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SHRINKING AND SWELLING-BEHAVIOR.OF PINDOS AND IONIOS
FLYSCH SEDIMENTS ON TUNNELING

N..G. Douveas’
ABSTRACT

The sedimentary layers of Pindos-Flysch (graded turbidites) showed no significant disintegration
problems, deformations or swelling (floor heave) by excavations. "Slaking" of the Pindos pelites
was visible in tunnel or open road cuts only after some months due to repeated wetting and
drying. On the contrary, wall protection with torkretbeton was needed immediately after
excavations of the Taiirace Tunmnel to avoid the rapid breakdawn of Ionios sediments (mud
turbdites). Observations over a longer period of time (months) revealed considerable deformation
of tunnel profile as well as floor heave. The capillary suction pressures, occuring under moisture
conditions of the “linear schrinkage,” cause 80 % of the total swelling/shrinkage values related
1o 13-18 % decrease of initial water content and lead to rock breakdown. The "linear schrinkage”
takes place under 92-100 % moisture conditions and is responsible for the development of a zone
of loosening up to ca. 60 cm depth under the tunnel surface. Floor heave are connected with
updoming processes due lateral layer expansion of the Ionios pelites under the floor of
Metsovitikos valley.

MTREPIAHTH

Ta 1lnuata Tou Mivbixol ®AVOXN (xard Srapaduiouévol Touvpuniditeg) Bev mapovoi-
acav 181aitepa npoPARMaTa anccadpwong N EvOTAdelag xata In Sldpxela xat peTd
1o nmépag tng S5Lavolfng Twv onpdyywv. $ailvoueva anogddpwong CTa Mapanavw cIpw=
yatra ftav opata CTtLg OREayyeg »at oTlg avolxXIEG EXOMAPES HOVO HETA and S1EAEUL-
on apxeTwv pnvwv ef altiag enavaiappavouevng Enpavong xai vypavong.

AVILSETwg UETpa npootaciag We EXTOLEULOUEVO oxupodepa nrav anapaiinta, Agecwg
HETA Tlg EpYaoleg EOXA®Ng tng fhpayyag duyng, via va anogevx9e i n Taxvtatn
anocddpwon Twv 1{NUATwY TOUu Iovicu $Aucxn (adragaduntol TovpunribiTteg). Katonriv
HETPROEWY MOAADV UNVOV draniotwdnxav oopaped Sloywwoelg touv Hamédbov Ing on-
payrag xadwg eNiong ®al nNApaUoPPUCElg NG S1aTOoWRg ING, ME EMLATWOELG OTINV
EVOTAEYELd TNG. ME EPYACTINELAKEG EPEULVEG npocdioploTnxav Ol HNXAVLIXKESG MAPAUE~
TPOl Twv METPWUATWY aALTWV %xadwg wai ol EMINTIVOELG OTN CLVOXNH TOVg MOL ancp-
pEcuLv and tn Hpdan Twv SUVAHEWV TwV 1pLXCELSWV ®dTlw and OGLVINKES UETAPBAAAO-~
WEVNE Lypaoliag NG atuodoeaipag. Ot BuUVAPELG Twv TplxCElBOV, mMou avanivgcoviat
gtnv MeplLoxh Tn¢ "vpaMmulxng cupiwxvwong", UnopoLV va MpoxaAEcovv To BO% tng ov-
VOALXNC Cupixvwsong N 610Ykwong, Me tavtdyxpovn BeETABOAN ITNRC vypaolag TOu RE-
Tpopatog and 13-18 %, xadw¢ xal MapaAAnAn MElwon Ing CUVOXRG TOL. H "ypauwuixn
CLpiwvwonR" AauEdveEl XGpa CE OLVIAXEG vypaolag INg atpodogalpag anc 92-100 % wati
cival uvmevdLVN Yia In Bnuloupyla Miag Lwvng xardpwong uExpl 60 cm wdtw and tnv
cnlpdvela Tng oORpayrag. Ol SLOYRWOELG TOL sanébou ®xal Ol RAPAUOPPYLOELS TNRG
SraToung cweiAovial 0 @alvougva MAEULEIKAC S1ACTOANG Twv MNALTILXWY OIpwpdiwy,
1a onoia unopoLV va obnyjoovv oTnv avaddéiwon Twv UNMOXELHEVWY CTpwhdIwv 1Ing
wolAadag TOU METCORLILKOUL.

