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Abstract. The observation and estimation of the deep crustal
stress state is a key and difficult problem for in situ stress
measurement. Using a borehole wall strain gauge based on
the overcoring stress-relieving method is one of the main
methods of in situ stress measurement. In this paper, a strain-
sensing array based on fiber Bragg grating (FBG) is designed
by using the main structure of the classical hollow inclusion
cell, and its layout scheme on the hollow inclusion is studied.
According to the layout scheme, the in situ stress inversion
algorithm of hole wall strain to stress is deduced. Following
this, the triaxial loading and unloading experiment platform
is built, and the calibration experiment for the FBG strain
sensor is designed. Finally, Abaqus finite element software
is used to simulate the in situ stress measurement process of
the overcoring stress relief. The FBG strain values of each
measurement direction before and after the overcoring pro-
cess are extracted, and the stress inversion equation is used
to carry out the stress inversion. The comparison of the in-
version results proved that the FBG strain sensor group is
feasible and reliable. The quasi-distributed FBG sensor mod-
ule designed in this paper can invert the three-dimensional in
situ stress by measuring the hole wall strain, which places a
theoretical and experimental foundation for the development
and application of an FBG hole wall strain gauge. It makes
up for the deficiency of the existing hole wall strain gauge
based on a resistance strain gauge, provides direct and accu-

rate observations for hole wall strain measurement, and has
important practical value for the development of in situ stress
measurement technology.

1 Introduction

The undisturbed stress in rock mass is called geo-stress or in
situ stress (Amadei and Stephansson, 1997). Accurate deter-
mination of the in situ stress state of deep rock mass is one
of the necessary methods for solving difficult problems in the
study of rock mechanics in deep mining and crustal dynam-
ics, and thus it is necessary to develop in situ stress testing
methods and techniques. Among the recommended meth-
ods for rock mass stress measurement and estimation pub-
lished by ISRM (International Society for Rock Mechanics)
in 2003 (Ulusay, 2014), the hydraulic fracturing method and
the overcoring stress-relieving method are mainly recom-
mended (Hill et al., 1997; Amadei and Stephansson, 1997).
The overcoring stress-relieving method is an in situ stress
measurement method, based on use of a borehole, which in-
verses the in situ stress field by detecting the strain and de-
formation in the process of releasing the core from the parent
rock.

Published by Copernicus Publications on behalf of the European Geosciences Union.



60 Y. Liu et al.: Research into using a fiber Bragg grating sensor group

o=

A

Figure 1. The hollow inclusion cell and a layout diagram of the
strain gauges.

As early as 1951, Swedish scholar Nils Hast began to use
piezomagnetic (inductive) sensors to measure stress changes
in the mining industry (Hast, 1958). The hole wall strain
measuring instruments in the world are mainly the Centre
for Scientific and Industrial Research (CSIR, South Africa)
strain cell (Leeman, 1964), the CSIR-type triaxial strain
gauge (Leeman, 1971), the (CSIRO) hollow inclusion (HI)-
type cell (Worotnicki and Walton, 1979), and the Borre triax-
ial hole wall strain gauge of the Swedish National Electricity
Authority (Sjoberg and Klasson, 2003). Some scholars use
(CSIRO)HI-type digital hollow inclusion cells to evaluate
stress state in the rock mass near the coring point (Iabichino,
2014). In China, the main devices used are CKX01 hollow in-
clusion triaxial strain gauges developed by the Yangtze River
Academy of Sciences (Zhong et al., 2002), an improved hol-
low inclusion cell, with complete temperature compensation
developed by University of Science and Technology Beijing
(Cai et al., 2000) and KX2002-type hollow inclusion triaxial
strain cells developed by the Institute of Geomechanics at the
Chinese Academy of Geological Sciences (Liu et al., 2011).

As an improved hole wall strain gauge, a hollow inclu-
sion cell uses multiple groups of resistance strain gauges
with temperature compensation as sensors to calculate the
in situ stress. The epoxy resin shell wrapped outside the re-
sistance strain gauge is better bonded to and coupled with the
hole wall. A photo of hollow inclusion cell and a layout di-
agram of the strain gauges are shown in Fig. 1. This gauge
can measure the stress tensor in a single hole to obtain the
three-dimensional stress state of rock mass and form a set
of standardized measurement procedures, making it one of
the most applicable and reliable in situ stress measurement
methods (Cai et al., 2000; Liu et al., 2011).

