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ABSTRACT

Simulation of stress distribution around undergbwpenings leads to safe design of
excavations. In many engineering projects involviegk, the failure of rock is of
fundamental importance and the aim of laboratogeaech in rock mechanics. The
work described in this paper involves a seriesxpieements that were performed on
hollow thick-walled cylinders of three different pigs of rock namely: Gypsum,
Limestone and Sandstone. Three hole sizes were madthe specimens of the rocks
with ratio of hole diameter to specimen diamete0df88, 0.235 and 0.277 as well as
zero (a solid one). Different loading conditionyédeen considered including uniaxial
compression, triaxial compression as well as Bieazénd ring tests.

The results indicated that both unconfined comjpresand tensile strengths decrease
with the increasing hole size. A critical hole siwgio, ratio of hole diameter to
specimen diameter, beyond which there is no smti reduction in strength, has been
defined clearly in uniaxial loading condition ofalt 0.2 to 0.25, but not for tension
condition. Ratio of the unconfined compressiveetustle strengths of solid specimen is
more than 6.0, while it becomes less than 3.0 $e cd hollow specimen.

Despite the fluctuation in shear strength paramadieandy ) with the hole size, but in
general, both parameters show decrease with theasiog hole size while they
increase with the confining pressure. All the roblse shown similar trends of stress-
strain behavior. Finally, it can be concluded ttie# loading type has a pronounced
effects on strength characteristics and stresséshdition around the excavation.

Keywords: Rock strength; Hollow cylinders; Underground openiSedimentary rocks

1. INTRODUCTION

In many geotechnical, mining and petroleum engingeproblems, it is necessary to
evaluate the stresses and deformations around grmoded structures. The stress



98 J. OF ROCK MECHANICS AND TUNNELLING TECH. VOL.15 No. 2, 2009

condition encountered in field cannot be simuldigd conventional strength test such
as uniaxial and triaxial tests on solid disc specima Hence, a hollow cylinder test
system appeared as vital in analysis of such prol

Hoskins (1969) carried out experiments on thickledhlhollow cylinders of five
different types of isotropic rock. The failure gfeximens tested with external pressure
and axial load, started at inner surface towardsotiter one. Thicker walled specimens
were the strongest. Rock in hollow cylinder tedethat a tensile stress about 3.7 times
greater than its tensile strength obtained frondsbc.

Hudson (1969) performed ring tests on gypsum plagtecimens with small hole sizes.

The tensile strength of ring specimen increasdbeasliameter of the hole is decreased.
A constant tensile strength was obtained whendlative hole size is greater than 20%
of specimen diameter for the material used. Them critical hole size beyond which

the hole has insignificant effect on the failureado Hudson et al. (1972) conducted
Brazilian tests on disc alongwith ring tests. Taiufe initiated under the loading points

in both Brazilian and ring tests when flat steeltgh loading used, while it is initiated at

boundary of the hole of ring specimen when disteduload device is employed. A

small hole created in disc center affects the ibistion of stresses. Different tensile

strengths obtained with various ratio of hole ditené disc diameter.

Gay (1976) simulated the underground mining by gisanthick-walled cylinder of
sandstone and quartzite with circular, ellipticatlaectangular holes. Al-Sayed (2002)
used hollow cylinders from spring well sandstonkejected to a combination of internal
pressure, external pressure and axial load. Hotlgvmders appear much weaker than
solid one, however, the strengths of later weréhdrigvhen no internal pressure is
applied. Also, the tensile strength obtained framg test was higher than that from the
Brazilian disc test. Sharan (2003) suggested aedldsrm solution to predict the
stresses around a circular opening in brittle rotkss. Both tangential and radial
stresses vary along the thickness of the hollog.rin

In the present study, the effect of hole size am ¢bmpressive and tensile strength
characteristics of different types of rock has bes@mmined experimentally. The
uniaxial, triaxial, Brazilian and ring tests haveeb carried out on solid and hollow
specimens. The results of the compressive andldéestiengths are presented for
various ratios of the hole size to diameter of spen. Variations of shear strength
parameters with confining pressure and hole sigabso presented.
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2. MATERIALSAND METHODSOF TESTING
2.1 Rock Types

Three types of rocks found in the region of Mosamely, gypsum, limestone and
sandstone have been considered in this study. Adexiproperties of these rocks are
presented in Table 1.