INTRODUCTION

Swelling and shrinkage of pelitic rocks due to wetting and drying {hydration/dehydration) lead
1o their complete breakdown. The process is called "slaking™ and its mechanism was studied by
DUNN & HUDEC (1966) and HUDEC (1977). Field observations and laboratory investigations
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on slaking bahavior of pelites in SW=Germany are described by LEMPP (1979), MERKLEIN

(1982), RUCH (1986), and WETZEL (1986). Sand/clay content, carbonate content, the pore o -
system of the rock and its permeability are the most important factors inftuencing rock slaking = § E
] Malch rm N kil
which is discussed in the publications of the authors mentioned above. OB « e B
J ol *
T 3}
Capillary tension, which is directly proportional to surface tension of water and inversely to the 8 i g fll‘
capillary size, causes a suction pressure in the minute pore space. The developed suction pressures % 1'
created by drying of the rock may be greater than the maximum lithostatic pressure that the a g¢
sediment has experienced and thus can lead to its further compaction due to shrinkage and b Z(
decrease of its porosity. At 50 % relative humidity, the potential capillary tension reaches 95 E _;a
. . - . o-
MPa (EINSELE, 1983). This stress value is, for example, much greater than the uniaxial strength T
values, which range from 10 10 30 Mpa for the investigated pelitic rocks. o %
a -
I=y-%
s 23
Floor heave during tunneling was most likely related to the types and amount of clay minerals ns <.z
(especially corrensite) in anhydrite bearing rocks. The respective swelling pressure seems to be ) '§ E
directly dependent on the corrensite content, i.e. the floor heave is almost independent of the [LJ & §
anhydrite content of the rock (HENKE, 1976). According to FECKER (1981), the primary stress 8 s Z%
-
state of the rock mass is the most influential factor of six case studies of floor heave and tunnei zZ =2
deformations. e 2%
L]
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SELECTED ROCK MATERIAL ; . ELJ s é
s 0 2
- Q & -
The investigated pelitic rock samples were selected during excavations of the Tailrace Tunnel i g &5 9_, o Z
(Ionios Flysch) and the Power Tunnel (Pindos Flysch) of the Pigai Aocos Hydroelectrical Project i i o a E 8
. a
in northwest Greece (PPC, 1978) (Fig. 1). < i . ﬁ
>
The Pindos Flysch lithostratigraphic column (Dan-Priabon) in the area of Power Tunnel consists ,‘?8
of well graded grey silt to claystone turbiditic layers, pelagic bioturbated claystones, and massive = g
m
turbiditic sandstone beds. These are followed by red, well graded or massive, shales and marls o=
]
at the basis and a serie with thickening upward massiv turbiditic sandstones beds at the top. = g
Ungraded pelitic beds and debris flow conglomerates make up the sediments of the lonios Flysch "} =
(Lower Oligocene-Burdigal) in the area of the Tailrace Tunnel. - fzi e ;
i3 =
“ f
The samples selected consist of graded siltstones (SI) and bioturbated pelagic claystones (T) from 5
the Pindos Flysch (Power Tunnel) and ungraded pelites (IF) from the Ionios Flysch (Tailrace .
Tunnel).
13 L
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E
WneiaknA BiBAIoBRkn "GedppaaTog” - Turpa MewAoyiag. A.M.0. 365
364




