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ABSTRACT
(Distribution Limitation Statement No. 2)

An experimental study of the state of strain, deformation
and fracture around lined and unlined cylindrical cavities in rock
under uniaxial and biaxial static compressive loadings is discussed.
Twenty limestone and marble specimens of typical dimensions 36 in.
high, 24 in. wide and 3 in. thick with a 4 in. diameter‘cylindrical
hole unlined or lined with hydrostone and aluminum 11neLs were used.
Deformation. and fracture were monitored with strain gag s, differen-
tial transf;rmers and photoelastic coatings, Strain distributions
and diamgtral changes as a function of applied load wexe obtained.
DeviatLons from linear elastic theory were noted and discussed. Crack
initjation and propagation were monitored with all thyée experimental

medns, Strain concentration factors were, with few exceptions, higher

“"and in some instances appreciably higher than theoretical factors.

The presence of the liner, even the weak hydrostone liner, had a
strengthening influence, although not always predictable. Depending
on the combination of material, geometrical and loading parameters,
several types of failure were observed: tensile cracking along the
vertical axis for the unlined specimens and those lined with hydro-
stone; tensile cracking off the axes of symmetry for specimens lined
with aluminum; fracture away from cavity boundary for the aluminum-
lined specimen; splitting along a vertical plane, or compressive
(shear) failure, or combined splitting and radial cracking for
biaxially compressed limestone specimens., The tensile stresses
computed at the point and time of fracture were much higher than the
tensile strengths determined from uniaxial tests. In limestone,
maximum tensile stresses from 1.5 to 3.5 times the uniaxial tensile
strength were computed. In marble, this factor varied from 3.7 to
5t.101,
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SECTION I
INTRODUCTION

The design of underground installations capable of with-
standing the effects of explosively generated pressure waves requires
knowledge of the state of stress, strain, deformation and material
response, such as yielding and failure, in the vicinity of the
structure. A great deal of theoretical and experimental work has
been performed to determine stress distributions around disconti-
nuities of varying geometry, for various loading conditions (static,
dynamic) and material response (elastic, viscoelastic). However,
the intrinsic properties of the rock media surrounding such under-
ground openings and installations have not been adequately taken
into consideration in their anal§sis and design.,

Rocks behave as linear elastic materials when subjected to
relatively low static stress levels in relatively small sizes. At
higher stress levels beyond the elastic limit the analyses mentioned
above are not valid. Tensile and compressive properties of rock are

appreciably different. In tension, they behave nearly linearly to
failure which is of a brittle nature. Compressive failure occurs
at a much higher stress, usually an order of magnitude higher, and
is preceded by plastic flow of the material. In addition, the
inhomogeneity and anisotropy of the material and the presence of
discontinuities, such as dikes, faults, joints and the like, tend
L to make the problem more complex. I

In designing structures in rock, all intrinsic properties
of the medium must be determined and known, both under laboratory
and in situ conditions and account must be taken of the statistical |
variability of some of these properties, especially failure properties.
Stresses, both residual and induced by subsequent loading, must be
analyzed carefully with special attention to stress concentrations
and tensile stresses, in view of the low tensile strength and brittle
behavior or rock. Shear can also be a problem especially along pre-
existing faults.




In view of the limitations of theoretical analysis and the
difficulty in conducting field experiments an experimental labora-
tory approach was undertaken, A great deal of useful information
can be reaped from small scale experiments with rock or rocklike
specimens. This approach has been followed successfully by previous
investigators such as Hiramatsu and Ika (Ref. 1), Hoek (Refs. 2,3)
and Hawkes and Hollister (Ref. 4). They studied stress distributions
and failure around cavities in rock specimens. In particular, Hoek
(Ref. 3) proposed a modified Griffith fracture theory to explain
failure around openings in rock.

