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ABSTRACT

Laboratory investigations on phyllites, obtainednfr Tehri area in lesser Himalaya have
been reported herein. In the present study, ampttbas been made to determine the
strength indices, physical properties, mineraldgomemposition and then to classify the
phyllites on the basis of Deere and Miller (196Gjart. The effect of saturation on
strength indices in unconfined and confined coondgihas also been found. Thin section
studies revealed that phyllites mainly contain ikegtquartz and felspar. Based on the
uniaxial compressive strength and modulus ratioes| the phyllites fall in the category
DL, on average both in dry and saturated conditiohsisotropy curve has been found to
be of U-type. Due to saturation, uniaxial strenigtheduced by 20per cent. Triaxial tests
at different confining pressures up to 50 MPa rlagk#hat ultimate strengtlo{) varied
non-linearly with confining pressur@d). This non-linearity decreases with saturation.
Transition from brittle to ductile failure has beebserved at about 22.5 MPa confining
pressure in saturated condition and about 45 M@ayiicondition.

It has been observed that Hoek-Brown criterionasyvmuch suited to phyllites in dry
conditions. Whereas, Ramamurthy criterion compare with the observed results in
saturated condition. The strength parameters ohtliotropic rock mass have also been
determined.
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1. INTRODUCTION

With phenomenal increase in civil engineering atés, selection of suitable sites is
becoming increasingly limited, posing unforeseerallenges to the geotechnical
engineers. This is particularly so in India where tevelopmental work for harnessing
the natural resources need gigantic dams, deeglgyriarge underground cavities in the
young Himalayas, and other places. Besides, gembgiiscontinuities, the region of
Himalayas is within the earthquake prone area.
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For realistic and safer design, understanding @fsthength and deformation behaviour of
rocks and rock masses is of paramount importance.

Rock mass behaviour can best be understood by itests. However, such insitu tests
are difficult because of heavy loads involved arelexpensive due to their massive scale
of operation. As compared to this, laboratory testsspecimens of rock can be easily
conducted under simulated field conditions to gebv@prehensive understanding of rock
behaviour. Accordingly, a systematic study on ptedl of Tehri area has been made. The
investigation involves:

0] Review of nature of phyllites, its mineralogicalngoosition and engineering
behaviour of rocks in general.

(i) Determination of specific gravity of rock materialater absorption, porosity,
density and sonic wave velocity.

(i)  Determination of strength indices by point loaddesd Brazilian tests.

(iv)  Uniaxial and triaxial compression testing of pheli in dry and saturated
conditions.

Having conducted the various tests and the int&apoa of test results, following
objectives have been achieved:

(1) Classification of phyllites based upon uniaxial @oassive strength and modulus
of elasticity.

(i) Assessment of shear strength and deformation baimawf phyllites under
triaxial stress conditions in both dry and satutat&ates.

(iif)  Selection of a suitable failure criterion.

2. THE ROCK STUDIED

Phyllites are broadly categorized as metamorphek.r&hyllites mark a stage of more
advanced metamorphism as a result of which itsngs&ée is coarser than slates. In
phyllites, saricite and chlorite with or withoutolite exceeds 50 percent. Albite may
amount to as much as 20 percent. Quartz is thermajwstituent. When the amount of
guartz exceeds that of the phyllosilicates, thekrisctermed as quartz-phyllites. In this
study, rock specimens tested are from the Teha afelesser Himalaya. The rocks
exposed in and around the Tehri area, are the ifgsylbf Chandpur series. These
Chandpur rocks are in contact with Shimla slatdses€ phyllites are, at places, in
contact with the younger dolomites and quartzifeSarhwal group.

