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Characterizing the strain transfer on the sensing
cable-soil interface based on triaxial testing
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Abstract. The deformation coordination between a rock/soil mass and an optical sensing cable is an important issue for
accurate deformation monitoring. A stress-controlled triaxial apparatus was retrofitted by introducing an optical fiber into the soil
specimen. High spatial resolution optical frequency domain reflectometry (OFDR) was used for monitoring the strain
distribution along the axial direction of the specimen. The results were compared with those measured by a displacement meter.
The strain measured by the optical sensing cable has a good linear relationship with the strain calculated by the displacement
meter for different confining pressures, which indicates that distributed optical fiber sensing technology is feasible for soil
deformation monitoring. The performance of deformation coordination between the sensing cable and the soil during unloading
is higher than that during loading based on the strain transfer coefficients. Three hypothetical strain distributions of the triaxial
specimen are proposed, based on which theoretical models of the strain transfer coefficients are established. It appears that the
parabolic distribution of specimen strain should be more reasonable by comparison. Nevertheless, the strain transfer coefficients
obtained by the theoretical models are higher than the measured coefficients. On this basis, a strain transfer model considering
slippage at the interface of the sensing cable and the soil is discussed.
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1. Introduction

Land subsidence is one of the common geological
disasters in coastal cities in eastern China. There are many
reasons for this disaster, such as changes in groundwater
level, additional loads caused by engineering construction,
geotectonic movements, and the compression of
unconsolidated newly deposited strata. Accurate and
effective monitoring is an important means to study the
mechanism, early warning and prevention of ground
subsidence (Hu et al. 2004, Li et al. 2006a, Morton and
Bernier 2010, O’Leary and Gottardi 2020, Wang et al.
2009).

The common monitoring technologies include Global
Positioning System (GPS), Interferometric Synthetic
Aperture Radar (InSAR), precision levelling, layerwise
mark and bedrock mark (Gutiérrez et al. 2011, Yao and Mu
2008, Zhang et al. 2019), etc. However, these traditional
monitoring techniques have some limitations in obtaining
the deep continuous deformation of the entire stratum,
which is important for the research and prevention of
ground subsidence.

Due to the advantages of distributed, long-distance, anti-
electromagnetic interference and high reliability, distributed
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optical fiber sensors (DOFSs) have been greatly developed
and applied in geological and geotechnical fields (Feng et
al. 2015, Habel and Krebber 2011, Leung et al. 2015,
Tennyson et al. 2001). The deformation coordination
between the optical fiber and the geological body is a key
issue for deformation measurement (Al-Tarawneh et al.
2018, Ansari and Yuan 1998, Ansari 2007, Claus et al.
1989, Kesavan et al. 2005, Nanni et al. 1991, Zhang et al.
2017). Therefore, studies have been carried out to explore
the interface characteristics between the optical fiber and
the measured matrix, including the effects of the coating
jacket and other buffers of the optical cables. (Billon ef al.
2015, Tten 2011, Wan et al. 2008) A number of interface
model theories are proposed (Wang and Zhou 2014).
However, there are two problems in these studies: (1) The
strain of the optical cable is the result of the soil
deformation (Glisic and Yao 2012, Klar et al. 2014).
However, the deformation coordination was explored by
applying tension on the optical cable instead of on the soil,
which makes the test results less representative and
convincing. (2) There is no relationship between the real
deformation of the soil and the deformation measured by
the optical fiber.

In this paper, the deformation coordination between the
sensing cable and soil is studied based on the triaxial test.
An optical frequency domain reflectometer (OFDR) was
used to monitor the deformation of the soil in the triaxial
tests. The deformation relationship between the optical
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Fig. 1 Schematic illustration of the testing apparatus

cable and the soil is studied, and the theoretical models of
the deformation relationship are established. This paper
provides a reference and basis for the application of
distributed optical fiber sensors for land subsidence
monitoring.

2. Design of the experiments
2.1 Instruments

To study the deformation coordination between the
sensing cable and the soil when the soil is compressed, a
stress-controlled triaxial compression instrument was
modified by introducing a 2 mm diameter sensing cable in
the center of the triaxial sample, as shown in Fig. 1. The
pressure chamber used in the test is a hollow cylinder made
of plexiglass with a height of 22 cm and a diameter of 15
cm. O-rings are used to strengthen the connection between
the pressure chamber and the base to ensure the
impermeability of the pressure chamber. During the test, the
pressure chamber is filled with water, and uniform
confining pressure is applied to the sample through the air
COMPIessor.

