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INVESTIGATIONS OF ROCKS UNDER TRIAXIAL COMPRESSION AT CONFINING PRESSURE
FROM 0 TO 70 MPa

BADANIA TROJOSIOWEGO SCISKANIA SKAL PRZY WARTOSCI CISNIENIA OKOLNEGO
W ZAKRESIE 0-70 MPa

The results of triaxial compression of rock samples in a stiff testing machine using a 70 MPa
pressure chamber arce presented. Experiments were carried out at the constant rate of longitudinal strain
of a sample (10‘5 - s“l) and at a constant confining pressure of 0, 5, 10, 15, 20, 30, 50, 70 MPa.
The samples of fine-grained sandstone, siltstone and coal, at a total of 151 samples, were tested.
For each rock type 3 to 5 cxperiments were conducted at given confining pressure.

The following rock properties: critical stress, critical strain, residual stress, residual strain and the
modulus of softening were determined at different values of the confining pressure. The average values
of the determined magnitudes are listed in Table 1 and presented in the form of functional dependences
in the graphs (Fig. 2 to 6).

The angle of internal friction and cohesion were defined by three methods: the method of tangents
to Mohr’s circles, the g—p method and the method of two tangents to the parabolic envelope of Mohr’s
circles. The obtained results are listed in Table 2.

On the basis of the cquation of Mohr’s circles parabolic envelope, the angle of internal friction,
being a function of normal stress, was determined for a compact rock in the pre-critical state and for
a fractured rock in the post-critical statc.

The results of triaxial tests were applied for determining the rock maximum strength according to
the Hock-Brown criterion. The obtained envelopes of maximum strength were compared with the
envelopes of Mohr’s circles. Then the parameters occurring in Hock-Brown’s criterion (m, 5) and the
corresponding magnitudes resulting from Mohr’s circles envelope (9, ¢) were compared.

In the conclusions, attention was paid to the increase in the modulus of softening in the low range
values of confining pressure (0 to 10 MPa), and then to the decreasc of this modulus with the increasc of
confining pressure in the range from 10 to 70 MPa.

Attention should also be paid to the determination of the angle of internal friction and cohesion by
the proposcd method of tangents to the parabolic envelope of Mohr’s circles (Sanetra 2002). According
to this mecthod, the angle of internal friction and cohcsion can be determined in the whole range of
normal stress, both for compact and fractured rocks.
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Przedstawiono wyniki badan trojosiowego Sciskania probek skalnych w sztywnej maszynic wy-
trzymato$ciowcej przy zastosowaniu komory ci$nicniowej 70 MPa (rys.1).

Eksperyment prowadzono zc stala predkoscia odksztatcenia podtuznego probki wynoszaca
107 - 57!, Stosowano 8 pozioméw cisnicnia okdlnego: 0, 5, 10, 15, 20, 30, 50, 70 MPa. Badano
probki piaskowca drobnoziamistego, itowca i wegla o tacznej liczbie 151. Dla kazdego rodzaju skaty
przeprowadzono 3-5 cksperymentéw dla zadancgo ci$nicnia okdlnego.

Wyniki cksperymentalne uzyskiwano w postaci catkowitej charakterystyki naprgzeniowo-odksztat-
ceniowcj, z czg$cia wznoszaca 1 opadajacy, na podstawic ktorej okreslano nastgpujace wiasciwosci skat:

» naprgzenic maksymalne zwanc napr¢zeniem krytycznym,

» odksztatcenic krytyczne odpowiadajace napr¢zeniu krytycznemu,

« modul odksztatcenia podtuznego okreslany na podstawic stycznej do wznoszacej (przedkry-

tycznej) czgsci charakterystyki,

+ naprgzenic resztkowe przedstawiajace minimalng warto$§¢ naprgzenia w czq$ci opadajaccj
(pokrytyczncj) charakterystyki,

+ odksztalcenic resztkowe odpowiadajace napr¢zeniu resztkowemu,

*  modut ostabicnia okrc§lony na podstawic nachylenia stycznej do pokrytycznej czg$ci cha-
rakterystyki, wyznaczony jako tangens kata ostrego pomigdzy styczna a osig odksztatcenia.

Srednic wartosci okreélonych wiclkosci dla stosowancgo ci$nicnia okélnego zestawiono w tab-
licy 1 i przedstawiono w postaci zaleznosci tunkcyjnych na wykresach (rys. 2-6).

Wyznaczono kat tarcia wewngtrznego 1 spojnos¢ trzema metodami: metoda graficzna w uktadzic
wspotrzgdnych (t—c), metoda punktowa w uktadzic (¢—p), oraz metoda dwéch stycznych do para-
bolicznej obwicdni k6t Mohra. Uzyskane wyniki zestawiono w tablicy 2.

Majac okreslone rownanic parabolicznej obwicdni kot Mohra wyznaczono kat tarcia wewngtrzne-
go jako funkcj¢ naprgzenia normalnego, zarowno dla skaty zwigztej w stanic przedkrytycznym, jak
réwnicz dla skaty spgkancj wystepujacej w stanic pokrytycznym (rys. 7a, b, c).