At present, the hollow inclusion cell is based on the tra-
ditional resistance strain gauge electrical testing instruments.
They are generally vulnerable to the interference of temper-

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022
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Figure 2. The three-dimensional schematic diagram of the main
structure.

ature, vibration (and other environmental factors), low mea-
surement success rate, fewer data, but there is a lack of more
advanced in situ stress measurement methods. A fiber Bragg
grating (FBG) sensor has the advantage of having a small
volume, high detection accuracy and spatial resolution, long
sensing distance, and strong anti-electromagnetic interfer-
ence ability, and thus it is very suitable for the field of stress
and strain detection in underground space, borehole walls,
rock, and soil mass (Hill and Meltz, 1997). In recent years,
researchers have done a lot of scientific research and engi-
neering practice on FBG stress and strain sensors. Ameri-
can scholars buried eight FBG strain sensors into a panel
of Waterbury bridge on the Winooski River in the United
States and detected a maximum strain value of 50 we (Fuhr
et al., 1998). Chinese academic Ou Jinping embedded the
encapsulated FBG strain gauge into the reinforced concrete
beam to measure the strain of concrete and steel bars inside
it and applied FBG technology to the field of health moni-
toring of major engineering structures (Ou, 2005). Dewolf et
al. (2015) designed a vertical, unidirectional borehole strain
meter based on optical fiber to measure Earth strain (Dewolf
et al., 2015). Zhong et al. (2018) designed an FBG 3D geo-
stress sensor and conducted a stress-loading simulation ex-
periment on the sensor device, and the monitoring results of
the sensor are basically consistent with the actual load stress.
Maccioni et al. (2019) developed a three-axial fiber Bragg
grating strain sensor for volcano monitoring, and the three-
axial device showed a dynamic range of hundreds of micros-
trains at microstrain resolution (sub-microstrain concerning
the vertical component).

The above research mainly focused on the health monitor-
ing of engineering structures and the monitoring of danger-
ous rock masses and landslides. Up until now, there has been
less research and fewer applications of FBG strain detection
technology in the field of in situ stress measurement: there
are only a few borehole Earth strain meters, geo-stress sen-
sors, and volcano monitoring sensors based on optical fiber
sensing technology, and there are even fewer mature and sta-
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Figure 3. Schematic diagram of the main structure: sensing optical
fiber (1), locating pin (2), mounting rod (3), block circle (4), thread-
ing hole (5), conductor groove (6), tube body (7), epoxy resin (8),
FBG sensor group (9), glue capsule (10), pin hole (11), piston rod
(12), rubber outlet hole (13), conical guider (14).
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Figure 4. Three-layered structure mode of the hollow inclusion cell.

ble in situ measurement instruments and corresponding mon-
itoring technologies. In this paper, FBG sensing technology
is used to develop hole wall strain measurement technology
for in situ stress measurement, and a three-dimensional in
situ stress measurement sensor group based on an FBG sen-
sor array is designed. The arrangement of the sensor array
is studied, and the in situ stress inversion algorithm of FBG
strain gauge is deduced, which lays an important theoretical
and experimental foundation for the development and appli-
cation of an FBG hole wall strain gauge.

2 The structural design
2.1 Main structure

Referring to the main structure of the resistance strain gauge
hollow inclusion cell, the main structure and size are de-
signed by using AutoCAD mechanical design software, and
the hollow inclusion shell and deformation tube are man-
ufactured by using 3D printing technology. Following this,
the FBG strain sensor is encapsulated in the hollow inclusion
shell and covered with an epoxy resin shell to couple with the
hole wall. The main structure is composed of two parts: the
hollow inclusion shell and the piston guide. The tail of the
piston guide is inserted into the hollow inclusion shell. The
three-dimensional schematic diagram of the main structure is
shown in Fig. 2.

In Fig. 3, the hollow inclusion shell in the main structure
is composed of components (1)—(11), and the piston guide
is composed of components (12)—(14). Before installation,
the tail of the piston guide is inserted into the hollow inclu-
sion shell, the glue capsule (10) in the hollow inclusion shell
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Figure 6. Schematic diagram of the sensor-equivalent measurement
position.

is filled with the prepared epoxy resin, and the piston and
the shell are connected by an aluminum wire through the pin
hole (11). The main body of the guiding part of the piston is
made using 3D printing, and the top is a conical guider (14).
There is a hollow channel in the center of the piston, which
is connected with the rubber outlet hole (13), and below the
rubber outlet hole are two block circles (4).

The hollow inclusion shell is the load-bearing matrix of
the FBG sensor, which adopts a three-layered structure de-
sign, as shown in Fig. 4. The inner layer is a hollow matrix,
which is used to store epoxy resin binder. The second layer is
a thin PVC deformation tube that is sheathed on the hollow
inclusion shell substrate, upon which the FBG sensor array
is pasted. There is a gap between the deformation tube and
the matrix, which can eliminate the interference of the ma-
trix by presenting a higher hardness for the epoxy resin. The
outermost layer is encapsulated with epoxy resin to protect
the FBG sensor and play the role of strain coupling.

2.2 Design and layout of FBG sensor group

The FBG strain sensor group adopts the installation mode
of multi-group distributed winding, and 26 FBG sensing ele-
ments are arranged on the surface of the deformed tube by
using six optical fibers. The layout position of the sensor
group is shown in Fig. 5. The rectangle is the expanded de-
formed pipe wall surface, which is divided into two areas:
A and B. The matching colors represent the FBG sensor be-
ing arranged on the same fiber.
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Table 1. The corresponding spatial orientation of each sensor group.