The overall deformation of the sample is measured with
a displacement meter with an accuracy of 0.01 mm. The
internal deformation of the sample is measured by an OSI-S
OFDR, which is made by ETSC (Hong Kong) Technologies
Limited. The maximum measuring distance of the
instrument is 100 m, the spatial resolution can reach 1 mm,
and the sensing accuracy is 1 x& Compared with the optical
fiber sensing technology of BOTDR and BOTDA, the
instrument has superhigh strain measurement accuracy and
spatial resolution, which is very suitable for the fine
measurement of small-scale laboratory tests.

2.2 Materials and test specimens
The optical cable embedded in the soil is a 2 mm

diameter single-mode optical cable that has been widely
used in engineering monitoring. The main parameters of

Table 1 Main parameters of the optical cable

Elastic Strain range
modulus/GPa /ue

-10000~+20000

Diameter Maximum breaking
/mm force/N

2 220 0.37

the optical cable are shown in Table 1. The triaxial
specimen was made of silty clay. The basic properties of the
soil are summarized in Table 2.

In preparation of the specimens, the optical fiber was
first introduced from the bottom of the tray and pre-
stretched to avoid bending. Then, the prepared silty clay
(moisture content: 16%) was filled into a split tube with a
bottom area of 30 mm? by three rounds of compaction. The
density of the triaxial specimen is 1.725 g/cm’. The
specimen was coated with a rubber membrane. The optical
cable was led out from the side of the top cap and finally
was threaded out from the pedestal. After that, the confining
pressure is applied on the specimen.

2.3 Test procedure

The axial strain of the optical fiber and the vertical
deformation of the sample are monitored simultaneously.

The confining pressures applied in this test are 200, 300,
and 400 kPa. After the volume changes of the specimen
were stabilized, the axial pressure was applied to the
specimen step by step through the loading bar under the
consolidated drainage condition. The maximum axial stress
applied should not exceed 50% of the confining pressure,
and the load increment of each step was 25 kPa. For
example, the sequence of axial stress applied at a confining
pressure of 300 kPa is 0, 25, 50, 75, 100, 125, 150, 125,
100, 75, 50, 25, and 0 kPa. The tests under three confining
pressures were conducted on the same sample. Therefore,
the soil sample and the sensing cable will produce
irrecoverable strain after each loading and unloading cycle.
It is necessary to clear the irrecoverable strain before
conducting a new cycle.

3. Test results
3.1 Strain distribution of the optical sensing cable

The axial strain distribution of the optical cable during
the loading and unloading process under different confining
pressures was measured by OFDR. The test results are
shown in Figs. 2-4. The cable strain is proportional to the
axial stress. The strain distribution is nonuniform and
approximatively symmetrical along the axial direction of
the specimen. The strain at both ends of the specimen is
smaller than that in the middle of the specimen. The cable
strain under the condition of unloading is higher than that
under the condition of loading at the same axial pressure
mainly because of the plastic deformation of the soil, which
results in residual compressive strain. For example, the
maximum cable strain under 75 kPa axial pressure is 446 ue
in the unloading process, as shown in Fig. 2(b), while that

Table 2 Basic properties of the test soil

Specific  Liquid  Plastic Optimum Maximum dry
gravity limit limit  moisture content density
G wr /% Ip/% Wopt /% /g/cm3
2.73 34.5 17.6 16.0 1.7
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Fig. 2 Strain distribution of optical fiber under 200 kPa confining pressure
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Fig. 3 Strain distribution of optical fiber under 300 kPa confining pressure
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Fig. 4 Strain distribution of the optical fiber under a 400 kPa confining pressure

under the same axial pressure in the loading process is 384
ue, as shown in Fig. 2(a). When the axial stress was
unloaded to 0 kPa, a small tensile fiber strain is observed.
The tensile strains under confining pressures of 200, 300,
and 400 kPa are approximately 10, 40, and 25 pe,
respectively.

3.2 Stress—strain curve

According to the strain distribution of the optical
sensing cable along the height of the specimen in Section
3.1, the average strain is calculated according to Eq. (1).
The sampling resolution of OFDR in the test is set as d = 5
mm.