UNIAXIAL COMPRESSIVE TESTS
EXPERIMENTAL PROCEDURES AND RESULTS

100
90 -
The initial parameters of the selected rock samples pel IF
70 -
The well graded turbidites (SI) and the pelagic claystones (T) of Pindos Flysch have g g i
considerably Iower porosity, initial water content, and a lower specific surface but a higher = -
a0 -
carbonate content than the ungraded mud turbidites of the lonios Flysch (Tab. I). g 30
B
5 20 - F“== 950 MPa
PINDOS FLYSCH IONIOS FLYSCH X 10 - "
0 T ey S —
(T) (ST) (IF) 0 0,2 04 08 0.8 1 12 1,4 1,6 1,8
max. water content (%) 2.38 1.56 6.4 axial strain %
grain density g/’cm3 2.74 2.73 2.7
wet bulk density g/em® 265 2.68 2.5
dry bulk density g/cm® 2,59 2.64 23 100 -
porosity n (%) 6.38 4.00 14.8 90 -
calcium carbonate (%) 26.00 32.00 16.0 80 - T
surface area, Sg m? /g 13.80 10.70 19.3 70 il
illite illite illite " 80 !
clay minerals chlorite chlorite chlorite % 50 -
corrensite
P 2
ﬁ 30 4 ESB= 1014 MPa
Tab. 1:Initial parameters and clay mineral fractions of the investigated rock samples = 20 j j/’/—‘.
I T
, . °% o2 o4 o8 o8 1 12 14 18 18
The short-term deformation behavior under uniaxial compressive stress showed that the rocks axial straln %
SI and T are strong to moderately strong with strength values between 11 and 30 MPa. They
deform elastically to plastically (classification after DEERE and MULLER, 1966). The pelites 100 |
(IF) have a low compressive strength and undergo plastic deformation during loading (Fig. 2). : J Si
70 -I
:
w P . -
ater equilibrium states, the water tension curves = 80 7 Es§= 3003 MPa
3 .
The samples were cored perpendicular to the bedding plane. Cores of 42 mm length and 16 mm £ 30 “ ﬂ/.
diameter were produced to determine the shrinkage or swelling character of IF, T and SI pelites ] T: % e ,/
under 98.8%, 92%, 85%, 45%, 35%, 5% relative humidity (r.H) conditions. This was carried out a o 4 —_— " T
with the help of climatic simulators, i.e. six exsicators, in which various relative humidity 0 0.2 04 o8 Maxlal ;lraln ;’: 14 1e e
conditions could be created by using the appropriate sait solutions under constant temperaturé
(s. MERC, 1982).

Fig. 2. Behavior of IF, T, SI samples under uniaxial compressive stress; IF: weak with plastic
deformation, T: moderately strong with plastic to viscous deformation, SI: strong with
elastical deformation.
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Three axes, namely X, Y, and Z (Z normal to bedding plane, X and Y parallel to bedding plane
and X vertical to Y) were measured to determine the shrinkage or swelling values. In addition,
the changes in water content were noted. At the beginning of the tests all the cores were water-
saturated. Some of the results, which are plotted in terms of time versus water content, versug
shrinkage values in X, Y, Z directions, and versus volumetric shrinkage values, are shown in Fig.
3, diagr, 1-3. The left sides of the diagrams describe the shrinkage/swelling, dehy-
dration/hydration equilibrium states according to the respective relative humidities. The right
sides of the diagrams describe the process of rock deconsolidation due to repeated drying (24 h
at 92% r.H) and wetting (immersing 24 h ).