Group Quantity Position
(o =0.75 arctan)

al 6 8540, eﬁ%

a2 6 88, e ljf?

a3 6 8(}(20, 83_%9

bl 2 sjg R 82_2455

b2 S A

b3 2 g3,

b4 2 82;5 , 813455

There are 18 FBG sensors in area A, and the axial angle
between the sensor and the tube is « (¢ =0.75 arctan), ar-
ranged in circumferential directions of 0, 60, 120, 180, 240,
and 300° in relation to the tube. There are eight FBG sen-
sors in area B, and the axial angle between the sensor and the
tube is £45°, arranged in circumferential of directions 45,
135, 225 and 315° in relation to the tube. The sensors in ar-
eas A and B are distributed symmetrically. According to the
principle of using the same FBGs with the same measure-
ment direction and symmetrical position, 26 sensors are di-
vided into seven groups, corresponding to (A1-B4) as shown
in Fig. 6.

The corresponding spatial orientation of each sensor group
is shown in Table 1.

The strain vectors corresponding to different groups of
strain sensors are not correlated with each other. Accord-
ing to the stress inversion calculation of the hole wall strain
method and the in situ stress calculation principle of hollow
inclusion cell (Leeman, 1964; Cai, 2000), any six strain mea-
surement data from different groups can be used to calculate
the three-dimensional stress tensor. The FBG sensor group
designed in this paper has seven different spatial orientations,
and thus the three-dimensional stress tensor can be solved
theoretically.

3 Insitu stress inversion algorithm

The stress inversion of FBG strain sensor group can be ap-
proximately regarded as the stress and strain problems on and
around the borehole surface under the action of the three-
dimensional stress field. According to the elastic theory, the
stress inside the borehole can be calculated from the strain
of hole wall, and following this the original rock stress state
can be obtained (Cai, 2000). This specific calculation in-
volves the transformation of stress components in the geode-
tic coordinate system O-xyz, the rectangular drilling coordi-
nate system O-x"y’z’, and the cylindrical drilling coordinate
system O-z’ p@. Firstly, the stress transformation relationship
between the cylindrical coordinate system and the rectangu-
lar drilling coordinate system is established. The relationship
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equation between the FBG strain and the stress component in
the rectangular drilling coordinate system is obtained accord-
ing to Hooke’s theorem and the azimuth angle of the FBG
sensor. Following this, the stress component in the geodetic
coordinate system is used to represent the strain equation in
the drilling coordinate system through the coordinate trans-
formation equation. To solve this equation, the least-squares
solution is the stress component used in the geodetic coor-
dinate system. A diagram of the spatial relationship of the
coordinate system is shown in the left-hand side of Fig. 7.

3.1 Relation equation of the strain component of hole
wall

The micro-element is taken at the position of the hole wall,
and the hole wall can be regarded as a plane on a small scale;
the stress state of the hole-wall in the plane is shown in the
right-hand side of Fig. 7. According to Hooke’s law, the two-
dimensional stress—strain relationship of the hole wall under
the drilling column coordinate system is as follows:

1
o =E(09—voz/), (D
1
e, = = (07 —voyp), 2
Vour = (SZ/ - 59) + (az/ — 59)c032¢ — 28y _ Ey 3)

sin2¢ G

where oy represents the stress in the direction of 6 axis, Ty,
and yp, are the shear stress and shear strain on plane 6 —
z/, respectively, &, represents the hole wall strain in the ¢
direction, £ and G are elastic modulus and shear modulus
of surrounding rock, respectively, and v is Poisson’s ratio of
surrounding rock. Let r = a (at the hole wall). The equations
transformed the stress component at (r, 8, z') in cylindrical
borehole coordinate system into the stress in the rectangular
coordinate system as follows:

1
&p =—{ (Ux/ + Gy/) +2 (1 — 1)2)
E
|: (oy/ — ax/) €0s20 — 27,/ sin 29i| —voy }, @
, 1
EZ:E azf—v(ax/—i—ay/) s (5)
4 .
Vo, = = (1+v) (ry/z/ cosO — Ty sm9) ) (6)

Using the two-dimensional strain component of the hole
wall in the cylindrical coordinate system, the linear strain
e0¢@ at any point and in any direction of the hole wall can
be expressed, where 6 is the azimuth of the line strain mea-
surement point.

1
gz = 5[(82—}—89)—}—(8;—SQ)COSZQD—)/@Z sin2(pi| @)
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Figure 7. A diagram of the spatial relationship of the coordinate system.

3.2 Stress inversion equation based on FBG
arrangement

The 6 and ¢ values of seven equivalent orientations are
brought into Eq. (7) following the layout scheme of FBG
strain sensor group, and the relationship equation between
the strain measurement value and each stress component in
the rectangular drilling coordinate system is obtained as fol-
lows:

1 14
e:EN-a, ®

where & is the strain measurement value of a single sen-
sor array, N is the stress—strain relation matrix, and o is
the stress component in the geodetic coordinate system.