The objective of this investigation is to determine experi-
mentally the state of stress, deformation and failure around lined
and unlined circular tunnels or silos in rocks subjected to static
loading and compare the results with theoretical analysis. The
end goal is the ability to correlate the state of strain, deforma-
tion and failure around cavities with stress-strain and ultimate
properties of the material obtained from elementary laboratory
tests.

Materials investigated were Limestone and Marble with
aluminum and hydrostone as liner materials. Experimental techniques
used were strain gages, differential transformers and photoelastic
coatings. The specimens were tested under both uniaxial and biaxial
loadings. Results were not always in agreement with predictions of
elasticity theory but, whenever comparisons were possible, agreed
well with previous experimental work. One significant result was
the demonstration of the advantage of the liner in redistributing
and reducing critical stresses. Subsequent sections of this report
give background information on the problem and describe results and
discussion of each test individually. In the closing section,
results are summarized, conclusions are drawn and recommendations
for future work are made.
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SECTION II

STRESS DISTRIBUTION AND FRACTURE AROUND CYLINDRICAL
CAVITIES IN ROCK

1. Elastic Stress Distribution Around Cylindrical Cavity

At low stress levels, the behavior of rock is linearly
elastic and the stress distribution around a cylindrical cavity can
be obtained from the classical Kirsch solution (Ref. 5). The stress
distribution around a cylindrical hole in an infinite plate under a
homegzrnecus state of biaxial stress (Fig. 1) is given by

2 2 4
o, = E [(1 + m) (1l - 37) + Q1 -m( -4 37 + 3 fzo cos26J

r
I az 84
% = k'[(l +m) (1 +';z) -(1l-m( +3 ;I) cosZéJ (1)
) [’ a2 aa .
Opg = % l“ 1 -m(1+2 ;Z -3 ;E) s1n29}
where

radial, tangential and shear stresses, respectively

P = free-field vertical stress (in the 6 = 0° direction)
m = ratio of free-field horizontal to vertical stress

a = radius of the hole
r, 6 = polar coordinates of point in question

On the boundary of the hole, r = a, Eqs. (1) reduce to

o, = 0
cg = P (L +m) - 2(1 - m) cosZGJ (2)
“re = 0
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Fig. 1 CIRCULAR HOLE IN AN INFINITE PLATE UNDER A HOMOGENEOUS

STATE OF BIAXIAL STRESS
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Two cases of biaxiality were counsidered in this investigation,
& uniaxial (m = 0) and a biaxial case corresponding to complete
lateral restraint. For the uniaxial case, Eq. (2) above gives

g = P a-2 co826) (3)

For the biaxi~l condition corresponding to full lateral
restraint, the lateral (horizontal) strain must be zero:

Ex = %’ [ox - vog - vo,l = 0 %)
For an infinite thin ﬁlate (plane stress)
b, = 0
therefore,
O = W, = Vo,
and
m = v

For an infinite mass (plane strain) the lateral restraint
is the same in all directions, I

!

O = 0, = Moy (5)

and from Eq. (4)

m o= e (6)

For most rocks v & 0,25, therefore,

m & 1/3

The stress distributions along the two axes of symmetry for
the two cases of biaxiality discussed here (m = 0 and m = 1/3) are
shown in Fig. 2.

Since the original work by Kirsch (Ref. 5) many other problems
dealing with finite dimensions of the medium, multiple openings,
various shapes of holes, a variety of loading conditions and material
properties have been solved. The solution for a finite width of
plate was given by Howland (Ref. 6). Comprehensive reviews on the
subject of stress distributions around holes have been given by
Neuber (Ref. 7) and Savin (Ref. 8).
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one by no more than approximately ten percent.

of engulfment of the cavity by the stress wave.

