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Rock and joint properties were reviewed as & basis for ‘ i

L

developing the analyses. The review discussed: failure criteris f %
for the rock; and joint properties. Improved methods of sampling %

and testing joints were explored in detail. Pile Driver tect

sections were used as a basis for analysis.
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Two approaches of analysis of the rock to predict performence
of rock bolted and unlined test sections were used. The first
method called finite element was used on one section only. This
method's complexity prevented its application to other sections.
Discontinuities, heterogeneities, and local falilures can be tsken

into account by finite elements, but the representation is only

two dimensionsl. Joint influence analysis, the second method,

was applied to meny sections. In comparison to the finite element

method, Joint influence analysis is relatively simple to use.

;: Joints and rock bolts are assumed not to modify the stress dis- i
;i tribution in the joint influence analysis; however, the method ,
Qf represents a three dimensional approach. ;
ﬁj Comparisons were made to post-shot cross sections of the Pile -{
% 5. Driver openings to evaluate the methods of analysis. The finite 5

elerent method is more powerful; the joint influence analysis is

easier to use. ( )\“K\
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and Dr. Richard E. Gqodman, Berkeley, California.

T™is report was prepared under the supervision of Dr. R. E.
Goodman, Principal Investigator. Personnel contributing to the
report were Michael Cleary, Ashraf Mahtab, and Fred Sage.
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‘monitor for the Omaha Distriet under the general supervision
of D. C. Aardappel, Acting Chief, Protective Structures Branch.
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EFFECT OF JOINTS ON THE STRENGTH OF TUNNELS

1. INTRODUCTION

This is a report of an investigatioa performed under Contract Number
DACA45-67-C-0015 Mod. P0OO1, between the Corps of Engineers, Omaha District,
and Dr. Richard E. Goodman, as contra‘tor. It describes results of re-
search on an application of analysis techniques to the Piledriver Drift.
The work was performed during the period, July 1, 1967 to June 30, 1968.
This work was specifically tied to the Piledriver Project. An effort weas
made to apply previously developed analytical techniques to evaluate the
influence of jointing and faulting in the bedrock on the performance of
Piledriver test drifts. Frequent reference is made to the final reports of
two previous contractsl»2,

In the first contract, the principal investigators studied the effect
of geclogical factors on the behavior of several experimental lined and
unlined sections of the Piledriver test. Particular attention was paid to
the effect of joint planes on the strength of a tunnel under static load.
Consideration was also given to the strengthening effect of rock bolts and
of composite steel-concrete linings. The first contract was a specifically
directed investigation of short duration. 1In the second contract, several
ideas for analysis of geological factors which had been considered in the
first contract were given tfurther attention and the importance of weakness
surfaces on the mechanics of tunnels was underscored. It was stated that
the technology of description and prediction of joints and fractures was

sufficiently far advanced to permit analysis but that the mechanics of the

Ygoodman, R. E., Geological Factors in Design of Blast Resistant
Tunnels, U.S. Army, Corps of Engineers, Omaha District, Tech. Report No. 2,
September 1966.

2Goodman, R. E., Analysis of Structures in Jointed Rock, U. 8. Army,
Corps of Engineers, Omaha District, Tech. Report No. 3, September 1967.
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interaction of joint blocks around an opening had not been considered in
any depth.
Two metheds of analysis were proposed and developed to some extent in

the second xeport. The first was a three-dimensional ubiquitous joint

analysis, referred to also by the more simple title of joint influence

analysis. It involves the calculation of the area around the tunnel within

which the traction across a joint of fixed orientation and given cohesion

and friction is sufficient to induce sliding along or opening of the joint.
The second method of analysis discussed in the second contract report

was a joint stiffness analysis using the method of finite element analysis.

In this method, an attempt is made to compile a mathematical model of a
particular cross section of a tunnel, and to introduce into the model,
representations for the deformability and strength of both the solid rock
blocks and the joints and fractures between them.
In this report, the two above methods have been applied to analysis

of selected portions of the Piledriver experiment. The Piledriver experi-
ment includes test galleries of various distances from a blast as depicted
in Fig. 1.1. In this study, the CR and DL Drifts shown in Fig. 1.1 were
considered. These drifts include unlined sections, rock-bolted sectionms,
and lined sections with various combinations of concrete, steel and compres-
sible back-packing. Detailed descriptions of the test openings are given
in a number of other reports and are summarized in Technical Report Number
23,

The principal investigator studied general descriptive information
about the Piledriver test, including geological maps and logs compiled
before the experiment. He made two trips -- one with Dr. Robert Taylor
and one alone -- to examine the failure pattern and damage patterns of drifts
after the blast. He also studied post-blast cross sections and profiles,
portions of the Corps of Engineers Report describing damage in the drifts4,
and post-shock geological notes made by the geologist on the pre-construction
logs. Work was performed at 131 Montrose Road, Berkeley, California, and

at the University of California Computer Center. One progress report was

3op. cit., p. 1.
4Chapter 4, Piledriver Report POR 4015.
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sent on January 12, describing joint influence analysis in DL drift. This
document includes all the information contained in that progress report.
This report is organized as follows. Section 2 describes the method
of mathematical modeling for tunnels in jointed rock including modifications
made tc finite element analysis methods used herein. Methods of developing
geologic cross sections from construction logs are described and there is
a discussion of the properties to be assigned to the rock blocks, including
deformability and strength. A new criterion of failure for Piledriver rock
was incorporated in the study and is described in this section. The pro-
perties of joint surfates are discussed and the methods of sampling and
testing joints to determine their deformability and strength properties
are reviewed. Typical shesr-displacement curves are presented for the
variocus kinds of jéint surfaces that are known to occur. Extensive data
on joint strength and deformability properties are presented in & series
of tables compiled from many sources around the world. Finally, at the
end of this section, the application of the modeling techniqhe to the DL
drift is discussed.
Section 3 describes the use of the joint influence diagram method to

DL and CR drifts. The method of constructing and using joint influence dia-

grams is reviewed, and the state of stress around each of the tunnels adopted

for the analysis is presented. Analyses were made every 10 feet throughout
CR lateral and CR north drift and throughout DL 1 and DL 2. At every cross

section considered, the results of analysis are presented in & series of

figures and compared with the actual damage patterns revealed after the blast.

Computer programs used in this work are presented in the Appendix.
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2. MATHEMATICAL MODELING OF TUNNELS IN JOINTED ROCK

2.1 GENERAL -~ FINITE ELEMENT METHOD

The finite element method was used to censtruct mathematical models
of selected cross sections in ¢ and D drifts. The methods used were des-
cribed in the two previous reportss. Several modifications and additions
were introduced in the course of this iavestigation, to allow for incremental
loading of large systems of rock blocks and joints under plane strain condi~
tions witl large displacements, The computer program used in the analyses
is included in Appendix 1 together with explanatory notes on its operation.
The results of computations can be no better than the quality of the
input data: "'These are: the structural geclogy of the cross sections; the
properties of the rocks; and the properties of the joints.

2.2 GEOLOGICAL DATA

The general geology of the Piledriver drifts is well known from geo~
logical legs of the walls and roof of the drifts prepared by Corps of Engineers
geologists, J. Zeltinger and Harold Jack. Fig. 2.1 presents, for example,
the logs for DL 1 and 2. These logs provide the information for preparation
of detailed cross sections showing the outlines of joint bounded blocks
around the tunnel. Fig. 2,2 shows how these detailed sections are prepared
by projection and extrapolaticn. Thus, cross sections of the drifts can
be constructed as in Fig. 2,3.

The detailed geologic sections present data on the distribution of
joints and defects and the shape of rock blocks behind the tunnel walls.

From these data, a finite element computing mesh can be compiled. In the
subsequent analysis, obviously the shapes of the blocks delimited by the net-
work of discontinuities is very important. The confidence with which this
is known is greatest closest to the wall of the tunncl where the extrapolation

of geological data required is m*nimum, fortunately, this is the most important

Sop. cit., p. 1
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region for the analysis. Unfortunately, joints which parallel the tunnel
axis behind the wall may not be seen in the tunnel and the only way they
can be placed on the cross sections is by regularly repeating joints of
the same orientation that do intersect the tunnel. However, a slight in-
accuracy in rhe placement of a single joint will lead to fictitious slivers
and wedges of rock which may tend to fail by bending and crushing as the
joint blocks move; thus, it is important to dzfine the correct cross section
as accurately as possible. Use of a bore hole stratascope, camera, or tele-
vision device would add a new dimension of precision to the development of
geologic cross sections and, therefore, is very strongly recommended for
studies of" this type.

The accuracy of the geologic projections can be checked in transition
sections where tunnels go from one size to another, in end sections where
a drift terminates and in sharp bends wheri_drifts are passing through joints
previously seen around the bend. The quality of projection in the example
glven for DL 1 and 2 is presented in Fig. 2,4, where the projected end
section can be compared with the actually logged section. The general
trends a2re correct but there is much inaccuracy in the configurations of
iwiividual blocks. The primary difference is the offsetting of the D joints
by the A shears, a factor not considered in making these projectionms.
Greater precisicn is achieved close to the walls than in the center of the
end plate or far behind the walls.,

2.3 ROCK PROPERTIES

The properties of the Piledriver rock, previously describede, were
determined by the Missouri River Division Laboratory by direct pull tension,
and unconfined and triaxial compression tests. The intact rock specimens
acted as brittle, linear elastic solids at confining pressures as high as
3000 psi. The tensile strength was 1450 psi and the average unconfined
comprassive strength was 30,500 psi. The mcdulus of elasticity was 11.0 to
12,0 = 106 psi in compression and 8.0 X 106 psl in tension.

6Technical Report Number 2 (op. cit., p. 1)
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The criterion of failure adopted for previous work based on the test
data was adapted from the Griffith and Modified Griffith theories of failure.
This is a two dimensional approach in which the intermediate principal stress

is ignored. A new approach is introduced herein where the three principal

stresses are all considered by using a power law in terms of octahedral E 3
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stresses. Z:

(1) Power Law Failure Criterion

The criterion of failure of rocks may be expressed in terms of three %

principal stresses, or invariants formed from them. In a three axis prin-

cipal stress space, the criterion of failure would delimit a closed solid

surface within which the coordinates of any point define a stable combina-
tion of principal stresses. In detail, it is not known what the shape of

the failure surface is for the various classes of rocks. However, all rocks

ki have a relatively small tensile strength and show an increase in compressive
strength with confining pressure at a rate which decreases with higher

confinements. Jaeger7

has suggested that the failure surface for rocks

may be a solid of revolution about the line making equal angles with the
stress axes (the hydrostatic axis). He suggested a paraboloid of revolution
obtained by rotating the Griffith Parabola about the hydrostatic axis.

Any solid of revolution about the hydrostatic axis can be expressed as a
curve in a plane defined by octahedral shearing stress (T,..) as ordinate

and octahedral normal stress (¢ ) as abscissa; these quantities are

oct
expressible in terms of principal stresses as follows:

Toet = 3/ - 02 ¥ (0, =052 ¥ (03 -op2  (2-1)

and

. Ooct ™ %- (01 + 02 + 03) (2-2)

B
Rather than constraining the failure law to conform to a specific [

curve, e.g. parabaloid or cone, a more general power law relation between

Toct and Ogqt has been adopted, i.e. ’

7Proceedings 8th Symposium on Rock Mechanics, AIME, 1966, p. 3-57.° 4
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Toet = N + D 0goed (2-3)

This is simply an empirical criterion of failure conforming to the constraiat
that it represent a solid of revolution about the hydrostatic axis in prin-
cipal stress space. To apply this criterion, Eq. 2-3 shall also be written
in logarithmic form, as follows:

logyg (Toct =¥ = A + B logyg Oyet (2-4) -

Goce > 0)

where A has been written in place of 1og10 D. D, B, and N are strength
constants of the material. The dimensionless constant B describes the cur-
vature of the failure surface. D and N, whose values depend on the system
of units employed, describe something like the friction and cohesion. N

is the value of the octahedral shear stress when the octahedral normal stress
is 0. It could be determined directly from a pure shear test on a plate of
rock (ol = =035 0y = 0), or from a torsion test of a solid cylinder of rock.

N can be estimated as the intercept on the Toc axis of the failure curve,

t

plotted from test data in the O = Toet Plane. Another method of estimating

N would be to calculate N from :c;ormula derived for the special case of
Mohr-Coulomb theory.

A three-dimensional generalization of the Mohr-Coulomb theory is repre-
sented by Eq. 2-3 if B is equal to 1. From triaxial test data, one may
calculate a Mohr-envelope and determine the constants ¢ (the angle of internal é
friction), and c (the shear strength intercept or cohesion). T,.. and Coct ’
may also be calculated from triaxial compression test results, as follows

(compare with Eqs. 2-1, 2-2)

V2
Toct = T3 (°1f - p) (2-5) ]
+
Ooct 252_3___35 (2-6) -

where p equals the confining pressure and olf = the axlal pressure at the
time of failure. Substituting these expressions in Eq. 2-3 yields the

expression

st abrgs
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y/i Ulf + ZPB

2@ -» = 8+ 0Lt (2-7)
For the case where B = 1, Eq. 2~7 simplifies to

3N 2D + V2
o] = + 2-8
1¢ Y2 - D ) P (2-8)

The analogous formula for the Mohr-Coulomb theory is:

Oy = 2ctana + tana P (2-9)
where o = (45 4+ ¢/2).

By comparing Eqs. 2-8 and 2-9, one may write the two identities:
3N

- D 2 ¢ tanc (2-10)

20+ V2 2

—————rrreer = t -

5 - 1 an‘“o (2-11)
which may be solved for N to yield

N = 2/2 tan(45 + ¢/2) (2-12)

2 + tan2(45 + ¢$/2)

Eq. 2-12 may be used to gain an estimate of N in order to determine the
constants A and B from actual failure data. One may also solve Eqs. 2-10
and 2-11 f~~ D to yield:

VZ [tan?(45 + $/2) - 1]
2 + tan(45 + $/2)

(2-13)

Eq. 2-13, together with Eq. 2-12, provides values for the strength constants
D and N, with B = 1, representing an extension of the Mohr-Coulomb theory to

three dimensions by rotation about the hydrostatic axis to form a cone.
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However, it would be more sensible to determine the best values of the

strength constants by empirical means.

The procedures for determining the values of D, B, and N to fit actual

test data are as follows:

1.

Convert the breaking stresses, in laboratory or field strength
tests, to octahedral normal and shear stresses using Eqs. 2-1
and 2-2. 1In the triaxial compression test, for example, with
confining pressure p and axial stress at failure olf’ (Ol

Glf and 0'2 = 03 = p)

(Glf -p)
Ooct = —3 + p (2-14)
and
V2
Toct = —3 (O3, - P) (2-15)
while in the uniaxial tension test, with tensile strength = =0t
Ot
Oget = - 3 (2-16)
and
V2
Toct 3 Ot (2-17)

Determine N. It may be computed from Eq. 2-12 (¢ and ¢ must be
determined first), or, if data exist in the region of low octa-
hedral normal stresses, e.g. tension or torsion or simple shear
test, it may be determined graphically by plotting the values of
Ooct and Tgoer at failure on arithmetic graph paper and sketching
a smooth curve to find the value of T,. when Oger = 0. If data
are available only from confined and unconfined compression tests,

the latter method will not be sufficiently accurate.

Jetermine D and B by plotting the data to log-log scale. The
ordinate is log,y (Toer - N) and the abscissa is logyg (Tpct) -
The best fit straight line yields the constants A and B (Eq. 2-4);
then, D = 1og_lA.
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In employing the graphical procedure above, one must be careful to
avoid prejudicing the data because of scatter in repeated unconfined com-
pression or tension tests. The octahedral stresses calculated from any set
of unconfined compression tests must lie along the straight line Toct =
V2 Oyct+ Similarly, scattered data from repeated uniaxial tension tests be
along the line T ., = -2 Ooct+ To avoid prejudicing the data, for results
of unconfined compression or temsion tests, only one point, the one corres-
ponding to the average strength, should be converted to octahedral stresses
and graphed.

Figs. 2.5 and 2.6 show strength data plotted in this way for Piledriver

rock. In Fig. 2.5, the arithmetic plot of T versus O,.. based on com-

pression tests is curved slightly downward. Ogﬁe uniaxial tension strength
of -1450 psi yield$ the point T,.. = +685 psi, 0 ,, = -484 psi. The inter-
polated value of N is 1300 psi. Eq. 2-12, with ¢ = 56° and ¢ = 3600 psi,
gives N = 2,540 psi. In Fig. 2-6, logyg (T .. - N) is plotted against

logy (ooct) for both values of N and for N = 0. The set of points corres-
ponding to N = 1300 psi provide the least scatter about a straight line fit.

The rock strength constants for the three cases are as follows:

(1) (2) (€))
N=20 = 1300 psi N = 2450 psi

= 6.60 D=2.95 D=1.14

= 0.88 B = 0.91 B = 1,00

The second case was adopted as the failure law for the Piledriver rock, i.e.

Toee = 1300 + 2.95 0,091 (2-18)

For a parabaloid (Griffith theory in three dimensions), B = 0.5, while

B = 1.0 for a cone (a generalization of Modified Griffith and Mohr-Coulomb
theories). Franklin® reviewed data from many triaxial tests and found

that most data fall between the modified Griffith and Griffith theories,
meaning that the failure surface curves downward slightly as confining pres-

sure is incr:ased, but in general, not so much as predicted by the Griffith

8Franklin, J. A., A Strength Criterion for Rock, Imperial College
Rock Mechanics Research Project Number 6, 1968.
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theory. The Piledriver quartz monzonite strength data fall within the
observed range.

(2) Failure Law When 0,.. Is Negative

When the octahedral normal stress becomes tensile, mathematical dif-
ficulty is experienced in working with Eq. 2-3. Hoek? suggested that the
controlling strength parameter is simply the uniaxial tension test in this
region, i.e. the rock breaks when the minor principal stress is less than
the uniaxial tensile strength. This criterion has been zdopted herein.
Another possibility would be to adopt the maximum extension strain criterion
advanced by Trollopelo in which the greatest extension strain, in any com-
bined stress state, is unsafe if it exceeds the strain at failure in a uni-
axial tension test. It would be a simple matter to introduce this criterion

in the computations.

The properties adopted for the rock are summarized in Table 2.1.

2.4 JOINT PROPERTIES

(1) Importance of Joints

Much has been written in recent years about the significance of planes
of weakness on the stability of structures and excavations in hard rock.
It is quite possible that a person reviewing the recent publications and
reports in the field of rock mechanics might become wearied by all of these
references to fractures, discontinuities, faults and their impact, he might
feel that the problem has been overstated. Nothing could be farther from
the truth. 1In an excavation in hard rock, such as the granitic rock of the
Piledriver Drift, if joints and defects of the rock mass are not considered,
it is very hard to demonstrate why a drift should fail, even if it is un-

lined. Post-shock evaluation of the test sections at intermediate range

9Hoek, E., Rock Fracture Under Static Stress Conditions, CSIR Report
MEG 383, October 1965.

1oDuncan, J. M. and Goodman, R. E., Methods of Analysis for Rock Slopes,
U. S. Army Engineers, Waterways Experiment Station, 1968, p. 45.
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reveals conclusively that the relative movement of joint-bounded blocks was
the most important single criterion in causing damage to lined and unlined
sections.