According to the orientation of the sensor, there is & =

T
(860 180 _300 .45 _135 225 8315) . The stress—

—a f-a ETg €45 E45  E45 €5

strain relationship matrix is shown in Eq. (9), and K, K>,
K3, and K4 are correction factors of the epoxy resin influence
effect. The correction factors K1, K», K3, and K4 are mainly
affected by the elastic modulus and Poisson’s ratio of the sur-
rounding rock and the epoxy resin (material of the hollow in-
clusion), the shape of the hollow inclusion, and the borehole
size (Cai, 2000). Therefore, these K factors are variable and
need to be recalculated according to different working condi-
tions before each overcoring test. Therefore, the influence of
strain transfer effect can be greatly reduced as a result of the
elastic properties of different media, such as the surrounding
rock and epoxy resin.

N1 —Np Ni+Np Nz Ny —Ns Ng
N1 +2N, N;i—2N, N3 0 —2N5 0
N1 — Ny Ni+Ny N3 —Ng —N5s —Ng
N= N7 Ny Ng  Ng Nyp —Njy 9
N7 N7 Ng —Ng —Njg —Njo
N7 N7 Ng N9 —Nigp Ni
N7 N7 Ng  —Ng Ny Nio
In the above equation, N|= %K 1— %v, Ny =

2Ky (VP —1), N3 =20 _ S gy 0, Ny = BBk, (V2 1),
Ns=2K3(14v), No= BLEK5(1+v), N7 = L (K1 ),
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(b) FBG wavelength demodulator

(c) Rock true triaxial testing machine

(d) Granite sample and epoxv resin sample

Figure 8. The experimental platform.

Ng=4(1—Ksv), No=2K>(v2—1), and
V2K3 (v + 1) (Fama and Pender, 1980).
Since some FBG sensors are symmetrical in space, Eq. (8)

is also applicable to other FBG sensors in space, such as

) (o240 0 120 225 315 45 135\T
e = (e & Eo 75 ET4s Eys elys) - In or-
der to obtain the three-dimensional stress state of rock mass

in the geodetic coordinate system, it is necessary to transform
the stress component in the borehole coordinate system; the
transformation matrix is as follows:

3 3
o jr :ZZO’,'J‘L”/LJ-J'/. (10)

i=1i=1

Nio =

In Eq. (10), oy - is the stress component in the borehole coor-
dinate system. L, is the cosine of each axis angle between
the borehole coordinate system and the geodetic coordinate

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022
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Figure 9. The layout diagram and photos of the strain gauge.

system. Taking them into Eq. (8), the solution equation of
each rock stress component in geodetic coordinate system is
obtained.

1
e=—N-A-o 11
z (11)
The transformation matrix of coordinate is shown in Eq. (12).
2 2 2
L 1 L%a/ L%V
L~ LZ, Lz,
12 32 32
A= Liy Loy L3y
LiyLyy LyyLyy LapLszy
LiyLyy LyyLyy LzyLsy
LiyLyy LyyLyy LapLsy
2Ly Loy 2L5y L3y
2Ly Lyy 2Lyy L3y

LyyLyy +LyyLyy
LyyLyy + LyyLyy
LyyLyy + LyyLyy
2Ly Ly
2Ly L3y
2Ly L3y
LyyLyy + LyyLyy
Lyy L3y + L3yLyy
LyyL3y + L3y Ly

L21/L32/ + L31/L22/
L22/L32/ + L32/L23/
Lzl/L33/ + L31/L23/

12)

L;j is shown in Table 2, and By, B8’, and aq are shown in
Fig. 9.

Inserting AAp = Ap (1 — P,)e between the wavelength
variation of FBG and the measured strain in Eq. (11), the
stress inversion equations are obtained as follows:

1-P,

k,= N-A-o (13)
_)Ms_)\B

k
s Y

(14)

where k;, is the vector composed of the wavelength shift ratio
of FBG at each position, A, is the wavelength value under
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Figure 10. Calculation curve of the mechanical parameters of the
materials.

strain state, and A p is the initial wavelength value under no
strain state. The elasto-optic coefficient P, is obtained using
the calibration experiment.

4 Calibration experiment

The calibration experiment is divided into two parts: the mea-
surement of material mechanical parameters and the calibra-
tion experiment of uniaxial compression. Firstly, the elastic
modulus and Poisson’s ratio of the rock sample and epoxy
resin sample are measured by a uniaxial static load test. Fol-
lowing this, the rock sample is pasted to resistance strain
gauge, and the FBG strain sensor is subjected to uniaxial
compression. The FBG strain sensor is calibrated by mea-
suring the strain with resistance strain gauge, and the elasto-
optic coefficient of FBG sensor is calculated.