Wyniki tréjosiowych badan zastosowano do wyznaczenia wytrzymatosci skat zwigztych wedtug
kryterium Hocka-Browna (tabl. 3). Uzyskanc obwicdnic maksymalnej wytrzymatosci (rys. 8a, b,c, d)
pordéwnano z obwicdniami kot Mohra (Sanctra, Szedel 2000; Sanctra 2002). Przeprowadzono analizg
paramctrow wystgpujacych w kryterium Hocka-Browna: m, s 1 odpowiadajacych wiclkosci wyni-
kajacych z obwicdni kot Mohra: ¢, ¢ (tabl. 4).

Na podstawic uzyskanych wynikéw sformutowano wnioski, ktére na ogét sa zgodne z wynikami
wezesénicjszych badan (Kwasnicwski 1983, 1986; Tajdus 1990; Sanctra 1994a, b; Krzyszton i in.1998):

« Wzrost cisnicnia okdlnego powoduje wzrost naprgzenia krytycznego, odksztatcenia krytycz-
ncgo, naprgzenia resztkowego, odksztatcenia resztkowego oraz na ogét zmnigjszanic sig mo-
dutu ostabienia.

« IloSciowa zmiana poszczegdlnych wiclkosci zalezy od rodzaju skaty i zakresu stosowanego
ci$nicnia okolnego.

« Nauwagg zastugujc znacznic wigkszy wzrost naprezenia resztkowego niz naprezenia krytycz-
nego wraz z¢ wzrostem ci$nicnia okélnego.

« W zakresic niskich wartosci ci$nienia okolncgo (5-10 MPa) wystgpuje wzrost modutu osta-
bicnia poprzedzajacy ogdlna tendencjg dalszego zmnicjszania si¢ modutu.

»  Wzrost modutu ostabicnia (odksztalcenia) w zakresic niskich wartosci cisnienia okdlnego
(5-10 MPa) wzgledem wartosci uzyskancj w jednoosiowym stanic naprgzenia mozna uza-
sadnia¢ , pamigcia” materiatu skalnego o wzmocnieniu odksztatcenia wystepujacego w przed-
krytycznej czgsci charakterystyki..

+ Kat tarcia wewngtrznego zalezy od rodzaju skaty i zmnicjsza si¢ wraz zc wzrostcm napr¢zenia
normalnego.

«  Kattarcia wewngtrznego skaly spekanej jest nicznacznic mnicjszy niz skaty zwigztej, natomiast
sp6jnos¢ skaty spekancj jest wiclokrotnic mnicjsza niz skaty zwigzlej.
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Bezwymiarowe stalc m i s wystgpujace w kryterium Hocka-Browna sa w przyblizeniu
analogiczne odpowiednio do kata tarcia wewngtrznego 1 spojnosci okre$lanych w kryterium
zniszczenia Coulomba-Mohra.

Stata matcrialowa m oraz kat tarcia wewngtrznego ¢ dla skat o strukturze zwigztej przyjmuja
znacznic wyzsze wartosci dla skat mocnych (piaskowicc drobnoziarnisty) niz dla skat stabych
(itowicc, wegicl).

Stata materiatowa m dla skat o strukturze zniszczonej (spgkancj) przyjmuje zblizone do sicbic
wartos$ci zardéwno dla skat mocnych, jak i stabych.

Spojnos¢ c oraz stata matcriatlowa s skat speckanych znacznic spada w stosunku do tych wartosci
dla skat zwigztych (Hoek, Brown 1980; Kidybinski 1982).

Analiza ilo§ciowych zmian wiasno$ci skat pod wptywem ci$nicnia okélnego, wzrastajacego w za-
kresic 0—70 MPa, pozwala na wyciagnigcic nastgpujacych ogdlnych wnioskow:

spgkane struktury skalne moga spetnia¢ warunck nosnosci dla okreslonych wartosci cisnienia
okolnego 1 kata tarcia wewngtrznego (Krzyszton 2000);

pokrytyczne whasciwosci skat zaleza nic tylko od typu skaty (piaskowicc, itowiec, wegicl) ale
rownicz od struktury skaty (piaskowicc nr 1 i nr 3);

znajomo$¢ warto$ci kata tarcia wewngtrznego i kohezji dla wegla i skat ptonnych moze mieé
zastosowanic w okrc$laniu wytrzymatosci filarow weglowych przy uwzglednicniu warunkow
kontaktowych w uktadzic: strop—filar—spag (Krzyszton 2002);

wzrost modutu ostabicnia w zakresic niskich ci$nien okdlnych, przejawiajacy ,,pamigc™ materiatu
skalncgo, $wiadczy o koniccznosci uwzglednicnia efcktow lepkich w konstytutywnym modeclu
pokrytycznej czgsci charakterystyki naprgzeniowo-odksztatceniowej (Nawrocki, Mréz 1992).

