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A Study on the Thermo—mechanical Behavior of
Underground Openings in Isotropic and
Structurally Anisotropic Rock Masses

Hyun Koo Moon?, Kwang Sue Jue?

ABSTRACT

The effects of geologic structures such as rock joints and bedding planes on the thermal conductivity
of a discontinuous rock mass are studied. The expressions for the equivalent thermal conductivities of
jointed rock masses are derived and found to be anisotropic. The degree of anisotropy depends
primarily on the thermal properties contrast between the joint phase and surrounding intact rock, the
joint density expressed as volume fraction and the inclination angle of the joint.

Within the context of 2—dimensional finite element heat transfer scheme, the isotherms around a
circular hole are analyzed for both the isotropic and anisotropic rock masses in 3 different thermal
boundary conditions, i.e. temperature, heat flux and convection boundary conditions. The temperature
in the stratified anisotripic rock mass is greatly influenced by the thermal properties of the rock
formation in contact with the heat source. Using the excavation—temperature coupled elastic plastic
finite element method, analyzed is the thermo—mechanical stabiiity of a circular opening subjected to
100° C at a depth of 527m. It is found that the thermal stress concentration was enough to deteriorate
the stability and form a plastic yield zone around the opening, in contrast to the safety factor greater

than 2 resulted [rom the excavation—only analysis.
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Element DO Loop
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Element DO Loop

l
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Recall Element Node Data
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Calculate Gradients{g, j}
Calculate Flux{q}
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Call ELSTIF
Input Derivative Boundary Conditions
Calculate{f*®} & [K®]
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through Local—Global Mapping

I
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Input Heat Source/Sink
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Modify{F} & [K]
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Call SOLVE
Forward Elimination

Back Substitution
Solve for{¢}

Fig. 5.Flow Diagram for HT2 Program
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Table 1. Anisotropic Thermal Conductivity

Coefficients Used for
Heterogeneous (Layered)Rock

Mass Models

Model | Layer | kxx(W/mC) | kuy(W/mC)
Case 1 () ! 2
(2) 0.5 1
1 2
Case 2 E; 0.25 1
1 2
Case 3 g; 0.125 1
. 0.5 1
Case 3 E; ) 9
0.25 1
Case 5 g; ) 2
1 0.125 1
Case 6 22; ) 5
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Fig. 10. A Finite Element Mesh Used to Study the Effects of Thermal Anisotropy and
Heterogeneity on the Temperature Distribution around a Circular Opening
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Fig. 11. Isothermal Comparison between
the Case | and Case 3:
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Fig. 12.

Isothermal Comparison between
the Case 4 and Case 6:
Case 4:------ Case 6.:—
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Fig. 13. Temperature Gradient across the

Bedding Plane for the Case 3
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Fig. 14. Temperature Gradient across the

Bedding Plane for the Case 6
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Table 2. Anisotropic Thermal Conductivity @ |..__ S0 L ‘b\‘
Coefficients Used for Tl \
~a \
Heterogeneous (Layered)Rock S SN \
Mass Models ‘7"\\ N \
N N \“
odel | Layer | kxx(W/mC) | kyy(W/mC) Ny
1 1]
Case 7 (0 2 .
2 0.5 1 \
L} 1
Case 8 () 1 2 ' '
(2) 0.25 0.5 ] !
1 . :
Case 9 () 2 ' ;
(2) 0.125 0.25 H t
0.5
Case 10 W) !
2 1 2 ] .
Case 11 ) 0.25 05 Fig. 15. Isothermal Comparison between
a .
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Input Data:
Control Prameters
Elastic & Plastic Properties
Nodal Coordinates
Element Node Data
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Input Initial(In Situ)Stresses or

Compute Gravitational Stresses

Excavtion or/and Filling

Input Boundary Conditions:

Forces & Displacements

Generate & Assemble Global

Suffness Matrix

Call TMODUL.:

Input Element Temperatures &

Thermal Expansion Coeff.

Formulate Thermo-elastic Moduli

Call TFORCE:
Calculate Thermal Strains,

Thermal Stresses & Forces

Solve Elastic Thermomechanical

Problem

Calculate Total Stresses(Initial +
Thermal + Excavation) &

Total Strains{ Thermal +Excav.)

Solve Incremental Elastic Plastic

Problem :Incremental DO Loop

Call TFORCE:

Test for Faillure

Update Element Stiffness for

Failed Elements

Calculate Stress Increments

Fig. 19

\Write Thermomechanical

Elastic Plastic Solution

. FHow Diagram for U2HT Program
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o 7|M o, 0, 0,522} Radial stress, Circumferental
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Fig-20. Comparison between Analytic and

Numerical Solutions of Thermal
Stresses around a Circular
Hole(6=457C)
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Fig.21. A 2-D Finite Element Mesh Used
for Elastic Plastic and
Thermomechanical Stability
Analysis of a Circular Hole
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Deformation of the Rock Mass due
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Hole (Elastic Plastic Analysis)
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Fig.23. Major & Minor Principal Stresses
due to Excavation of a Circular
Hole(Elastic Plastic Analysis)

Fig. 24.  Safety Factor Contours around a
Circular Hole(Mechanical Elastic
Plastic Analysis)
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Fig. 25. Deformation of the Rock Mass due
to Thermal Loading & Excavation
of a Circular Hole( Thermomecha

nical Elastic Plastic Analysis)
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Fig.26. Major & Minor Principal Stresses
due to Thermal Loading &
Excavation of a Circular
Hole(Thermomechanical Elastic

Plastic Analysis)



Safety Factor Contours around a
Circular Hole due to Excavation and
Thermal Loading ( Thermomechanical
Elastic Plastic Analysis)
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