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The paper presents results of investigations on strength in the conventional triaxial compression
conditions. The tests were made on flysch rocks, which regard to graining, can be divided into three
types: weakly diagenesed vari-grained clastic rocks (Type I), coarse- and medium-grained clastic rocks
(type II) and fine-grained clastic rocks (type III). These rocks show different behaviour under triaxial
compression conditions. Destruction types for the involved rock types are described based on macro-
scopic and microscopic analysis.
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INTRODUCTION

Rock strength and strain properties should be tested under
conditions as inside the earth, which means under higher tem-
peratures and pressures. Rock behaviour under conventional
triaxial compression is a very important factor, in particular in
road engineering and underground engineering which are being
developed currently. The selection of flysch rocks as the study
material should not raise any doubt for two reasons: firstly, be-
cause these rocks are found in large parts of Poland’s territory,
and secondly, due to the routes of highways being designed and
built in Poland.

This paper describes the behaviour of flysch sandstones
under conventional triaxial compression and based on real
curves for axial, circumferential and volumetric strains — stress
curves. Besides critical strain values, stress at the threshold
of absolute dilatancy and the critical energy value were
analysed. Also, destruction types for the involved rock ty-
pes were described based on macroscopic and microscopic
analysis.

GEOLOGICAL CHARACTERISTIC OF THE
ANALYSED ROCKS

The research material consisted of flysch sandstones with di-
versified graining. According to Gradzinski (1986), in a flysch
sediment complex, which is rather extensive, thick and rela-
tively monotonous in the petrographic aspect, a great variability
in both vertical and horizontal directions is present. From that
complex of flysch rocks, three general clastic flysch rock types
were selected, which differ in the graining first of all. Type I in-
cluded weakly diagenesed vari-grained clastic rocks, type II in-

cluded medium- and coarse-grained clastic rocks, and type III
included fine-grained clastic rocks.

The weakly diagenesed vari-grained clastic rock type includ-
ed Istebna Sandstones from the town of Wola Komborska and
Ciezkowice Sandstones from town of Ciezkowice.

These sandstone types are specific for their varied fractional
graining typical of flysch rocks. In case of Istebna Sandstones
from Wola Komborska, single grains from the coarse-grained
fraction are surrounded with a fine-grained mass. On the other
hand, materials from the Ci¢zkowice quarry are a fine-, me-
dium-, and coarse-grained sandstone, which changes into a
fine-grained conglomerate, with its large grains included in
a fine-grained mass. In the petrographic aspect, these sand-
stones are arenites, i.e. rocks with bonding material content
below 15%.

The group of coarse- and medium-grained rocks included
coarse- and medium-grained Godula Sandstones from the town
of Brenna, medium-grained Krosno Sandstones from the town
of Mucharz and medium-grained Magura Sandstones from the
town of Mecina, in which separate coarse grains are located in a
medium-grained mass. In the petrographic aspect, coarse- and
medium-grained are wackes, i. e. rocks with bonding material
content of approx. 20 up to 35%.

Type III, or fine-grained clastic rocks, includes Cergowa
Sandstones from the town of Kleczany, Istebna Sandstones from
the town of Rabe and - from the Lgota layers — sandstones turn-
ing into mudstone from the Targanice town.

In the petrographic aspect, the Lgota Sandstones from
Targanice are located on the border between wackes and
mudstones. This statement is evidenced by the content of
bonding material of approx. 70%. A similar opinion holds for
Kleczany Sandstones because, despite their bonding material



S132

Pawel Lukaszewski

content of 53% acc. to petrographic analysis, the microscopic
image reveals fine-grained sandstone altered into mudstone.
Quartzite sandstone from Rabe distinctly differs from the
two latter rocks as it features an exceptionally strong compac-
tion as well as a very small share (5%) of siliceous bonding
material.

METHODS

Strength tests under conventional triaxial compression were
made at the laboratory of the Department of Geomechanics,
Warsaw University. A rigid-structure MTS 815 strength testing
press was applied, which was fitted with an MTS 656.05 triaxial
cell. The triaxial vessel design as well as attachments for the sam-
ple slenderness ratio of 2 we as shown in earlier papers by the
same author (Lukaszewski, 2007).