2, Tensile Failure

biaxial compressive loadings, specifically, for

0<m<<1/3

Several aspects of this problem are of special importance
in the design of protective underground structures: geometrical
parameters (shaps of cavity, presence a: type of liner), loading
parameters (dynemic loading) and material parameters (elastic,
viscoelastic, elasto-plastic media). The dynamic loading aspects
of the problem for an elastic medium have been treated analytically
by Baron and Matthews (Ref. 9) and experimentally by Daniel and
Riley (Ref. 10). One important result from these studies is the
fact that the dynamic stress concentration factor exceeds the static
Further studies were
conducted later by Daniel (Ref. 11) using viscoelastic media.
sults show that the dynamic viscoelastic stress concentration
factor can exceed the static one appreciably in the early stages

For the uniaxial loading condition it can be seen in Fig. 2
that tangential tensile stresses equal to the applied vertical |
pressure p are developed at the crown and bottom points of the
cavity. Due to the much lower tensile strength of rocks compared
to the compressive strength,failure by cracking takes place at those
two points of the cavity. This type of failure occurs not only
under uniaxial loading but can take place for a whole range of

Re-

Hoek (Ref. 2) studied the initiation and propagation of this tensile
failure both in rock and glass specimens. He found that for any
particular biaxiality ratio the tensile stress at the tip of the

crack decreased with increasing crack length and established an
experimental relation between crack length and biaxiality ratio.

Thus, the length of the crack, once formed, is a function of the
biaxiality ratio only and not of the magnituce of the applied load.

A similar study using photoelastic wmnodels was made by Gettel (Ref. 12).
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It is generally accepted that tensile failure in rock follows
the maximum principal stress theory, i.e., that the tensile stress
at which cracking starts is equal to the tensile strength of the
material (Refs. 2,3). However, Hiramatsu and Oka (Ref., 1) and the
present investigators have found that the tensile stress at failure
around the hole can be higher than twice the tensile strength of
the material,

Once cracks are formed at the crown and bottom points of the
opening, the stresses are redistributed and can only be determined
experimentally. Gettel (Ref. 12) showed that the crack causes a
slight increase in the compressive stresses along the horizontal
axis of symmetry.

Hoek (Ref. 3) used Griffith's theory (Ref. 13) of brittle
fracture modified by Mc Clintock and Walsh (Ref. 14) to account for
the effects of crack closure and friction between crack surfaces in
compression to study the stress distribution and failure around a
circular hole. He studied the biaxial loading condition with a
biaxiality ratio of 0.15 and calculated principal stress ratios and
trajectories (Fig. 3) using the Kirsch solution, On the basis of
fracture theory he gave critical crack orientations and fracture
contours for both plane stress and plane strain conditions (Fig. 4).
At a certain load cracks form at the top and bottom of the hole and
propagate to a fixed length as discussed before, 0.55 of the radius
for a biaxiality ratio of 0.15. Hoek (Ref. 3) obtained the redis-
tributed principal stresses and trajectories (Fig. 5) and determined
new critical crack orientations and fracture contours (Fig. 6)
following tensile cracking. Contrary to Gettel (Ref. 12) a slight
decrease in maximum compressive stress was observed.

3. Compressive Failure

Following the formation of tensile cracks, the stresses
around the hole are redistributed and new areas become critical.
One is the point of maximum compression on the boundary of the hole.
Failure at this point occurs according to elastic theory, when the
maximum compressive stress o1 exceeds the uniaxial compressive

8
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Fig. 4 FRACTURE CONTOURS AND CRITICAL CRACK ORIENTATIONS IN THE
MATERIAL SURROUNDING AN UNFRACTURED HOLE FOR A BIAXIALITY
RATIO OF m = 0.15, (After Hoek, Ref. 3)




MAJOR  PRINCIPAL o2  DISTRIBUTION OF k= Y,
STRESS 715

—

 MINOR PRNCIPAL / PRINCIPAL STRESS
STRESS Yp 015 TRAJECTORIES

L S ,,,
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TRAJECTORIES IN THE MATERIAL SURRCUNDING A HOLE WITH CROWN
AND BOTTOM CRACKS FOR A BIAXIALITY RATIO OF m = 0.15.