The phyllites occurring in the area are bandedppearance and are classified into three
categories: phyllites grade |, Il and Il on thesisaof their lithological composition,
physical competence and degree of tectonism. Graoleks constitute about 45 percent
of the area. These are predominantly arenaceoussiveain character and distinctly
jointed with compressive strength varying from 110160 MPa. Grade Il phyllites
constitute about 25 percent of total rock exposethé gorge. This intermediate variety
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of phyllites is composed of alternate bands oflacgous and arenaceous materials and
are considerably impregnated with quartz veinsh laddng and across foliations. Grade
Il phyllites are highly jointed and have five seif joints. The compressive strength
varies from 60 to 90 MPa. Grade Il phyllites aengrally weathered and schistose in
composition with numerous joints, cleavages andomiucker rings.

3. EXPERIMENTAL INVESTIGATIONS

An extensive laboratory experimental programme (@ab) has been planned and
executed carefully on phyllite cores of size 54 roallected from Tehri area at [T
Roorkee, India (Prasad, 1998). The rocks testedrai@ly Grade-Ill phyllites. Cores
were cut and lapped to obtain specimens that nieetdlerance limits laid down by
1S:9179-1979.

Table 1 - Experimental investigation programme

Property Test Test Procedure Test| No. of
Condition | Specimens
Tested
Mineralogical | Thin section studies ISRM (1981) Dry 2
composition
Physical Water absorption 1S:13030-1991 3
properties Density 10
Specific gravity 3
Porosity 3
Sonic wave velocity ISRM (1981) 2
Strength index Point load strength test | 1S:8764-1978 | Dry 28
Brazilian test 1S:10082-1981| Dry 11
Strength Uniaxial compression test 1S:9143-1979 | Dry 11
properties Saturated 07
Triaxial compression test| 1S:13047-1991| Dry 18
Saturated 25

4. RESULTSAND INTERPRETATION
41  Mineralogical Composition

Quantitative and qualitative analysis of phyllites/e been attempted using the results of
thin section studies. In these samples, alternaeld of biotite and felsic minerals were

found. The rock contains about 50 per cent of tapf5 per cent of quartz, 15 per cent of
felspar and remaining 10 percent accessory minesgilsh were not clearly visible.



66 J. OF ROCK MECHANICS & TUNNELLING TECH. VOoL.9 No.1, 2003

4.2  Physical Properties

Physical properties, namely, water absorption, ithenspecific gravity, porosity and
sonic wave velocity in dry state were determined tue values are presented in Table 2.

Table 2 — Physical properties of phyllites

SI.No. Property Mean Value
1. Water absorption, per cent 0.65
2. Density, kg/m 2.77 (dry)
2.81 (saturated)
3. Sonic wave velocity, km/sec. 5.09
4, Specific gravity 2.85
5 Porosity, per cent 1.82

4.3  Point Load Strength Index

Point load strength tests were conducted on 28 lesnfp0 axial and 18 diametral). The
point load strength values are given in Table 3cdse of diametrical tests, the loading
direction was kept perpendicular and parallel ® sbhistosity. Whereas, in the case of
axial tests the angle of loading direction withistbsity varied from 50to 9.

Table 3 — Point load strength)(test results

SI.No. Axial Test, J, (MPa) Diametral Test J (MPa)
Perpendicular to Schistosity Parallel to Schisyosjt
1. 1.95 3.01 0.18
2. 1.89 0.22 0.04
3. 2.20 1.79 0.30
4. 1.72 0.52 1.31
5. 1.06 0.87 0.92
6. 0.79 2.44 1.53
7. 0.71 5.68 0.18
8. 0.83 6.77 0.22
9. 0.81 2.62 0.26
10. 2.66 - -
Mean 1.55 2.66 0.55
Std. Dev. 0.35 2.12 0.52

Results show that variation in the case of axisistés the least, though in some cases
alignment of axial load was not perfectly perpentiic to schistosity. In the case of
diametral tests there are large variations whicly mae misleading interpretation.
However, the mean values of diametral tests in ladigmments of loading have been
used to define the anisotropy of rock mass whiclaien as the ratio of point load
strength index parallel to that of perpendicularthe plane of schistosity (Manual on
Rock Mechanics, 1988).
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Anisotropy Index, 4 = 0.21
4.4  Brazlian Tensile Strength

The tensile strength of the phyllites was deterohinging Brazilian tests. The mean
tensile strength is found to be 8.72 MPa with addad deviation of 1.27.