A distinct equilibrium state with a specific water content of each core corresponds to every
humidity condition. According to the theory of sorption properties of porous media to every
moisture state of air, i.e. vapor pressure, corresponds a distinct range of capillaries which hydrate
or dehydrate (KLOFFER, 1974, p.21). During this process the capillary tensions decrease or
increase according to the degree of saturation. The related stress values are given by EINSELE
(1983; Fig. 5). During the increase of the air moisture the capillaries regain the equivalent amount
of water lost during the last dehydration. After 13 cycles of rewetting /redrying, the following
alterations in the IF, T and SI cores were recorded (Fig. 3, diagr. 1-3): Increase of the water
content by about 8%, 6% und 2,7% of the initial values of the IF, T and SI unweathered cores,
respectively, These recorded amounts of absorbed water are exchangable in 92-100 % air
moisture. In addition, a volume/porosity increase i.e. swelling, deconsolidation or loosening of
all cores, and especially of the cores IF, after each cycle of drying/wetting was recorded. The
cores of 1F began to deconsolidate with the development of the first joints due to stratification
immediatelly after the first rewetting. Further drying and rewetting under 92-100 % conditions
lead to the creation of more cracks parallel to stratification (Fig. 3). The anisotropical shrinkage
and swelling along the three directions X, Y, and Z affects the grain to grain bonds and initiates
further cracks along all directions leading to core desintegration in smaller peaces or "slacking"”.
Figure 4 shows the process of slacking and the change of sample water saturation, which
decreases due to the increase of the trapped air within the cracks as the core’s loosening proceeds.
In Figure 5 the diagramms 1-3 portray the water tension curves, i.e. the respective equilibrium
states of core moisture balanced between 0-100 % relative humidity conditions and the pore size
distribution of any sample. The IF water tension curves, Fig. S, diagr. |, differ from the tension
curves of T and Si in that they have a higher percentage of great voids in the pore system. The
IF, T and Si samples show high amounts of adsorbed water, namely 83-88 % for the IF, 91-93
% for the T, and 94-98% adsorbed water for the SI cores at 98,8 % relative humidity, i.e they
are sorption sensitive (HUDEC, 1975).

FI
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Fig. 3: Swelling and shrinkage rates of the IF, T, Sl core samples under varying relative humidity
conditions; note the increase of porosity/decompaction or loosening after every phase of’

hydration/dehydration; drying succeeds in 92 % relative humidity and saturating after
immersion of sample in water [or 24 h; at the beginning of tests all samples was water
saturated, fresh and unweathered.
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Fig. 4: Decrease of sample's water saturation by repeated drying and wetting; note the state of
water saturation of the core at the limmits of "linear” and "residual shrinkage"; limits B
and C.

Limiting of shrinkage/swelling process

All cores showed 2 maximal shrinkage limit during drying. The shrinkage process is divided
into three stages: A-B, B-C, and C-D, Fig. 6, diagr. 1-3. In stage A-B (the beginning of drying),
every water loss of the sample recorded in cm® was equal to the volumetric change as well, This
means the sample retained water saturated during its dehydration in stage A-B. The relationship
of the two parameters here is linear. The shrinkage rate in stage (A-B) is called "linear
shrinkage”, with the characteristic "shrinkage limit® at point B. All cores had reached their
shrinkage limit (B) after 15-18% decrease of their initial water content. Further drying gave
rise to a small decrease of the core volume described as "residual shrinkage”, stage B-C in which
the water loss is volumetrically greater than the shrinkage. Here the cores are no more water
saturated and no further change of core’s volume takes place hier any more (Fig. 7). Strong
capillary suction pressures keep the cores in a compressive state which does not change as long
as the voids and capillaries remain unsaturated. It is the reason that the core does not swell by
any moisture increase in the range of relative humidities of the stage C-D (Fig.7).
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Fig. 6:

Limitation of the shrinkage/swel-
ling process; B=1imit of the "linear
shrinkage”, C=limit of the "residual
shrinkage".
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Fig. 7: Swelling of core is not possible so long the pores and capillaries remain unsaturated in the
range af the relative humidities of the "residual shrinkage".

The greatest values of swelling or shrinkage occur only in a water saturated state of the cores,
i.e. stage A-B and under relative humidity conditions varying between 92-100 % related to 13-
18 % decrease of initial water content (Fig. 6). This proves the importance of capillary suction
pressures on rock deconsolidation and disintegration. In the stage A-B, the expandable clay
minerals cannot swell or shrinkage because the pores and capillaries are still water saturated. In
addition, the action of expandable clay minerals, if possible in the stage A-B, could be buffered
by the great pore spaces, which varies between 20-110 nm (Fig. 5). The dehydration of the
expandable clay minerals can only take place after most of the great pores and capillaries begin
to empty, namely in stages B-C and more possibly in C-D, i.e. under high vapor pressure or high
stress conditions in the rock mass. The maximal recorded volumetric shrinkage (linear + residual
shrinkage) of the IF cores was 1.7% - 2.2%, of the T cores about 1.2%, and of the SI cores about
0.8%, all given in percent of core volume in the saturated state (Fig.6).