To demonstrate the importance of joints in a tunnel in hard rock, the
computer methods used herein were applied to the study of a circular tunnel
section in homogeneous hard rock with the properties of the Piledriver
quartz monzonite. (These properties are listed in Table 2.1.) Fig. 2.7
shows the finite element mesh (PD-5) used for this analysis. A static pres~
sure was applied horizontally in increments of 4000 psi, reaching a peak
pressure of 32,000 psi. Simultaneously, vertical compression of 0.43 X the
blast pressure was applied to represent the confinement in the wave front.
With these boundary conditions, there is no tension developed, theoretically,
at any point around the opening, but very significant compressive stresses
developed in‘the tangential direction at the roof and floor. No element
in the finite element mesh experienced failure at any stage in the incre-
mental loading process, even when 32,000 psi had been reached, Unquestionably,
the wall rock at the top and bottom of the opening would have broken. How-
ever, the surface layer of finite elements cannot represent the stresses
on the surface but rather at the element centers, which for this mesh were
approximately 1/32 of a radius behind the wall. Even though this is a short
distance behind the wall, the stress gradient is so steep that the stresses
had already reached tolerable values and no failure was predicted by the
failure criterion adopted.

In order to examine a situation with more severe loading conditions a
second case was investigated where the ratio of free field pressures was
0.25, i.e. the vertical pressure was 25% of the blast pressure. This would
correspond to a value of Poisson's ratio of (0.2 and is more drastic than
the actual wave motion believed to have been experienced in the Piledriver
Drifts. At this confining ratio, some tension develops in the 0° and 180°
walls. The progress of failure with increasing increments of applied pres-~
sure is plotted in Fig. 2 .8. With the first increment, 4,000 psi blast
pressure, no elements had failed; at 8,000 psi, two elements had failed in
the tensile region (Fig. 2,8a). The volume of rock which was actually dis-
turbed by this very significant stress is not great and it is quite possible

that had there been a rock bolt reinforcement or steel lining, nothing very
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severe in the way of change would have occurred in the tunnel, By the

time pressure of 32,000 psi had been reached, damage had extended to only
five elements, encompassing only those elements near the horizontal diameter
adjacent to or just behind the wall (Fig. 2,8c). No elements are shown

as failed at 90° (roof) as the stresses at element centers were tolerable,
even at p; = 32,000 psi.

While the type of failure pattern described above may be relevant to
the case of an unreinforced hole of small diameter for the installation of
telephone conduit, it has very little to do with the case of lined or bolted
16 foot diameter opening in rock. The localized crushing and slabbing of
rock which was observed underground in some of the drifts must represent the
stress concentration effect of geological weakness planes on the inter-
vening blocks. In order to make an analysis of this factor, it is necessary
to gain samples of the weakness planes, to tgst them, to determine their
strength and stiffness, and to construct a finite element mesh. The subject
of sampling and testing natural joint surfaces is not well known in the
United States >ut has been advanced _n the last two years to a significant
level of achievement in Western Europe. The following discussion relates

to some of the findings of these investigationms.

(2) Methods of Sampling Joints

In order to determine thé mechanical properties of natural joint surfaces,

_it is necessary to produce samples of significant size in the laboratory for

shear testing. In some cases, the natural joint surfaces are so regular,
smooth and planar, that the creation of artificial joints by sawing of other-
wise intact cores provides realistic specimens for analysis. Another method
is by breaking beams in the field or in the laboratory and testing the arti-
ficial shear or extension features as developed. One may also sample joints
by selecting blocks in an outcrop which are mated, carefully sculpting and
removing them and fitting them into a laboratory shear machine. It is also
possible to drill across joints in the field, either normal to the joints,
parallel to the joints, or at a pre-set angle to the joints. Finally, it is
possible to remove blocks containing joints by drilling, trepanning or even
wire sawing in the field. All of these methods will be discussed.

a\

i S = o e b S




15

Artificial Joints. A large number of friction tests have been con-

ducted in laboratories by sawing intact cores of rock. The two pieces may
then be mounted in a direct shear box by setting in Portland cement or
epoxy resin, or fitted inside a triaxial device. In the latter case, the
diamond saw cut must be at about 45-60° to the ends of the core. Tests of
this type were conducted by the Corps of Engineers in the Missouri River Div.
Laboratory. They will be discussed in the next section. It is doubtful
that an unmodified diamond saw cut is a very good model of a natural joint
surface. Joints owe their origin to breakage of rock under extemsion or
shear. Extensional joints are characteristically rough. While shear features
are smooth, they invariably contain a filling of gouge, ¢lay, or crushed
rock. A diamond saw specimen can model a natural joint if a gouge-like
layer is developed on the diamond cut surface. Research in this area is
being pursued at the University of Illinois Ry Mr. J. Coulson under the
direction of Professor Donald Deere. Diamond saw specimens are polished to
specified smoothness and then sheared at high normal pressure. This pro-
duces slickensides and crushed material on the joint surface which resembles
slickensided surfaces sometimes seen on naturally occurring shear joints.
The repeated cycles of loading of such specimens are then reasonable models
of the actual in situ mechanical characteristics of the joint surface.

Fig. 2¢9 shows a typical specimen of an artificial joint in the University
of Tllinois test series.

Dr. M. DeFreitas and Dr. John Knill in the Department of Geology at
Imperial College, London, have been studying the shear behavior of arti-
ficially induced extension joints in granite. Rock blocks containing joints
are brought to the laboratory from the quarry where they have been produced
in hard rock by impact of simple beams. The matching rock pieces are 1laid
on the laboratory table and a mold for the shear box is accurately positioned
(Fig. 2.10a). The joint specimen is cemented into the mold with epoxy cement
and then the mold is removed and the specimen is placed in the direct shear
machine for testing. The joints produced and tested in this manner are ty-
pically rough extension joints, with a waviness of several centimeters (Fig.
2,10b). Dr. DeFreitas has been studying the effect of joint roughness on

the shear characteristics and in fact has been measuring the shape of the
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surface with a wheel and stylus. Joints produced in this way may be very
realistic models of actually occurring joints of extension origin.

Artificial joints may also be produced in the testing machine by inci-
pient shear failure of intact specimens. Both triaxial and direct shear
specimens can be used. Dr. Jaeger, at Australian National University, has
experimented along these lines.

Field Sampling of Open Joints. Very often, joint surfaces of interest

in the field are loose or open so that one block rests on another with per-
fect fit but without any cohesion. 1In this case, it is possible, with a
geology pick or crowbar, to remove blocks containing joints. It may not be
necessary to hold the upper and lower blocks together for shipment, but only
to mark their relative positions so that they may be replaced in proper orien-
tation in the laboratory. Professor Krsmanovich in Sarajevo, Yugoslavia,

has sampled a.large number of joints in limestone by this method. The samples
are, of course, disturbed in the sense that any original closing of aperture
tangentially or normally which may occur during the actual loading in the
field cannot be reproduced in the laboratory specimen.

Drilling Joint Samples. It is possible to obtain a relatively undis-

turbed sample of a joint by drilling through it with a core barrel. There
are three methods of doing this -- normal drilling, parallel drilling, and
inclined drilling. The firm Coyne and Bellier, in Paris, France, has ob-
tained samples at several dam sites by drilling perpendicular to joint
planes, so that the joint occupies a position parallel to the ends of the
core; after trimming in the laboratory and plotting in Portland cement, the
circular cross-sectioned joint surface is tested in a direct shear machine.
Samples from two inches diameter to as much as nine inches in diameter

have been obtained in this manner by Coyne and Bellier (Fig. 2,11). It is
possible that drilling across the joint by a rotary drill will seriously
disturb the joint surface as one block turns on the other. In fact, it
might be impossible to sample very weak joints or open joints by this tech-
nique.

A modification of the perpendicular drilling technique is being inves-
tigated by Goodman and Mahtab at present in a project at the University of
California, Berkeley. In this method, a small hole is first drilled across
the joint and a2 rock anchor is installed and tightened; then the small hole

BEA
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is over-cored so that the sample is obtained without relative movement be-
tween the two blocks. This has worked satisfactorily in the laboratory on
cores of sandstone but has not yet been tried in the field.

Coyne and Bellier, the Portugese National Civil Engineering Laboratory
and the mining group at Imperial College have drilled samples parallel to
the plane of joint features so that the joint specimen occupies a diametral
plane of a core sample. Fig. 2.12 shows such specimeas after a test; these
NX size (2-1/8") specimens were encased in Portland cement. Coyne and Bel-
lier have also drilled larger specimens (Fig. 2.13a). Dr. David Pentz,
at Imperial College, England, has alsc obtained samples by this technigque.
In this work, he used a nine horsepower diamond drill to obtain cores nine
inches in diameter. The cores were drilled without a core spring; when the
full depth of drilling had been reached, the diamond bit was removed and a
core spring and dummy bit were installed. Then the sample was pulled by
the core spring, jacking the drill against the collar, to produce a temsion
break at the end. The core containing the joint specimen could then be re-
moved from the hole,

After removal, the joint is bound so that it will not be disturbed in
transit and paraffined (Fig. 2.13b) or otherwise protected so that the natural
moisture content will be preserved. On return to the laboratory, the core
is fitted in the shear box by imbedment in either concrete, as Coyne and
Bellier have done, or in epoxy resin, as Imperial College has done. Samples
obtained this way can be very large, up to 1600 square centimeters. A sur-
prisingly large number of samples have been obtained by Coyne and Bellier
and ‘Imperial College (Fig. 2.14).

It is also possible to drill specimens for triaxial joint tests by ori-~
enting the drill at 45-60° to a naturally occurring joint. A triaxial test
with a naturally occurring joint at this controlled orientation is called a
multi-stage triaxial. Tests of this type were performed by the Missouri
River Division of the Corps of Engineers on Piledriver rock. Such tests
were also performed on limestone by Heuze and Goodmanll, Professor Jaeger

in Australia has conducted many tests of this type.

11Heuze, F. and Goodman, R. E., Mechanical Properties and In Situ Beha-
vior of the Chino Limestone, Crestmore Mine, Proceedings 9th Symposium on
Rock Mechanics, AIME, 1968.
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Removal of Blocks Containing Joints. It is possible to remove large

chunk samples of rock relatively undisturbed and thus obtain large numbers
of samples in the laboratory. One method of obtaining such samples is by
drilling overlapping holes with a drilling template to create a series of
slots. The U. S. Bureau of Reclamation took several large chunk samples
from the Grand Coulee Third Power House by this technique. The firm Coyne
and Bellier has introduced a wire sawing technique to speed up and reduce
the cost of sampling large blocks. Their technique consists of drilling the
corners of the eventual block by conventional drill holes; the wire sawing
apparatus consists of ‘two rods with pulleys on the end which are fitted into
the drill holes (Fig. 2.15). The wire runs between the pulleys which are
fixed into two corner holes of the eventual block and fed out of the drill
holes to the continuation of the wire loop. In principle, four slots could
be cut in this fashion to outline the four walls of the block; but, in prac-
tice, several of the sides were trepanned. Then the bottom of the block is
freed by sawing with an ingeniously contrived loop in the wire. Eurenius and
Fagerstrom, of the Swedish firm Vattenbyggnadsbyran, have taken a large num-
ber of block samples at a Syrian dam site in a soft rock by cutting with a
power saw. Direct shear specimens were performed in the laboratory by nox-
mal drilling of the seams contained within the block samples. Other methods
of cutting blocks which may prove eventually to have application for taking
block samples are electron beam cutting, laser cutting, and possibly hydrogen

arc cutting.

(3) Methods of Testing Joints

Triakial Test with Oriented Joint -- Multi-stage Triaxial. As stated

above, it is pcssible to conduct a triaxial test Wwith an oriented joint so
that the eventual failure is by the mode of slipping along the pre-selected
surface. The specimen is first failed under some initial confining pressure,
foliowed by step-wise increase of confinement and sliding by increasing axial
pressure., This yields a value for the joint angle of friction. This tos*
may be reasonable in stiff joints where there is no filling or compressible
rock zone between the walls of the joint. A finite element analysis of tri-
axial specimens containing inclined joints more compressil le than the sur-

rounding rock was performed as a collateral experiment in the course of the
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previous contracts. The results indicated very uneven stress distributions
along the joint and totally different concentrations of stress in the upper
and lower walls of the joint. Thus, the multi-stage triaxial is probably
not a good test for seams or joints of shear origin.

Laboratory Direct Shear Tests. The direct shear test is a pertinent

method of test for evaluating the relative sliding tendency of joint blocks
in an excavation or foundation. However, it is not a simple matter tc pro-
duce a reasonably uniform stress distribution inside a direct shear box. 1f
joints were perfectly smooth, it would be possible to align the joint inside
a direct shear chamber and displace the top half relative to the bottom with
forces almost colinear., Ideally, these forces would be shears along the top
and bottom blocks and the blocks would be very thin. However, since the top
and bottom blocks must have some thickness in order for the specimen of rock
to be sufficiently stiff, it is not practical to force the top over the bottom
by shears along the top and bottom surfaces. Therefore, it is customary to
push or pull the top relative to the bottom by applied forces and reactioms
transmitted from the sides of the block. These forces introduce overturning
moments into the shear box which must produce contrary moments in reaction
from the top and bottom of the shear box, causing non-uniform distribution

of normal pressure along the sliding surface. One possible result is indi-
cated in Fig. 2.17. If the joint surface is rough, furthermore, it is neces-
sary to provide a sufficient gap between the top and bottom supporting blocks
to allow for the full amplitude of the irregularity of the joint surface.
This introduces a further overturning moment and a tendency for non-uniform
stress distribution in the shear box. There are further momente in the ver-
tical plane, introduced by hinging around high points of rock along the sliding
surfaces.

Another problem of direct shear tests concerns the lateral boundary
conditions. In evaluating the strength of rock joints for purposes of slope
stability analysis, it is reasonable to conclude that the prototype blocks
will be in a condition of plane strain, i.e. that no side displacements will
be permitted. In order to achieve this boundary coadition in a direct shear
machine, only one direction of displacement is permitted. This is the Casa-
grande boundary condition designed into the Casagrande direct shear machines,

distributed in soil mechanics laboratories around the world. With irregular

D e

RS KT




20

joint surfaces there is the possibility of rotational tendencies in a hori-
zontal plane because of rotary moments on high points along the joint surface.
Thus, the upper or lower block tends to swing into the sides. In the w:lane
strain type of shear box, this is impossible because of the lateral confine-
nent offered by the sides. However, the resulting distribution of side
pressures is very irregular and is not known; therefore, the test results
may be quite unreal. Another approach to this problem is to omit the sides
of the shear box altogether. The problam of achieving a uniform stress
distributien in a direct shear box is difficult. A through study by modern
analytical methods iz needed. Shear strength characteristics determined in
direct shear tests depend on the boundary conditions achieved. Unfortunately,
there is no uniformity in the construction of machines in use around the world
and it is possible that the results of one worker will not agree with the
results of another even though identical specimens are tested.

The most impressive and elaborate direct shear machine in the world
was developed by Dr. David Pentz and colleagues at the Royal School of Mines
at Imperial College, London, England (Fig. 2.-16). In this machine, the
horizontal force required to maintain the displacement in a single direction
is controllable and can be measured., The shear box takes samples up to nine
inches in width. Elaborate controls of pressure and rate of displacement have
been incorporated in its design. Unfortunately, it is so recent a development
that relatively few samples have been tested as of this date.

Casagrande type shear boxes, designed for soil mechanics use, have been
adapted for joint samples in many laboratories around the world. In additionm,
plane strain shear boxes of much larger size and load capacity have been
constructed for work on rock specimens. The most important of these machines
is the one used by Coyne and Bellier in Paris and developed by the S.E.I.L.*
(Fig. 2,1B). It takes samples of dimensions 0.3 meters by 0.5 meters or less.
It is desirable, in a direct shear machine, that the normal load follow the
position of the center of the test surface which is in contact at any time.

In the Coyne and Bellier machine, this is achieved by providing hinges that

allow the normal pressure ram to displace with the relative displacement across

*S.E.I.L. = Société d'Equipment Industriel et de Laboratoir
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the joint. Movement of the axis of normal load with the moving block can
be allowed by employing dead weights or hangars. The large direct shear
machine employed at Imperial College by DeFreitas and Knill (Fig. 2.19),
and the fine direct shear machine employed at the University of Illincis
by Deere and Coulson (Fig. 2.20,, are of the plane strain type and use dead
weight loading.

Professor Krsmancv.c in Yugoslavia constructed a large machine with-
out sides (Fig. 2,2la). Specimens for this machine have the dimensions
40 x 40 x 20 centimeters, giving a shear surface of about 1600 square cen-
timeters; the maximum normal stress is about 40 kilograms per square centi-
meter and the maximum shear stress is 80 kilograms per square centimeter
on these large areas. The Krsmanovic device is designed in such a way that
the applied shear force is inclined about 4° relative to the surface of
shearing. Inclination of the applied force is one way of overcoming some of
the difficulties with rotary moments described above. However, a large
inclination of the applied force causes normal stresses to vary appreciably
with the shear stress applied.This makes it very difficult to test specimens
under low normal stress. The Krsmanovic device uses jacks on both sides
and ball bearings both above and below the shear blocks so that the center
of the surface which is in contact at any time does not move during the
test (Fig. 2.21b). Therefore, it is possible to use a fixed loading frame
to apply the normal pressures.

In Situ Direct Shear Tests. It is possible to perform direct shear

tests in the field. These tests are accomplished by selective excavation to
form a block on a pnatural surface of weakness. The surface does not need to
be horizontal.

There is no standard method of performing this test®. The block is
invariably confined in a reinforced concrete or a composite steel concrete
frame. The shear load is usually slightly inclined. The normal load is
sometimes provided only by the block's own weight.

Blocks on inclined surfaces are under shear stress before the test
begins. To extend the elastic information of the test, the block may be

pushed up the hill, through zero.

*Standards for in situ shear tests are being considered at present by
ASTM.
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Few tests of this type have been performed, in hard rocks, in the
United States, owing to the expense in labor required. Many such block
shear tests have been conducted by European organizations, but relatively

few on natural joint surfaces. Several examples are shown in Figs. 2,22,
2,23 and 2.24.

(4) Results of Shear Tests

Results of a large pumber of laboratory direct shear tests and several
in situ block shear tests have been summarized in Tables 2.2 and 2.3. These
data were gathered mostly from unpublished reports generously made available
by the orgaiizations concerned.

The load-deformation curves for these tests have been represented by
values for shear stress and displacement at the peak and residual points.

In some cases, a yield point was reported as well in the early part of the
curves. Though the possible combinations of values for these quantities

are numerous, several generalizations can be made about the characteristics
of the results for different types of weakness surfaces. The load defor-
mation curves were classified into four types as drawn in Fig. 2.25 and sum-
marized in Table 2 4.

Type 1 stress deformation curves rise very steeply to peak stress at
very low deformations and then quickiy fall to & residual value which may
be one third or less of the peak. Healed joints, and incipient fractures
belong to this class.

Type 2 curves also develop the peak stress at very low deformations but '
do not fall so sharply to the residual, further, the peak strength is only
slightly above the residual. Artificial joints formed by diamond saw cutting
rock specimens belong to this class. Polished surfaces, type 2a, show less
rate of decay of strength after the peak than do unpolished saw cuts (2b).
The shear stiffness is higher than natural joints, but is still low enough
in number (ca. 104 kg/cm3) to contribute significant deformation beyond
that of the intact rock if the joints are repeated at intervals of several
feet in a hard rock such as quartz monzonite.

Tvpe 3 curves show lower stiffness and numerous secondary peaks. Second

peaks may be as large as the primary. These curves result when testing clean,
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rough joints, such as extension joints in granite. The irregularities in
the load-deformation curve result from overriding of successive asperities.
Undisturbed samples of such joints may show an initial concavity as tangen-
tial aperture is closed (type 3b).