Stowa kluczowe: whasciwosci naprezeniowo-odksztatceniowe skat, kat tarcia wewngtrznego i spoj-
nos¢, ci$nicnic okdlne, zalezno$ci funkcyjne, trojosiowa wytrzymatoscé

1. Introduction

Numerous Polish and foreign research centres carry out investigations on stress-
-strain properties in a triaxial state of stress. Such investigations have been conducted for
many years at the Central Mining Institute, Katowice (Smotka 1994; Sanetra 1994a, b;
Krzyszton, Sanetra, Szedel 1998). Experiments were carried out in a stiff testing
machine using a 30 MPa pressure chamber. These experiments were conducted at
a constant rate of longitudinal strain of a sample (103 s71) and at constant confining
pressures of 0, 10, 20, 30 MPa. The experimental results took the form of a complete
stress-strain characteristic, with the ascending and descending parts, on the basis of
which the following rock properties were determined:

maximal stress, called the critical stress,

critical strain corresponding to the critical stress,

modulus of longitudinal strain determined on the basis of the slope of tangent to
ascending (pre-critical) part of the stress-strain characteristic,

residual stress presenting the minimal value of stress in the descending (post-
-critical) part of the stress-strain characteristic,

residual strain, i.e. the strain corresponding to the residual stress,

modulus of softening determined on the basis of the slope of tangent to the
post-critical part of characteristic, i.e. as the tangent of acute angle between the
tangent and the strain axis.
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Next the influence of the confining pressure on stress-strain properties was analysed.
It has been shown that the values of the investigated stress-strain parameters increased
linearly with the increase of confining pressure; however, the rate of increase depends on
the investigated parameter and on the type of rock. The modulus of longitudinal strain
did not show uniform changes with the increase in confining pressure. However, the
modulus of softening in general decreased with the increase in confining pressure.

The angle of internal friction and cohesion were determined by three methods:
the method of tangents to Mohr’s circles, the g—p method and the computational me-
thod according to the formulae resulting from Coulomb’s theory (Bukowska, Sanetra,
Szedel 1998).

Analysis of the results showed that in investigations of the triaxial strength of rocks,
a greater number of confining pressure values should be applied to determine a more
accurate picture of the critical-strength envelope as well as the residual-strength
envelope. Also, more values of confining pressure in the low pressure range 0 to 10 MPa,
10 to 20 MPa should be introduced, as in these ranges experimental points were missing
to obtain the correct curve to fit the stress-strain dependences as a function of the
confining pressure.

This work presents the results of an investigation of triaxial compression of rock
samples in a stiff testing machine using the new 70 MPa compression chamber
(Krzyszton et al. 2002). Eight levels of confining pressure: 0, 5, 10, 15, 20, 30, 50,
70 MPa were applied. Samples of fine-grained sandstone, siltstone and coal, totalling
of 151 samples, were tested. The following rock properties: critical stress, critical
strain, residual stress, residual strain and the modulus of softening were determined at
different values of confining pressure. The results obtained, in the form of the functional
dependences, are shown in the graphs.

The equation of Mohr’s circles parabolic envelope was determined using the least
square method; then the angle of internal friction as a function of normal stress was
determined for a compact rock in the pre-critical state and for a fractured rock in the
post-critical state.

The results of triaxial tests were then used to determine the maximum strength of
the rock-samples according to the Hoek-Brown criterion. The resulting envelopes of
maximum strength thus obtained were compared with the Mohr’s circles envelopes.
An analysis of the parameters occurring in Hoek-Brown’s criterion (m, s) and the
corresponding magnitudes resulting from Mohr’s circles envelope (¢, ¢) was carried
out.

In the conclusions, attention is focused on the increase in the modulus of softening in
the low-value range of confining pressure (0 to 10 MPa), and then to the decrease of this
modulus as the confining pressure in the 10 to 70 MPa range increases.

Attention is also drawn to the determination of the angle of internal friction and
cohesion by the proposed method of tangents to the parabolic Mohr’s circles envelope
(Sanetra 2002). According to this method, the angle of internal friction and cohesion can
be determined throughout the whole range of normal stress, both for compact and
fractured rocks.
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The complete stress-strain characteristic presents the pre-critical strain hardening
as well as the post-critical strain softening of the rock subjected to a compression
(Yoshinaka et al. 1996).

In this work, special attention is paid to the post-critical properties of rocks in
fractured state. Determination of the behaviour of fractured rocks is of great importance
in the geo-engineering practice. Although the rock surrounding the working or tunnel
becomes damaged in the course of driving progress, it may provide residual support for
the overburden strata. The increase in confining pressure causes the increase in critical
stress and the decrease in the modulus of softening (Bieniawski 1970, Rummel and
Fairhurst 1970). It also induces the increase in the residual stress as well as the extent of
the fractured zone, which has an influence on the long-term stability of underground
openings (Nawrocki, Mréz 1992).

