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SUMMARY

This report describes progress on the analytical portion of
project number DACA-T3-68-C~002 for the period 1 April 1969 to
31 December , 1971.

The static SLAM finite element code was extended to include
Jointed systems with elastic-plastic mechanical characteristics
satisfying a variety of possible yield criteria. The results indicated
that

1. The two-dimensional static SLAM code for plane Jointed

systems could predict the response of such systems to imposed
loadings when the system and loadings were properly
characterized.

2. Predictions of displacements around excavations in

natural jointed rock masses deviated from measured values.
Reasons for this included both difficulty in correctly
determining displacements in rock masses in the field

as well as discrepancies between the simplified
representation of natural conditions and the conditions
themselves.

3. It was not practicable at the present time to carry out

a three-dimensional finite element representation of

excavations in natural jointed rock.
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SECTION 1 - INTRODUCTION

1.1 - Introduction

This report describes the snalytical portion of project no. DACA-T3-
68-C~0002 for the period 1 April, 1969 to 31 December, 1971. As a part of
the total effort to determine if the element method analysis will permit
;} 2diction of safe spans for existing and proposed underground openings,
it was the objective of this portion of the project to extend the continuum

model for underground openings, employing the finite element method to

consideration of the rock mass as e two-dimensional jointed medium, in
order to improve prediction of stresses around and displacement within

underground openings. Three-dimensional effects were considered also.

1.2 - Outline of Progress

Accomplishment of this objective is described in the followirng sections.
These sectiong consider the following arees of progress:
1. Modification of the existing continuum static SLAM Finite
Element Code to incorporate direct consideration of Joints
and Joint systems normal to the plane problem.
2. Comparison of analysis with experiments conducted on a small
scale jointed model of a simulated rock system.
3. Results of analysis of an underground opening considering the
influence of the observed Jjoint systems, and preliminary
comperisons with measured displacements.

4, Consideration of extension to three dimensions. ?
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SECTION 2 -~ MODIFICATION OF STATIC SLAM CODE TO INCCRPORATE JOINTS

2.1 ~ Review of Static SLAM Code

The static SLAM (Stresses In Layered Arbitrary Media) Code was

developed for finite element analysis of large systems of continuous media.

An outgrowth of the code for dynamic problems developed at IITRI by

Costantino (1966, 1968) and Wachowski and Costantino (1966), its saliant

features are described by Perloff (1969).

Tha Static SLAM Code is characterized by & number of features which

distinguish it from other available codes. These include:

l.

3.

The code conteins an algorithm for renumbering the nodes so that
the minimum band width of non-zero terms within the stiffness
matrix results. This leads to an eflicient operation, especially

for large problems. Furthermore the user is able to number node

points arbitrarily. Details are discussed by Wachowski and
Costantino {1966).

A non-linear displacement field is assumed for rectangular
elements, 80 that where rectangular elements can be incorporated
in the geometry, fewer elements are required io represent the
problem (Costantino, 1966).

The constitutive laws used in the code are contained within a

material "catslog” and new constitutive relations cen be added

without modifying the basic code.

Revised solution procedure

Twr, revisions have been incorporated in the solution procedure

for the code to reduce computer time:

.
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1., The initicl elastic solution is obtained by direct eli. .nation
of the node point equilibrium equations, raéher than by iteration
as in the earlier version of the code (Perloff, 1969).

2. :n over-relaxetion i1actor is incorporsted in the iterative
»redrr-e fo. “etermining the .Lode point displecements when
a’~ wp sy~ 4 ontinuu. is behaving in a non-linear fashiop.
Whei it is . ! '=nined that the yield point has been exceeded in
one or more elcments, the applied t.undary loadings and disﬁlace-
ments . : reduced until all elements are acting in the elastvic
range. The . .meining nonlinear part of the solution is carried
out in a series of small steps, by increasing the applied loads
or displacements in increment until the final loeding condition
is reiached., At each increment the node point displacements and
loads are determined and added to those from the previous
increment. For each nonlinear increment the initial trial
solution for the iteration is the displacement field obtained
from the pravious increment. For the first nonlinear increment,
the 2lastic golution is used as the initial trial solution.
The system equilibrium equationg for the nonl’near increment at

each node are:

[K1{aU} = {aR} + {AR"} (2.1)
in which [K] is the stiffness matrix of the continuum composed of the
assembled elements, calculated by adding the stiffnesses of all elements
in the system, 1AU} are the node point displacements, {AR} are the '
applied node point loads and {ARN} are the incremental nonlinear

correction terms in the s 'plied node point loads. The error at esach

K.
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. stage of the iteration process is then

Ny

) = (kHav} - {oR)} - {sR (2.2)

in which the superscript i indicatés:the 1*® iteration. The dis-

placement increment for the (1+1) increment is then

| 10 St 1) Y A (2.3)
) ' 1.1 'n
vhere Km is the main diagonel stiffness at node m, and o is the. over~

relaxation factor. The iteration process i3 carried out until the

specified alloweble error is reached at each node,
1

' 2.2 ~ Behavior of Joints

Most natural rock contains more or less planar surfaces across wnich
| .
the rock 'has separated at some time in the past. Such defects, called

Joints, commenly cccur as approximately parallel multiple surfaces spaced

.from fractions of an inch to meny feet apart. Systems of joints frequently

intersect so that a large rock massa may contain many such families at

veriouz spacings and orientsations., It is generally recognized that the

‘mechsnical behévior of masses of rock is influenced stromgly by the presence

of Buch Joint sysiems, along with other geologic defects; and this hes
been denonstrated by field observations end laboratory experiments (Obert,
1967; Rosenblad, 1571).

Joints mey be clean surfaces of separation, or they may be filled with

I variaty of materials. Somsiimea Joints éontain precipitates, such g3

valcite or chlorite, wﬁich may have a strength approximstely the same ay
that of the naturel rock and which may serve es cementing agents to impert

tensile resistance horaal to the joint. Othe} filling meterials sach as

clays, leai %0 joints which &re much weaker than the intact rock. In the
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case of unfilled joints, the rock on either side of the joint is frequently
altercd to a weaker, cr less stiff form by chemical and/or mechanical action.

Netural joint surfaces are rarely smooth., Even when they are approxi-
mately pianar, they contain asperities which impart roughness to the joint.
The role of these asperities in the shearing resistance along joints is a
function of the magnitude of the pressure normal to the joints (Patton, 1966).

Because of the approximately planar nature of most joint systems it is
useful to describe the mechanical behavior of joints in terms of stresses
and displacements normal to and parallel to the joint surface.

The relationship beiween the average shear stress applied to a joint
and the shear displacement, or strain, corresponding to & given normal
pressure ¢an be idealized as shown in Figure 2,1, That is, the joint
deforms in a more or less linear way until the yield, or peak strength is
reached. Further displacement occurs at & shear stress magnitude equal to
that of the residual strength. The residuel strength is usually equal to
or less than the peak value.

The magnitude of the peak strength has been commonly described

in terms of the normal stress on the joint by the conventional two-dimensional

Mohr-~Coulomb criterion

T, = ¢ + O tan ¢ (2.4)

in which T, is the shea: stress on the Joint at failure, c is the magnitude
of the peak stress at zero normal pressure on the joiat, 0f is the normal
pressure acting on the join’, end tan ¢ is the slope of the shear strengih

envelope illustrauted in Figure 2.2a. Recent evidence, (Patton, 1966,

Rosenblad, 1971) suggests that a bilinear relation for the peak s:.cess,
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with Lower Residual Strength

Figure 2.2 - Yield Criteria for Joint Elements
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as illusirated in Figure 2.2b is more appropriate,

T, =c+ 0, tan ¢, , Oe < Ocien (2.%a)
Te =+ Oguentan by * (of-cswch)tan % » C¢ > Oguch (2.5v)
in which © is the normal stress at which the bilinear failure envelope

swch

changes slope.

The residual shear strength relation, also shown in Figure 2.2b is

= ¢ +
Tf res of
res

tan ¢res (2.6)

in which the subscript (res) denotes the residual shear strength parameters.
Whi“e Figure 2.1 and Equations 2.5 and 2.6 constitute a somewhat

ideali-ed depiction of the observed behavior of natural and artificially

created joints, the difficulty of testing insitu joint behavior and the

; variability of results (Geoodman, 1969) suggest thet the above descriptioﬂ

is sufficiently detailed at the present time,

2.3 - Joint Elements

E In the Static SLAM Code Joints are characterized as rectangular

5 elements of zero thickress., This is illustrated in Figure 2.3 which shows

8 rectangular element of length a and width ® in the plane of the page.

