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ABSTRACT

Models of square and
circular tunnels with short
faults cutting through their
surfaces are investigated by
photoeiasticity. These models.
when duplicated by finite element
analysis can predict the stress
states of square or circular
faulted tunnels adequately.
Finite element analysis, using
gap elements, may be used to
investigate full size faulted
tunnel system.

I. INTRODUCTION

Critical Stresses in a model
of faulted adjacent rock tunnels
are studied using a photoelastic
plexiglass model of the tunnels
and concurrent simulation by
numerical finite element of the
same plexiglass model using 2-D
plane stress elements. The
analysis is intended for the
study cf stress concentration
factors due to a fault that
crosses the path of an
underground tunnel system, sucn
as, the --host Dance1 Fault, that
penetrates the tunnels of a
proposed High Level Nuclear Waste
ReDOsitcrv. Results from the
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plexiglass photoelastic model and
the concurrent finite element
simulation of the same
photoelastic model are compared
with each other to verify the
accuracy of both test procedures
and to set the stage for a full
scale finite element analysis of
the region in the rock tunnel that
will penetrate through the
inclined plane of the Ghost Dance1

Fault.

In our previous work2*3, we
investigated ths stress patterns
in the rock tunnel walls of a
proposed High Level Nuclear Waste
(HLNW) repository. Two
dimensional studies2 and 3-D
studies3, using finite element
models of the rock tunnels, were
evaluated due to overburden loads
and due to the thermal loading, 10
years after emplacement, of the
HLNW Canisters in vertical
emplacement holes. These studies
did not include the effect of an
existing rock fault that cuts
through the tunnels.

The plexiglass photoelastic
and numerical finite element
models represent two adjacent
square tunnels having rounded
corners and one adjacent circular
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tunnel, symmetrically placed
between them and having a
diameter equal to the side of the
square tunnels.

The fault in the rock is
depicted as a crack in the
models, r.aving the same angle of
incidence with the tunnels as
that of the Ghost Dance; Fault.

The introduction of a tunnel
through the inclined plane of a
major fault plane in the rock
introduces stress concentrations
around the tunnel opening, in the
vicinity of the fault, and in the
fault plane itself as to lead to
local failure in the rock or
global failure over a
considerable length in the tunnel
adjacent to the fault plane.

II. TEST EQUIPMENT

Figure 1 shows the 0.4 07m
(16 im diameter 060 series
Transmission Polariscope4, having
a model 067, articulated
compensator, used in the fine
measurement of fringe orders and
model 153, oblique incidence
prism adaptor, used in the direcr
measurements of principal
stresses, and a model 065
telemicrtscope, used in the close
identification of the Isoclinic
and Isochromatic patterns.
Figure 1 also shows the
photoeiastic plate model of the
three tunnels mounted inside
model 152, loading frame. The
magnitude of the applied forces
on the plate are measured by
model F-3 5OO strain indicator.

III. MATERIAL PROPERTIES OF
MODEL

The plexiglass plate5 has a
photoelastic stress optical
constant, c = 40 psi/fringe/in,

an angle of incidence, 0 = 31.8°,
which depends on the index of
refraction of the model material.
This angle was calibrated using a
simple tensile specimen. The
plexiglass plate has a Young's
rnodulus, E = 2660 MPa (3.3 X 10j

•si) and a Poison's ratio, v =
o.z.

IV. DESCRIPTION OF MODELS

The Photoelastic model,
partially shown in figures 2a «
2b, which is exactly duplicated in
the finite element model, consists
of a 8.89 mm (0.35 in) thick and
0.25609m (10.25 in) sides, square
plexiglass plate. The two
identical square tunnel* openings
in this model start at 0.04921m
(1.9375 in) below the top surface
of the plate and each tunnel has
sides of length 0.05795m (2.28125
in) . The square openings are
0.04921m (1.9375 in) each away
from their respective sides of the
plate and have a clear distance
between them of 0.04603m (1.8125
in).

The model tunnels have
rounded corners with fillet radii
of 0.002m (0.07875 in). The
circular tunnel was cut in the
plate at a clear distance of
0.0464m (1.8282 in) directly below
the square tunnels and has a
diameter of 0.0579m (2.28125 in),
equal to the side of the square
tunnels.

V. EXPERIMENTAL MEASUREMENTS

Both photoelasticity and
finite element have been widely
used in stress measurements.
Photoelasticity plays a major role
in the measurement of stress
distribution patterns and stress
concentration factors around
circular3, rectangular and other
shapes of holes. Photoelastic



measurements have also been used
in cracK propagation studies and
in the identification of -he
static and dynamic strass
intensity factors3, at the tip of
a propagating crack. High speed
photography is used for dynamic
measurements.

In our research, a load of
2269N (500 lb) is applied to the
plexiglass plate in its vertical
direction. Stress patterns are
recorded at points around the
openings and at specific points
of high stress intensity along
the line where a saw cut is
initiated and slowly propagated
through progressive cutting.
These points of interest are
shown on the model schematic in
figure 2. The plate is then
turned 50° in its plane and the
same load is now applied to the
plate in its horizontal
direction. Stress patterns are
measured and recorded at exactly
the sane points, under both
loading conditions.