L
L a ED+e(i+1)
L edl X =——d

1
SERILOLIS b (M

where g is the average strain of the optical fiber; £(i) is
the strain of the i-th specimen section; d is the sampling
resolution; and L is the specimen height.

Fig. 5 shows the stress—strain curves according to the
average strain of the optical sensing cable under different
confining pressures. The average strain of the optic cable
increases with the axial stress during loading and decreases
with the axial stress during unloading. When the axial stress
was unloaded to 0 kPa, the average strain of the optical
cable shows a small tensile strain.
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Fig. 5 Stress—strain curves measured by the optical cable
under different confining pressures
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Fig. 6 Stress—strain curves of the specimen under different
confining pressures

The average strain of the specimen is calculated by Eq.
(2), in which the axial deformation of the specimen was
measured by a displacement meter.

e = Allfi) @)

where €, is the average strain of the specimen, Al(i) is
the deformation of the specimen measured by a
displacement meter, and L is the length of the specimen.
The hysteresis loop of the specimen is more obvious
because of the viscoelasticity of the soil. The hysteresis
loop in the stress—strain curves of the sensing cable is the
result of the interaction between the sensing cable and the
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Table 3 Linear fitting of cable strain and specimen strain

during loading
Confining Fitting equation Corre@ation )
pressure /kPa coefficient R
200 g = 0.511¢,, — 70.68 0.997
300 g = 0.499¢,, — 66.56 0.983
400 g = 0.531¢, — 62.38 0.998

Table 4 Linear fitting of cable strain and specimen strain
during unloading

Confining Fitting equation Corre!ation )
pressure /kPa coefficient R
200 g = 0.644¢,, — 86.03 0.924
300 g = 0.608¢g,, — 106.96 0.997
400 g = 0.567¢, —121.14 0.973

soil, as shown in Fig. 6. The average strain of the specimen
is larger than that of the optical sensing cable. However,
there is similarity between the average strain and stress of
the specimen measured by the displacement meter and the
optical sensing cable, which indicates a coordinated
deformation relationship between the optical sensing cable
and the soil.

3.3 Deformation coordination analysis

The strain relationship between the sensing cable and
the specimen was analyzed by fitting. As the strain is small
at the initial stage of loading and to avoid the relatively
large error of the displacement meter for small specimen
strain, the strain data for the axial stress from 25 kPa to the
maximum stress (100, 150 and 200 kPa) are selected for
fitting in the loading process. In the unloading process, the
strain data for the axial stress from the secondary unloading
stress (75, 125 and 175 kPa) to 0 kPa are selected for fitting.

From Fig. 7, Tables 3 and 4, it can be concluded that
there is a good correlation between the average strain of the
optical cable and that of the specimen. However, the slopes
of the fitting linear equations are different in the loading
and unloading process, which indicates a discrepancy in the
coordinated deformation performance between the optical
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Fig. 7 Relationship between the average strain of the optical cable and that of the specimen
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cable and the soil mass. The coordinated deformation
performance during unloading is higher than that during
loading.

4. Theoretical models
4.1 Strain transfer model

A single mode optical fiber is usually used as a sensor
for distributed strain monitoring. The basic structure of a
bare optical fiber is a multilayer cylinder composed of a
core, cladding and coating. To enhance the mechanical
performance and durability of the optical fiber, different
types of jackets are added to protect the bare optical fiber,
which is called an optical cable. The typical structure of the
optical cable is shown in Fig. 8 (Her and Huang 2011, Li ef
al. 2006b).

Fig. 9 shows the boundary condition of the triaxial
specimen. A polyurethane sheathed optical sensing cable
with a diameter of 2 mm was embedded in the center of the
triaxial specimen. A stress-controlled triaxial compression
test was applied to produce the axial deformation of the
specimen. The axial strain of the specimen was measured
by the optical sensing cable and the displacement meter.

Because the sensing cable includes a coating and jacket,
there will be a certain loss when the soil strain is transferred
to the fiber core. Therefore, to analyze the strain transfer
characteristics of the optical sensing cable, a distributed
strain transfer model with a coating and jacket is
established, as shown in Figs. 10 and 11 (Falcetelli et al.
2020, Zhou et al. 2007).

