the tunnel. The ground deformation 
was calculated using the strain of optical fibre demod-
ulated by Optical Backscatter Reflectometer (OBR) and 
BOTDR, which were matched by multiple sub-millime-
tre displacement measurements and showed that the 
distributed optical fibre sensor was more sensitive than 
the laser-based displacement measurements. Ding et al. 
(13) bonded a distributed optical fibre sensor onto an 
H-type pile to measure the strain of the pile, which was 
demodulated by Brillouin Optical Time Domain Analysis 
(BOTDA), and then calculated the bending moment and 
deflection by strain. Laboratory calibration experiments 
were conducted to allow for the monitoring of an engi-
neered concrete. Mohamad et al. (14) buried a distributed 
fibre into a secant pile to measure its strain distribution 
using BOTDR. The curvature and deflection of the pile 
calculated using the strain was consistent with the meas-
urements of an inclinometer. However, the fibre could not 
reflect the mutation of shear force and was limited to spa-
tial resolution. The most commonly used demodulation 
technology is Brillouin Optical Time/Frequency Domain 
Reflection. Brillouin demodulation technology is applied 
to long-distance measurements of tens of kilometres, so it 
is difficult to perform accurate measurements when it is 
used in short-distance measurements. Furthermore, the 
algorithm that converts strain to displacement typically 
causes large errors and still needs to be improved.

This paper presents research on the monitoring of the 
horizontal displacement of deep soil using distributed 
optical fibre sensors. Two different cables were attached 
to the surface of an inclinometer tube with glue and 

Figure 1. the principle of coherent detection.
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2.2. Derivation and calculation of deflection

Figure 3 shows the theoretical model of an inclinometer 
tube. The strain of a uniformly elastic, circular inclinom-
eter tube can be calculated by:
 

where �m(r, �, z) is the strain produced by bending; 
y(r, �, z) is the distance to the neutral axis; and �(z) is the 
radius of curvature.

The optical fibres are laid outside the inclinometer tube, 
and the angle between the optical fibres and the maximum 
strain direction is 0°, so the strain can be calculated using 
the formula below:

 

where R is the outer radius of inclinometer tube.
According to the relationship between the deflection 

and curvature, the deflection can be calculated by:

(2)�m(r, �, z) =
y(r, �, z)

�(z)

(3)�m(z) =
R

�(z)

 

where �(z) is the deflection of the inclinometer tube, m 
and n are undetermined coefficients, which can be deter-
mined by the boundary conditions of the tube.

Ding et al. (15) calculated the deflection through the 
integration of strain, which needed to fit the curve of 
strain, which caused errors to gradually accumulate and 
lead to a larger deviation of the calculated results. The 
data measured by the distributed optical fibre sensor are 
discrete, so the deflection can be calculated by a difference 
algorithm. This method can be used to reflect the varia-
tion of discrete variables in the design, and the difference 
equation can be established by the equilibrium relation of 
the discrete variables. The first-order and second-order 
difference equations are

 

 

Therefore, the relation equations between deflection 
and strain can be expressed as
 

The above equations can be rewritten as the following 
matrix:
 

where ω0 and ωn+1 are the deflections at the boundary point; 
ωi(i = 1 ∼ n) is the deflection at the fibre sampling point; h 
is the sampling distance, which is determined by the meas-
ured conditions; and ɛi(i = 1 ∼ n) is the strain at the fibre 
sampling point. The inclinometer tube is supported at both 
ends, so ω0 and ωn+1 are both 0; therefore; the first and 
last columns of the coefficient matrix in formula (8) can 
be eliminated, and the deflection can be calculated from 
the strain at the sampling points by the matrix operation:
 

(4)

�(z) = ∫
z

0
∫
z

0

1

�(z)
dzdz +mz + n

= ∫
z

0
∫
z

0

−
�
m
(z)

R
dzdz +mz + n

(5)Δ� =
�(i + 1) − �(i)

h

(6)
Δ(Δ�) =

1

h

[

�(i + 1) − �(i)

h
−

�(i) − �(i − 1)

h

]

=
�(i + 1) − 2�(i) + �(i − 1)

h
2

=
M

EI

(7)
�(i + 1) − 2�(i) + �(i − 1)

h2
=

1

R

MR

EI
=

�i

R

(8)

R

h2
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Figure 2. the oBr demodulator and computer.

Figure 3. theoretical model of an inclinometer tube.

D
ow

nl
oa

de
d 

by
 [

12
2.

