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In view of the limitations of several existing stress measurement methods under extremely high stress conditions
(stress — strength ratio 0/Rc > 0.5), this paper proposes a slot relief method based on partial deformation recovery to measure
rock mass surface stress under extremely high stress conditions and justifies its viability with the help of an infinite element
model. This method is then used to measure and study a research tunnel in West China’s Jinping IT Hydropower Station,
where the maximum stress measured reached 80 MPa. In the process of measurement, this method needs neither complete
borehole core nor ultrahigh pressure equipment. On the contrary, the test equipment is easy to carry and operate on, suitable
for rock mass surface stress measurement under extremely high stress conditions, and able to provide in situ stress
measurements for cavern rockburst prevention and slope management.

1. Introduction

More and more rock mass projects have been built in China.
Highly tectonic movement is commonly seen in West China,
where the issue of high in situ stress is involved in water and
metal resource development. The maximum principal stress
at a depth of 500 m in the Jinchuan mining area in northwest
China’s Gansu Province exceeds 30 MPa [1], and that at the
dam site of the Ertan Hydropower Station in the southwest
Sichuan province reaches 65MPa [2]. The problem of high
in situ stress faced by rock mass projects in high in situ stress
areas is becoming increasingly prominent, especially in
the construction period during which rockburst becomes
increasingly dangerous. Previous studies show that the main
determining factors of rockburst are the level of in situ stress
and its relative ratio to the compressive strength of rock.
When the stress-strength ratio (0/Rc) in the rock is close to
or greater than 0.5, and the rock mass is in a high stress envi-

ronment, rockburst is often difficult to avoid. The Laxiwa,
Lijiaxia, Ertan, Tianshengqiao, and Lubuge hydropower pro-
jects and others completed in West China in the past 40
years, as well as the underground mining area of the Jinchuan
Nickel Mine, have all encountered high in situ stress prob-
lems such as rockburst and spalling rib [3, 4]. These have
posed a serious threat to the stability of cavern’s surrounding
rock and the safety of personnel and equipment. Even during
the excavation of shallow dam foundation, layered exfolia-
tion of surface rock mass caused by the release of high in situ
stress will occur [5].

In situ stress is the most fundamental and most impor-
tant load in rock mass engineering. It is also the initial con-
dition for numerical calculation in a rock mass project and
the basic factor for analyzing rock mass’s failure and dis-
placement characteristics. Therefore, it is of great significance
to accurately understand the actual stress environment of a
rock mass in high stress area through field testing and to
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provide measurements for mitigating rockburst disasters and
suppressing their occurrence.

2. Major Existing Methods for Measuring In
Situ Stress and Their Limitations

Measuring in situ stress can directly reveal the stress state at
a measuring point. The Swiss geologist Albert Heim puts
forward the concept of in situ stress in rock mass at the
beginning of the 20th century. Then, the Swedish scholar
Hast invented the piezomagnetic stress meter in the 1950s
and measured in situ stress at shallow depths in four mining
areas in the Scandinavia. Afterwards, a group of in situ stress
measurement methods have been developed. In the past half
century, especially in the past 40 years, a variety of measure-
ment methods and instruments have been developed as
work in the area advances. Globally, there are more than a
dozen major methods and hundreds of instruments up to
now. The major methods include hydraulic fracturing, stress
relief, stress recovery, borehole collapse, acoustic emission,
and geophysical method [6-20].

