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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 

hole unlined or lined with hydrostone and aluminum line 

cylindrical 

s were used. 

Deformation and fracture were monitored with strain gag(is, differen- 

tial transformers and photoelastic coatings. Strain distributions 

and diam^iral changes as a function of applied load werfe obtained. 

Deviations from linear elastic theory were noted and discussed. Crack 

initiation and propagation were monitored with all th^ee experimental 

means.  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 

5.0. 

in 
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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 analysis 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 
to make the problem more complex. 

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,  rsoecially 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 rTrom the classical Kirsch solution (Ref.   5).     The stress 

distribution around a cylindrical hole in an infinite plate under a 

homogeneous state of biaxial stress   (Fig.   1)  is given by 

CT    « £   1(1 + m) (1 - ^)  + (1 - m) (1 - 4 ^ -h 3 *■)  cos2e 
L r r r 

ae " v 
2 4 

(1 + m) (1 + S_.)  -  (1 - m) (1 + 3 5_)  cos2e 
r r 

(1) 

Jre 
, ? 

2 L 
a2 a4 

-  (1  - m) (1 + 2 ^ - 3 S_.)   sin26 
r r 

where 

're =    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,  0    ■    polar coordinates of point in question 

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

are 

p 

0 

(1 + m)   - 2(1  - m)  cos2e (2) 
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Fig. 1  CIRCULAR HOLE IN AN INFINITE PLATE UNDER A HOMOGENEOUS 
STATE OF BIAXIAL STRESS 



Two cases of biaxiality were considered in this investigation, 

a uniaxial (m * 0) and a biaxial case corresponding to complete 

lateral restraint. For the uniaxial case, Eq. (2) above gives 

ae    - p (1 - 2 cos20) (3) 

For the biaxial condition corresponding to full lateral 

restraint, the lateral (horizontal) strain must be zero: 

- 0 (4) ex - 
1/ t ax " vcy _ vaz 

For an infinite thin plat« 
az - 0 

therefore. 

ax - may    - vay 

and 
m 

For an infinite mass (plane strain) the lateral restraint 

is the same in all directions,    ' 

(5) ( 7x " az " 
may 

and from Eq. 

TTI 

(4) 

Ul 1 - ~v 
For most rocks  v iü 0. 

(6) 

0.25, therefore, 

m Ä  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 Rowland (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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'ig.   2     STRESS DISTRIBUTIONS ALONG TWO AXES OF  SYMMETRY AROUND A 
CIRCULAR HOLS  IN AN INFINITE PLATE UNDER A UNIAXIAL   (m - 0) 
AND A BIAXIAL   (m »   1/3)   STATE OF  STRESS 
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Several aspects of this problem are of special Importance 

in the design of protective underground structures: geometrical 

parameters (shape of cavity, presence ami type of liner), loading 

parameters (dynamic 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 

one by no more than approximately ten percent.  Further studies were 

conducted later by Daniel (Ref. 11) using viscoelastic media.  Re- 

sults show that the dynamic viscoelastic stress concentration 

factor can exceed the static one appreciably in the early stages 

of engulfment of the cavity by the stress wave. 

2.  Tensile Failure 

For the unlaxial 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 

biaxial compressive loadings, specifically, for 

0<m<l/3 

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 magnitude of the applied load. 
A similar study using photoelastic models was made by Gettel  (Ref.   12) 



——'■——'^-^~"- 

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  a-t   exceeds  the uniaxial compressive 

8 

mtammmmmmmmmm 



Fig.   3     DISTRIBUTION OF  PRINCIPAL STRESSES AND  PRINCIPAL STRESS 
TRAJECTORIES   IN THE MATERIAL  SURROUNDING  AN UNFRACTURED 
HOLE FOR A BIAXIALITY RATIO OF m - 0.15.      (After Hoek, 
Ref.   3) 



CONTOURS   OF VERTICAL  EXTERNAL 
PRESSURE (PM) REQUIRED   FOR 
FRACTURE  AROUND   HOLE  UNDER 
PLANE  STRESS  CONDITIONS 

CONTOURS OF VERTICAL EXTERNAL 
PRESSURE (PAM REQUIRED FOR 
FRACTURE   AROUND HOLE   UNDER 
PLANE   STRAIN   CONDITIONS 

\ 

DOTTED CONTOURS   INDICATE 
FRACTURE   M   UNIAXIAL 
COMPRESSION                 I 

I 
I  

CRITICAL   CRACK   ORIENTATION   IN 
THIS   REGION   IS   AT    ID*   TO   THE 
PLANE   OF   THE   PLATE   MODEL 

CRITICAL   CRACK ORIENTATION 
(Vc) WITHIN  POTENTIAL  FRACTURE 
ZONE   FOR   PLANE   STRESS 

CRITICAL   CRACK  ORIENTATION 
(Yc)  WITHIN  POTENTIAL FRACTURE 
ZONE   FOR   PLANE  STRAIN 

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) 
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Fig.   5     DISTRIB'JTIUN OF   PRINCIPAL  STRESSES  AND   PRINCIPAL  STRESS 
TRAJECTORIES   IN  THE MATERIAL  SURROUNDING A HOLE WITH  CROWN 
AND BOTTOM CRACKS  FOR A BIAXIALITY  RATIO OF m - 0.15. 
(After Hoek,   Ref.   3) 
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CRITICAL   CRACK ORIENTATION 
Uc)  WITHIN POTENTIAL   FRACTURE 
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Fie    6    FRACTURE CONTOURS AND CRITICAL CRACK ORIENTATIONS  IN THE 
'        MATERIAL  SURROUNDING 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 compresslve 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  a^ moves away from the boundary.    The location and 
magnitude of this  tensile stress  is a function of the biaxlality ratio 
m.    The Griffith theory, as modified by Hoek  (Ref.  3), predicts  the 

®1 o maximum compresslve stress ratio —■ or applied stress ratio -*- at 
failure as a function of the local biaxlality ratio -~.     Depending 
on the applied load biaxlality  (m)  the local stress biaxlality   (k) 
may reach a critical value before compresslve failure occurs on the 
boundary.    This was  the case for m « 0.15 where Hoek  (Ref.   3)  pre- 
dicted such veak points away from the boundary  (Fig.  6)  and observed 
them experimentally. 

Following compresslve 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 biaxlality,   including the biaxlal- 
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 
compreF'Sive failure at the point of maximum stress concentration. 
Comprässive failures were observed for marble at leads approximately 
three times as  high as  those causing tensile cracking under uniaxlal 
cphditions   (Ref.   1).     Furthermore,  compresslve failure occurred at 

.theoretical maximum stresses only slightly higher than the com- 
presslve 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 

13 



Fig.   7     DISTRIBUTION OF  PRINCIPAL  STRESSES AND  PRINCIPAL STRESS 
TRAJECTORIES IN THE MATERIAL SURROUNDING A HOLE WITH CROWN 
AND BOTTOM CRACKS AND SIDE FRACTURE FOR A BIAXIALITY RATIO 
OF m = 0.15.     (After Hoak,   Ref.   3) 
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Fig 8 FRACTURE CONTOURS AND CRITICAL CRACK ORIENTATIONS IN THE 
MATERIAL SURROUNDING A HOLE WITH CROWN AND BOTTOM CRACKS 
AND SIDE FRACTURE FOR A BIAXIALITY RATIO OF m - 0.15. 

(After Hoek,  Ref.  3) 
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homogeneous uniaxial state of stress (Fig. 9), the stresses are; 

For the liner, i.e., for R..< r •< R, 

K = (ai - -r • V + ^4 - 2a-i 7 " 7 b-3 • ^ cos2e 

2 
re -cv     =   (aj^  + 

r 
6a 3 -j - 7 b_3  •  —%)  cosll (7) 

2 ^ r 

rre=  (3a3  ' J7 ~T " a-l  ' "7 * 7 b-3 ~^   sin2( 
r        " r 

and for  the plate,  i.e.,   for    r_>R, 

K-(1 -Ki • 7)+ <! -2 --1 R2 

"7 7^-3 
^2-)  cos2( 
r 

2 =   (1  + ^ ß.!   .  \-)   -   (1  - I p.3 \)  cos2e (8) 

rre="(1 +-.l  • 7+7ß-3   •  V  Sin2( 

where 

^l 
= 2(1+0 

V-L 1 ^1 ^) 

n     (1 + K) 

2(^ 
^1 

-  1W (^ -  1) (1 + Kl y 

iOHLfl    n^(n2   -  1)   (iL. . 1) 
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Fig.   9    GEOMErRICAL AND MATERIAL PARAMETERS  ENTERING ANALYSIS 
OF LINED CAVITY 
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=   - ^V^1   '^ -   1)   + n^   (1  + h M 

2(1 ± £ 
2(H_ l)-n^ 1) (1 + K.  E-.) v 1   M-j^^ 

. .       2(1   +   K) bi - -H^ 2s    .    6 (ii_ -  1)   (4 - 3nz)   + n0   (1 + \ ^-) n 

P-l  = 2   - 2(" - mi tu 
2(iL. . i)   . n^ (S7 " !)  - ^ + Kl U7> 1J 

P-3 
.2+2a±Jil 

L'l 
(H_ . 1) (4 n6  - 7n4 + 4 n2  - 1)  + 

+ n4   (n4  -  1)(1 +K    M 

=  2   - a-l    "  - D^   [^ 
IL+H   |(^.  i)(3n6  -en' + b n     -  I)   + 

6   .2 + nb   (n^   - 1) (1 + <,  Mj 

n    =,    |_    (see Fig. 9) 

Di =   (■: + k-)   n2 \(z~ - l)(3n4   - 6n2  + 4)  + n6(l + ^  ii_) 
■1^ 

+ ( -1 ^ -    )   CL- -  1)   + n6   (1 + K    L.) 

^Tl + v) 
=    shear modulus 
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1 + V 

Subscript 1 denotes liner material. 

The most critical stresses in the plate occur at 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 

2 "I ' ^ + -^ n2) - (4 - 6 a3 4 " ? b.3 n4) cos 26 
S £-3 n 

V;, ■  0 

and uhe stresses in the plate at the interface are 

| ar = (1 - jß^) +  (1 - 2^ - I P.3) cos2e 

I oe - (1 + Ip^) - (1 . 3 p_3) cos2e (10) 

|are= - (1 +a_l  +7P_3) sin2e 

Stresses for a biaxial state of stress would be obtained 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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2. 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. 

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

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

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

20 
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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 



3 in. 

Fig.   10     SPECIMEN GEOMETRY 
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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 
unllned cavities and cavities lined with hydrostone and aluminum 
liners.    The remaining eight specimens loaded biaxially were 
similarly unllned and lined with hydrostone and aluminum liners. 
Two of each of the unllned specimens were tested. 

Specimens  7 and 8 were lined with 2024-T4,  T351 aluminum 
(E = 10.6 x 10    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  (CaCOo)  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 10    psi,  a tensile strength  (at)  of 610 
psi and a compressive strength  (a )  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 
that 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. 

24 



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    psl 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 

M K + ^ G 

where 
K E 

3(l-2v)» bulk modulus 

yrrxn»   shear modulus 

Thus, the bonding film of epoxy has an effective modulus of approxi- 
mately 10    psl.    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 is 
manufactured by photo etching the grid on a special alloy foil which 
has been precisely rolled to a thickness ranging from 0.0001 in. 
to 0.0002  in.     For ordinary use at room temperature,  the grid is 
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bonded on a thin epoxy backing to electrically insulate it from 

the specimen.  The gage is bonded at a point of interest on the 

surface of a specimen with the grid oriented in a given direction. 

The strains which develop in the specimen due to applied loads 

are transmitted through the bonding cement to the gage and produce 

changes in the electrical resistance of the wire grid.  Proper 

instrumentation permits this resistance change to be precisely 

measured and interpreted in terms of average strain over the 

length of the grid. 

The extreme flexibility in the thin foil grid permits 

the gage to conform accurately to surface contours and facilitates 

installation on sharply curved surfaces. Foil gages with small 

grids (0.015 in. long x 0.020 in. wide) are commercially avail- 

able for measuring the strain at a point in a strain field where 

the gradient is very steep; e.g., near the boundary of a hole 

or in a small fillet. 

The electrical strain gage has its axis of greatest sensi- 

tivity in the direction of the grid.  If the principal directions 

are known in a biaxial stress field, gages are positioned to 

measure the principal strains directly. If the principal strains 

are not known, it is necessary to measure the normal strains in 

three directions to completely define the state of strain at a 

point.  In a biaxial stress field, measurements are generally 

made by means of a strain rosette.  Rosettes are strain gages 

which contain two or more strain sensitive elements or grids. 

These grids are positioned at a given orientation relative to 

each other on a single backing.  The most common two-gage rosettes 

are manufactured so that the grids are mutually perpendicular. 

The most common three-gage rosettes are manufactured so that the 

included angle between the individual grids is 45 degrees. 
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In the present Investigation foil strain gages were 
selected compatible with the rock materials to which they were 
applied.     High elongation gages with a strain range of + 10 
percent to + 20 percent were used.     (EP Series,  Micromeasurements, 
Division of Vishay Intertechnology,   Inc.)    Single element gages 
selected were of the type EP-08-250AF-120 and were applied at 
points where the strain was uniaxial and of known direction,   such 
as on the face of the specimen near the edge of the cavity in the 
tangential direction and on the inside surface of the cavity per- 
pendicular to its axis.    Two-gage rosettes selected were of the 
type EP-08-250TA-120 and were used at points where the principal 
strain directions were known such as the horizontal and vertical 
axes of symmetry.     Three-gage rosettes of type EP-08-250YA-120 
were used on the 45  degree radial lines of the specimen where the 
principal directions are now known a priori.    These high elongation 
gages have an active gage length of 0.250 in. and a self-temperature 
compensation of 08,   i.e.,  they are most compatibel with materials 
having a coefficient of thermal expansion equal to 8 ^iln./in./0F. 
Although this  does not quite match the coefficients of 4 + 1 u 
in./in./"F for marble and 5+2 uin./in./0F for limestone used, 
it was the only one available  in the high elongation series. 
However,   the errors  due to such a discrepancy are negligible.     Two- 
gage rosettes   (type  EA-13-062TT-120) were used on the edge of the 
liners.    All gages  except those used on the aluminum liners were 
bonded with a room temperature curing cement  (W.  T.   Bean,   Epoxy 
Cement Kit,  Type RTC).    A primer was applied to the back of the 
gage prior to bonding  (W.  T.  Bean,   EA-gage primer)  and a protective 
coating after bonding  (W.  T.  Bean,  Gagekote No.   3). 
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3. Displacement Transducers 

The most commonly used type of displacement transducer Is 
the linear differential transducer.    It has the form of a hollow 
cylinder with three windings,  one primary and two secondary, 
potted in plastic and a movable core of magnetic material supported 
on a shaft of nonmagnetic material inside the cylinder.    The primary 
winding is excited with the input voltage and the induced voltage 
in the secondary windings,  which is proportional to the displace- 
ment of the core,  is measured and related to the displacement.    The 
simplest type of differential transformer to use is the DC Dif- 
ferential Transformer which contains a built-in oscillator, phase- 
sensitive demondulator and filter.    This requires a DC input 
voltage and produces a DC output voltage proportional  to the 
displacement measured.     Two such transducers were used in the 
present investigation to measure the horizontal and vertical diame- 
tral changes in the cavity of the loaded specimen.     They were linear 
motion transducers with a + 0.100 in. displacement    range requiring 
a 6v DC input voltage  (G.  L.  Collins Corporation SS-102 and 
SS-103). 

The DCDTs were calibrated to establish the voltage-dis- 
placement relationship and were mounted in the specimen cavity as 
shown in Fig.  11.    The coils were inserted into specially made cups 
of Plexiglas and the probes were extended.    The assembly of coil 
and probe was spring-loaded so that the coil pressed against one 
side of the cavity and the   outer end of the probe the other.    The 
DCDTs were carefully aligned by eye guided by the axes of symmetry 
marked on the face of the specimen.    The DCDTs as mounted provided 
diametral chanj,: data for the horizontal and vertical diameters. 

4. Recording Instrumentation 

Strain gage and DCDT data were recorded by means of a digital 

data acquisition system.  This is a Hewlett-Packard system capable 

of recording sequentially analog signals from up to 200 channels. 
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Probes (Cores) 

Plexiglas 
Bases 

Cavity 

Fig. 11  MOUNTING OF DCDTs FOR MEASUREMENT OF HORIZONTAL AND VERTICAL 
DIAMETRAL CHANGES IN SPECIMEN CAVITY 
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The basic system consists of a guarded crossbar scanner set, an 

integrating digital voltmeter and a digital recorder. The scanner 

accepts up to 200 volts dc at its input terminals and feeds this 

into the digital voltmeter. The scanner control unit controls the 

scanning sequence and provides channel identification data to the 

digital recorder to identify the signal source. The digital volt- 

meter measures dc voltages and displays the readings together with 

decimal point, polarity and units on its front panel and supplies 

the same data to the digital recorder. The latter receives channel 

identification data from the scanner control unit and measurement 

data from the digital voltmeter and prints the data on paper tape. 

The system is capable of scanning and recording data to six place 

accuracy at a rate of up to nine channels per second. 

In the case of strain gage data, the voltage signals must 

be conditioned before they are fed into the scanner unit. In the 

present case, each gage element was connected as one arm of a 

Wheatstone bridge having standard 120 ohm resistors as the other 

three arms (Fig. 12). All bridges were excited by one dc power 

supply.  However, the excitation voltage of each individual bridge 

was adjusted by means of a potentiometer span control so that the 

voltage output of the bridge in [iv would be equal to the strain in 

liin./in. This excitation voltage is calculated as follows: 

For an excitation voltage V across a bridge, the bridge 

output AE for a gage resistance change of AR is given by (Ref. 16). 

AR
CT AE = V  S   -^ (U) 

(1 + r)2  Rg 

R2 
where r = ^— = ratio of resistances of two adjacent arms of the 

Rl 
bridge.  Noting that 

ARa 4^ = e S (12) 
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where S - gage factor 

F ■ strain, 

AE - V e S 
S (1 + v)1 

(13) 

The voltage output will be equal to the strain when the 

excitation voltage is 

2 

In the present case,     r ■ 1,   therefore, 

(14) 

V = 4 (15) 

A second potentiometer was provided for balancing of each 
individual bridge so that the output would be zero at zero load. 