96
.4

2.
10

1]
 a

t 0
5:

47
 0

7 
O

ct
ob

er
 2

01
7 



4   X. HUANG ET AL.

with a diameter of 0.9 mm. This cable is flexible and easy 
to coordinate with the deformation of the measured 
structure. The metal-based cable is shown in Figure 5. 
Metal-based packaging can increase the ability to with-
stand shock and friction during construction. The metal 
baseband is porous and hollow and can be fixed on the 
surface of the measured structure with screws or by being 
welded in place. In addition, it has two different cores, 
which enables us to measure the strain and temperature 
simultaneously by calibrating the strain coefficient and 
temperature coefficient.

The tight-jacket cables are bonded into the two grooves 
on the outside of the PVC tube with epoxy resin adhesive. 
To ensure the cables are kept tight over the long distance 
of the tube, both ends are fixed with tape, and the cable 
is bonded to the pipe with 502 instant adhesive at 20 cm 
intervals. Then, the cable is evenly coated with epoxy resin 
adhesive. Finally, the excess glue is scraped off to make 
the thickness of adhesive layer the same. The metal-based 
cables are fixed in place with screws at 10-cm intervals on 
the outside of the PVC tube in two opposite directions, 
180° to each other. It is necessary to keep the cables tight 
during layout so that the cables can align with the tube. 
The cables are arranged on both sides of the PVC tube 
so that the strain of both sides can be measured by the 
demodulator. Figure 6 shows the inclinometer tubes laid 
with cables.

where Y =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�
1

�
2

⋮

�n

⎫

⎪

⎪

⎬

⎪

⎪

⎭

; A =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

−2 1 0 ⋯ 0

1 −2 1 ⋯ 0

⋮ ⋱ ⋱ ⋱ ⋮

⋮ ⋱ ⋱ ⋱ ⋮

0 ⋯ ⋯ 1 −2

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦
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⎧

⎪

⎪
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⎩
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1

�
2

⋮

�n

⎫

⎪

⎪

⎬

⎪

⎪

⎭
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2.3. Temperature self-compensation

The strain caused by temperature changes cannot be 
neglected because the monitoring period for foundation 
pits lasts several months, and large temperature changes 
will occur. To eliminate the cross-sensitive problems 
caused by temperature, it is common to use a special cable 
that is not affected by structural deformation to monitor 
the temperature changes next to the strain measuring 
cable. This will increase the difficulty of the cables’ layout 
as well as the cost of monitoring. To achieve tempera-
ture self-compensation, a method of laying the cables was 
developed to eliminate the impact of temperature changes.

The strain measured by the optical fibre in a given sec-
tion includes the axial strain, the moment strain, and the 
strain caused by the temperature changes, yet only the 
moment strain is caused by the horizontal displacement 
of deep soil. The optical fibre is laid outside of the incli-
nometer pipe in two opposing directions, 180° to each 
other; the strain formulas are as follows:

 

 

where �+M is the positive moment strain; �−M is the negative 
moment strain; ɛT is the strain caused by the temperature 
change; and ɛN is the axial strain.

Therefore, the pure moment strain is as follows:
 

3 Experiments

3.1. The layout of cables

Two different cables are used in this experiment: a tight-
jacket cable and a metal-based cable. In the tight-jacket 
cable shown in Figure 4, the outer jacket is polyurethane 

(10)�up = �+M + �T + �N

(11)�down = �−M + �T + �N

(12)
�M =

�up − �down

2
=

(�+M + �T + �N ) − (�−M + �T + �N )

2

=
�+M − �−M

2

Figure 4. tight-jacket cable.

Figure 5. Metal-based cable.
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JOURNAL OF MODERN OPTICS   5

experiments are carried out on the inclinometer tubes 
with two different cables and five load stages. The strain 
distribution of the cable is measured when the deforma-
tion of the tube stabilizes after loading, and the deflection 
of the inclinometer tube is measured by the inclinometer 
for comparison. To ensure that the experimental device 
is well-connected and that the rope is tightened during 
loading, the inclinometer tube is initially loaded before 
the experiment to reduce error. The experimental device 
and loading diagram are shown in the following figures.

4. Analysis of experimental data

4.1. Measured strain

The strain on both sides of the inclinometer tube after 
loading is measured by OBR, and the measurement results 
are shown in Figures 9 and 10. The strain on the tensile 
side of the inclinometer tube is positive, while on the com-
pression side, it is negative. It can be seen from Figure 9 
that the measured strain is linear and that the maximum 
strain positions are the same. This result indicates that the 
tight-jacketed cable can coordinate well with the incli-
nometer tube because it is completely bonded onto the 

3.2. Experimental procedures

The total length of the inclinometer tube is 7 m, which is 
connected by two tubes with the connection position at a 
height of 4 m. The tube is placed vertically and supported 
at both ends. One end of the rope is fixed at the loading 
position of the inclinometer tube at a height of 3 m, and 
the other end is fixed on the displacement frame through 
a fixed collar on the wall. The displacement frame is fixed 
to the ground to produce stable multilevel loading. The 

Figure 6. the inclinometer tubes lay with cables.