45  Uniaxial Compressive Strength

Uniaxial compression test was conducted on dry Nbk.) and saturated (7 Nos.)
specimens. The results are shown in Table 4. Thessststrain curves indicate that
phyllites behave more like a brittle material. Tladlure of UCS specimens occurred
mainly by vertical splitting.

Table 4 — Uniaxial compressive strength test result

SIL.No. | L/D Dry/Saturated B UCS (MPa) | Young’'s Modulus (GPa
(degree) E Es
1. 2.07 Dry 15 35.25 9.03 5.69
2. 2.05 -do- 5 49.46 11.23 10.31
3. 2.10 -do- 10 43.97 8.77 5.64
4. 2.03 -do- 25 21.98 10.40 13.75
5. 2.08 -do- 10 35.18 13.79 12.50
6. 2.09 -do- 10 41.77 6.74 9.02
7. 2.08 -do- 6 49.47 - -
8. 1.90 -do- 80 52.76 4.96 3.05
9. 2.12 -do- 70 61.56 8.18 5.08
10. 2.04 -do- 65 54.96 6.50 4.10
11. 1.88 -do- 55 59.14 6.56 4.34
Mean - - - 45.73 7.35 7.35
Standard - - - 11.50 2.51 3.58
Deviation
12. 2.08 Saturated 20 28.38 5.95 4.91
13. 2.13 -do- 25 25.28 5.06 3.33
14. 2.13 -do- 25 24.70 5.29 3.07
15. 2.10 -do- 10 34.93 - -
16. 2.02 -do- 15 37.38 - -
17. 1.76 -do- 60 46.17 4.97 4.36
18. 1.92 -do- 90 59.36 6.48 5.51
Mean - - - 36.60 5.55 4.24
Standard - - - 11.65 0.58 0.93
Deviation

The reduction in uniaxial compression strength bsua 20per cent due to saturation.
Similarly there is about 35per cent decrease ngeat modulus, £determined at 50per
cent of ultimate load. The values of secant moéigsare also given in Table 4. Using
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uniaxial compressive strength and tangent modulDsere and Miller (1966)
classification has been attempted to classify theks. These values for dry and
saturated conditions are plotted in the Demmd Miller's chart (Fig. 1).

According to this classification system, most & tiry phyllites were found to be in the
category of DM and CL. A few dry specimen fall imetcategory of EM and DL also.
Saturated samples were found to be in the categfddM, DL and CL. On an average
both dry and saturated rocks can be categorizddLas.e. low strength low modulus
rocks .

45.1 Influence of schistosity (anisotropy) on uniaxial compressive strength

Schistose rocks such as phyllites and schistseptes different behaviour from that of

intact rock under uniaxial compression. Failuresirch rocks can occur either along
clearly defined structural features or throughititact rock pieces themselves. Where the
rock pieces are small compared to the size ofttiuetare being analysed, it is reasonable
to assume that there will always be a sufficienthbar of critically oriented pieces in the

rock mass and that failure of these pieces willuoaong the schistosity (Hoek and

Brown, 1997).

Further, the anisotropy of the rocks may be comstiléor developing an approach for
predicting the squeezing potential under high owetén.

The studies conducted by various investigatorscatdi that compressive strength at
failure is maximum aB = 0° or 9¢° and is minimum whef is around 3% Considering
the compressive strengthfat 90 as the representative strength, the anisotrojy, IRy,
defined a9/ Ocmin (Ramamurthy, 1993) can be calculated.

Table 5 presents a classification of rocks on #&sof inherent anisotropy. Slates and
phyllites have anisotropy ratio varying from 2.06t@. In some cases it may be more than
6.0 also (Ramamurthy 1993).