4.1 Construction of experimental platform

The experimental platform includes a true triaxial rock test-
ing machine, resistance strain tester, FBG wavelength de-
modulator, granite cylinder sample, and epoxy resin cylinder
sample. The FBG wavelength demodulator is used to mea-
sure the wavelength shift of FBG sensors, and its sampling
frequency is set to 20 Hz. Photos of the experimental plat-
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Table 2. Direction cosine of the local coordinate system O-x’y’z’ relative to the global coordinate system O-xyz.
Coordinate  x y Z
x’ Ly =cos(Bo—B') Ly =sin(By — p') Ly =0
y' L,y =sinagsin(Bp— B') L,y =sinagcos(By—B') Ly = cosay
4 Ly =cosagsin(Bo—B’) Loy = —cosagcos(Bo—B')  Lzy =sinag
Table 3. Main parameters of the FBG wavelength demodulator. 0.17 T T T T T
0.168 -
Parameter Unit Value 0.166 - B /A
Wavelength measurement range ~ nm 1525-1565 el | N "
Wavelength resolution pm 1 o162V ’;’ ~ N
Number of channels - 4 0.16 - R 1
Sampling frequency Hz 1-2k 0158 | N A _
Minimum measurement interval nm 0.5 0.156 ./ j' b
0.154 : . : ‘ s , \ . :
§ 51 52 53 54 55 56 57 58 59 06
g x107

form are shown in Fig. 8, and the main parameters of the
FBG wavelength demodulator are shown in Table 3.

In the mechanical parameter experiment, three granite
cylinders and one epoxy resin cylinder are selected as test
samples. The center diameter of each sample is measured in
three different directions, and the average value is taken as
the effective value.

4.2 Determination of mechanical parameters of
materials

The elastic modulus and Poisson’s ratio were calculated by
uniaxial compression test. First, UV glue was used to paste
the resistance strain gauge at a specific position on the sur-
face of the granite sample. A 1202, 10 mm resistance strain
gauge is selected as the strain measurement unit. Four strain
gauges are pasted on the surface of each specimen, two
of which are in a group. Two strain gauges in each group
were arranged along the axial direction and perpendicular to
the axial direction, respectively. The longitudinal strain and
transverse strain of the samples were measured during uniax-
ial compression. The layout diagram and photos of the strain
gauge are shown in Fig. 9.

The sample is placed in the center of the hydraulic z axis
of the true triaxial testing machine, as shown in Fig. 9c.
Following this, the axial load is applied to the sample, and
the loading speed is set to be 1kN/s. When the axial force
reaches 200 kN, the loading stops (the loading speed of the
epoxy resin sample is 0.5 kN/s, and the loading stops when
the force reaches 100kN), and the data file collected by the
strain gauge is saved.

The stress—strain curve was drawn by MATLAB 2012a
software, and the mechanical parameters of materials were
calculated. Taking granite sample no. 1 as an example,
Fig. 10a shows the stress—strain curve with the red line /j,
representing the relationship between stress o and transverse

https://doi.org/10.5194/gi-11-59-2022
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Figure 12. Schematic diagram of the FBG sensor layout position.

strain ¢;, and the blue curve [, representing the relationship
between stress o and longitudinal strain ¢,. The part of the
two curves that is approximately a straight line (the red line
segment and the blue line segment in Fig. 10b) is intercepted.
The curve L, is thus fitted linearly (the black line segment in
Fig. 10b), and its slope is extracted as the elastic modulus (E)
of the sample.

As shown in Fig. 11, the ratio of transverse strain ¢ to
longitudinal strain ¢, is calculated, and its average value is
taken as Poisson’s ratio v of the sample.

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022
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Figure 13. Schematic diagram of the data processing performed during the stress-loading process.

Table 4. Table of mechanical parameters of the materials.

Samples
Parameters  Granite  Epoxy resin
E (GPa) 73.919 2.469
v 0.2518 0.4347

The arithmetic mean values of elastic modulus and Pois-
son’s ratio of granite samples and epoxy resin samples are
calculated through several uniaxial compression tests, as
shown in Table 4.

4.3 FBG sensor calibration

The FBG sensor and resistance strain gauge are used to mea-
sure the longitudinal strain of the cylindrical specimen under
uniaxial compression; the strain measured by the resistance
strain gauge is regarded as the actual strain of the sample,
which is proportional to the wavelength shift ratio k; of the
FBG. The linear correlation between them was analyzed, and
the elastic optical coefficient P, was calculated.

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022

Table 5. Calibration loading conditions of the FBG sensor.

Condition o7 (MPa) Load (kN) Speed (kN/s)
1 5.38 10 0.5

26.90 50 1
3 53.79 100 1

As shown in Fig. 12, two FBG sensors and two resistance
strain gauges are pasted onto the surface of the granite sam-
ples. The pasting point is located on the circumference of the
section perpendicular to the axis passing through the center
point O of the cylinder, and the pasting direction is parallel to
the axial direction. The two strain gauges are symmetrically
distributed around the center of the axis, and the FBG pasting
point is located at the interval of 90°. The symmetrical FBG
can eliminate the influence of eccentric load.

The calibration test adopts a multi-stage loading scheme,
and the specific loading conditions are shown in Table 5.