In classes 1-3, it mattered little whether the surfaces were dry or
soaked with water. In type 4 curves, on the other hand, the behavior is
modified grossly by change in the water content. These curves are typical
of sheared zones, clay filled jocints, and shale partings. At low moisture
contents (4a), the curves show high stiffness and great differences between
peak and residual displacements, although generally not as severe as with the
healed joints (type 1). When wet, the stiffness is greatly reduced. Thin
zones (4b), when wet, show "strain hardening" behavior with ultimate strength
considerably greater than the point of maximum curvature (denoted 'peak').
Thick seams have elastic-plastic stress defarmation curves when wet (4c).
All of the in situ tests (Table 2.3) yielded type 4 curves, probably because
these expensive tests are reserved for the worst discontinuities.

It is difficult to increase the water content of sheared zonmes and clay
seams to desired values. The field moisture content can be retained by
careful sealing in the field. To increase the moisture content beyond this
value, soaking is necessary. Soaking the specimens without surcharge may
lead to excessive moisture contents -- well beyond those expectable in the
field. Since the permeability becomes low under normal pressure, soaking
under surcharge tends to wet the edges more than the center. Coyne and
Bellier have tried introducing water into drill holes parallel and also per-
pendicular to the seam, with moderate success.

Typical values for the peak displacements, tangential stiffness, and
ratio of peak to residual stresses are given for all types of surfaces in
Table 2.4. It is emphasized that these are only typical values; consider-
able deviation exists in all these quantities. Both the peak displacement
and shear stiffness tend to increase with increasing normal stress. When
variation in normal pressure is ignored, the deviation of peak displacements
is, however, far less than the deviation of stiffness. In fact, if no test
were possible,as a rough estimate of initial shear stiffness, one could cal-
culate the strength from the friction angle (which is usually between 30°
and 40°) and divide it by the peak displacement value selected from Table 2.3.

)
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One of the most interesting conclusions from the test results reported
in Table 2.2 is the large displacement required to reach residual strength
values -- frequently several centimeters.

Data on displacements normal to the shear plane were not presented
in Tables 2.2 and 2.3. 1In all laboratory tests where normal displacements
were given, shearing displacement was accompanied by dilations (thickening
of the joint zone). The peak dilation occurs well after the peak stress
at low normal pressures, but occurs right at the peak shear stress in tests
run under high normal pressure. Several of the in situ block shear tests
showed slight closing of the joint in the early part of the shear-displace~

ment curve; however, dilation always occurred eventually.

2.5 APPLICATION TO PILEDRIVER -~ DL DRIFT

The methods described in this section were used to model the cross
section of DL Drift at station 0 + 70. This section is at the intersection
of DL 1 and DL 2., The drift was 16 feet in diameter, containing pre-ten-
sioned rock bolts on a regular pattern, with one bolt per 3.25 square feet
of the wall. There are two layers of chain link fabric held by the bolts.

Originally, it was planned to make a number of models at many different
cross sections. However, the model became so complex that it demanded a
great deal of time. An effort was made to reduce the complexity of each
geologic cross section; however, results of study with the DL drift section
showed that more, rather than less, complexity would be required to achieve
meaningful results. Further refinement would, unfortunately, call for know-
ledge of the detailed geologic and material properties exceeding that which
was known before the test. The purpose of the analysis presented here is
to judge our capacity to perform a meaningful quantitative analysis of an
actual geological cross section.

The finite element mesh prepared for DL drift 1s presented, without
nodal point and element numbers, in Fig. 2.26a. This is the most complex
finite element mesh known to the author. Its 900 nodal points, 667 total
elements, and 398 joint elements completely filled the core storage on the
IBM 7094 computer available at the time it was prepared. However, the new
CDC 6400 computer with extended core storage recently installed at the

University of California allows a five-fold increase in the problem size
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and a significant enlargement of the allowable bandwidth. Debugging the
mesh was made possible by using a plotter to draw the element boundaries

as punched on the input cards. (Fig. 2426 is, in fact, the machine plotted.
mesh.)

Results of two cases, the parameters of which are summarized in Table
2.5, will be described. In case 1, the joints were assigned very stiff,
strong properties, as if they are only incipiently developed, or are healed.
In case 2, the joint strength was reduced and the deformability assigned to
joint and rock elements after failure was very great. In a third case, the
different sets of weakness surfaces were treated differentially; the shears
(A joints) were assigned the weakest and most deformable properties and the
mineralized B joints were assigned the stiff, strong properties of incipient
joints. The results from study of case 3 did not contrast strongly with
case 2, and therefore are not presented here.

The failure criterion adopted for the rock in case 2 was more severe
than for prototype Piledriver rock as N was taken equal to zero. The actual
rock being slightly stronger than this, the extent of rock breakage indicated
from computations is somewhat too great.

The results for cases 1 and 2 are presented in Figs. 227 and 2.28.

The displacements are plotted, to scale, around the walls of the tunnel and
at selected points behind the wall. The blast side is to the left in these
figures. Elements that have failed are indicated by "R" if they are rock
elements and by "J" if they are solid elements, Double lines indicate
opening of joints.

(1) Case 1 -- Results

In Fig. 2.27a, displacements are plotted to the scale of the drawing
after the second 5000 psi load increment and the failed elements are shown
after the total pressure reached 5000 and 10,000 psi. Ii.. Fig. 2.27b, dis-
placements and failed rock elements are shown after 15,000 psi (third incre-
ment), the failed joints were not shown owing to a mistake which disturbed
the printing of joint stresses after the third increment.

The results plotted in Fig. 2.27 show that the elements tended to
fail along the steep A joints above and below the tunnel. This joint sys-
tem is roughly perpendicular to the blast front. A large failed zone
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was localized in the tunnel roof above the lee side. Rock blocks in this
zone were in tension resulting from eccentric loading as the blocks shifted
along joints. Little additional damage was done after the first increment
of the blast (9 additional failed elements in the second increment as com-
pared to 32 in the first). The opening of joints and the relative displace-
ment of adjacent nodal points is shown after 15,000 psi on Fig. 2.27b. The

whole blast side moved into the opening almost uniformly.

(2) Case 2 -- Results

In Fig. 2.28, a much more drastic but generally similar behavior pat-
tern is shown for case 2. Here “he properties of the rock and joints were
weaker both before and after failure. The displacements after 10,000 psi
were so large that the mesh could not be used for additional increments.
Failures were plotted after the first increment of pressure (2500 psi) and
the displacements were plotted after the second increment with cumulative
pressure equal to 5000 psi. On the blast side of the tunnel, the wall moved
in 1.5 feet, while on the lee wall, the movements were negligible. Very
small displacements resulted from the first 2500 psi increment but there
were numerous failed elements, the great deformability assigned to failed
elements for the second increment led to the very large displacements plotted.
Joint openings occurred in the lower part of the blast side while blocks slid

along flat joints in the roof.

(3) Comparison with Actual Damage

The deformed shape of the tunnel and location of broken rock zones
indicated by these analyses can be compared with the actually observed failure
pattern shown in Fig. 2.29. The analysis predicts large inward movements
of the whole wall, with little,rock breakage, on the blast side. The ana-
lysis also indicates extensive localized crushing of rock above the roof

on the lee side. This, in general, is what occurred.

(4) Conclusion

The computing mesh was far too small, and the geological information
was far too imprecise to allow more refined studies of these sections. The

indication from the study is, however, that given sufficiently accurate
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geological and materials property data, analysis can now predict behavior 3
of tunnels in jointed rock. Further comments are made on the ramifications ?

of this conclusion in Section 4 of the report.
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Table 2.1

SUMMARY OF ROCK PROPERTIES

(Compression Positive)

DEFORMABILITY
Modulus of elasticity in compression 11.0 x 108 psi
Modulus of elasticity in compression 8.0 x 106 psi
Poisson's ratio 0.3

STRENGTH

Triaxial Data
¢ = 56°
¢ = 3600 psi

Tensile Strength

-G, = -1450 psi

Adopted Equation of Failure Surface (psi units¥)

1. Oper > 0

fails when Too, = 1300 + 2.95(c )% %"
N = 1300 psi
D = 2.95
B = 0.91
2. Oger <90

fails when 0p4,, < -1450 psi

*To convert to psf units, multiply N by 144 and solve:

D s = log~} [log D + (1 - B) log 144)

ps psi

In psf units:
N = 1.87 x 103
D = 5.04
B = 0.91
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Table 2.5

ROCK AND JOINT PROPERTIES USED
IN STUDY OF SECTION AT O + 70 IN DL DRIFF

Case 1 case 2
Before After Before After
Failure Failure Failure Failure
Rock Deformability
E in compression (psi) 11.0 x 108 11.0 x 10° 11.0 x 106  o0.01
E in tension (psi) 8.0 x 106 8.0 x 10° 8.0 x 106 0.01
v (Poisson's ratio) 0.3 0.4 0.3 0.4
Rock Strength Parameters®
N psi 1300 0
D (correspondiag to psi) 2.95 6.60
B 0.91 (.88
Tensile Strength (psi) 1450
Joint Deformability k% *k
Normal stiffness psi/in 2.9 x 104 2.9 x 104 2.9 x 104 2.9 x 10%
Shear stiffness psi/in 2.9 x 10° 2.9 x 104 2.9 x 104 0.6 x 10-3
Maximum closure (inches) 0.12 0.12
Joint Strength
Cohesion psi 2,750 100
Friction 56° 31°

*See Section 2.4

**stiffnesses both set to zero if fails in tension (opens)
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EXPLANATION OF FIGURE 2.2

Method of Projecting Geological Data from Geological Log
of Tunnel to Draw Cross Sections

npoe v

L L S i

T

o i D A SN

L.

2.

3.

5.

The strike in relation to the tunnel can be found by three dif-

ferent methods:

a. Revolve sprirng line in geological log to tunnel diameter and
measure strike a'b’;

b. Measure tangent to curve at the crown;

c. Use measured strike in the field.

Project the intersection of the strike at the crown(s) to sec-
tions desired. For example, joint is at crown level at _t_, and r
reapectively in sections A and B.

Project the strike of the joint at spring line level to the
gections desired; in the example, joint is et spring line ele-
vation at points n and:g respectively in sections A and B.

Iine 1;;1 is the trace of the plane on section A. line 7l is

the trace of the plane on section B.

Note: Points x and y show where the joint plane intersects the
tunnel boundary in section B. It does not intersect the boundary
ir section A.

Find dip () from distance #. 6= tan > tunnel radius , or

811
use dip measured inthe field,

ol G
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Figure 2.9 Artificial joint specimen produced by longitudinally diamond saw
cutting an NX core sample. (Courtesy Univ. Illinois, Dept. C.E.)

Figure 2.10 Preparation of direct shear specimen containing an artificial extension
Joint. a) Mold placed around fitted blocks. Plane of joint will be
protected with putty while mold is filled with epoxy. b) Direct shear
specimens after test. (Courtesy of Imperial College of Science and
Technology, Dept. of Geology)
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Figure 2.11 Iarge direct shear specimens of a natural joint obtained by drilling
74" cores (300 mm) across the joint. Photos a) and b) are of the
bottom and top surfaces, respectively, after the test. (Courtesy
of Coyne and Bellier)

3 A ‘ b

Figure 2.12 Joint specimens obtained by drilling NX cores parallel to the joint
plane. Photos taken after testing of lower (a) and upper (b) helves.
a Notice clayey filling materisl. (Courtesy of Coyne and Bellier)

b \ s ,’-\ ""' P S .'} a» S Fan oo 8 :4_"

' i O 74 &’ L T I
Figure 2.13 Iarge (8" diameter) core specimens containing joints in the diametral
plane. a) After removal from the hole; b) packed in paraffin to

preserve natural moisture content. (Courtesy of Coyne and Bellier)
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Iarge direct shear specimens obtained by drilling nine inch cores

parallel to selected joint surfaces. (Courtesy Imperial College,

Royal School of Mines)

&) specimens as received from field

b) after removing protective jacket

¢) =mounted in shear box, ready for testing (confining berds w
be cut before teast

d) specimers aftsr test

e¢) cross section through a specimen showing rosk =% 8 .8’ f4
filler in epoxy




i
L
i
I3
16 =
L
i
-
¥
;
FMgwe 2.15 Wire sawing technique used by Coyne and Bellier to extract block .
’ ssmples containing joints. The wires run around pulleys (not po
visible) at the ends of the rods. (Courtesy of Coyne and Bellier) i
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Figure 2,16 Iarge direct shear machine at Imperial College, Royal School of !
Mines. (Dr. Pentz to left.) (Courtesy Imperial College)
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Flgure 2.18 Casagrsnde type (plane . Figure 2.19 Flane strain direct sheer

strain) direct shear machine used

machine employed at Dept. of Geology,

by Coyne and Bellier. Takes sam- Imperial College. Uses dead weight

ples up to 30 by 50 cemtimeters.

loading on hangers. (Courtesy of

(Courtesy of Coyne and Bellier) Dr. DeFreitas)

Figure 2.20

P

Plane strain direct shear machine at University of Illinois, Dept.
of Civil Engineering. (Courtesy of Prof. Deere)
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Figure 2.21 Krsmanovic shear machine, Sarajevo, Yugoslavia. a) Prof. Krsmanovic ;: .
(right) and colleagues at shear machine; b) schematic diegram (from .
Geotechnique, June 1967, p. 146) i
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In situ shear test conducted at Vouglans dam. (Courtesy of Coyne

and Bellier)

a) excavation of & pillar containing the joint to be tested

b) teat bleock before encasing in concrete frame

¢) the whole test apparatus

d) Jjmcks used to apply tangential force. Vibration wire gauges
used to measure displacements
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Shear test on a plane of mechanical discontinuity with shear

movement within the rock mass.

| 1) Concrete block with measured points +l and B;

2) Roller bearing;

- 3) Strain gauge dynamometers;

4) Hydraulic presses for pressures of 50 or 100 M) ;

3) Haster levelling wedge: a) Broken-off rock round the
block; b} Cardboard lubricated with vascline; ¢} points
at which the movement on a plane of mechanical dis-
continuity is measured; I and [1) planes of mechanical
discontinuity.

Figure 2,23 In situ shear tests conducted in Czechoslovakia. a) Conventional
test, on a horizontal plane; b) test on a steeply inclined plane.
(Courtesy Dr. Karel Drozd. Reprinted from Proc. of Geotechnical
K Conf., Oslo 1967, p. 266.)

Figure 2.2k 1In situ shear tests on a clay parting along bedding in shale on a
natural slope at Khajuri Kach dam, Pakistan. (Courtesy Dr.
Kujundzic, Jeroslav Cerni Institute, Belgrade, Yugoslavia)
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DISPLACEMENYS AFTER 10,000 PSI,
FAILED ELEMENTS AFTER
5000 AND 10,000 PSI.

R = ROCK FAILURE
J = JOINT FAILURE
R AND J SIGNIFY FAILURE
ONLY AFTER 10,000 PSi
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—

SCALE (OF
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DISPLACEMENTS AND

FAILED SOLID ELEMENTS (R)
AFTER 15,000 PSI.

FAILED JOINTS NOT SHOWN
DOUBLE LINE = OPEN JOINT
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SCALE (OF DRAWING AND
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FIGURE 2.27b DL DRIFT 0+70
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DISPLACEMENTS AFTER 5000 PSI.
FAILED ELEMENTS AFTER 2500 PSI
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SCALE (OF DRAWING AND
DISPLACEMENT)
R ROCK FAILURE
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BLAST SIDE TO LEFT :
B = BROKEN ROCK IN MESH _ /
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3. ANALYSIS 0? CR _AND DI. DRIFIS BY JOINT INFLUENCE DIAGRAM METHOD

3.1 DESCRIPTION OF PROCEDURES

The inclusion of joint elements with prescribed stiffness and strength
values in the powerful finite element method allows testing of sophisticated
mathematical models. The stress distributions employed in evaluating the
strength of a tunnel section by this method take into account the effect of
discontinuities, of heterogeneities, and of local failures. Tunnel liners
and rock bolts can be incorporated. However, the discontinuities are en-
tirely two-dimensional in their representation. Further, the method is rela-
tively tedious if large numbers of joints are involved.

Another approach, termed the ubiquitous joint method in previous reports,
permits an examination of the influence of varying distributions of joints
at a large number of sites with relatively little effort. The method consists
of computing regions of influence for prescribed joint orientations in a
given stress field and comparing the influence diagrams with site geology.

The steps in the analysis are as follows:

1. Construct cross sections of the drifts showing the location and
orientation of joints and faults. Divide the joints into sets
on the basis of preferred orientation.

2. Calculate the region of influence of each joint set assuming
some state of stress acting as a result of the blast. A simple
Kirsch solutionl? stress state was assumed, with the blast re-
placed by a) a2 static load equal to P and b) confinement in the
perpendicular directions equal to (v/1 -v)(P), where P is the
peak pressure of the blast and v is Psisson's ratio.

3. Overlay the geologic sections on the influence diagrams and note
the locations where joints of each set can slip,

4. Using the results of (3), and considering the whole network of

joints at each section, sketch the probable zones of rock fall-

120bert, L. and DuVall, W., Rock Mechanics and the Design of Structures
in Rock, Wiley, 1967, p. 101.
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out ard failure. In rcck bolted sections, the capacity of the
rock bolts to prevent rock movement is considered at this thae13.

Fig. 3.1a* sbows the sequence of test sectiocms and staticning referred
to in this text. PFig. 3.1b* shows the main joints and faults, and labels
those sections where major failures cccurred. All joints and sheared zones
occurring in D drift, CR East West, and CR North were listed and assigned
to one of nine joint sets {A-I) on the basis of orientation. Geologic .cross
sections vere constructed, as described in Section 2.1, every 10 feet in CR
drift and in DL 1 and 2. At =ach section, the mean orientations of each of
the joint sets were calculated and joint influence areas vere determined,
assumirg ¢ equals 31°, and ¢ equals either 100 or 1000 psi. The stress.
field used to calculate the joint influence zones correspond o the Xirsch
solutionlh for stresses around a circular tunnel, in a biaxisl gtress field,
superimposed on the component of the blast pressure that is longitudinal to
the tunnel, as liasted in Teble 3.1.

The comruter programs used in this study are presented in Appendix 2.
The cozputer was used to generate the atress fields around the openings, by
the Kirsch solution, and to calculate and plot the joint influence regions
for given joint parameters.

In this analysis, it has been assumed that the joints do not modify
the stress distribution, i.e. that they are stiff. Murther, it is assumed
that rock bolted sections and lined sections can be studied without taking
into account their strengthening effect until the last step; in other words,
that they similarly do not modify the stress distribution. Both of these
assumptions are indefensidle on detailed examination but they simplify the
problem to such & degree that it becomes practical to apply this procedure.
The question to be explored here is to what extent this simplified, step
by step joint influence analysis yields reasonable tunnel behavior estimates.
This will be discussed section by section.

#Reproduced from POR 4O15, Chapter 4.
134, s. Army Engineer District Omaha, Technical Reports 2 and 3
ll’op. cit., p. 56.
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3+2 CR EAST-WEST DRIFT ~- RESUITS OF ANALYSIS

Amlyses vere made every 10 feet in CR drift beginning at station
0+ 20 (CR 1A). The excavated diameters and lining types of the sections
in this Arift are listed in Table 3.2.