Table 5 — Classification of inherent anisotropyrfRanurthy, 1993)

Anisotropy Ratio, R Class
1.0-1.1 Isotropic
1.1-2.0 Low anisotropy
20-4.0 Medium anisotropy
4.0-6.0 High anisotropy

> 6.0 Very high anisotropy

The anisotropy ratio, Rfor the saturated and dry Tehri phyllites ranigesveen 2.4 and
2.7. Hence the phyllites may be said to be possgssedium anisotropy as per Table 5.
According to Ramamurthy (1993), slates, phyllites gimilar rocks, depicts U type of
anisotropy represented as the variation of comp@ssrength with orientation anglI)(
The shape of the anisotropic curve throughout Hme of orientation angle can be
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predicted by Eqg. 1 if the compressive strength eslat three orientations of @0° and
9@’ are known.

0. = A—-D[cos 2m- B)] 1)
where o, = uniaxial compressive strength at orientatiagle, 3

AD = constants

Bm = schistosity angle for which the strength is mmam

The orientation anglp is measured from the direction of loading.

The experimental data points and curve from Eqelshown in Figs. 2 and 3 for dry and
saturated specimens respectively. It is clear thast of the experimental points lie on or
around the predicted curves. Hence Eg. 1 may leinssse of Tehri phyllites also.

45.2 Long-Term Strength

Long-term strength, also called creep limit or preébreshold, can be defined as the
maximum stress sustained by the rock below whidaréawill not occur, no matter how
long the force has been applied.

To understand the microscopic fracturing phenomegiweh to determine the long-term
strength two typical stress-strain curves one fir shmples and other for saturated
samples were plotted on log-log graph (Figs. 48ndwo kinks in the curve are seen. In
the case of dry sample (Fig. 4), the first kink ethimay be viewed as representing
closure of existing cracks takes place at aboup&@ent of failure strain and unstable
crack propagation starts at about 71 percent bfréastrain. The second kink shows that
corresponding long-term strength is about 93 perckultimate short- term strength.

In the case of saturated sample (Fig. 5), the twkskare at about 54 per cent and 77 per
cent respectively and the long-term strength iual@d per cent of the ultimate strength.
Here, like ultimate strength, long-term strengthlso reduced due to saturation. Delay in
the two kinks may be due to hydrodynamic lag arstauis lag of water present in fine
cracks.

4.6  Triaxial Compressive Strength

Triaxial compression tests were conducted to olghear strength behaviour of phyllites
in triaxial stress conditions. Based on the tesults, applicability of different strength
criteria have been verified in order to identifycaterion which facilitate the strength
prediction for phyllites.

A summary of triaxial strength values are presentedables 6 and 7 for dry and
saturated conditions respectively. It may be padirdgat here that the tests conducted at
the sameos; gave differento; which is attributed to the inherent anisotropyh(stocity)
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of the phyllites. It is therefore suggested tharage strength parameters be obtained by
thorough statistical investigation of the test datthe case of anisotropic cracks.

It is not very surprising to observe a scattehim tiest data even in the isotropic rocks due
to presence of microcracks within the intact rogpg@mens.

Table 6 — Triaxial compressive strength test dayacdndition

Sl. No. o3 (MPa) o1 (MPa)
1. 15.0 76.13
2. 15.0 128.52
3. 20.0 137.89
4. 20.0 142.26
5. 20.0 146.62
6. 20.0 97.50
7. 22.5 103.28
8. 25.0 169.09
0. 25.0 158.32
10. 30.0 167.54
11. 30.0 200.29
12. 35.0 159.44
13. 35.0 178.10
14. 35.0 167.72
15. 40.0 198.20
16. 45.0 181.02
17. 45.0 188.10
18. 50.0 221.38

4.6.1 Influenceof confining pressure

Figures 6 and 7 show the variation of axial stregsyith confining pressuregs. It is
obvious that failure strength increases withficmmg pressure. Mogi's linegq = 3.4
03; Mogi, 1965) is also drawn for both dry and satedacases. It is revealed that in the
dry case failure changes from brittle to ductil@bbut 45 MPa confining pressure. This
transition is obtained at about 22.5 MPa of confijnpressure in the saturated case.