2. Description of experiments

Experiments 1n a triaxial state of stresses were carried out in a stiff testing machine
MTS-810 NEW by the conventional method: o1 # 6, = 3. The vertical stress o was set
up by the axial loading of a sample by a plate of the testing machine and the horizontal
stresses were induced by a hydrostatic oil pressure. The pressure chamber 70 MPa,
type KTK, produced by UNIPRESS in Warsaw (Fig. 1a) and a U2 type compressor,

Fig. 1. Pressure chamber 70 MPa type KTK
a — the chamber located in a stiff testing machine MTS 810-NEW;
b — preparation of samples to tests in a chamber

Rys.1. Komora ci$nieniowa 70 MPa typ KTK
a — komora umieszczona w maszynie wytrzymatosciowej MTS 810-NEW;
b — przygotowanie prébek do badan w komorze
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enabling constant pressure on the chosen level to be maintained during the experiment,
were used.

The tests were carried out with a constant rate of longitudinal strain é¢ = 107 - 571,
i.e. with the strain rate corresponding to strain rates of rocks in the vicinity of preparatory
or excavation workings (Kwasniewski 1986) at set confining pressures p = 0, 5, 10,
15,20, 30, 50, 70 MPa. To prevent oil penetration into the sample, a rubber casing and
a special shrinkable lag, closely adherent to the surface of the sample, were applied
(Fig. 1b).

The complete stress-strain characteristic obtained in the experiment describes the
pre- and post-critical states of the rock sample.

The tests were made on cylindrical samples of diameter ¢ = 30 mm and height
h = 60 mm, prepared according to the PN-G-04303 standard.

Three types of Carboniferous rock taken from the saddle strata of Hard Coal Mine
“Polska Wirek” were investigated:

+ fine-grained sandstone taken from seam 502/1II roof in two places (samples no. 1

and no. 3),

« siltstone from seam 502/II roof (sample no. 2),

+ coal from seam 502/II (sample no. 4).

For each rock type 3 to 5 experiments were carried out for the given pressure range.
In all, 151 samples were tested, including 79 samples of fine-grained sandstone, 41
samples of siltstone and 31 samples of coal.

As aresult of these experiments in uniaxial and triaxial states of stress, the following
properties of the investigated rocks were determined: critical stress, critical strain,
residual stress, “residual” strain and modulus of softening at different confining pressure
values. The tensile strength in uniaxial state of stress was also determined. Next the
values of the internal friction angle and of the cohesion were defined by different
methods.

3. Results of investigations

The Carboniferous rocks of the Upper Silesian Coal Basin tested had the following
values for uniaxial compressive strength R, and tensile strength R,

+ fine-grained sandstone (samples no. 1 and no. 3): R. = 116.2 to 123.2 MPa,

R, =7.03 to 7.23 MPa,

 siltstone (sample no. 2): R. = 60.3 MPa, R, = 1.53 MPa,

+ semi-brightly-dull coal (sample no.4): R. = 24.4 MPa, R, = 1.30 MPa.

The average values of stress-strain parameters of the rocks investigated are listed in
Table 1. The form of the obtained stress-strain characteristics for the investigated rocks
(Fig. 2a, b, ¢) shows that the increase in confining pressure from 0 to 70 MPa (curves 1 to
8) causes an increase in the maximal (critical) stress and in the critical strain.

A considerable increase in residual stress was observed with the corresponding
residual strain (Krzyszton et al. 1998, 2002; Sanetra 2002). However, an increase
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TABLE |

Average values of stress-strain parameters for the investigated Carboniferous rocks from
the Hard Coal Mine “Polska-Wirek”

TABLICA |

Srednie wartosci parametréw naprezeniowo-odksztalceniowych badanych skat karbonskich

z KWK Polska-Wirek

Confining | g pte | CMtil | Residual " Residual | Modulus of
Gpr_es;llr—e no/amount O-striS(SS stress stref:h:ltslca[l%ﬂ s .
B[MPza] P of samples [‘I(/IPa}] o, [MPa] o & [%o] M [GPa]

0 /s 116.2 5.61 7.83 13.70 86.1

5 la/s 200.8 60.90 14.79 17.15 1047

10 1b/s 2185 70.35 17.68 20.00 105.8

15 lo/s 2358 109.72 18.05 2270 81.7
20 1473 259.7 127.22 19.38 2126 80.1
30 le/3 327.0 161.70 23.94 28.04 79.7
50 195 404.6 234.30 28.35 3167 69.5
70 1g/4 522.8 312.62 33.03 40.40 54.0

0 25 307 4.8 7.43 15.14 17.2

5 25 603 33.92 9.59 12.85 22.1

10 2b/4 84.8 36.99 11.09 15.92 209
15 205 95.7 71.69 14.13 20.62 12.7

20 2d/5 107.8 78.57 14.17 17.29 155
30 2¢5 143.1 111.80 2039 26.47 154
50 2f/5 1983 159.46 22.18 24.80 148
70 2002 2228 167.23 23.54 28.26 12.5

