Special Features — Structures/Fluid Flow/Thermal/Dynamics Contents - 1

TABLE OF CONTENTS

1 STRUCTURAL ELEMENTS

1.1 IntrodUCtion . ...ttt e e e e 1-1
1.2 Reinforcement . ..............oioiniiiie i 1-3
1.2.1  Local Reinforcement at Joints (block struct reinforce Command) ..... 1-3
1.2.1.1 Axial Behavior ............ ... . .. i 1-4
1.2.1.2 Shear Behavior .......... ... ... .. i 1-5
1.2.1.3 Numerical Formulation ................................... 1-7
1.2.1.4 Estimation of Active Length .......... ... ... ... ... .... 1-12
1.2.1.5 Local Reinforcement Properties ........................... 1-12
1.2.1.6 Summary of Commands Associated with Local Reinforcement
Elements ......... .. i 1-13
1.2.1.7 Example Application — Reinforced Slope ................... 1-15
1.2.2  Global Shearing-Resistant Reinforcement (block struct cable Command) 1-18
1.2.2.1 Axial Behavior ........... ... .. .. i, 1-19
1.2.2.2 Shear Behavior of Grout Annulus .......................... 1-20
1.2.2.3 Normal Behavior at Grout Interface ........................ 1-22
1.2.2.4 Cable Element Properties .................ooiiiiiiie... 1-23
1.2.2.5 Pretensioning Cable Elements ............................. 1-26

1.2.3

1.2.2.6 Estimating the Maximum Length for Cable Element Segments ~ 1-27
1.2.2.7 Connecting Cable Elements to Beam Elements and to Other Cable
Elements ......... .. 1-27
1.2.2.8 Summary of Commands Associated with Cable Elements .... 1-27
1.2.2.9 Example Application — Pull-Test for a Grouted Cable Anchor 1-29
Global Shearing- and Bending-Resistant Reinforcement (block struct rock-

bolt Command) ........... ... . . 1-33
1.2.3.1 Behavior of Rockbolt Segments ........................... 1-34
1.2.3.2 Behavior of Shear Coupling Springs ....................... 1-34
1.2.3.3 Behavior of Normal Coupling Springs ..................... 1-36
1.2.3.4 Rockbolt-Element Properties .............................. 1-38
1.2.3.5 Commands Associated with Rockbolt Elements ............. 1-39
1.2.3.6 Example Application — Rockbolt Pullout Tests .............. 1-42
1.2.3.7 Example Application — Rockbolt Shear Tests ............... 1-51

UDEC Version 7.0



Contents -2

1.3 Surface
1.3.1

Special Features — Structures/Fluid Flow/Thermal/Dynamics

SUPPOIT .o 1-57
Structural Beam Elements (block structure liner create Command) .... 1-57
1.3.1.1 Structural (Beam) Element Formulation .................... 1-57
1.3.1.2 Structural Element Generation ............................ 1-62
1.3.1.3 Structural Element Properties ............................. 1-64
1.3.1.4 End Conditions and Applied Pressure ...................... 1-67
1.3.1.5 Summary of Commands Associated with Structural Elements 1-68
1.3.1.6 Example Application — Inelastic Material Behavior of a Cantilever

Beam ... . 1-75
1.3.1.7 Example Application — Support of a Wedge in a Tunnel Roof . 1-86
1.3.1.8 Example Application — Circular Tunnel Excavation with Interior

SUPPOTL e 1-93

1.3.1.9 Example Application — Shotcrete Lined Tunnel ............. 1-99
1.3.1.10Example Application — Slope Stabilization ................. 1-105
1.3.2  Support Members (block struct support Command) ................. 1-109
1.3.2.1 Standard Formulation .............. ... ... ... ... ... 1-109
1.3.2.2 Load-Rate Dependency ................coiiiiiiiiiiinnnnn. 1-111
1.3.2.3 Numerical Stability ........ ... ... i, 1-113
1.3.2.4 Support Member Properties ................. ... ... ... 1-113
1.3.2.5 Summary of Commands Associated with Support Members .. 1-114
1.3.2.6 Example Application — Support of Faulted Ground .......... 1-116
1.3.2.7 Example Application — Load-Rate Dependent Support ....... 1-119
1.4 Material Properties ......... ... e 1-124
1.5 Modeling Considerations .. ... .........uuuuuuuueiieeeeeeenn. 1-125
1.5.1 2D/3D Equivalence ............c..euiiiiiiiiiiiiiia, 1-125
1.5.2  Symmetry Conditions .............counniiiiiiiiiiiie 1-130
1.5.3  Equilibrium Conditions ...........c...uiiiiiiiiiiieeeeeeenennnnn.. 1-130
1.5.4  Sign CONVENtION ...\ttt 1-131
1.6  Selecting Input parameters For Different Types of Rockbolts ................ 1-132
1.6.1  Introduction ..........coiii e 1-132
1.6.2  Grout Shear Strength ... ... . 1-134
1.6.3  Rockbolt Segment Length ......... ... ... ... i, 1-134
1.6.4  Coupling Shear Stiffness ........... .. 1-135
1.6.5  Rupture Strain  ........ooiiiiiii 1-135
1.6.6  Modeling a Fully Grouted Rockbolt ............................... 1-135
1.6.7 Modeling a Mechanically Anchored Rockbolt ................... ... 1-139
1.6.8  Modeling a Split Set Rockbolt ........... ... ... .. ... ... 1-142
1.6.9 Modeling a Swellex Rockbolt ............... ... ... ... .. 1-146
1.6.10 Modeling Rockbolt Pretensioning ............ ..., 1-149
L7 References . ......cooiiiiiiiiii i e 1-152