For flysch sandstones, single classic triaxial tests were
made featuring a two-stage test run (Kovari et al.,, 1983). In
stage one, a specified confining pressure, p = 0, = 0,, was ap-
plied; in stage two, the sample was loaded axially until sample
failure. In our tests, three pressures were applied: 30, 60, and
90 MPa, respectively. The pressures increased at a constant rate
of 3.3 MPa/s. Once the final pressure was reached, the samples
were loaded further at a constant piston displacement rate of
0.05 mm/min.

Sensors were applied to record the following parameters:
force, confining pressure, piston displacement as well as the axial
and circumferential strain. The volumetric strain (g ) was cal-
culated based on the measurement of the axial strain (¢ ) and
circumferential strain (¢ ) according to the formula:

g,=¢,+2¢, (1)

Based on the relation between the differential stress and
axial, circumferential and volumetric strains, parameters were
determined for each sample as follows: maximum differential
stress (o, - ), critical axial strain €_, critical circumfer-
ential strain ¢ , critical energy y_ and differential stress for the
threshold of absolute dilatancy (5, - ©,) , (Fig. 1).

In order to fully analyse the behaviour of flysch sandstones
under high pressures, results for conventional triaxial compres-
sion were complemented with results for uniaxial compression
(with the confining pressure equal to zero).
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Fig. 1. Scheme of the method of determination of the parameters under analysis

RESULTS

Strength test results for three types of clastic rocks, i. e. sand-
stones from the towns of Ciezkowice, Mucharz and Kleczany, are
shown in the differential stress—strain curves for a series of con-
fining pressure values (Fig. 2).

On analysing the strain curve families, an observation may
be made that the greater the confining pressure, the bigger the
vertical and horizontal curves. In the general case, the increase
of confining pressure is accompanied by increasing the rock
compressive strength, ductility, inclination of the stress—strain
curve, and the post-failure stress reduction. Besides, a distinct
growth of critical values for axial and circumferential strains can
be seen, as well an increase of Young’s modulus and Poisson’s ra-
tio along with the increasing confining pressure.

Based on the stress—strain model characteristics as pre-
sented by Mogi (1972) for rocks featuring brittle, transitional, or
ductile strain, the rock destruction character can be determined

Differential stress (6,—o;), MPa
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Differential stress (6,—o;), MPa
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Fig. 2. Typical differential stress-strain characteristics for different confining pressures
a— weakly diagenesed and vari-grained Ciezkowice sandstone,

b — medium-grained Mucharz sandstone,

¢—fine-grained Kleczany sandstone
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in the same way. While analysing differential stress — axial strain
characteristics for weakly diagenesed clactic rocks (type I), an
observation can be made that at 90 MPa confining pressure
these rocks undergo a transitional strain (T). Under the same
pressure, coarse- and medium-grained as well as fine-grained
clastic rocks (types II and III) continue to experience a brittle
strain (B). This is evidenced by a low strain value as well as a
rapid and significant stress reduction once the ultimate failure
strength has been exceeded.

For weakly diagenesed clastic rocks, at a confining pressure
of p = 90 MPa, the ultimate failure strength does not exceed the
value of 3.5 p determined by Kwa$niewski (2002) for sandstone
alteration from the brittle status to the transitional status. This
is clearly visible for flysch sandstones in the analysis of the ul-
timate failure strength dependence on the confining pressure,
with the line (6, - 6,), = 3.5 p separating the brittle behav-
iour field from the transitional (between brittle and ductile) be-
haviour field as shown in Fig. 3. In this figure, values below this
line are only valid for the ultimate failure strength for weakly
diagenesed clastic rocks and only at a 90 MPa confining pres-
sure. Thus, these rocks undergo a transitional strain at this pres-
sure value.

This thesis is confirmed with a macroscopic analysis of failed
samples. On adopting the rock failure types as proposed by
Hoshimo et al. (1972), one can see that brittle strain rocks fail by
means of a single shear crack (S). In this case, the failure features
a rock material consistency loss as a result of shearing along a
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Fig. 3. Ultimate strength for flysch sandstones which show, depending on confining
pressure, brittle or transitional behavior:
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plane inclined at approx. 30° towards the largest stress direction.
This was the reason for failure of coarse- and medium-grained
and fine-grained clastic rocks (types II and III) as well as for
weakly-diagenesed clastic rocks (type I) at confining pressures
of 30 and 60 MPa.