(Fig.  12) 

After balancing the bridge and adjusting the excitation 
voltage as described previously,   the calibration was checked by 
means of a shunt calibration resistor.     This is done by introducing 
a known resistance  in parallel with the gage and comparing the bridge 
output with the calculated value.     Thus,  if for a shunt resistance 
R    the equivalent  resistance change across the gage arm of the bridge 
will be 

R 
AR. -S. 

g K + K g       c 
(16) 

and the equivalent strain will be 

AR R 

R (17) 
g g 
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The voltage output from each balanced and calibrated bridge 

was received by the scanner unit for the scanning and recording 

operation. The strain output from the gages was thus obtained 

directly on the printed tape of the system. 

5. Birefringent Coating Method 

While the conventional method of transmission photoelasticity 

is not feasible with opaque rock materials, the birefringent coating 

technique is ideally suited for determining the surface strains in 

such materials. Knowledge of the strain field and the stress-strain 

response for the rock enables evaluation of the stress field.  The 

birefringent coating method has been widely used in recent years in 

industrial and aerospace applications for measuring the in-plane 

principal stress or strain differences of metal and composite com- 

ponents.  Numerous academic studies have also been conducted to 

further develop the method and to establish the accuracy of the 

technique under various practical conditions. 

The birefringent coating technique consists of bonding a 

thin sheet of photoelastic material to the structure, in this case 

the rock. When the rock structure is loaded, the surface deformations 

and strains of the rock are transferred to the bonded coating and 

induce a birefringence in the latter.  The birefringence is observed 

and recorded by means of a reflection polariscope, where the 

polarized light traverses the thickness of the coating and is 

reflected back from a reflective layer provided at the interface 

between the coating and the structure.  Within the linear strain- 

optic range of the coating, the fringe patterns are directly related 

to the surface deformations (and strains) in the structure whether 

they are elastic or not. While «train gages provide point-by-point 

results, photoelastic coatings give full-field information.  Moreover, 

coatings provide instantaneous vis.ial observation of the strain 

field throughout the loading cycle. 
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At any generic point, the relative retardation fringe order 

n of the photoelastic coating is related to the difference in the 

in-plane principal strains in the rock E,, £2 by the strain-optic 

law; 

where 

t 

K 

f 

F2 ItK 
nf 

E 
7t~ (18) 

coating thickness 

wavelength of light 

strain sensitivity coefficient 

strain fringe value of coating material 

In those cases where the material response is linearly 

elastic, the observed birefringence in the coating is related to 

the principal stresses 

nf 
al  '  a2    '   JT- 

r,,  ao  in the structure  (rock)  by 

E 
(1 + v) (19) 

where E and v are the elastic modulus and Poisson's ratio of the 
material. 

The accuracy of the coating technique is  influenced by the 
mismatch in Poisson's ratio between the rock and coating.    While the 
Poisson's ratio for the rock materials was smaller than that of the 
coating,   the: mismatch effect can be minimized by using thin coatings 
as was done here.    However,   thin coatings produce fewer fringes as 
can be seen from Eq.   (18).     The mismatch in Poisson's  ratio becomes 
significant over a transition zone between a free boundary of a 
specimen and  the internal region. 

On a  free boundary the tangential strains  in the specimen 
and the coating are the same 

(20) 
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where superscripts s and c refer to structure and coating, respec- 

tively. 

The transverse strain in the coating, however, varies from 

e2C " e28 - -vS elS (21) 

at the interface, to 

e2C " -vC elC (22> 

at the free surface.    Thus,  the observed fringe order,   representing 
an average effect,  is a function of both Poisson's ratios and can 
be expressed as 

n 
(-1 + vS + Cv  (v

C  - vS) 
 j  

e 
2  t ei

S (23) 

where c    is a correction factor ranging in value from 1 at the 
boundary to zero away from it.    The transition region extends for 
about four coating thicknesses  from the boundary and the variation 
of the correction factor above must be established over this  region 
in order for the analysis to be valid.     This  transition region of 
course is reduced by reducing the coating thickness and is  com- 
pletely eliminated when the Poisson's  ratio of the rock equals that 
of the coating. 

On a free boundary where 0*1 and the normal and shear 
stresses vanish, the only nonzero stress is the principal stress 
parallel to  this boundary and is given by 

" S    -   7t ES ("TV? (24) 
1 1   +   V 

The choice of coating is also  influenced by the magnitude of 
the specimen strains,  the requirement being that  the strain-optic 
response of the coating material remain linear throughout  the range 
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of rock strains to be measured.  In this program, commercial bire- 

fringent coating type PS-l-8(0.08 in. thick) supplied by Photo- 

elastic, Inc. was used.  There sheets were bonded to the rock with 

a commercial adhesive, PC-7, obtained from the same supplier. The 

size and location of a typical sheet of photoelastic coating is 

indicated in Fig. 13.  In those cases in which the hole was rein- 

forced by a liner, the photoelastic coating extended to the inner 

boundary of the liner. 

6.  Method of Loading 

Of the 20 rock specimens tested, 12 were loaded in uniaxial 

compression and eight in biaxial compression, the latter with a 

horizontal compressive stress equal to one-third the vertical. 

The first uniaxially loaded specimen (limestone with unlined 

cavity) was tested in a 120,000 lb Riehle testing machine (Fig. 14). 

However, the capacity of this machine was found to be inadequate 

to carry the test to complete destruction of the specimen. The 

vertical load in all subsequent tests was applied by means of a 

1,000,000 lb Riehle testing machine (Fig. 15). This machine is 

equipped with an electro-balance load indicator with an accuraty of 

within 0.5 percent and applies a constant rate of strain in five 

speed ranges. The compression was transferred from the machine 

crosshead to the specimen by means of a specially fabricated rein- 

forced I-beam visible on top of the specimen in Fig. 14, A 1/4 in. 

thick aluminum plate and a neoprene rubber sheet were placed between 

the I-beam and the rock specimen with the rubber sheet in contact 

with the rock. A similar rubber sheet was placed between the bottom 

of the specimen and the bearing plate. Every effort was made to 

grind the loaded surfaces of the rock smooth and parallel. In all 

cases, preliminary low load tests were conducted and the far-field 

gages were monitored to check uniformity and alignment of the load- 

ing.  In most cases, some shimming was necessary to insure uniform 

loading. 
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Fig. 13 SIZE AND LOCATION OF BIREFRINGENT COATING 
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Fig.   15     EXPERIMENTAL  SET-UP  IN  1,000,000  LB  TESTING  MACHINE 
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The transverse   (horizontal)   loading In Che biaxial tests 
was applied by means of a hydraulic  fixture.     Figure 16 shows two 
views of this  fixture,   the top view showing the complete fixture 
while In the bottom view it  is partially disassembled.    The fixture 
consists of six independent reaction frames  stacked one on top of 
the other1.    Each frame consists of two parallel steel bars, 
3  in,  x 3 in.   in cross  section and 37-3/4 in.  long.    These steel 
bars were fastened at each end to short blocks,   3-1/8 in.  x 6 in.  x 
10 in.,  by means of 1-1/2  in.  diameter high strength bolts.    One 
of the  frames had a specially designed side member with a wide 
cutout to provide visibility of the photoelastic coating around 
the cavity.    One end of each reaction frame acted against one 
vertical edge of the  rock specimen while a hydraulic jack was 
located between the other end of the reaction frame and the speci- 
men.     These jacks were of 20-ton capacity,  corresponding to a 
hydraulic pressure of 10,000 psi.     (Model RC-251,   Enerpac,  Inc.) 
The force from each hydraulic ram was transferred to the specimen 
by means of an individual 6 in.  x 3 in.  x 2-1/4 in.  steel block. 
As with the vertica .  loading,  a neoprene rubber sheet and a 1/8  in. 
thick aluminum plate were placed in contact with the loaded edges 
to insure uniform load distribution.    The rams were positioned and 
aligned by means of a wooden frame  (Fig.   16-b) and were connected 
to a common manifold through high-pressure hoses.    An electric 
hydraulic pump was used in vhe beginning of each test to purge the 
system of air.     Subsequently,  load increments were applied,  simul- 
taneoisly with the corresponding vertical  load increments.    This 
was achieved by means  of a hand pump and measured with a Heise 
hydraulic gage. 
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(«) 

(b) 

Fig.   16    FIXTURE FOR TRANSVERSE LOADING  OF  ROCK SPECIMENS 
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SECTION IV 

PROPERTIES OF SPECIMEN MATERIALS 

1.     Rock Properties 

Both rock materials used have some degree of anisotropy 

due to the nature of their formation.     The limestone specimens 

were cut parallel to the bedding planes  so  that the properties are 

the same in the plane of the specimen.     In the case of the marble, 

slight bedding exists in the vertical direction (direction of load- 

ing)  and normal to  the plane of the specimen.    Properties of these 

rock materials were measured along all  three principal directions, 

the direction of loading,  direction perpendicular to that of load- 

ing and along the axis of the hole. 

The following rock properties were determined for both 

rock materials: 

• Tensile strength 

• Compressive strength 

• Static Young's modulus 

• Static Poisson's ratio 

• Static modulus of rigidity 

• Bulk density 

In addition,  Mohr envelopes were developed for both 

materials  in order  to ascertain their behavior under biaxial stress. 

a.    Tensile Strength 

This property was determined in accordance with the proposed 

ASTM procedure now under consideration.     Since this  test has not 

been released by ASTM,   its major features may be briefly indicated. 

The  test was  conducted on NX cores   (2-1/2 in.   dia) with an 

aspect ratio   (length/diameter)  of 2  to 2.5.     The sides of the speci- 

mens were smooth and straight to within 0.005  in.    The ends of the 
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core were cut parallel and at right angles to its longitudinal 

axis within 0.25 deg, i.e., approximately 0.01 in. in 2 in. The 

diameter of the specimens were measured to within 0.01 in.  The 

cores were tested dry under ambient conditions. 

Metal end caps, of the same diameter as the cores, were 

cemented to the specimens, ensuring alignment of the cap axes to 

within 0.001 in. of the longitudinal axis of the core. Link 

chains were then attached to these end caps and the specimen 

pulled in a tensile loading machine.  The load was applied con- 

tinuously, without shock, at a rate so that failure occurred in 

about 5 to 15 minutes.  At lease three tests were conducted for 

each rock direction investigated. 

b. Compressive Strength 

This property was also conducted in accordance with the 

proposed ASTM procedure which is not yet released. 

Again, the test specimens were NX cores (2-1/8 in. dia) 

with aspect ratios of 2 to 2.5. The sides of the specimens were 

smooth to within 0.005 in., and the ends parallel to each other and 

perpendicular to the longitudinal axis.  The ends were ground and 

lapped to within 0.001 in., and were perpendicular to the core axis 

to within 0.25 deg.  The diameters of the cores were measured to 

the nearest 0.01 in.  The tests were performed on air-dry specimens, 

under ambient conditions. 

The specimens were placed on spherically seated bearing 

blocks, and tested in a compression machine.  The hardness of each 

bearing surface directly in contact with the core ends was in 

excess of Rockwell C58.  The specimen and the ball-and-socket axes 

were carefully aligned prior to each test.  The load was applied at 

a constant rate, continuously, to cause failure in 5 to 15 minutes. 

At least three tests were performed for each rock direction 

reported. 
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c.     Elastic Constants 

A corapressometer was mounted on the rock specimen for the 
corapressive  strength tests.    This  instrument has DCDTs mounted in 
a frame so as  to measure axial and radial strains.    There were 
three DCDTs  for measuring axial strains and three for radial strains, 
A few tests were also conducted by affixing strain gages directly on 
to the rock specimen.    This procedure also complies with proposed 
ASTM requirements.    About 15 points were obtained for each stress- 
strain curve,  up to failure.     Typical stress-strain plots  for 
Indiana  limestone and Vermont marble are shown in Figs.   17-19. 

Young's modulus  (E)  is,  of course, obtained directly from 
the slope of the axial stress   (cO-strain (e_)  curve,   i.e.. 

E    -     -S- 
ea 

(25) 

Poisson's ratio  (v)  is given by the ratio of the lateral 
strain  (e  )   to axial strain (e_),   i.e., 

v    = (26) 

The negative sign implies  that  the radial strain is tensile on 
applying a compressive axial strain. 

Modulus of rigidity (|i) was computed from the simple rala- 
tion 

^     '    TTTZ^ (27) 

d. Bulk   Density 

This is readily determined by weighing each core specimen 

prepared for the tests and dividing this by the volume. 

e. Mahr  Envelopes 

These were prepared by subjecting  linear   1 in.   dia x 2 in. 
long  rock specimens to triaxial  stress.     The axial stress  to  failure for 
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each confining pressure  is  noted and used  to  draw a Mbhr circle. 
In addition,  Mohr circles  are plotted from uniaxial tensile and 
compressive strength data.     The curve tangential  to all these 
circles  is  the M^hr envelope. 

For any point subjected to a biaxial state of stress,   the 
stress  conditions along any plane are given by 

n    =    -i-j—i    +    -L-y—i    cos2e (28) 

and 

where 

T    =    -  1/2(0,   -  ao)   sin20 (29) 

a    -    normal  stress 

T    ■    shear stress 
a-i     ■    maximum principal stress 

ao    ■    minimum principal stress 

9    -    is  the angle of inclination of the plane 
under consideration with  respect  to  a-i. 

al   '  a3 If we put am -   (c-^  + a3)/2,   Tm ■  (-=-"2 ),  and eliminate  6 

between these two  equations,  we get 

This  is  the equation of Mohr's circle. 

Mahr's  failure  theory postulates  that a material will fail 
when  the shear stress    T    on a  fracture or slip plane increases beyond 
a value dependent upon the normal stress  a on that plane,  i.e.,  at 

failure 

T    =    f(a) (31) 

or when the largest  tensile principal stress   (a,)   attains a limiting 
value   (i.e.,   its  tensile  strength,  a.),   i.e. 

rt 
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These relationships must be determined experimentally, and are In 
fact the Mohr envelopes generated as  Indicated earlier.    Mohr's 
theory Implies that the  Intermediate stress,   cu,  does not Influence 
failure. 

It can be readily shown that when the Mohr envelope Is 
elliptical It coincides with the failure curve predicted by 
Griffith's criterion.    When the envelope becomes a straight line, 
it represents the Navier-Coulomb theory. 

In order to conduct the triaxlal test experiments mentioned 
above,   the ends of the rock cores are ground and lapped smooth. 
The specimens are then inserted in a polyethylene tube and placed 
in a triaxiil cell.    A schematic of this cell is  shown in Fig.  20. 
Hydraulic oil is pumped into the annulus around the circumference 
of the specimen to provide the confining pressure.    The entire cell 
is placed on a spherically seated block,  and the core subjected to 
axial stress by means of a compression loading machine.    Cores  from 
at least two directions were taken from each rock type and triaxlal 
tests run at 3 or 4 confining pressure levels. 

Mohr's envelopes  developed for Indiana limestone are given 
in Figs.  21 and 22, and those for Vermont marble are depicted in 
Figs.   23 and 24.    Photographs of Indiana limestone cores retrieved 
from the triaxlal tests are shown in Fig.  25,  and those for Vermont 
marble in Fig.  26.    Shear planes of failure and barreling of the 
cores at high confining pressures are evident in these figures, 
although the former are more readily observed in Fig.   25 and the 
latter is more pronounced in Fig.  26. 

f. 

follows 

1. 

Mechanical Properties Data 

Property data for Indiana limestone may be tabulated as 

Static Young's Modulus (E) 

(along direction of loading) 

(perpendicular to direction of loading) 

(along axis of hole) 

3.8 x 10° psi 

2.3 x 106 psi 

3.6 x 106 psi 
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Confining 
Pressure Oil 

To Confining ■ 
Pressure Pump 

*• To Hydraulic Gage 

O-Rings 

Tie Rods (6) 

ylindrical Tube 

Rubber Covering 

Rock Specimen 

O-Ring 

Fig. 20 TRIAXIAL TEST CELL 
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a) b) c) 
Fig.25  INDIANA LIMESTONE SPECIMENS SUBJECTED TO TRIAXIAL 

COMPRESSION. 
Confining pressures a) 2000 psi 

b) 4500 psi 
c) 6000 psi 

a)      b)      c) 
Fig.26 VERMONT MARBLE SPECIMENS SUBJECTED TO TRIAXIAL 

COMPRESSION. 

Confining pressures: a) 4000 psi 
b) 6000 psi 
c) 8000 psi 
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Static Poisson's Ratio (v) 

(along direction of loading) 0.21 

(perpendicular to direction of loading)      0.20 

(along axis of hole) 0.22 

Static Modulus of Rigidity (u) - 

computed from E and v above 

(along direction of loading) 1.6 x 10 psi 

(perpendicular to direction of loading)      1.2 x 10 psi 

(along axis of hole) 1.5 x 10 psi 

Bulk Density - 140 Ib/cu ft (i.e., 2.25 gm/cc) 

Compressive Strength (a ) 

(along direction of loading) 4,710 psi 

(perpendicular to direction of loading)      6,620 psi 

(along axis of hole) 7,910 psi 

Tensile Strength (cO 

(along direction of loading) 630 psi 

(perpendicular to direction of loading)      630 psi 

(along axis of hole) 600 psi 

Properties data for Vermont marble were determined to be: 

1. Static Young's Modulus (E) 

(along direction of loading) 

(perpendicular to direction of loading) 

2. Static Poisson's Ratio (v) 

(along direction of loading) 

(perpendicular to direction of loading) 

3. Static Modulus of Rigidity (u) - 

computed from E and v above 

(along direction of loading) 

(perpendicular to direction of loading) 

4. Bulk Density - 169 Ib/cu ft (i.e., 2.71 gm/cc) 

7.9 x 10° psi 

6.5 x 106 psi 

0.24 

0.22 

3.2 x 10" psi 

2.7 x 106 psi 
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5. Compresslve Strength (a ) 

(along direction of loading) 

(perpendicular to direction of loading) 

6. Tensile Strength (cO 

(along direction of loading) 

(perpendicular to direction of loading) 

9,700 psl 

11,370 psl 

24, 

1,010 psl 
700 psl 

Data along the axis of the hole were not taken. 

Mohr's envelopes for both rocks are given In Figs.  21 through 
as already mentioned. 

g.    Petrographlc and Mineralogie Descriptions 

The rocks were examined both macroscoplcally in hand speci- 
mens and microscopically in slides. 

Indiana limestone;    Indiana limestone or Indiana marble is 
the trade name for the rock formation spergen limestone.    This 
formation belongs to the Meramec group,  is Mississlppian in age 
and is quarried in Southern Indiana.    The formation was called the 
Bedford limestone but is now termed the spergen limestone by the 
U.S. Geological Survey.    The Indiana and Illinois Geological Surveys 
use the term Salem limestone. 