The limestone is of medium grained, slightly dolaimdimestone with abundance of
fossils which are considered from Miocene age.

The sandstone is located stratigraphically witlie tipper most part of the lower Fars
formation. It was deposited in fluvial dominatedtdearound major lagoons of various
grain sizes ranging from fine to very fine-grained.

The gypsum or hydrous calcium sulphate (Ca3i&0) classified within the evaporate
class which is deposit from the body of sea water.

Table 1 - Index Properties of Rocks

Rock Type Dry density | Absolute porosity] Specific

(gm/cnt) (%) gravity

Gypsum 2.23 55 2.36
Limestone 2.10 18.7 2.68
Sandstone 1.93 24.9 2.62

2.2 Specimen Preparation

The preparation of rock specimens for the testsgne of the tasks in this work.
Cylindrical specimens for uniaxial and triaxial gorassion tests have been prepared
taking into account the ratio of diameter to thgéa particle size of about 10:1 and not
less than 54 mm (ASTM D - 4543). To satisfy theoraf H/D equal to 2, hence, the
54.2mm diameter by 108mm height has been considei@dever, disc specimen with
diameter 54.2mm and thickness 23.4mm has beenrteglee Brazilian test.

Holes with different diameter have been performeth Wwigh precision to avoid any
crack or disturbance in the specimens during thiindr process. Because of the
sensitivity of sandstone to be broken, since iecspens have been warped thoroughly
during the preparation.

Three sizes of openings, namely, 1.02, 1.27 an@ &b have been adopted. These
openings give ratios of hole diameter to the spenimiameteri(= D; / Do) of 0.188,
0.235 and 0.277 respectively (Fig. 1).
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Fig. 1- Geometry of specimen
2.3 TestsProcedure

In order to examine the effect of the hole sizel@compressive and tensile strengths
of the rocks, many types of test have been caoigd The compression test has been
performed including uniaxial and triaxial compressitests. The tensile strength has
been found through Brazilian and ring tests.

2.3.1 Uniaxial compression test

The uniaxial compression test has been carriedoouhollow cylindrical specimens
with different hole sizes as well as solid one. Bpecimens of 54.2 mm in diameter
and 108mm in height have been prepared for teslihg.rate of test has been adapted
as 0.7 MPa/sec to ensure failure within 5-10 misiutecompression machine of 150
Ton capacity, following the procedure given by ASTM2938).

2.3.2 Triaxial compression test

All the tests in this category are carried out gditoek triaxial cell developed by Hoek
and Franklin (1968) at the Rock Mechanics Centewperial College, London and
illustrated in Fig. 2. Many specimen groups haverbeonsidered including hollow
cylindrical specimens of different hole sizes adl &e solid cylinder. Three cylindrical
specimens of 54.2mm in diameter and 108mm in heigie prepared for each group.
The specimens were sealed by a durable synthdtierisleeve with threaded end caps
to sustain confinement by hydraulic oil using hydi@ machine. Axial stressy; was
applied using digital hydraulic compression machi2@00 kN capacity) at a rate of
0.5mm/min to ensure the failure of specimens withinl0 min (ASTM D-2664).
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Fig. 2 — Hoek triaxial cell (Hoek and Franklin, B)6
2.3.3 Brazlian test

The Brazilian test consists of diametrally compeesslisc rock specimen loaded by
diametral compression (ASTM D-3967) as illustrateéig. 3a. With the assumption of
the uniform tensile stress generated across thigngaliameter, the tensile strength was
calculated by the formula:

2P
= 1
R~ 1)
where, o; is the tensile strength normal to the loaded diam® is amount of the
applied load at failureD represents the diameter (=54.2mm) of disc and the
thickness of disc (23.4mm).

