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UVODNIK

Zakljucuje se Cetrto leto izhajanja mednarodne revije Acta Geotechnica Slovenica. Skladno z za¢rtano urednisko politiko
so v vsaki $tevilki revije objavljeni stirje ¢lanki, ki obravnavajo temeljna znanja in prikazujejo inovativnosti iz prakti¢nih
primerov, kar je za bralce $e posebej zanimivo. Medtem, ko revijo v Sloveniji prejemajo vsi ¢lani Slovenskega geotehni-
$kega drustva, ki zdruzuje ve¢ino strokovnjakov s tega podro¢ja, lahko tuja znanstvena javnost najde povzetke ¢lankov
na spletnih straneh revije in v splo$nih ter specializiranih bazah, kot sta GeoRef in Iconda. Promocija revije na medna-
rodnih konferencah in brezpla¢no posiljanje izvodov nekaterim predsednikom geotehnigkih drustev po svetu, izbranim
univerzam, znanstvenim intitucijam in knjiZznicam je Ze obrodila sadove, saj se za naro¢ilo revije zanima tudi vedno ve¢
posameznikov in institucij iz tujine. Veseli smo, da se krog nasih avtorjev in bralcev vedno bolj $iri.

V drugi $tevilki cetrtega letnika so zbrani naslednji $tirje zanimivi ¢lanki:

Vladimir Vukadin v prispevku predstavlja osnovno definicijo mehkih kamnin in trdih zemljin ter njihovo znacilno
napetostno-deformacijsko obnasanje. Prikazano je, da se materiali z razli¢no sestavo in genezo v pomembnih vidikih
obnasajo podobno. To omogoca postavitev teoreti¢nega okvirja, znotraj katerega je mogoce ustrezno formulirati in
postaviti konstitutiven materialni model, ki opisuje njihovo obnaganje. Klju¢ni element za postavitev teoreti¢nega okvirja
in konstitutivnega modela je vpeljava koncepta strukture in destrukturizacije. V zakljuc¢ku ¢lanka je na kratko pred-
stavljen konstitutivni model za mehke kamnine in trde zemljine S_BRICK, ter rezultati primerjave napovedi modela z
rezultati laboratorijskih preiskav.

V ¢lanku, ki so ga pripravili Violeta J. Mircevska, Vladimir Bickovski in Mihail Garevski je opisano 3D nelinearno dina-
mic¢no obnasanje kamnite pregrade. Za kamnito maso je upo$tevan material, ki zadovoljuje Mohr-Coulombov kriterij
porusitve. Pregrada se nahaja v strmem, ozkem kanjonu, v obliki ¢rke “V’. Obravnavan je koncept modela »brezmasnega
kamnitega temelja«, pri ¢emer je dolo¢en del kamnine vklju¢en v model.

Prispevek avtorjev Ivana in Martina Vanicka se osredotoca na tunele v praskem metroju z razli¢nih vidikov - geologije,
konstrukecijskih sistemov in vpliva poplavljanja. Izbrano mesto za opazovanja je bil eden najbolj prizadetih delov z veli-
kim sistemom razpok. Monitoring tega mesta, ki je temeljil na makro in mikro pristopih, ni kazal posebnega propadanja.
Vseeno je bil za kontrolo v daljsem ¢asovnem obdobju name$cen in uporabljen brezzi¢ni sistem za zbiranje in prenasanje
podatkov.

Bojan Zlender in Ludvik Trauner podajata rezultate raziskav dinami¢nih lastnosti polzarice iz jugozahodne lokacije
Ljubljanskega barja. Izvedeni so bili cikli¢ni triosni preizkusi. V preiskavi so bili spreminjani pogoji: zacetna efektivna
napetost (50, 100, 150 kPa), koli¢nik por (2,1 do 1,2) in faktor cikli¢cne obremenitve CSR (med 0,1 in 1). Med posa-
meznim preizkusom so bile merjene ¢asovne spremembe napetosti, deformacij in pornega vodnega tlaka. Parametri
fizikalnih lastnosti so podani kot funkcije zgo$c¢enosti polzarice, torej volumenske deformacije, gostote, poroznosti ali
vlaznosti.

Ludvik Trauner
Glavni urednik
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EDITORIAL

The fourth year of publication of the international journal Acta Geotechnica Slovenica is coming to an end. In accor-
dance with the editorial policy, there have been four papers in each issue, treating fundamental knowledge and showing
innovations in terms of practical examples. All of which we believe is of great interest to our readers. In Slovenia, all the
members of the Slovenian Geotechnical Society, which brings together the majority of experts in the field, receive our
journal. Foreign scientists can find summaries of the papers on the journal’s web pages and there is also information

in specialized databases such as GeoRef and Incond. The promotion of the journal at international conferences and

the complimentary copies sent to the presidents of geotechnical associations worldwide, selected universities, scientific
institutions and libraries have already proved a success, since more and more individuals and foreign institutions have
shown an interest in subscribing to the journal. We are very pleased to report that the circle of authors and readers is
getting wider.

In the second issue of the fourth year of publication we have four interesting papers:

First, in the paper by Vladimir Vukadin, we have a definition of soft rocks and hard soils together with the typical stress-
strain behaviour of soft rocks and hard soils. The investigation demonstrated that materials with a different structure and
origin behave in a similar way. This makes it possible to set up a theoretical framework, within which a formulation and
construction of a constitutive material model can describe the behaviour. The key element to constructing a theoretical
framework and a constitutive model is the introduction of the concept of structure and destructurization. Finally, a brief
presentation of a constitutive model for soft rocks and hard soils, called S_BRICK, is given along with the laboratory
results of the model’s prediction.

Second, in the paper prepared by Violeta J. Mircevska, Vladimir Bickovski and Mihail Garevski, the 3D nonlinear
dynamic behaviour of a rock-fill dam is presented. For the rocky mass a material based on the Mohr-Coulomb failure
criterion is taken into consideration. The dam is situated in a steep, narrow, “V-shaped” rigid canyon. The concept of a
‘massless rock foundation’ is treated, for which a certain part of the rock is included in the model.

Third, the contribution of Ivan Vani¢ek and Martin Vanicek is focused on the tunnels of the Prague Metro, looked at
from various aspects, i.e., geology, construction systems, and the influence of flooding. The section of the tunnels that
was selected for monitoring is one of the most affected, and has a large system of cracked segments. The monitoring of
this section, which is based on macro- and micro-approaches, showed no significant deterioration. Nevertheless, for
long-term monitoring a wireless system for data collection and transfer was installed and implemented.

Finally, Bojan Zlender and Ludvik Trauner present the results of the dynamic properties of snail soil from a south-west
location of the Ljubljana Marsh. They performed a series of cyclic triaxial tests, and the investigation was based on a
series of tests in which the conditions varied: initial effective pressures (50, 100, 150 kPa), void ratio (2.0-1.2) and factor
of cyclic loading CSR (0.1-1.0). In between the individual tests, measurements of stress, deformation and pore-water
pressure were taken. The parameters of the physical properties are given in terms of the functions of the condensed snail
soil, which are functions of the volume deformation, the density, the porosity or the water content.

Ludvik Trauner
Editor—in—chief

ACTA GEOTECHNICA SLOVENICA, 2007/2 3



MODELIRAN]E NAPETOSTNO-DEFORMACI JSKEGA
OBNHSHNJH MEHKIH KAMNIN IN TRDIH Z€EML JIN

VLADIMIR VUKADIN

o avtorju

Vladimir Vukadin

IRGO-Institut za rudarsvo, geotehnologijo in okolje
Slovenceva 93, 1000 Ljubljana, Slovenija

E-posta: vlado.vukadin@irgo.si

1zvlecek

V prispevku je uvodoma predstavljena osnovna definicija mehkih kamnin in trdih zemljin. V nadaljevanju je nato predstav-
ljeno znacilno napetostno-deformacijsko obnasanje mehkih kamnin in zemljin, kjer bo prikazano, da se materiali z razlicno
sestavo in genezo v pomembnih vidikih obnasajo podobno. To omogoca postavitev teoreticnega okvirja, znotraj katerega je
mogoce ustrezno formulirati in postaviti konstitutiven materialni model, ki opisuje njihovo obnasanje. Kljucen element za
postavitev teoreticnega okvirja in konstitutivnega modela je vpeljava koncepta strukture in destrukturizacije. V zakljucku je
na kratko predstavljen konstitutivni model za mehke kamnine in trde zemljine S_BRICK, ter rezultati primerjave napovedi
modela z rezultati laboratorijskih preiskav.

KLjucne Besede

mehke kamnine, trde zemljine, napetosto-deformacijsko obnasanje, konstitutivni modeli, S_BRICK, BRICK, struktura,
destrukturizacija
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MODELING OF THE STRESS-STRAIN BEHAVIOR
IN HARD SOILS AND SOFT ROCKS

VLADIMIR VUKADIN

ABout the author

Vladimir Vukadin

IRGO-Institute for Mining Geotechnology and Environment
Slovenceva 93, 1000 Ljubljana, Slovenia

E-mail: vlado.vukadin@irgo.si

The paper begins with a definition of hard soils and soft
rocks (HSSR); this is followed by a short overview of the
typical stress-strain behavior of HSSR. It is shown that in
spite of the differences in the origin, type and strength of
materials, similar stress-strain behaviors can be observed
for different materials, ranging from soils to rocks. Based
on this observed similarity a theoretical framework can
be postulated, with which an appropriate constitutive
model for HSSR can be formulated. This model includes
the concepts of structure and destructurization as intrinsic
material properties. A model named S_BRICK that takes
into account the structure and destructurization has been
developed and a comparison of this model’s predictions
with laboratory results is presented.

hard soils and soft rocks, stress-strain behavior, constitu-
tive modeling, S_BRICK, BRICK, structure, destructur-
ization

1 INTRODUCTION

For a long time hard soils and soft rocks (HSSR) were
treated as borderline cases in soil and rock mechanics;
this was mostly due to the fact that their strength and
stiffness properties usually exceeded the design require-
ments expected for soft soils. However, with the increas-
ing number of large geotechnical projects executed in
HSSR, a better understanding of their geomechanical
behavior is needed so that they can be more accurately
modeled.

First, a classification of HSSR will be presented; this
will be followed by a description of their typical stress-
strain behavior. It will be shown that regardless of their
strength, these materials behave in a similar manner to
soils. The main difference between HSSR and soft soils
is in their structure, which is responsible for the higher
strength and stiffness in HSSR.

A model called S_BRICK, which includes both structure
and destructuring, will be briefly explained, and then a
comparison between the S_BRICK model’s predictions
and the laboratory results on stiff North Sea clay will be
presented. A comparison will also be carried out with

a model that does not include structure. This model is
called BRICK. It will be shown that the structure and

its stability represent the key parameters that need to

be accounted for in order to successfully model the
behavior of HSSR.

2 A DEFINITION OF HARD SOILS
AND SOFT ROCKS (HSSR)

From the practical point of view it is convenient to define
HSSR according to their strength. There are several
different classifications available, for example, ISRM

[1], Bieniawski [2], BSI [3], and IAEG [4], to name just

a small selection, which differ somewhat in terms of
terminology and differ significantly in terms of defining
the upper and lower limits of soils and rocks. IAEG [4],
for instance, sets the limit for the uniaxial unconfined
compressive strength (UCS), o, for “weak rock” at 15
MPa, BSI [3] sets it at 5 MPa, and ISMR [1] and Bien-
iawski [2] set the limit for weak rock at 25 MPa. Hawkins
and Pinches [5] have proposed a classification for the
entire range of geological materials, i.e., soils and rocks,
based on the UCS for the upper limit and the undrained
triaxial strength, ¢, for the lower limit. The advantage of
this classification is that it doubles each class of soil and
rock and also acknowledges the continuum between soils
and rocks. The classification is presented in Table 1.

ACTA GEOTECHNICA SLOVENICA, 2007/2 5
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Table 1. The classification of soils and rocks according to their
strength [5]

Range Description
c, <20 kPa Very soft soils
c, 20-40 kPa Soft soils
c, 40-80 kPa Firm soils
c, 80-160  kPa Stiff soils
c, 160-320  kPa Very stiff soils
c, 320-640  kPa Hard soils
o, 1.25-2.5 Mpa Very weak rocks
o, 2.5-5 Mpa Weak rocks
o, 5-10 Mpa Moderately weak rocks
o, 10-50 Mpa Moderately strong rocks
g, 50-100  Mpa Strong rocks
o, 100-200  Mpa Very strong rocks
g, >200 Mpa Extremely strong rocks

Geological materials classified as HSSR, which are writ-
ten in bold in Table 1, represent an important fraction of
all the geological materials in the geosphere, where most
of construction takes place. They can be of different
origin, ranging from igneous (decomposed and weath-
ered granites or basalts, tuffs, etc.), to metamorphic
(phyllites, weathered and decomposed gneisses and
schists) to sedimentary origin (claystones, siltstones,
flysh marls, etc.), and are the products of rock-forming,
rock-altering and sediment-forming processes.

