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FOREWORD

The final report on work done under contract HO210017 between the Ohio

State University and the United States Bureau of Mines is in three parts as fol-

lows:
Volume 1: Main Document
Volume 2: Computer Program User's Manual
Volume 3: Computer Programs

Volume 3 of the report consists primarily of the three computer programs
developed under this research project. These programs are on magnetic tape
available from DDC-TC, United States Department of Commerce, Springfield,
Virginia, 22157.

It is obvious that these computer programs be used only under the condi-
tions and assumptions for which they were developed. These are described in
Volume 1 of this report. Although the programs have been tested by applications
to several problems, no warranty is made regarding the accuracy and reliability
of the programs and no responsibility is assumed by the authors or by the spon-
sors of this research project.

The technical report summary is included in all three volumes of the
report.

R.S. Sandhu
Principal Investigator
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TECHNICAL REPORT SUMMARY

Program Objectives %

The objective of this researeh program was development of finite element
procedures to prediet stresses, deformations and progressive failure of roel assoei-
ated with undergronnd exeavations, For applieability to arbitrary sequenee of exea-

vation operaticns, it was neeessary that the procedures developed allow for arbitrary

e T

initial stresses in roek, arbitrary size and shape of the opening and progressive fail- 1
ure, Plane strain eonditions and two different types of material behavior were eon-
sidered, Roek was treated as an isotropie elastie-plastie generalized Mohr-Coulemb

material in one model and as an elastie-brittle material following Griffitn theory of

fracture in the other,

Background

) } In previous applieations of the finite element method to rock meehanies, elastie-
plastic behavior of roek has been modeled as nonlinear elastie for eomputational eon-
venienee. Further, it was assumed that the results of a one-dimensional test eould

be generalized to three-dimensional analysis through the use of an equivalent stress-

' ] equivalent strain eurve, In some applications, two stress or strain parameters were

g used, These proeedures are unsatisfactory. Assumption of isotropie elasticity assumes

that the prineipal direetions of stress and strain eoineide, In plastieity this is not true.
| ' Also, roek behavior is eharaeterized by a signifieant part of deformation being irre-
versible, For this reason, the mechanieal behavior in unloading is different from that

in loading, For roek with preexisting joints or developing tensile eraeks, a 'no tension'




procedure is oftcn adopted, In this method, a linear elastie solution is obtained and
all tensile stress redistributed simultaneously., Actually, as cracking progresses,
the rock on either side of the craek is relicved of stress and a stress coneentration
develops near the crack tip. Conventional proeedur s ignore these effects and the
progressive nature of crack development, leading to erroneous eonelusions regarding
stresses around underground openings,

Accomplishments Under the Present Program

The research eonducted under this contract has resulted in development of
computer programs based on more realistic simulation of material behavior, The
incremental theory of plasticity has been used to characterize the stress-striin be-
havior of elastic-plastic rock, Role of kinematic constraint of plane strain in develop-
mer. of residual stresses in rock has been examined on the basis of Hill's theory.

New techniques have been developed for study of initiation and propagation of fraeture
in rock following Griffith's theory or the modified Griffith theory. Allowing for sequen-
tial fracture of various elements in a system, the effect of progressive stress redis-
tribution in the remaining system is correctly incorporated, Arbitrary initial stress
states, arbitrary sequence of exenvation (or construction), arbitrary size and shape

of opening, and nonhomogeneous material properties were allowed for, The actual
construction operations can be simulated. The procedures developed were applied to
several typical problems in rock meehanies as well as to some theoretical and labora-
tory studies for the purpose of verifieation and illustration, These were used to earry
out parametric studies to examine the influence of rock properties upon the stresses

in steel supports in a tunnel,
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DOD Implications

The procedures developed provide useful means for study of stability ol under-
ground excavations based on stresses and deformations associated with the mining
operations, structural support evaluation, safety analyses of ope. .ngs, study ot
blasting effe:tiveness under certain conditions, evaluation of mining sequences, study
of vulnerability and serviceability of underground structures etc,

Organization of the Report

This report is in three parts as follows:

Volume 1 - Main Document

Volume 2 - Computer Program User's Manual

Volume 3 - Computer Programs
Volume 1 contains the main body of the report including the theoretical development, pro-
gram verification and case studies, Chapter I reviews previous efforts in the general
research area and describes the objectives and methods of the present research in the
historical context., Chapter II describes the mechanical behavior of rock and the ideali-
zations used in the research under report, The basis and methods of the finite element
theory are briefly discussed in Chapter III leading to the formulation of matix equations,
Chapter IV gives etails of the analysis technique for isotropic elastic-plastic generalized
Mohr-Coulomb rock materials and Chapter V gives the nnmerical analysis procedure for
jointed rock and rock subjected to progressive fracture following Griffith or modified
Griffith theory, Examples of application are included in Chapters IV and V., Chapter VI
presents application of the elastic-plastic analysis computer program to a parametric
study to evéluate the influence of rock properties on stresses in steel supports for specified

initial stresses and design of the opening,
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In the original proposal, model testing to verify some aspeets of roek behavior
under plane strain conditions was foreseen, The effort under the present contraet
eovered procurement of suitable plane strain test equipment and design oi suitable
test material. Appendix B ineludes a report on this effort,

Volume 2 of the report eontains deseription of the three computer programs
developed under the eontraet along with fortran listings and instruetions for input pre-
paration, The input definition and the listings are for the IBM 370/165 version.

The programs are the primary content of volume 3. These are available on
magnetic tape from DDC-TC, U,S, Department of Commerce, Springfield, Virginia

22151, telephoune (703) 321-8517,
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LAYOUT SHEET

This layout sheet pertains to the magnetic tape on which the three
computer programs developed under this research project are stored,

The following applicable data appear on the label with the tape:

Report No,: OSURF-3177-73-3F
Date of fil»: 3/31/73

Density of file: 800 characters/inch
Reel No,: 10of1

Title: OSURF1

File 1: Program NOTENS

File 2;: Progran: EI.PL

File 3: Program PFA

The programs NOTENS and ELT'L use scratch files 1,2 referred
to as tapes 1,2, In addition, all the three programs use tapes 5 and 6 as

input/ouvtput files respectively,
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