The Jjoint is dgscribed by such an element in which the dimension b approaches
1 zero so that node points i and £ have the same coordinates, and node points

5 and k have the same coordinates. An elongate joint is then made up of a

series of such Joint elements to which suitable elastic-plastic prorerties

have been assigned.
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The stiffness matrix 'for the Joint‘elementb is derived by deiermining‘

PETETRIORY

Lo e iy

' the stiffness for a rectengulér Joint in terms of the width b and then

A S 0

1 allowing b to approach zexo in the limit. That is, an equivalent 'strain,

H
| :

{e'} is defined as

TYRA

(L AIARTLEN st ain,

{e'} = vle} (2
! ' ' T '

'+ 1in which {€} i1s the appropriate strain vector. The stresses, {g} are
' i H '

i
Chion B0 i b A r b

o} = ('] (e - (2.8)

! . where \ ' . ‘
. cl=2(cl ' (2.9)
‘ 1 I 1 l
und {C] 15 the matrix of elastic constants. ’
|

Imposing a set of virtual nodal displacements {Suv}, the equivalent

TRV

strain is related to the virtual node point Qiaplacements by

‘ © {6e'} = v[A] {8u} = [a'] (& ’ (2.10)
where the matrix [A) is deterhined from the definition of the strain

cumponents andithe assumed displacemeﬁt field for the element. The internal

!strain energy Gﬁi developed by:these displacements is .

oW =3 [ {62')7(o} av . | (2.12)
1 ' v

}n which the superscript T'denotes ths transpose of the matrix and the
2-- ' ' integration is teken over the volume V.of the' element. The correspohding
.gz - external work dome by the node point resisting forces during thé virtual ﬁ

Y
i ' H

y displacement éwe is
ow, = {8ul’(s} T (2ae) 1

in vhich {8} is the vector of node point forces for the alsment. 3

10 |
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Invoking the principal of virtual work, expressions 2.1l and 2.12

are equated. Substituting Equation 2.10 into the result yields
{6u}T{s} = 6"} o av

1
5 ]
=%— \Ir {Gu}T[A']TOdV (2.13)

Or, solving for the node point forces,

{s} s%— ‘f’ (a'1% av
=2 [ alTlcrlar)av fu) (2.14)
v
This can be written
{s} = [k] {u} {2.15)

in which the stiffness matrix (k] is
kl= [ 2aTerdayw (2.16)
v
¥oen the rectangular element is & joint element, the stiffness is
then

= 1im (k] (2.17)

[k]Joint b0

The individual terms of a stiffness matrix which are preserved are deter-
mined by substituting the appropriate element integrals as given by

Costentino and Wachowski (1966).

2.4 ~ Constitutive Laws for Joint Elements

Three constitutive laws are provided in the SLAM Code materisl catalog

for the description of the mechanical behavior of the jJoint elements.

W Do o o e
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They are:

1. An elastic-plastic material obeying the Von Mises yield criterion
and the Prandtl-Reuss flow equations., This model, which incorporates
strain hardening effects, is described in detail by Perloff (1969)
and Costantino (1968). The constitutive relation cen be employed
for regular elements as well as joint elements.

2. An elastic-plastic material obeying the Drucker and Prager {1952)
three-dimensional extension of the Mohr-Coulomb critericn. This
relation vhich can also be vieved as an extended Von Mises yield
criterion is also described in the earlier report (Ferloff, 1969)

and by Costantino (1968). Although usable for both joint elements

and regular elements, this constitutive relation is probably
applicable to Joints only when they are filled.

3. An elastic-plastic material which obeys a two-dimensional bilinear
Mchr-Coulomb yield criterion described in Equations 2.5, and
depicted grephically in Figure 2.2b, Post-yield behavior is
governed by the residual strength parameters as indicated in
Equation 2.6 and Figure 2.2b. An option is also provided in the
SLAM code to require that the joint is incapable of withstanding
tension normal to the joint surface. In Figure 2.2b this would
correspond to a case in vhich the failure envelopes would be
vertical along the T axis. Such a case corresponds to a clean
unhealed joint.