12 (a) o Pietrafitta
- ° Todi
10 F 4 Vallericca
3 v Corinth marl
2
2 08 k
! o
Sost
04 |
02 i1 1 1oL i niial A i 3 8 8824y J
10° 10° 10*
a) 0'; kPa

However, only using strength to distinguish between
soils and rocks can be misleading when their engineer-
ing behavior is being considered. There are some
instances when the behavior of rocks can be better
described using the concepts of soil mechanics. When
the frictional strength of discontinuities becomes
comparable to the intact strength of the rock (Hyett
and Hudson [6]), for example, at large depths, rocks
can behave and fail in a plastic manner that is typical
for soils. On the other hand, Picarelli and Olivares [7]
describe the failure of stiff, highly fissured clay shales
that fail on small-scale fissures that interconnect and
form a discontinuity along which the material fails. Such
phenomena are well described using the concepts of
rock mechanics.

There is enough experimental evidence in the literature
that demonstrates the conceptually similar stress-strain
behavior of different geological material. Figure 1a, for
example, shows oedometer compression and recom-
pression curves for tests carried out on natural intact
samples of three stiff clays and a marl (Burland et al.

[8]), and Figure 1b shows oedometer results for tests
carried out on three different clay shales (Bertuccioli and
Lanzo [9]).

The compression curves of all the materials, ranging from
stiff soils to marls and shales, show a similar compression
behavior to that of soft soils, i.e., an initially stiff response
until the normal compression line is reached, the begin-
ning of isotropic hardening, and an increase of the state
boundary surface with continuing compression, followed
by a stiff response when unloading.

0,9

VOID RATIO: ¢
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. —
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Figure 1. Oedometer compression curves for a) three stiff clays and a marl [8], b) three different clay shales [9].
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Figure 2. Isotropically consolidated drained triaxial tests on a) Saint Vallier
clay (Lefebre [10]) and b) oolitic limestone (Elliot & Brown [11]).

Figure 2 shows the results of isotropically consolidated
drained triaxial tests on a Saint Vallier clay (Lefebre
[10]) and a oolitic limestone (Elliot & Brown [11]). The
tests labeled 1 were carried out at a low confining stress;
the tests labeled 2 were carried out at an intermediate
confining stress; and the tests labeled 3 were carried out
at a high confining stress.

For both materials, when tested at a low confining stress
(1), the results show a well-defined peak and a strain-
softening behavior after the peak, with a dilating volu-
metric response. The test carried out at a high confining
stress shows stiff behavior until the yield surface is
encountered, from where the deviator stress slowly
increases toward the critical state line. Note that the
volumetric behavior is compressive. It is also important
to note that regardless of the strength difference between
the clay (soft soil) and the oolitic limestone (weak to
moderately weak rock) the responses are similar and can
be well described using the concepts of critical state soil
mechanics.

Based on similar examples in the literature, Kavvadas
[12] has proposed that the concepts of soil mechanics

can be applied for the modeling of HSSR as long as the
following two conditions are fulfilled:

1. the materials are significantly influenced by macro-
structural features (large-scale discontinuities),

2. the influence of excess pore pressure is important.

This definition of HSSR is important because it opens
up the possibility for the development of a constitutive
model for the entire range of geological materials, from
soft soils to soft rocks, within the theoretical framework
of critical state soil mechanics.

3 STRUCTURE: A KEY PARAMETER
FOR THE DEVELOPMENT OF CON-
STITUTIVE MODELS FOR HSSR

It has been shown that in addition to important features
like nonlinearity, state and stress history, a constitutive
model has to include the effects of structure and destruc-

ACTA GEOTECHNICA SLOVENICA, 2007/2 7
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turing in order to describe the behavior of natural
geological materials (Burland et al. [8], Leroueil and
Vaugan [13], Kavvadas and Amorosi [14], Rouainia and
Wood [15], Baudet [16], Cotecchia [17]). The origins of
structure in natural materials are complex and can be
attributed to different processes as well as physical and
chemical conditions during and after sedimentation.

There are different classifications and definitions that
take into account different aspects of structure. Lambe
and Whitman [18] proposed that structure is a combina-
tion of fabric and bonding, where fabric represents the
arrangement of the soil particles and bonding represents
the chemical, physical or any other types of bonds
between the particles. Bonding is the dominant effect

in rocks, while in soils the influence of fabric is more
important. It is obvious that according to this classifica-
tion, structure is present in both natural and reconsti-
tuted geological materials, because no matter how much
a material is remolded or destructured it still has some
type of fabric. But from the mechanical point of view

the influence of structure in reconstituted materials
represents the reference state, beyond which the strength
and the stiffness of natural materials cannot fall.

The influence of structure can be best observed when
the behavior of a structured material is compared to

the behavior of a reconstituted material. Structure is
responsible for the increase of stiffness and strength in
comparison to the reconstituted material, but the influ-
ence of structure is most clearly manifested in the larger
state boundary surface (SBS) of the structured material.
Leroueil and Vaugan [13] introduced the concept of
structure-permitted space, which is shown in the v-p
space in Figure 3, where v represents the specific volume
and p represents the mean effective stress.

Figure 4 shows the state boundary surfaces for undis-
turbed, partly destructured and reconstituted Pappadai
clay in a p/q diagram, normalized with the mean effec-
tive stress p,” taken at the isotropic reconstituted normal
compression line using the same specific value as for
intact clay (Cotecchia and Chandler [19]).

The influence of structure is clearly seen in the size of
the state boundary surfaces, resulting in the higher
strength of the undisturbed Pappadai clay in comparison
to the partly destructured or reconstituted Pappadai clay.

xxxxxxx

NCL (Normal compresion line for structured material)

NCL* (Normal compression line for reconstituted material)

Structure permited space

p (kPa)

Figure 3. Structure-permitted space by Leroueil and Vaugan [13].
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Figure 4. Influence of structure on the state boundary surface of undisturbed, partly
destructured and reconstituted Pappadai clay (Cotecchia and Chandler [19]).

Besides strength, structure also influences the stiffness
across the entire range of deformations, with the most
pronounced influence being in the range of small and
very small deformations. Rampello and Silvestri [20]
studied small strain stiffness in stiff Vallerica clay in the
undisturbed and reconstituted states. They investigated
the dependence of the elastic stiffness (denoted G,) on
the mean effective stress and the specific volume
(Figure 5). For a given value of the mean effective stress

natur.a_[e!] 992)

reconst. (loading)  reconst. IHniuadingJ

| |
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or the specific volume, natural (undisturbed) clay has a
higher value of elastic stifftness across the entire range of
mean effective stress or specific volume.

According to Baudet [16] Vallerica clay has a stable
structure; this can also be seen from Figure 5, where
no tendency to converge can be observed for the shear
moduli of the undisturbed and reconstituted clays.
Similar results were obtained by Jovici¢ et al. [21],
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Figure 5. Relationship between the elastic shear modulus G, and
a) the mean effective stress b) the specific volume (Rampello and Silvestri [20]).
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who compared shear-stiffness degradation with strain
for both reconstituted and intact stiff North Sea clays
(Figure 6). They demonstrated that the influence of
structure can be seen from the very small strains up to
the point of failure.

A very important element of structure is its stability.
We can see from Figure 3 that there is a tendency for
the normal compression line of structured material to
converge toward the normal compression line of the
reconstituted material, which implies destructuring

100 —
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O
& o
(]
i a
o 40 — [m]
20 — &
]
"a
0 T 1 [I||||[ T 1 |l|||||
0.001 0.010 0.100 1.000 10.000

shear strain (%)

toward the reconstituted material. Destructuring caused
by plastic straining is responsible for decreasing the state
boundary surface, the strength and the stiffness.

Leroueil and Vaugan [13] have identified different yield-
ing modes in natural materials. According to Leroueil
and Vaugan [13] yielding can occur during shearing,
compression and swelling, as shown in Figure 7. Simi-
larly, destructuring can also be decoupled into shearing,
compression and swelling.
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Figure 6. Comparison of shear-stiffness degradation with strain for two natural
and reconstituted samples of stiff North Sea clay (Jovici¢ et al. [21]).
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Figure 7. Different modes of yielding and destructuring by Leroueil and Vaugan [13].
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Destructuring during isotropic compression and swell-
ing is governed purely by the volumetric component of
the plastic strain. In the case of a normal compression
stress path, the role of the deviator component in the
destructuring is still not fully understood. However,

it is reasonable to suspect that because the deviator
component shows no tendency toward the state bound-
ary surface, the influence of the deviator’s plastic strain is
negligible. During shearing, of course, the destructuring
is governed by both the volumetric and deviator compo-
nents of the plastic strain. It is also important to note
that during swelling the destructuring of the stress paths
can occur inside the state boundary surface, which was
also shown by Leroueil and Vaugan [13].

4 S_BRICK. A CONSTITUTIVE
MODEL FOR HSSR

The S_BRICK constitutive model for modeling HSSR
(Vukadin [22], Vukadin et al. [23]) was developed from
the BRICK model (Simpson [24], [25]) and includes both
structure and destructuring. The basic BRICK model
already includes many important soil behaviors, such as
nonlinearity, stress-path dependency, and state, and is
therefore a suitable platform for further development [23].

The influence of structure is accounted for by the intro-
duction of two new parameters: « and w. The first param-
eter, , is used to increase or decrease the size of the area
beneath the S-shaped curve and has a direct influence
on the value of the critical state angle and hence on the
strength response of the model. The S-shaped curve for
London clay published by Simpson [24] was taken as

a reference shape. The second parameter, w, represents
the state parameter for structured materials and is best
understood as an increase of the distance between the
normal compression line and the critical state line in
structured material in comparison with reconstituted
material. The parameter w represents the key parameter
for modeling the stiffness increase, and the parameter «,
for the strength increase due to structure [22].

The destructuring is implemented for both the structure
parameters, « and w. The rates of destructuring were
made dependent on the sum of the volumetric and
shear components of the plastic strains, and are of the
exponential type. The destructuring implemented in
S_BRICK is given by the following two expressions:

in which the symbols represent the following:

a,w initial values of structure parameters

o, Wy final values of structure parameters

(xtC:Sh’SW, w [C:Sh’sw current values of structure parameters in
compression (c), shear (sh) and swelling
(sw)

gvPl , gsPl volumetric and shear component of

plastic strain (i=2-6)

increment of volumetric and shear

8£vpl ’ 585‘01 . I
component of plastic strain (i=2-6)

xlc’Sh’S“’, ylf’Sh’SW parameters that quantify influence of
volumetric and deviatoric plastic strain
of destructuring parameter «

x2C>3h’5W, yzc’Sh’SW parameters that C(lluantify influence of
volumetric and deviatoric plastic strain
of destructuring parameter w

all symbols are without
units

The destructuring in S_BRICK is implemented sepa-
rately, by introducing different parameters x5 and

y, &b for shearing (sh), compression (c) and swelling
(sw). The decoupling of the plastic strain’s influence on
the volumetric and shear components and the introduc-
tion of the parameters x and y, which quantify the rate
of destructuring, gives the model an additional flexibility
[24]. The full implementation of structure and destruc-
turing requires the determination of an additional 16
parameters in total. Four of them (a, &}, w and w,) repre-
sent the structure and twelve (x, y,)>"¥ represent the
destructuring of the structure in compression, swelling
and shearing. It is reasonable to expect that not all types
of destructuring are present for a dominant stress path,
so it is very likely that the necessary total number of
additional parameters can be as low as four. Accordingly,
the destructuring is implemented in such a way that
some model parameters that are not necessary or are not
available can be omitted without hindering the behavior
of the model. A more detailed formulation of the model
is given by Vukadin [22], [23].

alr =q + (a —oy )exp[—(xf”h"“’ <€fl + 6e? ) 4 yetr (Ef’l + (555{’! ))] 1)

c,sh,sw

W, =w +<w—wk>exp[—(x2

c,sh,sw

(Ef’ +6Ef’)—|—y§’5h’w (Efl +55j|’1))} 2)
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S_BRICK PREDICTION OF THE
STRESS-STRAIN BEHAVIOR OF
STIFF NORTH-SEA CLAY

Vukadin et. al [23] have presented predictions of the
S_BRICK and BRICK models on a conceptual level
where the advantages of S_BRICK when modeling the
structure and the destructurization were demonstrated.
Here, a comparison of the modeled stress-strain
behavior of stiff North Sea clay with the S_BRICK and
BRICK models is presented. The stress-strain behavior
of North Sea clay was investigated in the laboratory by
Jovici¢ et al. [21]. Stress-path drained triaxial tests were
carried out by investigating the strength and stiffness
of reconstituted and natural samples at in-situ stresses
and also when swelled back to effective stresses as low as
10 kPa [21]. In addition, undrained shear strength tests
were also carried out.

All together, twelve different intact samples were inves-
tigated, taken from different depths, ranging between
15 and 70 m, and with undrained shear strengths (c,)
ranging from 150 to 800 kPa. According to Table 1,
North Sea clay can be classified as a very stiff soil to a
very weak rock, depending on the section of clay being
investigated [21]. The samples were taken from four
different sections, based on an undrained profile with
different stress histories and amounts of structure.

The input parameters for modeling the North Sea clay
with BRICK were taken from Jovici¢ et al. [21], who

in addition to other parameters took into account the
material stress history as an input parameter. For each
individual section of the clay a different history was
modeled in such a way that the amount of over-consoli-
dation was varied, iterated and then fixed for each

clay section, so that the calculated and the measured
undrained shear strengths coincide. It was concluded
that for three clay sections, the iterated over-consolida-
tion ratios were unrealistically high, which the authors
[21] explained by the presence of structure in the clay,
which was not accounted for with the BRICK model.