The following assumptions are introduced to simplify
the analytical strain transfer model:

Jacket

Coating
Cladding

Fig. 8 Typical structure of the optical cable

__—Optical fiber sensor
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-
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/
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Fig. 9 Stress diagram of the triaxial specimen

(1) The buffer, including the coating and jacket, only
bears shear stress. The soil matrix directly bears
axial stress and transmits the stress to the optical
fiber through shearing between the soil and cable,
as well as the buffer, causing the axial deformation
of the fiber core;

(2) All interfaces are ideal, and the different layers are
well bonded without relative slippage or peeling;

(3) There is no shear stress in the soil except on the
surface of the sensing cable;

(4) The optical fiber and buffer are linear elastic
materials. Only the elastic—plastic behavior of the
soil was considered;

(5) The optical fiber includes a fiber core and cladding,
which can be regarded as a whole, commonly
known as the fiber core.

Assuming that the length of the optical sensing cable
embedded in the soil sample is 2L, the established
coordinate system is shown in Fig. 9. The stress analysis of
the model along the X axis is as follows

nrfzdaf(x) + anfff(x, rf)dx =0 (3)

2yt (x, 17 )dx = 2mrT, (x, T)dx; rr<r<1n (4

=
IA
-
IA

2nr.t.(x,1)dx = 2nrT;(x, r)dx; 1 (5)
n(r? — 12)do, (x) + 2777 (x, 17) dx
= 2nrt, (x,r)dx;

(6)
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where o is the axial stress, 7 is the shear stress, r is the

radius from the axis, and subscripts f, c, j, and m represent

the fiber core, coating, jacket and soil matrix, respectively.
From Egs. (3)-(5), we obtain

dos(x) _ ZTf(x, rf)

7
dx T¥ @
i
T(x,1) = 7rf(x,rf); <r<rm (8)
TC
Tj(x: r) = 7Tc(x: 7); LST<T )
Egs. (7)-(9) are combined to obtain
172 dor(x)
f f
T(x,7) = T T dx ; r<Tr=<T1 (10)
e dos(x)
__ 7 fA
rj(x,r)——g s <r<r (11)

The radial displacement of the optical fiber can be
ignored because it has a large aspect ratio. Therefore, the
following equation can be obtained according to the
constitutive equation of the fiber.

772 dor(x) e dep(x)
f f f f
f = = ——F _
G 2r  dx 2r' T dx (12)
PSTr<T
72 dop(x) 1% der(x)
f f f f
j ) == > = __E ;
5 0om) 2r  dx 2r T dx (13)
T STr<T;
du(x,r
T.(x, 1) = Gy (x,1) = GC%; r<r<r (14)
du(x,r
7;(x,7) = Gyyj(x,7r) = Gj%; <r<r (15

Combining Egs. (12) and (14), an integral equation is
given as follows

¢ du(x,r) (€ 1?2 der(x)
J;(GC . )dr—J}(—?Ef I )dr (16)

14 dep(x)
T¥ dx

E;1:2
u(x, ) — u(x,rf) = —G—ff71n<
c

(17

Substitution of the expression given in Eq. (13) into Eq.
(15) gives the integral form as follows

j d , j 2 d
fc(cj us;r)>dr=£ (—Z—TEf Zix)>dr (18)

Epre? des(x)

u(x, 1) —ulx,n) = _G_jTln (:—i) i (19)

Eq. (17) and (19) are combined to obtain
u(x,13) —u(x1y)

() ()],
N Y S U P a0l (20)
- G; G |72 dx

The following equations can be obtained by the
derivation of Eq. (20)

2
: (ZCEX) — k?er(x) = —kZep, (x, 1) @l
2
o 22)

[In (:—:) /G; +1n (:—;) /Ge]Esrs?

The soil strain function &,(x,1,) is necessary for the
solution of &¢(x) in Eq. (21). The following three cases of
the soil strain are discussed.