In recent years, a series of large-scale deep underground
projects have witnessed high stress, high ground tempera-
ture, high karst water pressure, and strong mining distur-
bance, which are characteristics of the deep rock and
constitute a challenge to the theory and method for tradi-
tional in situ stress measurement. Therefore, it has become
a major concern of researchers and engineers to improve
and develop new theories, instruments, and technical
methods for in situ stress measurement. Since the 1990s, in
the face of in situ stress measurement in the depth of more
than 1,000 meters, Cai of University of Science and Technol-
ogy Beijing and his colleagues developed a measurement
theory on the basis of accurate measurement and complete
temperature compensation and established an in situ stress
measurement system for deep rock [21]. Developing a
three-dimensional in situ stress measurement method
(BWSRM) and its logging robot, Ge and Hou proposed the
principle of a three-dimensional in situ stress measurement
method of the local wall stress relief in the borehole and
applied in the test of a flat tunnel in the Jinping Hydropower
Station [22]. Ma et al. developed a hydrofracturing in situ
stress test system with a maximum test pressure of
100 MPa in view of the ultrahigh in situ stress characteristics
of the diversion tunnel in the Jinping II Hydropower Sta-
tion, and the highest rock mass fracturing pressure mea-
sured in the hole is 92.1 MPa [23]. In addition, the China
Geological Survey successfully obtained measurements of
7000 m-deep in situ stress based on the inelastic recovery
in situ stress test method (ASR method) of borehole cores,
which provides a new idea for deep three-dimensional in
situ stress measurement [24].

The four methods for testing rock stress recommended
by the Committee on Testing Methods of the International
Society of Rock Mechanics (ISRM-CTM) in 1987 are bore-
hole diameter deformation testing, borehole wall strain test-
ing, rock surface stress recovery testing, and hydraulic
fracturing [6, 7]. These methods are widely utilized these
days and can be used to measure stress of common magni-
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Ficure 1: Core discs.

tude. However, the unique geological environment and con-
ditions of rock mass in high stress area make measuring in
situ rock mass stress in such area a fundamentally different
job because technical difficulties in high stress area make
the existing relevant technical standards unapplicable and
the above four methods unapplicable.

The borehole diameter deformation testing and borehole
wall strain testing are based on borehole relief. They observe
the strains in the borehole core before and after the relief
and use the elastic theory to identify the stress of the rock
mass. These methods require intact borehole core after the
relief. However, under the high in situ stress, core discs are
produced as shown in Figure 1 as a result of stress concen-
tration in the vicinity of bore bit and release of stress on
the core. Therefore, the strain of the relieved core cannot
be obtained.

Hydraulic fracturing is a direct testing method, in which
the borehole wall at a designated depth is fractured by
hydraulic pressure provided by a hydraulic pump. By mea-
suring the pressure and cracking orientation of each charac-
teristic point in the process of fracturing, the magnitude and
direction of in situ stress in rock mass near the measuring
point can be acquired. This method requires a pressure
device, and its pipeline shall be able to generate and with-
stand the pressure that causes the rock to break and sustain
a flow rate (5L/min) needed to reopen the fracture. In a high
stress environment, 50 MPa for example, it is almost impos-
sible for the fracturing equipment to reach a high pressure
(greater than 100 MPa) while sustaining a flow rate of 5L/
min. The possibility is further undermined by extreme dan-
ger involved.

The stress recovery method is suitable for measuring
low-magnitude stress of exposed rock mass surface or exca-
vation surface of underground cavern. Its basic principle is
to install measuring an element at selected test points, make
a slot, and install a hydraulic pillow or jack, on which pres-
sure will be increased until the reading of the measuring ele-
ment returns to its value before the slot is made. At such
moment, the pressure of the hydraulic steel pillow or jack
is the stress in the normal direction. However, common
pressure steel pillows cannot bear the high pressure needed
by this test method under high stress condition.

As mentioned earlier, the testing methods widely used
now have their respective limitations in high stress areas.
The author thus puts forward a slot relief method based on
partial deformation recovery to measure the surface stress
of cavern and slope excavation face under extreme stress
condition. In the process of testing, this method needs
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FIGURE 2: Test layout.

neither a complete borehole core nor ultrahigh pressure
equipment. The equipment proposed by the author is light
to carry and easy to operate on and can effectively measure
in situ stress under extremely high stress. This method is
useful for mitigating disasters caused by high stress in cav-
erns and slopes.