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics Contents - 3

2 FLUID FLOW IN JOINTS

2.1
22

2.3

24

2.5

2.6

Introduction . ... ... 2-1

Fluid-Flow Formulations ........... .. e 2-3

2.2.1 Basic Algorithm — Transient Flow of a Compressible Fluid .......... 2-3

2.2.2  Steady-State Flow Algorithm ........... ... ... ... ... ... i, 2-7

2.2.3  Transient Flow of an Incompressible Fluid ......................... 2-7

2.2.4  Transient Flow of a Compressible Gas  ............................. 2-10
2.2.5 Two-Phase Flow inJoints ......... .. ... . ... 2-11
2.2.6  Modifying Joint Flow Rate and Simulating Viscoplastic Flow in Joints ~ 2-17
2.277 Fluid Boundary Logic ... 2-20
2.2.8  One-Way Thermal-Hydraulic Coupling ............................ 2-22
Hydraulic Behavior of Rock Joints ......... .. ... ... 2-23
2.3.1 Parallel Plate Model ........... i 2-23
2.3.2  Fluid Flow Properties and Units .......... ..., 2-24
Calculation Modes and Commands for Fluid-Flow Analysis ................. 2-25
2.4.1  Selection of Calculation Mode .......... ..., 2-26
242 Properties ...ttt e 2-29
243  Boundary ConditionS .. ..........eiiiiiiiii i 2-30
2.4.4  Initialization of Fluid Pressures in Domains ........................ 2-31
2.4.5 Initialization of Pore Pressures in Blocks ........................... 2-32
2.4.6  SOIULION ..o 2-35
247 Output OptionS .. ..euttt it e 2-36
Verification and Example Problems ......... ... ... .. ... L. 2-37
2.5.1 HeaveofaRock Layer ........... .. i 2-37
2.5.2  Example Application of the Fluid Boundary ........................ 2-40
2.5.3 Steady-State Fluid Flow with Free Surface ......................... 2-44
2.5.4  Pressure Distribution in a Fracture with Uniform Permeability (Aperture) 2 -49
2.5.5 Transient Fluid Flow in a Single Joint in an Elastic Medium ......... 2-55
2.5.6  Transient One-Dimensional Gas Flow ............................. 2-64
2.5.7 Filling of a Horizontal Joint — No Capillary Effects ................. 2-70
2.5.8 Filling of a Horizontal Joint by the Capillary Forces Only ............ 2-77
2.5.9 Containment of Gas Inside a Cavity — Single Horizontal Joint ........ 2-82
2.5.10 Containment of Gas Inside a Cavern — Jointed Rock Mass ........... 2-88
2.5.11 Thermal-Mechanical-Fluid Flow Example ......................... 2-92
References . ......ooii e 2-99

UDEC Version 7.0



Contents - 4 Special Features — Structures/Fluid Flow/Thermal/Dynamics

3 THERMAL ANALYSIS

3.1
3.2

33

34

3.5
3.6

3.7

Introduction .. ... ... 3-1
Formulation . ..... ... . 3-2
3.2.1 Basic Equations .......... ... 3-2
3.2.2  Diffusion Equation — Explicit Algorithm ........................... 3-3
3.2.3  Stability and Accuracy of the Explicit Scheme ...................... 3-4
3.2.4  Diffusion Equation — Implicit Thermal Logic ....................... 3-5
3.2.5 Stability and Accuracy of the Implicit Scheme ...................... 3-7
3.2.6  Thermal-Stress Coupling ............oo ittt 3-8
Solving Thermal-Only and Coupled-Thermal Problems ..................... 3-9
3.3.1  Thermal AnalySisS ... ....uuuuu e 3-9
3.3.2 Thermal-Mechanical Analysis ............ccciiiiiiiiiaa.... 3-10
3.3.3  Heat Transfer across Joints ..., 3-12
3.3.4 Thermal Boundary Locations ................cciiiiiiiiiinnnnnnn.. 3-14
Input Instructions for Thermal Analysis ............ ..., 3-15
34.1 UDEC Commands .........oiiinntiitet e 3-15
3.4.2 FISH Variables ... e 3-22
Systems of Units for Thermal Analysis ......... ... o i i i .. 3-23
Verification Examples ... 3-25
3.6.1 Conduction through a Composite Wall ............................. 3-25
3.6.2 Thermal Response of a Heat-Generating Slab ...................... 3-32
3.6.3 Heating of a Hollow Cylinder ............ ... ... ... . ... .... 3-39
3.6.4 Infinite Line Heat Source in an Infinite Medium .................... 3-48
References ... 3-61