Plastic strains, for the post-yield condition, are calculated

{eP} = (€7} - {eB) (2.18)

in which {GT} are the total computed strains determined from the

12
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node point displacements, and {eE} are the elastic strains

determined from

(¥} = (17T (o} (2.19)

This constitutive relation is applicable to joint elements only.
These constitutive laws permit consideration of a wide range of
types of joint behavior. The nature of the materiasl catalog in the SLAM
code also allows for relatively straightforward incorporation of additional

constitutive relations, such as those involving time-~dependent behavior.

2.5 - Revised SLAM Code

The current version of the Static SLAM Code, containing the revisions
described abcve and incorporating consideration of joint elements is listed
in Appendix A. The form of the data input required is given at the

beginning of Appendix A and is indicated by comment cards within the code
itsgelf,

2.6 ~ Interpolation Code for MPBX Displacements

To assist in comparing the results of the analysis with displacement
measurements along MPBX lines, an auxiliary code has been developed to
compute displacements along these lines. The node point displacements
determined by the SLAM code are used as input to the interpolation code
for MPSX displacements. The input node point coordinates and displacements
may be in either megnetic tape or punched card form.

Details of data input and a listing of the code are given in

Appendix B.
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SECTION 3. RESULTS OF ANALYSES OF JOINTED SYSTEMS

3.1 - Introduction

Two types of jointed systems were selected for comparative analyses
to indicate the degree to which the behavior of the system could be pre-
dicted by the static SLAM code incorporating joint elements. The first of
these was a series of model tests conducted on & mass of simulated rock
blocks arranged to provide two families of intersecting joints. This model
vas developed at the Missouri River Division Laboratory (MRDL) of the
U. S. Army Corps of Engineers (Rosenblad, 1971).

The second case considered is a typical section at the Straight Creek
Pilot bore in which at least two families of intersecting joints were found

intersecting the tunnel. These cases are discussed individually below.

3.2 - MRDL Jointed Model Tests

The MRDL Jointed Block model is illustrated schematically in Figure 3.1.
It consists of a series c¢f blocks, square or rectangular in cross-section
grouped together to form a body intersected by sets of parallel Jjoints
normal to one plane. In Figure 3.la a typical square section dlock is
illustrated. The square blocks are grouped as shown in Figure 3.1b with
triangular blocks where required in order to form & larger msss which is
square in ceoss-section. The model is loaded in the horizontal plane as
indicated achematicall& in Figure 3.1c. Details of the spparatus construc-
tion, development and operation are given by Rosenblad {1971). The individual
blocks are fabricated by molding using a model material consisting of sand,
gypsum cement and vater wibrated in a mold. The development of the model
material resulted from an extensive experimentation program conducted by

Rosenbled (1971) for this purpose.
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Figure 3.1- Schematic View of MRDL Jointed
Block Model 15
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A typical uniaxial stress-strain curve for an intact cylindrical
specimen of the vibrated model material is shown in Figure 3.2. The axial
strain data were obtained from strain gages mounted in the central portion
of the test sectione. Rosenblad reports significant differences between
the relation obtained rrom such strain gage measurements and those from
gross measurements from the specimen. He attributes this discrepancy to end
restraint effects. The importance of such effects in interpreting test
results has been investigated in an earlier report (Perloff, 1969), and by
Perloff and Pombo (1969). The Mohr envelopes for peak points on the stress-
strain curves for the intact model material, obtained from both direct shear
and triaxial compression tests, are shown in Figure 3.3.

The effect of & joint oriented at hSo to the axis of a triaxial
compression specimen on the stress-deformation behavior of the model material
is shown in Figure 3.2. This curve i< for a triexial compression test in
which the confining pressure was 500 psi. However, the equivalent Young's
modulus &t 50 percent peak strength was of similar magnitude for lower
confining pressures. Analysis of a single-jointed specimen indicated that

the results in Figure 3.2 corresponded to a joint modulus of 1.8 x 105

psi.
Mohr envelopes for the joints between the blocks as obtained from

triaxial compression and direct shear tests are shown in Figure 3.4, As

might be expected, the jJoints exhibit no cohesive componente of shearing

resistance, and have a bilinear failure envelope.