3. Principle of Slot Relief Method

3.1. Single Slot. The slot relief method combines the princi-
ples of slot test and stress recovery test. By making a deep-
enough crack, the stress on the rock mass surface along the
slot’s normal direction is completely released, and the differ-
ence in the normal displacement of the rock mass surface
before and after stress release is obtained. The in situ elastic
modulus of the rock mass is then acquired by means of par-
tial deformation recovery and used to calculate the normal
stress of the rock mass surface. The layout is as shown in
Figure 2. The test process is divided into three parts, e.g.,
arrangement of measuring points, slot making, and partial
deformation recovery, as shown in Figure 3.

The principle of the slot relief method can be demon-
strated by H. V1. Mycxenuusumn’s theory. For a rectangular
“relief groove” with a large length-width ratio and enough
depth, the lateral stress on the rock mass surface is 0. The
rock mass surface and a crack on it can be approximated
to a finite-length crack in an infinite elastic plate [6]. After
the slot is made, the normal stress on the rock mass surface
is released, and the normal deformation of the rock surface
on the slot’s perpendicular bisector is as follows:

W o o,L 3 C2(1+p) ’ (1)
2Ep pPP+1
2y 4y? + 2 )
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where L is the length of the slot. y is the distance between the
measuring point and the bisector of the slot. W is the normal
deformation of the rock mass at the deformation monitoring
point after slotting. o, is the initial normal stress of the slot
before slotting. Eis the elastic modulus of the rock mass,
which is arrived at with the help of partial deformation
recovery and laboratory tests.

After slotting, the normal stress can be obtained by con-
verting Equation (1) to the following:

o - 2WpE
TULB+u-2(1+p)/pr 1)

(3)

In the test for elastic modulus by means of partial defor-
mation recovery, a slot is made on the rock surface of the

cavern wall, a pressure steel pillow is buried then, and mea-
suring elements are finally installed on both sides of the slot.
Pressure is applied to the rock mass on both sides of the slot.
The normal deformation of the rock mass surface is mea-
sured, and the rock mass deformation parameters are solved
as an elastic plane problem. Equation Equation (1) also
applies here.

3.2. Measurement of Surface Stress. The normal stress o of
the slot is as follows:

oy =0, sin’a; + o, cos’a; — T, sin 2e;(i=1,2,3), (4)
where «; is the angle between the slot and the horizontal
axis.

In theory, at least three independent slots shall be made
and measured separately. The two-dimensional normal
stresses of the cavern wall can be calculated by means of
the results of the normal stresses of the above three slots.

It is suggested that such three slots be installed at 457,
0°and 90°, respectively, to the horizontal direction. Accord-
ing to the following equations, the two-dimensional stresses
on the cavern surface can be obtained.

Gx = UNZ
GJ’ =0N3 , (5)
_ —(0N2 +0n3)
4 2405

where 0y, Oy, and oy, are the initial normal stress of the
joints, which form degrees of 45°, 0°, and 90° with the hori-
zontal direction, respectively.

The principal stress is as the following:

o Ox t Uy) (ax B 0}/)2 + 2
1,2~ 2 4 xy
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3.3. Expansion of Surface Stress Measurement Results. The
measurement of rock mass surface stress can be expanded
to that of three-dimensional stresses in a circular caver. It
is generally believed that as long as the surrounding rock
of a circular cavern is complete, free from the impact of
excavation blasting, and without large geological structure,
it is feasible that the measurement method for two-
dimensional stress can be applied to that of the three-
dimensional stress. However, due to the differences in
geological conditions of each measuring point and the
impact of disturbances caused by excavation blasting to
varying extent on the walls of a cavern, it is obvious that
the result of such expansion is just an approximation and
can only be used as a proof of the three-dimensional stress.
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FIGURE 3: Test process. (a) Measuring point arrangement. (b) Slot cut. (c) Partial recovery deformation. 1-displacement column 1. 2-

displacement column 1. 3-flat jack. 4-pressure gauge. 5-oil pump.