4 DYNAMIC ANALYSIS

4.1
4.2
4.3

OVEIVIEW oottt 4-1
Dynamic Formulation ........... . . i 4-2
Dynamic Modeling Considerations ..................oiiiiiiiiiiinnnnnnn. 4-3
4.3.1 Dynamic Loading and Boundary Conditions ....................... 4-3
4.3.1.1 Application of Dynamic Input ............................. 4-4
4.3.1.2 Baseline Correction ...............coiiiiiiiiiiiiiii... 4-7
4.3.1.3 Quiet Boundaries ............ ... .. i 4-8
4.3.1.4 Free-Field Boundaries ............. ... ... ... . ... 4-10
4.3.1.5 Deconvolution and Selection of Dynamic Boundary Conditions  4-14
4.3.1.6 Hydrodynamic Pressures ............. ..., 4-21
4.3.2  Wave TranSmisSiOn . .......ooiinuuiitiiiiii i, 4-28
4.3.2.1 Accurate Wave Propagation ......................... ... 4-28
4322 Filtering ... o e 4-34

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics Contents - 5

4.4

4.5

4.6

4.7

4.3.3  Mechanical Damping ........ ... 4-37

4.3.3.1 RayleighDamping .......... ... ... i .. 4-38

4.3.3.2 Example Application of Rayleigh Damping ................. 4-40

4.3.3.3 Guidelines for Selecting Rayleigh Damping Parameters ...... 4-44

4.3.3.4 Local Damping for Dynamic Simulations .................. 4-47
Solving Dynamic Problems ........ .. ... .. 4-49
4.4.1 General Methodology ........ ..o 4-49
4.42  Illustration of Procedures: Stability of a Jointed-Rock Slope ......... 4-50
Validation Examples . ... 4-56
4.5.1 Natural Periods of an Elastic Column .............................. 4-56
4.5.2  Slip Induced by Harmonic Shear Wave ............................ 4-60
4.5.3  Line Source in an Infinite Elastic Medium with a Single Discontinuity =~ 4-72
Dynamic Wizard ... ... e 4-92
4.6.1  Signal Preprocessing for Seismic Analysis ...............cooeoo... 4-92
References ... ... i 4-99

UDEC Version 7.0



Contents - 6

Special Features — Structures/Fluid Flow/Thermal/Dynamics

TABLES

Table 1.1  Keywords associated with block struct reinforce command ................. 1-14
Table 1.2 Keywords associated with block structure cable command ................. 1-28
Table 1.3  Keywords associated with block struct rockbolt command .................. 1-40
Table 1.4  Keywords associated with block struct liner command ..................... 1-69
Table 1.5  Keywords associated with block struct beam command .................... 1-72
Table 1.6 JoInt SEt OrIENtAtIONS . . ...\ttt ittt ettt e e eaa 1-99
Table 1.7  Support properties for profile props, sticks and yielding props (CSIR 1993) .. 1-114
Table 1.8  Keywords associated with block struct support command .................. 1-115
Table 1.9  Systems of units — structural elements ...................... ... ......... 1-124
Table 1.10  Parameters for fully grouted rockbolt ............. ... ... ... .. ... ... 1-136
Table 1.11  Parameters for mechanically anchored rockbolt ........................... 1-139
Table 1.12  Parameters for split set rockbolt ........ ... ... i i 1-143
Table 1.13  Parameters for swellex rockbolt ............ . ... ... ... 1-146
Table 2.1  Typical SI units for fluid flow parameters ................ ... .............. 2-24
Table 2.2  Summary of fluid flow commands .................. ... ... ... ... ......... 2-25
Table 2.3  Poroelastic constants for some rocks (Detournay and Cheng 1993) .......... 2-34
Table 3.1  Summary of block thermal keywords ............. ... ... ... o ... 3-15
Table 3.2 System of SI units for thermal problems ................................. 3-23
Table 3.3  System of Imperial units for thermal problems ............................ 3-23
Table 3.4 Problem specifications ................iiiiiiiiiiiiiiiiiinan.. 3-25
Table 3.5  Comparison of UDEC results and the analytical solution ................... 3-31
Table 4.1  Moduli appropriate to various deformation modes ......................... 4-56
Table 4.2  Material Properties . ... ...ttt ettt et 4-57
Table 4.3  Comparison of theoretical and calculated (UDEC) dynamic period T of oscilla-

tion for three MOdES . ... oot 4-57

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics

Contents - 7

FIGURES
Figure 1.1 Axial behavior of local reinforcement systems .......................... 1-4
Figure 1.2 Shear behavior of reinforcement system ................ ... ... .. 1-6
Figure 1.3 Assumed reinforcement geometry after shear displacement, Aug .......... 1-7
Figure 1.4 Orientation of shear and axial springs representing reinforcement prior to and