4.1.1 Uniformly distributed specimen strain
The uniformly distributed specimen strain is as follows

Em(xt rm) =&nm (23)

According to Ansari and Yuan (1998), we obtain

(24

cosh(kx)
B cosh(kL)]

g (x) = &p [1

However, it is different from the previous studies that
the strain boundary condition of the sensing cable is not
zero in Section 3.1. This is because of the existence of shear
stress at the end of the specimen. The strain of the soil can
transfer to the fiber core. Here, the strain transfer coefficient
at both ends of the specimen can be set as a

g (L) = g(—L) = agy, (25)
Substituting Eq. (25) into Eq. (24) gives

(1 — a) cosh(kx)
cosh(kL)

g (x) = &y [1— (26)

The strain transfer coefficient a(x) at each point of the

optical cable embedded in the soil is defined as follows

gr(x) _ (1 — a)cosh(kx)
en  cosh(kL)

a(x) = (27)

The average strain of the sensing cable is calculated by
integrating, and the average strain transfer coefficient can
be expressed as follows

2 fOL gr(x)dx
2Le,

3 (1 — a) sinh(kL)

28
kL cosh(kL) %)

a =

After simplification, we obtain
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Fig. 12 Parabolic distribution of specimen strain along
specimen height

a—1  sinh(kL)
"~ kL cosh(kL)

a—1 (29)

4.1.2 Parabolic distribution of the specimen strain

During the triaxial compression test, the strain
distribution along the height direction of the specimen is not
uniform. The distribution of the strain is characterized by a
large strain in the middle of the specimen and a small strain
at both ends of the specimen, which agrees with the strain
distribution measured by the optical sensing cable.
Assuming that the strain distribution of the specimen is
parabolic, &,,(x,1,) can be expressed as follows

Em(x, 1) =nx%+b (30)

Based on the average strain g, measured by the
displacement meter and assuming that the strain at both
ends of the specimen is fe, (0 < f < 1), the strain
distribution of the specimen can be calculated as follows

3(B— ey, 3-B__
em(x, 1) = STz ™ x? + 5 Em 31
Substituting Eq. (31) into Eq. (21) yields
d?er(x
1) — k?ep(x)
dx?
36— D& , 3-F__ (32)
=—k x°+ €m
212 2

Solving Eq. (32) gives

g (x) = ¢; sinh(kx) + ¢, cosh(kx)
3(3 1)£mx2 N 3-8 3(B-1) — 33
212 2 k212 m

As the boundary condition of the measured fiber strain
is not zero, the strain transfer coefficient of the boundary is
also assumed to be @ (0 <a < 1). We obtain

& (L) = g(=L) = agn(L 1) = afy, (34)
Substituting Eq. (34) into Eq. (33) gives

k*L*(a— DB - 3(B — )_

g (x) = JZIZ cosh(kL) &n - cosh(kx) <
36—V, 3-8, 36-1] &
o [ 2 TR ]8’"

Pz

ST o L X

Fig. 13 Symmetrical polyline distribution of specimen
strain along specimen height

Similarly, the expression of the strain transfer coefficient
a at each point of the optical cable is as follows

k?1%(a-1)B-3(B-1) | 3(B-1)
k212 cosh(kL) COSh(kx) + k212 +1 (36)
3(B-1) x2 +3 B
212

alx) =

The average strain of the cable embedded in the
specimen is calculated by an integral. The average strain
transfer coefficient of the specimen section is obtained as
follows

~ ZfOL gr(x)dx
O =—"T—
2L,
B k3L3 cosh(kL)
3(B—-1)
ST +1

4.1.3 Symmetrical polyline distribution of
specimen strain
Assuming that the strain distribution of the specimen is
a symmetrical polyline during the test, the strain
distribution function &,,(x,1,) is expressed as follows
en(x, 1) = klx| + b, —L<x<L (38)
Similarly, based on the average strain €, measured by
the displacement meter and assuming that the strain at both

ends of the specimen is f€, (0 < f < 1), the strain
distribution of the specimen can be calculated as follows

(2 2[3)_

Sm(x'rm) =
-L<x<L

x| + (2 — By, (39)

Substituting formulae. (39) into Eq. (21) gives

gr(x) = c; sinh(kx) + ¢, cosh(kx)

-2 40
@ ﬁ)eml I+ P (40)

As the boundary condition of the measured fiber strain
is not zero, the strain transfer coefficient of the boundary is
also assumedtobea (0<a<1)

gf(L) = gf(_L) = aen(L, 1) = afe, 41)
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Substituting Eq. (41) into Eq. (40) gives

_(a-1)pz, (2 -2B)e,
g(x) = mcosh(kx) Bl — [x] (42)
+2 - Ben

Then, the strain transfer coefficients are as follows

(a-1)pem cosh(kx)