The surface stress recovery and surface stress relief can
be used to the three-dimensional stress. Previous studies
show that, in theory, the three-dimensional stress on a cav-
ern wall can be obtained through the results of six indepen-
dent slots. ISRM-CTM has recommended 8 slots in different
directions in a tunnel for this purpose.

4. Simulation and Demonstration of Slot Relief

In order to optimize the testing plan and improve measure-
ment accuracy, a variety of slots have been numerically sim-
ulated with the help of the finite element method in this
paper.

A rock mass in the dimension of 2mx2mx1m is
defined for calculation and analysis, and a slot is arranged
in its center to ensure that the slot is in an infinite medium.
The number of elements at the slot in the model has been
increased. The rock material is homogeneous with isotropic
linear and elastic features. We assume that the rock’s elastic
modulus is 30 GPa, and its Poisson’s ratio is 0.2. The finite
element mesh is as shown in Figure 4. The initial stress field
of the model is considered as a uniform stress field of
50 MPa and is obtained by directly assigning the stress to
the element and calculating. There is no constraint on the
surface for displacement measurement while all its other
surfaces have normal constraints.

Figure 5 shows the distribution of displacement when
the slot is 0.8 m in length, and the normal stress is 50 MPa.
Calculation shows that the maximum normal displacement
on the slot’s perpendicular bisector is 1.06 mm. For this
magnitude of displacement, a multipoint displacement mea-
surement can be used to replace the traditional strain mea-
surement. This can meet the requirement of accuracy while
it can be used in a wide scope.

In this paper, the finite element method is used to ana-
lyze and study the influence exerted by the slot with different
lengths.

Figure 6 shows the relationship between the normal dis-
placement on the slot’s perpendicular bisector and the slot’s
length during the relief process, which is found to be a linear
correlation. When the slot reaches 80 cm in length, the nor-
mal deformation of the slot has reached the millimeter level.
Therefore, the length of the slot is suggested to be about

F1GURE 4: Finite element mesh.

80 cm under high stress condition. This meets the require-
ments of testing accuracy and facilitates the testing process.

In order to completely release the normal stress on the
rock mass surface, the slot must be deep enough. Figure 7
shows the relationship between the slot’s depth-to-length
ratio (D/L, D is the slot’s depth) and the deformation relief
rate (the ratio of a measuring point’s deformation to its final
deformation). When the slot depth is modest (D/L < 0.4),
there is a linear correlation between the slot’s normal defor-
mation and its depth. As the slot goes deeper, the constraints
of the surrounding rock become smaller. When D/L reaches
0.5, the slot’s normal deformation basically comes to an end,
and its deformation relief rate stabilizes at 95%. Based on the
above results, it is suggested that the slot depth in field test
be 0.6 times its length to ensure full release of the normal
stress of the rock mass surface.

Figure 8 shows the relationship between the rock mass’s
elastic modulus and the normal displacement of the slot’s
perpendicular bisector. They form an inversely proportional
correlation.
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Figure 9 shows the distribution of displacement after
slotting. Results of the finite element analysis show that the
influence range in the normal direction is 1.5 times the slot’s
length while that of the lateral direction is 1.5 times the slot’s
depth.

Although the size of a test area is generally limited in
field test, it is necessary to leave sufficient space between
them to avoid mutual disturbance, with 3 times the slot
length being the suggested spacing,

5. Engineering Application

5.1. Slot’s Layout and Making. A test has been done in the
No. 2 Test Branch (AK08+850 m) in the auxiliary tunnel A
(NE125°) in the Jinping Hydropower Station in southwest
China’s Sichuan Province. Five slots in different directions
have been arranged on the wall and floor of the test branch
as shown in Figure 10. The surrounding rock of the test area
is hard dolomite, and the thickness of the overlying rock is
about 2,200 m.