The limestone is a gray, well cemented spergenite composed 
of 

fossil fragments 
oolites 
cement 
pore space 

30 percent 
40 percent 
20 percent 
10 percent 

The fossil fragments are predominantly Globagerlnia Foraminifera, 
ostracodes,  coral stems, brachiopod shells, and crinoid stems.     The 
oolites showed a thin outer coating but were rather homogeneous 
inside.    Grain size of the oolites and fossil fragments ranged from 
1.5 to 3nim. 

The grain cement is primarily crystalline calclte  (bio- 
sparite and biomicrite) with some calclte grains lining occasional 
vugs in the rock.    The cement tends to have a "sub-poikl- 
loblastic" texture.     Some of the bioclastic fragments, which are 
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included in the grains of cementing calcite have  the same optic 
orientation as  the neighboring calcite grains,  implying the 
existence of an equivalent environment and the action of anisotropic 
forces. 

Vennont marble;     The rock is a white marble composed of 
over 98 percent calcite grains 0.05 to 0.5mm long.     The grains appear 
equant.     Light green and brown streaks swirl through the rock over 
8  to  12  inches.    Most of the color is a result of atom impurities 
in the calcite crystal structure.     However,  less  than one percent 
of the rock is a sericite-zoisite type mineral.     The rock does not 
show any metamorphic lineations or remnant sedimentary bedding. 

The mineralogic composition of the marble is 

Calcite 98 percent 
Quartz 1 percent 
Black opaque minerals      1 percent 

The quartz grains range from 0.04 to 0.3mm in size.     The opaque 
minerals  average 0.05mm. 

2.     Hydros tone 

One of the liner materials chosen was hydrostone, which has 

a modulus lower than either rock medium used.  The hydrostone 

powder was mixed with one-third of water by weight and cast in 

molds made by two concentric cylinders lined with mylar.  Simul- 

taneously with the liners, solid cylinders and dogbone specimens 

were cast for material property determination. 

Compression properties were obtained by tesing a cylindrical 

specimen instrumented with strain gages. The specimen was a solid 

cylinder, 1.727 in. in diameter and 4 in. long, instrumented with 

two-gage rosettes (Micromeasurements, type EP-08-250TA-120) at three 

locations 120 deg apart around the circumference. The specimen was 

loaded in increments to failure and strain readings were recorded 

at each load level. The applied compressive stress was plotted 

versus the longitudinal and transverse strains averaged for the 

three locations in Fig. 27. The following results were obtained 

from this test. 
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■5,000 

2.16 x 106 psi 
0.24 
4,400 psi 

1,000 2,000 
Strain,  e,   (u in./in.) 

Fig.   27     LONGITUDINAL AND TRANSVERSE STRAIN VARIATION 
IN HYDROSTONE COMPRESSION SPECIMEN 
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Modulus: E =    2.16 x 10 
Poisson's  ratio: V =    0.24 

Compressive strength: Cr =    4,400 psi 

6 psi 

Tensile properties were obtained by testing a dogbone speci- 

men instrumented with strain gages.  The specimen had a rectangular 

cross section of 0.349 in. x 0.305 in. and was instrumented with two 

rosettes on two opposite faces near the center.  It was loaded in 

increments to failure.  The applied tensile stress was plotted versus 

the longitudinal and transverse strains averaged for the two locations 

in Fig. 28.  The following results were obtained from this test: 

Modulus:  E - 2.25 x 106 psi 

Poisson's ratio:  v - 0.27 

Tensile strength:  c  = 610 psi 

The Young's modulus seems to be the same in tension and 

compression. The apparent difference in Poisson's ratio is rather 

due to the wider scatter in the transverse strain readings in the 

tension test.  The strength properties are almost an order of 

magnitude apart as expected.  The tensile strength is almost the 

same as that of Indiana limestone, and the compressive strength is 

a little lower than that of limestone.  Compared to the Vermont 

marble used here, the strengths of hydrostone are roughly half of 

the corresponding values for marble. 

3.  Aluminum 

As mentioned earlier, two types of aluminum were used as 

liner materials.  Specimens 7 and 8 were lined with 2024-T4, T351 

with a modulus of E = 10.6 x 10 psi and specimens 11, 12, 18, and 

20 were lined with 6061-T6 aluminum with a modulus of E - 10.0 x 

10 psi.  Poisson's ratio for both types is v * 0.33. 
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Fig.   28     LONGITUDINAL AND TRANSVERSE STRAIN VARIATION 
IN HYDROSTONE TENSION SPECIMEN 
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SECTION V 

STRESS DISTRIBUTION AND FRACTURE AROUND UNLINED CAVITIES 

IN ROCK UNDER UNIAXIAL LOADING 

I.  Specimen No. 1 - Limestone Unlined Under Unlaxial Loading 

a.  Experimental Procedure 

Specimen No. 1 consisted of a limestone plate of dimensions 

36 in. x 24 in. x 2.50 in. thick with a 4 in. diameter centrally 

located hole.  The hole was unlined.  Strain gages were applied 

along the horizontal and vertical axes of symmetry, and along the 

45-degree radii (Fig. 29).  Two-element gages were employed along 

the axes of symmetry while three-element gages were applied on the 

45-degree radii.  Strain gages were also applied to the transverse 

surface of the hole both on the axes of symmetry and at the 45- 

degree locations.  Temperature compensation was assured by applying 

gages to unloaded limestone samples located adjacent to the test 

specimen.  Diametral changes were monitored with two DCDTs inserted 

along the horizontal and vertical directions.  Full-field surface 

strains were visually observed and photographically recorded 

throughout part of a quadrant of the specimen by means of a bire- 

fringent coating. 

The instrumented specimen was loaded vertically in the 

previously discussed 120,000 lb Riehle Testing machine (Fig. 14). 

Alignment was checked by preliminary loadings to 10,000 lb 

(p - 167 psi) and monitoring the free-field strain gages plus those 

on the transverse surface of the hole.  Some shimming was necessary 

to insure uniformity of loading.  During the actual test, the speci- 

men was loaded in approximately 5,000 lb (84 psi) increments up to 

120,000 lb, strain gage and DCDT outputs recorded for all load 

levels. Subsequently, the specimen was unloaded and then reloaded 

to 130,000 lb.  At this load, failure progressed with time as 

shown below.  The strain gage and DCDT readings were recorded by 

means of the Hewlett-Packard Digital Data Acquisition system 

described previously.  Unbalanced bridges were employed.  Photo- 

elastic patterns of the photoelastic coating were recorded at 

selected load levels with a portrait camera. 
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b.    Results and Discussion 

Isochromatic  fringe patterns  for  two load levels are 
shown in Fig.  30.     The average stress   (on gross area) of the 
bottom photograph was 1,000 psi while that at the top pattern was 
2,000 psi.    According to  fringe patterns  such as those of Fig.   30, 
crack initiation occurred at a vertical load of approximately 
75,000 lb  (1250 psi)   at  the tensile region at  the bottom of the 
hole. 

At the stress level of p » 2,000 psi,  the following 
results are obtained from the photoelastic data. 

At the 270 degree location,  the fringe order is 2,3 which 
corresponds  to 

e1    -    e2    -    876 x 2.3    ^    2,020    uin./in. 

For a coating Poisson's  ratio  of, 

v    -    0.40 

£2    "    " T72$   "    -1'450  ^in-/in- 

At the 180 degree location, the fringe order is four which would 

correspond to a principal strain difference of 

el " e2 * 3»500 M-in./in. 

(The resolution to  individual strain components would be meaning- 
less  in this extensively cracked area.) 

Upon unloading and then reloading  to p ■ 2,170 psi the 
cracked region extended with the increase  in load to a distance of 
approximately 2 in.   from the boundary of   the hole  (Fig.   31).     Under 
constant load then it exhibited creep fracture characteristics and 

the  cracks extended  further as shown in this  figure. 
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Fig. 30 ISOCHROMATIC FRINGE PATTERNS IN PHOTOELASTIC COATING 
OF SPECIMEN NO. 1 INDICATING CRACKING IN THE ROCK 
ALONG VERTICAL DIAMETER OF HOLE. (TOP: AT p = 2,000 PSI; 
BOTTOM: AT p = 1,000 PSI UNLOADED FROM 2,000 psi) 
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Fig.   31     ISOCHROMATIC FRINGE  PATTERNS  IN  PHOTOELASTIC  COATING 
AROUND  HOLE OF  SPECIMEN NO.   I  SHOWING  CRACK EXTENSION 
UNDER  CONSTANT LOAD   (PHOTOGRAPHS  WERE TAKEN AT  5  MIN 
INTERVALS  AFTER REACHING   2,170   PSI) 
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Diametral changes for specimen No. 1 measured with the DCDTs 

are plotted In Fig. 32 as a function of applied stress.  Vertical 

diametral changes are linear up to approximately 1,250 psl, the 

stress level at which cracking Initiated.  The curve for the hori- 

zontal deflection does not go through zero, possibly due to an 

Initial drift of the DCDT.  However, when shifted horizontally until 

it passes through zero it shows the same characteristics as the curve 

for the vertical deflections.  The deflections per unit of applied 

stress in the linear range are: 

-^ - 1.3 x 10"° in./psl 

-J- = -2.7 x lO'6 in./psl 

Strain-gage readings along the horizontal, vertical and 45- 
degree radii for specimen No.   1 are plotted as a function of applied 
stress in Figs.   33 through 38 with radial  location as a parameter, 
while the compresslve strain distribution along the horizontal axis 
is plotted in Fig.   39 for two load levels,   75,000 lb  (p = 1,250 psl), 
the proportional limit and 120,000 lb  (p « 2,000 psl),   the maximum 
load at which readings were taken.     Some stress and strain redis- 
tribution did take place as evidenced by the increased strain con- 
centration ratio from 3.4 to 3.5   (Fig.   39).     From Figs.   33  through 
36,  it is seen that   the far-field strains  remained linear through- 
out the test.     (Some curves not passing through zero were shifted 
horizontally until they did.)    On the basis of these far-field 
readings,  both on the horizontal and vertical axes,  the following 
modulus and Polsson's ratio were determined  (Ref.   6)  for the 
limestone 

=    4.8 x 10' 
-    0.22 

psl 

The previous Indications  (photoelastic coating and diametral 
changes)  that cracking initiated at approximately p = 1,250 psl is 

confirmed by the response of the horizontal strain on the vertical 
axis at the hole boundary.        This strain increased linearly up to 
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Fig.   32     DIAMETRAL CHANGES AS  A  FUNCTION OF APPLIED STRESS 
FOR SPECIMEN NO.   1   (UNLINED  LIMESTONE UNDER UNIAXIAL 
LOADING) 
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Distance, - 

Fig. 39 COMPRESSIVE STRAIN DISTRIBUTION ALONG HORIZONTAL AXIS 
FOR TWO LOAD LEVELS - SPECIMEN NO. 1 
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a stress of 800 psi, thereafter it increased at a gradually increas- 

ing rate up to the crack initiation level of 1,250 psi, subsequent 

to which it increased at an enormous rate.  Strains along the 

45-degree direction were first plotted as recorded (Figs. 37 and 38) 

with F , Eu,;p  designating rosette strains along the radial direction 

and at 60 degree and 120-degree directions from the radius (measured 

counterolockwise).  Subsequently, principal strains were computed 

using the rosette equations and are plotted in Fig. 40,  Principal 

directions were similarly computed and plotted versus stress for 

two radial locations in Fig. 41.  As ex; -»cted, the principal 

directions are constant in the linear region and deviate slightly 

at the higher stress levels where some nonlinearities and redistri- 

bution occur.  The angle between the 45-degree radius and the principal 

tensile stress direction, measured clockwise, varies from 37-1/2 

degrees to 43 degrees between radial locations r = 1.5a and r = 3a. 

Of course, the principal directions will approach zero degrees at 

r = a and 45 degrees very far from the hole. 

2.  Specimen No. 2 - Limestone Unlined Under Uniaxial Loading 

a.  Experimental Procedure 

Specimen No. 2 consisted of a limestone block of dimensions 

36 in. x 24 in. x 16 in. thick with a 4 in. diameter centrally 

located unlined hole.  This is similar to the previous specimen 

except for the increased thickness.  As in the case of specimen 1 

(Fig. 29), strain gages were applied along the horizontal and 

vertical axes of symmetry, and along the 45-degree radii.  Two- 

element gages were employed along the axes of symmetry while three- 

element gages were applied on the 45-degree radii.  Strain gages were 

also applied to the transverse surface of the hole both on the two 
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axes of symmetry and at the 45-degree locations (Fig. 42). Tem- 

perature compensation was assured by applying gages to unloaded 

limestone samples located adjacent to the test specimen.  Diametral 

changes were monitored with two DCDTs Inserted along the horizontal 

and vertical directions.  Full-field surface strains were visually 

observed and photographically recorded throughout part of a 

quadrant of the specimen by means of a blrefrlngent coating. 

The Instrumented specimen was loaded In the previously 

discussed 1,000,000 lb testing machine (Fig. 15). The specimen was 

aligned as was specimen No. 1.  The strain gage and DCDT data were 

recorded using unbalanced bridges and the previously described 

Hewlett-Packard Digital Data Acquisition system. The specimen was 

loaded In Increments of 50,000 lb (p - 130 psl). 

b. Results and Discussion 

Initial cracking of the specimen, as noted in the photo- 

elastic fringe patterns In the coating, occurred at approximately 

300,000 lbs (780 psl).  The load was subsequently Increased to a 

mean stress (based on gross area) of approximately 912 psl 

(350,000 lb) and maintained there.  The crack Initially increased 

only slightly and then suddenly propagated throughout the entire 

length of the specimen with a snap (Fig. 43).  Isochromatic fringe 

patterns at this stress level and at a subsequently increased load 

of 400,000 lb (p - 1,040 psi) are shown In Fig. 44. 

Diametral changes for specimen No. 2 as measured by the 

DCDTs are plotted in Fig. 45 as a function of applied stress. Both 

the horizontal and vertical diametral changes are linear up to an 

applied stress of approximately 640 psl, somewhat lower than 780 

psl when cracking was manifested in the photoelastic coating. 

(Both .curves have been shifted horizontally to pass through zero.) 

In the linear range, the deflections per unit of applied stress are 

-£ - 1.5 x 10 0 in./psl 

_v 
P 

- -2.7 x 10"6 in./psi 
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Fig    43     LIMESTONE SPECIMEN NO.   2  AFTER CRACKING  ALONG VERTICAL 
AXIS  OF  SYMMETRY 
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Fig.   44     TSOCHROMATIC FRINGE PATTERNS  IN PHOTOELASTIC COATING 
INDICATING  CRACKING   IN  TUE ROCK ALONG VERTICAL DIAMETER 
OF  HOLE  (T.P:   AT p  =  912   PSI;   BOTTOM:   AT p  =  1,040  PSI) 
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Fig. 45  DIAMETRAL CHANGES AS A FUNCTION OF APPLIED STRESS 
FOR SPECIMEN NO. 2 (UNLINED LIMESTONE UNDER UNIAXIAL 
LOADING) 
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Strain gage readings along the horizontal,   vertical and 
45-degree radii are plotted as  a function of applied stress  in 
Figs.  46  through 50 with radial  location as  a parameter, while the 
compressive strain distribution along the    horizontal axis is 
plotted in Fig.  51 for applied stress levels of 520 and 780 psi, 
respectively.    Again,  some yielding occurred as  indicated by the 
increased strain concentration factor from 4.0 to 4.2. 

Figures 48 through 50 substantiate the diametral-change 
information that cracking initiated along the vertical axis at 
about the 650 psi level.     The strains near the hole on the vertical 
axes  rapidly increased at this  load, particularly  those measured by 
the gages on the flat,  vertical  faces of the specimen. 

On the basis of the  far-field strains  for the linear 
portion  (Figs.  46 through 49),   the following modulus and Poisson's 
ratio were determined for the limestone of this  test. 

E    -    5.5 x 106 psi 

v    -    0.23 

The as-recorded strains along the 45-degree radial direction 
on the boundary of the hole are plotted in Fig.   50.     Principal 
strains  computed from rosette strain gage readings are plotted in 
Fig.   52,  while Fig.   53 contains  the variation of the principal 
directions  for two radial positions.    While the  tensile principal 
strains  are small and remain linear throughout the loading,  the 
larger compressive principal strains on the 45-degree direction do 
become nonlinear at the higher stress levels.    The principal 
directions are essentially constant up to the neighborhood of 600 
psi at which time redistribution of load occurs,   in part due to 
the initiation of cracking,  and the principal directions rotate. 
As  the radial distance along the 45-degree axis changes from 
r = 1.5a to r = 3a,   the principal direction as measured clockwise 
from the radial direction to  the largest principal strain    e,. 
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Increases  from 39 to 40 degrees.     The nature of the subsequent 
cracking was  such as to cause the principal direction at the smaller 
radial distance to rotate toward the vertical whereas  the tensile 
principal stress at r ■ 3a rotated to eventually become horizontal, 
Indicating that at that position the specimen was essentially a 
column subjected to vertical compression. 

3.    Comparison of Specimens No.   1 and 2 

Specimens No.   1 and 2 were both unllned limestone subjected 
to unlaxlal compressive loading.     The only difference between the 
specimens was  that while specimen No.   1 was only 2-1/2  In.   thick, 
specimen No.   2 was  16 In.   thick.     Upon loading,  specimen No.   1 
cracked at an applied stress of approximately 1,250 psl, whereas 
crack initiation commenced in specimen No.  2 in the vicinity of 
640 psl.     This  reduced fracture strength of the  larger specimen la 
probably due  to the so-called size effect in which the probability 
of having a catastrophic flaw in a critical location Increases with 
increased volume at the elevated stressed regions   (Ref.   17).     While 
both the stresses and strains were much lower,  an appreciably 
greater strain concentration factor occurred in the thicker speci- 
men  (Figs.   39 and 51),  even prior to apparent cracking.     The ex- 
cessive size of specimen No.   2 did pose difficulties  in loading 
uniformly.     From other results,   the excessively high strains at the 
hole resulted,  in part,  from slight nonuniformlty in the applied 
loading. 