0 3/6 1232 272 9.11 10.50 136.2

5 35 157.0 57.79 16.36 18.55 91.1

10 3b/3 158.3 20.17 1431 17.36 120.6

Is 30/3 193.8 98.79 19.73 21.99 822

20 343 219.5 117.80 20.10 26.73 77.8
30 3e/d 310.0 127.72 22.67 28.61 52.1
50 36/ 386.7 22151 26.88 30.15 488
70 3¢5 4828 339.04 32.00 53.18 473

0 417 24.4 071 17.70 24.50 14.1

5 4/ 63.9 3191 18.54 2557 13.9

10 4b/3 816 33.41 23.49 27.36 15.2

is 4c/3 83.1 46.24 22.69 37.60 3.9

20 4d13 1222 93 51 30.46 59.63 71
30 4e/3 1243 83.04 3031 271 67
| 50 473 147.5 12771 39.79 56.29 62
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2a. Fine-grained sandstones (samples no. | and no. 3)

2a. Piaskowiec drobnoziarnisty (préba nr 1 i nr 3)

G4- 0, [MPa]
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2b. Siltstone (sample no. 2)

2b. Itowiec (proba nr 2)

o1-0; [MPa]
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2c. Coal (sample no. 4)
2c. Wegiel (proba nr 4)

Fig. 2. Differential stress 6;—o3 as a function of axial strain &
Curves: | — 0 MPa, 2 — 5 MPa, 3 — 10 MPa, 4 — 15 MPa, 5— 20 MPa, 6 — 30 MPa, 7 — 50 MPa,
8 — 70 MPa
Rys. 2. Naprgzenie roznicowe 6;—c3 jako funkcja osiowego odksztatcenia ¢
Krzywe: 1 — 0 MPa, 2 — 5 MPa, 3 — 10 MPa, 4 — 15 MPa, 5 — 20 MPa, 6 — 30 MPa, 7 — 50 MPa,
8 — 70 MPa
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in confining pressure results in a decrease in the modulus of softening. Similar de-
pendences were obtained by Bieniawski (1969).

These investigations enabled the dependences between the particular parameters and
the magnitude of the applied confining pressure in the range from 0 to 70 MPa to be
determined, corresponding to rock deposits to depth of approximately 3000 m.

For the determination of functional dependences the following parameters were
analysed as functions of the confining pressure (Fig. 3 to 6):

 critical stress,

» residual stress,
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3a. Fine-grained sandstone 3b. Siltstone
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250
= 200 s
o
£ 150 m -
) = |
w100 = =
5 L] B
5 50 uri)/:/
0 T T T T T
0 10 20 30 40 50 60

o3 = 0z = p [MPa]

3c. Coal
3c. Wegiel
G =2.4978p +42.918; r=0.8352

Fig. 3. Critical stress 6, as a function of confining pressure p

Rys. 3. Naprezenie krytyczne oy, jako funkcja ci$nienia okdlnego p
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e residual strain,
» modulus of softening.
These dependences for the rocks investigated may be described as follows:
« rectilinear dependences for:
— critical stress o, as a function of confining pressure 6, =3 =p (Fig. 3a, b, ¢),
— residual stress G, as a function of confining pressure 6, =3 =p (Fig. 4a, b, ¢).
For rectilinear dependences, the correlation coefficient » changes from 0.84 to 0.97;
in these cases the correlation coefficient is considerably greater than the limiting value

(Volk 1973);
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63=0;=p [MPa] 63 =0, = p [MPa]
4a. Fine-grained sandstone 4b. Siltstone
4a. Piaskowiec drobnoziarnisty 4b. Itowiec
6,=4.3177p +20.982; r=0.9587 o, =2.6045p +20.882; r=0.9330
250
200
p— | |
a 150
=3 . Cl
5 100
= | L] | |
50 +—yg—= A
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0 10 20 30 40 50 60

4c. Coal
4c. Wegiel
o, =2.5509p + 10.811; r=0.8641

Fig. 4. Residual stress o, as a function of confining pressure p

Rys. 4. Naprezenie resztkowe o, jako funkcja ci$nienia okélnego p



curvilinear dependences for:
— residual strain g,-as a function of confining pressure o, =c3=p (Fig. 5a, b, ¢)

— modulus of softening M as a function of confining pressure o,
(Fig. 6a, b, ¢).
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=03=p

The curvilinear dependences €, = f{p), M = f(p) were expressed in the form of second
order polynomials , where the correlation coefficient changed between 0.57 and 0.90.
In the case of function M = f{p) there is a weak dependence of the modulus of
softening on the confining pressure for siltstone; in this case the correlation coefficient
value is equal to 0.39 (r.. = 0.304, Volk 1974).
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Fig. 5. Residual strain ¢, as a function of confining pressure p

Rys. 5. Odksztalcenie resztkowe ¢, jako funkcja ci$nienia okélnego p
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Fig. 6. Modulus of softening M as a function of confining pressure p

Rys. 6. Modut ostabienia M jako funkcja ci$nienia okdlnego p

4. Determination of values for the angle of internal friction and for the cohesion

Knowledge of the values of the critical strength and residual strength in response to
the applied confining pressure enables the determination of values of the angle of
internal friction ¢ and cohesion ¢ for both compact and fractured rocks (Sanetra 2002).
The constants ¢ and ¢ were determined by the following methods:

1) graphical method in the coordinate system: 1—o,

2) the method using the co-ordinate system: g—p,
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3) the method of two tangents to the parabolic envelope of Mohr’s circles:
« for compact rock:

— 3/1 — the tangent to the arc of the parabola comprising the circles for
uniaxial tension and compression,
— 3/2 — the tangent to the part of parabola comprising the circles for a triaxial

state of stresses;
« for fractured rock:

— 3/1 — the tangent to the initial part of parabola comprising the circle for
uniaxial compression and the first circle for triaxial compression,
— 3/2 — the tangent to the part of parabola comprising the circles for triaxial

state of stresses.
In the method of two tangents to Mohr’s circles envelope, the parabola equation
using the least square method (Sanetra 2002; Paczesniowski 2002) was applied.
The values obtained of the internal friction angle and cohesion for all rocks tested are
shown in Table 2.
From the table it can be seen that the values of the internal friction angle, determined
by methods 1 and 2 approximate and that in both methods the values of internal friction

TABLE 2

Obtained values of internal friction angle and cohesion for compact and fractured rocks

TABLICA 2

Zestawienie katéw tarcia wewnetrznego i spojnosci dla skat zwigztych 1 spgkanych

Compact rock Fractured rock
Rock Method
o [1°] ¢ [MPa] o [1°] ¢ [MPa]
_ _ 1 41° 44.5 39° 20.0
FURE A 2 43° 326 37°75' 77
sandstone 3/1 57°23' 37.6 53017 12
(sample no. 1) ‘ -
3/2 22°18' 102.9 19°07' 493
1 28° 20.5 270 7.0
Siltstone 2 28°06' 14.6 25°34 6.6
(sample no. 2) 3/1 53°29' 9.3 47°59 5.3
3/2 18°19 31.7 15°38' 20.9
_ _ 1 44° 50.0 40° 14.0
Fie-geained 3 43°16' 262 40°41" 1.3
sandstone
3/1 55°57" 352 54°34' 1257
(sample no. 3) ‘
3/2 21°47' 94.6 19°03' 51.5
1 34° 17.5 33° 9.0
Coal 2 26°39’ 14.0 26°79’ 33
(sample no. 4) 3/1 56°45' #.1 42°08’ 45
32 19°21" 22.5 14°23' 16.0
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angles for compact rocks do not differ significantly from the values of the internal
friction angles for fractured rock created by the residual stress. On the other hand, the
cohesion of fractured rocks is usually far smaller than the cohesion of compact rocks.
This is consistent with tests carried out by other investigators who reported that the
cohesion might drop considerably, even as far as zero (Kidybinski 1982). Fractures
influence the values of the internal friction angle to a lesser degree. In the method 3 (two
tangents to the parabolic envelope of Mohr’s circles) the values of the internal friction
angle for fractured rocks are smaller than for compact rocks.

When the equation of parabolic envelope is determined for a given type of rock, then
the change of the internal friction angle as a function of normal stress can be calculated.
The dependence ¢ = f(c,,) for compact and fractured (in the post-critical state) rocks for
fine-grained sandstones, siltstone and coal are given in Fig. 7a, b, c.
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Fig. 7. Angle of internal friction ¢ as a function of normal stress G,
compact rock, - - - - - fractured rock

Rys. 7. Kat tarcia wewngtrznego ¢ jako funkcja naprezenia normalnego o,
skata zwigzta, - - - - - skata spgkana
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The dependences show that with an increase in normal stress the value of the internal
friction angle decreases. Fine-grained sandstone has the higher internal friction angle
value than siltstone and coal, both for compact and fractured rocis.

For example, at normal stress ,, = 100 MPa the values of internal friction angles are:

« in compact rocks: ¢ = 30° for sandstones

¢ = 18° for siltstone
¢ = 16° for coal
+ in fractured rocks: ¢ =22° for sandstones
o = 12° for siltstone
¢ = 11° for coal

The investigations on the influence of confining pressures on the internal friction
angle, carried out by Kwasniewski (1983) revealed that at an increase in the confining
pressure from 0 to 60 MPa the angle of internal friction decreased from 58° to 21°
for fine-grained sandstones, from 60° to 16° for medium-grained sandstones and from
56° to 6° for coarse-grained sandstones.

5. Hoek-Brown’s failure criterion

The empirical Hoek-Brown’s criterion in its first version was mainly concerned with
compact rocks, and after a certain modification fractured rocks could also be included,
which considerably widened the possibility of rock-quality estimation for strong (com-
pact) as well as for weak (fractured) rocks.

Hoek-Brown’s criterion is expressed by the following equation (Hoek, Brown
1980):

1
o' :(5'34—(7’}’100(5'34-.5'(520)5 (D
where:
o'y  — maximal effective principal stress,
o'  — minimal effective principal stress, or confining pressure in a triaxial com-
pression test,

G, — uniaxial compression strength,
m, s — empirical constants with positive values.