Results of analyses are reported for the rock bolted or unlined sec-
tion from O + 60 to 1 + 70. The strike and dip of joints and sheared zones
daterminad from Figs. 3-1c,d, pre-construction logs, are listed in Table 3,3.
In Table 3.4, the strike relative to the tunnel axis (¢), the dip of the
joint down from horizontal (D), and the dip {6) relative to 0° alorg the
radius from the weapon point are listed for each joint set at each station.
From these data, the angle (8) between the normal to the Joint plane
and the axis of the tunnel has been determined as described in Technical
Report No. 315. Jboint influence diagrams have been constructed for all
the sets of joints for the stress state corresponding to & blast pressure
of 10,000 psi. Joint sets C and G were found to have no influence region
around the tunnel at a number of stations, as described by the note "no
Joint failure" in Table 3.4, Two cases were amalyzed, corresponding to
assunptions of joint cchesion of 100 and 1000 psi. Influence diagrams
for these cases are shown in Figs. 3.2a,b and 3.3a,b respectively.

Four types of figures (a, b, ¢, d) have been prepared for the step
by step analyeis. At each station considered, first a geological cross
section is shown (a). (These are to & standerd size but varying scale).

The second figure in each set (b) shows only the joints and shears which
occur within their zone of influence., It is derived by superposition of the
influence diagrams, for each joint set in turn, on the geologic cross section
(a). The third and fourth figures in esch set (c and d) show the expectable
post-shock profile for the tunnel; these figuree are obtained by superim-
posing figure b on the geologic cross section to determine which blocks

have kinematic freedom to move into the opening. Figures ¢ and 4 corres-
pond to cochesion of 100 and 1C00 psi respectively. No expectable post-
shock profiles were prepared for concrete or composite lined tunnels. or
rock bolted sections, it was assumed that the bolts and wire mesh could
restrain only up to several feet of broken rock from being accelerated into

15
sop. cit., p.1
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the turnel. Figs. 3.4 through 3.14% present the results of the analysis r
for the CR (EW) drift. »

S

g

| (1) station O + 60 CR3 ~ Fig. 3.4(a-d)

o The analysis welghts the A joints heavily in the roof and on the >last
F y side just below spring line. D and E joints at 240° and 270° are also sig-
nificant. The closely fractured zone in the roof is formed of urniafluential
C joints but their intersections with the A joints define bdlocks which would
tend to fall into the tunnel., Thus, the analysis predicts rock movement :
invard at 90-100°, 240-270° and 340-350°.
Actual damage can e seen on the post-shock cross section at O + 59 ;
(Fig. 3.16). The closely spaced fractures in the roof did not, in fact,
cause roof falls in this section except where they intersected the north
42 west shear and this led to a major rockkmovement at about 110°, Also,
towards the invert at the base of the lee wall, there was a minor rock
movement inward. There was very substantial inward movement on the blast
wall from slightly above 0° down into the invert. In total, the demege
to the section is not substantial., The comparison of the actual demege
pattern and iis reiationship to the geology with the damage ypattern
predicted by the joint influence diagram analysis shows conformable areas
of agreement. It is interesting that rock bolt deformeter data at
station O + 59 were lost at 100° due to the extensive rock movement
in this region. These deformeter data alsc documented large rock mcvement
on the blast wall side -- 4.7 inches increase in length over the 16 foot
long defoxrmeter length.
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(2) station O + 70 CR3 - Figo 305(“'@)

The geologic section at O + TO shows fiat lying joints closely spaced
above the roof, a shear zone, called I-2, in the blast wall with apparent
dip towards the opening, and a series of steep B joints behind the lee wall,
The cross-section is very complicated. The joint influence analysis predicts
very strong influence of 2 A joints which intersect the roof and are inclined
with apparent dip towards the weapon point.. The results of the analysis are
shown in Fig. 3.5 ¢ and d. A major rock fall from the roof was predicted




62

togetzer with a rock fall from the lee wall down to about spring line de«
limited by the steeply dipping B joints. Inward movement is also predicted
from the blast wall due to the Interaction of D and F joints and the I-2
‘shear zone. The sctual damage pattera at this location can be seen on Fig.
3.16 for station O + 7l. Major rock falls occurred from the roof. Some
rock vas broken but was restreined by the mesh at about 80°. From 90-120°,
major rock movement occurred and this movement continued with decreasing
thickness down into the lee wall to about syring line, apparently along the
steeply inclined joints. Also there was imvard movement on the blast wall.
The rock bolt deformeter data &t O + Tl were lost in the roof because of the
rock falls. Also, very large imward movements were observed on the blast
wall side. The agreement with the joint influence analysis appears to

be good.

(3) station 0 + 80 CR4 - Fig. 3.6(a-d)

The geclogical features of the cross section at O + 80 are & series of
steenly inclined B joints far into the lee wall; a closely fractured zone
of G joints below the invert, and a series of shears and joints of the A
orientation traversing the tunnel and inclining toward the weapon point.
There is also a regular spacing of C joints traversing the tunnel and in-
clined away from thz weapon point. Absent from the section are B joints
traversing the tunnel and A joints above the roof of the tunnel. As will be
seen in the discusgion of CR2 and the unlined unsupported drill slot, the
intersection of A and B Joints in the roof provides the situation for large
rock movements into the tunnel. The Joint influence analysis predicts rock
movement at 100-1200, meinly on A Joints. The actual damage to be seen in
Fig. 3.16 and the cross section for station O + 79 shows large rock falls
restrained by the wire mesh from about 20-90°. These falls were defined by
the intersection of vertical B joints and flat lying A joints in the roof,
The analysis predicted fall-in of rock from the roof at 100° but totully
failed in predicting the major rock breakage between the blagt wall and the
roof at 20-900. This is because of the failure of the geological mapping
to define the intersecting features in this region of the roof. It again
ealls need for the use of a stratascope or bore hole camera in a mapping
program.
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(4) sStation O + 90 to 1 + 20 CR2 and Drill Slot

Fig. 3.15 1s a longitudinal profile along the center line of CF drift
from CR3 tc the end of the CR Tee lntersection. It 1s cleer from examina-
tion of this figure that a major rock fall occurred above CR2 and above
the drill slot. The drill slot was totally unsupported and it is probable
+hat this area progressed towards CR2 and into the end of CRk. Post shot
examination revealed flat-lying joints in the roof above the driil slot and
above CR2 which had gone undetected in the mapping program because they do
not intesect the walls., Geologic cross sections at station O + 90, 1 + CO,
1+ 10 and 1 + 20 are presented in Figs. 3.7, 3.8, 3.9 and 3.10, together
with the joint influence analysis for these stations. At O + 90, the weak-
ening effect of an intersection of A joints and B joints in the roof is
clearly demonstrated. Iarge fall-out of rock forming & cathedral over=-
break t‘rom-90-l30° is shown in the predicted post shot appe&rance. At
station 1 + 00, A joints in the rocf similarly are predicted to cause fall-
out from the roof between 90-1100. The predicted fall-out was, in fact,
much smaller than that actually occurring, as evidenced by the post shot
cross sections in Fig. 3.16. The analysis at station 1 + 10 does not at
all correlate with the observed damage. In this station, as can be seen
in the cross section in Fig. 3.16, very major roof falls occurred. The
geologlic cross section at station 1 + 20 showe & profusion of B joints
vraversing the tunnel and a series of C joints intersecting the B joints in
the roof., The jointing is closely spaced above the roof, The joint orien-
tations &re favorable to progressive stoping upwards. Thus, the predicted
cross section for 1 + 20 shows & very large roof failure between 60-~120°
in the rcof as well as rock movements ivward from the walls above the in-
vert. This pattern of fall-out agrees very closely with that actuslly
observed at station 1 + 20, Fig. 3.16.
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(5) Station 1 + 30 and Station 1 + 40 CR Tee - Figs. 3,11 and 3,12

The geology in section 1 + 30 is characterized by a series of I shears
on the blast wall and a series of A joints inclined towards the blast and
traversing the tunnei. This pattern of joints leads to a predicted rock
breakage diagram which is not very consequential, consisting principally of
a rock fall cathedralling upward between two shears at 100-120°. However,
at station 1 + 40, a series of B joints occurred inside the blast wall.
Existance- of the joints is very well-known because of the log of the per-
pendicular leg of the Tee in CR north drift., These B joints can be projected
from the north leg of the Tee into the wall to their precise positions. They
do not contitue to 1 + 30 because they are offset by another shear. The
effect of .the B joints in the wall is to create a large mass of rock bounded
by sheared joint planes which could be accelerated into the opening. An
inspection of the actual damage at station 1 + 40 in the cross sections of
Fig. 3.16 reveals that a large kidney of broken rock supported only by the
wire mesh occurred between 0° and 45°., The cross section also showed ex-
tensive falls from the lee roof. These are also inferred from the predicted
blast damage of the joint analysis. In summary, it appears that the rock
damage at 1 + 40 is very well predicted by the joint influence analysis.

(6) Station 1 + 50 CR Tee Intersection

The stress distribution in the Tee intersection is unknown and the

joint influence diagram method cannot be applied to this station.

(7) Station 1 + 60 - Fig. 3,13

The geology of this section shows a series of A shears on the lee wali,
a series of closely spaced H shears above the region of the lee wall at about
120-140°, and a series of B joints inside the blast wall. The B joints behind
the blast wall are a major weakening factor and cause inward movement of rcck
material above and below 0°. In addition, rock blocks are expected to drop
out of the roof at about 140° because of the effect of the H joints. The
actual damage at this station can be seen in Fig.3.16 . There was extensive
inward movement of rock and failure of rock bolts on the blast wall. Ia

actual fact, the damage was much more extensive than that predicted by the
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joint influence analysis. The effect of the Tee intersection on the stress
distribution is rot known; the use of the Kirsch solution for the stresses
around the wells at this station is certainly not correct.

(8) station 1 + 70 - Fig. 3-1k

A, B, and G joints compose the geological section at 1 + TO.
A joints are inclined toward the weapon point and primarily intersect
only the lee wall. There are only two A joints intersecting the blast
wall. Vertically inclined B joints occur at the crown and invert. These
joints intersect A and G joints. The G Jjoints traverse the tunnel and
are inclined away from the weapon point. Joint influence analysis of
1 + 70 weighs heavily the intersection of A and B joints above the
spring line on the lee wall (1200). Intersection A and G joints on
the lee wall below the spring line (210°) also produce a weakened areea.
There are two other minor failure areas. These areas occur at the
intersection of A and G joints on the blast wall near spring line
(350°) and B and G joints above the spring line (20°). Rock falls
are predicted in the roof at 120° and near the invert at 210°. Two
minor fallout areas are also predicted in the blast wall at 20° and
350o near the spring line. Fig. 3.16a has no section at 1 + 70 since
the last surveyed cross section is at 1 + 67. Section 1 + 67 shows
rock falls ir the roof. These falls begin just before the crown and
extend to the lee wall near the spring line, Rubble so filled the
rest of the tunnel that no further comparisons could be made. The

visible purtion of the tunnel generally conforms with what was
predicted.
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3.3 CR NORTH DRIFT - RESULTS OF ANAIYSIS

CR North drift begins at the CR Tee intersection (station i + 52 of
CR DIrift) and heads towards the weapon point. Analyses were made every ;
10 feet beginning at station 1 + 60 in the north leg of CR Tee. The v
excavated diameters and lining types are shown in Teble 3.5. ‘

The gbzolute and relative orientations of Joint sets were determined
from Fig. 3.17, the pre-construction logs, as previously described for
CR lateral drift. Teble 3.6 presents the strike and dip data for the dif- )
ferent stations. Teble 3.7 lists the Joint orientation parameters for con-
struction of joint influence diagrams. Joint set H did not occur.

In this drift, the loading is considerably different than in CR latersal,
as the applied pressures are less than half of the blast pressure and are
hydrostatic (see Table 3.1).

Since this drift is oriented at right angles to CR laterial, the da-
uaging B joints of CR lateral were of no significance in CR north. The I :
Joints were also found to have no influence in the north drift. However, .
other joint sets were found to have even larger influence reglions than in
CR lateral. The joint influence diagrams for ¢ = 100 pei and ¢ = 1000 psi
are plotted in Fig. 3.18a and b respectively. :

e

o e A v n

w e e

(1) station 1 + 60 North leg of CR Tee - Fig. 3.19

o st

The geology of this section shows a series of B joints on the right wall
and several joints of sets C and G orientations traversing the tunnel., This ;
section was supported by rock bolts., The joint influence analysis predicted
breakage of the rock and falls from the right wall. The asctual demage can o
be seen in Fig. 3.28, a long profile eiong the :orth drift, and Fig. 3.29,
the set of post shock cross sections at varying stations. The cross section
at station 1 + 61 shows very extensive damage in the right wall exactly where
predicted by the joint. influence analysis. (The right wall, looking towards .
the weapron point, is 0° by convention in CR north drift). The actual extent
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of fall-in of roeck at this station is much more extensive than predicted by

the analysis. However, the agreement on location of damage is excellent,

(2) Station 1 + 70 Transition to Drill Slot - Fig. 3.20

This section is unlined. A series of E joints occur on the right wall at
about 0°, inclined steeply from right to left. Another set of E joints cross
the tunnel at the invert. It is possible that these are the same joints but
have been offset along.the shears of set I that occur above the roof. There
are also a series of A joints crossing the tunnel at wide spacing. The joint
influence analysis shows that the intersection of the A and E joints above
the right wall defines an unstable block, and as this section is unlined, it
was predicted that a major rock fall would occur from this position. There

were no post shot cross section at exactly 1 + 70; however, in Fig. 3,29
there are cross sections at 1 + 67 and 1 + %6, both of which show extensive

movement of rock from the roof, more towards the right than towards the left
side.

(3) Station 1 + 80 CR North Drill Slot -~ Fig. 3.21

In this large diameter unlined section, a series of G joints cross the
tunnel in vertical diameter and a series of A joints cross roughly horizon=
tally. There are probably more A joints above the roof, but these were not
seen., There is also an F joint and an E joint in the right wall. The ana-~
lysis delimited an unstable block below the right spring line, along the
intersection of the two latter joints. The actual damage pattern in the
tunnel was very much like that at the previous station, 1 + 70, namely, ex-~
tensive rock falls from the roof. It is not possible to determine if heave
below the right spring line actually occurred as predicted by the analysis
as this was covered with rubble.

(4) Station 1 + 90 CR North Drill Slot - Fig. 3.22

This cross section shows extensive jointing with ¢ joints along the
left wall, a series of A joints traversing the tunnel, and a shear zone of
orientation I above the roof. The intersection of these features leads to

an extreme rock breakage prediction, with very extensive rock movement- from
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the roof above the left wall and a high vault above the right wall, If the
joints are considered to possess great cohesion, then the major rock movements
remain only in the left wall. The actual damage at this location can be
studied on the post shock cross section at station 1 + 92, Fig. 3.29. There
is remarkable agreement between the prediction from the joint analysis and

the actually observed post shock cross section. It is quite probable that
this section would have survived, had it been rock bolted.

(5) Station 2 + 00 to 2 + 38 CR5 and CR6 Drift

The joint influence analysis for station 2 + 00, 2 + 10, 2 + 20, 2 + 30
and 2 + 38 are presented in Figs. 3.23 to 3.27. No extensive damage is pre-
dicted at any one of these locations. Though small blocks were delimited by
the intersections of unstable joints, it i1s considered that the direction of
the blast would not be such as to cause a small.volume of rock to penetrate
the wire mesh or pull out the rock bolts. No very large volumes of rock slip-
ping on joints were delimited in the roof or walls and it was believed, in
making the analysis, that the wire mesh and rock bolts would be sufficient
to handle them. The post shock cross sections for these stations can be seen
in Fig. 3,29. There was virtually no distortion or rock falling in these
drifts, but the entire drifts were displaced .upwards. There is no way that

the joint influence analysis can foresee absolute movement of an entire drift.

3.4 DL 1 AND 2 - RESULTS OF ANALYSIS

DL drift is a lateral drift at closer range than CR. Analyses were
made every 10 feet in DL 1 and 2, 16 foot diameter rock bolted sections,
from station 0 + 50 to O + 80.

Fig. 3,30 is a geological log of the walls of DL 1 and DL 2 made before
the blast by Corps of Engineers geologists. The data shown on the log were
extrapolated beyond the walls, allowing geologic cross sections to be drawn
at stations 0 + 50, 0 + 60, 0 + 70 and 0 + 80 (Figs. 3.32 to 3.35). The
joints were divided into five sets, A, B, C, D, E, on the basis of orientation
as summarized in Table 3.8. Zone F is a group of closely spaced A joints;
it probably represents a fault. (The nomenclature of joints is entirely
different from that adopted in the previous discussion of CR drift.)
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Unfortunately, B jeints parallel the tunnel axis and cannot be seen in
the roof. Post shock study of DL revesled the: occurrence and significant
role played by B joints in the roof, particularly above the unreinforced
drill slot (not analyzed here). d

Joint influence regions for this drift sre plotted in Fig. 3.31. Ap- ?
plication of this figure to the geologic sections in the manner previously ’
described resulted in the post shock predictions of Figs. 3.32 to 3.35.
Major roof falls are predicted at stations O + 60 and O + 70, and a major
rock bolt failure is predicted on the lee side from O + 70 to O + 80C.

The actual damage can be studied in Fig. 3.36, the post shot longitu-

i dinal profile, and Fig. 3.37, the post shot cross sections in DL 1 and 2.

H In these gections, the weapon point is to the right; the post shot predic=
tions, unfortunately, were prepared with the weapon point to the left. So,
an inversion of either figure set will be needed to make a comparison.

Rock movement in the rock bolted sections was manifested by: 1) whole-
4 sale invard displacement of seemingly intact walls; 2) rock breakage and
: fall-out at the surface, but sustained by the chain link fabric; 3) rock
breakage and fall-out not sustained by the chain link fabric; and 4) rock

bolt fallure with inward bulging of the wall and pull-away of the rock bolt
washer plates from the fabric.

=T e

Failure type (3) occurred extensively in the crown from the drill slot
to station O + 66, the vaulted roof reaching an estimated maximum of 15 feet
above the pre-shot crown in the drill slot. This may have been & progressive
failure propagating into DL 1 from the less reinforced and larger drill
slot opening. A and B joints controlled the rock breakage.

Failure type (U4) occurred on the lee wall mainly between O + TO and
0 + 85 in DL 2. Floor heave occurred extensively throughout the drifts.

The multiple depth rock deformeters at station O + 7O were destroyed
on the lee wall {180°) and in the invert (270°). The response of the blast
2 wall (O°) and the crown (90°) indicates that most of the permanent rock
1 movement at these points occurred within the first 3 feet of depth.