For both specimens,  cracking occurred vertically along the 
vertical axis,   in both cases commencing at the hole  - as predicted 
by the elastic analysis.    At the crack initiation in specimen No.   1 
at p = 1,250 psl,   the horizontal tensile strain on the vertical 
axis at the boundary of the hole was e    ■ 335 uin./in.  which based 

6 on an elastic modulus of 4.8 x 10    psl,  corresponds  to a computed 
er        at fracture of 1600 psl.     This  is much higher than the tensile max a 

fracture strength of 630 psl determined from unlaxlal specimens 

93 



(Section IV).    In the case of specimen No.  2,  appreciable yielding 
in the horizontal direction occurred along the vertical axis in the 
vicinity of the hole before cracking ensued,  hence it is notposslble 
to evaluate the maximum tensile stress at failure using Hooke's law. 

In the two unlined,   uniaxially loaded limestone specimens, 
the computed Polsson's ratio was essentially 0.22  in both cases,  in 
agreement with the value of 0.23 determined from uniaxially loaded 
specimens.    The Young's moduli of 4.8 x 10    psi and 5.5 x 10    psi 
obtained from specimens No.   1 and 2,  respectively,  are somewhat 
higher than the value of 4 x 10    psi determined from the unlaxlal 
specimens. 

4.     Specimens 3 and 4 - Marble Unlined Under Unlaxlal Loading 
a.     Experimental Procedure 

Specimens No.  3 and 4 were both 24 in.  x 36  in.  slabs of 
marble,  each containing a 4 in.  diameter centrally located unlined 
hole.     Specimen No.   3 was 3.25 in.  thick while specimen No. 4 was 
3.28  in.   thick.    Both specimens were subjected to unlaxlal com- 
pression using the previously described 1,000,000  lb testing machine. 
Two-element strain gages were applied on the faces of the specimen 
along the horizontal and vertical axes of symmetry, while three- 
element gages were applied along the 45-degree directions,  similar 
to that in Fig.  29.    As  in the previous cases,   far-field gages on 
the horizontal and vertical axes of symmetry were located on both 
the  front and back faces of the slab,  as were the single-element 
gages  around the edge of the hole.    Temperature compensation was 
achieved by adhering corresponding gages to unloaded marble speci- 
mens,   the latter placed close to the specimen being tested. 
Diametral changes were monitored by DCDTs  inserted into the hole 
along the horizontal and vertical directions.     Full-field strains 
were observed and recorded by means of a birefringent coating 
adhered to the specimen surface.    As with previous  tests,  specimen 
alignment was checked by low level preliminary loading and monitor- 
ing the far-field gages plus  those in the vicinity of the hole. 
During actual testing,   the  instrumented specimen was loaded in 
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approximately 15,000 lb (?=s 192 psi) load increments. Strain gage 
and DCDT readings were recorded with the Digital Data Acquisition 
system, using external balanced bridges. The photoelastic fringe 
patterns were photographed at  selected load levels. 

b.    Results and Discussion 

A sequence of isochromatic  fringe patterns  at various stress 
levels  for  specimens No.  3 and 4 is illustrated in Figs. 54  and 55 , 
respectively.    The applied average stress is indicated below each 
frame.    According to these  fringe photographs,  cracking again 
commenced in the region of high tensile stress along the vertical 
axis on the boundary of the hole,   as predicted by the theory.    Fringe 
records  indicate that cracking started at an applied stress of 
approximately 1,685 psi in specimen No.  3 and at about  1,900 psi in 
specimen No.  4.    The extremely dense fringe patterns  in the neighbor- 
hood of the propagating crack is visible in both specimens. 

Diametral changes measured with the DCDT's are plotted in 
Figs. 56  and 57 as functions of applied stress.    The curves for 
specimen No.  3  (Fig. 56) are  linear up to about 1,600 psi, whereas 
those  for specimen No. 4  (Fig.  57)  become nonlinear at about 1,900 psi, 
These stress  levels agree with the visible onset of cracking discussed 
previously.    The deflections per unit of applied stress  in the linear 
range for specimen No.  3 -^re 

-£    =    0.6 x 10"6 in./psi 
P 

-^    =  -1.5 x 10'6 In./psi 
P 

The corresponding values for specimen No. 4 are 

-£• =  1.1 x 10 0 in./psi 

^ = -1.2 x 10"6 in./psi 
P 
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P=  1885 psi PT2l60psi P=2540psi 

P= 2685 psi P= 2950 psi P» 3100 psi 

Fig. 54 SEQUENCE OF ISOCHROMATIC FRINGE PATTERNS IN PHOTOELASTIC 
COATING INDICATING CRACKING IN THE ROCK ALONG THE VERTICAL 
AXIS OF SYMMETRY OF SPECIMEN NO. 3 (UNLINED MARBLE UNDER 
UNIAXIAL LOADING) 
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Fig.   55     SEQUENCE OF ISOCHROMATIC FRINGE PATTERNS  IN PHOTOELASTIC 
COATING INDICATING CRACKING  IN THE  ROCK ALONG THE VERTICAL 
AXIS OF SYMMETRY  OF SPECIMEN NO.   4   (UNLINED MARBLE UNDER 
UNIAXIAL LOADING) 
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While the vertical deflections for the two specimens agree well, 

there is some discrepancy between the horizontal deflections. 

Strain gage readings along the horizontal, vertical and 

45-degree directions are plotted versus applied stress for specimen 

No. 3 in Figs. 58 through 61, with radial location as parameter. 

The corresponding results for specimen No. 4 are plotted in Figs. 

62 through 66. On the basis of the far-field gages on both the 

horizontal and vertical axis of symmetry, the following modulus and 

Poisson's ratio were computed for the marble of specimen No. 3. 

E - 8.3 x 106 psi 

v - 0.25 

The corresponding values for specimen No. 4 are 

E - 8.0 x 106 psi 

v - 0.28 

Consideration of the strains along the vertical axis of 

symmetry of specimen No. 3 (Figs. 60 and 61) confirms the previous 

indications that crack initiation occurred at an applied stress of 

approximately 1,600 psi. At this load level, horizontal and 

vertical strain profiles in the neighborhood of the hole for top 

and bottom of hole and front and back faces deviate (Figs. 60 and 

61). Again, strains in the neighborhood of cracking increased 

rapidly. The strains along the horizontal axis remained linear at 

least up to crack initiation at 1,600 psi with the high compressive 

strains near the hole remaining linear well beyond this point.  On 

the other hand, tensile nonlinearittes associated with yielding did 

occur in the high strain region along the vertical axis in the 

vicinity of the hole (Fig. 60). 

The vertical and horizontal strains along the horizontal 

axis of specimen No. 4 (Figs. 62 and 63) remain linear at least up 

to 1,900 psi. The horizontal (tensile) strains along the vertical 
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axis in the neighborhood of the hole increase abruptly at p • 1900 

psi, confirming the previous indications that crack initiation 

occurred at this stress (Figs. 65 and 66).  Moreover, crack growth 

along the vertical axis is apparent by observing how the strains 

at subsequent locations increase abruptly (Fig. 64).  Considera- 

tion of Fig. 66 shows that upon crack initiation, redistribution 

of the stress and strain fields along the vertical axis are such 

that the' vertical compressive strains in the immediate vicinity 

of the hole decreased with increased applied stress while those 

more remote from the crack continued to increase, although at a 

reduced rate. 

From Figs. 58 and 62, the strain concentration factor 
(ratio between the vertical strain at the edge of the hole and the 
far-field vertical strain) for specimens No. 3 and 4 in the linear 

ranges is 

k  - 3.35 
e 

Strains along the 45-degree radius were  first plotted as 
read  (Fig.   67  for specimen No.   3) with e  ,   eu,  e    designating 
rosette strains along 1 He radial,  60-degree and 120-degree 
directions,   respectively  (measured counterclockwise  from the 
radius).     Subsequently,  principal strains were computed using 
the rosette equations and plotted in Fig.  68.    Principal directions 
were similarly computed and plotted versus stress  for two radial 
locations.   Fig.  69.    The princioal strain profiles remain linear 
well beyond crack initiation,     i'he principal directions remain 
constant up to approximately p ■ 2,200 psi and start  rotating there- 
afte-.     Again,   the principal    directions along the 45-degree radial 
line will be close to zero at the boundary of the hole  (r ■ a), 
increasing to about 35 degrees at r ■ 1.5a;  44 degrees at r - 3a 
and close to 45 degrees far from the hole. 

The corresponding rosette strains along the 45-degree radial 
direction are displayed for specimen No.  4 in Fig.   70,   the com- 
puted principal strains  in Fig.   71 and the principal directions 
in Fig.   72.     As with specimen No.   3,  the principal strains along the 
45-degree direction remain linear beyond the initiation of cracking. 
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As previously noted,  the principal direction  (measure clockwise 
from the radial direction to the largest principal stress)   rotates 
toward the horizontal as the distance from the hole increases. 
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SECTION VI 

STRESS  DISTRIBUTION AND FRACTURE AROUND LINED CAVITIES 

IN ROCK UNDER UNIAXIAL LOADING 

1.     Specimens  No.   5 and 6  - Limestone with Hydrostone Liner 

Under Unlaxlal Loading 

a.    Theoretical Stress Distributions 
4 ■ in - ■ 

Stresses on the free surface of the hydrostone  liner and 

stresses  in the limestone at the  interface with the liner were 

calculated using Eqs.   (9)  and  (10).    The following material proper- 

ties were used for the evalu^Mon of the pertinent constants 

entering  these equations: 

Limestone: E    ■    4.0 x 10    psi 

v    -    0.23 

^    "    2(1 + v)    "    l'63 x lo6 psi 

Hydrostone:       E,     -    2.2  x 10    psi 

vl 0.25 

E. 

^1    "    2(1  I v^    "    0-88 x 106 psi 

3
-vl T   ■   1      =    2.20 1 + v. 

Evaluations were made  for txro liner thicknesses  to determine 

the liner's   influence on critical  stresses.    For a liner thickness 
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t = 0.25  in.,   the circumferential stress on the free  surface of the 
liner becomes 

-2.   =    0.59  -1.25 cos2f 
P 

(33) 

which gives a maximum compressive stress 

-    1.84 ^ p;e= 90' (34) 

and a maximum tensile stress 

= -0.66 (35) 

(Positive stress ratios indicate compression and negative ones tension) 
Stresses in the limestone along the  interface with the liner were 
calculated to be 

-£•   -    0.07  - 0.09 cos2e (36) 

_0 
P 

0.93  -  1.61 cos20 (37) 

The maximum tensile and compressive circumferential stresses are 

ae 

and 

(—) 
90' 

-0.68 

=    2.54,   respectively. 

(38) 

(39) 

For a  liner thickness  t ■ 0.44 in.   the circumferential stress 
on the free surface of the liner is 

-2-   =    0.62  -  1.30 cos2e 
P 

(40) 
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wit:h peak values 

^T^e"90o   '   1•92 

(41) 

(42) 

The stresses in the limestone plate at the interface are 

-4   - 0.13 - 0.11 cos2f 

-| - 0.88 - 1.36 cos2f 

're 
p 

-0.38 sin20 

(43) 

(44) 

(45) 

The peak circumferential stresses are 

H^e-O' " -0-48 

(—) p'e-W 2.24 

(46) 

(47) 

To illustrate the influence of thickness,   the peak tangential 
stresses at the free surface   (r ■ R,)  in the liner and at the inter- 
face   (r - R)   in the plate were plotted versus  thickness-to-diameter 
ratio  in Fig.   73.    As  the liner thickness approaches zero the stresses 
in the plate approach those predicted by the classical Kirsch solu- 
tion.     The stresses in the liner would approach values equal to those 
in the plate multiplied by the ratio of moduli.     This implies that the 
circumferential strains are equal at the interface and that the 
liner stiffness approaches  zero. 

The liner thickness  selected for the specimens was t ■ 0.44 
in.     Using the expressions  for the three stress  components  in the 
limestone at  the interface   (Eqs.  43-45),   the principal stresses at 
the  interface were calculated and plotted versus angular position in 
Fig.   74.     It  is seen that  the principal stresses  reach their extreme 
values  at the 0° and 90° positions. 

120 



L.i    wamnmm 

b|a 

a 

u 

Limestone • (cu)t    TT 

r-R 

Hydros tone.  (cOg, TT 

0.05 o: io oTÖ 
Thickness-Diameter Ratio,  t/D 
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b. Experimental Procedure 

Two limestone plates of dimensions 36 in. x 24 in. x 3 in. 

with a 4 in. diameter hole and a 0.44 in. thick hydrostone liner 

bonded to the cavity surface were used.  Strain gages were applied 

along the horizontal and vertical axes of symmetry and along a 45° 

radius (Fig. 75).  Five single-element gages were applied to the 

inside surface of the liner in the circumferential direction at 

the four points on the axes of symmetry and at the 45° location. 

Twenty-eight two-gage rosettes were applied along the axes of 

symmetry including the end surface of the liner and at the interface 

between liner and plate.  Three three-gage rosettes were used along 

the 45° radius.  Three single-element gages applied to an unloaded 

piece of limestone were used to monitor any possible temperature 

effects since these were not automatically compensated for with 

compensating gages.  Diametral changes were monitored with two 

DCDT's inserted along the horizontal and vertical diameters.  The 

overall surface strain distribution was observed and recorded by 

means of a photoelastic coating as described earlier. 

The instrumented specimens were loaded in the 1,000,000 lb 

testing machine described earlier. (Fig. 76). The specimens were 

loaded in 20,000 lb increments up to 100,000 lb and in approximately 

10,000 lb increments thereafter up to approximately 220,000 lb, 

when total destruction occurred.  Strain gage and DCDT readings 

were recorded with the Digital Data Acquisition system at every 

load level.  Photoelastic patterns on the photoelastic coating were 

photographed at each load level and also recorded with a color 

movie camera. 

c. Results and Discussion 

Isochromatic fringe patterns for specimens No. 5 and No. 6 

are shown in Figs. 77 and 78 for various levels of loading.  The 

applied average stress (based on gross area) is shown in each frame. 

According to these patterns, cracking started in the hydrostone 
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11 
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Fig,    75     STRAIN GAGE LAYOUT FOR LIMESTONE  SPECIMENS WITH HYDROSTONE 
LINERS 
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liner and quickly propagated into the limestone along the vertical 

axis.  In specimen No. 5, cracking started at an applied stress 

between 1750 and 19?0 psi and in specimen No. 6 at an applied 

stress of between 1670 and 1840 psi.  The exact load level of crack 

initiation will be established below from the strain gage and DCDT 

data. 

The stress levels at failure are approximately 50 percent 

higher than in the unlined specimen No. 1. Although hydrostone 

has the same tensile strength as limestone, its lower modulus (one- 

half of that of limestone) increases the overall strength of the 

lined specimen.  From theoretical considerations, it is possible 

that in the present case cracking started in the limestone at the 

interface and it quickly propagated into the hydrostone liner. 

This crack propagated vertically along the specimen centerline 

until complete separation at 3500 psi and 3200 psi for specimens 

No. 5 and No. 6, respectively. The failure patterns are shown in 

Figs. 79 and 80.  Both specimens show cracking off the centerline 

starting at a point near the 90° location at some angle and quickly 

turning in a vertical direction. This may be a secondary failure 

pattern forming after the first vertical centerline crack appears. 

The photoelastic data yield the difference in principal 

strains everywhere in the field according to relation (18).  On 

free surfaces, the fringe order is related to the tangential strain 

f-, as follows: 

2t f-y   ,    Cx ■j^ (1 + v )( (48) 

The maximum fringe order on the free boundary of the liner 

on the horizontal axis was plotted versus applied stress for both 

specimens in Fig. 81. Both curves are linear and have the same 

slope up to a stress level of approximately 2,000 psi. At 1,000 

psi the fringe order is 1.3.  Then, using the following material 

properties for the photoelastic coating 

vc - 0.4 
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Fig.   79    FAILURE PATTERN IN SPECIMEN NO.   5     (LIMESTONE WITH 
HYDROSTONE LINER UNDER UNIAXIAL LOADING) 
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Fig.   80     FAILURE PATTERN IN  SPECIMEN NO.   6   (LIMESTONE 
WITH HYDROSTONE LINER UNDER UNIAXIAL LOADING) 
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f 
e 

7t 860 uin./in./fringe 

we obtain 

(Ei) 
p « 1,000 psi 

- 800 ^in./in. 

Another area of high birefringence is at the interface 

between the liner and the limestone at angles of 52° and 55° from 

the vertical axis for specimens No. 5 and 6, respectively. The 

birefringence at that point is of the same order as in the maximum 

compression region above.  It is an indication of high shear strain 

at the interface, higher than would be predicted theoretically. 

Diametral changes measured with DCDT's are plotted in 

Figs. 82 and 83 as a function of applied vertical stress.  The curves 

for specimen No. 5 are linear up to approximately p ■ 1900 psi. The 

deflections per unit of applied stress in this linear range are 

p 
1.1 x 10"° in./psi 

-^ -  -2.5 x 10"b in./psi 

The curves  for specimen No.   6 are linear up to approximately 1,600 psi 
and the deflections per unit stress are 

-g    -    1.1 x 10 D in./psi 

-¥■    -    -3.2 x 10"° in./psi 

The horizontal deflections,  between one-half and one-third of the 
vertical,   are the same for both specimens, however some discrepancy 
exists  in the vertical deflections. 
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Strain gage readings along the horizontal, vertical and 

45-degree radii for specimen No. 5 are plotted as a function of 

applied average stress in Figs. 84 to 8& with radial location as 

a parameter.  The vertical strains along the horizontal axis are 

linear up to at least 1900 psi.  On the basis of the far-field 

gage readings, both on the horizontal and vertical axes, the 

following modulus and Poisson's ratio were determined: 

6 
E = 4.2 x 10 psi 

v = 0.23 

The maximum strain ratio between the vertical strain at the inter- 

face and the far-field strain in the linear range is 

k  = 3.15 
e 

The horizontal strains along the vertical axis are very significant 
as they  indicate the progression of cracking  (Fig.   86).     According 
to the strain variation,  cracking in the limestone at the inter- 
face started very early.    This occurred at approximately 1100 psi 
which is below the level  for the unlined limestone specimen.    This 
occurred at one of the two symmetrical points only and  it may be 
due to a  local  flaw.     Strain variation at the  symmetrical point 
continued linear up to 1400 psi.     Cracking of the hydrostone liner 
occurred at a much higher stress of 1750 psi.     Strains  along the 
45-degree radius were first plotted as read.     Subsequently,  principal 
strains were computed using the  rosette equations and plotted in 
Fig.  89.     Principal directions were similarly computed and plotted 
versus stress  for three radial locations in Fig.  90.     As expected, 
the principal directions are constant in the linear region and 
deviate slightly in the nonlinear region.    The angle between the 
45-degree radius and the principal tensile direction,  measured 
clockwise,  varies from 37 degrees  to 45 degrees between radial 
locations  r = 1.35a and r = 3.00a. 
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Strain-gage readings along the horizontal,  vertical and 
45-degree radii for specimen No.   6 are plotted as a function of 
applied average stress in Figs.   91 to 95 with radial location as 
a parameter.     The vertical strains  along the horizontal axis 
(Fig.  91)  are linear up to at least 1650 psi which is  slightly 
higher than the crack initiation level of 1500 psi.     On the basis 
of the far-field gages,  the   following modulus and Foisson's ratio 
were determined; 

E    =    3.7 x 106 psi 

v    -    0.23 

The riaxlmum strain occurs now at the inner surface of the liner. 