after shear displacement ............ ... ... i 1-8
Figure 1.5 Resolution of reinforcement shear and axial forces into components parallel

and perpendicular to discontinuity ................ . 1-11
Figure 1.6 Slope with steeply dipping foliation planes .............................. 1-16
Figure 1.7 Slope failure by reverse toppling ...........c.c.uuiiiiiiiiinenenn... 1-17
Figure 1.8 Stabilization of slope by reinforcement ............... ... .. ... . 1-17
Figure 1.9 Conceptual mechanical representation of fully bonded reinforcement which

accounts for shear behavior of the grout annulus ...................... 1-18
Figure 1.10  Cable material behavior for cable elements ............................. 1-19
Figure 1.11  Grout material behavior for cable elements ............................. 1-20
Figure 1.12  Geometry of triangular finite difference zone and transgressing reinforcement

used in distinct element formulation ......... ... ... .. oo 1-22
Figure 1.13  Axial force and displacement vectors for pull-test ....................... 1-32
Figure 1.14  Cable grout shear force versus displacement at node in small block ........ 1-33
Figure 1.15  Material behavior of shear coupling spring for rockbolt elements .......... 1-35
Figure 1.16  Material behavior of normal coupling spring for rockbolt elements ........ 1-37
Figure 1.17  Rockbolt element in grid; velocity applied attopendnode ................ 1-42
Figure 1.18  Rockbolt pull force (N) versus rockbolt axial displacement (meters) for a single

25 mm grouted rockbolt ...... ... 1-46
Figure 1.19  Rockbolt pull force (N) versus rockbolt axial displacement (meters) for a single

25 mm grouted rockbolt — with displacement weakening .............. 1-47
Figure 1.20  Rockbolt pull force (N) versus rockbolt axial displacement (meters) for a single

25 mm grouted rockbolt — with 5 MPa in-plane confinement and zero out-

of-plane confinement ............ .. ... i 1-48
Figure 1.21  Rockbolt pull force (N) versus rockbolt axial displacement (meters) for a single

25 mm grouted rockbolt — with 5 MPa in-plane confinement plus a reduction

factor and zero out-of-plane confinement ............... ... ... ... ... 1-49
Figure 1.22  Rockbolt pull force (N) versus rockbolt axial displacement (meters) for a single

25 mm grouted rockbolt — with tensile rupture ........................ 1-50
Figure 1.23  Rockbolt shear force (N) versus rockbolt shear displacement (meters) for a

single 25 mm grouted rockbolt ................ ... 1-55
Figure 1.24  Deformed shape of 25 mm diameter rockbolt at end of shear test .......... 1-55
Figure 1.25 Rockbolt shear force (N) versus rockbolt shear displacement (meters) for a

single 25 mm grouted rockbolt — with tensile rupture .................. 1-56
Figure 1.26  Deformed shape of 25 mm diameter rockbolt following rupture at end of shear

1] PP 1-56

UDEC Version 7.0



Contents - 8

Figure 1.27

Figure 1.28
Figure 1.29

Figure 1.30
Figure 1.31
Figure 1.32
Figure 1.33

Figure 1.34
Figure 1.35

Figure 1.36
Figure 1.37
Figure 1.38
Figure 1.39
Figure 1.40
Figure 1.41
Figure 1.42
Figure 1.43
Figure 1.44
Figure 1.45
Figure 1.46
Figure 1.47

Figure 1.48
Figure 1.49
Figure 1.50

Figure 1.51
Figure 1.52
Figure 1.53
Figure 1.54
Figure 1.55
Figure 1.56
Figure 1.57
Figure 1.58
Figure 1.59
Figure 1.60

Special Features — Structures/Fluid Flow/Thermal/Dynamics

Local stiffness matrix for structural element representation of excavation sup-

010 4 PP 1-58
Lumped mass representation of structure used in explicit formulation . ... .. 1-59
Demonstration of interface slip and large displacement capabilities of explicit

structural element formulation ........ ... ... ... 1-59
Typical moment-thrust diagram .......... ... ... 1-60
Parameters to define structural element locations ........................ 1-63
Shape factors and inertial moments for different shapes .................. 1-66
Moment-thrust diagram — at initial compressive and tensile

SEEN RS ..o 1-82
Moment-thrust diagram — include residual compressive and tensile strengths 1-83
Moment-thrust diagram — with zero tensile strength and crack depth ratio =

0.3 1-84
Moment-thrust diagram — input P-M diagram table ...................... 1-85
Lined tunnel with wedge intoof ............ ... ... .. .. .. . .. i 1-86
Case 1: elastic SOIUtION . ......ooui e 1-90
Case 2: yield strength = residual strength =18 MPa ..................... 1-91
Case 3: yield strength = 18 MPa, residual strength=16.7MPa ............ 1-91
Case 4: two layersof lining ........ ... ... i i, 1-92
Case 4: elastic solution for two layers of lining ....................... ... 1-92
Conceptual representation of support reaction and ground reaction curves .. 1-94
Zoning for UDEC model of circular tunnel excavation ................... 1-96
Comparison of ground reaction/support reaction lines .................... 1-98
Shotcrete applied in 300° arc on tunnel periphery ........................ 1-100
Axial force distribution in shotcrete lining