(After Hoek, Ref. 3)
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strength of the material. In reality, the apparent compressive stress
at failure may be somewhat higher due to inelastic effects and size
effects.

Following the stress redistribution mentioned above, the maxi-
mum tensile stress o4 moves away from the boundary. The location and
magnitude of this tensile stress is a function of the biaxiality ratio
m. The Griffith theory, as modif%ed by Hoek (Ref. 3), predicts the
maximum compressive stress ratio El or applied stress ratio 3% at
failure as a function of the local biaxiality ratio 32. Depending
on the applied load biaxiality (m) the local stressc b}axiality (k)
may reach a critical value before compressive failure occurs on the
boundary, This was the case for m = 0.15 where Hoek (Ref. 3) pre-
dicted such vjeak points away from the boundary (Fig. 6) and observed

them experimentally.

Following compressive failure on the hole boundary, the stresses
are further redistributed. Such failure has been treated as equivalent
to the formation of a sharp notch with a resulting increase in stress
concentration. Results of a photoelastic study following the forma-
tion of this notch were obtained by Hoek (Ref. 3) and are shown in
Figs, 7 and 8,

For a certain range of load biaxiality, including the biaxial-
ity ratios of 0.25 and 0.33 studied by Hiramatus and Oka (Ref. 1) and
in the present investigation, the first and only failure observed is
compre&éive failure at the point of maximum stress concentration,
Compressive failures were observed for marble at lcads approximately
three times as high as those causing tensile cracking under uniaxial
cphditions (Ref. 1). Furthermore, compressive failure occurred at

,éheoretical maximum stresses only slightly higher than the com-

pressive strength of the material.

4, Elastic Stress Distribution Around a Lined Circular Hole

The stress distribution around a hole can be drastically
altered by the presence of a liner of a different material. Critical
stresses can be reduced appreciably and the fracture loads increased.
The effect of a liner on the strength of the cavity is primarily a
function of the thickness, modulus and strength of the liner material,
A comprehensive analysis of stresses around lined holes has been given
by Savin. (Ref. 8.) For a lined hole in an infinite plate under a
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OF m = 0.15.
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homogeneous uniaxial state of stress (Fig. 9), the stresses are:

For the liner, i.e., for R;< r<R,
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P = SV
T+

Subscript 1 denotes liner material,

The most critical stresses in the plate occur et the inter-
face between the liner and the plate and the most critical stresses
in the liner occur on its free surface. The stresses on the free
surface of the liner are given by

g b
2—3 - (al+_2_]__n2)_(_2__6a3;2-1.--:23-b_3n4) cos26

ana che stresses in the plate at the interface are

%or = (1 - %—ﬁ_l) + (1 - 2a_1 - %5_3) cos26

2 1
Sog= L+gp) - (- %—ﬁ_3) cos26 (10)
g<J=-(1+ 15 ) sin2e
P b a1 TIP3
Stresses for a biaxial state of stress would be ohbtained by
superposition,

Savin (Ref. 8) studied many specific cases of steel plates
with copper liners and copper plates with steel liners. Suzuki
(Ref. 15) conducted experiments with aluminum plates with brass,
copper and mild steel liners and obtained relationships between
stress concentration factors, modulus ratio and liner dimensions.
Some important conclusions have been derived from the analyses above:

1. The influence of the liner dies out at a distance
of 4 to 5 radii from the center of the hole.
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Both liner and plate stresses decrease with
increasing liner thickness. This decrease is
sharper for liner thicknesses up to 1/10 of
the hole radius.

For fixed liner thickness and increasing liner
rigidity, the stress concentration in the plate
decreases but that in the lirer increases.

It is possible to design a liner such that the
stresses in the plate are lower than in a solid
plate without a cavity.