The stress ratio between the vertical strain at the interface and 

the far- field strain in the linear range is 

k  - 2.45 
e 

which Is appreciably lower than the corresponding value for speci- 

men No. 5 but higher than the theoretical value of 2.18.  The 

horizontal strains along the vertical axis indicate that cracking 

started in the limestone at the interface with the liner at an 

average stress of 1500 psi.  Cracking in the hydrostone liner 

occurred at a slightly higher stress.  Principal strains along the 

45-degree radius were computed as before and are plotted in Fig. 96. 

One result worthy of notice is the small variation of principal 

strains with radial location.  The angle between the 45-degree 

radius and the maximum tensile strain direction varies between 38 

degrees and 36 degrees at r * 1.35a, 43 degrees and 42 degrees at 

r - 1.80a and 42 degrees and 43 degrees at r - 3.00a. 

The strain variation along the axes of symmetry at given 

stress levels within the linear range was plotted in Figs. 97 and 98 

for specimens No. 5 and No. 6.  Theoretical points for an infinite 

elastic plate are also shown.  On the basis of the strain distribu- 

tions of Fig. 98 and the crack initiation levels obtained from 
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previous stress-strain curves   (Figs. 8 6 and 93)  the maximum tensile 
stress  in the limestone was  computed as  follows«. 

For specimen No.   5,  at crack initiation level of p - 1100 
psi,  the strains at the interface on the vertical axis are 

e      ■    350 uin./in. 

e      -  -27 uin./in. 

from which the maximum tensile stress at fracture is computed as 

max 1450 psi 

A similar computation for specimen No.   6,   at the crack 
initiation level of p - 1500 psi,  gives 

"max    -    1550P81 

These levels of stress are appreciably higher than the 

tensile strength of limestone (630 psi) determined from uniaxial 

tension tests. 

2.  Specimens No. 7 and 8 - Limestone with Aluminum Liner 

Under Uniaxial Loading 

a.  Theoretical Stress Distributions 

Stresses on the free surface of the aluminum liner and 

stresses in the limestone plate at the interface were calculated 

as before using Eqs. (9) and (10).  The following material proper- 

ties were used for the evaluation of the pertinent constants: 

Limestone:  E 4.3 x 10 psi 

0,23 

E 
TXI^T 1.75 x 10u psi 

3-v 
1+7 - 2.25 
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Aluminum: 10.6 x 10° psi 

^ 

0.33 

El 
2(l+v1) 
3-v, 

=    4.00 

ThJ =    2.01 

Stress calculations were made for two liner thicknesses.     For 
t ■ 0.25  in.   the  tangential stress on the  free surface of the  liner 
is given by 

—    =    2.05   -  3.66 cos2e 
P 

with a maximum compressive stress of 

(48) 

^e-90' - 5.71 (49) 

The stresses in the limestone plate at the interface are 

-£ = 0.24 - 0.27 cos2( 
P 

— = 0.76 - 0.92 cos2( 
P 

— =-0.33 sin2p 
P 

with peak values of the circumferential stress at 

(p-^-O' •0.16 

and 

(p-^900 " l-6S 

(50) 

(51) 

(52) 

(53) 

(54) 
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For a liner thickness of t « 0.40 in. the tangential 

stress on the.  free surface of the liner is 

-| - 1.89 - 3.49 cos2( (55) 

with a maximum compressive value of 

(—) p'e-QO' 5.38 (56) 

The limestone stresses at the interface are 

-£ - 0.34 - 0.25 cos2e (57) 

P 
- 0.66 - 0.61 cos2e (58) 

re 
p 

■0.82 sin2e (59) 

The influence of liner thickness on stresses on the inner 

surface of the liner and at the interface is illustrated by plotting 

the peak tangential stresses above versus the thickness diameter 

ratio (Fig. 99). The limiting values for zero liner thickness were 

obtained as explained before. 

The liner thickness selected for specimens No. 7 and 8 was 

t = 0.40 in.  Using the expressions for the stress components at the 

interface, the principal stresses were calculated and plotted versus 

angular location in  Fig. 100.  One significant result is that both 

tensile and compressive stresses reach maximum values at inter- 

mediate locations between 0° and 90°. The tensile stress reaches 

a peak at 

-0.43 at e 33" (60) 

and the compressive stress reaches a peak at 

4' 1.46 at 60' (61) 
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The most significant results from the point of view of 

fracture are the maximum tensile stress and its direction. The 

latter is indicative of the direction of crack propagation at the 

interface. The calculated principal directions at this point on 

the first quadrant are 

«Pl.x - 15° (62) 

*2-x " -750 

measured counterclockwise from the x-axis to the tensile and com- 

pressive principal stresses, respectively. 

b. Experimental Procedure 

Two limestone plates of dimensions 36 in. x 24 in. x 2.5 in. 

with a 4 in. diameter hole and a 0.40 in. thick aluminum liner 

bonded to the cavity surface were used. A flexible filled epoxy 

was used to bond the liner in specimen No. 7 and a hard unfilled 

epoxy in specimen No. 8. Strain gages were applied as before with 

minor modifications in the layout (Fig. 101). Diametral changes 

were monitored with DCDTs and the overall strain distribution on the 

surface was observed and recorded with a photoelastic coating. The 

instrumented specimens were loaded in the 1,000,000 lb testing 

machine at approximately 25,000 lb load increments.  Strain gage and 

DCDT readings and isochromatic fringe patterns were recorded as 

before. 

c. Results and Discussion 

Isochromatic fringe patterns for specimens No. 7 and 8 are 

shown in Figs. 102 and 103 for various stress levels.  The applied 

average stress is shown in each frame. The patterns show a high 

interface shear between liner and specimen at the 45° location as 

predicted theoretically. 

In the case of specimen No. 7 (with filled epoxy cement), 

there is evidence of early bond failure which subsequently resulted 

in cracking in the rock slightly off the vertical axis at an applied 

stress of 1200 psi. This stress level is comparable to that at which 
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Fig. 103 ISOCHROMATIC FRINGE PATTERNS IN PHOTOELASTIC COATING 
AROUND HOLE IN SPECIMEN NO. 8  (LIMESTONE WITH ALUMINUM 
LINER UNDER UNIAXIAL LOADING) 
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cracking occurred in the unllned specimen No.   1.    As Che load was 
Increased,  the first crack propagated along the vertical axis and 
another crack developed near the 45°  location.     This is due to  the 
high tensile stress existing at the Interface in this region (Fig. 
100).    The direction of this crack as seen in the last frame of 
Fig.   102 is inclined toward the vertical axis at an angle of approxi- 
mately 8°.    An Island of nearly zero stress  forms  as the two cracks 
propagate and meet on the vertical axis as  indicated in frame 8 of 
Fig.   102.    The specimen failed by spallatlon at an average stress of 
3,270 psl.    The failure pattern of this specimen is shown in Fig.   104. 
(In this and subsequent similar figures disregard specimen numbers 
marked on the specimen.) 

Specimen No.  8 was  Identical to No.   7 except for a hard un- 
filled resin used in bonding the liner.    High Interface shear was 
noticed again at the 45°  location.    Cracking of the rock at the 
Interface occurred at an angular location of 42°  from the vertical 
centerllne.    This should be compared with the theoretical location 
of 6 - 33° where the maximum tensile stress occurs  (Fig.  100).     This 
crack started at an applied stress of less  than p ■ 2390 psl and it 
propagated toward the vertical axis at an angle of 28° with  the verti- 
cal.     The theoretical value for the principal direction at the maximum 
tensile stress location is  15°  (Eq.  62).    A second crack at a sym- 
metrical point is noticed at a stress level of p • 2950 psl.    This 
crack is inclined at an angle of 21° with the vertical axis.    Com- 
plete failure by spallatlon of the segment between the two Inclined 
cracks occurred at a stress of 3970 psl.       The failure pattern shown 
in Fig.   105 clearly shows how the cracks propagated from the high 
tensile stress area off the vertical axis of symmetry. 

Diametrical changes measured with DCDTs are plotted in Figs. 
106 and 107 as a function of applied vertical stress.    The curves 
for specimen No.   7 are linear up to the crack initiation level of 
1200 psl.    The deflections per unit stress in this linear range are 

-jj   -    1.6 x 10"6 in./psl 

-^   -    -2.3 x 10" in. /psl 
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Flg.   104     FAILURE PATTERN IN SPECIMEN NO.   7   (LIMESTONE 
WITH ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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Fig.   105     FAILURE PATTERN IN SPECIMEN NO.   8     (LIMESTONE 
WITH ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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The deflections for specimen No. 8 are linear up to the crack 

initiation level of 2,390 psi.  Unit deflections in this range are 

-^ = 0.9 x 10'6 in. /psi 

-¥■ = -2.5 x 10-0 in. /psi 
P 

The vertical diametral changes are approximately  the same for both 
specimens,  however,  some discrepancy exists  in the horizontal 
deflections.     This may be due  to differences  in bonding of the liner 
to the plate. 

Strain gage readings   for specimen No.   7 are plotted in 
Figs. 108 to 112.   The vertical strains along the horizontal axis 
(Fig. 113) are linear up to at  least 1200 psi,   the crack initiation 
level.     On the basis of the  far-field strains,   the following modulus 
and Foisson's ratio were determined. 

E    -    4.3 x 106 psi 
v    -    0.22 

The maximum compressive strain occurs in the limestone at the inter- 
face with the aluminum liner.     The ratio of this  strain to the 
far-field strain is 

k      -    3.13 e 
The horizontal strains along  the vertical axis  indicate that cracking 
in the  limestone started at a stress level between 1,000 and 1,200 psi, 
Principal stresses along the 45 degree radius were computed as 
before and plotted in Fig. 113.   The angle between the 45-degree 
radius and the principal tensile direction varies between 39 degrees 
and 20 degrees at    r = 1.20a,   39 degrees and 35  degrees at r ■ 1.65a, 
and 41 degrees and 40 degrees  at    r = 3.00a.     This  angle generally 
decreases  as  the strains go   from the linear into  the nonlinear region. 

166 

taam 



o 

n 
P. 

2 
CO 

-1000 

Strain ,  e, (l^ in/in) 

2000 
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Strains for specimen No. 8 are plotted in Figs. 114 to 119. 

The vertical strains along the horizontal axis (Fig. 114) appear 

linear up to at least 2,000 psi. On the basis of the average of 

eight far-field gages, ehe following modulus and Poisson's ratio 

were determined: 

E - 4.3 x 106 psi 

v = 0.30 

The far-field gages  show a stiffening effect after crack initiation 
with all  the other vertical strains  showing a rapid increase with 
load at  this point.     The most  rapid increase is observed at  the 
interface between liner and plate and  resembles plastic  flow.     The 
strain on the  inside of the aluminum liner remains  linear up to 
approximately 3,000 psi, at which level the first crack had propa- 
gated the length of the coating and the symmetric crack appeared. 
It is possible that excessive debonding had occurred at this point. 
The liner strain varies linearly again beyond this point but at a 
much faster rate. 

The ratio of the maximum compressive strain at  the  interface 
with the liner to the far-field strain is 

k      -    1.64 e 
compared to the theoretically computed value of 1.14. 

The variation of the tensile horizontal strains along the 
vertical axis (Figs. 116 and 117) shows crack initiation (lowest 
linearity limit) at approximately 2,050 psi. Most strains show 
apparent and unexplained stiffening effect beyond their limit of 
linearity except for the far-field strains and the strain on the 
inner surface of the liner. The latter shows linearity up to 3,000 
psi as  in the case of the horizontal axis. 

Principal  strains and directions along the 45-degree radius 
were computed as before and the former are plotted in Fig,    120. 
The angle between the 45-degree radius and the principal tensile 
direction varies between 40 degrees and 36 degrees at r » 1.25a, 
41 degrees and 45  degrees at  r - 2.00a,  and 44 degrees and 45 
degrees at r « 3.00a. 
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The strain distribution along the two axes of symmetry at 

a stress level of p - 1,000 psi was plotted in Figs. 121 and 122 

for specimens No. 7 and No. 8.  Theoretical values for the liner 

and the plate have been noted. As can be seen there is appreciable 

discrepancy between the two specimens in the peak tensile and com- 

pressive strains at the interface, with specimen No. 7 indicating 

much higher strains. This difference may be due to the flexible 

bonding agent used with specimen No. 7. The maximum tensile stress 

at cracking, which occurred at p « 1,100 psi for this specimen, 

was computed as 

max 2,260 psi 

In specimen No. 8, the tensile strain at the interface on 

the vertical axis was too low to cause cracking.  According to the 

theory discussed earlier, the maximum tensile stress occurs along 

the interface at some point off the vertical axis.  The maximum 

tensile stress at the crack initiation level of p * 2,050 psi is 

max 0.43 x 2050 880 psi.  However, based on the principal 

strains of Fig. 120, a tensile stress of approximately 

max 1,500 psi 

can be computed at the 45-degree location at the interface at the 

crack initiation level of p ■ 2,050 psi. 
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Fig.   121     STRAIN DISTRIBUTION ALONG X-AXIS  FOR SPECIMENS NO.   7 
AND 8 AT APPLIED STRESS OF  1,000  PSI   (LIMESTONE 
WITH ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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Fig.  122     STRAIN DISTRIBUTION ALONG Y-AXIS  FOR SPECIMENS NO.   7 
AND 8 AT APPLIED STRESS OF 1,000 PSI   (LIMESTONE 
WITH ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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3.     Specimens  No.   9 and 10  - Marble with Hydrostone Liner 
Under Unlaxial Loading 

a.     Theoretical Stress  Distribution^ 

The following material properties were used: 

Marble; 8.2 x 10° psl 

0.28 

ITTHT   '   3-20 x lo6Psi 

3-v 2.13 

Hydrostone:     E, 

vl 

^1 

2.2 x 10° psl 

0.25 

El 

3-v, 

- 0.88 x 10' 

Ki  T+T: 2.20 

For the liner thickness used t ■ 0.44 in. the circumferential 
stress on the free surface of the liner is given by 

— = 0.33 - 1.14 cos2e 
P 

(62) 

with peak values at 

and 

0. (fw ■ -0-81 

^-90* " l^7 

(63) 

(64) 
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The interface stresses in the marble plate are 

-^ = 0.06 + 0.16 cos2e (65) 

~ - 0.93 - 1.70 cos2e (66) 

-—. = - 0.07 sin2e (67) 

Because of the low radial and shear stresses, the principal 

stresses at the interface differ little from the radial and circum- 

ferential stresses. The latter were plotted versus angular location 

in Fig. 123.  The peak values of the circumferential stress are 

On 

and 

^rW - -0-77 (68) 

^e-900 - 2-63 (69) 

which shows that the hydrostone liner does not reduce stresses in 

the medium appreciably in this case. 

b. Experimental Procedure 

Two marble plates of dimensions 36 in. x 24 in. x 3.42 in. 

with a 4 in. diameter hole and a 0.44 in. thick hydrostone liner 

bonded to the cavity surface were used.  Strain gages, DCDT's and 

a photoelastic coating were applied as described previously.  The 

instrumented specimens were loaded vertically at 20,000 to 25,000 lb 

intervals to failure and the data recorded as before. 

c. Results and Discussion 

Isochromatic fringe patterns for specimens No. 9 and No. 10 

are shown in Figs.124 and 125 for various stress levels. The 

applied average stress is shown in every frame.  In both specimens, 
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Fig. 123    VARIATION OF CIRCUMTEREMTIAL AND BADIAL STRESSES IN MARBLE 
AT  INTERFACE WITH HYDROSTONE LINER 
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Fig.   124    ISOCHROMATIC FRINGE PATTERNS   IN PHOTOELASTIC  COATING 
AROUND HOLE IN SPECIMEN NO.   9     (MARBLE WITH HYDROSTONE 
LINER UNDER UNIAXIAL LOADING) 

187 

ammtmmmmmtlm^mmam ■MBM MMM 



w-       in mmmmm 
-   -    ■ ■"■■  

00 

Co 

p » 0 psl 0 - 2500 psl 

a    - 2740 psl - 2980 psi 

pr^ 
»3 
■ 
—»TSP^B 

:^m ii r   1 
■ ' \.«i iwlH W   B 
y \i jii K\ Jj 

- 3250 psl 3490 psi 

1750 psi 4070 psl 
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COATING AROUND HOLE  IN SPECIMEN NO.   10   (MARBLE 
WITH HYDROSTONE LINER UNDER UNIAXIAL LOADING) 
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cracking started on the inner surface of the hydrostone liner along 

the vertical axis and propagated into the marble at stress levels 

around 2,700 psi.  This stress is appreciably higher than the stress 

levels of 1,700 to 1,900 psi at which crack initiation was induced 

in the unlined marble specimens No. 3 and No. 4. As the load was 

increased, the crack propagated along the vertical axis until com- 

plete separation resulted. The failure patterns are illustrated in 

Figs. 126 and 127. 

The maximum frlage order on the free boundary of the liner 

on the horizontal axis was plotted versus applied stress for both 

specimens In Fig. 128. Both curves are linear with equal slopes up 

to a stress level of approximately 3,000 psi. The fringe order at 

1,000 psi Is 0.70. Then, the maximum strain at the boundary is 

<HVl.000pSl    "    876*T$   -   **0Min./ln. 

The birefringence concentration at the interface between 
liner and marble plate off the axes of symmetry is  lower than in 
the comparable case of limestone because of the much lower interface 
shear resulting from the lower modulus of the hydrostone liner. 