—residual yield strength=20MPa ......... ... . ... L. 1-103
Tensile failure locations in shotcrete

—residual yield strength=20MPa ................. ... ... 1-103
Moment-thrust diagram for tensile yield strength = 20 MPa and compressive

yield strength=40MPa ... ... ... ... ... 1-104
Axial force distribution in shotcrete lining

—residual yield strength=10MPa ........ ... ... ... ... ... ..., 1-104
Slope cutinajointed rocK ..........ccouiiiiiiiiiiii 1-105
Unsupported slope isunstable ............. ... ... . . 1-106
Slope is stabilized with shotcrete lining ................... ... ... . ... 1-107
Force-displacement behavior for standard support model ................. 1-109
Force-displacement behavior including load-rate dependent support force .. 1-112
Support members before loading ................ .. 1-116
Force-displacement relation for support in example problem .............. 1-116
Support members after loading .............. ... .. 1-118
Model test for rate-dependent support members ......................... 1-119
Axial force versus displacement response for leftprop ................... 1-122

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics

Figure 1.61
Figure 1.62
Figure 1.63

Figure 1.64

Figure 1.65
Figure 1.66
Figure 1.67
Figure 1.68
Figure 1.69
Figure 1.70

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4

Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19

Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23

Figure 2.24

Contents - 9

Axial force versus displacement response for right prop unloading ........ 1-123
Axial force versus displacement response in left prop for right prop unloading 1-123
Actual axial forces in vertically loaded rockbolt at 2 m spacing

(SPACING IVEN) ..ottt ettt et e e e e 1-129
Scaled axial forces in vertically loaded rockbolt at 2 m spacing

(SPACING NOL ZIVEN) . .. v ottt et e 1-130
Results of pull tests by Stillborg (1994) .......... ... ., 1-133
UDEC simulation of pullout test of 20 mm resin grouted rockbolt. ........ 1-136
UDEC simulation of pull test of a 17 mm mechanically anchored rockbolt. . 1-140
UDEC simulation of pull test of a 39 mm split set rockbolt. ............... 1-143
UDEC simulation of pull test of a 26 mm swellex rockbolt. ............... 1-147
Rock displacements and rockbolt forces resulting from pretensioning a rock-

DOt 1-150
Fluid/solid interaction in discontinua .................c.cceeeeeeeeeneen... 2-1
Flow in joints modeled as flow between domains ........................ 2-3

Relation between hydraulic aperture, a, and joint normal stress, o,,, in UDEC 2-5
Extreme example in which the speed of propagation depends on system stiff-

TIESS « v vttt e e e e e e e e e e e e e e e 2-9
Capillary pressure curve as a function of saturation and parameter 8 ....... 2-14
Flow-gradient relation for Newtonian fluid in UDEC ..................... 2-18
Flow-gradient relation for Bingham fluid in UDEC ...................... 2-18
Porous mediummesh ............ .. 2-20
Elements in porous medium mesh ........ ... ..., 2-22
Decomposition of stresses acting on a porous, elasticrock ................ 2-33
Heave of arock layer ............ i 2-38
UDEC model for fluid boundary example ................. ..., 2-40
Fluid pressure field ............. . e 2-42
Figure showing definition of terms in Dupuit’s formula ................... 2-44
UDEC problem geometry for verification of fluid flow logic .............. 2-45
UDEC steady-state flow rates ........... ..., 2-47
UDEC dOmain PreSSUIES . . ...ttt eeeeeeeeeeeeeennns 2-47
Model geometry and boundary conditions ............... ... ... ... ... 2-49
Comparison of analytical and UDEC solutions for joint fluid pressure (P / P,)

at various distances (x/1) in a fracture with zero initial pressure at x =0 . 2-51
UDEC model for incompressible flow in a single joint ................... 2-56
Fluid pressure histories at A, B and C for a 1-second fluid timestep ........ 2-57
Fluid pressure histories at A, B and C for a 10-second fluid timestep . ...... 2-57
Fluid pressure histories at A, B and C for a 10-second fluid timestep; run to

steady-state low . ... 2-58
Fluid pressure histories at A, B and C for compressible flow .............. 2-58

UDEC Version 7.0



Contents - 10

Figure 2.25

Figure 2.26
Figure 2.27
Figure 2.28
Figure 2.29
Figure 2.30
Figure 2.31
Figure 2.32
Figure 2.33
Figure 2.34

Figure 2.35
Figure 2.36
Figure 2.37
Figure 2.38
Figure 2.39
Figure 2.40
Figure 2.41
Figure 2.42
Figure 2.43
Figure 2.44
Figure 2.45
Figure 2.46
Figure 2.47
Figure 2.48
Figure 2.49
Figure 2.50
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12