For the S_BRICK model most of the input parameters
were the same as for the BRICK model, the only difference
was that the stress history was realistically modeled and
parameters that represent the structure and destructuriza-
tion were included. The same as with S_BRICK, a match
between the calculated and measured undrained shear
strengths was sought and the structure parameters were
obtained by iteration. All in all, five additional parameters
were included in the model for each individual clay
section. The input parameters representing the structure
for the modeled clay sections are presented in Table 2.

12. ACTA GEOTECHNICA SLOVENICA, 2007/2

Table 2. Input parameters for the structure and destructurisa-
tion for the modeled clay section with S_BRICK-

Parameter o o w w, X, Vs
Clay 0.85 0.85 1.2 0.6 800 900

The parameter a was determined from the critical

state angle for the reconstituted clay obtained from
triaxial shearing tests. The parameter w was obtained by
matching the small strain stiffness, and the parameter
w;, by matching the strength and stiffness at the critical
state after the destructurization was finished. Due to
the fact that no oedometric tests were available, only a
destructurization during shearing was modeled, and the
parameters x, and y, were obtained with a trial-and-
error process so that a best fit across the entire range of
deformation could be achieved.

All the numerical tests were carried out in the following
steps:

- First, a stress history was numerically reproduced,
prior to sampling as one-dimensional compression
and swelling.

- Second, the amount of over-consolidation for the
BRICK model was determined so that the undrained
shear strength of the modeled clay coincided with
the laboratory results. For the S_BRICK model a
realistic stress history was modeled with the inclu-
sion of the structure parameters « and w, so that the
undrained shear strength was matched.

- Third, for both models the sampling and isotropic
swelling or compression was modeled until the initial
effective stress prior to shearing was reached.

- Finally, a numerical stress path was applied, which
was similar to the stress path applied in the triaxial
apparatus.

Two individual tests, TT6 and TT7, shown in Figures 8
and 9, were chosen as an example for a direct compari-
son between the observed and predicted stress-strain
behaviors. Each figure shows separately the variation of
the deviator stress g, the angle of the shearing resistance
¢’ and the volume strain e, with the axial strain e,. In
addition, a degradation of the secant shear modulus

G, is shown against the logarithmic shear strain e,
measured with local instrumentation. The sample TT6
was unloaded to an isotropic effective stress of 25 kPa
with the OCR for BRICK equal to 406 and the OCR for
S_BRICK equal to 120, while sample TT7 was unloaded
to an isotropic effective stress of 50 kPa, with the OCR
for BRICK equal to 203 and the OCR for S_BRICK
equal to 60.
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Figure 8. Comparisons of the strength, volumetric and stiffness predictions of the BRICK and S_BRICK models for sample TT6.

The numerically predicted behaviors by both models for
the samples TT6 and TT7 are shown in Figures 7 and 8.
It can be seen that the S_BRICK model more accurately
reproduced the strength, stiffness and volumetric
behavior for both samples. For sample TT6 the BRICK
model overestimates the deviator stress and the mobi-
lized frictional response and greatly underestimates the
stiffness response and dilation in comparison with the
S_BRICK model, whose prediction of the strength and
stiffness behavior was very good. The S_BRICK model
was especially good at predicting the shear-stiffness
degradation from very small strain (0.001%) up to the
point of failure. The S_BRICK model somewhat over
predicted the amount of dilation, but its prediction was
still reasonably good.

Similar results as for sample T'T6 were obtained for
sample TT7 (Figure 9, see next page), where the
strength, stiffness and volumetric response were also
significantly better predicted with the S_BRICK model.
For sample T'T7 it was not possible to compare the
stiffness response of the model from very small strains,

like for sample T'T6, due to measurement difficulties,
but based on the available data the S_ BRICK model still
accurately predicted the stiffness degradation from small
strains (0.01%) up to the point of failure.

CONCLUSIONS

Hard soils and soft rocks (HSSR) represent an important
part of all geological materials and are often encoun-
tered in geotechnical projects around the world. The
most convenient definition for HSSR is based on their
strength, as proposed by several authors [1], [2], [3], [4],
to name just a small selection. A classification that seems
to be the most appropriate was proposed by Hawkins
and Pinches [5]; this is because it acknowledges the
continuum between soils and rocks.

However, from a constitutive modeling stand point, it
is more important to define the theoretical framework
through which HSSR can be modeled. It was shown that
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Figure 9. Comparison of the strength, volumetric and stiffness predictions of the BRICK and S_BRICK models for sample TT7.

the stress-strain behavior of most HSSR can be success-
fully described using the framework of critical state soil
mechanics, as long as the materials are not influenced by
discontinuities, and the effects of an excess pore pressure
are important [12].

It has also been shown that the higher strength and
stiffness encountered in HSSR in comparison to soft
soils can be attributed to structure, which represents a
key additional parameter in modeling. A very important
element of structure is its stability under different stress
paths, which also has to be taken into account.

A model for HSSR that includes structure and destruc-
turization named S_BRICK was developed [22], [23]
based on the BRICK model [24], [25]. This S_BRICK
model was briefly explained here. The comparison of
both models’ predictions, the S_BRICK and the BRICK,
was carried out on stiff North Sea clay. The predictions
of the S_BRICK model were significantly better that the
predictions of the BRICK model.

This comparison of the results highlighted the
importance of structure and destructurization as key
parameters in constitutive models as well as validating
the proposition that HSSR can be successfully modeled
using the framework of critical state soil mechanics.

14. ACTA GEOTECHNICA SLOVENICA, 2007/2

The S_BRICK model will have to be further validated on
a wider range of materials from soft soils to soft rocks

in order to fully confirm its capabilities before it can be
incorporated into a numerical environment and used in
real boundary-value geotechnical problems.
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1zvlecek

V tem prispevku je opisano 3D nelinearno dinamicno obnasanje kamnite pregrade. Za kamnito maso je upostevan material,
ki zadovoljuje Mohr-Coulombov kriterij porusitve. Pregrada se nahaja v strmem, ozkem, ostrem kanjonu, v obliki crke V.
Obravnavan je koncept modela »brezmasnega kamnitega temelja«, pri cemer je dolocen del kamnine vkljucen v model.
Kontaktna ploskev med kamnino in pregrado je modelirana s kontaktnimi elementi, ki omogocajo relativne premike med
materialoma razlicne togosti. 3D matematicnega modela je bil izbran glede na topologijo terena. Nelinearni dinamicni odziv
temelji na direktni integracijski metodi linearnega pospeska, kis e izvaja ‘korak za korakom’ z uporabo metode Wilson-0.
Konvergentni postopek je v skladu z Newton-Raphsonovo metodo.

Najprej so bile dolocene zaletne staticne efektivne napetosti, ki so v stacionarnih pogojih filtracije skozi glinasto jedro.
Analiza temelji na originalnem programu s koncnimi elementi za staticno in dinamicno analizo kamnitih pregrad, kakor
tudi na programu s koncnimi elementi za reSevanje stacionarnih filtracijskih procesov skozi glinasto jedro. Dinamicni
rezultat 3D modela pregrade je definiran za efekt harmonicnih indukcij. Dinamicne analize v linearni in nelinearni domeni
so bile izvedene zaradi primerjave rezultatov. Casovni poteki linearnih in nelinearnih odzivov so bili doloceni za izbrane
odseke in tocke modela, natezne razpoke, plasticne deformacije in napetostno deformacijske odnose. Dolo¢ili smo tudi koefi-
cient varnosti potencialnih drsnih povrsin. Ugotavljamo, da so 3D analize, kakor tudi nelinearno obravnavanje materialov
vgrajenih v pregrado, nujne za pravilno oceno stabilnosti kamnitih pregrad izvedenih v ozkih kanjonih.

KL jucne Besede

avtomatsko generiranje 3D modela, kamnita pregrada, nelinearna dinamicna analiza, elasto plasti¢ni kriterij, natezna
razpoka, cone z razpokami, plasti¢ne deformacije, stabilnost
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ROCK-FILL DAM BASED ON IZIIS SOFTWARE

VIOLETA J. MIRCEVSKA, VLADIMIR BICKOVSKI and MIHAIL GAREVSKI

ABout the authors

Violeta J. Mircevska

University “St. Cyril and Methodius”,

Institute of Earthquake Engineering and Engineering Seismology,
Salvador Aljende 73,

P.O. Box101, 1000 Skopje, Macedonia

E-mail: violeta@pluto.iziis.ukim.edu.mk

Vladimir Bickovski

University “St. Cyril and Methodius”,

Institute of Earthquake Engineering and Engineering Seismology,
Salvador Aljende 73,

P.O. Box101, 1000 Skopje, Macedonia

E-mail: bickovski@pluto.iziis.ukim.edu.mk

Mihail Garevski

University “St. Cyril and Methodius”,

Institute of Earthquake Engineering and Engineering Seismology,
Salvador Aljende 73,

P.O. Box101, 1000 Skopje, Macedonia

E-mail: garevski@pluto.iziis.ukim.edu.mk

This paper treats the 3D nonlinear dynamic behavior of
a rock-fill dam based on the Mohr-Coulomb failure crite-
rion. The dam is situated in a steep, narrow, “V-shaped”
rigid canyon. The concept of a massless rock foundation
is treated, for which a certain part of the rock is included
in the model. The dam-rock interface was modeled by
contact elements, which allowed certain relative displace-
ments between the two media of different stiffnesses. The
generation of the 3D mathematical model was related to
the topology of the terrain, and the nonlinear dynamic
response was based on the “step-by-step” linear-accelera-
tion direct-integration method, making use of the
Wilson-0 method. The convergence process was in
accordance with the Newton-Raphson method. First, the
initial static effective stresses existing in the conditions of
the established stationary filtration through the clayey core
were defined. The analysis was based on an original FE
program for the static and dynamic analyses of rock-fill

dams, as well as a FE program for the solution of the
stationary filtration process through the clayey core. The
dynamic response of the 3D model of the dam was defined
for the effect of harmonic excitations. Dynamic analyses
in the linear and nonlinear domains were performed for
the purpose of comparing the results. The time histories
of the linear and nonlinear responses were defined for
selected sections and nodes of the model, the tension cut-
off zones, the plastic deformations, and the stress-shear
strain relationships. The coefficient against the sliding of
the potential sliding surfaces was also defined. It can be
concluded that 3D analyses as well as a nonlinear mate-
rial treatment of the soils built in the dam are imperative
for a proper assessment of the stability of rock-fill dams
situated in narrow canyons.

automatic generation of 3D model, rock-fill dam,
nonlinear dynamic analysis, elastic perfectly plastic
criterion, tension cutoff, cracking zones, plastic
deformations, stability

1 INTRODUCTION

This paper treats the 3D nonlinear dynamic response of
a rock-fill dam with a central clayey core based on the
application of the Mohr-Coulomb linear elasto-plastic
criterion [4],[5]. The associated flow rule is accepted for
the clay in the core, for which the failure criterion and
the yielding surface are identical. In this case the shape
of the yielding surface in the High-Westergaard’s space
is dependent only on the model’s plasticity parameters,
C and ¢. The non-associated flow rule is accepted for the
filters and the stone detritus, for which in addition to the
yield function the plastic potential function is treated.
The plastic potential is a function of the third plasticity
parameter, the dilatancy angle v, used to control the
inelastic volume increase as a result of the compressive
stress increase after achieving the failure state.

ACTA GEOTECHNICA SLOVENICA, 2007/2 17.
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The Mohr-Coulomb parameters can be evaluated

by conventional laboratory tests, which makes their
application easier. In fact, owing to its extreme simplicity
and good accuracy, the Mohr-Coulomb linear elas-
tic—perfectly plastic criterion [3],[4],[5] combined with
the principle of tension cut-off [6] is used to predict the
nonlinear behavior of the soils built in the dam, during
the dynamic response. However, this failure criterion
has two main shortcomings [5]. First, it assumes that
the intermediate principal stress has no influence on

the failure, which gives an unrealistic estimation of the
shear strength under general loading conditions (except
for triaxial compression conditions). This can, however,
be overcome by the use of the SMP criterion [9]. The
second disadvantage is that the meridians of the yielding
surface are straight lines, which implies that the strength
parameter ¢ does not change with the confining pres-
sure, just like most of the other nonlinear methods for
analyses [11],[12],[13],[14]. However, these two effects
have an opposite impact to the shear strength: while
with an increase in the confining pressure, the parameter
¢ decreases, and thus the shear strength decreases, the
intermediate principal stress tends to increase the shear
strength.

Very little has been done to reveal the dynamic behavior
of rock-fill dams in typical 3D conditions, [16],[17],[18],
[19],[20],[21], from the practical point of view. The anal-
yses based on use of the QUAD-4 or FLUSH programs
and their later modifications are of the shear-beam type,
i.e., they do not define the residual displacements of

the dam after the dynamic effect. During the dynamic
effects, the developed tensile stresses can be sustained
only by the clayey core of the rock-fill dams due to the
cohesive properties of the clay. The development of fine
cracks and the definition of the tension cut-off zones in
the clayey core during the dynamic response of the dam
are important for an evaluation of the dam’s stability.