Analysis performed
The analysis was carried out for a two-dimensional jointed model in
which the blocks weie assume. .quere. The finite element mesh used is

shown in Figure 3.5. The mesh corresponds to one-querter of the model and
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consists of 180 nodes and 156 elements. Each of the heavy lines indicates a
Joint element between intact blocks. The light lines are boundaries of
elements forming the intact blocks. The material parameters used in the
analysis were obtained from the test data presented by Rosenblad (1971)

and shown in Figures 3.2-3.4:

Intact Blocks ~ Elastic-plastic material obeying the three~

dimensional generalized Mohr-Coulomb yield criterion:

1.5 x 106 psi

E=
v = 0.230

¢ = 100 psi

@ = 49.5 psi (Gf < 230 psi)

Joints - Elastic-plastic "material" obeying the two-dimensional bilinear
Mohr-Coulcmb yield criterion. Post-yield behavior is governed by
residval strength parameters which are the ssme as those producing

iritial yield:

E=1.8x 105 psi
v = 0.230
c=20

— a0
8, = 33" (0, < 175 psi)
o]
8, = 27 (0, > 175 psi)
The imposed loading used in the analysis wes oy =0, = 25 psi,

o, = 0y incressing to a maximum of 275 psi.

Results

Results of an analysis of the jJointed rock model are shown as the dashed
line in Figure 3.6. The line shows the relative displacement on either side

of a Joint, parallel to the joint, as a function of the major principal

21
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Figure 3.6 - Comparison Between Displacement along Joints
Mecsured in MRDL Mode! Study and that
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stress. The curve shewn corresponds to any qunt:because of the : I
symmetry of the test. . ' { |
Measured results for four presumably equiva;ent Joints are algq shown
in Figure 3.6. The scatter in the experigental results probably arises
from rotation of individual blocks, and éonseqpent nonuniform distriﬁutién
of frictional forces between the blocks, ﬁue to minor eccentricity in the
Jack loading system. Nonetheless, the abilify of éhe anglysis to prédict
the observed displacements is evident. . |
On the basis of these resulis it was concluded that'the SLAM éode was
capable of describing the behavior of jointed systems which satisfied the
following criteria: | .
l. The geometric arrangement of joints and intaét elements caﬁ be
completely descri%ed in terms of a two-dimensional sys'tenm,' |
2. T7he mechanical behavior of the intact materials and individual
Joints can be characterized by one of the const%tutive rélationé

incorporated in the material catalogue of the code. . !

3. The imposed loads and dispiacements are known,

3.3 - Analysis of Straight Creek Pilot Bore

Description of the tunnel
!
The Straight Creek Pilot Bore is located about 55 miles west qf Denver
on the proposed highway I-T0. About 75 percent of the rock in the pilot bore
) ;

is fine to medium grained granite (Brown, 1970). The remainder of the rock

consists of metssediments that include a variety of materials. The tunnel is’

transected by the loveland pass fault zone, vhiéﬁ contains numerous shear

zones of diverse orientations. The rock is jointed, and joint surfaces are’

oo
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joint: spacing was three feet. The spacing was increased at. increasing

1

commnonly coated with chlorite and/or calette.
The section chosen for apalysis, Sta. 114453, was composed of predominantly

. . i3 1 '
granitic rock with two major joint systems oriented approximately 38 and 52

degrees from the horizontal'on e plane normal to the tunnel axis. The
1

Joint spacing observed at the tunnel wall averaged one to:thfee feet,

but was quite variaLler At this location the tunnel 1s 250 feet below the

ground surface. '

Mechanical ch?racteristics of the rock were determined by Robinson and

_ Lee (1965). Their test results, illustrated by the Mohr circles and solid

failure eﬁqelope in Figure 3.7, indicate that the intact rock obeys a lMohr-

Coulomb failure criterion. Tests on samples with chlorite and calcite
3 , ‘

filled joints, in which the failure occurred aloné the joints, indicate peak

i

strength behavior of fhe joints shown as tne dashed line in Figure 3.7. Once

the initisl failure takes place however, it seems reasonable that %the cohesive

resistance diminishes to zero.