The condition of bond between plate and liner
is extremely critical. Slight debonding can
increase stress concentration appreciably.
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SECTION III

EXPERIMENTAL METHODS AND PROCEDURES

1. Test Specimens

The two rock varieties selected for this program were
Indiana limestone and Vermont marble. These rocks were selected
on the basis of availability, uniformity of grain size, moderate
compressive strength (since large specimens and correspondingly
large loads to failure were required for this project), and cost.

The geometry of the typical rock specimen is shown in
Fig. 10. The height of 36 in. was selected so that end effects can
be avoided at the hole location. The width (24 in.) to hole
diameter (4 in,) ratio was judged sufficient to approximate conditions
of an infinite plate (Ref. 6). The typical thickness was 3 in., less
than the hole diameter, to obtain plane stress conditions in the
direction of the axis of the hole. A few specimens were 2-1/2 in,
thick and one was 16 in., thick. Twenty specimens were prepared
and tested altogether, ten limestone and ten marble. The material
and geometrical description of these specimens is given in Table 1.

The rock specimens were obtained as sawn 24 in, x 36 in, x
2-1/2 in. and 24 in, x 36 in, x 3 in, slabs for Indiana limestone
and 24 in, x 36 in, x 3 in. slabs for Vermont marble from the
vendors, A few Indiana limestone slabs were 16 in., thick, All
these were checked to determine if the loading edges were smooth and
parallel to within 0.001 in. When this was not the case, the speci-
mens were machined smooth to that tolerance,

The slabs were clamped in angle irons for ease of handling
in the laboratory. They were very carefully measured and marked to
locate the center of the slads and then drilled through with a
radial drill equipped with a 4 in. diameter water-cooled diamond-
tipped bit. Several precautions were necessary in this operation in

21




.
)
36 in} _y
Liner
Y

¥

24 in.

Fig. 10 SPECIMEN GEOMETRY

22

3 in,




‘Ur 0%°0 nuyEnTy 'O} 9Z°¢€ X "UF 9¢ X Uy 47 Teixelg 21q1wy 0¢
‘uyr 9%°0 3u0380IpAH ‘GF €0°€ X "UY 9¢ X Uy 7 1e1x91g CAC L | 61
‘uy 0%°0 unuyEn1y ‘UF 90°E X "UF 9¢ X ‘UF 4 1eyxRIg auojsawy] 81
Uy Y9°0 JuolsoIpLy Uy LO0°E X "UF 9€ X ‘Uf 4 TeIX®Ig 3uojlsawmy] L1
= SUoN ‘¥ ZI'E X “Uy 9¢ X “uy y7 Te1XRIg 9191w 91
= Juoy ‘UF E1°€ X "UT 9¢ X “UT %7 TorxwIg CACSE | ST
= JUON "OF 66°7 X ‘Ul 9¢ X °uy %z 1°1XRTd |uojls3awWy] 771
= JUON ‘uf 80°€ X U 9¢ X ‘uy H7 LA A2 44 auojsauwt] €1
‘ur 0%°0 anuysny ‘BF O0€°€ X “uUy 9¢ X °‘uy 4z 19IXRTUN 2T1qxE [A 4
Uy 0%°0 murEnly "OF ZEL°E X U 9¢ X °‘uy 4g Teyxelon aTqxel 11
‘Y ¥%°0 au0380IpAH ‘uy THY'E X "uy 9¢ X “uy yg TeIXRTIU) 21qIW 01
‘Ut 9%°0 au03g0IpLH ‘Ul TH'EL X "uF 9¢ X ‘Uuy 47 TeTxeTUn CACEE 6
‘uy 0%°0 muEn Ty ‘UF €6°7 X "UT 9¢ X ‘UY 47 TB¥XBTU) auojsawy] 8
‘Ut 0%°0 wnuyeniy ‘U $6°7 X Uy 9¢ X “UF %7 Terxeyun auojsawmy] L
‘uy 9%°0 auojlsoxpiH Uy 90°€ X "UF 9¢ X ‘Ul %¢ TeFX8TUN 2uojsamy] 9
Uy 9%°0 auo3s02pLH ‘up 0°¢€ X ‘Ul 9¢ X ‘uy 4z TeIxXeTU( 2uo3sawWT] S
- SuoN ‘U3 8T°€ X "UT 9¢ X ‘uy %7 TeTxeTun 21q1eW Y
- JUoN ‘UF GT°¢ X "UT 9¢ X °uy 7 Ter¥etun 91q1eW €
= JuoN ‘UT 9T X Uy 9¢ X Uy % TerxeTU) auoj samt] Z
- SuoN ‘UF 0§°Z X "UY 9¢ X ‘Ul % Terxetun Juojsawmy] T
ssaUNOTY] aauy suorsuawyq uawydadg 3uypeo] 1etaajel Iaquny
11%M I9uy] uawysadg