The contact elements are used to model more realisti-
cally the dam-rock interface, in this way preventing

an unrealistic increase in the tensile stresses at the
dam-rock interface and in the parts of the dam close to
the support. The role of the contact elements interposed
between the rock and the dam is to permit a smoother
transition of the stresses in the zone of contact, allow-
ing some differential movements in compliance with
Coulombss friction law and in accordance with the
experimentally defined values of the frictional param-
eters C and ¢ at the dam-rock interface.

In the presented analysis the effect of the dam-founda-
tion dynamic interaction is represented by the use of the
most simple, conventional massless-foundation method
(Wilson, 2002). Accordingly, only the effect of the
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foundation’s flexibility is considered, while the inertia
forces within the foundation’s mass are neglected.

Due to the absence of any wave propagation the earth-
quake motion that is applied directly at the fixed bound-
aries is transmitted to the base of the dam without any
changes. The massless concept requires the foundation’s
mass to be extended at least one dam height in the
upstream, downstream and downward directions. The
size of the massless foundation need not be very large, so
long as it provides a reasonable estimate of the flexibility
of the foundation rock and sufficient elimination of the
boundary conditions’ effect on the deformation, the
stresses and the natural frequencies of the dam.

The distribution of stresses and strains in the dam body
is directly affected by the profile of the canyon where the
dam is situated. If a rock-fill dam is built in a narrow,
“V’-shaped” canyon, then only the sections in the
central part act in plane-strain conditions. The closer
the sections are to the abutments, the greater is the
influence of the boundary conditions on the distribution
of stresses and strains in these sections. This results in a
deviation from plane-strain state conditions, followed by
a decreased intensity of the spherical stress and hence a
reduced shear resistance of the soil in these parts of the
dam. Therefore, the behavior and the assessment of the
stability of the central section based on a plain-strain
analysis cannot be representative of the stability of the
whole of the dam. The application of the 3D mathemati-
cal model that should be, from an engineering point of
view, an appropriate and correct approximation of the
real structure becomes a necessity. It is because of this
that an original methodology and computer program for
automatic generation was implemented, whereby the 3D
model is connected with the contour lines of the terrain.

We have elaborated our own computer program,
PROC3DN, for 3D static and dynamic analyses of earth-
fill dams and geotechnical structures, theoretically based
on [1],[2], as well as on the application of the Mohr-
Coulomb failure criterion [3],[4],[5].[6].

2 AUTOMATIC GENERATION OF
THE 3D MODEL OF THE DAM

The automatic generation of 3D mathematical models
requires a database on the topology of the terrain in
the immediate vicinity of the dam’s foundation, the
projected position of the axis of the dam’s crest at the
base, Fig. 2, and the shape of the main central cross-
section, Fig. 1.
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Figure 1. Main central cross-section of the dam.

The height of the dam is 127 m, which puts it in the
category of high dams. The length of the dam along

the crest axis is 300 m, the crest width is 10 m, and the
maximum width of the base is 496 m. The clayey core
has a width of 6 m at the crest and a width of 63 m at the
foundation. The clayey core is founded on rock (schist).
The inclinations of the upstream and downstream slopes
are 1:2.2 and 1:2.0, respectively.

At each altitude the coordinates of the characteristic
intersection points with the boundary lines of the plain
model are defined (see Fig. 1). Drawn through these
points are the straight lines parallel to the dam’s crest
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axis. In this way the sections of the dam’s body with

the terrain at each altitude are obtained. A cumulative
presentation of the selected horizontal cross-sections
that are used for a definition of the 3D mathematical
model is given in Fig. 2. The adopted 3D mathematical
model, Fig. 3, has a total of 212 substructures in the
dam body and 290 substructures in the rock’s mass,
Fig.5, 6250 external substructures’ nodes, 2122 internal
substructures’ nodes and 2200 matrix band. The volume
of the built-in clayey core is 0.338 - 10° m?, while those of
the filtration layers and the rock infill are

0.223-10° m® and 2.7 - 106 m3, respectively. The dead
weight of the entire structure is G = 7.2 - 107 kN.
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Figure 2. Plan view of the dam site with contour lines and an indication of the sections considered in the analysis.
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Figure 3. 3D model of the substructures adopted for the analysis.

Figure 4. Perspective view of the dam and the terrain.
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Figure 5. Rock massless model, section Yl=150 m.

3 DYNAMIC RESPONSE OF THE DAM

The dynamic response of the earth-fill dam is deter-
mined by applying the methods of modal analysis as
well as by “step-by-step” direct integration, the linear
acceleration method, and using linear and nonlinear
analyses [7]. Within the frames of each finite element,
the Newton-Raphson iterative procedure is applied in
order to eliminate the vector of excessive stresses, i.e.,
the corresponding residual forces defined in accordance
with the Mohr-Coulomb failure criterion. The main
phases are as follows: solved within the frames of each
i-th time step, and each iteration, is the incremental
differential equation of dynamic equilibrium [8], with
the following form:

M**AUI-~|—C**AUi—|—K**AUi=APi** (1)

Applying the substructure technique, the differential
equation of motion refers only to the external nodes

of the model. Defined in this way are the incremental
vectors of displacement, the velocity and the acceleration
at the external nodes of the system. The matrices and
vectors indicated by two stars refer to the external nodes
of the substructures. The dynamic response at the end

of each time step is defined by summing up the dynamic
response from the beginning of the time step and the
effect from the iterations performed in it.

U, =U, +iAUi U, =0, +Zn:AUi
i=1 i=1

U,=U,+> AU  n=liter o
i=1

where iter is the number of iterations within the frames
of each time step, U,,U,,U, are the initial vectors of
displacement, velocity and acceleration,and AU,,AU,,AU,
are the corresponding incremental vectors.

Using the incremental displacement vector, within each
iteration we define the vector of incremental strains and
the corresponding vector of incremental stresses for each
finite element as follows:

5:50+ZA51‘ U:GO+ZAJi n=1,iter (3)
i=1 i=1

where €,,0, are the initial vectors of the strains and
stresses and Ag,,Ao, are the corresponding incremen-
tal vectors.

At the end of each iteration the stress state is reviewed
for each finite element. Only those finite elements

for which the stress state is in the plasticity zone are
selected, i.e., the stress point in the Haigh Westergaard’s
stress space lies beyond the failure surface, as defined by
the Mohr-Coulomb criterion. For these finite elements
we define the excessive stresses as the difference between
the resulting and the ultimate stresses, which for a given
spherical stress tensor and a given stress path lie on the
yielding surface. For such defined excessive stresses
there are the corresponding residual forces. Solving
again the incremental differential equation for the
dynamic equilibrium, only by considering the effect of
the defined residual forces from the previous iteration,
the new vectors of the incremental displacements, are
the strains and the stresses obtained in the course of the
next iteration. Since the residual forces are applied to

a system with an unchanged stiffness matrix, excessive
stresses exist during each iteration, but their intensities
are decreased with each successive iteration, i.e., the
iterative process converges. Successive iterations are
made until the excessive stresses and the corresponding
residual forces are higher than the tolerance of the itera-
tive procedure. The tolerance used in the analysis was
0.01.
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4L RESULTS AND DISCUSSION

A dynamic analysis was performed for the effect of a
harmonic excitation with a frequency of w = 5.2 rad/sec,
a peak acceleration of A = 0.3 g and a duration of

T = 20 sec. The harmonic excitation was applied only

in the direction of the global X-axis of the system. The
time step of the direct integration was At = 0.02 sec.

The damping matrix had an explicit form, according to
Rayleigh’s damping concept. For the purpose of defining
the Rayleigh coefficients, the first two mode shapes of
the free vibrations with frequencies of w, = 6.61 rad/sec
and w, = 8.97 rad/sec and critical modal dampings of

&, =10 % and &, = 15 % were adopted. The selected
harmonic excitation with a frequency close to the first
fundamental mode of free vibrations of the system had a
dominant dynamic factor of participation in the system’s
response. For the same reasons, the dynamic factor of
participation for the remaining frequencies must be
lower, which is confirmed by the fact that the responses
obtained with the modal analysis, in which only the

first mode of the system was included, and the response
obtained with the direct integration method (linear
analysis), point to a good correlation.

The dynamic response obtained by means of the
nonlinear analysis gave a different stress-strain state

for the body of the dam. The dynamic response is
presented through individual finite elements at selected
cross-sections, Y1 = 266 m, immediately next to the right
support, and Y1 = 150 m, representing the central part of
the dam. Figures 6 and 7 present the time histories of the
developed response for relative displacements as well as
the histories of the developed plastic deformations in the
three global directions and the time histories of the rela-
tive velocities and the absolute accelerations developed
only in the global X direction, i.e., in the direction of the
applied dynamic force.

The time histories of the relative displacements suggest
that the system is out of a transient state of vibration and
enters into a steady state after the first two-to-three peri-
ods of the system’s response. Such a fast transition from
a “transient” into a “steady-state” vibration state results
from the small difference between the frequencies of the
exciting force and the frequency of the first fundamental
mode of free vibrations of the system. At the cross-
section Y1 = 150 m, representing the central part of the
dam characterized by a greater flexibility, the transition
from a “transient” into a “steady-state” vibration state

is faster than for the cross-section Y1 = 266 m, which is
situated in the vicinity of the support.
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The difference in the relative displacements between the
linear and the nonlinear analyses (direct integration) for
the cross-section Y1 = 266 m, immediately next to the
right support, in a finite element of the contact between
the stone prism and the filtering layer, on the upstream
side of the dam, is 35-40 %. The extreme current values
of the plastic deformations are U, = 0.0205 m in the

X direction, U, = -0.034 m in the Y direction, and

U ,=0.028 m in the Z direction. The element tends to
undergo plastic deformation in the X direction, i.e., in
the direction of the excitation action, with a tendency for
vertical displacement (settlement).

Comparing the displacement responses obtained by
modal analysis and direct integration (linear analysis),
the differences in all three directions, particularly in
the global Y and Z directions, are evident. The reason
is that the participation of only the first mode shape in
the modal analysis is not sufficient to provide a more
accurate response (a modal truncation problem).

The difference between the relative displacements
obtained by the linear and nonlinear analyses (direct
integration) for the cross-section Yl = 150 m, the central
part of the dam, in a finite element close to the crest,
amounts to 20 % in the X direction and 43-56 % in the
Z and Y directions. The extreme current values of the
plastic deformations amount to U, = -0.28 m in the X
direction, U, = 0.098 m in the Y direction and
U,,=-0.12 m in the Z direction. The element has a
tendency to be plastically deformed in the direction of
excitation, with a tendency for vertical displacement
(settlement).

Comparing the displacement response obtained with

the modal analysis and the direct integration (linear
analysis) at this cross-section, it is clear that there is very
good agreement for the displacements in the global X
direction. The central part of the dam, as the most flex-
ible part of the structure, has the most intensive dynamic
response, whereas the first fundamental mode of free
vibrations of the system has a dominant effect on the
response in the global X direction.

According to the nonlinear analysis, the dynamic ampli-
fication factor at the cross-section Y1 = 266 m for the
chosen finite element is DAF = 1.08, while for the finite
element located at the dam’s crest, it is DAF = 1.36 (not
presented here). According to the nonlinear analysis,
the dynamic amplification factor at the cross-section

Y1 = 150 m at the dam’s crest is DAF = 4, while at 2/3 of
the core’s height, it is DAF = 2.4 (not presented here).
The dynamic amplification factor of the dynamic effect
obtained through nonlinear analysis is smaller than that
obtained by linear analysis. The residual plastic deforma-
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Figure 6. Time histories for a selected finite element as indicated for section Yl = 150 m.
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Figure 7. Time histories for a selected finite element as indicated for section Y1=226 m.
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tions in the dam’s body are obtained by superimposing
the residual displacements in the course of the iterative
processes within the frames of all the time steps. Figure
8 only shows the residual plastic deformations for the
clayey core. From this we can conclude that after the
effect of the harmonic excitation, the clayey core will be
buckled along the dam crest, with the maximum plastic
deformation in the X direction U, .., = -0.44 m and
the maximum plastic deformation in the Z direction

U, max= -0-29 m. The residual plastic deformation in
the Y direction, in the upper third of the core, shows

a tendency to be compressed toward the central part
Upymax = -0-16 m. Figure 9 and Fig. 10 show the plastic
deformations at some chosen cross-sections of the dam.
The residual plastic deformation of these cross-sections
confirms the flexibility in the upper third of the core.
Based on the residual plastic deformations we can
conclude that there is compaction in the Z direction, i.e.,
settlement of the dam as a result of its nonlinear behav-
ior during the dynamic response. Figures 11 and 12
show the time histories of the principal and component
stresses for a selected finite element in the central cross-

section Yl = 150 m.

A comparison has been made between the stresses
obtained from the linear analysis by using the direct
integration method and those obtained in the nonlinear
analysis. As shown by the linear analysis, the principal

~0. 29735

N

stress, 0y, is a tensile stress, which according to the
Mohr-Coulomb failure criterion, cannot be sustained
by the clay. The stress state, according to the nonlinear
analysis, is transferred into the zone of pure compres-
sion. It is evident that there is a reduction of the
component shear stresses down to the level of the allow-
able stresses, which are a function of the manifested
spherical tensor of stresses and the stress path. The time
histories of the principal and component stresses that
refer to the finite elements located at the base show that
the bottom of the dam is under compression, with high
intensities of spherical compressive stresses and a weakly
expressed nonlinearity (not presented here). Shown in
Figures 13 and 14 are the component shear stress-strain
relationships for chosen finite elements at the central
cross-sections of the dam. The stresses and the shear
strains have a lower intensity toward the supports and in
the higher layers of the dam. Presented in Figs. 17 and
18 are snapshots of the nonlinear deformations for the
selected sections of the dam, representing the time of
manifestation of the widest zone of occurrence of cracks
as a result of exceeding the allowable tensile stresses. The
range of the manifested tensile strains is indicated by
different colors. In the course of the dynamic response
of the dam, the development of tensile strains (increases
and decreases) is monitored and hence knowledge is
acquired about the process of opening and closing the
manifested cracks.