We c o n d u c t e d our
investigation using the following
sequence :

Case 1. Two parallel and
identical sguare holes were cut
in the plexiglass plate.

Case 2. A circular hole was
cut in the plexiglass plate on
the center line below the square
holes.

Case 3. A saw cut 0.7 62 4 mm
(0.03 in) wide, and 6.353 mm
(0.25 in) long and 44° from
horizontal was introduced at the
lower rzght hand side corner of
the right sguare hole.

Case 4. A second saw cut
0.7624 r,m (0.03 in) wide and
6.353 mn (0.25 in) long and 44"

from horizontal was introduced at
the top right hand side guadrant
of the circular hole.

Two dimensional, plane
strain, finite element models were
r.ade which duplicated exactly the
geometry, material and loading
conditions of cases 1-4 described
above.

VI. FINITE ELEMENT ANALYSIS

The finite element grids7,
which are partially shown in
figures 4,5,6 and 7 were made up
of 2D plane strain elements as
follows :

Case 1. 2972 Three to six
node triangular elements having
4344 nodes.

Case 2. 4094 Three to six
node triangular elements having
3008 nodes.

Case 3 & 4. 4125 Four to
eight node guadrilateral elements
having 10316 nodes. The 0.25 inch
saw cuts are represented in the
finite element analysis by gap
elements7 capable of resisting
compression and friction only. The
stress analysis using gap elements
is non-linear and iterative7.

Results of the finite element
analysis are shown, in part, in
figures 4,5,6 and 7. Noti.ng that
the average compressive stress a,
in the model is -0.876 MPa (-139
psi) , the stress concentrations at
points A-M (which are identified
in figure 3) are labeled in
figures 4-7, for test cases 1-4.
Corresponding high stress areas in
the photoelastic models are self
identifying due to their high
fringe order.

VII. RESULTS



Table 1 contains principal
stresses, at points A-M,
corresponding to test cases 1-4.
Stress measurements from
photoelasticity are compared to
corresponding results of the
Finite element analysis. The
following conclusions can be
drawn :

(i; Stress concentration
factors k from photoelastic
measurements, at points L and I
are 2.5 and 2.5 compared to
approximate theoretical values3 of
2.8 and 2.2 respectively.

(ii) Other than stress at
point J which is too close to the
boundary of the model, to be
accurately measured and points
A,B,F,G close to the tip of the
two saw cuts, all other stress
points predicted by finite
element are 10% below absolute
measured values.

(iii) The effect of opening
a new tunnel, a distance equal to
one diameter away from older
tunnel raises the stresses in the
older tunnel by 11% - 46% with
the highest point E, being on the
tunnel surface. Around the new
tunnel opening, stresses may jump
bv ten times at the crown, point
K".

(ivt Stress concentration
factors at the tips of the saw
cuts, corresponding to faults
penetrating through the tunnels,
are as high as 4.7 even for a
very short cut 6.25 mm (0.25 in)
long.

(v) Strsss values predicted
by the finite element at the tip
of the cuts were about half the
m e a s u r e d v a l u e s from
photoelasticity. Our element
mesh at the fault tip region was
not adequate. Adaptive mesh

refinement, which progressively
reduces the size of elements (P
method) will be tried along with
increasing the polynomial order in
the elements (H method) in our
future work.

VIZI. CONCLUSIONS

Results from photoelastic
measurement of a faulted tunnel
system compare favorably with
predicted results by finite
elements : Numerical results are
50% lower in magnitude at the tip
of short cuts since the element
mesh needs additional refinement.
Gap element models with friction
capability using adaptive mesh
techniques should adequately
represent the state of stress in
a full size faulted rock tunnel.
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Figure 1. 16 in Diameter Transmission Polariscope Model 061 with
Diffused Light System*, and Plexiglass Model
Mounted Inside



Figura Za,ij. (a) Isochromatic: Fringe Sequence of Loaded Plexiglass
Model without Saw Cuts (Case 2); (b) With Two 0.25 in
Long Saw Cuts (Case 4)
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Figurs :. Schematic of -he Photc-
Zlastic Model Shewing the Location
cf Fertir.enr Points LTsed in the
Anaivsis
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figure 4. Case 1 - Vertical
Stress a.,, Distribution in a
Finite Element Model Having
Two Square Holes Only
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to 0.25 in Saw Curs in the Square Hole; (b) in the
Circular Hole
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Table 1. Principal Stress Results Fro» Photoelastic Measurements and F inite Element
Analysis.
Case 1 : Two Adjacent Square Holes Only

Two Square Holes and a Central circular Hole
Two Square and One Circular Hole with 0.25 in Cut on the Side of the
Square Hole
Two Square and One Circular Hole with Two 0.25 in Cuts on the Sides
of the Square and Circular Holes

Case 2
Case 3

Case 4