It is obvious that due to non-linearity of versusos; curve, the unconfined compressive
strength is apparently increased. This strengtlaredgment is thrice and twice of UCS in
dry and saturated conditions respectively.

It has been found that in both the cases of drysatdrated conditions, axial strain at
failure increases with confining pressure.
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4.6.2 Shear strength parameters

Plot of p = [01 + 03)/2] versus q = [fi - 03)/2] for dry and saturated conditions are
shown in Figs. 8 and 9. The average values of comeg and angle of shearing
resistance(p obtained for the best fit straight lines are fdun be 12.2 MPa and 35
respectively for dry case and 7.7 MPa antire8pectively for saturated case.

Table 7 — Triaxial compressive strength test datarated condition

SI. No. 03 (MPa) 01 (MPa)
1. 10.0 55.85
2. 11.0 56.85
3. 12.5 56.16
4. 15.0 106.70
5. 15.0 88.80
6. 15.5 85.36
7. 17.5 67.71
8. 17.5 61.16
9. 20.0 76.76
10. 20.0 102.26
11. 22.5 87.99
12. 22.5 92.00
13. 25.0 121.06
14, 25.0 110.14
15. 27.5 84.26
16. 27.5 90.81
17. 27.5 92.99
18. 27.5 125.74
19. 30.0 117.33
20. 30.0 124.00
21. 35.0 100.49
22. 40.0 154.19
23. 45.0 131.94
24, 45.0 93.65
25. 50.0 176.26

4.6.3 Effect of confining pressure on shear strength parameters

Figures 10 and 11 show Mohr’s envelopes for diy seturated cases. It is obvious that
in both the cases the Mohr's envelopes are namlinBue to the non-linearity, with
increase in normal stress cohesion increases wahefaction angle decreases in both
the cases. These variations are presented in Fgmd 13.
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4.7 Failure Criteriafor Phyllites

A number of failure criteria are available in titedature. However generalized Hoek and
Brown (1997) and Ramamurthy (1985) IIT Delhi ciibver have been applied in the
present study.

471 Generalization Hoek-Brown criterion for rock masses

Generalized Hoek-Brown criterion (Hoek et al., 198@vers the complete range of rock
mass and has been found to work well in practi¢e deneralized Hoek-Brown failure
criterion is given by

' a
o
0, = 03+0; {mb_s +S} 2)
o)

ci

where, g is the value of the Hoek-Brown constant (m) foe tock mass, and s and a
are the constants which depend upon the charaaterig rock mass.

In order to use the Hoek-Brown criterion for joiite@ck masses, three properties of rock
mass have to be estimated. These are

0) The uniaxial compressive strength; of the intact rock pieces
(i) The value of the Hoek-Brown constant,for intact rock and
(i)  The value of the Geological Strength Index, GSIrémk mass.

Wherever possible the value @f and m should be determined by statistical analysis of
the results of a set of triaxial tests on carefplitgpared core samples. Hoek and Brown
(1980) used a range of 0 to @& of minor principal stress and in order to be cstest,

it is essential that the same range be used inaoyatory triaxial tests on intact rock
specimens.

The GSI, introduced by Hoek (1994) and Hoek, Kam®il Bawden (1995) provides a
system for estimating the reduction in rock masength for different geological
conditions.

To derive generalized Hoek-Brown criterion for ghigk, triaxial test data with 0 ©3 <
0.5 0. were used to determine material constagtand m as per the method suggested
by Hoek and Brown (1997). The results have beemsanazed in Table 8.