The predicted post shock cross sections have several points of agree-

ment with the observed deformations. Crown failure in DL 1 was much more
extensive than the predicted fall-out. This is particularly true at station '
0 + 50, where the crown should have held except for pyramiding upward along !
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the A and C joints above the lee shoulder. The roof failure may have deen '
a progression from the drill slot or may reflect occurrence of several B !
joints in the roof; as previously noted, these joints parallel the tunnel,
therefore cannot be predicted above the tunnel by observations on the ]
valls. In cross sections at O + 70O and O + 80, the observed movement .
of the lee vall and bolt failures therein is grossly matched by the .
predicted cross sections based on joint influence snalysis, |

3.5 SUMMARY OF RESULTS

The predicted and actual damage patterns in CR East West drift, CR
¥orth drift and DL drift are compared in Tables 3.9, 3.10, and 3.11. The
Joint influence analysis predictions of tunnel damage will not stand up
under very detailed comparisons with the actual damage. But in gross fea-
tures, the comparison is good. It must be noted that the analysis is very
sensitive to the quality of geological information. The geological data
presented are very complete in comparison with usual geological studies

e e

performed for other types of works. However, considerably more detail about
the locations and continuity of individual joints and shears is required
to refine the quality of the results.

e oy b
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Table 3.1
APPLIED PRESSURES TO DEVELOP
STRESS DISTRIBUTIONS USED IN JOINT ANALYSIS
Applied Pressures
Sections Radial - 0° Radial - 90° Longitudinal
DL and CR (EW) P (v/1-v)P (v/1-v)P
CR {(North) (v/1-v)P (v/1-v)pP P

P = peak pressure of blast

v = Poisson's ratio
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Table 3.3
Drift CR - Lateral Joint Set Strikes and D'ps at Each Station &
Strike
"A" HB" !lcll "D" "E" HFII "G" "H“ "I"
0:20 N¢°v(12) N62W(13) N32E(h) n72E(2) - - - - NE0H(1)
0-30 ou(s5) N68w(7) W31E(3) N72E(2) NSE(L) - - - WLt ()
o+ho mro 1(v)  NOTH(3) N1OE(Y) N82E(1) W :0E(6) - - Nav(3)
0+50  REWW(3)  N7sw(3) N9E(1) - NLEE(6) Visu(z) - - Neaw (1)
060 I o'(8) N78u (i) m21E(2) NCSE(3) NEGE(6) N38u(1l) - - r6u (1)
< 070 NWw{7)  n7ou(h) N13E(H) NBOE(1) Ntor{9) M3Buw(1) - - -
0+80 Nusu( ) NT3w{(7) w13e(3) - NhsE(S) - N35E(1%) -
0+90 0i(5) n73w(10) - whke(8) - - - -
. 1+00 NuJu( ) HTEW(2) N“OE(Q) - NhEE(2) - 1 E(2) - -
110 W:9(8)  mBow(2) wmi2e(h2) - - - - - -
1+20  R61(20) M2w(16) NioR(9) - - - Ne1E(2) - N (2)
1130 Naow(h)  N83u(n) - - - - - - N2 (3)
1o nou(r)  nrek(3) mee(l) - - - N330(1) - -
1«40  Nov()  nureu(y) - - - - - -
1:60  mA(7) e (7) - nohE(1) - - NeGE(L)  wow(1)  N23u(2)
1+70 wfﬂx(S) x7ou(10) - - - - N 2R (9) - -
180 w3 wew{n) . - - NOIE(2) - NhBW(b; - -
1+90  weow(.)  qska(8) room(2) - - - NUGE (- - - ¢
2100 weaw(1)  NevuE() moR(Y) - - - KBE2R(3) w7 A(3) - :
2410 N:ﬂw( ) wriw(ée) mrox(1) - N6OE(1) mh3u(i) - #3v(1) - g
239 whma(n)  N73u(l) - - w30rR(1) - 2E(1)  NOTW(s)  waTs(a)
Dip
"tI\" l!BH I'CI' My 11 "Ell ||1?H "G" 1typtt HI"
0+20  27NE(12) 88sw(:3) 7Tini(c) 62SE(2) - - - - Vert(?k
0130  28im(»)  83su(r) Ham(-) AlsE(3) hénw(l) - - - 89nn(1§
0+:0  20IE(S)  Vart(:) &61(h) 595 (%) “TNH(6) - - - 89NE(33
0+50  32HE(? ) SsME(3) 661 (1) - LTRA(2) - - - 80st (1)
0r60  26NE(3)  79su{r) 7GiRI(3) T4SE(3) 6um(6) “BUE(R) - - 7734(1) .
0:70 ’9N“(f) 78su(k) A8 ) 715E(3) "GNI(Q) Wam (i) 69sE( - -
» 0-80  29HE()) ,hsz(7) H6IE(2) - ,5» Y) - 67SE(1h) - -
0+90 soME(: ) 98sw(10) - - <5M(8) - - - -
. 0:c0  29NE(Y) Vo»t( ) 7ER(5) - snw(z) - BUsE(2) - -
0+10 31Nn(8) vare(o) 7EI(C.) .- - - - -
1420 v 25RE(10)° R98u(1€) Arin(9) - - - 7:.8E(") - Thsw(2)
1+30 owh(h) vert (1) - - - - - - 7954 (3)
1410 300EL) vert(?)  Some(n) - - - rﬂ*(:) - -
1140 oms( ) 8%m(1) - - - - - -
160 E(7)  fnwe(7) - 735E(?) - - €55 1(1) 6uSE(1)  Susu(e}
1+70 E(6) e (10) - - - - 683E(9) - |
3180 RME(3)  Veet(9 - - shi(2) - C53E(5) -
1190 z28uE(h)  Sam(E)  MhimI() - - - “18E (i) - -
2000 2 (1) veri(2) Coma() - - - 60sE(3) &4 NE§1) -
c*10 ZONE(T)  795u(6)  Srm(h) - 3 (1)  ONE - “ONE(1) -
219 ~onE(")  98su( ) - - GG (1) i £ 955 (1) oE(r)  Sosu(al

() total joints considercd
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Table 3.4

(3 ; .
Drift CR - Lateral - Joint Oricntation Parameters I Ji
14
Joint Joint Joint :
i STA Tgor g% p° 2 g© Set & p° 8%  g° set o° p° & g° |
14 (12)ot20 A 6 27 268 87 i(13) B -3 8 83.0 -87 |[(4) Cc -89 -77 -h2 13
i & (5) 0+30 g 28 276 8 {(7) -9 83 8.8 -81.1](3) 9 -62 0 28 !
5 (5) 0+ho 1 29 28.3 83.3|(5) -3 90 90.0 -87.0} (k) 83 -66 -15.2 -25 ;
} £ (3) o+50 20 32  30.h  79.6 1(3) -11 -85 8.8 79.0] (1) 83 -66 -15.2 -25 | .
¥ £ (8) 0+60 15 26 25.3 83.9 gk) -1 79 78.7 -76.3| (3) 85 -76 -19.3 -15 !
(7) o+70 16 29 28.0 823 |(L) 15 78 77.6 =754 1 (7) 77 -68 -29.0 -25.5 1 .
(<) 0+80 16 29 28.0 82.31(7) -9 8: 83.8 -81.1{(3) 77 -66 -26.7 -27.3 -
(5) o+90 s 30 29.2 83.1 §(10) -9 88 88.0 -81L.5]| - - - - - ¥
(7) 1+00 11 29 28.5 84.7 |(2) -10 90 90.0 -80.01 (%) 7h -7k 1.8 -22.5 - -
(3) 1+10 1 31 30.0 82.5 {(2) -16 90 90.0 -7h.0| (12) 76 -75 -h1.9 -20.5 °
(10)1+20 7 25 24,7 86.0 [(16) -13 89 89.0 -77.0{ (9) 78 -67 -25.9 -25.7 . .
(4) 1430 19 30 28.6 81.2 {(1) -1 90 90.0 -75.1] - - - - - .
{7) 1+ho 19 30 28.6 8i.2 -11 90 90.0 -79.0{ (1) 81 -59 -1h.% 32,2 i
(9; 150 19 30 28.6 81.2 (Jg - -88 -39.0 86.0 - - - - ;
(7) 1460 17 31 29.8 81.b |{7 -3 -87 -87.0 82.0 - - - - .
(6) 1+70 16 31 30.0 81.8 {{10) -2 -84 -84.0 88.1 - - - - 4
(3) 1+80 17 27 26.0 82.3 |(9) +3 90 90.0 87.0 - - - -
{4) 1+90 19 28 26.7 81.2 |(3) +i +88 8h.0 86.0] (3) 8o -8 -10.8 -h3.0 - . :
(1) 2+00 16 28 23,4 83.6 {(3) 7T 90 60.0 83.0](2) 77 -50 -1, 9 k1.7 ]
b 1(5) 2+10 11 30 29.9 84.5 {(6) -3 79 79.6 -87.0(11) 89 -6 -1.0 -kk.0 :
. 1(4) 2+19 12 30 28.5 8h.0 {(&) -5 88 88.0 -85.0 - - - - ,
I /121 Mcan or range; 27.9 83.0 |(725) +86.k  81.3| (56) -10.2 -ko.2 ‘
: -£5.2  83.7 () ;
STA Joint Joint Joint
Set ¢° ¥ 6° g° Sct _o® ° @ BO sot 0% p° 6° 89 )
(2) 020 D -9 62 51,0 -h8.h E - - - - e - -
(3) 0i30 g g 3 Skt (1) 56 k6 -22.7 19.1 - - - -
(6) oiko -3 69 65.1 -2%.6 [(0) -66  -57 -21.9 40.3 - - - -
0+50 - - - - () -G6 -57 -31.9 "0.3 - - - -
(3) 040 31 78 7.y =A0.L () 70 -61 -31.6 35.0 | (V) 26 4§ %0 710
(1) o+70 -36 71 66.8 -t [(2) -67 56 -30.0 0. | (1) 26 k8 .0 71.0
0+80 - - - - () =71 -5 24,8 10 - - - - '
0190 - - - - (%) =72 =55 -23.8 39.0 - - - -
1+:00 - - - - () -1 =55 -2h.8 39.h | - - - - -
1110 - - - - - - - - - - - - -
1+20 - - - - - - - - - - - - -
1430 - - - - - - - - - - - - -
1.+h0 - - - - - - - - - - - - -
_ 140 - - - - - - - - - - - - - y
(1) 1160 STH7E Y00 - 400 - - - - - - - - - .
1+70 - - - - - - - - - - - - -
1+80 - - - - {) -7 -5h4 -36.8 h7.v - - - -
1+90 - - - - - - - - - - - -
200 - - - - - - - - - - - - -
2'10 - - - - (1) -61 -35 -18.8 60.0 - 16 9 3.0 70.h
2119 - - - - - - - - (") - - - -
“1(16)Mean or Rengc: 12,0 iL.0 7)) Mean -31.0 k0.0 | (6) 0 2
‘ 67.0 6C.0 -23.0 10,0
i
o K




f Table 3.4 Continued

; 75
! Drift CR-lateral
Joint 1 Joint Joint
STA Set 6° 1 6° g% ! set ¢° DOp°  g° Set g© DO g0 g°
Fgﬂ 0i20 G - - - - H - - - - 1 9 9 - 90 71.0
g 0+30 - - - - - - - - (k) 18 -89. 869.0 72.0
| 0+40 - - - - - - - - (3) a3 89 88.967.0
: 0+50 - - - - - - - - ) 0 -20  -77.9 -55.7
r ] 0-60 - - - - - - - - (1) 46 77 N7 6 =36 &
i1 (8) 0+70 -84 65 12.6 -25.9 - - - - - - - -
L, {ak) 0s80 81 67 +20.3 -2k 6 - - - _ _ -0
! § . O+9O - - - . - - - - - - - - -
=1 (2) 1.00 -75 8 68.1 -16.4 - - - - - - - -
A 1+10 - - - - - - - - - -
- () 120 71 75 50.5 -2h.a - - - - |2y %6 =7 -67.6 -L6.
SO 1430 - - - - - - - - {3 W\ -79 -75.6 -50.0
fol () 1-h0 79 65 22.2 -27.5 - - - - - - - -
) 1+50 - - - - - e - - - -
: { (1) 1.60 -90 64 0 -29.0 [{1) 1 -65 -6h.2 -76.5 |(2) hs -85 -82.8 -k5
{ i (2) 170 60 68 1.2 -%6.7 - - -, - - - .
v () 1+Bo -6l 55  32.0 -'2.8 - - .- - - - - -
| () 1+90 -66 51 26.5 -h5.0 - - - - - - -
! () 2+00 ~70 60 30.6 -25.7 {(1) -7 .65 -64.8 83.7 - - - -
1 2410 - - - - (1) -28 -39 -%5.8 23.0 - - - -
b () 2419 -79 59 17.6 -33.1 {(1) 28 -59 -55.8 3.0 {(2) 12 -89 -89.0 -78.0
,j boo(h0) () (18)
; Mcan or Range: 30.0 -%0.0 -65 80 -76.7 51.9
] oL =37 89.0 70.0
A 18 -33

Note: Joints cease to have any weakenini effect if their angle with the
tunnel axis (3) is less than 30°. 6
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“ole %.6 T §
Drift CR-jlinr~th Joint Set Strikes and Dipr at Eazh Staticn 3
Strike 3
Sta A 5 c p) F F c Y 1 .
RS nh*w( yoonesu() meoe(2) - NPE(32) - 13%8(3) - - :
1470 1u( ) w7oE( ) - - MIR(s) - N 9r(?) - mew(2) E
142 weu(7) ©eL(1 - Ne7E(1) - M36E(Z) - - P
1130 h) (7)) 06u(+) - - - 1:0E(16) - () !
<400 i OU(T) - - - NS0R(1) - N3 E(2) - mow (1)
<2100 anE() - N3oE{1) - HeZe() - nh2E(3) - N16w(2)
10 (6 - - N8hE(5) NSOE(Z2) - N LE(1) - Hiow(1) :
T B NN 15T - - N88n(u) N‘Ob(u) N21W(1) N30E(1) - N7 (o) ;
Lo e W) - - - - Now(15) :
Mean: B2 NALTY NUUE N3GE  NMY.6R N26.E 9. hu 1
nh3.6 [ 4

Dip

A B c D E F G H i

() 3np(.) 89sE( ) - 6awi(?) - 42SE(3) - -
170 () fann(0) - - R () - 86sE(3) - 8rsu(2)

b HE(7)  Vert(1) - - BoNw (1) - veriy(8) - -
vooaam(r) ATRE(Y) - - - - 88se(17) - 833w ()
00  NR(7) - - - 1N (1) - 79SE(2) - ghsw(1.)
10 tE(?) - omI() - - hawi(h) - T7iSE(3) - 7808 (3)
220 v HE(G) - - 8 5e( ) Bwi(~) 875E(1) - 87w (1)
0 3onE(0) - - B63e( ) Rira(r) 52NE( )BSNE(1) - &,su(10

AHE(6) - - - - - - - 87su(1~

Mean: 'L NE 87 ik 8aso 58 9y 8., NE 87.68%
83

( ) total joints concidered
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Toble 3.7 78
Drit CR-North Joint Orientation Prrameters
Joint Joint J..nt
STA __ Set g© D° ° g° Set g© 1 g% g° Set® D° @° a®
1460 A -63 3% 17.0 -60.2 (&) B 90 8 O 4o f1)c o 8o £y 90
1+70 -63 34 170 -60.2 |(1) 88 86 ¢5.8 .0 [(1) - -
1+80 76 31 8.3 -60.1 |(*) 77 9 90 13.0 - -
1+90 -75 31 8.8 -6v.2 [(») -84 88 7L.L 7.0 - -
200 -72 31 10.5 -G0.7 - -
2+10 =76 2N 8.8 -60.2 - - (1) o000 168 83.9
2420 73 3% 11.5 -56.8 - - -
2+30 76 30 8.0 -61.1 - - - -
2438 76 31 8.3 -60.1 - - - -
Mean 10 0 -60.1 '9.3 83.9
Joint Joint Joint
STA Set 6© p° 8° gO set 62 p° €% 8% st g® ° 8%  g°
1160 D - - (3) E 13 62 61.4 78.7 F - -
1+70 - - (5) 19 58 6.6 T7h.0 - -
1-80 - - (1) 3% B0 77.9 57.4 - -
1+90 - - - - - - - -
2+00 - - (1) 28 51 k7.6 68.C - -
2+10 - - (%) 26 54 ,1.0 69.3 - -
2420 62 -85 -79.9 -28.8 [(3) 28 58 s5L,.,7 66.6 - -
2+3g 66 -86 -80.1 -25.0 (k) 28 58 54.7 66.6 (1) -3 2 K31 7.6
2+3 - - - - - - - -
Mean 5.2 70.3 43,1 -57.6
Joint Joint
sta  Set ¢® D° 9° g° set ¢° D° 9% g°
1+60 G 13 -63 -62.6 -78.9% T - - - -
1+70 17 -86 -sh.0 -73.1 {(2) 237 -85 -83.7 53.3
1+80 1h 90 90 -76.0 - - - -
1+90 18 -8 -69.8 -72.0 |(°) -63 -83 -7h.9 28.0
2100 13 -79 -78.7 -77.3 (1) -71 -8t -55.8 20.0
2410 20 -Th  -73.0 -70.8 |(3) -38 78 -7h.9 3.1
2+20 22 -87 -86 7 -68.0 (1) -32 -87 -86.5 58.1
2+30 8 -85 -85.0 -82.1 [(10) -29 -85 -84.3 61.3
2+38 - - - (15) -31 -87 -86.4% %9.1
Mean ~Th,2 -7h 2 -84.1 89,1

( ) total joints considered

Note:

Joints cease to have any weakening
is less than 300,17

17

op.cit. p. 1

effect if their angle with the tunnel axis (B)
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| Table 3.8 :
| DLl and DL2 Joint Set Orientation 3
§ b4
|3
Joint Total Joints '
! Set g* B**  Averaged (6) ! p
PR S
gt . | )
! . A 85.0° 60° 23 b
;‘ % i
L ng 29.5° 90° 4 P
| iy
i , f .
o et -50.0° 45° 13 P
S Ll
b {
o g -21.0° 68° 2 .
% ME" -70.0° 34° 2 K
; b
; |
i

*Trace of joint in plane normal to tunnel axis -- positive counter-
clockwise from horizontal

**Angle of joint normal with tunnel axis
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4. CONCLUSIONS AND RECOMMENDATIONS

The problems for analysis posed by a jointed hard rock mass are not
insurmountable. Provided that sufficient geological and engineering data
about the rock can be garnered, it is possible to estimate the behavior of
an excavation under given loading conditions.

The Piledriver test has demonstrated conclusively that the pattern of
rock breakage and failures of rock bolted and unlined underground galleries
at intermediate range depends primarily on geological conditions. Since
these conditions exist before the blast, there is no a priori reason why
they cannot be discerned with sufficient detail to define the geological
conditions sufficiently well for analysis. The only real limitation is
economic. (It is another question to define the loading conditions with
certainty.)

With the development of bore hole television and photography devices,
the expense of very detailed geological mapping should not be excessive
for a gallery serving a valuable purpose. It is proposed that in a future
project, an effort be made to make use of these devices so that geological
cross sections can be prepared definitively showing the location of joints
and fractures to a distance of at least one diameter around the tunnel.

Methods are becoming available for determining the strength and de~-
formability properties of weakness planes in rock. Some of the available
techniques of sampling and testing discontinuities in rock are reviewed in
Section 2.4. 1In a future project, after the geological study has offered
a classification of the weakness surfaces, grouping discontinuities toge-
ther that are alike mechanically, it is proposed that a program of sampling
and testing be conducted to determine the characteristic strength and stiff-
ness of each group.

It is believed based upon the work of this project, that an analysis
premised upon information of the quality proposed above would be trust-
worthy. Therefore, it should be possible to design reinforcement for an
opening making optimum use of the reinforcing materials. In particular,
rock bolt patterns can be unbalanced to strengthen the section in accor-

dance with localized needs.
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University of California, Berkeley 170

Cclleae of Engineeriag

COMPUTER PROGRAM FOR ANALYSIS OF JOINTED RCCK SYSTEMS*
WITH RESIDUAL STRESS AND ACCELERATICN OPTIONS
- PLANE STRAIN - NONLINEAR ALONG TANGENTS - FINITE STRAIN -

PURPOSE

The purpose of this computer prcgram is Lo delermine displacements
throughout a jointed rock body, stresses within rcch blocks, and norral
and tangential stresses on rock joints. The Jj.ints have no tensile sireungin
and a finite shear strength. The blocks are orthotropic or isotrovic,
linear, elastic solids. A feilure criterion is incliuded, for the rock:

1oct TN+D ohoct;B

and for the joints:
s = c+0 tand

For tensile values of sigoctahedral, failure criterion in the rock is
simply:

Omin = Ot (ct = uniaxial tensile strength)

INFUT DATA
A.  IDENTIFICATION CARD - (72H)

Columns 1 - 72 of this card contain information to be printed with
results.