Diametral changes measured with OCDTs are plotted in 
Figs.   129 and 130 as a function of applied vertical stress.    The 
limit of linearity of these curves  is a little over 2,000 psi 
which is below the apparent crack  initiation level of 2,700 psi. 
The deflections per unit stress  in the linear range for specimen 
No.  9 are 

6 
—    ■    0.6 x 10"    in./psi 

-^    -    -1.6 x 10"° in./psi 
P 

and for specimen No. 10, 

-^ - 0.6 x 10"6 in./psi 
P 

P 
-r- ■ -1.5 x 10' in./psi 
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Fig. 126  FAILURE PATTERN IN SPECIMEN NO. 9  (MARBLE WITH 
HYDROSTONE LINER UNDER UNIAXIAL LOADING) 
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Fig.   127     FAILURE PATTERN IN SPECIMEN NO.   10     (MARBLE WITH 
HYDROSTONE LINER UNDER UNIAXIAL LOADING) 
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Fig. 128  FRINGE ORDER AT INNER BOUNDARY OF LINER ON HORIZONTAL 
AXIS FOR SPECIMENS NO. 9 AND 10 AS A FUNCTION OF APPLIED 
VERTICAL STRESS 
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The values are approximately half of the corresponding values 
for limestone specimens No. 5 and No. 6, since the modulus of 
marble is approximately  twice that of limestone. 

Strain gage readings along the various  axes are plotted 
as a function of applied stress in Figs.   131  through 133  for 
specimen No.   9.     Vertical strains along the horizontal axis  (Fig. 
131)     are    linear up  to approximately 3,000 psi.     On the basis of 
the average of the  far-field strains,   the  following modulus and 
Poisson's ratio were determined: 

E    -    8.1 x 106 psi 
v    -    0.26 

The ratio of the maximum compressive strain at the inter- 
face to the far-field strain is 

k     -    2.92 e 

compared to the theoretically computed value of 2.66 for an infinite 
plate.    The maximum compressive strain at the inner surface of  the 
liner is 460 p^in./in.   at    p ■ 1,000 psi which compares well with 
the photoelastically computed strain of 440 nin. /in. 

The horizontal  strains along the vertical axis show some 
nonlinearity from the beginning.    The crack initiation level is 
clearly seen at approximately 2,350 psi,  somewhat earlier than 
evidenced in the photoelastic fringe patterns. 

Principal strains  along the 45-degree radius were computed 
as before and plotted in Fig.136.      The angle between the 45-degree 
radius and the principal tensile direction varies between 41 degrees 
and 37 degrees at r -  1.35a,  42 degrees and 41 degrees at r ■  1.80a 
and 40 degrees and 45 degrees at r - 3.00a. 

Strains  for specimen No.  10 were plotted as a function of 
applied vertical stress  in Figs.   137 through  141.    Vertical strains 
along the horizontal axis   (Fig.   137) are  linear up to approximately 
3,000 psi.    The far-field strains yield the  following modulus  and 
Poisson's ratio: 
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E = 8.4 x 10" psi 

v = 0.28 

The ratio of the maximum corapressive strain in the marble 

at the interface with the aluminum liner to the far-field strain is 

k  - 2.90 
e 

which is almost the same as that for specimen No. 9 and a little 

higher than the theoretical value of 2.66.  The maximum compressive 

strain on the inside of the liner is 450 ^lin./in. at 1,000 psi which 

is in excellent agreement with the photoelastic value of 440 |jin./in. 

The horizontal strains along the vertical axis (Fig. 139) 

show that cracking in the hydrostone liner occurred at around 2,100 

psi and was soon followed by cracking in the marble. 

Principal strains along the 45-degree radius were computed 

as before and plotted in Fig. 142.  The angle between the 45-degree 

radius and the principal tensile direction varies between 29 degrees 

and 37 degrees at r « 1.35a, 32 degrees and 38 degrees at r = 1.80a 

and 41 degrees and 47 degrees at r = 3.00a. 

Strain distributions along the axes of symmetry at a stress 

level of p ■ 2,000 psi were plotted for specimens No. 9 and No. 10 

in Figs, 143 and 144.  Theoretical points are also shown.  The 

agreement between the two specimens is satisfactory. The greatest 

discrepancy is, as noted in previously discussed results, in the 

peak tensile strain at the interface along the vertical axis.  On 

the basis of the strain distributions of Fig. 144, the following 

maximum stresses were computed.  For specimen No. 9, at p = 2,350 

psi 

max 3,060 psi 

in the marble at the interface. For specimen No. 10, at p ■ 2,100 
psi 

amav    - 3,500 psi max     * 

in the marble at the interface and 

a „  - 1,250 psi max     *   r 

in the hydrostone on the inner surface.  All of the stresses above 

are two to four times the strengths determined from uniaxial tension 

tests. 
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4. Specimens No. 11 and 12 - Marble with Aluminum Liner 

Under Uniaxial Loading 

a. Theoretical Stress Distributions 

The following material properties were used: 

,6 Marble: E = 8.2 x 10 psi 

v = 0.28 

|i = 3.20 x 10 psi 

f. = 2.13 

Aluminum:. 10 x 10° psi 

0.33 

H, - 3.76 

Kl 2.01 

For the liner thickness used t ■ 0.40 in. the circum- 

ferentia. stress on the free surface of the liner is 

0J 
P 

1.17 - 2.09 cos2( (70) 

with peak values of 

and 

^S-O" 

S) ''e-go' 

0.92 

3.26 

The interface stresses  in the marble are 
ar -±-   -    0.21 + 0.50 cos2e 

(71) 

(72) 

(73) 

0.79  -  1.76 cos2( (74) 

re - 0.13 sin2{ (75) 
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Because of the low shear stress, the principal stresses 

differ little from the radial and circumferential ones.  The 

latter are plotted versus angular location in Fig. 145.  The peak 

values of the circumferential stress are 

and 

(p-^e-o0 

^0-90' 

-0.97 

2.55 

(76) 

(77) 

which shows that the stress reduction, especially that of the 

tensile stress, is even lower than in the case of the hydrostone 

liner.  This is due to the fact that the modulus of aluminum is 

very close to that of marble.  The main advantage would result from 

an increased thickness of liner which tends to move the points of 

critical stress in the rock farther from the cavity.   , 

s/' U' b.     Experimental Procedure 

Two marble plates of dimensions 36 in.  x 24 in.   x 3.30 in. 
with a 4 in.   diameter hole and a 0.40 in.  thick aluminum liner 
bonded to the cavity surface were used.     Strain gages,   DCDT's and 
photoelastic  coating were applied as before.     The instrumented 
specimens were loaded in uniaxial vertical compression at 20,000 to 
25,000  lb load intervals  to  failure and the data recorded as before. 

c.     Results and Discussion 

Isochromatic fringe patterns for specimens  No.   11 and 
No.   12 are shown in Figs. 146   and   147   for various  stress levels. 
The applied average stress Is shown in every frame. 

In specimen No.   11,   cracking started in the marble at the 
interface with the liner near the vertical axis at a stress level 
below 2,780 psi.    As  the load was  increased,   the crack propagated 
nearly vertically along the centerline and it was joined by another 
crack initiated off the centerline to the right.     This  second crack 
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started at approximately 4,300 psi. The load was Increased up to 
a stress level of 5,600 psi where failure by complete separation 
occurred.  The failure pattern is shown in Fig. 148. 

In specimen No. 12, as in No. 11, the fringe concentration 
at the 45-degree location at the interface is very pronounced 
although a relatively low shear is predicted theoretically. A 
stress level of 4,080 psi was reached without any apparent sign of 
failure, however, a crack started suddenly after the specimen had 
been under load for 1-2 minutes.  The crack appeared to the right 
of the vertical axis and it seems to have started at some point 
away from the interface.  This peculiar type of fracture has been 
predicted theoretically by Hoek (Ref. 3) as shown in Fig. 6 and 
confirmed experimentally by him.  It was shown that under biaxial 
loading with a biaxiality ratio of m « 0.15, failure away from the 
hole boundary occurred after vertical cracks had formed at the 
crown and bottom points of the cavity. The crack propagated nearly 
vertically off the vertical centerline in the bottom part of the 
specimen. Fracture in the top part was similar to that in specimen 
No. 11.  Complete separation of the specimen occurred at p ■ 4,440 
psi (Fig. 149). 

The maximum fringe order on the free boundary of the liner 
on the horizontal axis was plotted versus applied stress for both 
specimens in Fig. 150.  The maximum strain at the boundary computed 
ifrom the photoelastic data is 

(el)p.l,000 psi * 900 x T$T " 290 ^n-/in- 

for specimen No. 11, and 

<HVi,ooopsi - 900 x rls - 335 vi*-'in- 
for specimen No. 12. 

Diametral changes are plotted in Figs. 151 and 152 as a 
function of stress.  In specimen No. II, the vertical deflection is 
linear up to 4,000 psi but the horizontal becomes nonlinear at the 
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Fig. 148  FAILURE PATTERN IN SPECIMEN NO. 11  (MARBLE WITH 
ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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Fig.  149 FAILURE PATTBWI IN SPECIMEN NO.  12    (MARBLE WITH 
ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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Fig.   150    FRINGE ORDER AT INNER-BOUNDARY OF LINER ON HORIZONTAL 
AXIS  FOR SPECIMENS NO.   11 AND  12 AS A FUNCTION OF 
APPLIED VERTICAL STRESS 
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crack initiation level of 2,780 psi.    The deflections per unit 
stress  in the linear range are 

—    -    0.6 x 10_o in./psi 

-^   - - 1.7 x 10 0 in./psi 
P 

In specimen No.   12,   the vertical deflection is linear up 
to approximately 3,500 psi but the horizontal one becomes nonlinear 
at a much lower stress, around 2,000 psi.    The deflections per unit 
stress  in the linear range are 

-il   -    0.5 x 10"° in./psi 
P 

6., ft 
-£   -    -1.6 x 10"° in./psi 
P 

The values above are approximately equal to the correspond- 
ing values  for the hydro stone-lined marble specimens No.  9 and 
No.   10.     This indicates  that  the aluminum liner has no noticeable 
stiffening effect since the modulus of aluminum is close to that of 
marble. 

Strains for specimen No.   11 as a function of applied stress 
were plotted in Figs.   153 through 157.     Vertical  strains along the 
horizontal axis  (Fig.   153)   are linear up to approximately 3,000 psi. 
The modulus and Poisson's  ratio computed from the average of the 
far-field strains are 

E    »    8.2 x 106 psi 

v    »    0.27 

The  ratio of the maximum corapressive strain at the interface 
to the  far-field strain is 

ke    =    2.85 
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compared to the theoretically computed value of 2.63 for an infinite 

plate. The maximum compresslve strain at the inside of the liner 

is 290 Hin./in. at p - 1,000 psi which is Identical to the photo- 

elastic result. 

Most of the horizontal strains along the vertical axis, 

especially those close to the liner, show nonllnearlty from the 

very beginning. Crack initiation and propagation occurred at 

around 2,500 psi which is slightly higher than the crack initiation 

level In the hydrostone-lined specimens and somewhat lower than 

evidenced in the photoelastic patterns. 

Principal strains along the 45-degree radius were computed 

as before and plotted in Fig. 158. The angle between the 45-degree 

radius and the principal tensile direction measured clockwise varies 

between 40 degrees and 32 degrees at ... « 1.35a, 43 degrees and 38 

degrees at r - 1.80a and 45 degrees and 47 degrees at r - 3,00a. 

Strains for specimen No. 12 as a functicn of applied stress 

are plotted in Figs. 159 through 163. Vertical strains along the 

horizontal axis (Fig. 159) are linear throughout the loading range. 

The modulus and Foisson's ratio determined from the far-field 

strains (with emphasis on those along the vertical axis) are 

E - 8.2 x 106 yai 

v - 0.28 

The maximum compresslve strain ratio in the marble is 

k  - 2.50 
E 

compared to the theoretical value of 2.63. The maximum compresslve 

strain on the liner is 310 jiln./in. at p - 1,000 psi which is in 

good agreement with the photoelastic value of 290 M.in. /in. 

The horizontal strains along the vertical axis show the 

characteristic nonllnearlty from the very beginning with evidence 

of plastic flow at approximately 4,000 psi. This is the level at 

which cracking remote from the interface was Initiated as seen in 

the photoelastic fringe patterns. 
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Fig. 160  HORIZONTAL STRAINS ALONG HORIZONTAL AXIS OF SYMMETRY AS A 
FUNCTION OF APPLIED VERTICAL STRESS FOR SPECIMEN NO. 12 
(MARBLE WITH ALUMINUM LINER UNDER UNIAXIAL LOADING) 
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Principal strains along the 45-degree radius were computed 
as before and plotted in Fig. 164.     The angle between the 45-degree 
radius and the principal tensile direction measured clockwise varies 
between 38 degrees and 40 degrees at r = 1.35a,   39 degrees  and 43 
degrees at r = 1.80a, and 42 degrees  and 44 degrees  at r » 3.00a. 

Strain distributions along the axes of symmetry  for 
specimens  No.   11 and No.   12 at p - 2,000 psi were plotted in Figs. 165 
and 166.     Also shown are theoretical values  for the  interface and 
inside of the liner.    The overall agreement between the two experi- 
ments and the theory is good.     The maximum tensile stress  in the 
marble at the  interface for specimen No.   11 is 

max 4,500 psi 

A similar stress calculation can not be made for specimen No. 12 

in which failure started at a point remote from the interface and 

off the axes of symmetry.  However, it can be said that a tensile 

stress of the order of 5,000 psi was reached at the interface on 

the vertical axis when cracking started. The maximum tensile 

stress at the point of crack initiation was of the order of 

2,000 psi. 
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SECTION VII 

STRESS DISTRIBUTION AND FRACTURE AROUND UNLINED CAVITIES 

IN ROCK UNDER BIAXIAL LOADING 

1.     Specimens No.   13 and No.   14  - Unllned Limestone Under 

Biaxial Loading 

Two limestone plates of dimensions 36  in.  x 24 in.  x 3.08 in,, 

and 36 in.  x 24 in. x 2.55  in.  with a 4 in.  diameter hole were used. 

Strain gages were applied along the horizontal and vertical axes of 

symmetry and along a 45-degree radius as in previous  specimens. 

Diametral changes were monitored with two DCDTs inserted in the 

cavity along the horizontal  ^nd vertical diameters.     The overall 

surface strain distribution was observed and recorded by means of 

a photoelastic coatin«? as described earlier. 

The instrumented specimens were tested in biaxial compression 

with the applied horizontal stress  equal to one-third the vertical. 

The vertical load was applied by means of a 1,000,000 lb testing 

machine as before in increments of 20,000 lb,     The horizontal 

pressure was applied in increments of 333 psi hydraulic pressure 

or 10,000 lb lateral load by means of the hydraulic fixture describ- 

ed earlier.     Strain gage and DCDT readings were recorded with the 

Digital Data Acquisition system at every  load level.     Photoelastic 

patterns of the coating were photographed through the opening pro- 

vided in the hydraulic fixture. 

Isochromatic fringe patterns  for specimen No.   13 are shown 

in Fig.   167 for various  levels of loading.    The applied vertical 

and horizontal stresses are shown in each frame.    The fringe pat- 

terns show a high compressive strain increasing with load up to a 

vertical stress  of p ■ 3,220 psi and a horizontal stress of q « 1,100 

psi.    Failure occurred at a vertical stress of 3,550 psi and a hori- 

zontal stress of 1,190 psi.    Failure occurred by splitting of the 

specimen along vertical planes parallel to the faces   (Figs.   168 and 

169).    This  failure is considered typical for materials  like rock and 
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Fig.   167     ISOCHROMATIC  FRINGE PATTERNS   IN PHOTOELASTIC COATING 
AROUND HOLE   IN SPECIMEN  NO.     13   (LIMESTONE  UNLINED 
UNDER  BIAXIAL  LOADING) 
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Fig. 168 TWO VIEWS OF SPECIMEN NO. 13 AFTER FAILURE 
(LIMESTONE UNLINED UNDER BIAXIAL LOADING) 
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concrete.    One possible reason for it  is  the inhomogeneity of  the 
material with presence of higher modulus or lower Poisson's  ratio 
inclusions.     The  tendency of the specimen  under biaxial compression 
is to expand in the direction normal to the faces or along the axis 
of the hole  (z-axis).     The low Poisson's  ratio  inclusions  restrain 
this lateral  tensile strain and therefore are subjected to tensile 
stress which causes cracking along the x-y plane.    The cracking 
usually occurs at  the midplane where local  lateral stresses would 
be higher.    In this case,   two crack surfaces were produced in one 
part of the specimen as seen by the splitting of the specimen into 
three pieces. 

The maximum fringe order on the boundary of the hole on the 
horizontal axis was plotted versus applied vertical stress  in Fig. 
170.    The variation is  linear up to approximately 1,800 psi.     The 
maximum compressive strain at p - 1,000 psi,  computed from the 
photoelastic data is 

(eiVi,ooo psi " 900 x rw 650 pin./in. 

Isochromatic fringe patterns for specimen No. 14 are shown 

in Fig. 171. The last frame was taken after failure which occurred 

at a vertical stress of p ■ 4,460 psi and a horizontal «tress of 
q ■ 1,460 psi. The failure seems to be in shear and it was explos- 

ive in nature with the specimen breaking into many fragments 

(Fig. 172). The fracture seems to have originated near the hole 

boundary at approximately the 45-degree location and is similar 

to that predicted by Hoek (Ref. 3) . The fracture surfaces are 

inclined at angles of 30 degrees to 40 degrees from the faces of 

the specimen. 

The maximum fringe ordf;r on the hole boundary along a 

horizontal axis is plotted versus applied vertical stress in Fig. 

173. The curve is linear up to approximately 3,000 psi. The photo- 

elastically computed maximum compressive strain at p ■ 1,000 psi is 

^Pp-1,000 psi 900 x 0.95 610 uin./in. 
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Fig.   171     ISOCHROMATIC FRINGE PATTERNS   IN PHOTOELASTIC  COATING 
AROUND HOLE IN SPECIMEN  NO.   14     (LIMESTONE  UNLINED 
UNDER  BIAXIAL LOADING) 
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Fig.   172     FAILURE PATTERN  IN SPECIMEN NO.   14   (LIMESTONE 
UNLINED UNDER BIAXIAL LOADING) 
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Diametral changes computed from DCDT readings are plotted 

as a function of applied vertical stress for specimens No. 13 and 

No. 14 in Figs. 174 and 175.  Deflections for specimen No. 13 are 

linear up to p ■ 1,700 psi. The deflections per unit vertical 

stress in the linear range are 

^ - 0.2 x 10"° in./psi 
P 

-^ - -1.9 x 10"° in./psi 

In specimen No. 14, the diametral changes are linear up to 

approximately p ■ 2,700 psi. Thereafter, they become nonlinear with 

the horizontal deflection showing a sign reversal and high negative 

values prior to failure. The deflections per unit stress in 

the linear range are 

0.2 x 10"u in./psi 
6h    .... ,.-6 

-^ - -1.4 x 10  in./psi 
P 

The horizontal deflection is negligibly small due to the 

biaxiality ratio chosen (m ■ 1/3) which also tends to reduce to 
zero the stress at the crown and bottom points of the cavity. The 

vertical deflection under this biaxial loading is also reduced 

appreciably from the corresponding, value under uniaxial loading. 