The average value € of the two strain gauges is regarded
as the actual value of the axial strain, and the average value
k. of the wavelength shift ratio of the two FBG sensors is
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Table 6. Test results of mechanical parameters.

Parts E (GPa) v
Rock mass 73.191 0.2518
Epoxy resin 2469 0.4347
Hollow inclusion shell 2.56 0.4
Piston guide 2.56 0.4

taken by the demodulator. After uniaxial loading, MATLAB
is used to process the test data, as shown in Fig. 13.

Figure 13a shows the trend of axial load changing with
time in the loading process, Fig. 13b shows the relationship
curve of strain variable of resistance strain gauge changing
with time, and Fig. 13c shows the relationship curve of FBG
wavelength shift changing with time. These three parameters
have obvious correlation. Figure 13d shows the relationship
between the strain of the strain gauge € and wavelength shift
k. (blue curve). It shows that € and k) have a good linear
relationship. When the strain range is less than 1000 pe, the
FBG strain sensor has good reliability.

The data group (¢, k) is fitted linearly, and then the slope
of the red line in Fig. 14 is taken as the linear relation-
ship coefficient between wavelength drift and actual strain.
The elastic optical coefficient of FBG is then calculated, and
P, =0.4369.

5 Finite element simulation of in situ stress
measurement

The Abaqus finite element software is used to simulate the
in situ stress measurement process. The linear strain in each
FBG measurement direction is extracted according to the lay-
out design. The stress is inverted by the stress inversion equa-
tion in Sect. 3 and compared with the applied load, which
proves the theoretical validity and feasibility of the sensor
assembly layout design and the stress inversion equation. It
provides theoretical and data-based support for the trial pro-
duction and application of the FBG hole wall strain gauge.

The finite element numerical simulation process is di-
vided into three stages: pre-processing, solution, and post-
processing. The pre-processing stage mainly includes model
establishment, including meshing, defining material prop-
erties, assembling, determining the interaction relationship,
and defining the boundary conditions. The Abaqus displace-
ment method is used to solve the finite element problem in
the solution stage. The relationship between force and dis-
placement (unknown quantity) is established, and the stiff-
ness matrix of the element is derived. The post-processing
stage is mainly to display, export, and analyze the results
based on the second step.
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(a) .Extema..l rock mass

(b) Epoxy resin

(c) Piston guide

(d) Hollow inclusion shell

Figure 14. The 3D model of each part of the CAE module.

5.1 Establishment of calculation model
5.1.1 Model of each part

The CAE (Computer Aided Engineering) module of the
Abaqus software is used to build the three-dimensional
model of the external rock mass, epoxy resin, hollow inclu-
sion shell, and piston guide, and the contact relationship be-
tween peripheral rock mass, epoxy resin, and strain gauge is
considered. A 3D model of each part is shown in Fig. 14.

5.1.2 Definition of material properties

In the stress measurement of the overcoring method, rock
mass and hollow inclusion are usually in the elastic defor-
mation stage (Cai, 2000). Therefore, the four parts shown in
Fig. 14 are defined as isotropic and homogeneous linear ma-
terials in the simulation. The mechanical parameters of gran-
ite and epoxy resin measured in the uniaxial compression test
(Sect. 4.2) are adopted. The specific mechanical parameters
of each component are shown in Table 6.

5.1.3 Defining contact surface and meshing

The four parts are assembled as shown in Fig. 15. There are
three kinds of contact between the components: the contact
between the epoxy resin and the hole wall (contact 2), the
contact between the epoxy resin layer and the hollow inclu-
sion shell (contact 1), and the contact between the inner wall
of the hollow inclusion shell and the piston guide (contact 3).
In the simulation, tie constraint is applied to the outer wall of
the epoxy resin layer and the hole wall to bind the contact
nodes on the two surfaces so that the contact nodes will not
produce relative displacement and play the role of transfer-
ring the deformation of the hole wall.
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Figure 15. Assembly and contact surface setting diagram of each part of the CAE module.

Figure 16. Meshing of the main structure and epoxy resin layer.

When meshing the epoxy resin layer, there should be in-
tersection FBG position nodes at the points of FBG arrange-
ment on the inner side of epoxy resin in order to guide the
software to establish reference points at the nodes generated
by FBG position. As shown in Fig. 16, the epoxy resin layer,
as a direct part of strain measurement, increases the mesh
density of the stressed part in order to improve the simula-
tion accuracy.

5.2 Result analysis

Because the FBG sensor group is arranged between the hol-
low inclusion shell and the epoxy resin layer, the strain ef-
fect of the core and the epoxy resin layer before and after
casing is analyzed and compared. Figure 17 shows the ab-
solute maximum principal-strain nephogram of the core and
epoxy resin before overcoring. The stress distribution of the
two parts is similar, there is no obvious change in the vertical
strain of the two components, and the boundary effect is not
obvious. It can be seen from the strain distribution in Fig. 18
that the deformation coupling between the epoxy resin layer
and the hole wall is satisfactory and that the epoxy resin layer
can better transfer the deformation of the hole wall under the
simulated in situ stress.