Contrary to the case described above, transitional-strain
rocks fail by flowing (F). This failure features a uniform macro-
scopic strain without consistency loss, and occurs by cataclastic
flow. It should be emphasised that in this case, the term ‘cataclas-
tic flow’ is understood as a process occurring inside the rock un-
der pressure and consisting in mineral grain straining, cracking
and crushing without any chemical and crystallographic chang-
es. This is the failure process for weakly diagenesed rocks at a
confining pressure of approx. 90 MPa.

Macroscopic observations were confirmed by a microsco-
pic image of thin plates made at a right angle to the sample
axis and exactly at a half of the height. In this microscopic im-
age, two objects are clearly visible: a single shear crack (Fig. 4a)
after a brittle failure, and a zone of disintegration of the bond-
ing material and grains showing ‘cataclasis’ (Fig. 4b) after a
transitional failure.

A detailed description of flysch sandstones under conven-
tional triaxial compression was made based on a correlation
between certain strength parameters and strain parameters (de-
fined in Fig. 1) as determined for the three selected rock types at
various confining pressure values.

Under a conventional triaxial compression, i. e. under the
increasing confining pressure, stress and strainability also in-
crease. This is clearly seen while observing the dependence of
critical differential strain on the critical axial and circumfer-
ential strain (Fig. 5). An increase of strength and strainability
is observed for all the selected rock types for which distinctive
dependencies exist and have the same logarithmic curve shape.
It is clearly seen in the analysis of results for selected confining
pressures that for the relation (5, - 6,) - € , non-overlaying
data sets were obtained, whereas, for higher confining pressure
values, higher stress and strain values were obtained. On the
other hand, for the relation (5, - ©,), - ¢, and for the con-
fining pressure values 30, 60, 90 MPa, partially overlaying data
sets were obtained. While analysing results for a single confining
pressure value, it is also seen that for weakly diagenesed clas-
tic rocks (type I), large strains are related to low strength values,
whereas, for fine-grained clastic rocks (type III), smaller strains
are related to higher strength values. This tendency is typical of
both axial and circumferential strains.

Single shear crack

Bonding material and grain disintegration zone
with cataclasis features

Fig. 4. Sample failure type. A — brittle — single shear crack; B — transitional — bonding material and grain disintegration zone with cataclasis features
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Fig. 5. Relationship between differential stress and axial and circumferential strain at different confining pressure for clastic rocks under analysis:
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It is not only strength but also accumulated critical energy
that increases along the confining pressure (Fig. 6). This is
clearly seen in observations of the dependency of critical energy
on the critical differential stress. Typical exponential relations
were obtained for rock types featuring different graining. It is
obvious in the analysis for a single confining pressure value that
lower energy values are specific of weakly diagenesed clastic
rocks (type I), whereas higher energy values are shown by fine-
grained clastic rocks. This tendency is common for all confining
pressure values analysed.

The last parameter the differential stress for the absolute di-
latancy threshold (o, - ©,),, was normalised in relation to the
maximum differential stress (6, - ©,) and converted to % in
order to make the analysis easier. Under uniaxial compression
(p =0MPa), the highest values of the normalised differential pres-
sure for the absolute dilatancy threshold (5, - o),/ (5, - o)),
(Fig. 7) were also obtained for fine-grained clastic rocks, and
the lowest values — for weakly-diagenesed vari-grained clastic
rocks. Along the increasing confining pressure, this parameter
decreases significantly for fine-grained clastic rocks, whereas,
for weakly-diagenesed clastic rocks this parameter decreases.
For coarse- and medium-grained clastic rocks, this parameter
does not change and remains on a constant level which is typi-
cal of these rocks.

This means that along the increasing confining pressure,
an uncontrolled and self-sustaining process of unstable crack
propagation (on the strain curve) commences either earlier than
under uniaxial compression, which is the case for fine-grained
clastic rocks, or later than under uniaxial compression, this be-
ing the case for weakly diagenesed clastic rocks.