Strains along the axes of symmetry and the 45-degree radius 

for specimen No. 13 were plotted as a function of applied vertical 

stress in Figs. 176 through 180.  The vertical strains along the 

horizontal axis (Fig. 176) are linear up to approximately p - 1,600 

psi.  The ratio between the maximum compressive strain on the hole 

boundary and the free-field vertical strain is 

k  = 2.77 
e 

compared to the theoretical value of 2.67 for an infinite plate and 

a biaxiality ratio of m » 1/3.  The maximum compressive strain at 
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AS A FUNCTION OF APPLIED VERTICAL STRESS FOR SPECIMEN 
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the hole boundary at p « 1,000 psi is 720 |iin./in. which is slightly 

higher than the photoelastic result.  The horizontal strains along 

the vertical axis are negative and fairly linear for the most part 

except for the strain at the hole boundary which is positive and 

becomes nonlinear at approximately p - 1,600 psi.  Principal strains 

along the 45-degree radius were computed from the rosette readings 

and plotted in Fig. 181. The angle between the 45-degree radius 

and the principal direction of e-, , measured clockwise, varies 

between 24 degrees and 27 degrees at r ■ 1.35a, and between 38 
degrees and 39 degrees at r ■ 3.00a. 

Strains along the axes of symmetry and the 45-degree radius 

for specimen No. 14 were plotted as a function of applied vertical 

stress in Figs. 182 through i.86. The vertical strains along the 

horizontal axis are linear up to approximately p ■ 2,000 psi at the 
hole boundary and up to higher loads (p ■ 3,000 psi) away from the 
hole.  The ratio between the maximum compressive strain on the hole 

boundary and the free-field vertical strain is 

k  - 3.15 
E 

compared with  the theoretical value of 2.67.    The maximum compressive 
strain at the  hole boundary at p ■ 1,000 psi is  700 l^in./in. which is 
somewhat higher than the photoelastically computed strain.     The hori- 
zontal strains along the vertical axis  show some nonlinearities at 
low stresses,  but they are not necessarily significant due to the 
low level of  the strains.    All of these strains are negative except 
for the  e     strain on the boundary of the hole.     Principal strains on 
the 45-degree  radius were computed as before and plotted in Fig.   187, 
The angle between the 45-degree radius and the principal direction of 
= ■■, measured clockwise,  varies between 22 degrees and 23 degrees at 
r = 1.35a. 

The strain distribution along the x-axis at an applied vertical 
stress of 1,000 psi  (within the  linear range)  for specimens No.   13 
and No.   14 was  plotted in Fig.   188.    The theoretical distribution 
for an infinite plate under similar biaxial conditions and a modulus 
of 4 x 10    psi and a Poisson's  ratio of 0.23 is  also  shown.     The agree- 

ment between the  two experiments  and  the theory  is  satisfactory. 
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2.     Specimens No.   15 and 16 - Unlined Marble Under Biaxial Loading 

Two marble specimens of dimensions 36  in.  x 24 in.  x   5.12 
in. with a 4 in.   diameter hole were instrumented and tested similarly 
as specimens No.   13 and 14.    The vertical load was applied in incre- 
ments of 30,000 lb and the hydraulic pressure for lateral load 
increments of 15,000  lb.     Thus,  a free-field horizontal stress 
equal to 0.34 of the vertical stress was obtained. 

Specimen No.   15 was tested in the load increments mentioned 
above up to a vertical load of 272,000 lb and a hydraulic pressure 
of 4,500 psi when a connection in the fluid line failed.     The 
sudden reduction in lateral pressure caused a small vertical crack 
to appear along the vertical axis,   similar to that which occurred 
in unlined specimens under uniaxial loading.     Subsequently,   the 
test was rerun up to a vertical load of 410,000 lb and a lateral 
load of 210,000 lb when another hydraulic  fitting failed resulting 
in sudden reduction of the lateral pressure and further cracking of 
the model.    The hydraulic system was repaired and a third loading 
was carried to the rated capacity of the system,  a vertical  load of 
600,000 lb and a lateral load of 300,000 lb.     No additional  failure 
of the specimen was observed. 

Diametral changes are plotted in Fig.   189.    The vertical 
deflection per unit vertical stress,  linear up to approximately 
3,300 psi,  is 

_v 
P 

-0.82  x 10"6 in./psi 

which is approximately half of that in the corresponding limestone 

specimen due to the fact that marble has twice a« high a modulus. 

The horizontal deflection is almost zero throughout the test. 

Strains along the axes of symmetry and the 45-degree radius 

for specimen No. 15 are plotted in Figs. 190 through 194.  The 

vertical strains along the horizontal axis show some nonlinearity 

at a stress as low as p » 1,100 psi. The ratio of the maximum com- 

pressive strain on the hole boundary to the free-field strain is 

k  = 2. 74 
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compared to the theoretical value of 2.67 for an infinite plate.  The 

horizontal strains along the vertical axis are negative except for 

the one on the hole boundary which is tensile but very small.  Prin- 

cipal strains along the 45-degree radius at r - 3.00a were computed 

from the rosette readings and plotted in Fig. 195.  This computation 

was not possible at the other rosette locations due to lack of com- 

plete readings. The angle between the 45-degree radius and the 

principal direction of strain gi, measured clockwise varies between 

38 degrees and 40 degrees. 

Specimen No. 16 was loaded similarly as No. 15 in 30,000 lb 

and 15,000 lb psi increments up to a vertical load of 450,000 lb and 

a lateral load of 225,000 lb, when a piece of the specimen near the 

top loaded surface broke off.  No failure around the hole was noticed 

during the loading.  Isochromatic fringe patterns from the photo- 

elastic coating around the hole are shown in Fig. 196 where both 

vertical and horizontal applied stresses are indicated in each frame. 

Diametral changes are plotted in Fig. 197.  The vertical 

deflection is linear and the horizontal is zero up to a vertical 

stress p - 2,800 psi, thereafter both become nonlinear.  The vertical 

deflection per unit applied stress in the linear range is 

-Z   - -0.85 x 10"6 in./psi 
P 

which is very close to that in specimen No. 15. 

Strains along the axis of symmetry and the 45-degree radius 

are plotted in Figs. 198 through 202. The vertical strains along 

the norizontal axis are linear up to approximately p - 3,200 psi. 

The ratio of the maximum compressive strain on the hole boundary to 

the free-field strain is 

k  = 2.80 
£ 

compared to the theoretical value of 2.67. 

The strain distribution along the horizontal axis at an 

applied vertical stress of 2,000 psi is plotted in Fig. 203 for 

specimens No. 15 and 16.  The theoretical distribution is also shown. 

The agreement between the two experiments and the theory is close. 

272 

■aaMmaMaBMMi^MMaatfaMMlMHaaMaalMMaUi 



mmm 

M     Al 

o o 
o o • • 

i i 

(C cu 

□ e 

i 

8S gi 

ax 
o »_ 

I 

o 
o 

i- 

t 

m 
ON 

a 

i 
UJ 

o o 

SE'CeC 89*992 10*002 fie*eei Z.9'99 
(  IOIX)ISd  'd       'SSBÜIS 

00*0 

273 



p  =  400 psi 
q  =  135 psi 

1200 psi 
405 psi 

p = 2000 psi 
q =  680 psi 

2810 psi 
950 psi 

3610 psi 
1220 psi 

4420  psi 
1490  psi 

1020  pii 
3220   ps: 
1 /'oü   ps L 
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Fig. 196 ISOCHROMATIC FRINGE PATTERNS IN PHOTOELASTIC COATING 
AROUND HOLE IN SPECIMEN NO. 16 (MARBLE UNLINED UNDER 
BIAXIAL LOADING) 
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SECTION VIII 

STRESS DISTRIBUTION AND FRACTURE AROUND LINED CAVITIES 

IN ROCK UNDER BIAXIAL LOADING 

1.  Specimen No. 17 - Limestone Lined with Hydros tone Under 

Biaxial Loading 

A limestone plate of dimensions 36 in. x 24 in. x 3.07 in. 

with a 4 in. diameter hole lined with a 0.44 in. thick hydros tone 

liner was loaded in biaxial compression. The vertical load was 

applied in increments of 30,000 lb up to 120,000 lb and in 15,000 

lb increments thereafter.  The corresponding increments for the 

lateral load were 15,000 lb and 7,500 lb. 

Isochromatic fringe patterns are shown in Fig. 204 for 

various levels of loading. The applied vertical and horizontal 

stresses are shown in each frame. The patterns show a high com- 

pressive strain on the inner surface of the liner along the hori- 

zontal axis. The shear at the interface between the liner and the 

rock seems to be more uniformly distributed than in the case of 

uniaxial loading. The specimen was loaded up to a vertical load of 

300,000 lb when it failed by splitting along a middle plane normal 

to the axis of the hole.  The corresponding vertical and horizontal 

stresses were p » 4,080 psi and q - 1,380 psi. After this splitting, 

both vertical and horizontal loads dropped abruptly and one of the 

halves of the specimen cracked along the vertical axis of symmetry. 

The failure pattern is shown in Fig. 205. 

Diametral changes as a function of applied vertical stress 

are plotted in Fig. 206.  Both horizontal and vertical deflections 

are negative, although the former is very small. They are both 

linear up to a vertical stress of p » 2,700 psi. Deflections in 

the linear range per unit of applied vertical stress are as follows: 

-ü = -.08 x 10 
P 

-6 in. /psi 

-Ü- = -2.6 x 10"6 in./psi 
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Fig. 204 ISOCHROMATIC FRINGE PATTERNS IN PHOTOELASTIC COATING 
AROUND HOLE IN SPECIMEN NO. 17 (LIMESTONE LINED WITH 
HYDROSTONE  UNDER  BIAXIAL  LOADING) 
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Strains along the axes of symmetry and the 45-degree radius 

are plotted as a function of applied vertical stress, with radial 

distance as a parameter, in Figs. 207 through 211,  The vertical 

strains along the horizontal axis (Fig. 207) are linear up to at 

least p = 2,400 psi.  The ratio of the maximum compressive strain 

at the interface to the far-field strain is 

k = 2.03 

compared  to  the  theoretically computed value of 2.19   (Eqs.   46 and 47) 
On the basis of the far-field vertical strains a modulus of 
E = 3.7 x 10    psi was  computed.     The horizontal strains along the 
horizontal axis near  the cavity  (x = 0.9a and x = a)  are nonlinear 
throughout.     Those  farther away from the hole are linear up  to 
approximately p = 2,400 psi.     The horizontal strains along the 
vertical  axis  show early nonlinearities.     The vertical strains 
along the same axis  show similar behavior near  the hole but  they 
are fairly linear farther away.     Principal  strains computed  from 
the rosette readings along the 45-degree radius are plotted in 
Fig.   212.     The strain  e.   is positive but decreases with increasing 
radial distance.     It is almost zero at  r = 3.00a.    The angle between 
the 45-degree radius  and the direction of e, ,  measured clockwise, 
is nearly constant with  load;  29 degrees at  r = 1.35a,   35  degrees 
at  r = 1.80a,   and approximately 42 degrees  at r = 3.00a. 

The strain distribution along  the horizontal axis  at an 
applied vertical  stress of p =  1,200 psi  is plotted in Fig.   213. 
Theoretical points based on a value  for Young's modulus equal to 
3.7 x 10    psi have also been calculated  for  the inside of the liner 
and the interface  and are shown in th e  same  figure.     The agreement 
with experimental  results  is very good. 

2.     Specimen No.   18  - Limestone Lined with Aluminum Under Biaxial 
Loading 

A limestone plate of dimensions  36  in.  x 24  in.  x 3.04  in. 
with a 4  in.   diameter hole lined with a 0.40 in.   thick aluminum 
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liner was  loaded in biaxial compression.    The vertical load was 
applied in 30,000 lb increments and the lateral load in increments 
of 15,000 lb. 

Isochromatic fringe patterns are shown in Fig.  214 for 
various  levels of loading including zero load after failure.    The 
photoelastic pattern shows evidence of pronounced deformation in 
the 90-degree sector around the horizontal axis.     The specimen 
failed at a vertical load of 300,000 lb.    The corresponding vertical 
and horizontal stresses were 4,110 psi and 1,340 psl,  respectively. 
The primary failure mode again was splitting along a vertical plane 
normal to the axis of the hole.    One of the halves underwent further 
cracking in various  radial directions around the hole  (Fig.  215). 

Diametral changes as a function of applied vertical stress 
are plotted in Fig.  216.     Both horizontal and vertical deflections 
are negative with the former very small as expected.     The vertical 
deflection is linear up  to p - 3,300 psi.    The horizontal deflection 
is  linear throughout the recorded range.    Deflections per unit 
vertical stress in the linear range are as follows: 

6h -6 
-2-   -    -0.12 x 10      in./psi 

6v •1.8 x 10"6 in./psi 

Strains along the axes of symmetry and the 45-degree radius 
with .radial distance as  a parameter are plotted as a function of 
applied vertical stress  in Figs.  217 through 221. The vertical 
strains  along the horizontal axis are linear up  to p ■ 3,000 psi. 
The ratio of the maximum compressive strain at  the interface to 
the  far-field vertical strain is 

k      -    1.85 
E 

compared  to the theoretical value of 1.25   (Eqs.   57,   58).    A Young's 
modulus ofE"4.0xlO    psi was computed from the average of all 
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p  = O psi 
q  = 0 psi 

p  -  820 psi 
q =  280 psi 

1650 psi 
560 psi 

P  = 2470 psi 
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p =  2800 psi 
q «  970 psi 

3290 psi 
1110 psi 

)  =  i110 psi 
I  -  1 140 psi 

Fig.   214     ISOCHROMATIC FRINGE PATTERNS   IN PHOTOELASTIC COATING 
AROUND HOLE  IN  SPECIMEN NO.   18   (LIMESTONE WITH ALUMINUM 
LINER UNDER BIAXIAL LOADING) 
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Fig. 215 FAILÜKE PATTERN OF SPECIMEN NO. 18 (LIMESTONE WITH 
ALUMINUM LINER UNDER BIAXIAL LOADING) 
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the vertical far-field strains.  The horizontal strains along the 

horizontal axis, except for that on the edge of the liner, are 

linear up to at least p ■ 2,CJ0 psi.  The horizontal strains along 
the vertical axis show early nonlinearities, whereas the vertical 

strains along the same axis are linear throughout.  Principal 

strains along the 45-degree radius were computed from the strain 

readings using the rosette equations and plotted in Fig. 222.  The 

principal strain e-, is positive at r « 1.35a, decreases to nearly 

zero at r ■ 1.80a and becomes negative, although very small, at 
r ■ 3,00a.  The angle between the 45-degree radius and the direction 
of Ej, measured clockwise, remains nearly constant around 40.5 

degrees at r ■ 1.35a, varies between 39 degrees and 40 degrees at 
r ■ 1.80a, and 39 degrees and 42 degrees at r - 3.00a. 

Strains along the horizontal axis for an applied vertical 

stress of p - 1,800 psi were plotted in Fig. 223.  Theoretical 

points for the inside of the liner and for the interface are also 

shown. The discrepancy in the strains at the interface between 

theory and experiment is apparent. 

As discussed earlier, the failure of this specimen was 

rather complex, involving splitting along a vertical plane normal 

to the axis of the hole and radial cracking around the hole.  The 

latter type of failure can be explained by calculating the principal 

stress distribution around the interface between liner and plate. 

Radial, circumferential and shear stresses were computed from Eqs. 

(57), (58), and (59) and principal stresses derived from these were 

plotted versus angular location in Fig. 224.  It is seen that the 

tensile principal stress reaches a peak of 0.48p at 6 ■ 38 degrees. 
Assuming elastic linear behavior, a maximum tensile stress of 

amax " 0*48 x 4110 " 1980 Psi 

was reached when failure occurred. 
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3.     Specimen No.   19  - Marble Lined with Hydrostone  Under Biaxial 
Loading 

A marble plate of dimensions  36 in.  x 24  in.   x 3.03  in.  with 
a 4  in.   diameter hole lined with a 0.44 in.   thick  hydrostone liner 
was  loaded  in biaxial compression with a biaxiality ratio of m ■ 0.34. 
The vertical load was applied in increments of 30,000  lb and the 
corresponding hydraulic pressure for the  lateral  load in increments of 
15,000  lb.      At a vertical  load level of 420,000  lb,  a failure 
occurred in one of the bolts of the hydraulic fixture and the lateral 
load decreased abruptly.     The specimen was retested up to the 
capacity of the system,  i.e.,   600,000 lb vertical  load, with no 
apparent failure.    However,   the strain gage readings obtained from 
the second test were erratic and were not used here. 

A sequence of isochromatic fringe patterns  is shown in Fig.225 
for various  levels of loading.     The applied vertical and horizontal 
stresses are shown with each frame.     The last frame shows a high 
compressive stress on the horizontal axis around  the  liner. 

Diametral changes as a function of applied vertical stress 
are plotted in Fig. 226. The horizontal deflection is essentially 
zero throughout the test. The vertical deflection is linear for a 
small portion of the loading range up to p ■ 1,750 psi. The curve 
has a marked nonlinearity with a downward convexity, indicating some 
stiffening around the cavity. The vertical deflection in the linear 
range per unit of applied vertical stress  is 

-£    =    -1.2 x 10"°  in./psi 

This is approximately half the corresponding deflection for specimen 

No. 17, since marble has a modulus twice as high as that of lime- 

s tone. 

Strains along the axes of symmetry and the 45-degree radius 

are plotted as a function of applied vertical stress in Figs. 227 

through 231.  The vertical strains along the horizontal axis are, 

307 



0 psi 
0 psl 

820 psi 
280 psi 

1650 psi 
560 psi 

p - 2470 psi 
q -  840 psi 

3300 psi 
1120 psl 

p - 3710 psi 
q - 1260 psi 

4540 psi 
1540 psi 

5360 psi 
1820 psl 

8250 psi 
2800 psi 

Fig.   225     ISOCHROMATIC FRINGE PATTERNS  IN PHOTOELASTIC 
COATING AROUND HOLE  IN SPECIMEN NO.   19   (MARBLE 
LINED WITH  HYDROSTONE UNDER BIAXIAL LOADING) 
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with one exception,  linear throughout  (Fig.  227).     The ratio of 
the maximum compressive strain at the interface  to  the  far-field 
strain is 

k      -    2.81 e 

compared to the theoretical value of 2.63 (Eqs. 65 and 66). The 

modulus computed from the far-field vertical strains is 8,8 x 10 

psi.  Principal strains computed from the rosette readings along 

the 45-degree radius are plotted in Fig. 232.  The principal strain 

e, decreases with increasing radial distance from positive values 

at r ■ 1.35a and r » 1.80a to a slightly negative value at r ■ 3.00a, 
The angle between the 45-degree radius and the direction of e,, 

measured clockwise, varies between 25 degrees and 26 degrees at 

r ■ 1.35a, 34 degrees and 36 degrees at r - 1.80a, and 39 degrees 
and 39.5 degrees at r - 3.00a. 