Special Features — Structures/Fluid Flow/Thermal/Dynamics

Fluid pressure histories at A, B and C for compressible flow; run to steady-

SEALE . .. 2-59
UDEC model for ID gasflow ..., 2-66
Gas pressure along joint (W versus §) attime =0.5 ...................... 2-69
Gas pressure along joint (W versus §) attime=2.0 ...................... 2-69
Geometry of the UDEC model ........... ... ... ... i, 2-70
Wetting fluid pressure in the joint after 1.43s ................... ... ..... 2-71
Saturation of the joint after 1.43s .......... .. . i 2-72
Wetting fluid pressure histories at the points along the joint ............... 2-72
Saturation histories at the points along the joint .......................... 2-73
Location of fluid front (distance from the left boundary in meters) as a func-

tion of time (seconds). Comparison of the UDEC solution (crosses) with

analytical solution (Ilin€). ......... ..., 2-73
Wetting fluid pressures along the joint after .014s ....................... 2-717
Saturation along the joint after .014 s ... ... ... .. 2-78
Wetting fluid pressure histories at the points along the joint ............... 2-178
Saturation histories at the points along the joint .......................... 2-79
Geometry of the model ....... ... .. i 2-82
Wetting fluid pressure along the joint after .00013's ...................... 2-83
Saturation along the joint after 00013 s ......... . .. ... .. .. 2-83
Model displacements after .00013's ........ ... 2-84
Non-wetting fluid pressure histories at the points along the joint ........... 2-84
Saturation at the points along the joint ............ ... ..., 2-85
Geometry of themodel ........ ... ... i 2-88
Non-wetting fluid pressures after 0.25s ........ ... .. i, 2-89
Saturation of the joints in the model after 0.25s ......................... 2-89
UDEC model for thermal-mechanical-fluid flow example ................ 2-93
Fluid pressure versus thermal time histories for transient flow analysis .. ... 2-94
Fluid pressure versus thermal time histories for steady-state flow analysis .. 2-94
Heat flow into gridpoint k ....... ... i 3-4
General solution procedure for thermal-mechanical analysis .............. 3-11
Subdivision of zones at contacts .............c.c.coiiiiiiiiiiiiiiiii.. 3-13
Typical zoning of rigid block ...... ... ... . 3-13
Zones that may cause INACCUTACY ... .vvvvrrerteeeeeeeeeeeeeeeeeeeennnn. 3-14
Composite wall . ... e 3-25
Idealization of the wall for the UDEC model ............................ 3-29
Zone distribution ............ .. 3-29
Steady-state temperature distribution .............. ... .., 3-30

Temperature vs distance comparison between UDEC and analytical solution 3-31
Heat-generating slab showing initial and boundary conditions ............. 3-32
Model conditions for heat-generating slab ..............................

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics

Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16

Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23
Figure 3.24
Figure 3.25
Figure 3.26
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13

Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17

Contents - 11

UDEC zone distribution . ...........oouiiiiiiinnnnnnniniiiiiaiaannn. 3-34
Temperature evolution in the center of the slab ................... ... ... 3-37
Temperature distribution at steady-state .............ccovvveeeeeeeno.... 3-38
UDEC and analytical temperature distributions at thermal time = 0.1, 0.5 and

5.0 seconds (analytical values = odd-numbered tables; numerical values =

even-numbered tables) .......... . 3-38
UDEC grid for heating of a hollow cylinder .......................... ... 3-40
Temperature distribution at steady state for heating of a hollow cylinder ... 3-46
Radial stress distribution at steady state for heating of a hollow cylinder ... 3-46
Tangential stress distribution at steady state for heating of a hollow cylinder 3 -47
Axial stress distribution at steady state for heating of a hollow cylinder .... 3-47
UDEC grid for an infinite line heat source .............................. 3-49
Close-up view of zoning inblocks .......... ... ... ... ... L 3-50
Temperature distributionat I year ........... ... ... .o i, 3-59
Radial displacement distributionat 1 year ............................... 3-59
Radial and tangential stress distributions at 1 year ....................... 3-60
Types of dynamic loading and boundary conditions in UDEC ............. 4-3
Primary and reflected waves in a bar: stress input through a quiet boundary  4-7
The baseline correction ProCess .. ..., 4-8
Model for seismic analysis of surface structures and free-field mesh ....... 4-11
x-velocity histories at top of model with free-field boundaries ............. 4-13
Seismic input to UDEC . ...... ... .. .o i 4-14
Layered system analyzed by SHAKE (layer properties are shear modulus, G,

density, p, and damping fraction, &) ............. ... i 4-15
Deconvolution procedure for a rigid base

(after Mejia and Dawson 2006) . ... 4-17
Deconvolution procedure for a compliant base

(after Mejia and Dawson 2006) . ...t 4-17
Compliant-base deconvolution procedure for a typical case

(after Mejia and Dawson 2006) ... 4-19
Compliant-base deconvolution procedure for another typical case (after Mejia

and Dawson 2000) . ... ... e 4-19
Embankment analyzed with a rigid and compliant base