CONCLUSIONS

Despite the identical petrographic composition of the analysed
rocks, the strength test results presented in this paper are a proof
of a different behaviour of various rock types under a conven-
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Fig. 6. Relationship between critical energy and differential stress
(legend as in Fig. 5):

(1y,=0123exp{0.0114 (5 ,~c) _}; R*=10.99;
(2)y,=0.212exp{0.0071 (5,-c) _};R°=0.93;

(3) v, = 0.205exp{0.0059 (5,~c)_}; R*=0.91

max

700 -
600 A
500 -

. \
400 A $ S 0A

300 l ,‘.\;
200 A 040 =% &%A

Differential stress (6,—6;)max» MPa

100 1 E[ID«EI
0 ; . )
30 40 50 60 70 80 90 100
(641-63)p / (61=63)max %

Fig. 7. Relationship between differential stress and (o, ~ ),/ (5,~ &)
(legend as in Fig. 5)



Behaviour of flysch sandstones under conventional triaxial compression

S135

tional triaxial compression. Weakly diagenesed vari-grained
porous clastic rocks of low strength feature a high strainability:
even as early as at a 90 MPa confining pressure, these rocks un-
dergo a transitional strain which is visible due to three indica-
tors: the shape of the stress-strain curve, on a macroscale — the
failure type, and on the microscale - cataclastic flow zones.

On the other hand, fine-grained massive cataclastic rocks
of high strength feature a low strainability; until 90 MPa, these
rocks undergo a brittle cracking process with a single shear crack
visible on both the macro- and microscale. Besides, it is interest-
ing that with increasing the confining pressure, the normalised
differential pressure values (for the absolute dilatancy) increase
for weakly diagenesed clastic rocks, and the same properties
decrease for high-strength fine-grained clastic rocks. Under a
conventional triaxial compression, i. e. along the increasing con-
fining pressure, and in dependence on rock lithology, in particu-
lar on the graining and diagenesis extent, an unstable cracking
process on the strain curve can commence either earlier or later
than under uniaxial compression.
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FLISO SMILTAINIO MECHANINIAI POKYCIAI PAGAL
TRIASIO GNIUZDYMO TYRIMUS

Santrauka

Tirtos trijy tipy flifo uolienos: jvairiagradés (I tipas), stambiagrii-
dés ir vidutingrades (II tipas) bei smulkiagradés (III tipas). Nustatyti
skirtingi jvairiy tipy smiltainio mechaniniai pokyc¢iai. Pirmo tipo uo-
lienos pasizymi mazu stipriu gniuzdant ir didele deformacija. Esant
90 Mpa slégiui, uolienos laikinai deformuojasi. Sis procesas stebimas
pagal jtempiy deformacijy priklausomybés pobadj, taip pat kataklas-
tinio takumo zony makro- ir mikroskalése. Treciojo tipo uolienoms
budingas didesnis stiprumas gniuzdant ir mazos deformacijos. Esant
90 Mpa slégiui, $io tipo uolienose matomi atskiri makro- ir mikrotri-
kinéjimai. Visuose méginiuose, didéjant kameros slégiui, normalinio
jtempio vertés didéja menkiau diagenezés paveiktose uolienose, ypaé
IIT tipo méginiuose. Sutartinio triasio gniuzdymo atveju, kai kameros
slégis didéja, trakinéjimo procesas deformacijos kreivéje priklausomai
nuo litologijos ir diagenezés laipsnio gali prasidéti anksciau arba véliau
negu vienaasio gniuzdymo atveju.
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ZACHOWANIE SIE PIASKOWCOW FLISZOWYCH
W WARUNKACH KONWENCJONALNEGO
TROJOSIOWEGO SCISKANIA

Streszczenie

W artykule przedstawiono wyniki badan wytrzymalosciowych w warun-
kach konwencjonalnego tréjosiowego $ciskania. Badaniom poddano skaty
fliszowe, w ktorych ze wzgledu na uziarnienie wydzielono trzy typy skat:
stabo zdiagenezowane, roznoziarniste skaty klastyczne (typ I),grubo i éred-
nioziarniste skaly klastyczne (typ II) oraz drobnoziarniste skaty klastyczne
(typ III). Skaly te w warunkach tréjosiowych réznie sie zachowuja.