2.3.4 Ring test

In the ring test, discs with a central hole arerditrally loaded in the same manner as in
Brazilian test as shown in Fig. 3b. It has beeretigped to overcome the development
of high shear stresses close to the loading plateBsazilian test. The critical tensile
stress at the intersection of the loading diameittr the hole is given by:

2PK
o =" 2
' Dt @)
whereK is a stress concentration factor which dependhematior'=r i/r,, r; being the
inside radius of the ring and, is the outer radius (Ripperger and Davids, 1947;
Hoskins, 1966).
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(a) Brazilian test (b) Ring test
Fig. 3 — Load configuration of Brazilian and rirests

3. RESULTSAND DISCUSSIONS
3.1 Uniaxial Compressive Strength

The results of uniaxial compression tests are ptedein Table 2. A reduction in the
compressive strength has been noticed directlyr dfte holes were performed in
specimens. Figure 4 shows that the compressivagstralecreases with the hole size
upto 1.27cm hole diameter, thereafter it is inaedasvlaximum reductions of 31.2%,
45.5% and 37.5% have been reported for gypsum,stone and sandstone rocks
respectively. For all rock types studied hereimppears that within the range of hole
sizes considered, minimum strength has been olotahé ranging from0.2 to 0.25.
Such hole size can be referred as the critical Isade in concern of compressive
strength values. It is not clear why such trenduogcbut probably due to the amount of
curvature of the hole surface or due to the vannain the stress concentration along the
thickness of the specimen wall as hole size changes

Table 2 - Unconfined compressive strength (NAnm

Hole size ratio Rock Type
(Di/Do) Gypsum Limestone| Sandstone
0.0 20.28 18.40 10.10
0.188 16.14 14.18 8.81
0.235 13.94 10.02 6.31
0.277 17.15 12.06 9.16
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Fig. 4 — Variation of compressive strength with tiode size

For all the ratios ofr{), the sandstone exhibited a minimum compressivangth of
order 6 to 10 N/mfdue to its high porosity and weak bonds. Maximampressive
strengths obtained in solid specimens are 20, #818nN/mnf for gypsum, limestone
and sandstone respectively. However, higher rateddction has been noticed in the
compressive strength of gypsum and limestone rockgpared with the sandstone rock.
This may be due to the presence of weakening spoggypsum and limestone rock
specimens that increases the probability of loadlufe condition with the hole size
while uniform stress distribution condition has he@ehieved in sandstone type rock.

3.2 Shear Strength Parameters

Results of triaxial compression tests have bededisn Table 3 alongwith Mohr's
envelope presented in Figs. 5 to 7. In conjunctidgth Fig. 8, the shear strength
parametersd and ¢ ) show variation with the hole size expressedati® of the hole
diameter to specimen diameter (r'). Generally, dhgle of internal frictionpshows a
reduction beyond the hole size of 1.02cm createtienspecimens as shown in Fig. 8a.
Thereafter, increase in the value @has been obtained followed by reduction. The
fluctuation in the value of friction angle with thele size has been clearly seen in
limestone and sandstone rocks while it is less quooed in gypsum rock specimen.
Gypsum rock shows higher values of the angle @firatl friction ranging from 35°50

31° as hole size increases. This may be due to theenat crystal structure of gypsum.
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Table 3 - Shear strength parameters

Hole size Rock type
ratio :
(Di/Do) Gypsum Limestone Sandstone
c (N/mnf) | @(deg.) | c (N/mnT) | @(deg.) | c (N/mnf) | ¢(deg.)
0.0 7.5 35.5 7.0 27.0 4.3 34.1
0.188 8.1 35.0 5.2 20.5 6.5 18.4
0.235 6.0 36.1 4.1 30.2 5.8 26.6
0.277 5.8 31.0 3.8 27.6 5.5 17.5

No clear correlation between the cohesion and ite &f the holes can be predicted
from Fig. 8b. However, reduction in cohesion of teeks has been noticed with the
hole size. As expected, the solid specimens ofgypgive higher values of cohesion
which is more than 7.5 N/nfrdue to the nature of the strong bonding between it

grains. On the other hand, the lower values of sioine less than 4.35 N/nfmhave

been associated with the sandstone rock whichribwted to the weak bonds between
its grains. However, this trend of cohesion deviateen holes create in the specimen.
Except for the sandstone rock, the cohesion ofdsstiecimens of the gypsum and
limestone rocks show higher value than their holgpecimens. The authors believe
that variation of the stress distribution along Wl thickness of the specimens caused
such discrepancy in shear strength parameters.
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Fig. 8 - Shear strength parameters of the rocks

Figure 9 alongwith Table 4 show variation of thevideor stress at failuredg = o3 -

03) with the hole size ratiof. One may note that th&c in this figure, in general,
reduces upon the increase of the hole size ingbkeimens. Similar trends have been
obtained in limestone and sandstone rocks whilesgyprock deviate from that. Such
variations in deviator stress may be due to intemadn major and minor factors such
as micro structure of rock, presence of fissurepmts, thickness of the specimen wall,
stress history of specimens and many other factospite of such variation in the
results, the overall influence of the confining geareos is sufficiently clear. As the
confining pressure increased the deviator stressiatreased in all rock types (Fig. 9).
In addition, it is shown that the rate of deviagtressAo increases with increasing
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confining pressure for solid rock specimens, wholehollow specimens the results are
scattered.