Figure 8. Plastic deformations of the clayey core.
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Figure 9. Plastic deformations in the longitudinal section X1=0.
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Figure 10. Plastic deformations in the central section X1=150.

In earth-fill dams the potential sliding surfaces most
frequently have the shape of a shell, so they should

be defined by means of a parabola system composed

of small triangles (planes), Fig. 15. The stress tensor

is projected along the normal and the tangent of the
elementary triangular surfaces, and with their integra-
tion the safety factor against sliding is defined. The time
histories of the safety factor against sliding are defined
on the basis of two performed analyses, i.e., the linear
and nonlinear analyses, Fig. 16. The parameter

PROB = 0.398 tells us that according to the linear analy-
sis the potential sliding surface is unstable from 39 %

of the total excitation time. According to the nonlinear
analysis, the safety factor against sliding is higher than
unity during the entire response time.
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CONCLUSION

The profile of the canyon and the geometry of the dam
structure have a predominant effect on the stress-strain
state, whereby the application of a 3D mathematical
model is necessary. The central part of the dam is char-
acterized by a greater flexibility, so the transition from a
transient state to a steady state of vibration is faster than
with the cross-sections, which are in the vicinity of the
abutments. The difference in the relative displacements
between the linear analysis and the nonlinear analysis
using the method of direct integration calculation for
the X direction is approximately 20 % for the central
part of the dam and 35-40 % for the sections toward the
abutments. However, for the other two directions, this
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Figure 11. Time histories of the principal stresses for a selected FE for section Yl=150 m.

percentage is higher as a result of the development of
larger plastic deformations, particularly in the
Z direction.

The maximum value of the dynamic factor of amplifica-
tion (DAF), according to the nonlinear analysis, occurs
in the central part of the dam’s crest, and the DAF is
approximately equal to 4. However, it is smaller than the
corresponding dynamic amplification factor obtained
with the linear analysis. The dynamic amplification
factor decreases toward the supports and with increasing
depth. Under dynamic conditions the clayey core suffers
plastic buckling deformations, which are particularly
pronounced in the upper third of the core, because of
the slender flexible core, i.e., the small dimensions in this
zone. Based on the residual plastic deformations we can
conclude that the settlement of the dam takes place as a
result of the nonlinear dynamic response.

The component shear stresses obtained from the
nonlinear analysis are lower than those obtained from
the linear analysis. The reduction is down to the level
of allowable octahedral shear stresses as a function of
the existing spherical stress tensor. The stress state in
the deepest zones of the dam is in the range of pure
pressure, with a greater intensity of spherical stresses,
which results in a slightly expressed nonlinearity. The
shear strains are of the order of 10-3, and the shear-
stress/shear-strain diagrams clearly illustrate the elastic-
plastic behavior of the soil media in accordance with the
adopted constitutive law of nonlinearity.

According to the analysis, the time when the cracks
occur can be recognized by the fact that in the time
histories of all the principal stresses, the stresses are
reduced to a value of ¢ = 0, at the same time.
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Figure 12. Time histories of the component stresses for a selected FE for section YI=150 m.

28. ACTA GEOTECHNICA SLOVENICA, 2007/2



V. ]. MIRCEVSKA & €T AL.: A 3D NONLINEAR DYNAMIC ANALYSIS OF A ROCK-FILL DAM BASED ON IZZIS SOFTWARE

[\, CROSSSECTION V=150 m

Txy Tmax= 372,35 CkN/m21

€ = (0.0046485557

€ = -0.0058461820
Emax= 0.00464B5557

Exy

Tmax= 0,00 CkN/m2]

€ = 0.0037694020
Tmin= -869.50 CkN/m2]
€ = -0.0000479970
Emax= 0,0015627526
E€min= -0.0000479370

Eyz

1 Tmax= 165.03 CkN/n2]
XZ € = 0.0037694020

Tmin= -570.67 CkN/m21

Emin= -0.0056471118

Tmin= -545.49 CkN/m2]
€ = -0.0039732246
Emax= 0.0037835514
Emin= -0.00397322u6

EXZ

Figure 13. Shear stress-strain relationship for the chosen FE.
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Figure 14. Shear stress-strain relationship for the chosen FE.

The mobilized strength in the analysis can achieve a
value of less than or equal to unity. In the case when the
element is in the zone of elastic behavior, the stress point
is below the yield surface and the mobilized strength

is less than unity. In the case when the element is in

the zone of plastic behavior, the stress point lies on the
yield surface and the mobilized strength is close to, or
equal to, unity. The unit value of the mobilized strength
provides information about those finite elements that

exert plastic behavior. In this case any judgment about
stability should be based on the resulting plastic defor-
mations in the vicinity of such finite elements.

The safety factor against sliding defined by the linear
analysis is lower than that defined by nonlinear analysis.
This is due to the reduction of the active shear forces
down to the level of the ultimate forces, in conditions of
the existence of the ultimate plastic equilibrium.
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Figure 15. Position of the potential sliding surface in the dam.
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Figure 16. Time history of the safety coeflicient against sliding.
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Figure 17. Snapshot T=2.58 sec. Extreme cracking zone in the section.
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Figure 18. Snapshot T=2.66 sec. Extreme cracking zone in the section.
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1zvlecek

Razumevanje staranja objektov je z vidika ocene rizika teh objektov zelo pomembno. Geotehnicni objekti imajo glede tega
svoje posebnosti. Prispevek se osredotoca na tunele v praskem metroju z razli¢nih vidikov - geologije, konstrukcijskih siste-
mov in vpliva poplavljanja. Izbrano mesto za izvedbo monitoringa predora je bilo eno najbolj prizadetih z velikim sistemom
razpok. Monitoring tega mesta, ki je temeljil na makro in mikro pristopih, ni kazal posebnega propadanja. Vseeno je bil za
kontrolo v daljsem ¢asovnem obdobju namescen in uporabljen brezZicni sistem za zbiranje in prenasanje podatkov. Doseda-
nji rezultati tega monitorninga so pozitivni.

KLjucne Besede

tunel, metro, propadanje, staranje, geologija, konstrukcija, kontrolno preverjanje, MEMS, geofizikalno, brezzi¢ni prenos
podatkov, poplavljanje v metroju
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Understanding the ageing of structures is a very important
issue from the point of view of assessing the risk inherent
in those structures. Geotechnical structures, of course,
have their own specific risks. This paper is focused on

the tunnels of the Prague Metro, looked at from vari-

ous aspects, i.e., geology, construction systems, and the
influence of flooding. The section of the tunnels that was
selected for monitoring is one of the most affected, and has
a large system of cracked segments. However, even for this
affected section the monitoring systems, based on macro-
and micro-approaches, showed no significant deterioration
was taking place. Nevertheless, for long-term monitoring
a wireless system for data collection and transfer was
installed and implemented. The results so far have been
very positive.

Keyuwords

tunnel, metro, deterioration, ageing, geology, construc-
tion, monitoring assessment, MEMS, geophysical, wire-
less data transfer, metro flooding

1 INTRODUCTION

Recently, the owners of infrastructures have started

to become concerned about the life expectancy of
engineering structures that were designed for lifetimes
of about 100 years and are now beginning to approach
such an age. This concern is very much connected

with the risk of a sudden collapse of these structures
and the consequences of such an occurrence. In this
sense geotechnical structures have specific differences
compared to other structures, like concrete, steel, timber,
masonry, etc. Geotechnical structures include old dams
and the protective embankments around settlements.
As is evident from these examples, old earth structures
have a much longer lifetime than other engineering
structures. To simplify the issue we will not touch on
the problem of pore-pressure development, which takes
place shortly after the end of the construction of earth
structures, rather we will consider the long-term behav-
iour, when the pore pressures are steady with respect to
the stress-field changes, due to the construction of the
earth structure.

Earth structures are increasing their strength and stabil-
ity with time, as is clear from the age of the examples
mentioned above. However, this is only true if the condi-
tions for the internal and external erosion limit states are
tulfilled. In most cases this improvement is given by the
strengthening of the inter-particle connections, and in
this improvement the composition of the liquid phase
plays a significant role. Unfortunately, a change in the
chemical composition of the liquid phase can signifi-
cantly affect the potential risk of an earth-structure
collapse. A classic example of such a negative change is
the “quick clays” from Norway, where the fresh water
washes out the salt that was present during the deposi-
tion of the clay layers on the sea bed.

A completely independent problem is associated with
the weathering of the surfaces of geotechnical structures,
such as the slopes of excavations or tunnels without
linings. Here, the most significant role is played by the
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stress change due to unloading, which can initiate the
opening of micro-cracks and start the process of physical
weathering. In the case of foundation engineering we do
not have any examples of the deterioration of the ground
underneath shallow foundations or around deep founda-
tions. The problems of the aging of geotechnical struc-
tures are therefore mainly becoming the same as the
problems of ageing with other structures, e.g., concrete
structures like foundations, retaining walls, and tunnel
linings. In this paper we will concentrate on an example
of the last of these, the deterioration of the tunnel lining
of the Prague Metro. In our case the monitoring is not
directed at determining the potential risk of collapse,
rather it is to confirm that the tunnel is still in a stable
state and to help us determine the appropriate moment
to schedule minor repairs in order to significantly extend
the expected lifetime of this underground structure. As
an example, we can use the approach to this problem
mentioned by Soga [1] (see Figure 1).

With underground structures there is always the
problem of access, which is leading to the use of remote
monitoring based on wireless technology.

36.

2 BRIEF DESCRIPTION OF THE
PRAGUE METARO

The design of traffic flow in Prague on two vertical levels
started as early as 1898, when a Prague entrepreneur,
Ladislav Rott, submitted the first proposal to build an
underground railway to improve the traffic connections
in the historic district of the city. In 1912-1941 a series
of plans for new routes of the underground railway

were developed; however, these plans were never imple-
mented (see Figure 2). Starting in 1958, the design of an
underground railway using a system of subsurface trams
with a subsequent transition to metro trains began to be
developed.

In 1967 the final decision to begin the construction

of the Prague Metro was made. On 20 January 1969,
driving operations on the first underground tunnel were
launched, and on 9 May 1974 regular passenger opera-
tions began on the first line of the Prague Metro - line
C, 6.57 km in length, and with 9 stations. One of the
most recent metro sections put into operation was the

Quality may be maintained easily through repair work prior to
reaching the deteriorated period and the cost is low compared

) : ! to repair work undertaken in the deteriorated period.
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Figure 1. Life cycle of an ageing structure.
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extension of line C as far as Ladvi Station: two additional
stations and a length of 3.981 km. The highlights of this
section are the first double-track driven Metro tunnel
(Figure 3) and Prague’s first single-nave driven Kobylisy
Station, which is also the deepest station on line C, being
situated 31.5 m below ground.

underground lines wsssss
tram lines —

il Lo

N
T oot

List-Belada 1926

b

Figure 2. Plan of an underground railway network designed by
Vladimir List and Bohumil Bellada in 1926.

The Prague Metro system presently (Jan 2008) operates 3
lines (A, B, C) with 54 stations and a total length of 54.7
km (see Figure 4 on next page). Line A has 13 stations
and is 11.0 km long; line B is the longest, with 24 stations
and a length of 25.7 km; and line C has 17 stations and is
18.0 km in length.

2.1 GeoLoGY

The area of interest in the vicinity of metro lines A, B
and C is predominantly formed by sedimentary rocks
from the early part of the Paleozoic era (during the
Ordovician period), but also partly from the later part
of the Proterozoic era, which are overlaid by soils of
quarternary superficial deposits and made ground [2].

2.1.1 sedrock

The tunnelled sections of the Prague Metro pass through
a vast complex of sedimentary rocks of the Barrandien,
from the late Proterozoic to the early Paleozoic eras,
with the most numerous locations from various forma-
tions of the Central Bohemian Ordovician period. The
entire succession of strata shows the predominance of
clayey, silty-to-sandy shales and siltstones with different
physical and mechanical properties and a varying degree
of tectonic failure. The bedrock is also rich in sandstone-

Figure 3. Double-track metro tunnel on line C.
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Figure 4. Present system of the Prague Metro’s lines.

to-quartzite rock types, with the sporadic occurrence of
subsurface forms of paleovolcanic activity. The whole
area was intensely folded and tectonically deformed.
One example is Muistek Station, in the city centre, the
point of a prominent tectonic failure — the so-called
Prague fault — where clayey-to-sandy shales of Sarka
strata and quartzites and siliceous sandstones of Skalka
strata are found. This area was subject to intensive
tectonic failures, and the rocks are heavily fragmented
into chips or cuts. The tunnelling operations here faced
many difficulties.