The clay minerals characteristics during dehydration
Corrensite is the only expandable mineral included in the samples of IF pelites and was

determined using X-ray diffraction techniques. The clay mineral fractions of the T and Sl

samples are shown in Tab.l.
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The non-expandatle component of corrensite is similar to the unit laver of chlorite and has a
constant spacing ch 14 A. The expandable member of corrensite, a montmorillonite-like layer,
has a spacing of about 10A in an oven dry state. The spacing of both components of corrensite
together under oven dry conditions is 24A, Hydration causes corrensite to expand to 29A
(LIPPMAN, 1976). Under "water-excess” conditions corrensite attains a spacing of 33A. The
pehavior of corrensite under a wide range of relative humidity values are not exactly known.
But it can be supposed that corrensite, which has a interlayer spacing of ca. 9A under water
saturated conditions, cannot be dehydrated as iong as pores having larger radii (20-100 nm) are
still filled with water. Dehydration of corrensite becomes possible over 100 MPa ca. 50 % r.F.
vapor pressure or stress values. Dehydration of corrensite is thus not possible in the range of
tinear shrinkage A-B. The stage C-D with low relative humidities and high vapour pressures
gutlines the most suitahle conditions under which a dehydration of corrensite seems likely (Fig.

5, diagr.1)

The fresh unweathered IF, T, 81 rock samples were immersed in water for over two years and
they showed no water absorption, i.e. they were water saturated under the primary conditions in
the rock mass and no disintegration. This suggests that the Ionios pelites was not in a state of
dehydration before mining of Tailrace Tunnel. This means that the expandable clay minerals like
corrensite are in the pelites of lonios flvsch water saturated and consequently they can not swell.
On the other hand the action of capillary pressures by hydration/dehydration can lead, as shown
ahove, to rock disintegration. The intensity of this process is mainly depended on the degree of

compaction of the sadiment.

CONCLUSIONS

The ungraded mud turbidites of the Ionios Flysch differ from the Pindos graded turbidites in
higher porosity, carbonate content, specific surface area and in higher content of organic matter.
Uniaxial compression tests show that the lonios sediments have a low compressive strength and
undergo plastic deformation during loading. The clay mineral fraction of Ionios sediments
consists of expandable corrensite and non expandable illit and chlorite. The Pindos sediments
contain only illite and chlorite. The lonios sediments swell or shrink during hydra-
tion/dehydration more than the Pindos ones. The water tension curves show that bath groups of
sediments have a well developed pore system composed of micropores (<100 nm), The capillary
suciion pressures cccuring under moisture conditions of the "linear schrinkage" canse 80 % of the
total swelling/shrinkage values related to 13-18 % decrease of initial water content leading to
rock breakdown. The "linear schrinkage" takes place under 92-100 % moisture conditions; during
this remains the rock water saturated. Further drying gives rise to a small value of shrinkage
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described as "residual shrinkage™ and leads to a decrease of water saturation of the rock. At thig
stage, the rock is in a compressive state due to strong capillary tension caused by the high vapoyr
pressure which causes as well as in this stage the dehydration of the expandable clay minerals,
Moisture increase releases the capillary tensions and increases the water saturation giving rise 1o
rock swelling again. The repeating hydration/dehydration leads to rock swelling and deconsolida-
tion, causing in this way a rockmass loosening in a depth up to ca. 60 cm under the tunne]
surface. Floor heave and tunnel lining deformations, observed. in the tailrace tunnel, are most
likely connected to updoming processes due to lateral expansion and vertical rebound of the
lonios pelites under the floor of Metsovitikos valley.
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