SNAWIDAdS 1S3l 40 NOILJI142S3d
1 21981

28




order to avoid broken edges. The specimen was backed by a piece of
masonite into which the drill bit passed on coring through the rock.
The rotating drill bit was brought into contact with the rock
gradually at the beginning, and not withdrawn until the operation
was completed. When continuous coring was not possible, e.g. with
the 16 in, thick specimen, the drill was withdrawn while rotating,
but re-entered while at rest., The specimen was firmly clamped in
position so as not to move during the drilling operation.

As described in Table 1, ten specimens of each material
were tested under uniaxial and biaxial loading. For the case of
uniaxial loading two specimens of each material were tested with
unlined cavities and cavities lined with hydrostone and aluminum
liners. The remaining eight specimens loaded biaxially were
similarly unlined and lined with hydrostone and aluminum liners.
Two of each of the unlined specimens were tested.

Specimens 7 and 8 were lined with 2024-T4, T351 aluminum
(E=10.6 x 106 psi) while the reinforcing liners of specimens 11,
12, 18, and 20 were of 6061-T6 aluminum (E = 10 x 10% psi). Speci-
mens 5, 6, 9, 10, 17, and 19 contained hydrostone (CaCOB) liners.
The hydrostone liners were cast as thick-walled cylinders in a
mylar-lined mold using a collapsible cardboard core, room temperature
cured and subsequently machined to size. These liners were poured
using a hydrostone-to-water ratio of three-to-one by weight. Based
on uniaxial tests described further on, the hydrostone has a
measured modulus of 2.2 x 106 psi, a tensile strength (°t) of 610
psi and a compressive strength (cc) of 4,400 psi.

The liners were bonded to the rock with their length
machined flush with the planes of the specimen., All liners except
t hat of specimen No. 7 were bonded to the rock with Hysol 0151 room
temperature curing epoxy resin, The aluminum liner of specimen No. 7
was bonded with plastic steel type B supplied by Devcon Corporation,
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The liners had a nominal wall thickness of 0.4 inches, the actual
dimensions of the individual liners being indicated in Table 1.

The radial clearance between unbonded liner and the rock was
nominally 0.02 inches.

The properties of the bonding material were not determined
by experiment, however, it is estimated that it has a modulus of
approximately 0.5 x 10~ psi and a tensile strength sufficiently
higher than that of limestone and marble. Thus, it is believed
that an adequate bond was provided. The effective modulus of the
material in thin film form loaded normal to the surface of the
film is

where

K = m, bulk modulus

E
G = VIeEDL shear modulus

Thus, the bonding film of epoxy has an effective modulus of approxi-
mately 106 psi. When such a film of 0.040 in. thickness (twice the
radial clearance) is loaded by an average stress of 3000 psi it
produces a deflection of 0,0001 in which is approximately one per-
cent the maximum diametral deflection measured in the aluminum-lined
specimens, Thus, it is believed that no double ring problem exists,

2, Electrical Resistance Strain Gages

The electrical resistance bonded foil strain gage is a
grid of parallel miniature foil strips joined by end loops so as
to form a single continuous length of metal foil. This gage 1is
manufactured by <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>