Table 8 — Constant of generalized Hoek-Brown doter

Condition | gy m, r° GSI m a s
Dry 48.64 10.94 .993 70 3.747 0.5 0.0356
Saturated| 41.58 3.45 0.60 70 1.181 0.5 0.0356
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For dry condition, the failure criterion for phy#ts can be written as,

01 = 03+ 48.64 (0.22503 + 0.0356)° (3)
and for saturated condition

01 = 03+ 41.58 (0.08303 + 0.0356}° (4)

The test results and proposed criterion are shovwigs. 14 and 15 for dry and saturated
conditions respectively.

In the determination of material constamg, and m, coefficient of determination? was
found to be 0.99 for dry condition, whereas it via80 for saturated condition. Hence
applicability of generalized Hoek-Brown criterios more suited to dry phyllites. In the
case of saturated condition, it underestimatestitemgth.

4.7.2 Ramamurthy criterion

Mohr-Coulomb theory was modified by Ramamurthy @& represent the nonlinear
strength criterion for intact rock in the form

(0.705) _ (O_j (5)

where, B anda; are material constants.

The value of; and B can be estimated by conducting a minimum of twaxial tests at
confining pressure greater than 5 per centogffor the rock. Above expression is
applicable in the ductile range and in most oftihittle region.

For anisotropic and jointed rocks, the strengttedon may be represented by

o) g (] ©

O, O,

where, o is uniaxial compressive strength at any orientat@nda; and B are the
values ofa and B at the orientation under consideration. &lpegametersy; and B can
be determined from the equations proposed by Ramiayn(i1985).

Since samples used in triaxial testing were hathegdifferent3, hence it was difficult to
definea; and B. Therefore, strength criterion for intact roclelfswas fitted. Figures 16
and 17 show the plot for calculation of and B. Summary of the values of constants are
given in Table 9.
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Table 9 — Constants of Ramamurthy (1985) criterion

Condition a B
Dry 0.75 3.207
Saturated 0.65 2.128

Figures 18 and 19 show the test results and adoreesponding to Ramamurthy’s
criterion. It is obvious that Ramamurthy’s criterioverestimates the strength in lower
confining pressure range (below 25 MPa) in casdrgfcondition. In case of saturated
condition, on the other hand, the Ramamurthy’'sedgadh line is passing in between the
test data (Fig. 19) indicating that it predicts g#teength much accurately for almost all
the confining pressure range.

5. CONCLUSIONS

Based upon the experimental data and subsequeatprietation, the following
conclusions may be drawn in case of phyllites.

1. Phyllites are medium to fine-grained and grey-oadd rock. Thin section studies
show that rock contains about 50 per cent of l@p#6 per cent of quartz and 15
per cent of felspar as major constituents.

2. The unconfined compressive strength (UCS) vares 21.98 to 69.59 MPa and
due to saturation, strength reduces by about 20ceet. Average modulus of
elasticity at 50 per cent of ultimate strength undaeiaxial compression was
found to be 8.6 and 5.5 GPa for dry and saturaiekl respectively.

3. Under uniaxial compression, specimens failed bsticad splitting indicating
brittle type of failure.
4. According to Deere and Miller's classification,ytiites fall in the category DL

and DM where D stands for low strength, L for lovednlus ratio and M for
medium modulus ratio.

5. In case of dry rock specimens, long-term strengils found to be about 90 per
cent of ultimate strength. For the saturated ratckas found to be about 70 per
cent of its ultimate strength.

6. Phyllites possess U-type of anisotropy with minimwtnength obtained at
schistosity angle of about 30The anisotropy ratio varies between 2.4 and 2.7
indicating medium anisotropic rocks.

7. The generalized Hoek-Brown criterion suits well foe prediction of strength of
dry phyllites, whereas in saturated condition idemestimates the strength of
rock.

8. Ramamurthy’s criterion compares well with experita¢rresults for saturated

condition. But in the case of dry condition, it cegtimates the strength in lower
confining pressure range.
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