Table 4 - Deviator stress at failure (N/@m

Hole size ratio O3 Rock type

(Di/Do) (N/mi) Gypsum Limestone Sandstong

0.0 S 41.4 335 24.9

10 51.5 41.9 33.2

15 66.0 53.1 47.6

0.188 S 45.3 19.2 23.1

10 59.4 23.8 26.9

15 75.0 28.0 33.0

0.235 5 35.8 24.2 27.4

10 53.1 325 36.8

15 67.1 44.0 43.0

0.277 5 33.2 20.0 19.5

10 42.0 29.5 24.0

15 53.3 37.1 30.2

The amount of deviator stress at failure of thesgyp rock under all circumstances of
hole sizes and confining pressures, shows highkresathan those depicted from
limestone and sandstone rocks. This is confirmel thie results that are obtained from
unconfined compression test.

3.3 Tensle Strength of Rocks

The tensile strength or modulus of rupture of aemat is defined as the value of the
maximum tensile stress at failure of material. €blpresents the results of indirect
tensile Brazilian and ring tests for the three $yperock.

The failure in solid disc specimens under Braziliest ¢(=0) is contributed by induced
tensile stress at the center of disc. Gypsum rbokvs a higher tensile strength, while
the lower value has been associated with the samelstock. This again can be
attributed to the strong bonds between crystalgygsum and higher porosity of
sandstone.
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Table 5 - Tensile strength values (N/fm
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Hole size ratio Rock Type
(Di/Do) Gypsum | Limestone Sandstone
0.0 3.21 2.64 0.84
0.188 18.53 18.72 3.00
0.235 10.52 12.84 2.94
0.277 7.61 9.30 3.17

On the other hand, Fig. 10 shows the variatiorheftensile strengths with size of the
hole expressed as ratio to diameter of the speanfgnBoth gypsum and limestone
show decrease in their tensile strength with thie ke while the tensile strength of
sandstone remains almost constant. The mechamgglasition of sandstone may be a
factor which reduces the effect of the hole ontéssile strength. Accordingly, the
critical hole size, which refers to the size of biede where there is no further reduction
in the tensile strength, can be defined clearlgandstone. At £0.2 the recorded; of
the sandstone rock is equal to 3.0 N/mBuch phenomena does not exist in the case of
gypsum and limestone within the range of hole samssidered herein. This belongs to
the homogeneity of distribution of the pores indstaone rock. It is also evident that
there is generally a considerable difference oualsox times less in tensile strength of
sandstone compared with the either gypsum or lonesati=0.188. This difference
decreases with the increasing hole sizes. Basethercalculations of Egs.1 and 2,
hollow disc specimens from gypsum and limestoneshiamsile strength respectively, of
about five and seven times higher than the solg bat it reduces with the hole size
ratio beyond r=0.188 (Fig. 10). The hollow disorir sandstone rock gives three times
higher tensile strength than that of the solid one.

18 1 |—&— Gypsum

‘\TE\ 16 | |—¢— Limestone
£
Z

14 | |—=— Sandstone

O I T T T T T

0 0.05 0.1 0.15 0.2 0.25 0.3
Hole size/specimen diameter ratio=Di/D,)

Fig. 10 - Relationship between tensile strengthislaoie size ratio

In conjunction with Fig. (11), this would indicateat the hole in the disc tends to
reduce the amount of tensile failure load. Suchlmdrés obvious in gypsum and
limestone but less significant in sandstone rockxivhum reductions obtained are of
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the order of 75.1%, 66.7% and 61.8% for gypsum,edtone and sandstone
respectively.

The mode of failure in solid disc specimen (Braxzilitest) is caused by induced tensile
stress at the center of disc. In the hollow spegirfreng test), the failure has been
initiated at the interior of the disc and propagat®wards the surface. However, the
ratio (r') has a pronounced effect on the mode of failure.