2.1.2 superficital deposits

Over the whole territory, the bedrock is overlaid by soils
of superficial deposits. In the central part of the city, in
the flood plains, these are mainly fluvial terrace deposits
of the lowest Vltava River terrace benches, which are
composed of sands and sandy gravels. Their thickness
ranges from 6 to 12 m, and sporadically up to 18 m.

The overlying stratum of the terrace deposits contains
Holocene alluvial plain deposits. Predominantly, they
take the form of fine sandy, loamy and clayey sediments,
at places with organic interlayers and separate horizons
of re-deposited sandy gravels. The thickness of this allu-
vium is generally 1-3 m, and exceptionally up to 8 m.

38 ACTA GEOTECHNICA SLOVENICA, 2007/2

Outside the flood plains, in the areas now occupied
mainly by the outskirts of the city, there are eluvial, delu-
vial and deluvial-fluvial sediments, consisting predomi-
nantly of clayey-to-sandy loams, often with fragments of
underlying rock.

A part of the territory is also covered by eolian deposits,
reaching up to several metres in thickness, as well as
loess and loess-like loams.

Close to the surface of the territory, man-made deposits
are often found - backfill, made ground, and the remains
of structures — with thicknesses of 1-5 m, and occasion-
ally even greater.

2.1.3 Hydrogeological situation

The hydrogeological situation directly reflects the
complex geological composition of the geology of
Prague. There are groundwater horizons with distinc-
tively different characteristics of the hydrogeological
regime. In the sands and gravels of the lowest Vltava
River terraces with considerable pore permeability,
there is a continuous horizon of groundwater that can
be called alluvial water. In other covering formations,
groundwater of the pore type with an unconfined level
is found. Another groundwater horizon is found in the
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bedrock of the predominantly Ordovician sedimentary
rock mass. This is mostly a very poorly permeable-to-
impermeable medium with fissure permeability. Here,
the water also tends to show increased aggressiveness,
mainly of the sulphate type.

2.2 CONSTRUCTION OF THE PRAGUE
METRO

The tunnelling methods used during the construction of
the Prague Metro had to respect the difficult geological
conditions of Prague and minimize the impact on the
structures on the surface, mainly in the historically
valuable parts of the city. The rock was excavated mainly
by blasting. The horizontal transport of the spoil was
mostly by rail, and the vertical transport made use of
winches in the access shafts.

The running tunnels were built using the following
technologies:

a) The “Prague” ring tunnelling method with an erector
(in the solid rocks),

b) The non-mechanized tunnelling shield (in the soft
rocks and soils),

¢) The mechanized tunnelling shield TCSB-3 (Soviet
made),

d) The NATM method (from the 1980s),
e) The cut-and-cover technique,

f) The immersed tunnel (used for Vltava River crossing
at Nadrazi HoleSovice)
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2.2.1 the “prague” ring tunnelling
method

This method used an erector for the mechanical assem-
bly of the lining from cast-iron or reinforced-concrete
segments (Figure 5) in the blast-excavated tunnel. The
prefabricated lining was activated against the rock mass
by injection filling; the protection against water in the
reinforced concrete segments was made by sealing injec-
tion, and in the cast-iron segments the calking of joints
was used.

2.2.2 the non-mechanized tunnelling
shield

The excavation of the tunnel made use of a shield with
an Alpine roadheader (see Figure 6 on next page). This
method also used mechanical assembling of the lining
from cast-iron or reinforced-concrete segments. The
activation of the tunnel lining and the water sealing of
the tunnel was done in the same way as for the “Prague”
ring tunnelling method.

2.2.3 the mechanized tunnelling shield
TSCB-3

This shield had a full-profile cutting head for the tunnel
excavation, and compressed concrete was used as the
lining (see Figure 7 on next page). The tunnel was exca-
vated by a tunnelling machine in full profile. The tunnel
lining was created with concrete that was placed between
the formwork and the excavated rock. The tunnelling

METRO TUNNEL ¢ 51/5,5 m
from reinforced concrete segments ( B 400)

55Z
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Figure 5. Cross-section of the tunnel with a) cast-iron segment b) concrete segment [3].
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Figure 6. Open shield with roadheader.

machine (shield) was moved forward by pushing the
pressing ring, using hydraulic jacks, against the just-
concreted lining, which creates a highly compressed
concrete tunnel lining.

2.2.4 the NaTM method

This method was first used in the 1980s and is typical
for a two-shell lining - the primary lining is made from
shotcrete and the secondary lining is made from mono-
lithic reinforced concrete, with a sealing in between (see
Figure 8).

2.2.5 the immersed tunnel

The basic principle of this technique consists of
constructing individual tubes in a dry dock, which was
dug in the Troja bank at the location of future tunnels
(see Figure 9) [7]. When the concrete structure of the
tube was completed, the internal balance tanks and the

shield body spacer ring tormwork section  electical switchboard

rock conveyer

cutting haad

transtormers cable pllatmrm

sl L Foe,— T B jalilind 1B

l"ll'I'lHPIFfﬂ

2 -.‘_‘—":‘=.—_.—....'.‘.r1“ e il R

I
7"m transport and pressing of concrete into lining »l

MECHANISED TUNNELING SHIELD TSCB-3

Figure 7. Cross-section of the mechanized tunnelling shield.
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Figure 9. Immersed tunnel - the concrete tube still in the dry
dock.

steel bulkheads at both ends were installed. A suspen-
sion system was connected to the tubes in the form of
anchoring elements cast into the tubes. After the instal-
lation of the tunnel outfit the dry dock was then flooded,
allowing the shifting of an individual tube into its final
position in a trench dug in the river bed. Two tow steel
cables anchored on the opposite bank drew the tubes

forward. The rear support of the tube, sliding along the
track, carried the major part of the weight, and ensured
the stability of the whole body. When the support in the
Hole$ovice bank was reached, the tunnel position was
stabilized, and then the tunnel was fixed to the river bed
by anchoring.

2.2.6 petails of section vltavska-
Nadrazl HoleSovice

Both tunnel tubes were driven using the “Prague” ring
method. During tunnelling an overbreak (approximately
50 m?) developed under a railway-car repair shop, with
a consequent depression in the surface. The hollow
space was filled with concrete, but the construction was
delayed for 6 weeks.

2.3 THE INFLUENCE OF THE FLOODING
IN 2002 ON THE PRAGUE METRO

The first rainfall struck parts of the Czech Republic on
6-7 August 2002, affecting mainly Southern Bohemia,
and to a minor extent West and Central Bohemia and
Southern Moravia. The second rainfall came between

11 and 13 August 2002. This time the entire territory of
Bohemia was struck, and on 13 August there was heavy
rainfall mainly in Eastern Bohemia, including the Orlice
Mountains and parts of Northern Moravia.

The August flood in the Czech Republic took a relatively
unusual course, unprecedented in the past. During a
relatively short time, two flood tides were generated.

The rise of the first flood wave on the Vltava River was,
to a large extent, eliminated by the reservoirs of the
Vltava River cascade, so that the flood flow recorded in
Prague reached only a five-year high. At the same time,
considerable saturation of the affected territory occurred
during this first flood wave, leading to the exhaustion of
its retention capacity. This is why the start of the second
flood surge was followed by a rapid rise in the water
levels on watercourses and in reservoirs. The subsequent
flood on the Vltava River was the result of a collision
between the flood wave from the Vltava River cascade
and the flood wave from the Berounka River. The result-
ing flood wave on the Vltava River in Prague occurred
on 14 August 2002 at 12:00, with a water level of 782 cm
and a discharge of 5130 m3.s°!, which is a value corre-
sponding approximately to a five-hundred-year flood.

It was the most devastating natural disaster recorded in
Prague since 1827 (see Figure 10).

ACTA GEOTECHNICA SLOVENICA, 2007/2 ll..l..



1. vANiCek & M. VANICEK: THE DEGREE OF DETERIORATION OF THE TUNNELS OF THE PRAGUE METRO BASED ON A MONITORING ASSESSMENT

5500
2002
BO00
1845
4500
1882 1850
4000
Q 100 = 3700 m3. 5-1
e i S I T B
£ 1940
-{; 3000
1500 mhg" |
200 1881
- | y |
1000
500
]
EEESEER SRR R RR R RRRERERNRE RN
Figure 10. Floods on Vltava River, 1827-2002 [4].
The Prague Metro was flooded for approximately two Line C - for a length of about 2.3 km, including 3
days, from the evening hours of 13 August 2002 to stations (total operating length of 14.1 km, including 15
the afternoon hours of 15 August 2002. The following stations)

sections of the Prague Metro were flooded:
At that time (August 2002), the metro had a total of

Line A - for a length of about 3.8 km, including 4 stations 51 stations, of which 19 were completely flooded (see

(total operating length of 10.0 km, including 12 stations) Figure 11). The total volume of water in the stations and
tunnels was estimated to be about 1.2 million m3.

Line B - for a length of about 11.2 km, including 12 stations

(total operating length of 25.7 km, including 24 stations)

Figure 11. Submerged metro train in Florenc Station (after some of the water had been pumped out).
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The conclusions from the inspections carried out after
the events of the flooding, which were part of the inves-
tigation into the causes of the flooding, showed that the
main structural systems of the metro were not affected
by the flood [2]. The only affected systems were the non-
structural ones, like floors, partition walls and facings.
Also, there was some damage to the steel linings of the
ventilation shafts and at localised points that suffered
greater levels of water infiltration. During the walkovers
the inspection teams also found some older faults, which
had not been caused by the floods and which did not
affect the serviceability or the stability of the running
tunnels. The teams of experts stated that the metro
system was, in general, safe for operation.

More details of the history, geology and construction
systems of the Prague Metro have been described by
Romancov [5].

This flooding accident clearly demonstrated the need for
remote wireless monitoring, as the decision about the
speed with which the water should be pumped out of the
metro tunnels was connected with some uncertainties
relating to the safety of the Prague Metro’s underground
structure.

3 MONITORING THE PRAGUE
METRO

The research activity of monitoring the underground
structures of the Prague Metro started in the frame of
the European research project Micro-Measurement and
Monitoring System for Ageing Underground Infrastruc-
tures (Underground M?3), with the Engineering Depart-
ment of Cambridge University as the project leader. The
experiences gained during the first monitoring stage
from the Prague Metro will be used for metro systems in
London, Barcelona and Madrid. As a result, representa-
tives of these metro authorities were also involved in the
project, because close cooperation is a necessity when
monitoring these tunnels.

After a detailed visual control carried out on several
kilometres of the Prague Metro’s tunnels, the most
appropriate places for locating the instrumentation were
selected. Different methods for the monitoring measure-
ments were proposed, agreed on, and are described in
more detail below.

The tunnel lining of the Prague Metro is affected by
cracking at different locations (see Figure 12). The
tunnel section Vltavskd-Hole$ovice at the chainage

18+725 km was selected for the pilot instrumentation as
part of our monitoring project. The techniques selected
for this pilot consist of traditional macro-scale measure-
ments, geophysical measurements as well as wireless
data collection and transfer [8].

Figure 12. Set of cracks in the tunnel lining on line C.

3.1 MACRO-MONITORING

For the macro-scale measurements we determined the
following requirements:

a) The monitoring of the overall deformation of the
selected tunnel section should determine whether
the development of the deformation is either
important or negligible for the characterization of
the tunnel lining’s behaviour and for the numerical
modelling of the stresses’ distribution and the ageing
of the lining.

b) The monitoring of the lining detail affected by the
cracks should determine the crack activity and
provide a basis for the cross comparison of the moni-
toring results on the “macro” and “micro” scales.

The macro-scale instrumentation was designed in two
stages (see Figure 13 on next page). Standard methods of
monitoring were used in the first stage of the instrumen-
tation. The monitoring was based on convergence type
measurements and the application of a portable tilt meter.

For the second stage, Geokon crack-meters were selected
because of their long-term stability with respect to the
requirements stated in point b), above.
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Tilt plate

Figure 13. Typical section of the tunnel lining and the placement of bolts and plates (second stage = crack-meters).

To begin the strain monitoring, a segment with a
“simple” crack was selected. The instrumentation for the
overall deformation monitoring of the lining (stage 1)
was completed at the end of 2006. The measurements
indicate very small variations in the measured values,
mainly due to seasonal variations rather than due to
any deformations of the tunnel. The repeatability of

the measuring equipment is better than 50pm for the
convergence measurements, better than 40 arc seconds
for the tilting, and better than 3 um on the 300-mm base
of the crack-meter.

3.2 GEOPHYSICAL MONITORING

3.2.1 1n the tunnel

The geophysical systems for determining the structural
condition using MEMS (micro-electro-mechanical
systems) sensors that are now implemented in the
Prague Metro use two different techniques. The first
technique is seismic velocity sampling; this is based
on measurements of the elastic wave velocity passing
through the tunnel lining. The other technique is an
analysis of the time-development frequency spectra of
the structure’s vibrations under traffic loads. For seismic
velocity sampling we used MEMS accelerometers that
are attached to fixed points on the lining in a 200 x 200
mm grid. Figure 14 shows a view of the final arrange-
ment of the monitoring profile. The accelerometers

l.l' ACTA GEOTECHNICA SLOVENICA, 2007/2

measure the response to the other fixed points’ excita-
tion. The damping of the signal represents a potential
gap or crack within the lining. In this way it is possible
to determine the locations of cracked zones of different
sizes. These measurements are carried out during night
inspections at more or less regular intervals, and the
changes in the responses are compared so potential
micro-crack development can be detected. The disad-
vantage of this method is the need for physical access
to the measuring location in order to take the measure-
ments, because there is no automatic system for the
excitation of the lining at the fixed points. As the fixed
points on the measurement profile were installed in the
region of visible cracks, we will be able to monitor the
changes with time and hence the rate of deterioration of
the structure.