B. CONTROL CARD - (kI5, 2F10.2, 61I5)

Columns 1 ~ S Number of nodal poiats (900 maximum)

6 - 10 Number of elements (670 maximum)

11 - 15 Number of different materials (12 maximum)

16 - 20 Number of boundary pressure cards (200 maximum)

2l - 30 Acceleration in X direction

31 - 40  Acceleration in Y direction

41 - 45  Number of approximations (never less than 2 fer

. Jjointed body)

46 - 50 Code fer running muliiple problems (0O if second
problem follows, 1 if no second problem follows)

51 - 55 Residual stress code (reads residual stress if not
equal to O)

¥ Adapted from plane stress program by E. L. Wilson, July 1965, and joint
stiffness and joint stress subroutines by R. L. Taylor and R. E. Goodman,
G
7/68 Revision
9/68 Revision




56 - 60
61 - 65

66 - 70

171

Joint cut-off number: all materials with higher
numbers are jointe

Code to read punched deck output (effective strain
deck) to restart problem at point of termination
of last run (O = no deck read; 1 = deck read)*

Number of joint elements (40O maximum)

C. MATERIAL PROPERTY CARDS

The following group of cards must be supplied for each different solid
material and joint material. The last mumbered solid materisl defines the
golid's properties after tension or shear failure.

Solid Materials

First Ccard - (15, F10.0)

Coluymns 1 - 5
6 - 15

Materials identification (any mumber from 1 to 12)
Mass density of materials

Y cu.ft. 2 2
p;ufng;secd = pounds sec”/ft

second Card - (7¥10.0)

Columns 1 - 10
11 - 20
21 - 30
31 - bo
k1 - 50
51 - 60
61 - 70

Joint Materials

First Card -~ (IS)

Columns 1 - 5

Tensile strength (input as positive quantity)
E compression
v

E tension

N

D, « - B
B} Y(ratiure) T FtD pet

Rumber of joint materials

Second Card -~ (7F10.0)

Colums 1 - 10

Normal stiffness, paf/ft

11 - 20 Tangential stiffness, pef/ft
21 - 30 * Joint cohesion, psf

*If number of joint materials was O, the previous run will not have yielded

punched output.

.
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- k0 Joint friction angle, degrees

- 50 fTangential stiffness afier slip occurs

- 60  Joint closure ellowable (fi.); input as negative
quantity

W W
=

NOTE: If joint is non-stiff, the value of stiflness is probably l/lO - 1/100
of the siiffness of the intervening block, e. g. Eblock = 1.0 x 100 psf,
block thickness = 5.0 ft, then block stiffness is 2.0 x 107 psf/ft and a

lov joint stiffness K, 10 pst/ft.

‘D.  NODAL POINT CARDS - (IS, F5.0, 4F10.0)

One card for each nodal point with the follcwing information. Joint
elements are obtained by double rows of nodal pcints at the same cocrdinates.

Columns 1 - 5 Nodal point number
6 -10 Number which indicates if displacements cr forces
are ©to be specified
11 -20 X - crdinate
21 -30 Y - ordinate
31 -4 XR
ki -50 X2

NOTE: If the number in column 10 is

XR is the specified X-load and XZ is the specified Y-lcad.

XR is the specified X-displacement and XZ is the specified Y-load.

XR is the specified X-load and XZ is the specif'ied Y-displacement.

XR 1s the specified X-displacement and XZ is the specified Y-displacement.

w = O

All loads are ccnsidered to be tctal forces acting on an element of unit
thickness. Nodal point cards must be in numerical sequence. IT cards are
omitted, the omitted ncdal points are gererated at equal intervals along a
straight line betweer the defined nodal points. The necessary temperatures
are determined by linear interpolation. The boundary code (column 10), XR,
and XZ are set equal to zero.

E. ELRMENT CARDS - (6I5)

Solid Elements

One card for each elerr.ent;l’2

Columns 1 - 5 Element
6 - 10 Nodal Point I
1l - 15 Nodal Point J
16 - 20 Nodal Point K
21 - 25 Nodal Point L
26 - 30 Material identificatiou

lFor a right-hand coordinate system, order nodal points counter-clockwise around.
2Maximum difference between nodal point I.D. must be less than 27.
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Element cards must be in elewent mmber sequence., If element cards are
omitted, the program autcmstically generates the omitted information by incre-
menting by one the proceding I, J, K, and L. The material identification code
for the generated cards is set equal to the walue of the last card. The last
elemwent card must always dbe supplied.

Triangular elements are also permissible; they are identified by repeating
the last nodal peint mmber (i.e. I, J, K, K)o One-dimensiongl bar elements
are identified by & nodal point muxbering sequence of the form I, J, J, IX.

Joint Elements

Nodal Point Naming convention for joint elemexts:

~

Ne
[} hd X

Y e
L

v

Nodal points must be numbered I, J, K; L proceeding from bottom left corner
counterclockvwise to upper left corner. Bottom and top are defined by x', y'
system of coordinates created by rotation 8 ( 1800) from x to x', where x'
is along the length of the element.

F. PRESSURE CARDS - (2I5, 1F10.0)

One card for each boundary slement which is subjected to a normal pressure,

Columns 1l - 5 ©Rodal Point I
6 - 10 Nodal Point J
11 - 20 Kormal Pressure

Normal Pressure

As shown above, the boundary element must be on the left as one progresses
from I to J» Surface tensile force is input &s a negative pressure. Joints
cannot ®e placed on boundaries.

XA AT
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G.  INCREMENTAL LOADING (15F5.2)

One card giving multiples of input pressure to be applied successively
and cumulated.

Example:
For a problem with 3 pressure increments equal to 1000 psi, 40CO

psi, and 2000 psi (total pressure: 7000 psi), with 1000 psi avplied
in ¥, the following card would be required:

Column 5 1l
Column 10 L
Colunn 15 2

NOTE: The nuwber of entries on this card must equal the rumoer ¥ arprox-
imations indicated on the control cerd.

H.  SKEW BOUNDARIES
If the number in columns 5 - 1O of the nodal poin’ card. iz iaer than O,

1, 2, or 3, it is interpreted as the magnitude of an an:le in derrees,
This angle is shown below.

\\J‘-e

0

v

The terms in columns 31 - 50 of the nodal point card are then interpreied
as follows:

XR is the specified load in the s-direc*ion
XZ is the specified displacement in the n-direction
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T™he engle 6 must always be input as a negative 1le and may range
from -,00L to -180 degrees. Hence, + 1. gree is sane a8 ~179.0
degrees. The displacements of thease nodal points which are printed
by the program are:

L the displacement in the s-direction
ny = the displacement in the n-direction

RESIDUAL STRESS CARDS

If residual stress code on the control card is not equal to 0, one
card for each element must be supplied with the following information:

Coluens 1. - 5 Element number
6 - 7 Blank
8 - 22 x-stress
23 = 37 y-stress
38 - 52 xy-stress

If cards are cmitted, the stresses for the omitts2 elements are assumed
equal to thoese supplied on the last card. If all elements have the same
stresses, only the lst and last element stiresses may be supplied.

If element is a joint

Columns 1 - 5 Element number
6 - 7 Blank
8 - 22 Initial tangential stress
23 - 37 Initial normal stress

EFFECTIVE STRAIN CARDS
These are punched by computer afiter last cycle of & run. If asked

for by 1 in columm 65 of the control card, the effective strain
deck is read if placed behind the last data cerd in the data deck.

OUTPUT INFORMATION

The following informetion is developed and printed by the program:

1. Reprint of input data

2. Nodal point displacements¥*, for the preceding cycle and cumulative

3. Stresses at the center of each solid element*; principle
stresses are cumulative

4, stresses and relative displacements (of center top and
bottom) of each joint element®*, cumlative

#2., 3., and 4, are printed after each cycle.

Vo H a7
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SIGMAYX (maximum tension)
y

\ anrle
X

NOTE: New element corner positions are used to calculate
new stiffnesses on each cycle (finite strain)

roe.
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APPFPENDI X ) 1CONT .y

FORTRAN PROGRAM FOR IMCREMENTAL LOAOING OF PLAME STRALN STRUCTURES

PROPERTIES OF SOLID MATERIALS ARE MODIFIED 1F STRESSES INDICATE FAILURE
FAILURE LAW 1S A POWER LAX IN TERNS OF OCTAMEDRAL STRESSES

UP TO 400 JOIMT ELEMEMTS CAN BE [NTRODUCED BANDYIDIN o 85

WRITTEN FOR USE ON COC 6400+ PROGRAM LENGTH 120000 OCTAL
ADAPTED FROM PLANE STRESS ROUTINE OF PROF £ WILSOM,

PROGRAM MAIN (INPUTIOITPUT, TADERe TASEDY PUNCH)
2 PLANE STRAIN WITH JOINTS, CUMULATIVE LOADINGs MOK LINFAR ALONG TARGEN

CORMON NUMNP s RUREL sNURMAT o NUMDCo ACELXSACELY e MoVOL s TENPINTYPE
L HEDI12) s ELBo1200 ROII2) o XXNNIT2) oRI900) 4 21900) sURISNN) sUZI900)
2 COOELR001+1BCI20N) s IRCEZC0)sPRE200) JANGLELA) +S1GI10) s LBAD

COMMON JARG/ RRR(S)e222(3)054100103sP1100aTT(4)sLMILIsDDI30Y}s
1 HHEG 010D sRRIL S0 Z2E4) oClasa) 1MIB070) 00606 eFLIS10) o TP eXI10)
2eTELTNa1X06T05) oLPSIHTOIMTAGIATON JRITRS(4) 4PESINELTNL I
3 NRESIPRFACTINUMJIToSIGST 34670}

COMMON/ GANARG /MBARD o NISMBL X ¢B (1600 s 21160+80)

COMMON/ JOINT/NSHELL sk COOELAD0) oFNSTIACO) oFTSTIADL ok »STSY (400D ¢
2 EPSHSTL420) e PPPIB) sNANINY

DIMENSION BST(100%)s FACTOR(ES)

<
< vee oree PYs »
<

s0he (A2 122 TR ) *18e .
READ AND PRINT OF CONTROL IHFORMATION AND MATEQjAL PROPERTIES
CrOeoRatBost I v IRtoortiosessttrlotoscitsnnsditlesentes esetcaltigeestsas
LBADD
50 READ 10001HED o NUMNP s MUMEL o NUMMAT ¢ KUMPC o ACELX 2 ACELY s NPy NENDSNRESS
1 NSHELL JMSTAGE sNUMJT
PRINT 2000 HEDeNUMND o NUVEL JNUMKAT s NUHPC o ACEL X s ACEL Yo RUNIT o NP

IF (NSHELL +EQ¢ 8) NSHELL « 13

56 0O 59 Mol NUNMAT
READ 1001¢ MTYPL, RO(MTYPE)
IF (MTYPE +GTo NSHELL) GO TO 380
PRINT 2011¢ MTYPE, RO(MIYPE)
READ 100%+ (ECJIMTYPE)oJale?)
PRINT 20100 (ECJMIYPEY Jr]4Y)
GO 10 59

$60 READ 1005+ {E(JIMTYPE)oJv]46)
PRINT 2017, MIVPE
PRINT 2016+1€(JoNTYPE o el o6}
99 CORTIMVE

<
¢ essasesvees L Y Y Y Ty Y T Y TP T Y Y YYYY YYY LY Y
4 READ AND PRINT OF NODAL POINT DATA
¢ . sussstssnee [XITYTYRYS ey
PRINT
Led
60 READ 1002+ HeCODEINIIRINY$ZIM) JURIN) UZIN)Y
Histed
IXeNeL

ORe{RIKI=RILII/TX
OZe(ZINI=2tL) ) /2K
70 Leled
IFiN-L) 100+90+80
CODELL)*040
RILISRIL=11+DR
2tLre2il-114D2
UR(LI=0,0
UZiL)e0.0
G0 10 70
90 PRINY 20020 (K4 CODEIK)oRIKY 4 ZIR) SUREKY JUZIK) sKuML 9N}
IFINUMNP=X} 100+110+60
100 PRINT 2009 N
LBAD = )
GO T0 &0
110 CONTINUE
coeo..

8

<o

C.IOQ0.0..... Savdeeteesne

PRINT 2001
NeO

130 READ 10030 Mat1XEMeT)olul )

140 NoNe+)
1F (M=N) 170+17051%0

150 IX(MoldelX(N=1s1001
IX0N2) o X{N=1020¢]
IX(N 3 e IX{N=103)01
IXtNyA)nlXiN=1eb)o}
XM, S e IXIN=143)

170 PRINT 20030 MolIXINsT)olu1,s8)
LF (M=N) 1004180140

100 IF (NUMEL=N) 1901904130

199 CONTINVE
(PO E e o Es I s ool ssurssaRivaNItIsttasstieneroeasitissntovtaaestices
< READ AND PRINT OF PRESSURE BOUNDARY COMDITIONS
crocves eee 2000sssasteey seteesene seesar

[F {NUMPC.EC. O) GO YO 310
290 PRINY 2005
DO 300 LelyNUNPC
READ 1004s IBCILYWJBTIL)oRRIL)
300 PRINT 2007+ IBCILISJBCILY WPRILY
PRINT 2029
READ 2030+ (FACTOR(IDo1edoND)
PRINT 2033¢ [FACTORUT} Ia}sNP)
310 CONTINUE
(IS Y TS AT X212 .
READ AND PRINT OF INITIAL DATA FOR IME PROBLEM

BSENRNIBNCURRITININNANNIILNRVERRIS

sssane

FaXaXal

PRINT 1004
L0
47 READ 1007+ Ne (RESIDINeL)+Te143)

iT7

NLetel
43 Lete}
IFIN=L) 3028) 042
42 DO 48 lel,0)
46 RESIO(LoTISRESIDIL Y 1)
GO 10 43
PRINT 1007+ &y IRESIDIReTIodnled 3o KoNLIK
1F IMUNEL -N) 40045447
PRINT 1008eN

4

L

o

s XaXs)

*
DO 312 NsloNuMIT
KCOOEIN) 30
KNP 2 ONUMNP
DO 313 KelsRnP
B3TIKIe0.0
IF{NSTAGE«EQe0) GO TO 314
PRINT 1017
READ 1018+ (MoMTAGINY+€PSENILSIGST (19 oSIGETI24MIoSIGSTEIIND
1 MelamumEL)
PRINT 10189 (NIMTAGINY osEPSINI oSIGSTI1eN) oSIGSTE2oMIoSIGSTIZ0ND
1 NsleNUMEL)
PRINT 1019
READ 1020+ /KCODEIN) oEPSKST M (EPSTSTINIoFNSTINY oFTST{N) oNo) sNUMIY)
PRINTIO0204 (KCOOEIN) o LPSHSTIM) oEPSTSTINIsFNSTINY oFTSTINToNRT o NUKITY
PRINT 1021
READ 10220 (NsBSTI20N=11BSTE20R) sN2 1 o NUMNS)
PRINT 1022+ (NsBSTI26H=170BST(20N) sMa] sHUMNP)
<.O tsasere sasagesy L[] 'Y} PYIITY

3

~

3N

-

sssscesssnse

3s Je0
00 340 NeleNUMEL
DO 340 felsb
DO 325 Leloa
KKuJABSEEX(RII=TRINIL)Y
1FIRKLLEIFIGO TO 319
PRINT 2018¢ N
LBADSLBADS 3
315 IFIRK=J) 32543294320
320 JeXK
325 COMTINUE
340 COMTINUE
MBANDe22 Je 2
PRINT 2012iMBAND
PRINT 2019+LBAD
IF (LBADJNE, 0)STOP
(<1122 72 . L] setasstseseanss . sssnsnd
SOLYE NON-LINEAR STRUCTURE BY SUCCESSIVE APPROXINATIONS
CO0S4Is0RIRNRRTOINENONIsIRPIIEIOTRLIS XTI TTT YT IRV YT PYRY YT TYYY YT YY)
IF(XRESNE.O) GO 1O 342
00 341 M3} NUMEL

00 341 fe},3

RESIDINGII0.0
el CONTINUE
382 CONTINUE
IF(NSTAGE.NELO! GO YO 380
00 350 Nsl nuMEL
00 307 fe1,3
SIGSTI1sN1s0.0
MTAGIN}e)
EPSINI=0.0
0O 360 Nsl NUMJT
EPSNST(M) =0,
EPSTSTINYeD,
FNSTIN)eO.
FYSTINI#O,
350 CONTINUE
370 KNPe2ONUKNP

0C 375 Kel,XNP
379 BSTIK)=0.0

30

-~

1%

o

380 0O 3500 MNYel NP
FORM STIFFNESS MATRIX

~n

00 403 KNu]l NUMNP
RIKKISRIKN)+BSTL20N=1)
2EKN) S Z{KN)4BSTI2OKN}
PRFACTSFACTOR (NNN)
CALL STIFF

40

-

SOLVE FOR DISPLACFMENTS

[aXa¥al

CALL BANSOL
DO 400 Kol KNP
400 BSTIKIeBIK)4BST(K)

PRINT 3000¢ NNM
PRINT 2008

PRINT 2006 INaB(20Mo11e3020M)1BSTI20N=11sBSTI26K) JNe ] oNUMNP)
COMPUTE STRESSES

nAan

CALL ZTIRESS
CALL JISTR
HRES = O
NSTAGE e. 0
300 COMTIMUE
IFIKUMJTLEQ.0) GO TO S0}
PUNCY 10180 INySTAGIN) sEPSINIoSIGSTILoN) oSIGSTI2oMISIGSTEIeNS
1 Ke3oNUXEL)
PUNCH10204 (K CODEIM) o EPSHSTENIsEPSTSTERI sFNSTINI oFTSTIN sNw ) oNUNIT?
PUNCH 10224 (NBSTI204-114B38T120N) oo ) 1 TUNNP)
301 CONTINUE

Corsavases P RN au I r st et rrararst it natantotteeedsassseenssens

iF { NEND 4£0s 0 ) GO YO %0
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1000 FORNAT(12A4741502F10424605%)

esedises tecsvasnee negsse

1001 FOPMAT { 13+ F1040)

1002 FORMAT t15¢ F340s 4F10.0)

1003 FORMAT (619}

1006 FORMAT 12154F1040)

100% FORMAT (7F10401

1006 FORMAT {25HLINITIAL STRESSES 1IN ROCK//8H ELEMENT 4X 9M X-STRESS &X
19H Y=SIRESS 6X 10¥ XY=-STRESS//)

1007 FORMAT (1342X+3E1540)

1008 FORMAT (318 RESIOUAL STRESS INPUT ERROR Ne 151

1017 FORMAT(®0 ELEMENT MTAG (14 $16 1 $16 2 $1G)

.