After the test area is determined, a cavern is excavated by
means of modest blasting of shockproof hole or smooth
blasting to achieve minimum influence on the tunnel wall.
Before the test, the wall in the selected test area was cleared
of loose rocks caused by blasting. Parts that are flat and have
no joints are selected for arranging slots.

Diamond bits and the row drilling method are used to
make slots in two sequences as shown in Figure 10. After
completing the row drilling and forming the slot, the surface
of the slot is in a circular arc-shaped zigzag shape. In order
to ensure that the pressure steel pillows fits well with the slot
surface, a special tool is used to smooth the slot. The depth
of the slot is 50 cm. The normal displacement is measured



Geofluids

6
3 5
T 251
)
= 2 4
(5}
=
L
& 151
Z
o
< 14
g
o
Z. 0.5 4
0 . .
0 10 20

30 40 50 60

Rock modulus (GPa)

FIGURE 8: Relation between rock modulus and normal displacement.

Contour if SZZ
Magfac = 0.000e + 000
Gradient calculation

-1.2918e + 008 to -1.2000e + 008
-1.2000e + 008 to —1.1000e + 008
-1.1000e + 008 to —1.0000e + 008
-1.0000e + 008 to —9.0000e + 007
-9.0000e + 007 to -8.0000e + 007
-8.0000e + 007 to -7.0000e + 007
-7.0000e + 007 to —6.0000e + 007

-6.0000e + 007 to —5.0000e + 007

-5.0000¢e + 007 to —4.0000e + 007
-4.0000e + 007 to —3.0000e + 007

-3.0000e + 007 to —2.0000e + 007

=T

-2.0000e + 007 to —1.0000e + 007
-1.0000e + 007 to 0.0000e + 000

0.0000e + 000 to 1.6097e + 006
Interval = 1.0e + 007

FIGURE 9: Contour map of stress after slotting (Pa).

by a multipoint displacement meter. Immediately after the
slot of each stage is released, and after every 10 min reading,
when the ratio of the reading difference between the adjacent
2 readings of all meters and the first reading under the slot
release of the same stage and the last reading under the pre-
vious slot release is less than 5%, the lower slot is released.

5.2. Results and Discussion. In the process of slotting, the
borehole cores’ stress is released, and they become discs as
shown in Figure 11. After slotting, the rock in the slot’s area
is freed from stress and thin sheets of paper-like rock frag-
ments occur.

Deformations at each measuring point after slotting are
as shown in Table 1, while the testing process curves are as
shown in Figure 12.

It can be seen from Figure 12(a) that at the initial stage of
slotting, the slot’s is not deep enough, and there is a basically
linear correlation between the normal deformation at a mea-
suring point and the slot’s depth. As the slot goes deeper, the
normal constraint of the rock mass on the tunnel wall is
gradually released, and constraints of the inside rock mass
on measuring points on the wall reduce. When the slot
depth reaches 40 cm (45% of the slot’s length), the slot’s nor-
mal deformation basically comes to an end and becomes sta-
ble. Such results are consistent with those of the finite
element analysis.

As can be seen from Figure 12(b), the normal deforma-
tion on the slot’s perpendicular bisector increases as the
length of the slot increases, basically forming a linear
correlation.
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F1GURE 11: Borehole core after slotting.

Slotting is in nature a process in which the stress of rock
mass under high stress conditions is unloaded. Upon the
moment the slotting is finished, obvious elastic change is
observed on the rock mass. As the stress of the rock mass
surface diminishes and the stress inside undergoes adjust-
ment and redistribution, the rock mass witnesses obvious
expansion and continuous development of microcracks.
Rock mass deformation leads to elastic rebound as well as
deformation of cracks, whose direction is basically perpen-
dicular to that of stress unloading. The full deformation of
rock mass after unloading comprises elastic deformation
and crack deformation [25].