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022

As shown in Fig. 19, the strain in most areas of the core
and epoxy resin disappears after the overcoring. The stress in
the strain measurement section is relieved successfully, and
there is a large strain at the connection between the lower end
of the core and the rock mass.

As shown in Fig. 20, there is a fixed interval and small
strain fringe area at the bottom of the outer wall of the epoxy
resin. There is no large strain in the hole wall area corre-
sponding to the strain fringe of the epoxy resin layer, and the
strain fringe is located on the plane of the core grid node. It
is determined that the strain fringe is caused by the different
grid densities of the core grid and the epoxy resin layer. The
strain fringes may partially affect the results of stress inver-
sion in the simulation.

5.3 Inversion of in situ stress

The linear strain of FBG in the measurement direction before
and after the overcoring is extracted, the difference (i.e., the
strain generated in the process of stress release) is brought
into the in situ stress inversion algorithm of FBG sensor as-
sembly to simulate the in situ stress conditions, and the the-
oretical validity of the FBG sensor assembly design scheme
is verified by comparing it with the applied load.

5.3.1 Linear strain of the FBG sensor

According to the spatial symmetry of the sensor group, the
26 sensors are divided into seven equivalent orientations (see
Sect. 2.2), the strain components before and after the over-
coring are extracted, and the stress inversion is carried out by
taking the difference between the strain variables before and
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(a) Core (b) Epoxy resin

Figure 17. The absolute maximum principal-strain nephogram of the core and epoxy resin before overcoring.

Table 7. Strain value table of FBG sensors.

No. Group Azimuth Axial angle Strain value

(a = 0.75arctan) (ne)

1 al 240° o 93.280

2 al 60° —a 94.429

3 al 240° o 95.932

4 al 60° —a 92.379

5 al 240° o 94.858

6 al 60° —a 95.370

7 a2 0° a 42.428

8 a2 180° —a 41.248

9 a2 0° o 45.150

10 a2 180° —a 41.208

11 a2 0° a 42512

12 a2 180° —a 45.049

13 a3 120° o 144.691

14 a3 300° —a 144 811

Figure 18. The deformation coupling between the epoxy resin layer 15 a3 120° o 146.942
and the hole wall. 16 a3 300° —a 143.065
17 a3 120° o 146.123

18 a3 300° —a 145.062

after the overcoring as the strain data. The simulated strain 19 bl 225° —45° 92.466
values of each FBG sensor are shown in Table 7. 20 bl 45° 45° 94.902
21 b2 135° 45° 175.564

5.3.2 Calculation of in situ stress inversion 22 b2 315° —45° 177.069
23 b3 45° —45° 92.1093

Since the simulated working condition is a vertical hole and 24 b3 225 : 452 94.6346
does not involve coordinate system transformation, the val- 2 b4 315 ) 174.122
’ 26 b4 135° —45° 177.062

ues of parameters in Table 8 and the measured values of
strain in Table 8 are substituted into the stress inversion equa-
tion (Eq. 8 in Sect. 3.2), and MATLAB 2012a is used for
stress inversion analysis. Table 9 shows some intermediate
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(a) Core

(b) Epoxy resin

Figure 19. The absolute maximum principal-strain nephogram of the core and epoxy resin after overcoring.

(a) Borehole

(b) Epoxy resin

Figure 20. Strain nephogram in the y—z direction of the borehole and the bottom area of the epoxy resin layer.

variables in stress inversion calculation, and the results of in
situ stress inversion calculation are shown in Table 10.

It can be seen from Table 9 that the FBG sensor assem-
bly is used to simulate strain measurement and inversion of
in situ stress. Compared with the applied stress as the actual
value of in situ stress, the measurement errors of the three
principal stresses o1, 02, 03 and maximum horizontal stress
angle yare less than 10 %, i.e., are 6.86 %, 1.12 %, 4.54 %,
and 7.80 % respectively.

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022

6 Data processing method

In the actual measurement of in situ stress based on the hol-
low inclusion method, there are often a few sensors with
large errors, and thus it is judged as the abnormal value of
strain. The traditional hole wall strain gauge based on re-
sistance strain generally only has 12 strain sensors with six
different equivalent measuring directions, and thus the ab-
normal values can not be easily removed in the process of
solving the in situ stress. The least-squares method is very
sensitive to outliers, and the existence of outliers will have a
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Table 8. Stress inversion parameter table and correction factors of epoxy resin.

Symbol  Unit Value Definition

E GPa 73.191 Elastic modulus of rock mass

G GPa 29.234  Shear modulus of rock mass

v - 0.2518  Poisson’s ratio of rock mass

E’ GPa 2.469  Elastic modulus of epoxy resin

G GPa  0.8605 Shear modulus of epoxy resin

! - 0.4347  Poisson’s ratio of epoxy resin

r mm 20  Outer radius of epoxy resin

r’ mm 15  Inner radius of epoxy resin

0 mm 15  Radial distance of FBG in hollow inclusion

B0 ° 0  The angle between the x axis of geodetic
coordinate system and due north

Ky 1.5179

23 - 13222 Correction factors of epoxy resin

K4 1.6535

Table 9. Intermediate variables in stress inversion calculation.