)
1018 FORMAT (211004£12,9)
101¢ FORNAT (e xCODE EPSHST EPSYST FNST FISte)
1020 FORMAT (15,4E10+2)
1021 FORMAT( © N®  C'm X DISP
1022 FORMATIIS:262042)
2000 FORMAT (1M} 12487

CuM ¥ plIsP )

1 30HD MUSAER OF NODAL POINYS 13 7

2 J0HO NUMBER OF ELSFMFNTS=comw. 1y 7

3 30M0 MUMBER OF DIFF, MATERIALS 13 7

4 JOHO NUMBER OF PRESSIRE CARDS-: 15 7
$ 30HO X~ACCELERATION-=-ve=mas E12.4/
& J0MHO Y=ACCELERATION==cvesoan E12.4/
T J0HO NUMBER OF JOINY ELEWENTS (374

8 I0H0 NUMBER OF APPROXIMATIONS- 131

2001 FORMAT (AMIELEMENT NO, 1 J X L
2002 FORMAT (1124 F1262¢ 2F124%s 26247y

2003 FORMAT (1113481601112
2004 FORWAT (108M1MODAL POINT

MATEREAL )

TYPE X-ORDINATE Y-ORDINATE X LO
1AD OR DISPLACEMENT ¥ LOAD OR DISPLACEMENT §

2005 FORMAT (29HOPRESSURE BOUNDARY CONDITIONS/ JaM 1 4 PRESS
1URE }

2006 FORMAT (1312,4€20473
2007 FORMAT 12184F12.%)
2008 FORMAT(OONODAL POINT X DISPLACEMENT

1 X DISPLACEMENT (UM Y DISPLACEMENT®)
2009 FORMAT (26HOMODAL POIHT CARD ERROR Ne 13)
2010 FORMAT (15HOTEMS. STRENGTHIOX SHE(C) 9X &HMU

1 10X 64 N 10X aH D 10X AH B8 77E1%.5)
2011 FORMAT [I1THOMATERTAL NUMBERe 134 15He MASS DENSITYe £12.4)
2012 FORMAT (/76HMBAND= 13 /)
2016 FORMAT (en Xy Kt

H KT FlinAL MAXs CLOSUKRE &/ $E15.4)
2017 FORMAT (1HOI0Xs16M MATERIAL NUMBERTS)
2010 FORMAT (24H ELEMENT CARD ERROR Ne 14}
2019 FORMAT (o LBAD «o [$)
2029 FORMAT (€0 WULTIPLES OF INPUT PRESSURE SUCCESSIVELY APSLIED ® /)
2030 FORKATILISFS,2)
2031 FORMAT (15F7.2)
3000 FORMAT (#)

Y DPISPLACEMENT Cus

11X &4MHE(T)

Mt

TNCREMENT MO, 8121

stToP
e

SUBROUTINE STIFS

COMMON NUMKP o FIUMEL sNUMMAT oMUMPCe ACELX1ACELY s MoVOLITEMPiMTYPE

1 HEDI12) s Et0s12)s ROCTI2VoXXNNLI2)4RII0DI4ZEGOOIsURIGON)2UZ 18000 0
2 CODEL900)1+78C1200) ¢ IACI200) +PRI00) o ANGLE (L) 9S1G(10)¢LBAD
COMMON /ARG/ RRRIS)s2ZZE3)+5(100101sPLI0)oTTIA)sLMIAIDDIIs3)0

1 PHEEo 100 sRRUADeZZINI1CIASA) sHIE110)0D(606)¢FLE010)+TPISIIXIL10)
20EE0T)oIXUOTO25) oEOS(HTO) sMTAGIST0) +RSTRSIA)JRESIDIST063) s

3 NRESPRFACT I NUMITSIGST(3+670)
COMMON/BANARG /MEAND s HUMBL K +B1160) ¢ AL160¢80)

COMMON/ JOTNT/NSHELL s €COOLEIA00) +FNSTIA00) o FTSTCAGD) o EPSTST (4000
2 EPSNSTLADO) » PPPIB) JNNNINY

IMITIALIZATION

NnAnA

[YYITTY Y]
REWIND 9
N3 o A0
NDoQeng
ND2=20M0

00 50 M=1.M02

B8(NI=0.0

00 350 Mel,ND
90 AtMeM)e0,0

LY

FORM STIFFNESS MATRIX §M BLOC
(4 IS8RV R000
60 NUMBLKeXUMBLK S

NHoNBO INUMOLK # 1)

o N =N8

NLoMM-NGo ]

KSHIFTa20N -2

0O 210 Mol oMUMEL

IF LEXING%)) 2104210469
45 00 80 felet

17 LIXINeTI=NL) 80+70,70
T0 IF LIXINsI)=NM) 90490480
00 CONTIMNUE

G0 10 210

90 IF LIX(KeS) oLEs MSHELL) GO 10 92
CALL JTSTLF
1F (VOLJGT4 0403 GO TO 163
PRIKT 2003.N
LBAD & 2
GO 10 169
92 CALL QuaD
IRENeSYo=1XINS}

I XaXa)

L ¥aXal

AAnNAN

AnAN

N YaYa)

no

144
148

150

160

16%
166

178
180

198
270
210

2%0

260

264

269
210

27

-

27

~

200
285
290

29

29

~

300

3

316
3y
318
370

100
390

420

178

1F (VOLJLE, Oe) LBAD o ]

IF (V0L +GT. 0.0} GO TO 144
PRINT 200%¢ N

IF (IX{N+3).E0.IXINe4)) GO TO 168
00 150 IIs1,”
CCeS0114100175110410)
Pitl)ePtlli~CCoPL10)

00 130 JJ«149
STELedIN eSS4 00)=CCOS(1002N

006 160 11e1.8
CCoStI1491/75L%:9)
PUIl)ePII])-CCOP(9)

00 160 JJ=i.8
SUITedI)aSIIled0)CCo5(9e)

ADD ELEMEMT STIFFNESS TO TOTAL STIFFXESS

00 168 Jelyss
LMET)n20 X INeT}=2

DO 200 leleé

00 200 Ke1s2
LIalMU])eK=KSHIFT
KKe2e]w2eK
BLIl) oAt iIdePIKKY

D0 200 Jeles

00 200 Lels2
JIsLMt ) sl Tel=-KSKHIFT
LLe20J=24L

1FLJJY 20042004179
IFIND~JJ) 18041954193
PRINT 2004+ N

LBAD = |

GO 10 210
ATTeJSYsALTT o I eSIRENLL)
CONTINUF

CONTINUE

ADD CONCENSRATED FORCES WITHIN BLOCK

D0 250 HeMLoNM

Ko 2oq=-KSHIFT
BIK)eBIK)SUZINY
BiK-1)oA(K=1) ¢URIN}

BOUNDARY CONDITIONS
1e PRESSURE B.C,

1F (NUMPCT 20043100260
00 300 L=1yvumeC
1al8CIL)

JaJsCiLy
PPe(PRILI/2, 1 #PRFACT

DZ>t2(1)=2(J))¥PP
ORe(R{JI=Ri1})0PP
Tla2e]-rSHIFT

JJe2e)=KSHIFT

(F (11) 280,280+26%

IF (11-MD) 27042704280
SINALD.0

COSAs1,.0

IF (COOFLIN) 27142724272
SINACSINICOOELL))
CCSA=COSICODELLY)
BII1=1)eR{11=)14(COSAODNI+SINAONR)
BUIT11eBI11)=1SINASDZ-COSARDRY
IF 1JJ) 300+300020%

IF 1JJ=ND) 2904290300
SINA=D.0

COSAs1.0

IF (CODECJI) 29152924292
SINA«SINICOOE L)
COSACOSICOOE 1IN
BlJI=11B1SI=1) ¢ {COSASDLIeSINASDE
BIIN*BIIII=1SINASDI-COSADR)
COMTINUE

24 OISPLACEMENT B.C,

DO A00-MoNL oRH

IF (M-MuMNP) 919.319,400
UsUR(M)

Ne2oM=1-KSHIFT

IF (COOEIM)) 390+400,316

IF (CODEIMI=14) 31743700317
1F (CODEIMI=24) 3184390318
1F {CODEIMI=~T4) 19C+3804390
CALL MODIFY(AsBoND2MAAND s Nol)
GO TO 400

CALL MODIFYLASBINDY ¢ HRAND o M3 1))
UsUZiM}

KeMel

CALL MODIFY(A+BIND2 sMRAND sNsU)
CONTINUE

WRITE BLOCK OF EQUATIONS ON TAPE AND SHIFT P (OWER ALOCK
WRITE (9) (BIM)stAINIM) oMol sMBAND) o= ] sND)

DO 420 Nslon0
KeNenD
BiN)eBIK)
BiK}e0.0

00 A20 M»14ND
AN MISATK M)
AlKsM}=0,0

CHECK FOR LAST BLOCK
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< 129 FLled)oFiledieDil kI eniked) K
IF (NM-KUMNP) 6D4487,480 130 CONTINUE LI
AB0 COM 4 -
c....'.l. 0002000482008 000000080000008400000%0000800 oo 140 [.l.ln N
1F (LBAD fQ. O) GO YO 560 NO 140 Keloo
PRINT 2005+ LBAD IF EMIKeI)) 1364140118
ST10P 138 00 139 Jelad0 N
500 KETURN 139 StDsd1eSIlel)eNike1I0F (Ko Sy
C 140 CONTINGE :
2003 FOAMAT (Z6MONEGATIVE AREA ELEMENT MO 141 < 3
2004 FORMAT (29HOMAND WIDTM EXCFEDS ALLOWARLE 143 4 FORM RESIDUAL STRFSS COWTRIBUTIONS 1O THE LOADS
., 2003 FORMAT { © LBAD » ol8) 4 4
END 130 DO 160 121510 .
166 PUEIeP(I2oXE1IOHID )08 ~RSTRSI1) ) &
1 I TLLIY YL -RSTRSE2) )
2 *XLLLIONE3e1 )0t -RSTRS(3) 3
. 3 CXTELIONIS LI =RSTRSLYY )
. SUBROUT INE TRISTFIZ1 400K} 4
< < ACCELERATION LOADS K
° COMMON NUMYP s NUMEL s NUUMAT o NUMPC s ACELY9ACELY s weVOL o TENPIMTYRE [ B
1 HEDEL2) s EC80121e ROII2)XXNNEID) «R(S0D)2EONAIIURIIAOIIUZLIOI) s COMMaROINTYPE ) #X1¢)) /%400
2 CODFIQA01 ¢ 1BCL200) 9 JACE2001+PRI200) sANGLE 14D 44 1GI10) 48 BAD 00 170 ie143 ‘
COMMON 7ARG/ RRRES)s2Z218) 480100100 P110)eTT1A)sL¥(4)sDNII Y2 Ja2etKily-1
. 1 HHEGP 10D sRREAI eZZUAIaCTA AT 1A E0) D646 FL69101TPI6IIXIE10) PLIIePII=ACELYCOMM a
20FECT o IXI6T005)sEPSLATONMTAGIETONIRETRSIL) JRESINIZING Y, 170 PLLe)oPIIo])~ACELYRCOMM 4
. 3 MRESIPRIACT+NUNITHSISSTI13,670) 4 :
COMKON 7 ANARG /MBARD s MUMBL K 6 150) o AL 1800 80) [4 FORM STRAIK TRANSFORMATION MATRIX N
COMMON/JOINT/MSHELL +RCODET 4001 1 FNSTIANO0) oF TSTLANC) oFPSTETLLO0) ¢ p
. 2 EPSNSTIA003s PPPIB) oMNNINY 400 DO 410 =146 K
i < DO 410 Jelsl0 E
4 1e INETEALIZATION 410 WHETeddemiT 1oLl e ks
< < =
Let}iely 413 RETURN K
LHL21083 [4 a
. LMI3) KK END E.
n ¢ E
RR{IIGRRRULD) #
RR{2)sRRRE JJY y
. RRi3J)eRRRIKLS A
- RR(4)eRRR(11) 4
s Ltne222uiy SUBROUT INE QUAD s
220218222000 2
3 2N 02220k COMMON NUMND (NUMEL sNUMVAT o HUMPC e ACELXsACELY e XoVOL L TEMPsMTYPE 1
' sy 1 MEDIT2)s E48e120c ROL12)eXAMNE12) oRIVOCTZLGOLI1UREONO)I 1U2ES00) s bt
. 4 2 CODE(Q00) +TRCI200)0J2CI200) +PRI20N) VANGLELIA) +S16110) o LBAD E
- 85 00 100 telss COMMON /ARG/ RRRES)IIZIZIS105110010)+PL105eTT L1 s LMI43eDOD3000
3 00 90 Jelsl0 1 HAT60101sRREATIZZEAYLCHAATsMI6101eD16+814F(6+1014TR1615X1110) P
A FileJ)e0e0 2+EEETI o IXEOT051 oEPSI6TOI s MTAGLET0 W RSTRS 14D 4RESIDILTO Yo N
: 20 HileSNe)eD 3 KRESSPRFACT IHUMITLSIGST{3,46700 E
00 100 Jelob COMMOMN/BANARG /MIARD s KIFBL K sBE130) oA 1160080} E
100 DileJ)e0.6 COMMON/JOINT/NSHELL +XCODEC €001 o FNSTIADN) oFISTL400) W FPSTSTI4A0) A
2 EPSNSTULA00)s PPPIA) ¢NNNINY N
4 3o FORM INTEGRALIGITOUIC)OLG) < ;
. [4 IelX{Ns1} E
- COMMORRIZIFEZZEII2LLTHISRRIPIGIILC1=2LEIIIRE(NIOLI2UL)=2242)) JeIXiNe2) ]
bA
. =3
! 3
X111)eCOMM/2,0 KelXtN+3)
) VOLeVOLexI 1) LelXINAG) ;
4 MTYPES IXINGS} .;
0(2:20eXFC1I*CLELY ¢ Z
002:6)0x11119C(102) < FORM STRESS STRALN RELATIONSHIP FOR PLANE SIRAM -
Di3sNexlt)I®Ctars) 00 109 KKwl.7 R
3 Di3eS)ox11110CHa04) 1095 EE(KK)EIXK+) JHTYPE) A
H Ot3e8)ex1{1)0CiAcs) 4 3]
i Dt6s81°X112I0C12+2) <
! < IF (MTAGINI=2) 82484483 s
108 00 110 I=148 82 EEi{3I=EELY) .
& DO 110 Jelod GO 10 84 11
' 110 OtJr11eD(1 o) 83 EET1I=EECY) d
[4 “
i < A, FORM COEFFICIENT-DISPLACEMENT TRANSFORMATON MATRIX 84 EECIISEEL1I/TM1e~EEL21)092) H
s < EELIIAEELI/(1Yo=EEL2))%22)
: DOC1s1) e (RRIZIOLZEII-RRIIIO2Z(2)) /O EET21SEEL2) /1 e=EF2)) b
- DOt1+2)o(RREIVOLITII-RRILIOZZIIN) 2COMM I3 P
DOOL1s3) = (RREFIGZZEII-RRE2IOZ2(1I}/CONM XXEECLI/EELY)Y N
i DO(241)0t2212)=2203))/C0uN COMMEE( 11 /{XX=EEL2)002)
DOC202)0(22(3)=2281))/COMN Culr))eCOMMeXx
DOL2+300 42205 1=22121)/C0MM CU1e2)0COMMBEELD) E
. DOt Yol 1o (RRIII=RRI2D T /COMM Ct1e3180,0 ,
. 00130235 (RRL1I-RREIN) /COKNM CL2s110C1102) 4
g 4 0O(3¢3)olRREZI=RRIYI)/ZCOUN Ci2e2)oCOMM
! (4 Ct2:319040 5
4 00 120 o143 CtY:1)40,0 A
Jo2eiuil)-1 CiYe2100,0
' HEYe 10002 1) CUYIIme8eECL/ERXOFEL2Y) ,
HU2eJ1e0DI2: 1) 4 R
e LIRIPILI IR TR} SSaSINIEPSING) .
* HiaeJel) = ODLL.I} CCoCOSIEPSING) .
' HISs e IcOD(241) $2v55088 g
* 120 HtéaJe11e00tY 1) C2eCCCC ..
< $CesSeCC .
! [4 ROTATE UNKNOWNS JF RFQUIPEN ¢ q
< Otlelres2 ’
. . 00 129 1e142 Dt1e21%C2 .
' Telis ) 0t143100,0 i
1F CANGLECDY) 12241294028 Otlente=5¢C L
é 122 SINASIMEANGLECD)) D(2e119C2
i COSA«COStANGLEIL Y D12:2)882
) LJe2el Dt2+3100.0 ,
B 00 126 Xeleb D(2ea1e8C *
TEMONIKI I O=1) Di3eslre2, 08¢
MIKo[J=1)TEMPCOSAIHIR [ J) ®S NA Dide2)n=Di3el) k
126 HiRgTJIIe ~TEMSSINASHIK 1 JIOCOSA 0134310040
123 Continul DtYeade=C2e52 7
3 ¢ ¢
< 8. FORM ELEMENT STIFFNESS MATRIX (HITS(D)& (M) 00 49 11e)4) g
< 0C 38 JJeles :
00 130 JslslO HITE9JJ160,0
0C 130 Keleb 00 88 KKe],)
IF fHiReJ)) 12041304128 ML edI et Tl oddd) oCUTTIKKIODIEK 4 yJ) )
126 00 12% lel46 06 CONTINUE E
4
. B |
A
o
b, 4
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PN AR S o -2t

IR e 5 itie s K

&

Liamce. TN

yaraiat I

A e geaaptry

T——

—

g e

00 89 lielsn

00 8% JJsles

CilleJdJire0.n

b0 3% KXKe1,3

CUliadddoCiiTallteDIRKs I1IONIKK I
99 CONTINUE

PYYYTY YY) PYYYTTY

REPLACE RESIDUAL STIRESSES FOR NIW ELEMENT BY RSTRS(LN

NN N

. B00000000805CB0500000050d000

IFIMIES.LQ.0} GO TO 112
00 111 tJals)

111 RSTAS (1JIeRESIOtNGILN
GO 10 114

112 00 113 fJsls)

113 RSIRSIESNe0,

118 RSTRS{G)RSTRS(Y)

FOR® QUADRILATERAL STIFFNESS WATPIX

RRR(SIC(RIIIGREIIIIRIKIORILY I /40D
LIS LLCTI4 LN e2(R) oL 2040
DO & Malea
W IX LR IN?