Stabo zdiagenezowane i réznoziarniste skaly klastyczne charakte-
ryzujace sie niska wytrzymatoscia cechuja si¢ duza odksztatcalnoscia.
Przy cisnieniu okélnym 90 MPa skaly te odksztalcaja si¢ przej$ciowo.
Widoczne jest to zaréwno po charakterze krzywej naprezenie odksztat-
cenie, jak rowniez w makroskali poprzez typ zniszczenia oraz w mikro-
skali poprzez strefy plyniecia kataklastycznego.

Drobnoziarniste masywne skaty klastyczne o wysokiej wytrzyma-
fosci cechuje z kolei mata odksztalcalno$¢. Przy cisnieniu do 90 MPa
skaly te odksztalcajg si¢ krucho poprzez pojedyncze pekniecie Scigcio-
we widoczne zaréwno w makro- jak i mikroskali.

Interesujace jest réwniez, ze wraz ze wzrostem cisnienia okolnego,
warto$ci znormalizowanego naprezenia réznicowego dla progu dylatacji
wlasciwej rosng dla stabo zdiagenezowanych skat klastycznych, a maleja
dla mocnych, drobnoziarnistych skat klastycznych. W warunkach kon-
wencjonalnego tréjosiowego $ciskania czyli wraz ze wzrostem ci$nienia
okolnego w zaleznosci od litologii, a w szczegdlnosci od uziarnienia i
stopnia diagenezy, proces pekania niestabilnego na krzywej deformacji
moze zachodzi¢ wezesniej lub pézniej niz w warunkach jednoosiowych.
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ITaBen Jlykamescku

MEXAHMWYECKOE ITOBEJEHME ITECYAHVMKOB
OJINIIA ITPU UICITBITAHMAX TPEXOCHBIM
CKATUEM

Peswme

[TpoBefeHb! MCTbITaHNA (QINIIEBBIX TOPO TPEX TUIIOB: Pa3HO3EPHI-
croit (I Tum); kpynHosepHucToit 1 pasHosepuucront (II Tum); Menko-
sepuucroit (III tui). B Xofie MCIIbITaHMIT Y Pa3HBIX TUIIOB NIECYaHNKOB
Ha0/TIofjamach pas/myHas MeXaHuKa. [/t Iopoy IepBoro TUIA Xapak-
TepHBI HEOO/IBIIOE CONMPOTHBIICHNE CXKATHUIO 11 3HAYUTEIbHBIE ledop-
marun. [Tox saBinennem 90 MPa mopopbl BpeMeHHO Ae(hOpMUPYIOTCA.
JTOT Tporecc HAOMOKAETCA 110 XapaKTepy KPUBOI HANPKEHMIT 1
medopMaImil Kak B Makpo-, TaK ¥ B MUKpOIIKaJIe B 30HAX KaTakK/a-
CTIYECKOil TeKydecTH. [I0BBIITeHHOE CONPOTHMBIEHNE CXKATHIO U He-
3HauMTeNbHbIE fedopManmy xapakrepHsl fnsa mopoy III tuma. o
naseHneM 90 MPa xpynkie nopopsl eOpMUPYIOTCA IO MUKPO- 1
MaKpOTpeIHaM. YCTAHOBJIEHO, YTO HpHU TOBBINICHNN JABTEHNA B
KaMmepe 3Ha4YeHMA HOPMAIN30BAaHHOTO HANPSKEHNA YBETMINBAKOTCA
B €71a00 IMTO(GUIIMPOBAHHDIX ¥ YMEHBIIAKTCA B IIPOYHBIX MEIKO3eP-
HJCTBIX TTOPOJIAX. B yCOBIAX KOHBEHIMOHAMBHOTO CXKATHA B 3aBICHU-
MOCTH OT JIUTONOTUI U CTeTeHN TUTU(UKALMM TIPOLiecC HeCTabu/Ib-
HOTO TpelMHo06pa3oBaHysA BO3HUKAET PaHbIIe MM MO3XKe, 4eM IpI
UCTIBITAHMAX OfHOOCHBIM CXKaTHEM.