Symbol Value  Symbol Value
Intermediate variables Ny 0.3853 MN» —0.4952
of the stress—strain matrix ~ N3 0.4901 Ny —1.7156
N5 1.5171  Ng 2.6276
N7 0.6330 Ng 0.2918
Ng —2.7514 Ny 2.2348
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Figure 21. Residual error analysis of FBG-measured strain data.

great impact on the solution results, resulting in large errors
in inversion stress.

The FBG strain sensor module designed in this paper dis-
tributes 26 sensors in seven equivalent positions, in which
each equivalent position corresponds to six sensors, and each
equivalent position of group B corresponds to two strain val-
ues. A total of 26 strain values can be obtained in theory,
and thus the fault tolerance rate of data and the reliability
of stress inversion results are greatly improved. However, if
we want to make full use of a large amount of strain data,
give full play to the advantages of having a large amount of
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quasi-distributed measurement data, and get more real and
reliable stress inversion results, we still need to study reason-
able data-processing methods.

In this section, the boxplot method is used to eliminate
the measurement data with abnormal residual absolute val-
ues in the least-squares solution. By running the elimination
operation twice, the overall reliability of the data can be ef-
fectively improved, and the stress data, such as the stress
tensor, the size and direction of the principal stress and the
maximum horizontal stress, can be calculated. In order to
meet the necessary conditions for solving the stress inversion
equation (Eq. 8), it is necessary to judge whether the follow-
ing two elimination condlitions are satisfied: first, the abnor-
mal strain values are eliminated in order of absolute residual
value (from large to small). Second, at least one strain mea-
surement value is kept in the different equivalent measure-
ment directions.

Taking the strain measurement data of numerical simula-
tion in Sect. 5 as an example, SS;¢s is the sum of squares of
strain residuals, which is used to measure the fitting degree
of the stress data in the stress—strain equation obtained by the
least-squares method in the calculation. The larger the value
of SS;es, the lower the fitting degree of the least-squares so-
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Table 10. Stress inversion results.

Symbol  Definition Value Symbol Definition Value

Oy Stress component (MPa)  9.0196 o Principal stress (MPa) 9.3145

oy 52391 o 4.9442

o, 2.8639 o3 2.8639

Txy 1.0962  ojmax Maximum horizontal stress (MPa) 9.3144

Tyz 0.0034  o4min Minimum horizontal stress (MPa) 4.9442

Txz 0.0089 y The angle between the maximum horizontal ——16.1698°

stress and the counterclockwise x axis

SSres Residual sum of squares 4.4915 x 1011
lution. SS;¢ is calculated as follows: 2. The process of in situ stress measurement has been sim-

" ulated to verify measurement feasibility and data relia-
SSpes = Zrl_{ 15) bility of the FBG strain sensor group. Compared with

i=1

where n is the number of strain variables and r; is the residual
error of the ith strain. Figure 21a shows the distribution of the
absolute value of the residual error of the original strain data.
The ordinate represents the label of the FBG corresponding
to the residual error, the abscissa is the label of the corre-
sponding FBG, and the absolute value of the residual error is
small (less than 2.5 x 107°) and is evenly distributed. There
is no abnormal value in the boxplot diagram (Fig. 21b), and
the sum of squared residuals SS;¢g is very small, on the order
of 10~!, which proves that the stress inversion results are
ideal and reliable.

7 Conclusions

Combining the traditional in situ stress measurement method
with FBG sensing technology, this paper designs an FBG
strain sensor group with the function of three-dimensional
in situ stress measurement and then provides a direct and ac-
curate observation method for the measurement of hole wall
strain by developing an FBG strain sensor group, which can
make up for the shortcomings of the existing hole wall strain
gauge based on a resistance strain gauge, which will be of
great theoretical and practical value for the development of
in situ stress measurement technology.
The highlights of this paper are as follows.

1. Based on the layout of FBG strain sensor group, a new
in situ stress inversion algorithm is derived. The 26
FBG strain sensors connected in series with six opti-
cal fibers are divided into seven groups of equivalent
measurement position, and the strain sensor group is in-
stalled by using the double-area quasi-distributed wind-
ing method. The correction coefficients of epoxy resin
are added to optimize the inversion equation of hole
wall strain and in situ stress to reduce the influence of
the coupling effect of the hole wall on the stress inver-
sion results.

Geosci. Instrum. Method. Data Syst., 11, 59-73, 2022

using applied stress as the actual value of in situ stress,
the measurement errors of three principal stresses oy,
07, 03 and maximum horizontal stress angle yare less
than 10 %, i.e., 6.86 %, 1.12 %, 4.54 %, and 7.80 %, re-
spectively. Through data processing methods and error
analyses, we have proven that the FBG strain sensor ar-
ray is feasible and reliable for in situ stress measurement
based on the overcoring method.
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