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Abstract

Rocks are composed of mineral particles and micropores between mineral
which has a great influence on the mechanical properties of rocks. In this pa-
per, based on the theory of locked-in stress developed by academician Chen
Zongji, the locked-in stress problem in underground rock is simulated by the
thermal expansion of hard rubber particles. The pore inclusion in rock is as-
sumed to be uniformly distributed spherical cavities. Using the thermal stress
theory, the stress of rock with a spherical pore inclusion is equivalent to the
thermal stress generated by the spherical hard rubber inclusion. The elastic
theory formula of the temperature increment and the equivalent pore pres-
sure of the spherical hard rubber inclusion is derived. The numerical simula-
tion of the rock mass model with a spherical hard rubber inclusion is carried
out and compared to the theoretical calculation results; the results show that
they are consistent. The method proposed by this paper for simulating stress
distribution in rock by thermal stress is reasonable and feasible; it has a posi-
tive meaning for further study of mechanic phenomenon of rock with mi-
cropore inclusion.

Keywords

Rock Pore, Locked-In Stress, Similar Simulation, Rubber Particles, Thermal
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1. Introduction

Rocks with randomly distributed inclusions can be considered as natural com-
posite material. The main component of rock can be regarded as the matrix of
composite material; cracks, heterogeneous particles, and pores in the rock can be
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regarded as inclusions in composite material [1]. Normally, there exists fluid in
micropore (liquid or gas), which affects the rock mechanical properties signifi-
cantly. In the past, rocks containing micropores are equivalent to continuum
macroscopically, but many phenomena can’t be described by this solution. The
elastic properties of composite materials are important issues and many theoret-
ical results have been achieved so far. For engineering, rock is generally in elastic
deformation stage before yielding. In this article, the micromechanics theory was
used to study the elastic properties of rock containing inclusions. So far, many
achievements have been made in the study of locked-in stresses in metals, but
there is little research on locked-in stresses in rocks. Therefore, this article will
further study the situation of inclusion with locked-in stresses.

In 1979, Mr. Chen-Zongji proposed locked-in stress hypothesis; he believes
that creep and locked-in stress are two fundamental factors of rock characters
[2] [3] [4]. The hypothesis is that: the hydrostatic pressure is small in the upper
crust the projected involved. In this site, the grain boundary cracked because of
the non-compatible strain effect, and the pore formed because of the splitting
and non-uniform plastic flow of some particles. A part of concentrated stress re-
leases in this way, and the other preserves in the form of locked-in stress. Over
the years, this hypothesis has not been considerably developed. Academician
Qian-Qihu proposed incompatible deformation problem of micropores, which
studied the effect of the density and length of microcrack to self-balancing
“locked-in stress” and rock damage [5] [6]. Wang-Mingyang and Li Jie re-
searched the mechanism of rockburst from the perspective of the release of
locked-in stress [7]. Yue-Zhonggqi proposed and tried to demonstrate that the
pressure and volume expansion energy of the fluid inclusions is one particular
form of presence and action of locked-in stress and strain energy. He further
proposed, analyzed and demonstrated that the microfluid inclusion locked in
rock may be in compressed state, which can have a strong high pressure and
cause local abnormally high stress field in the rock internal. Excavation of rock
can lead to re-flow, movement and phase change over time of many microfluid
inclusions with high pressure locked in rock [8] [9].

The locked-in stress is difficult to remain in rock in long term. Generally, after
sampled from site, locked-in stress in the sample will slowly disappear due to the
release of ground stress and environmental fluid (oil, water, gas) pressure. It is a
problem long term concerned by scholars to simulate the locked-in stress of
pores of the rock in underground environment.

This paper considers to simulating the locked-in stress exist in rocks in the
underground environment by thermal expansion stress of hard rubber particles.
Using the basic principles of the equivalent stress field, rocks containing pres-
sure air inclusions are equivalent to rocks contains hard rubber inclusions. Ex-
pansion stress generated in the rocks because of the different linear expansion
coefficient of rocks and hard rubber. The internal stress generated by the hard

rubber inclusions in different temperature conditions is derived and compared
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to numerical simulation results. The results of this paper are instructive about

the construction of similar material of rocks contain locked-in stress.

2. A Simplified Model of a Spherical Pore Inclusion

For simplicity, the closed pores in rocks are assumed to be spherical and homo-
geneously distributed. Therefore, the rock can be divided into several units that
arranged uniformly periodic and each unit is composed of rock matrix and
spherical pore inclusion in it, as shown in Figure 1. According to the research
needs, We can take 1/2 unit cell, 1/4 unit cell or 1/8 unit cell as a representative
of the microscopic geometry unit [10], without considering gravity.