The constant m is enclosed in the range from 0.001 (for very fractured rocks) to about
25 (for compact rocks). However, the values of constant s range from 0 to 1 for the
fractured rock mass and compact rocks, correspondingly.

For compact rocks (s = 1) the shape of the empirical curve depends on constant m.
Hoek and Brown have shown that the value of constant m depends on the type of
rock and changes from 7 (for carbonate rocks) to 25 (for coarse-grained igneous and
metamorphic rocks).
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The failure criterion is given in the dimensionless form by dividing both sites of
equation (1) by the uniaxial compression strength o

c' c' o'
_i:.._3+ m_3+s
c,. O, c,

2)

[(S1E

[4 & C

Dimensionless constants m and s are approximately analogical to the angle of
internal friction and to the cohesion, correspondingly determined using the conventional
Coulomb-Mohr failure criterion.

6. Application of Hoek-Brown’s failure criterion to the results of rock samples
in triaxial compression

The values of triaxial strength of rocks were calculated according to Hoek-Brown’s
criterion given in the normalised form (Hoek, Brown 1980):

1
@i 953 93 ’ ®
— =+ m—=+10
6, O, o,
where:
o1 — maximal axial stress,
63 — confining pressure,
6. — uniaxial compression strength,
m — material constant.

The material constant m for a compact rock (s = 1) is determined by the formula
(Hoek 1983):

Sy T @
mzi iri "
Gc' Zx.z—(zxiz)
! ‘n

where x; and y; are a pair of successive measurement points,

X; =03,
= 2
yi= (o1 -03)%,
n — number of measurement points.

The value of constant s for fractured rocks is given by the equation (Hoek 1983):
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1 | Tx

T {_y —mo :| (5)
ccz n n

For a very fractured rock mass, when s is close to zero, the material constant m is

calculated from the following formula:

e (6)
G, 2x

The results for fine-grained sandstone — sample no. 1 are listed in Table 3.

The triaxial maximum strengths for siltstone (sample no. 2), for fine-grained sand-
stone (sample no. 3) and for coal (sample no. 4) were determined analogously.

The results for particular experimental series are presented graphically in the form of
maximum strength envelopes (Fig. 8a, b, ¢, d).

The maximum strength in the triaxial state of stresses expressed by the dimensionless
ratio of the maximal axial stress o; to the uniaxial compression strength o, has
comparable values for both experimental and analytical data.

The maximal strength envelopes determined on the basis of experimental and
analytical data are practically the same for fine-grained sandstone (sample no. 1) and
siltstone (sample no. 2). However, they differ by a certain shift along the y-axis for

TABLE 3
Determination of triaxial maximum strength according to Hoek-Brown’s criterion
TABLICA 3
Wyznaczanie trdjosiowej wytrzymatosci wedtug kryterium Hoeka-Browna
fine-grained sandstone — sample no. 1.
piaskowicc drobnoziarnisty — pr.or |
6.=116.2 MPa
m=21.80
!

A S3 o,/c o,5/c, i} S i 9
[MPa] [MPa] el e o R : [MPa]
200.8 5 1.73 0.04 1.44 -5.3
218.5 10 1.83 0.09 1.78
235.8 15 2.03 0.13 2.08
259.7 20 2.23 0.17 2.35
327.0 30 2.81 0.26 2.83
404.6 50 3.48 0.43 3.65
5228 70 4.50 0.60 436
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Rys. 8. Obwiednie maksymalnej wytrzymatosci skat wedhig kryterium Hoeka-Browna
¢ ----- warto$ci eksperymentalne, m wartosci obliczeniowe

fine-grained sandstone (sample no. 3) and coal (sample no. 4). In the case of sandstone,
the analytical values are greater than the experimental values. However, in the case of
coal the relation is reciprocal: the experimental strength values are higher than the
analytical strength values.

The angle of internal friction ¢ and cohesion ¢ determined by the method of Mohr’s
circle tangents and the material constants (s, m) calculated for Hoek-Brown’s failure
criterion are listed in Table 4.

It can be seen from the comparison of the constants appearing in both failure criteria
that the dimensionless constants m and s of Hoek-Brown’s criterion are almost ana-
logical to the angle of internal friction and cohesion, respectively determined from
Coulomb-Mohr’s failure criterion (Sanetra, Szedel 2000).
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TABLE 4
Material constants for Coulomb-Mohr’s and Hoek-Brown’s failure criteria
TABLICA 4
Stale materiatowe dla kryteriow zniszczenia Coulomba-Mohra i Hoeka-Browna
Coulomb-Mohr’s criterion Hoek-Brown’s criterion
Type of rock compact rock fractured rock | compact rock fractured rock
¢ [1°] |c[MPa]| ¢ [1°] |c[MPa] m s m S
Fine-grained sandstane—| 445 39 200 | 2180 | 1 | 591 | 43107
sample no. |
Siltstone — sample no. 2 28 20.5 27 14.0 11.00 1 5.92 1.4-1073
Pingsgraingt Suflgitiner=| ., 50.0 40 70 | 1916 | 1 | 531 | 1.4104
sample no. 3
Coal — sample no. 4 34 17.5 33 9.0 5.46 1 5.20 2.7-1073