The strain distribution along the horizontal axis at an 

applied vertical stress of p ■ 3,000 psi is plotted in Fig. 233. 
The theoretical distribution is also shown. The agreement seems 

to be satisfactory at the interface. 

4.  Specimen No. 20 - Marble Lined with Aluminum Under Biaxial 

Loading 

A marble plate of dimensions 36 in. x 24 in. x 3.26 in. 

with a 4 in. diameter hole lined with a 0.40 in. thick aluminum 

liner was loaded in biaxial compression with a biaxiality ratio of 

m ■ 0.34. The vertical load was applied in increments of 30,000 lb 

and hydraulic pressure in increments of 15,000 lb.  The specimen 

was loaded to the full capacity of the system, i.e., a vertical 

load of 600,000 lb and a hydraulic pressure of 10,000 psi, cor- 

responding to a vertical stress of p » 7,680 and a horizontal stress 

of q - 2,600 psi. No failure was observed. 
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Isochromatic fringe patterns are shown in Fig.   234 for 
various  levels of load.    The fringe patterns show evidence of high 
compressive strains on the horizontal axis around the liner and high 
interfacial shear at the 45-degree locations. 

Diametral changes as a function of applied vertical stress 
are plotted In Fig.  235.    Both vertical and horizontal deflections 
are negative.    They are linear up to approximately p - 4,200 psi. 
Deflections per unit of applied vertical stress are 

-?•   -    -0.30 x 10"° in./psi 
P 

-^   -    -0.95 x 10'° in./psi 
P 

The vertical deflection is approximately half the corresponding 

deflection in specimen No. 18, since the modulus of marble is 

approximately twice that of limestone. No reason is known for the 

discrepancy in the h rizontal deflection. 

Strains along the axes of symmetry and the 45-degree radius 

with radial distance as a parameter are plotted as a function of 

applied vertical stress in Figs. 236 through 240.  The vertical 

strains along the horizontal axis become nonlinear at various stress 

levels with no discernible ptttern. The lowest proportionality 

limit is at p - 3,200 psi.  Tne ratio of the maximum compressive 

strain at the interface to the far-field vertical strain at this 

stress level is 

k  - 1.95 
e 

compared to the theoretical value of 2.44  (Eqs.   73 and 74).    A Young's 
modulus of E- 8.6 x 10"    psi was computed from the average of all 
the vertical far-fiels strains.    The lowest limit of linearity for 
the rest of the strains  is p - 3,000 psi.    Principal strains along 
the 45-degree radius were computed and plotted in Fig.  241.     The 
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principal strain e-,  is positive but decreases with increasing radial 

distance, becoming nearly zero at r - 3.00a.  The angle between 

the 45-degree radius and the direction of E,, measured clockwise, 

remains nearly constant around 35 degrees at r » 1.35a, 37 degrees 

at r ■ 1.80a, and varies between 40 degrees and 42 degrees at 
r - 3.00a. 

Strains along the horizontal axis for an applied vertical 

stress of p = 3,000 psi were plotted in Fig. 242 . Theoretical 

points for the inside of the liner and for the interface are also 

shown. 
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Fig. 242 STRAIN DISTRIBUTION ALONG HORIZONTAL AXIS AT APPLIED 
VERTICAL STRESS OF p - 3,000 psl FOR SPECIMEN NO. 20 
(MARBLE LINED WITH ALUMINUM UNDER BIAXIAL LOADING) 
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SECTION IX 

SUMMRY,   CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

This  report deals with an experimental study of the state 
of strain,  deformation and fracture around lined and unlined cylin- 
drical cavities  in rock under uniaxial and biaxial static compressive 
loadings. 

Two materials were investigated;   Indiana limestone and 
Vermont marble.    The specimens were typically 36  in.   high x 24 in. 
wide x 3  in.   thick with a 4 in.  diameter cylindrical cavity.    Two 
liner materials were used;  hydrostone and aluminum.     Liner thicknesses 
were 0.44 in.  and 0.40 in.   for the two liner materials,  respectively. 
Ten specimens of each material with lined and unlined cavities were 
tested,  six under uniaxial and  four under biaxial compression.    The 
applied lateral stress  in the biaxial tests was  one-third of the 
applied vertical stress  to simulate conditions of lateral restraint 
of an infinite rock mass. 

Each specimen was  instrumented with strain gages along the 
horizontal,  vertical and 45-degree radii.     Strain gages were placed 
on the faces of the specimen,   the inside of the cavity,  on the liner 
and at the interface between the liner and the rock.     Horizontal and 
vertical diametral changes were measured with differential trens 
formers   (DCDTs).    Full-field strain distributions were measured on 
the  face of the specimen near the cavity,  and yielding and cracking 
were also monitored with a photoelastic coating. 

Basic properties  for each of the rock varieties used were 
determined by simple uniaxial tests.    Properties  determined were 
tensile strength,  compressive strength. Young's modulus,  Poisson's 
ratio, modulus of rigidity and bulk density.     In addition,  Mohr 
envelopes of failure were developed by means of  triaxial testing. 

Results were presented in the form of strain distributions 
as a  function of applied stress   (vertical)  along  the horizontal, 
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vertical and 45-degree radii, diametral changes as a function of 

applied stress and isochrornatic fringe patterns for various stress 

levels.  Whenever possible, specimens were loaded to failure.  Crack 

initiation and propagation were detected by the strain and diametral 

variations with applied stress but were clearly manifested by the 

isochrornatic fringe patterns of the photoelastic coating.  Some of 

the numerical results obtained from each specimen were Young's 

modulus and Poisson's ratio of the material determined from the 

far-field strains, compressive strain concentration factor, diametral 

changes per unit of applied vertical stress, epplied stress at crack 

initiation and maximum tensile stress at point and time of fracture. 

All these results are tabulated in Tables 2 and 3 for all 20 

specimens. 

Young's modulus as determined from the far-field strains in 

the limestone specimens varied between 3.6 x 10 and 5.3 x 10 psl 

compared to the value of 3.8 x 10 determined from uniaxial tensile 

tests.  The two highest values obtained from specimens No. 1 and 2 

may be due in part to some nonuniform load distribution.  The average 

value for the modulus, excluding the two highest values, is 4.0 x 10 

psi.  The value of Poisson's ratio of approximately 0.23 checks well 

with the value of 0.22 determined from the uniaxial tests.  For the 

marble specimens, Young's modulus varied between 7.6 x 10 and 

8.8 x 10 psi with an average value of 8.2 x 10 psi compared to 

the value of 7.9 x 10 psi determined from uniaxial tests.  The 

average value for Poisson's ratio was 0.27 compared to the value of 

0.24 obtained from the uniaxial tests. 

The strain concentration factor in the unlined uniaxially 

loaded specimens reached values of 3.40 and 4.00 for limestone and 

3.40 and 3.50 for marble, appreciably higher than the theoretical 

value of 3.00.  No explanation is readily available for this discrep- 

ancy.  The variability in strain concentration factor is much greater 

in limestone than in marble.  In limestone, the experimentally determ- 

ined strain concentration factor, with the exception of specimen No. 

17, was appreciably higher than the theoretical value.  In marble, the 

330 

tmmtmm^mmmmmmmmamm^mm^^^mmmt^mtm 



— 11 I,., _ -. 

li-i 
O     o     O     o     o 
Sl/l        iA        iA        ^S 

*     ■*     m     CN 

s a a s u o 

S8   I I» 

mum 

o a    M 

> > > > 

r r r r 
a s 5 3 _. 
a1 | ff a1 ?| 

h h E h E ■ u u u u u 

.1 

3   S 

8 

If 
U     VI       0      l/l 

S g  g  g   s 
to       i*        tTt        *4 O 

o    o    o    o 
in     *      ai      ^ 

^      <"     ^     •*     ^ 

O     O     O     o     o 

tN      (*i       in     ^     ^     vc 
<N     (s     N 

ti 

m u . 

-"3   2 

If: ft     a 

s s 

CSI        (N        M 

n        ■* ■»        M       ^       i^       ^ 

S-* 1 B 

}Msc 

lie 

■H     ■-!■-.     ■--     ^      -H     a     «     d     « 

5 .3 s 3 |   3 a a a a 
5   2   S   S   I    I   S   5   £   S 

3   3   3    3 
ci     o      o        o 

3.  5 
O     O 

C   ao 

2   2   i    § Si 
So •    B 

I g I I 1  I £ | I I 

»n    K    J 
•/>   o   o 
(S       M       ^ 

331 

>   m 

a 

L^i 



\ 
2 

|2l u 
I «    * 

i' 
K u 
 it  

■am a S 

II 
IS i3 SSfi»' 

-       o 
3    TS 

3*  t 

la N 

1^ 

äl 

53 

6 0      H 
>■*     ! 

P« 

8  8  S   S S 
0     <0      O      t^     <A 

S 8 S § § § 

o    o   e   e» o 

u*i       (S       ^        «^ 

t   1 

8 8 4) 

(SI 

•0 
N0 * J 

M 

O 3 8 s «A 
00 s s o 

BO 00 * 
N      <H       N       rx 

O     O     O     O     O     O 

•o     ao    <s>     oooooo^     '*~ 00     to 

III 5   5  15 

3   5  3  3   .    .33 
o    e   o   o 

lln      i 
i n I I 1 1 ü ü I 

ttr^NN      Q    **>     PH      2 

^     «     OH     o 

i, 
-I 

= 1 

§ 

L 
si 

s:.i 

332 

      - — .^HiH 



experimental values were, with the exception of specimens No. 12 

and No. 20, only slightly higher than the theoretical values. 

The diametral changes in limestone under uniaxial loading 

were roughly the same regardless of liner.  The vertical deflections 

were 2-3 times higher than the horizontal deflections.  Under 

biaxial conditions, the vertical deflections were approximately 

two-thirds of those under uniaxial loading, and the horizontal 

deflections were nearly zero. Diametral changes in the marble 

specimens have the same relative magnitudes to each other and are 

approximately half of the corresponding values in the limestone 

specimens. The latter is obviously due to the 2:1 ratio of moduli 

between marble and limestone. All diametral changes varied linearly 

with applied stress up to the crack initiation level. 

The mode of failure in the uniaxially loaded unlined specimens 

(Nos. 1, 2, 3 and 4) was clearly tensile cracking along the vertical 

axis of symmetry.  Cracking started on the boundary of the cavity on 

the vertical axis.  In the limestone specimens, cracking started at 

sharply differing applied stress levels (1,250 psi and 640 psi). The 

maximum tensile stress at the crack initiation point, computed using 

the measured strain and Young's modulus, was 1600 psi and 1,650 psi, 

for specimens No. 1 and 2, respectively.  This shows that an unusual- 

ly high tensile strain existed in the second specimen, unexplained 

by any theory.  The stress values above are appreciably higher 

than the tensile strength of 630 psi determined from uniaxial tests. 

The difference may be due to size effects and to nonlinearity 

and yielding in the rock specimen.  The two marble specimens (No. 3 

and A) cracked at stress levels of 1,600 psi and 1,900 psi.   The 

maximum tensile strain on the boundary of the hole shows appreciable 

nonlinearity and yielding prior to cracking.  An approximate value 

for the local maximum tensile stress at fracture is 3,800 psi, rough- 

ly four times higher the tensile strength determined from uniaxial 

tensile tests.  This is undoubtedly due to higher ductility and 

yielding in marble prior to fracture.  The crack propagation in the 

marble tended to be slower and final fracture was appreciably less 

dramatic and violent than in the limestone.  This is due in part to 
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lower elastic  energy release in marble at fracture which is a result 
of increased yielding prior to  fracture. 

The presence of a liner,   even a weak liner,   such as hydro- 
stone,  tends  to strengthen the cavity, but the performance of the 
liner and the strain distribution in the material around it depend 
greatly on the condition of bonding.     In the limestone specimens, 
the hydrostone liner, having a modulus of approximately half of that 
of limestone,   increased the strength only slightly.     Maximum tensile 
stresses  at  failure were approximately 1,500 psi.    The  same  liner 
in marble increased the strength by approximately 27 percent. 
Maximum tensile stresses at failure were 3,060 psi and 3,500 psi. 
All of these  specimens  (Nos.  5,   6,   9,  and 10)  failed by cracking 
along the vertical axis.     In specimens No.  5 and No.   6,  cracking 
started in the  limestone at the interface with the hydrostone  liner. 
The hydrostone  liner itself cracked at higher applied stresses, 
although the material has approximately the same strength as  the 
limestone.     In the marble specimens,  cracking initiated in the 
hydrostone but it quickly prop'agated into the marble. 

Specimens with aluminum liners produced the most divergent 
results,  probably due to higher sensitivity to bonding conditions. 
One of the limestone specimens   (No.   7)   failed by cracking near the 
vertical axis  at a low applied stress of 1,100 psi.     However,  due 
to a peculiar distribution of stresses around the hole,  a maximum 
tensile stress of 2,260 psi was reached at fracture.     The second 
limestone specimen  (No.  8)  showed much lower strain concentrations 
and much higher strength.     Cracking initiated at an applied stress 
of 2,050 psi at the interface near the 45-degree location.     This is 
near the theoretically calculated location of the maximum tensile 
stress.     A tensile stress of 1,500 psi was computed at  the point and 
time of crack  initiation.     The first marble specimen  (No.   11)  cracked 
near the vertical axis at the interface at an applied stress of 
2,500 psi and  reached a local  tensile stress at the point of fracture 
of 4,500 psi.     This  is approximately  five times  the tensile strength 
of marble  as   determined from uniaxial  tests.    The second marble speci- 
men  (No,   12)   showed a more  than  100 percent increase  in strength over 
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that of the unlined specimens.     Cracking started off the vertical 
axis and possibly away from the interface at an applied stress of 
4,000 psi.    This peculiar type of fracture has been predicted theo- 
retically by Hoek   (Ref.   3)  and confirmed experimentally.     At  the 
point of crack initiation,  the maximum tensile stress was of the 
order of 2,000 psi,  although a tensile stress of approximately  5,00* 
psi was reached at the interface on the vertical axis.     This  result 
points to the influence of size effect,   inhomogeneity and stress 
biaxiality on fracture of this rock. 

Under biaxial compressive loading,  most of  the stresses  an 
compressive and no pure tensile  failure results.     The  first unlineJ 
limestone  failed by splitting into two halves along the middle plan* 
parallel to the faces at an applied vertical stress of 3,550 psi. 
This failure which is  typical of concrete and rocklike materials 
may be due to  the  inhomogeneity of the material.     It  is assumed th. 
the material contains higher modulus or lower Poisson's ratio 
inclusions which tend to restrain the  lateral tensile strain and 
therefore are subjected to local  tensile stress which causes  failm 
The second limestone specimen (No.   14)   failed in an explosive mannt: 
under shear around the 45-degree radius.     Failure occurred at a 
vertical stress of 4,460 psi.    The hydrostone-lined limestone spec 
men  (No.   17)  failed by vertical splitting at a vertical stress  of 
4,080 psi,  approximately 10 percent higher than in the unlined 
specimen.    The aluminum-lined limestone specimen (No.   18)   failed a. 
4,110 psi vertical stress both by vertical splitting and radial 
cracking.     A maximum tensile stress of  1,980 psi was calculated at 
the interface at the tim.'   of failure.     None of the four marble 
specimens  loaded in biaxial compression produced failure around the 
cavity when loaded to  the capacity of the  loading system. 

The results above point out that  the strength of a cavity, 
although definitely dependent on  the  type of liner,   loading conditJ 
and basic material properties,  cannot  always be predicted.     Deperuli 
on the combination of materials,   geometrical and loading parameters 
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several   types of failure can be observed,   tensile cracking along the 
vertical axis,   tensile cracking off the vertical  axis,   splitting 
with or without radial cracking,   fracture away from cavity boundary, 
and compressive  (shear)   failure.     The tensile stresses computed at 
the point and time of fracture were much higher than the 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 such stresses were from 3.7  to 5.0 times the 
uniaxial  tensile strength.     Such factors can be taken into account in 
designing silos, provided the material properties   (in situ)  and load- 
ing conditions are known. 

It has been clearly demonstrated that liners  in general have 
a definitely strengthening effect.     This effect depends on the 
relative modulus,  thickness and strength of the liner. 

The present work clearly demonstrates  that small-scale 
experimental  studies are very useful in determining the influence of 
various parameters on the structural response of silo structures. 
Such tests  are necessary to  fill the gap between theory and field 
testing.     Although a great many cases were investigated in the present 
work,  many more questions  remain to be answered. 

The influence of faults  and layers  in the rock medium around 
the cavity merits careful study.     Experiments  similar to those 
described  in this report can be easily conducted with  faulted and 
layered  rocks.     The influence of material and geometrical parameters 
of liners  on the strength of  the cavity merits  further study.    Given 
a medium and a loading environment,  an optimum liner can be designed. 

The  static loading used here can be extended to  a quasi- 
dynamic  programmable biaxial   loading.    A biaxial  loading simulating 
the given  free-field radial and circumferential strain histories can 
be applied to a rock specimen containing a cavity by means of an 
electro-hydraulic system available at IITRI.     Two-dimensional dynamic 
studies  using explosive loadings and photoelastic  and rock models 
would be useful in checking computer codes and the effects of liner 
rigidity  and nature of bond between liner and medium. 
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The dynamic loading conditions and the three-dimensional 

aspects of the problem can be incorporated into a three-dimensional 

photoelastic study of a silo model subjected to explosive or air- 

blast loading.  The medium around the silo can be simulated by as 

many layers of different photoelastic materials as desired. Experi- 

mental techniques and facilities for dynamic three-dimensional 

photoelastic studies are available at IITRI. 

A similar study can be conducted using a model of a silo in 

rock loaded on the surface with explosive or other dynamic loading 

(small scale DIHEST test).  The effects of cracks and faults can be 

incorporated in such a study. 
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