. Aralysis perforned

The 4wo-dimensicnal jointed finite element mesh used to represent the
prdblen. is shown in Figure 3.8. The heavy lines are Jo@nt elements, light

lines. indicate boundaries of int;ct elements. 1In the vicini%y of the tunnel,

. ' . 1
distance from %he tunnel, Figure 3.8, so that there were less than 1600 modes.
As in the case of the continuum ana;ysié (Perlo®f, 1969), the probiem is
solved in tvo'stages.' The displacements resulting from +he tunnel construction
vere‘determined as the ditfergnce between the displecements of .the mass
without the tunnel, and those with the tunnel (shadéd in Figures 3.8)

removed.. The mesh without the tunnel consisted of 1507 nodes and 1385

}

24
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elements; that with the tunnel contained 1Lkl modes and 1300 elements.
3 The material perameters used in the analysis were:
; Intact rock - Elastic-~plastic material obeying the three-
L dimensional generalized Mohr-Coulomb yield criterion:
E= 8,98 x 106 psi
V= 0,243
3 ¢ = 4500 psi
g = 52°
Joints - Elastic-plastic material obeying the two-~-dimensional
Mohr-Coulomb yield criterion. Post-yield behavior is

cohesionless in nature as discussed above:

i

E= 8.98 x 10° psi

\}

0.243

c = 2500 psi

(o]

9, 9, = 52

(e]
¢res = 32

Imposed loads were due solely to gravity. That is, the material
weight acted on all elements shcwn, In addition, a uniform vertical

loading of 208 psi was applied to the upper boundary of the mesh to

account for the overburden above the mesh.

Results

Results of the analysis and their relation to field measurements
are shown graphically in Figure 3.9. This figure indicates the cross-

section of the tunnel and the three MPBX's loceted at Sta. 11l + 53,

T ST e
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Superimposed on the diagrams of the MPBX's are the measured displacements
along the MPBX axis, values calculated by the analysis for jointed
systems given herein and, for comparison, the results from the continuum
elastic analysis (Perloff, 1569). The analtyical results for the jointed
model are closer to the measured values at MPBX's 2001 and 2002 than
those for the continuum model. The calculations predict a movement in MPBX
2003 vhich opposite in direction to that measured. Furthermore the
irregular movements recorded for MPBX 2002 near the tunnel face are not
predicted by the analysis. Several possible reasons for these discrepancies
can be ‘d-utified. Among these are:
1. Incorrect measurement of rock movement based on MPBX data.
This could arise from at least two sources:
a. Displacementa are likely to occur immediately
upon excavation. Becaugse the MPBX is installed
only after excavation, important components of
displacement, not necessarily in the same directiocn
as subsequently measured values mey be lost.
b. Anchor slip may cccur leading to spurious relative
displacement values between individual anchors. If
the anchor most remote from the tunnel slips,
the whole displacement axis is translated.
2. The specific orientation and spacing of the joints in the
vicinity of the MPBX's is not known but only estimated
for simplified representation. This can affect predicted
displacements markedly in the region near the tunnel where

stress relief is the greatest.

29
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3. The mechanical characteristics of the joints may be incorrectly
described for at least two reasons:

a. The elastic parameters for the joint materials
were estimated on the basis of the measured relative
moduli in the MRDL tests. Actual data on this
point were not available.

b. The joints were assumed to be unfailed, i. e., peak
strength parameters were initially appliceble. If the
excavation process produces temporary joint separation,
for example during blasting, then residual strength
parareters may be more applicable.

4, Initial stress comditions are important both to the magnitude
of elastic deformations az well as to the onset of yielding
as the tunnel material is removed. This important point was
discussed in an earlier report (Perloff, 1969) in more
detail. Unfortunately, no proven means for reliably measuring
the initial stress state (prior to excavation) is available
at the present tinme.

5. The three-dimensional vature of the problem, especially
the Jointing and fauiting undoubtedly has some influence.
This point is discussed further below.

On the basis of these observations it was concluded that a more

accurate prediction of tunnel behavior based on presently available

input information would be fortuitous.
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SECTION 4 - CONSIDERATION OF THREE-DIMENSIONAL EFFECTS

Three~dimensional effects are undoubtedly important in the
response of a rock mass to the opening of an excavation within the
msss. These effects arise from at least three gsources:

1. The three-dimensional nature of the tunnel geometry
1 produces a corresponding set of stresses and deformetions
. in the 