(after Mejia and Dawson 2006) . ... 4-20
Computed accelerations at crest of embankment

(after Mejia and Dawson 2006) . ...t 4-20
Hydrodynamic pressure acting on a rigid dam with a vertical upstream face  4-21
Dam model with hydrodynamic pressure boundary on upstream face ...... 4-24
Comparison of x-displacement at topofdam ............................ 4-25
Column of variable-sized blocks subjected to triangular-shaped impulse load

AL DASE . 4-30

UDEC Version 7.0



Contents - 12

Figure 4.18

Figure 4.19
Figure 4.20

Figure 4.21
Figure 4.22
Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26

Figure 4.27
Figure 4.28
Figure 4.29

Figure 4.30
Figure 4.31
Figure 4.32
Figure 4.33
Figure 4.34
Figure 4.35

Figure 4.36
Figure 4.37
Figure 4.38
Figure 4.39

Figure 4.40
Figure 4.41
Figure 4.42
Figure 4.43
Figure 4.44

Figure 4.45
Figure 4.46

Special Features — Structures/Fluid Flow/Thermal/Dynamics

Input wave (solid) at base and calculated wave (dashed) at top of column of
rigid block model
Column of variable-sized blocks subdivided into finite difference zones .. ..
Input wave (solid) at base and calculated wave (dashed) at top of column of
deformable block model
Unfiltered velocity history
Unfiltered power spectral density plot
Filtered velocity history at 15 Hz
Results of filtering at 15 Hz
Variation of normalized critical damping ratio with angular frequency
Plot of vertical displacement versus time, for a single block contacting on a
rigid base with gravity suddenly applied (no damping)
Plot of vertical displacement versus time, for a single block contacting on a
rigid base with gravity suddenly applied (mass and stiffness damping) ..
Plot of vertical displacement versus time, for a single block contacting on a
rigid base with gravity suddenly applied (mass damping only)
Plot of vertical displacement versus time, for a single block contacting on a
rigid base with gravity suddenly applied (stiffness damping only)
Plot of velocity spectrum versus frequency
Comparison of fundamental wavelengths for bars with varying end conditions
Displacement history — 5% Rayleigh damping
Displacement history — 5% local damping
Initial equilibrium of slope cut in jointed rock
Input velocity (history 2) and calculated velocity (history 3) at top of model
without slope
Slope failure resulting from dynamic loading ............................
x-velocity histories at base, slope face and remote from slope
Transmission and reflection of incident harmonic wave at a discontinuity ..
Problem geometry and boundary conditions for the problem of slip induced
by harmonic shear wave .......... ...
Time variation of shear stress at points A and B for elastic discontinuity (co-
hesion = 2.5 MPa)
Time variation of shear stress at points A and B for slipping discontinuity
(cohesion = 0.5 MPa)
Time variation of shear stress at points A and B for slipping discontinuity
(cohesion = 0.1 MPa)
Time variation of shear stress at points A and B for slipping discontinuity
(cohesion = 0.02 MPa)
Comparison of transmission, reflection and absorption coefficients; points de-
note UDEC results
Problem geometry for an explosive source near a slip-prone discontinuity ..
Dimensionless analytical results for slip history at point P (Day 1985) (di-
mensionless slip = (4h p B2/m,) Su; dimensionless time = 18/ h)

4-30
4-31

4-31
4-35
4-35
4-36
4-36
4-39

4-42
4-43
4-43
4-44
4-45
4-46
4-48
4-49
4-51
4-53
4-55
4-55
4-60
4-64
4-65
4-65
4-66
4-66

4-67
4-72

4-74

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics

Figure 4.47
Figure 4.48
Figure 4.49

Figure 4.50
Figure 4.51
Figure 4.52

Figure 4.53
Figure 4.54
Figure 4.55
Figure 4.56
Figure 4.57
Figure 4.58
Figure 4.59

Contents - 13

Problem geometry and boundary conditions for the UDEC analysis ....... 4-74
UDEC model showing semicircular source and joints .................... 4-75
Input radial velocity time history prescribed at » = 0.05 h (dimensionless

velocity = (h? p B/m,) v; dimensionless time =7 B/h) ............... 4-77
Comparison of analytical results (history 4) and numerical results (history 8)

for dynamic slip at point P, using the Coulomb joint model ............ 4-178
Comparison of analytical results (history 4) and numerical results (history 8)

for dynamic slip at point P, using the continuously yielding model ..... 4-79
Horizontal acceleration time history at elevation of 400 ft

(upward-propagating motion from deconvolution analysis) ............ 4-92
Import input into the wizard ........ ... ... ... 4-93
Original input records, amplitude spectrum and filter ..................... 4-94
Filtered input records, amplitude spectrum .............. ..., 4-95
Waveform before baseline correction ...................ooiiiiiiii... 4-96
Waveform after baseline correction ................ ..., 4-96
Save processed velocity inatable .......... ... ... il 4-97
Processed velocity record ........... . 4-98