& (x) cosh(kL)
a(x) = (x) =1+ 2-2B)&m _
m SEEE G -pE
(@-1)f cosh(kx)
=1+ cosh(kL)
~ER N+ 2 p)
- 2 fOL g (x)dx _ (a — 1)B sinh(kL) (44)
2L, kLcosh(kL)

4.2 Comparison of the three distribution models

According to Shao et al. (2016), it is assumed that the 8
value is 0.66. The strain distribution of the specimen is
obtained by taking /5 and the strain values of the specimen
for various axial pressures into Egs. (23), (31) and (39) in
Section 4.1. The strain transfer coefficient distributions of
the above three distribution models are shown in the

following figures (solid line indicates loading, dotted line
indicates unloading):

From Figs. 14 to 16, it can be seen that the strain
transfer coefficients obtained from different strain
distribution models of the specimen have the same
characteristics. (1) The strain transfer coefficient is higher
in the middle of the specimen and lower at both ends. (2) As
the axial pressure increases during loading and decreases
during unloading, the strain transfer rate decreases
gradually. (3) The strain transfer coefficients are close at
each level of axial compression at both ends of the
specimens.

In addition, the shapes of the strain transfer coefficient
distributions are different. For the symmetrical polyline
strain distribution, the strain transfer coefficient in the
middle of the specimen is relatively small because the
calculated strain value in the middle of the specimen
increases sharply.

Ansari and Yuan (1998) indicated that the closer to the
middle of the sample, the higher the strain transfer
coefficient. According to the experiments of Shao et al.
(2016), the strain distribution of the triaxial specimen is not
uniformly distributed. The strain in the middle of the
specimen is larger than that at both ends, which is close to
the parabolic type. In summary, it is reasonable to infer that
the strain distribution of the specimen is more similar to a
parabolic model.
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Table 5 Parameters of the optical sensing cable

E/GPa r/mm  G/MPa Gi/MPa  r/mm
72 0.063 0.27 0.125 80 1

rJ/mm

From Figs. 15(a), (b) and (c), it can be seen that the
strain transfer rates are different for all axial loadings.
However, the strain transfer rates at both ends of the
specimen are very close. Therefore, the average value of the
strain transfer coefficients at both ends of the specimen
under confining pressures of 200, 300 and 400 kPa is
calculated as the boundary strain transfer coefficient a, a =
0.425.

Some parameters of the optical sensing cable used in
this test are shown in Table 5.

By substituting the parameters in Table 5, the boundary
strain transfer coefficients a = 0.425 and S = 0.66 into Egs.
(36) and (37). The average strain transfer rate @ is 0.788,
and the theoretical strain transfer coefficient distribution for
the parabolic distribution model of specimen strain is shown
in Fig. 17.

5. Strain transfer model considering relative
slipping of the interfaces

Based on the above analysis, the measured strain
transfer coefficient @ = 0.5 — 0.65 (in Section 3.3) is
different from the theoretically calculated strain transfer
coefficient & = 0.788, especially with increasing axial
stress. This is due to the assumption that no relative
slippage occurs at the interfaces between the soil, jacket,
coating and core. When a sensing cable is embedded in a
loose medium, such as loose sand, the shear stress between
the optic sensing cable and the soil is likely to exceed its
shear strength, which may result in the slipping of the
interface.

When the optical cable is embedded in the soil, a
relative slippage occurs if the shear stress reaches the peak
shear strength between the cable and the soil. The shear
stress of the slipping section is equal to the interfacial
residual shear strength (Zhang et al. 2016). Based on the
above analysis, the deformation model shown is proposed
in Fig. 18. To simplify the analysis, the cladding and jacket
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Fig. 17 The theoretical distribution of the strain transfer
coefficient for the parabolic distribution model of
specimen strain
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are replaced with a buffer. The shear stress on the interface
between the buffer and the measured soil near the end of the
optical fiber is assumed, as shown in Fig. 19.

The interfacial shear stress is the residual shear strength
at a distance of 0-Ly..v. from the end of the optical cable if
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relative slippage occurs. Beyond the L. point, there is no
relative slippage at the interface, which indicates that the
deformation of the optical sensing cable and the soil is the
same. The shear stress at the L. point reaches the peak
strength. It is assumed that the shear stress decreases
linearly with the distance at Lmove-Le. At the L. point, the
shear stress decreases to 0.