Figure 7. schematic diagram of the device.

Figure 8. experimental site.
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6   X. HUANG ET AL.

intervals, in which the curves are fitted according to the 
deflection calculated by a difference interval of 0.25 m, 
while the discrete points are the deflection calculated by 
a difference interval of 0.5 m. The calculated results of the 
two difference intervals are basically in accordance, which 
indicates that the calculation results are convergent at the 
difference intervals of 0.5 m, so there is no need to select a 
smaller interval to calculate. Therefore, a difference inter-
val of 0.5 m is selected for this paper.

4.3. Compared with inclinometer

Figures 12 and 13 show the contrast between the deflec-
tions calculated by strain and the measured results of the 
inclinometer. The curves are the deflections calculated by 
the differential algorithm for the strain measured by two 
cables, while the discrete points are the results measured 
by the GN-1 inclinometer. The results are close to each 
other and the trend is consistent, which indicates that the 
technique based on distributed optical fibre sensors can 
measure the deflection distribution of the inclinometer 
tube – the horizontal displacement of deep soil – well.

We can also illustrate that the deflections calculated by 
strain are generally smaller than those measured by the 
inclinometer because there is an adhesive layer between 
the cable and the inclinometer tube. Some strain will be 
lost during transfer, resulting in the strain measured by 
the cable being less than the actual strain. In addition, 
the maximum deflection positions in both the calcula-
tion and measurement are misaligned. This is limited by 
the principle and sampling intervals of the inclinometer, 
which results in the inclinometer being unable to locate 
the maximum deflection position or measure the maxi-
mum deflection accurately. Furthermore, the connections 

surface of the tube, and it also demonstrates that OBR 
can accurately measure the strain distribution of the cable. 
Figure 10 shows the strain of the metal-based cable, which 
indicates that it is difficult to coordinate with the incli-
nometer tube on the compression side, but that the strain 
measurement on the tensile side is still good. In engineer-
ing applications, the inclinometer tube is buried in the 
soil and surrounded, which can make the metal-based 
cable on the compression side also coordinate with the 
inclinometer tube. It can also be seen from Figure 10 that 
there is another strain peak at the connection point, which 
indicates that the connection to the inclinometer tube is 
relatively weak, resulting in an increase in deflection.

4.2. Deflection calculation

According to the theoretical model and the difference 
algorithm established in the previous section, the deflec-
tion of the inclinometer tube can be calculated using the 
strain. Figure 11 shows the contrast between two difference 

Figure 9. strain measured by the tight-jacket cable.

Figure 10. strain measured by the metal-based cable.

Figure 11. the contrast between the two difference intervals.
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tube with screws. This results in a more complex strain 
transfer, leading to greater loss of strain.

5. Conclusions

This paper researched a method for the horizontal displace-
ment monitoring of foundation pits using distributed optical 
fibre sensors and developed an algorithm to calculate the 
displacement. The feasibility of both this method and the 
algorithm was verified by the experimental results. If the 
cables are bonded to the inclinometer tube, they can be coor-
dinated with both sides of the tube. If the cables are fixed with 
screws, the cables on the tensile side can be coordinated with 
the tube, but the cables on the compression side need con-
fining pressure for coordination. For the bonded tight-jacket 
cables and metal-based cables, the average relative error of 
the deflection calculation was 6.4 and 8.0%, respectively. 
Therefore, in order to reduce the strain transfer layer and 
improve the strain transfer rate, the cables should be directly 
laid onto the measured structure for engineering applica-
tions. The strain distribution of the cables can be accurately 
measured by OBR, and the deflection can be calculated 
from the strain using a differential algorithm. Therefore, this 
method based on distributed optical fibre sensors can replace 
the traditional technique for the long-term monitoring of 
the horizontal displacement of foundation pits and slopes.
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to the tube, along with the weight of the tube itself, will 
have an impact on the overall deflection and strain and 
cause errors.

There are errors in both calculation and measurement. 
Figure 14 shows the relative errors of deflection in both 
the calculation and the measurement at the loading posi-
tion. The average relative error of the tight-jacket cable is 
6.4%, while the average relative error of the metal-based 
cable is 8.0%, which is larger than the error for the tight-
jacket cable. Relative errors for the metal-based cable are 
all larger than for the tight-jacket cable, except for the 
third load measurement. The difference of relative error 
between the two cables may be caused by the fact that the 
tight-jacket cable is bonded directly to the surface of the 
inclinometer tube with epoxy resin glue, while the met-
al-based cable is bonded first to the groove of the metal 
baseband and then fixed on the surface of the inclinometer 

Figure 12. deflection calculated by the tight-jacket cable.

Figure 13. deflection calculated by the metal-based cable.

Figure 14. relative errors.
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