UDEC Version 7.0



Contents - 14

Special Features — Structures/Fluid Flow/Thermal/Dynamics

EXAMPLES

Example 1.1  Reinforced sIope ........ ..o e 1-15
Example 1.2 Simulation of a pull-test for a grouted cable anchor ..................... 1-29
Example 1.3 Rockbolt pullout tests ...........ccoiiiiiiiiiiinnnnn. 1-43
Example 1.4  Rockbolt shear tests ............cooiiiiiiiiiii e 1-51
Example 1.5  Inelastic material behavior of a cantileverbeam ........................ 1-76
Example 1.6  Lined tunnel with wedgeinroof ......... .. ... ... ... . ... ... 1-87
Example 1.7  Circular excavation with interior support ..................cooiiiunnn.. 1-96
Example 1.8  Shotcrete lined tunnel .......... ... ... ... . . . . 1-101
Example 1.9  Slope stabilization .............. ... i 1-107
Example 1.10 Support of faulted ground ......... ... .. ... . i 1-117
Example 1.11 Load-rate dependent SUPPOIt ... .........uuiiiiiieeeeeeeneeeeeeennnn.. 1-119
Example 1.12  Axial loading of rockbolts at2 m spacing ............................. 1-128
Example 1.13  Simulation of a pull-test for a fully grouted rockbolt .................... 1-136
Example 1.14 Simulation of a pull-test for a mechanically anchored rockbolt .......... 1-140
Example 1.15 Simulation of a pull-test for a split set rockbolt ........................ 1-143
Example 1.16 Simulation of a pull-test for a swellex rockbolt ......................... 1-147
Example 1.17 Simulation of a pull-test for a swellex rockbolt ...................... ... 1-150
Example 2.1 Heave of arock layer .............. . i 2-39
Example 2.2 Application of the fluid boundary logic ........................ .. ..., 2-42
Example 2.3  Steady-state fluid flow with a free surface ............................. 2-48
Example 2.4  Pressure distribution in a fracture with uniform permeability ............ 2-51
Example 2.5  Incompressible transient flow in a single joint in an elastic medium ...... 2-59
Example 2.6 ~ Compressible transient flow in a single joint in an elastic medium ........ 2-62
Example 2.7  Analytical solution and empirical fit for ID gasflow ................ ... 2-64
Example 2.8  Analytical solution for pressure at x =10 ......... .. ... .. ... 2-66
Example 2.9  Transient one-dimensional gas flow .............. ... ... ... ... ... 2-67
Example 2.10 Injection of water in gas-filled joint ............... ..., 2-74
Example 2.11  Filling of the joint with water due to capillary forcesonly ............... 2-80
Example 2.12 Containment of gas inside a cavity —single joint ....................... 2-86
Example 2.13 Containment of gas inside a cavity — jointed rock mass ................. 2-90
Example 2.14 Thermal-mechanical-fluid flow with incompressible transient flow ....... 2-95
Example 2.15 Thermal-mechanical-fluid flow assuming steady-state flow .............. 2-97
Example 3.1  Conduction through a composite wall ................................. 3-27
Example 3.2  Thermal response of a heat-generating slab ............................ 3-35
Example 3.3  Heatingof ahollow cylinder ........... ... ... o o i ... 3-41
Example 3.4  Infinite line heat source in an infinite medium .......................... 3-51
Example 3.5  Exponential integral function ............. ... ... ... ... .. . i 3-58
Example 4.1  Shear wave propagation in a vertical column .......................... 4-6

UDEC Version 7.0



Special Features — Structures/Fluid Flow/Thermal/Dynamics

Example 4.2
Example 4.3
Example 4.4
Example 4.5
Example 4.6
Example 4.7
Example 4.8
Example 4.9
Example 4.10
Example 4.11
Example 4.12
Example 4.13
Example 4.14
Example 4.15
Example 4.16
Example 4.17

Contents - 15

Shear wave loading of a model with free-field boundaries ............... 4-12
Hydrodynamic pressure actingonadam .............................. 4-26
Column of variable-sized blocks subjected to impulse load at base ... .... 4-32
Block under gravity — undamped and 3 critically damped cases .......... 4-40
Continuation of Example 4.5 with 5% Rayleigh damping ............... 4-47
Continuation of Example 4.5 with 5% local damping ................... 4-47
Initial conditions for the slope problem ............................... 4-50
Dynamic excitation of the slope problem .............................. 4-53
Data file for confined compression ..., 4-58
Data file for unconfined compression ................ .. ..., 4-58
Data file forshear ....... ... . 4-59
Listing of “avper.fis”: function to compute average period .............. 4-59
Verification of dynamic slip — four complete simulations ................ 4-67
Line source in an infinite elastic medium with a discontinuity ........... 4-79
Listing of “VEL_INP.FIS”: function to calculate velocity input .......... 4-84
Listing of “ANA_SLP.FIS”: function to calculate Day solution for dynamic

S e 4-87

UDEC Version 7.0



Contents - 16 Special Features — Structures/Fluid Flow/Thermal/Dynamics

UDEC Version 7.0