An example of the successful use of this technique, for
the location of weak zones in the old masonry tunnel
lining of the sewerage system in Prague, was presented
by Machacek and Bartak [6].

The analysis of the time-development frequency

spectra of the structure vibrations under traffic load

uses geophones installed in the Prague Metro’s lining
measurement profile (see Figure 14). The geophones
measure the development of changes in the frequency
spectrum and the damping parameters of the tunnel
lining with time. These measuring points are inaccessible
while the tunnel is in operation, due to traffic loads;
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3.2.2 1n the Llaboratory

In parallel with the monitoring in the Prague Metro’s
tunnel we also started to study the dynamic response
accelerograms of a reinforced concrete slab in laboratory
fatigue tests (see Figure 15).

We measured the acceleration of a single point move-
ment at one-third of the span of the specimen’s supports.
Our main concern was the development of changes

with time in the course of deformations, as there is no
doubt that the specimen must gradually lose its elastic-
ity with the increasing number of loading cycles it has
undergone. As the laboratory test is currently only half
way through, there is not yet enough data to process

and determine the overall degree of deterioration of the
slab. However, there are results from accelerometers

that indicate some ageing of the tested member, and the
results from the frequency spectra analysis indicate some

Figure 14. Final arrangement of the monitoring profile.

Gl = monitoring geophone
& geop fatigue development. At the time of writing there is no
G2 = reference geophone visible macroscopic failure whatsoever on the specimen.
P1 = field for seismic velocity sampling
K = convergence bolt
. 3.3 WIRELESS MONITORING
T = tiltmeter plate
Another part of the monitoring project is to deploy a
wireless system for data collection and transfer from the
therefore, a remote data-collection system is required. tunnel to the monitoring office. The aim of the wireless
For the time being we are using long cables running system is to reduce the amount of wiring in the tunnels,
from the measurement point to the station, where it in order to collect the data from monitoring points and
is possible to gather the data instantaneously during also because the wires in the tunnels are affected by
the metro’s operation using a high-sensitivity digital the strong electromagnetic fields that are present there.
oscilloscope. Using this technique we want to obtain a Another advantage is that the system is redundant, and
direct relationship between the measured data and the so even if some points fail the system will continue to
deterioration status of the lining. work. It is also possible to insert additional monitoring

points if this will be required in the future.

IGITAL STORAGE il
OSCILLOSCOPE <S8

Figure 15. The experimental arrangement (a) and the measuring line (b).
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Up to now we have installed a pilot network of wire-
less points with temperature and light sensors in the
vicinity of a metro station. The wireless monitoring
points are configured around Intel motes working on a
ZigBee platform (see Figure 16). This pilot installation
serves several purposes, including being able to define
the optimum distances between points to be able to
guarantee the redundancy in the system for safe data
collection at real locations. Another reason for the pilot
is to determine if the system will interfere with wireless
systems already being deployed in the Prague Metro for
signalling purposes. We discovered during the initial
stages that the optimum distance for the conditions in
the Prague Metro’s tunnels is about 15m, and that from
the reliability point of view we should employ at least 2
to 3 motes in every profile along the tunnel.

Last, but not least, is the issue of how to wirelessly trans-
fer the data from the tunnel to the monitoring office,

in order that the data can be available in real time. The
wireless monitoring system has a gateway in an embed-
ded PC that is connected to the internet and hence to
the monitoring office via a multi-protocol router. The
router and the gateway are placed in a single box that is
fixed to the tunnel lining. For the time being the transfer
system is based on the mobile-phone GPRS platform, as
the stations in Prague are covered by the mobile-phone
signal and there is a plan to cover the tunnels in the near
future. This system was not very stable at the beginning,
mainly because we tried to find the longest possible
distance from the station, where we could still achieve

a good and reliable connection. We discovered — which
should not have been a surprise — that the GSM signal is
also affected by the electromagnetic fields in the running
tunnels. For this reason we have chosen a location closer
to the station and better antennas have been selected.

T W

a)

Figure 16. Main board of the wireless mote (a) and the circuit board of the A/D converter.
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4L A BRIEF ASSESSMENT OF THE
MOST UP-TO-DATE RESULTS

Our monitoring showed that even for a highly cracked
lining the behaviour is very stable, as there we moni-
tored mainly just the seasonal effects on the lining, more
so than anything else. The geophysical measurements
from the tunnel showed, in combination with the
laboratory measurements, that the lining is in a stable
state and is not approaching the acceleration period (see
Figure 1). We can also say that the wireless approach to
monitored data collection and transfer selected for the
Prague Metro seems to be both reliable and useful.

Our experience leads us to believe that in the near future
we will be able to achieve results on the micro-scale
deformation measurements in the range of 10* mm and
then be able to use those results for a comparison with
numerical modelling using creep models and the theory
of micro-crack development for concrete.

5 CONCLUSIONS

This paper is a reaction to the demands of infrastructure
owners who want to determine the quality of their
structures and the potential risks posed by the aging of
those structures. Three different approaches to the evalu-
ation of this problem, applied to the Prague Metro, are
described in detail. Firstly, we have direct deformation
measurements; secondly, we have geophysical methods
of monitoring that utilise the vibration response to train
passes and manual excitation, and, thirdly, we have
wireless technology for data collection and transfer. The
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latest results indicate that the Prague Metro’s tunnel
lining is in very good condition; nevertheless, some
additional features should be added for subsequent long-
term monitoring.
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1zvlecek

Na vzorcih polzarice iz jugozahodne lokacije Ljubljanskega barja je bila izvedena raziskava njenih dinamicnih lastnosti.
Izvedeni so bili ciklicni triosni preizkusi. V preiskavi so bili spreminjani pogoji: zaletna efektivna napetost (50, 100, 150 kPa),
koli¢nik por (2.1 do 1.2) in faktor ciklicne obremenitve CSR (med 0.1 in 1). Med posameznim preizkusom so bile merjene
Casovne spremembe napetosti, deformacij in pornega vodnega tlaka.

Parametri fizikalnih lastnosti so podani kot funkcije zgoscenosti polzarice, torej volumenske deformacije, gostote, poroznosti
ali vlaZnosti. Kemicni sestav delcev in mineralna sestava ter zrnatost polzarice se zaradi zgoscevanja ne spremenijo. DeleZ
mikroorganizmov v polzarici je zelo majhen in ga lahko smatramo kot konstanto. Specifiéna povrsina je neodvisna od
zgoscevanja. Nekateri parametri fizikalnih lastnosti polZarice (prostorninska teza, vlaznost, poroznost) se spreminjajo v
odvisnosti od zgostitve, kar lahko izrazimo s splosno znanimi odnosi. Spremembe vodoprepustnosti, konsolidacije in stislji-
vosti so nelinearno odvisne od sprememb poroznosti, pri zacetnem zgoscanju so spremembe ocitne, z nadaljnim zgos¢anjem
se njihove spremembe manjsajo. Spremembe mehanskih parametrov kot so Youngov modul, Poissonov kolicnik in strizni
kot, pa so pri pri zacetnih spremembah poroznosti neizrazite in skoraj linearne, pri nadaljnem zgo$¢anju pa se njihove spre-
membe vecajo. Vpliv zgoscanja na Poissonov kolicnik je skoraj linearen.

Polzarica je kljub Zidkosti in neugodnim fizikalnim lastnostim ter nizkim parametrom trdnosti dokaj odporna na pojav
likvifakcije. Se pa Ze v zacetnih ciklih obremenjevanja pojavijo velike specificne deformacije. Tudi porni vodni tlaki Ze

po nekaj ciklih izrazito narastejo, vendar pri manjsih vrednostih CSR praviloma ne dosezejo efektivne celicne napetosti.
Dusenje narasca eksponentno z deformacijo. Zaradi velikih deformacij pa praviloma Ze po nekaj ciklih doseze maksimalno
vrednost in zatem upade na neko asimptoticno vrednost. Maksimalna in asimptoticna vrednost dusenja se s spremembo
poroznosti polzarice minimalno spremenita. Na strizni modul vpliva zgoscevanje posredno, saj je le ta izraZen kot funkcija
strizne deformacije. Deformacija je manjsa pri gostejSem materialu in vecja z vecanjem CSR. Za razlicne vrednosti zaletne
efektivne napetosti in poroznosti polZarice so dolocene deformacijske in porusne ovojnice tako, da so podane vrednosti

CSR pri katerih je po nekem stevilu ciklov (npr. 10) dosezena dolocena deformacija. Kot mejna vrednost je izbrana dvojna
amplituta osne deformacije velikosti 5%. Podobno so podane ovojnice za razli¢na stanja pornega tlaka in za mejno stanje,
ko razmerje narascajocega pornega tlaka in efektivne celicne napetosti doseze vrednost 1.

kL jucne Besede

polzarica, cikli¢ni triosni preizkus, poroznost, vodoprepustnost, konsolidacija, Youngov modul, strizni modul, koeficient
dusenja, Poissonov koli¢nik, strizni kot
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A series of cyclic triaxial tests was performed on snail-
soil samples with different porosities. The cyclic loading
was performed with a Wykeham Farrance cyclic triaxial
system. The investigation was based on a series of tests

in which the following conditions were varied: the initial
effective pressures (50, 100, and 150 kPa), the void

ratio after consolidation (2.0-1.2) and the cyclic load-
ing expressed by the cyclic stress ratio CSR (0.1-1.0).
Measurements were made of the stress, the deformation
and the pore-water pressure.

The results of the tests show that interdependency exists
between the geomechanical characteristics and the poros-
ity. These relationships can be expressed as functions

of the density, the porosity or the water content. It is
evident from the results that the changes in the coefficient
of permeability, the coefficient of consolidation, and

the coefficient of volume compressibility are non-linear
with respect to the changes in the porosity. However,

the changes at high porosity are much greater than the
changes at low porosity, and the changes of the mechanical
parameters, such as the Young’s modulus, Poissons ratio,
and the friction angle, are indistinct and almost linear

at lower changes of porosity, and after that become non-
linear.

The initial void ratio e is extremely high and the snail soil
is liquid after consolidation; a volume strain of ,; > 16 %
is needed for the plastic limit state.

The chemical and mineral composition, the particle size
distribution and the remains of micro-organisms in the

snail soil are constants. In addition, the specific surface is
independent of the porosity and the density or unit weight,
the porosity and the volume strain are in the well-known
correlation.

The performed cyclic triaxial tests show the dynamic
characteristics of the snail soil and the influence of the
porosity on the cyclic loading strength. The snail soil was
recognized as a highly sensitive material. A large strain
appears after the initial cycles. The pore pressure, increases
already during the first cycle, to the hydrostatic part of the
cyclic loading, or more (depending on CSR).

The damping ratio increases exponentially with strain,
after some cycles it reach its maximum value, and after
that it decreases to the asymptotic value. The reason for
such behaviour is the large deformation. The maximum
and asymptotic values of the damping ratio are a changed
minimum with a void ratio. There is obviously no influ-
ence of the porosity on the damping ratio.

The shear modulus is described in relation to shear strain.
The increasing of the pore pressure is independent of the
porosity until it reaches some value of the pore-pressure
ratio (>0.7). Similarly, the increasing of the shear strain
becomes dependent on the void ratio until it reaches some
particular value of the shear strain (>3%).

The deformation and failure lines for the different porosi-
ties are determined from the relationship between the
shear stress and the effective stress at some shear strain,
after 10 cycles.

The relationships between the shear stress and the effec-
tive stress at some value of the pore-pressure ratio are
expressed in a similar way.

Two kinds of criteria were used to determine the triggering
of liquefaction during the cyclic triaxial tests: first, when
the pore pressure becomes equal to the effective confining
pressure, and, second, when the axial strain reaches 5% of
the double amplitude.

Keywords

snail soil, cyclic triaxial test, porosity, permeability,
consolidation, Young’s modulus, shear modulus,
damping ratio, Poisson’s ratio, friction angle
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1 INTRODUCTION

The Ljubljana marsh is located in the south of Ljubljana,
at an elevation of 287-290 m above sea level, and covers
a surface of 163 km?. It is a wide tectonic sink that was
formed two million years ago by a gradual depression of
the area. Consequently, the local rivers deposited huge
amounts of sediments there, inundating the entire marsh
basin at the same time. The geological structure of the
Ljubljana marsh has been studied by numerous experts.
The oldest geological documents go back to the middle
of the 19" century, when the first geological map of

this region was drawn. Later, several other studies were
performed, and today the geological structure of the
marsh is well investigated. The surface layer is composed
of peat with a thickness of 1-9 m. The depth of the peat
is nowadays significantly smaller than in the past, due

to the intensive excavations in the first half of the 20t
century. Below the peat layer, there is a layer of snail soil,
with a thickness of a few metres at the borders to more
than 10 m in the centre of the marsh. The snail-soil layer
is distinctly porous, saturated with water, and of a low
bearing capacity. There are clay and sandy-gravel layers
below the snail-soil layer. A layer of rocks starts at a
depth of some 10 m. Ground water is located immedi-
ately below the surface.