7. Conclusions

The results of triaxial compression tests of Carboniferous rocks carried out at
a constant value of longitudinal strain rate 107 - s~! and at confining pressure values
from 0 to 70 MPa, presented in tables 1 to 4, prompt the following conclusions:

« The increase in confining pressure from 0 to 70 MPa causes a change of the values
of the parameters investigated (critical stress, residual stress, residual strain and
modulus of softening) for all Carboniferous rocks tested (sandstones, siltstone,
coal), which is in conformity with the results of other investigators (Tajdus 1990;
Sanetra 1994a, b; Krzyszton et al.1998).

« The critical stress of the tested rocks increases with the increase in the confining
pressure range from 0 to 70 MPa: for sandstones it increases from 4 to 4.5 times in
relation to the value of uniaxial critical stress. For siltstone and coal greater rates
of increase of critical stresses are observed. Their critical stresses reach values
equal to 6 to 7 times of the uniaxial critical stress values at confining pressure of
70 MPa.

+ The confining pressure increase has its greatest influence on the residual stress.
For brittle rocks as sandstones, the residual stress increases 55 to 124 times in
relation to the value obtained in the uniaxial state of stress (p =0 MPa). A similar
increase in the residual stress appears for coal where the residual stress at 50 MPa
confining pressure reaches a value of 180 times the uniaxial value. However, the
residual stress for siltstone at 70 MPa confining pressure increased 33 times in
comparison with the value obtained at p = 0 MPa.
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The residual stress at the maximal confining pressure has a large value in
comparison with the vertical stress which amount to: for sandstones from 0.6 to
0.7 o, for siltstone 0.75 o, and for coal 0.86 o,.

The increase in confining pressure also causes an increase in residual strain: in
weak rocks (siltstone, coal) the residual strains increased 1.9 to 2.3 times, whereas
in strong rocks (sandstones) 3 to 5 times in relation to the values obtained in
uniaxial compression.

The modulus of softening in the lower range of confining pressures (5 to 10 MPa)
shows an increase to about 20% of the initial value obtained in the uniaxial state of
stress (p = 0). For higher values of confining pressure, in the 10 to 70 MPa range,
the modulus of softening decreases with the increase in confining pressure. The
decrease in modulus value in relation to the value obtained in the uniaxial state of
stress is different for different types of rocks: for sandstones by 35% to 63%, for
siltstone 73%, for coal 44%.

An increase in the modulus of (strain) softening in the low value range of
confining pressure (5 tol0 MPa) may be motivated by the “memory”of a rock
material about the strain hardening which took place in the pre-critical part of the
stress-strain characteristic.

The proposed method for the determination of the internal friction angle and
cohesion enables determination of the values of these parameters from the
parabolic envelope of Mohr’s circles for different values of normal stresses in the
case of both compact rocks in the pre-critical state and for fractured rocks
appearing in the post-critical state.

The dimensionless constants m and s of Hoek-Brown’s criterion are almost
analogical to the angle of internal friction and cohesion, respectively, determined
from Coulomb-Mohr’s failure criterion.

The material constant m and the angle of internal friction @ for rocks with compact
structure assume considerably higher values for strong rocks (fine-grained sand-
stone R. = 116.2 to 123.2 MPa) than for weak rocks (siltstone R. = 30.7 MPa,
coal R, = 24.4 MPa).

The material constant m for rocks with a fractured structure assumes the close
values for strong rocks (sandstones) as well as for weak rocks (siltstone, coal).
The value of internal friction angle for fractured rocks appearing in the post-
-critical phase is not significantly smaller than this value for compact rocks in the
pre-critical state.

The cohesion ¢ and the material constant s for fractured rocks drop considerably
in relation to these values for compact rocks (Hoek, Brown 1980; Kidybinski
1982).

The following general conclusions can be drawn from the analysis of quantitative
changes of rock properties caused by the increase in the confining pressure in the
range 0 to 70 MPa:

structures of fractured rock may fulfil the condition of load capacity for the deter-
mined values of confining pressure and angle of internal friction (Krzyszton 2002);
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» post-critical properties of rocks depend not only on the rock type (sandstone,
siltstone, coal) but also on the rock structure (sandstones no. 1 and no. 3);

« knowledge of the values of angle of internal friction and cohesion for coal and
waste rocks may be used in the determination of coal pillar strength with regard to
contact conditions in the set: roof-pillar-floor (Krzyszton 2002);

 the increase in the modulus of softening in low range of confining pressure,
evincing a “memory” of rock material gives evidence of viscous effects which
should be taken into consideration in a constitutive model of the post-critical part
of stress-strain characteristic (Nawrocki, Mroz 1992).

The work was performed in range of the rescarch project no 9T 12A 033 18 financed by the Committee of
Scientific Investigations.
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