According to Fig. 19, the shear stress distribution is as
follows
0 <1< Liope

_ { Tmove
D _{ml+d 0<l<L, (43)
where m = Tsmax . — Tsmax .
move—Lc Le=Lmove

According to the static equilibrium conditions of the
optical fiber, Egs. (46) and (47) are obtained

)
g () = fo Ol (46)
&(Le) = &m (47)

For the buffer of the optical cable, according to the
equilibrium differential equation of the space axisymmetric
problem (Zhang et al. 2016), we obtain

da;(r;,1) Lo, ) LTy

al or 7

=0 (48)
Assuming that the shear stress of the buffer is linearly

distributed along the radial direction, then

0t(r,) Ty — Ty
or -1y

(49)

By substituting Egs. (8), (9), (45) and (49) into Eq. (48),
we can obtain

1/1 1
Uj (Tj' Lmove) = EJ ; - E
% [m(L?r)noge - Li) n d(Lgnovze - L%)

(50)

Lmove
um(rf’ Lmove) = f Em dl = gm(Lmove - L) (51)
L

In addition, there is no relative slippage at the interface
at point L, ,pe. Thus

Uj (T), Lmove) =Unp (T‘], Lmove) (52)
By substituting Egs. (45) and (46) into Eq. (47) and then
substituting Egs. (50) and (51) into Eq. (52), the following

equations are obtained.

21 Tmove 4 215
2 move
Tf Ef

Uj (7}: Lmove) = um(r}" Lmove)

2
Tf Ef

The solutions of Eq. (53) are as follows

rPEe
Linove = L (54)
27}' (Tsmax — Tmove)

\/2 SL%[OW _ 72emmove=l) _ Lmove

BTsmax

(55

L =

where B = l(l - i).
JAVEY

The values of L,,,,.and L. can be calculated by
substituting the cable parameters into Egs. (54) and (55).
The slip length of the soil-cable interface, optical fiber
strain distribution and strain transfer coefficient can be
obtained when the end interface slippage is considered.

To obtain the shear strength of the interface between the
optical cable and soil, a series of pull-out tests were carried
out. The typical values of peak strength 7g,,,, and residual
strength of the interface 7,,,pe. are 80 kPa and 70 kPa,
respectively.

Substituting the parameters of the optical cable in Table
5 into Egs. (54) and (55), we obtain

6

Lmove = 0.0562 m (56)
L, =0.0372m (57)

Therefore, there is a relative slippage between the
optical cable and the soil within 0.0562 m from the end. It
can be inferred that there is a relative slip for the full length
of the triaxial specimen because the half length of the
specimen is only 0.055 m. The interface slippage between
the soil and the cable has a significant impact on the strain
measurement accuracy of the optical sensing cable.

6. Conclusions

In this paper, the instrument is refitted into the
distributed optical fiber sensor module based on ground
settlement monitoring, and optical frequency domain
reflection (OFDR) technology is used to measure the optical
fiber-soil coordinated deformation test. Triaxial testing was
adopted to simulate the compression deformation of the soil
at different depths. The strain distribution of the optical
sensing cable and the axial deformation of the soil specimen
were measured and compared. Theoretical strain transfer
models were proposed to analyze the performance of
deformation coordination between the sensing cable and the
soil. The main conclusions are as follows:

(1) Although the cable strain measured by OFDR is
different from the specimen strain measured by the
displacement meter, they have a good linear
relationship. It can be inferred that the distributed

o [m(L% - Lgnove) —d(L. — Lmove)] =&n

(53)
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optical fiber sensor is feasible for the deformation
monitoring of soil given that the strain transfer
coefficient between the sensing cable and the soil is
obtained.

(2) A more reasonable strain transfer model between
the optical sensing cable and the soil was
established based on the measured strain transfer
coefficient with the consideration of three different
strain distributions of the triaxial specimen. The
parabolic stain distribution model has a higher
strain transfer performance than the uniformly
distributed strain model and the symmetrical
polyline strain model. It can be deduced that the
strain transfer coefficient is affected by interface
slippage

(3) The proposed triaxial testing method can be
adopted to evaluate the performance of the
deformation coordination between the optical
sensing cable and the soil. The strain transfer
coefficient can be used in monitoring applications
of soil compression, such as ground subsidence, to
modify the measured strain.
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