—a— Gypsum
—e— Limestone

—&— Sandstone

Tensile load at failure (k!
w

0 0.05 0.1 0.15 0.2 0.25 0.3
Hole size/specimen diameter ratio{D;/Do)
Fig. 11 - Variation of the tensile failure load wihe hole size ratio

Tensile strength of rocks is considerably lowemntiita compressive strength. Ratios of
compressive to tensile strengtlag/6;) can be drawn from the results shown in Tables 2
and 4. For solid specimens of gypsum, limestone samdistone the ratios are 6.3, 7.0
and 12.0 respectively. Based on calculations ofotwolspecimen (Eqg. 2), the ratios
become less than 2.0 for gypsum and limestone redkke it is higher in case of
sandstone rock.

3.4 Stress-Strain Behavior

Figure 12 shows typical selected stress-strainesuat different confining pressures of
gypsum rock with 1.27cm hole size. Young's modufijsare interpreted from such
curves for the three type of rocks and listed ibl&& as well as plotted in Fig. 13 for
different hole size ratios’]. In general, the experimental stress-strain resilall rock
types appeared to exhibit about similar featureég. (E2). There is sometimes evidence
of a concave curve at the beginning which represtird closure of pores and fissures
followed by a linear relationship upto yield orléae point. Specimens at failure often
seem to develop separate extension and shearradimultaneously, particularly in
gypsum and limestone rocks. Accordingly, they exhiétxceptionally brittle behavior
with some ductility.
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Fig. 12 — Typical stress-strain behavior of gypsock with hole size ratié = 0.277

Table 6 - Values of modulus of elasticity (N/fm

Hole size ratio O3 Rock type

(Di/Do) (N/mn) Gypsum Limestone Sandston

5 667 320 228

0.0 10 750 402 510

15 800 630 645

5 566 284 148

0.188 10 730 334 420

15 750 400 520

5 400 600 138

0.235 10 820 833 200

15 780 850 220

5 500 400 120

0.277 10 610 550 161

15 630 480 200
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Fig. 13 - Variation of the modulus of elasticitytivthe hole size ratio

The Young's modulus appears to increase with tehee@sing confining pressure as
shown in Fig. 13, but it is noted that the resalts scattered for each type of rocks.
However, the gypsum rock under different hole siaed confining pressures gives
greater Young's modulus.

With some exception of E-values of the limestonekyaenerally, the increase in the
hole sizes causes a reduction in the Young's medblr gypsum and sandstone rocks,
the E-values ap;=15 N/mnf reduces from about 805 N/mmnd 645 N/mrin solid

state ¢=0) to 780 N/mrh and 220 N/mrhrespectively at r=0.235. Limestone, on the
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other hand, exhibited more reductions in E-valuenfrsolid state (r'=0) of order 630
N/mn?¥ atos=15 N/mnf to 400 N/mni when r'=0.188, with about 36% reduction.

4. CONCLUSIONS

For simulation of stress distribution around undeugd openings, hollow cylinders of
rock specimens can be adopted. Effect of variatindole size on the strength
characteristics has been examined under diffeypestof testing conditions.

Rock exhibits a reduction in the unconfined comgires strength with the hole size.
The critical ratio of the hole size to specimemuter is of range 0.2 to 0.25. Sandstone
gives lower compressive strengths than gypsumiarestone.

Shear strength parameters (c apdbtained from triaxial compression test decreases
with the increasing hole size. However, both c afidctuates with the hole sizes.

The deviator stressA¢ = 0, - 03) decreases with increasing of hole size of rock
specimens, while increases with the confining press Under all circumstances the
gypsum gives the higher values of deviator stretsilare.

The Young's modulus increases with the confiniregpures, but generally, it decreases
with the increasing hole sizes. All rocks exhibitdgbut similar stress-strain feature.

The gypsum and limestone rocks exhibited a reduciio the tensile strength with
increase of the hole size, while the tensile stitergf sandstone show insignificant
changes. A critical hole size with respect to #mestle strength of sandstone rock seems
to be atr’=0.2, while it is not definite for gypsum and lini@se. Tensile strength of the
hollow cylinder specimens is order of six timestludt solid one. The solid specimens
show ratios of compressive to tensile strength&() more than 6.0 and it is reduced to
less than 3.0 in case of hollow specimen.

Finally, it can be concluded that the certain tgbeesting has a pronounced effect on
the stress distribution around underground openamgshence the need for safe design
for such structure.
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