Under a certain depth, pressure is generated in closed pores inside the rock
because of the initial in-situ stress. However, in the actual study, it is difficult to
know this pressure, and it is difficult to obtain a specific pore pressure in the
rock in the laboratory. This paper considers using equivalent stress field method,
using high-strength cement to simulate rock matrix, and doping spherical hard
rubber particle in it. Since the thermal expansion coefficient of hard rubber ce-
ment is much greater than rock, the gas pressure of the pore inclusion in the
rock can be replaced by thermal stress generated by the temperature rise in the

cement.

3. Thermal Stress Analysis of Hard Rubber Particle
Inclusion

This section obtains the relationship between thermal stress of hard rubber in-
clusion and pressure of the spherical holes by analyzing the stress of thick-walled
ball. Assuming that the radius of the pore is small enough with respect to the
unit cell, it can be simplified as thick-walled sphere model with internal pres-

sure, as shown in Figure 2.

Hard rubber particles

Figure 2. Equivalent model of thick-walled ball with internal pressure.
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3.1. Analysis of Thick-Walled Ball

Assuming that the outer diameter of the thick-walled ball is b, and the inner
diameter is a, the internal pressure is p;, and external pressure is zero. Stress,
strain and displacement at any point can be obtained according to reference
[11]:

as(rs_bs)
o, ZWQ (1)
a’(2r’ +b°)
)" 2)
1 3 1+u g3
U:m[(l—zlu)a pll’ +?a b p1:| (3)

where o, and o, are the radial and tangential normal stress of the thick-walled
ball, and uis the displacement component, Fand u is the elastic modulus and
Poisson’s ratio of matrix.

The inner wall displacement components of thick-walled ball are:

1
(1-2u)a*p, +§(1+ u)ab’p,

u, = (4)
E(-a’+b°)
where u, is the inner wall displacement component of thick-walled ball.
For a is small enough, Equation (4) can be simplified as:
1+ u
a 2E pl ( )

3.2. Analysis of Spherical Rubber Particle Inclusion

Replace the cavity in the thick-walled ball in 3.1 with hard rubber particles of the
same geometry. Make the temperature rise A7, and remove the outside matrix,

the change in volume caused by temperature changes of the hard rubber ball is:
AV, =sx AT xV, (6)

where s and AV, are the volume expansion coefficient and volume increment
of hard rubber when there is no external constraint.

Because the volume expansion coefficient of rock is far less than hard rubber,
the volume expansion of rock matrix is ignored. Put the spherical hard rubber
particle which has already expanded back into the pore, then it will be subjected
to the external stress p, applied by the matrix, and volume change of the in-
clusion will be:

AV, =—p, /K x(V, +AV;) (7)
where K, indicates the bulk modulus of hard rubber, AV, is the volume in-

crement of spherical hard rubber particle due to external constraint caused by

the surrounding matrix.
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The total volume increment of spherical particles of hard rubber is
AV, = AV, + AV,, namely:
AV, =(sxAT = p, /K, = p, xsx At/K, ) xV, (8)
where V, = i75::13 is the initial volume of spherical hard rubber particle and

AV, is the total volume increment.

Supposed the particle radius changes u totally after deformation, therefore:

AV

m

:%n(u + a)3 —%Ttas :%nas(s X AT = p, /K, = p, xsxAT/K;)  (9)
Substitute Equation (5) into Equation (9), it can be obtained:

4 (1+u P4 4
En(fapl-kaj —§na3 :gﬂias(SXAT - pZ/Kl_ p, XSXAT/Kl) (10)

Due to the balance stress, p, = p,, it can be obtained:

4 (1+ Py 4
En(_’uapl.;,.aj _Ena?’:gnas(SXAT— pl/Kl_ plXSXAT/Kl) (11)

Simplify the Equation (11) to:

3
(1;—E'upl+1] —1=(sxAT - p,;/K, — p, xsxAT/K,) (12)
Expand Equation (12) to:
3 2
[“_ﬂplj +3(1+_’up1) +3[1+_ﬂpljzsAT_&_M (13)
2E 2E 2E K, K,

The order of magnitude of pore gas pressure p, is 10% the order of magni-
tude of rock elastic modulus £is 107 the order of magnitude of volume expan-
sion coefficient of hard rubber is 10% the order of magnitude of A7 is 10% the
order of magnitude of hard rubber’s volume modulus is 107 - 10°, therefore it is

concluded that:
1+ u : 1+ u 2 1+ u 1+ u
— +3| —— +3| —=—p, |=3| —
(2] e+ 5 e,
AT - PL_PSAT _onp P
1 Kl 1
Equation (13) can be simplified as:
S
=— AT 14
Py 3(1+ ,u) N 1 (9
2E K,

Equation (14) expresses the pressure p, to the matrix generated by the mod-
el’s temperature rise of A7, As shown in Figure 3, the temperature pressure
curve of Equations (12) and (14) is almost identical in the range of 0 - 100, so
Equation (12) can be replaced by Equation (14).