The slot relief process is also one of unloading and
fracturing of rock mass. As a result of strong expansion
in the direction of stress unloading, deformation parame-
ters gradually deteriorate [26]. According to the concept
of effective stress and the principle of strain equivalence,
it is known that

E=E(I-D), (7)

where E is the equivalent deformation modulus in the case
of unloading and damages, I is the unit matrix, and D is
the matrix for damage variables.

The deformation recovery test using pressure steel pil-
lows can only obtain deformation parameters caused by
damage after slotting. Therefore, laboratory tests are needed

to determine the variables matrix of rock mass and its defor-
mation parameters before damage.

Relatively high stress of rock mass, above 30MPa
according to estimation, exists in the test area in this paper.
However, existing hydraulic pillows or other equipment are
almost unable to provide such high pressure for stress
recovery test, which is very dangerous. Therefore, the slot
relief method based on partial stress recovery and labora-
tory rock mechanic test is used to determine the elastic
modulus of rock mass and obtain its stress state in an indi-
rect way.

The maximum pressure for stress recovery in the field
test is 16 MPa. The recovery curve is as shown in
Figure 13, and the elastic modulus of rock mass is calculated
as shown in Table 1.

Based on the displacement value of elastic deformation
obtained by the slot relief method and the elastic modulus
obtained by partial stress recovery, the normal stress of the
slot is calculated as follows:

The rock mass surface’s principal stress value is arrived
at by considering slots 1-3: 0, =64.3 MPa, 0, =23.2 MPa,
and o, sdipanglea=820. This value is lower than that
the wall of a circular cavern based on the estimated buried
depth but is close to the estimation for a buried depth of
about 2,200 m. It shows that when the cavern under the con-
dition of high stress is excavated, the stress of the rock mass
undergoes constant adjustment to the inside and finally
reaches a balance of stress.

Slot 5 records the highest normal stress value at 80 MPa.
This slot is situated in a branch tunnel with irregular geo-
metric shape and in the vicinity of a tunnel corner, while
close to the slot cracks occur in the rock mass. The in situ
stress is estimated to have a complicated distribution. As a
result, results of the test only represent the local stress.

The slot relief method adopted in this paper can meet
the requirement for measuring rock mass surface stress
under high stress conditions. The measurement of displace-
ment and deformation of rock mass replaces the strain
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TaBLE 1: Test results of rock mass parameters.
Slot no. Deformation/(0.001 mm) Slot’s length/cm Slot’s direction Elastic modulus/GPa 0,/MPa
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FIGURE 12: Curve of typical stress relief process.
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measurement in traditional stress test, making it applicable
in a wider range. The modulus of rock mass obtained by in
situ stress recovery is more consistent with the constitutive
relation and deformation mechanism of rock mass in the
test area. This method uses equipment easy to carry and
operate on and facilitates rapid stress test under extreme
stress condition.

6. Conclusions

In view of limitations of several existing stress measurement
methods under extreme high stress conditions (stress-to-

strength ration > 0.5), this paper carries out simulation by
the infinite element method and field research on the slot
relief method based on partial stress recovery.

The finite element simulation demonstrates that under a
high stress environment, the normal deformation of a
80 cm-long slot can reach the millimeter level, proving this
method is feasible; the slot’s depth should be more than 0.6
times its length to ensure complete release of normal stress;
the elastic modulus of rock mass is inversely proportional to
the normal displacement of the slot, and the distance between
two slots should be no less than 3 times the length of a slot to
avoid mutual influence.
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The in-filed application of this method in the Jinping
Hydropower Station shows that the slot relief method can
meet the requirement for measuring rock mass surface stress
under high stress conditions. The operation is simple and
fast. The measured maximum stress is 80 MPa. The testing
equipment meet the requirement of rapid stress test under
extreme stress conditions.
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