93 RRi(M}oR M)

0 Z2LtM) 21NN

00 103 {11410
Plll)1*0.0
00 95 JJelob
25 HHIJIIell) 00,
00 100 JJslsl0
100 $t1teJ021e0,0
00 11¢ Tlsles
Jelxine Iy
119 ANGLELT11)eCODE1II) /57,3

FORM BAR STIFFRESS

1F (IX{Ms21=IXIMeI) 25042404250
240 THL1}e=EEi S
TT12)e=EELS)
DRaR{J)-R{I)
DIe2tJi=2I
XLeSQRTLOR#324D2002)
RAR(SIe(RITISRISII/2.=242CE(0}202/XL
2220801 e 2013020011 /20424 %EELAYODR/ XL
CALL TRISTFI142+3)
GO 10 130
290 COMTInUE

VOL & 0.0
IF (KexEs L) GO 10 123

120 CALL TRISIFt1+2¢e0)
RRR{S I {RAR{LISRAR(2)eRRR1)) /3.0
1224 R AL R 2R R 2 AR AT 224 R R YA Y]
VOLexTtl)
1F (VOLJGTs Oo) REYURN
PRINT 1000+X
RETURN
129 CONTINVE
CALL TRISTF(As105)
CALL TRISTF(1429)
CALL TRISTF{2+3+%)
CALL TRISTFII.44%)

[FIVOLeGTs 04} GO 10 128
PRINT 1000¢N
126 DO 140 Ile14b
00 140 JJels10
HHUTToJIIoHHE 1140017840
140 CONTIMUE

130 REITURI
1000 FORMAT ( ® NEGATIVE AREAs FLEWNENT NO.® 13)
€00

SUBROUTINE STRESS

COMMON MUMIP o MUMEL sKUHMAT o NUMPCe ACELXSACELY: NoVOLoTEHPsHTYPE
1 HEDE12)s E4B12)0 ROCIZDIoXXNNIL2) sREQ00) s ZI900) «URIIDOIIUZIV00N s
2 CODEL900)+18CL20010I8CI200)PRIZO0)SANGLE{A)oS1G(1014LBAD
COMMON /AKG/ BRRUS)ZILI5)+5110+100¢PL10IsTTI4)ILNIA)DDIIeI )

1 HK(Ee20)oRRUADII2ZIAICIAsAIHIB01010D1648)4FI642014TPISIeXTI10)
2eCEETI o IXIBT003) oFPS{ETO) sMTAGIETO) +RSTRSIA) «RESINIZTONYN

3 NRESPRFACT e NUMJITS1GST*34670)

C ~MON/BANARG /MBAND s HUMBLK s 801601 9A(160080)

COMMON/ JOINT/NSHELL +KCODEL400) sFNSTIA00) +FTST{A00) EPSTST (4300
2 EPSNSTIACD) . PPPIB) JNNRIND

(4 .o esp
< COMPUTE ELEMENT STRESSES
< ¢ *
MPRINT O
<
DO 300 He] sBUNEL
[
NALL = O
Non
IXIRaS I TABSEIXINGY))
MIYPESIXINGS)
<

IF (NTYPE. GT. MSHELL) GO TC 300

00 121 ko1,
121 CEIK)oEIRs ] (NTYPL)

180

CALL ouap

00 120 Islese

Ti=2et

JIu2eIXINRe DY

Pill=1)eBtls-1)
120 Pulliabtan

00 150 1ele2
SRUIIAPIIed)
20 15¢ Kel, 8

150 RRE1ISRRIII=5( 18X} OO(K)

COMMS19+9185110020)=5194101¢5(3104+9)

1F 1COMM) 145,1605195
PI)e{SIL0+1018RRINI=S{Fc1DI*RRLI2) ) /COMM
P{10)o(=5T10¢9)9RRI1ISII9FISRRI2) ) /COMM

1%

-

160 00 170 1eleb
TPLL)«0.0
50 170 Kelol0
170 TP(1i=TPLlSenntl )P IK)

<

<
RR(1yeIPL)
RR(2)e1P16)
RE(I1e0,0
RRLAIeTPIIIOTR(S)

<

176 00 160 Il
SIGULIeRSTIRSI D)
RSTRS(1)1e040

00 18C Kelot
S1GI1)eSIGEI) + LU KV ORR{C)
51G(3)e51Gia)

00 190 1143
SIGUIIwSIGIL)eSIGSTI] M)
190 SIGSTU¢MInSIGIL)

18

o

[42 122 sessseiaes . Ceesassecrgssenseses ssecssasessny

4 QUTPUT STRESSES

Covosans S00E250050C RN RN I00RENOS

e0sessrn00e

< CALCULATE PRINCIPAL STRESSES
<
CCotSIGINI+SEGI2)372.0
B8Bs(S1G(11-510¢211/2.0
CReSQRI(58902+51GI312e2)
SIGIA)alCeCR
S1G(3)eCC~CR
LFt88.HE. 00 GO TO 199
EPSINYSTIITT,
GO 10 196
199 EPSININATAN2ISIGLY)oB8)/2.
196 SIGI61*37,394%EPSIN)

MTAGIM)e)

IFISTIGUANY 26142614260
260 MTAGIM)eD
261 IFLSIGIS)) 2634260426
262 MIAG(N)=)
263 CONTINUE

. sseesescer

APPLY FAILURE CRITERION TAUOCT LLFq N *» D#SIGOCTse8
P00 0NNV IINEP00000008R00UTIINN0E0NNERREEestaRleessnesrs

.Y ¥aXaXa)

SIGT » E(14MTYPE)
SIGIYICEEL2I*ISIGIA) «SIGIS))
SIGOCT o=151GLA)e51GI%)eS1GIT))/300
1FISIGOCTLGEs Qo) GO TO 290
IF (SIGEANLTe SIGT) GO YO 108
Xt S mMSHELL
NFAIL €2
GO TC 104

290 TAUOCT = SORTUIISIGIAN-SIGIS)Yee2)
T oUISIGU9I=51G(TYI0e2)
2 «1tSIGIT1=-50G(4))902))1 /3.0
CONN » EEMAY
COND » EEIS)
CONB o EECS)
STREN o CONN ¢ COMD®(SIGOCTPOCONB)
IFITAUOCT LTI STRENY GO TO 106
IXtNeS)oMSHELL
NFAIL = 1

104 IF (MPRINT) 110+10%+110

10% PRINT 2000
MPRINT«30

110 MPRINT#MPRINT=1

309 PRINT 2001¢ NeRRRUS)$ZZEUS)s 1SIGUITeI@lab)oNFAIL
300 COMTINUE

320 RETURNM
<
2000 FORMAT {THIEL«NO. X IHX 7X IHY AX 8MX-STRESS AY BMY=SYRESS X
19HXY=STRESS 2X 1 HMAX-STRESS 2X 10HMIN-STRESS TH  ANOLE

1 2X 17TH FAILEO IF Y OR 2 )
200t FORMAT(IT2F00241P%E12.445P1FT,24110)
(1,1]

SUBROUTINE MODIFYIANeNEQIMBARD XU
OIMINSION AL160«500e ALLGOL
DO 2350 Mu2 MDAND

s e,

X




¥ ot e

KaNoMed
IFEK) 23%623%0230
230 BIK)sBIX)I=AtXsN)SU
AlKyMIaDen
239 KoNeMe]
TFINEC=R1D 25042402240
BIKFoBIK =AM M) oY
AlReM) 0.0
230 Contimue
AtMiliels0
8im)eu
SLTURN

28

o

(1.1

SUBAGUT IXE EANSOL
COMMON/BANARG / SMaNUMHLE 811601 +A11604800

Khe 30
HLeNge )
LLEL T4
REwinD &
REWIRD 9
N80

GO TO 150

[ S00620000C¢200000000000080050000

REOUCE EQUALION

d0nontospecsnreeets

BLOCKS

Sensssdotesecaresstoree

1s SHIFT PLOCK OF FQUATIONS

L Xa Y2 o Xals.

100 NBokfie}
00 129 Helony
LA LD
BN aBINAM)
BiNK3=e0.0
00 129 HelkM
AtMoR)sA{NMM)
129 AINNM)0.0

2. READ HEXY BLOCK OF FQUATIONS INTO (ORE

ANnN

IF (NUMBLK=KB) 1502004130
150 READ 191 (B(MheSA{NM)aNe] FM) (N JNH)
1F (MB) 20021004200

3¢ REDUCE BLOCK OF EQUATIONS

AAN

200 D0 3GO0 N=lsnn
IF (AINe1D) 22%+300022%
228 BiNISBINIZAINGDY

DO 275 Le2eim
1F CAENSLYY 23002790200
230 CoAUNSLIZAING Y
JeNey =1
Je=0
00 290 KeL oMM
JeJey
250 AtT1eJ)oAlle2)=COAINIX)
BIIIeBLIN~AINLIORIN)
AtNoLIoC
273 CONTINUE
3N0 COMTINUE

¢ WRITE BLOCK OF RENUCED EQUATIONS ON TAPF 2

nan

1F (NUMBLK=NB) 37944004375
ITS WRITE 183 (BIN)elAlNIM) oMadsMM) o Nu ] NYY
G0 10O 1on

CPesssvcenrdtIrRsLIey

264 00020200000003 2000 00v R RS

sasasressave

seente
400 00 430 MeloNn
Nakke ] =M
00 425 KeZomn
LaNsx~]
425 BINIOBINI=ALNIKIOA(L)
Mo NN
BINK)#BIN)
450 A(NMJNBISE(N)
LLILIES)
IF (NB) 673,500047%
BACKSPACE 8
READ (8D (BIMIoTAtNMY M2 (MM o No ] ¢NN*
SACKSPACE A
GO YO 400
(ll.l...l.l...........ll...i.'ﬂ..l..00000Ib..!......’l!..l!'..'..l.'.i0000'
< CRDER UNKMOWNS IN A ARRAY
(l..” s8e%s00t e P800 00 80000000 0000000 000
%00 %0
00 600 MBs!oNUMBLK
00 600 Nelohn
LLALTY
Koo}
600 BIKIeAINNINB)

PSR I eI st AN PNENRINNINERIIISLILISEITIRIGD

+?

-

RETURM

€nd

SUBROUTINE JTSTIF
COMNON NUMND ¢ MUST L s UmA? sqteb( ¢ AT Yel(FLYs BMarny "cwP.m vPs
L MEDIL200 La8at28s NOIL2PeXRNNY P aR i "0 0d (n" 4 B k- 1 e

181

2 CODE1900) +18C1200) 5 RCI2003 PRI001 ¢ #NGLET4) +5G110)+LBAD
COMmN 7ARGY RARES)I2ZILESIoSTINII0IoPLID) o TT LAY ok MEa)ePDIY0Y Yy

} RHEGe 10D sRRIAIILZZIAICUA A sMIAe101eDLE463+F16410541P16)4x1010)
2oFELT IS INIRT0S)aTOSL8700 o MTAGILT01 4RSTRSE4D$PESIDISINGYY

3 NRESEPRFACT NAIT$STCSTED 00T

COMMONZ JOINT/NSHELL «XCODEER0NI «FNSTIGONY o F TSTIAN0)FPSTLT (4008
2 EPSKHSTLAD0) e PPPLEN oNNR NG

DIMENSION ESTIFLI041D)

EOUIVALENCE TSU1D010)+ES5TEFL10410M)

DIMENSION At alsTRE2e2)

DATA AfZesles~Tos=2eslor2os=2es~loa=Too=2cr2estosier=lorlone/
REAL KSeKhol

NJeK el

3eeanesessssesrisivesecstnsesy
[4 REPLACE RFSIQUAL STRESSES FOR mTH ELEMENT BY RESIRSIIN)
P L T TP T P Ty T P O L T T e R T e L A TP Py R XTI

<

IFINRESL,EQ.G) GO 10 132
D0 111 1Js5s)

RSTRS (1J1sRESIOINVI)
GO 10 11a

112 00 113 tJeled

11) RSTRSEIJI=0.

114 RSTRSISISREINSIID

115 fielxtNeD)
‘ JJe 1XiNe2)
DRsREJII=R(LID)
0Ze2tJN-1¢l1y
LeSQRTIOREDRIOZO0L)
VoL » L
1FtL.£0.04) GO TC 20}
NaTeKiINeSY
IXINGSInalX(Mest
Coe MATERIAL PROPIRIIES
(O IR T ]
IFIKCODE LR GT.0) GO O 40
CS2E(2aMATY
GO 10 AY
O KSeEtSeMAT)
A1 IFIFRSTINDIGLF L0100 10 30
Kne0,
KSe0,
TFIEPSKSTININSGT . FLEMATIICD TO 208
KN* 1000+ *KN
CONTINUE
COMSKSeL /80
COMNENSL/be
< INITIALIZE
00 100 11s1.8
Pit11)00.0
DO 100 JJo1s8
100 ESTIFIS5+30)90,0

$

o

20/

>

DO 160 Izl
Je2ep~]
PPP(J) et RETRSELD /20
Je23]
160 PPRIJICLORSTRSI21/2,
00 181 !Islse
161 PPPILIw=PPPLI)
D0 200 lielee
15=2081-1
INe 201}
00 200 JJielss
IS v 2009-)
IN = 203
ESTIF (150350 « COMS®AT]]eJD)
200 CSTIFCINGINIsCONNOALTT 0D D)
< ROTATE 10 GLOBAL COORNINATES
TRO1, 1V eDR/L X
TFETREIS1I,EJe10) RETHRN
TR(142102 /0
TRE24110-D2/L
YRf2423°DR/L
DO 400 MNels4
00 410 Ile1,8
JJv 2eNH-1
TEMP = ESTIF4I000)
DO 410 KKel,2Q
ESTIFUITod ) e TEMPOTRE T aRK)SERTIFUTI20NNITRE20KK}
10 Jaeded
0N 420 1l1e1,8
Jre2eNN-1
TENP oESTIFCIJHI)
DO 420 KKsl,.2
ESTEF(ISot o TRINKK)IOTEMPOTRE I REIOESTIF F 20NN, 1 i
420 JJedJe)
AN0 CONTINUE
NO 60} Islea

-3

Je2el-1
11e20]
Plole PPPLHOIRE24 21 e0Pe t 1110 >y
@01 PCIDIaPPPE o TRI 2 ebPS 1| o'
RE TURN
201 PAIMT 2197, y
qE TURN
2000 FORNBTLINE .y
2000 FORMAT ax AP FREE "IN N
£l
[ RN
T e« w -
e ¥
-
L




-
2N

h A

k3

RPRZE T

C ee

1

o

1 I 10 sRREAI e ZTLAT +CCA00) HIG+30)eDI64614F 164100 01P(0)oXE10)
20CELTDoIRISTOS) sUPSCHTO) e MTAGIETO) eRSTREL4 ) 4RCSIDISTOS YN o

3 NREXVPREACT W NMITHSIGST 13,6700

COMMON/ SANARS /MBAND s WALK 4R (1401 2A1160+00)
COMMON/JOINT/NSHELL ok COOEL 400 sFRSTIANIR FTSTIACO) JFPSTSTLAOO0Y o
2 EPSKSTIA001 e PPPLEI I NNNINY

DINCASION VIa)slia
REAL LoKNeKS

K20

PRINT 1001
SRRSOESTARLISH DISPLACFUFNTS ALOWG AND RORMAL 1O JOINT
DO 500 NeloNuNEL
HATSIXINGS)

SFIMAT LELNSHELLY GO 1O %00
Ko}
FISTIMIaFTITINIGRESIDING D)
FAST(M)aFNST(M)ARESIDIR2)
0O 10 1e1,3

RESIDINW IS0,

1elXtNs1)

Je IXINe2)

ORaRLJ)I=RITY

02eltJi=211)
RJIe05%IRIJIGRIT Y

2JeGe 38121002010
LeSORTIDREDRD2ZADL)

VoL = L

DReCA/L

0202/

00 100 tieles

RelX{Noll) *
Vitlio-813eK=1 1002481 20K )90R

100 U{§11081{20K-110DR+B{20R) 402
€ ¢ossssese COMPUTE EFFECTIVE STRADK

ANeO,

KSe0,0

TFLEPSNST{M)oGTe0e) GO TH 200
KNoEr1oNATY
IFLEPSKSTIMIoGTLEC4sMATIIGO TO 203
KNe1000 4 9KN

203 1F{KCODEINIGT40) CO TO 201

K5 E(24MAT)
GO 10 200

201 KS = E{84MAT)
200 EPSTe0.80(ULAI~UL1)4UINI=UI2))

EPSINI®0.30IVIAI~VI1IeVIII=VI2))

<
€ COMIUTE NORMAL AND SHIAR FORCE PER UNIT LENGTH AND CALCIRATE STRENGTH
[4

FNURNOEPS (NI oFUST (M)

20% FY o KSOEPST +FTISTIM}

210
300

100t
1000

FTST{MNIaFY
TNST(MIeFN
EPSNSTIMISEPSINISEPSNSTING

EPSTSTIMICEPST o EPSTSTIM)

CJ @ E(3oNAT)

PHiJs E(AJMAT)

PHIRSPHIJ®3,54159148/180,

STREN © CUPABSIFNISSINIPHIRY/COSIPHIR)

KCOOE(MIe0

I1F (ABSIFTILLTLSTIEN) GO 10 210

KCOUEiNie]

PRIXT 1000-mlJnlJoﬂhl’h!ﬁSmloEl"Sl‘ot}’SNSl’lmoEPS‘lsNNhK(OOE(K)

CONTINVE
FORMAT(®) ELEM X 4 NORMAL STRESS TANG STRESS NOR
MAL OISP  TANG DISP CUM NORM DISP  CUM TANG DISP 1 SHEARED®)

FORMAT (1%02F04248E15,9+1100
€nO

182
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APPENDTIX 2 ‘
: 183 ,
JOINT INFIUERCE ANALYSIS COMPUTER :
5 mm 1000 FORKAY 3246y 12} ,
- 1010 FORMAT 2111043F10e47 8F10.4) N
1001 FOWATIIM] o12A6/214GWNMATR OF ORIENTATIONS X415/
: FORTRAN PROGRAN TC GENERATE STRESSES BY KIRSCH SOLUTION FOR GIVENM FREE 1 IOHOINCREMENT GOF RADID 6Xer10s47 1TMOOUTERNOST RADIUS OXeF10e47
b FIELO PRESZURES FORCING A CIRCULAR TUMHEL AND TO CALCULATE AND PLOT THE 219HOINCREMENT OF THETA  &Xof1004720H0:30RT ZONTAL PRESSURE  GX+F1G,
g I0MES OF INFLUENCE ARSUND THE TUMMEL OF JOINTS OF A GIVEN ORIENTATICH 32710MOVERTICAL PRESSURE  TXaF10.2/718%0POTSSONSS RATIO 9IX.F10.4/
AND A GIVEN COMESION AND FRICTION. PRODUCES A PLOT ON ON-LINE PRINTER A1SHOSLOPE OF X2 TRACE TXoF10.4/ :
i« : 3 HOCOMESION  Z5X2710447 L1EKOANGLE OF FRICTION :
s [ $ 15%XeF10.4) '
PROGRAM KIRSCH 1INPUT(OUTPUT) 1002 FORMATEIMIo3Xa2H L 8Xe 2H W X¢ 2H N ) -
. [4 1003 FORMAT(:HOcIF1Ne41 N
, COMMON SIGXe 51GYe S1GZs TAUXZWFACTII10)s Co PCLIIOYs NEL2120) 1008 FORVATIINO/ JOM SIGYV) o F1003/11HOBETAILS @ 3XsF1061)
. ) 1 OCNI102+ DCMZE1010 DCHIL0Ne HEDITI2)e ETYPEIT014100 1020 FORMATC(GELOW4) .
SR 2 ROVERAIAS2101)s THETACAG)s IPLOTIAG030303e MPLOTIAGIS 20D [{) °
S 3 KMAXCAG210) s ITHe IRy RADEND» NMJTIH. PHIR SUBKOUTINE JOIRTIL) B
! OINENSION CONTOR(S)sEETALIO) 4 i
) REAL IPLOT COMMON SIGY  SIGYe SIGZe TAUXZAFACTJIL10)e Co DCLUIO)s DCLZE10Y H
. 4 1 DCM.s:2)s DCN2110)e DCMEI0)s MEDIT2)e ITYPE(10102000 3
' 4 READ AND PRINT OF COMTROL INFORMAT|ON 2 ROVERA(AG91011s THETACASEs I1PLOT(A60301000 RPLOT(46450100¢ '
P . < READ ANO PRINT OF CONTROL INFORMAT]ON 3 KNARI4$0300s 1THe IRy RADENDs NUMJITN, PHIR :
. 199 READ 10000 IKED(L1olololZ)enD < )
1F (NF4GT40) GO TO 999 I3 OBTAIN 3MEAR AND NORNAL STRESSES Oft JOINT /
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