Stress distribution generated by the thermal expansion of spherical hard rub-
ber particles in the thick-walled ball is obtained by combining Equations (1)-(3)
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Figure 3. Comparison of theoretical results of temperature pressure curve of Formulas
(12) and (14).

and (14).
a:"(r3 — b3)sAT
o, = 0 (15)
r3(b3 _a3) M_Fi
2E K,
a3(b3 + 2r3)sAT
Oy = 3(1+ ) 1 (16)
2r’(b* - a°) il S
2E K,
- 2r°(1-2p)@’sATr + (1+ u)a’b’sAT a”)
- 3(1
2Er*(b°-a%) S+, 1
2E K,
4. Relationship between Average In-Situ Stress and Pore
Pressure of Rocks
Without taking the tectonic stress into account, n-situ stress of rock satisfies:
o, =pgh (18)
oy zaxzay:Lpgh (19)
1- 1y

where p is the density of rock (p =2.7g-cm™ for typical granodiorite on the
earth’s crust); gand /4 are the acceleration of gravity and depth; 4, is the rock
Poisson ratio; o, and o, are the vertical crustal stress and the transverse
stress.

O,

> O,, 0, are the first, second, and third principle stress.

The average in-situ stress of the rock will be:
_o,tocto, 1+

oy = =
3 3(1- 1)

pgh (20)
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According to reference [12], under the average in-situ stress o, , the pore
pressure will be:

P =Bo, + P, (21)

Combine Equation (20) and (21):

1+
Py = =0 )Bpgh+ P, (22)

3(1 ~—Hy
where p, indicates standard atmospheric pressure, p,=1x10°Pa; B indi-
cates the Skempton pore pressure coefficient, and the value of Bis based on the
reference [13]. In this paper, B=0.3.

5. Numerical Simulation and Verification

This section verifies the theory of the previous paper by numerical simulation
carried out by ANSYS-Mechanical. To establish a numerical model, the model
length and width are lcm, the radius of the spherical pore is Imm, because of
the pressure and gravity is not in an order of magnitude, so gravity does not take
into account. After the rock sample removing from underground, the crustal
stress disappears and the specimen is affected by pore pressure only. Set the
Poisson’s ratio u of rock to be 0.3, the elastic modulus E to be 8 x 10%; volume
expansion coefficient of hard rubber to be s=253x10"; Poisson’s ratio of
hard rubber to be u = 0.47; and elastic modulus to be E, =7.8x10". Applying
normal constraint on the three plane x= 0, y= 0, z= 0. The numerical model is
shown in Figure 4.

5.1. Comparison of Theoretical and Numerical Simulation Results
of One Point

Set the initial temperature of the model 0°C, Temperature load of 10°C, 20°C,
30°C, 40°C, 50°C, 60°C, 70°C, 80°C, 90°C is then applied as node load to the
model respectively. Take the point of the 45 degree angle and radius 3 mm on
the XY surface. Contrast and analyze the theoretical and numerical simulation
results of this point, as shown in Figure 5.

Figure 4. Numerical model of spherical rubber inclusion.
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Figure 5. Comparison of the analytic solution and numerical analysis of stress of one

point.

5.2. Compare Stress Simulation and Theoretical Solution at
Selected Points at a Fixed Temperature

Assuming that the rock samples are taken from the depth of 1000 m. According
to Equation (22) that the pore pressure at this site is 8.29 MPa, and equal to the
thermal stress generated by the spherical hard rubber particle when the temper-
ature rises 83.6°C.

So the model is applied to a temperature load of 83.6°C. Figure 6 is the max-
imum principal stress cloud of this model.

Compare the theoretical analysis and numerical analysis results of stress at
points from the Z-axis of the matrix geometry model and points at r= 3 mm in
the XY plane, as shown in Figure 7.

As can be seen from Figure 7, on the Z-axis and XY plane, analytical and nu-

merical analysis results of stress distribution agree well with each other.

6. Conclusions

In this paper, the pore inclusion in the rock is spherical, and pore pressure ge-
nerates due to the effect of in-situ stress. Based on the theoretical derivation,
combined with the actual situation, the stress of spherical pore inclusion is
equivalent to the thermal stress generated by the spherical rubber inclusion ac-
cording to the equivalent principle of the stress field. Through theoretical analy-
sis and numerical simulation, the following results are obtained:

1) Theoretical formula of thermal stress equivalent pore inclusion pressure;

2) Empirical formula of the relationship between the depth of the rock and the
pore pressure;

3) Theoretical analysis and numerical results are compared. Without taking
into account the gravity effect, the two results agree well.

Combining the theoretical results of this paper with numerical simulation and

experiment, the theoretical results of this paper are combined with numerical
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Figure 7. Comparison of the analytic solution and numerical analysis (vertical section).
(a) Comparison of stress distribution in the Z-axis; (b) Comparison of stress distribution

in the XY plane and at r = 30.
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simulation and experiment. The stress distribution of rock with other shapes and

pore inclusions can be further studied, which has a positive significance to the

study of rock mechanics.
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