The first detailed investigation of the rheological proper-
ties of the snail soil was performed in the Laboratory of
Soil Mechanics at the Faculty of Architecture, Geodesy
and Civil Engineering of the University of Ljubljana [1].
A similar investigation was later repeated in the Labora-
tory of Soil Mechanics (LSM), Faculty of Civil Engineer-
ing of the University of Maribor [2].

Three years ago, within a research project [3], the
investigation of snail soil was repeated and upgraded. An
investigation of the mineralogical and physical charac-
teristics, as well as of the geomechanical characteristics
depending on the physical characteristics was made

[4]. This article briefly presents the research performed
and the influence of snail-soil density on the geome-
chanical characteristics. The density of the snail soil was
increased by draining and consolidation. It is described
by the volume deformation and higher density or by its
porosity and water content. A short review of the snail-
soil investigation in natural and different density states
was made. The basic investigation and the tests with
static and cyclic loading were performed. The results of
the influence of snail-soil density on its physical proper-
ties and the static and dynamic strength parameters are
presented. The parameters are presented as functions of
the density, the porosity, the volume deformation and
the water content.
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2 THE CHARACTERISTICS OF
SNAIL SOIL

A set of samples was taken from the southwest region of
the Ljubljana marsh. The sampling took place in a region
of 3 m x 3 m at a depth of 3 m. The ground was exca-
vated to a depth of 2.5 m and a thin-walled tube sampler
was forced into the ground. Samples with a diameter

of 100 mm and a height of 300 mm were immediately
packed after sampling and, except for the stress level;
this prevents any change in the physical properties. The
ground-water level was less than 1 m under the surface
in the region of the sampling.

The visual appearance of the snail-soil samples was
tested with a QUANTA 200 3D environmental scan-
ning electron microscope at the Centre for Electron
Microscopy at the University of Maribor. The electron
microscope is equipped with a system of double jets,
i.e., electronic and ionic. Photographs were taken of the
wet samples, and different blow ups were made. Some
photographs of dry samples, minerals in crystallized
form, and the remains of micro-organisms in the snail
soil were also developed.

The specific surface of the snail soil was determined at
the Chemistry Institute, Ljubljana, using the five-point
BET method. The experiment involved the adsorption of
liquid nitrogen with 99.9% purity and a temperature of
77K. The measurements were performed using the auto-
matic TriStar 3000 gas-adsorption analyzer, produced by
the Micromeritics Instrument Corporation, Norcross,
U.S.A. The results of the test showed that the snail soil
has a specific surface A, = 5.03 + 0.03 m?/g.

The chemical composition of the snail soil (Fig. 1) was
determined at the Centre for Electron Microscopy at the
University of Maribor. Their SIRION scanning electron
microscope is equipped with an Oxford INCA 350
energy-dispersive spectrometer (EDS).

O |0

4 5 6 7 8 9 10

Figure 1. Chemical composition of the snail soil.
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The mineral composition was determined in the Labora-
tory of the Geological Survey of Slovenia. The samples
were scanned using the X-ray diffraction technique
(XRD) with a Philips PW 3710 difractometer, a goni-
ometer 1820, an automatic divergence slit and a curved
graphite monochromator, operating at 40 kV, 30 mA
with CuK radiation and a Ni filter. The snail soil was
composed of 87% calcite, 7% kaolinite, 4% muscovite
and 3% quartz.

The physical characteristics shown in Table 1 indicate
that the snail soil is saturated in nature, highly porous
and almost liquid.

Table 1. The physical characteristics of snail soil.

dation parameters of the natural snail soil are given

in Table 3. The values of the consolidation parameters
change with a lower porosity, and the parameters can be
expressed as functions of the porosity.

Table 3. Consolidation parameters of natural snail soil.

Soil property Symbol  Unit Value
Consolidation coefhicient c, m?/year 2.8
Coeﬂiaegt of volume " KPal  1.0-15- 103
compressibility v

Coeﬂi.c.lent of soil per- k m/s 2.10°9
meability

Sec.ondary compression c 3 0.002
ratio *

Soil property Symbol Unit Value
Plastic limit Wp % 37
Liquid limit wy % 60
Plasticity index I, % 23
Consistency index I - -0.65
Liquidity index I - 1.65
Density of solid Ps g/cm? 2.70
Dry unit weight V4 kN/m?3 0.88
Degree of saturation S, % 100

The parameters shown in Table 1 are constants. With
draining and consolidation the density (unit weight),
water content and void ratio are changed. The initial
values (in the natural state) are shown in Table 2.

Table 2. The natural physical properties of snail soil.

Soil property Symbol Unit Value
Water content W, % 75
Unit weight Yo kN/m? 15.5
Void ratio e, - 2.1

The grain size distribution of the snail-soil sample

was determined using a Fritsch Laser Particle Sizer
Analysette 22 at the Laboratory of the Geological Survey
of Slovenia. The results of the grain size measurement
analysis show that this snail soil falls within the range

of 90% silt with respect to its granulometrical structure.
The amount of clay particles is less than 10%, and there
are almost no sandy particles in the snail soil.

The investigation of the compressibility was performed
in the LSM. The triaxial consolidation tests were
performed at different effective stresses o,,. The consoli-

The strength parameters were determined in a series of
triaxial tests. The parameters of the natural snail soil are
given in Table 4. The values of the parameters can also
change with a lower porosity, and they can be expressed
as functions of the porosity.

Table 4. The strength parameters of natural snail soil.

Soil property Symbol  Unit Value
Cohesion c kPa 0
Friction angle ® ° 21
Compression modulus M, kPa 700-1000
Poisson’s ratio v - 0.4

3 EXPERIMENTATION

The following tests were performed:

- Basic investigations: visual appearance, remains of
micro-organisms, specific surface, chemical and
mineral composition, and physical characteristics of
snail soil.

- Standard oedometer tests.

- Direct shear tests.

- Static triaxial tests: consolidated drained and un-
drained shear tests were performed using the Wyke-
ham Farrance triaxial testing device.

The following strength parameters were calculated: the
coeflicient of permeability k, the coeflicient of consolida-
tion ¢, the coefficient of volume compressibility #,, the
compression modulus M, the Young’s modulus E, the
shear modulus G, and the Poisson’s ratio v.
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The cyclic loading was performed on a Wykeham
Farrance cyclic triaxial system. The basic set-up
comprises:

- aload frame, capacity 100 kN;

- atriaxial pressure cell for specimens;

- ahydraulic press with electro-mechanical equip-
ment;

- automatic hydraulic equipment and connections;

- measuring and recording equipment;

- acontrol and data-acquisition system;

- computer hardware and software;

- de-air watering apparatus, reservoir for de-aired
water, compressor, and air-dryer.

The tests were performed under undrained conditions

(v =0.5) for a particular confining stress 0,". The tested
specimens were solid cylinders, 7.0 cm in diameter and
14.0 cm in height. A total of sixty-two cyclic triaxial tests
were performed. The investigation was based on a series
of tests in which the following conditions were varied:

- the void ratio after consolidation ... e.=2.0-12

- the initial effective pressures ... 0,’= 0’;.= 50, 100,
150 kPa

- the cyclic loading (deviator stress) ... o, (t)

- the cyclic stress ratio ... CSR= 0.1-1.0

The following pressures were measured during the test:

- the cell pressure ... 05, (kPa)
- the back pressure ... u;, (kPa)
- the pore water pressure ... u,, (kPa)
- the axial stress in compression ... o, (kPa)

Measurements of the axial and volume deformations
g, (%), £, (%), &, (%) were also taken. In the undrained
tests e, = 0.

Two kinds of criteria were used to determine the
liquefaction triggering during the cyclic triaxial tests: the
pore pressure becoming equal to the effective confining
pressure, and the axial strain reaching 5% of the double
amplitude.

The following steps were observed during the testing: the
preparation of the sample, the procedure for the appara-
tus, the performance of the test, and the interpretation of
the obtained results. The investigation included drained
and undrained stress-oriented three-axial tests according
to the following phases: saturation, consolidation, and
static loading.
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In the first phase the saturation was tested by determin-
ing the coefficient B =d, /d > 0.96. This was a relatively
short-term phase because of the saturation in the natural
state.

The saturated sample was consolidated at the selected
effective isotropic consolidation stress ¢’;, . The effective
isotropic consolidation stress is expressed as the differ-
ence in the cell pressure o, and the back pressure u,,.

Static loading was performed so that the sample was
loaded with the selected compression do, or the axial
stress 0, = 0,,.

The following dynamic strength parameters were calcu-
lated: the Young’s modulus E, the shear modulus G, and
the damping ratio {. An investigation of the influence of
density (in effect, porosity) on the increase in strain and
pore pressure was performed.

4 BASIC CHARACTERISTICS

The geomechanical properties of snail soils with different
porosities were determined. The snail soil was saturated
and treated as a two-phase material (particles and pore
water). The chemical and mineral compositions were
constant with density, only the volume of water in

the pores was changed. The particle size distribution

and remains of micro-organisms in snail soil are also
constants. In contrast, the specific surface is independent
of porosity.

The visual appearance of the snail-soil samples was only
tested in the natural state and after static loading.

The parameters of the physical characteristics (Table 1)
are constants. The density p or the unit weight y, the void
ratio e and the volume strain ¢, ; are in the well-known
correlation. The initial void ratio e, is extremely high
and the snail soil is at the liquid limit state.

H STATIC LOADING BEHAVIOUR

The results of previous investigations [4] have shown
the relationship between the permeability coefficient k
and void ratio e_. This relationship can be expressed as
follows:

k(e) = 4-10™"" ¢ (1)

Equation (1) is similar to Eq. (2), which was previously
proposed by Dolinar and Znidarsi¢ for fine-grained soils [5].
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kie)=c-e” (2)
In Eq. (2) o and §3 are soil-dependent coefficients.

We can express in a similar way the relationships for the
coefficient of consolidation c, vs. the void ratio e.. We
obtained the expression for the coefficient of consolida-
tion ¢, (m?/s):

c,(e)= 3-10"-¢* (3)

The relationship of the coefficient of volume compress-
ibility m, (kPa'!) vs. the void ratio e, is expressed in a
similar way.

m,(e)= 9-10° -¢>° (4)

An insufficient number of tests were performed to deter-
mine the relationship between the strength parameters
and the void ratio, and therefore the results were unreli-
able. The strength did not increase substantially with the
decreasing porosity, in fact a greater difference can only
be seen for the larger changes of porosity. The relation-
ship between the Young’s modulus E (kPa) and the void
ratio e, can be expressed as:

E(e)= 7700-¢, "  (5)

The ratio between the Poisson’s ratio v and the void ratio
e.is almost linear. The value of the Poisson’s ratio is

v= 0.4 at a void ratio of e, = 2.0, and it decreases to a
value v = 0.37 at the plastic limit (the void ratio e = 1.6).

The same is true for the shear properties. We can see that
they increase almost linearly for smaller changes of the
void ratio. The relationship between the friction angle

¢ (°) and the void ratio e, is expressed as:

ple)= 39,58-¢, "7  (6)

6 CYCLIC LOADING BEHAVIOUR

The saturated specimens were consolidated to a particu-
lar effective isotropic consolidation stress ¢”,, expressed
as the difference between the cell pressure o, and the
back pressure u,.

The cyclic loading in the undrained conditions was
performed with a particular frequency fand an axial
cyclic stress 0. The axial loading o, is a deviator compo-
nent of the stress, and it has a sinusoidal form with
respect to time. The cyclic stress ratio CSR is expressed
as:

04
20,

0

CSR =

7)

The initial void ratio e, and the void ratio after each
consolidation e, were calculated as:

AV
eozl— ;€. =ey— l

Ya Vo Y

(8)

where V, is the initial volume of the specimen, AV is the
volume change, and y,, and y, are the unit weight and
the dry unit weight.

The mechanism of the generation of pore-water
pressure due to the cyclic loading in the undrained
conditions was used [6]. Due to a particular number of
cyclic loadings, a change in the void ratio Ae of the soil
occurs if full drainage is allowed. However, if drainage
is prevented, the void ratio will remain as an initial
effective stress ¢’y , and will be reduced with an increase
in the pore-water pressure Au. If the number of cycles
and the load level is large enough, the magnitude of Au
can become equal to ¢’ and, in such a case, the soil will
liquefy.

The axial strain €, = AH/H is expressed as a sum

g=¢,+ €1, (9)

where ¢, is the recovery part of strain and ¢, is the
permanent part of the strain. The recovery part of the
strain is calculated as a half of the double amplitude axial
strain e,(1):

G (V) s (NO) 20

S
1,r ( 2 2

where N(1) is the cycle number at the time ¢, and

€ max(N(t)) and &, . (N(t)) are the maximum and
minimum values of the deformation. The increase of
the double amplitude axial strain depends on the initial
effective stress, the porosity and the cyclic loading.

Fig. 2 (see next page) shows typical relationships for
the double amplitude axial strain ¢, vs. the number of
cycles N.

The permanent part of the strain is calculated as a
medium value betweene, . ande, . forevery cycle.
The test result shows a constant and almost zero value of

sLP(t).

Epmax (N (1)) + €, i (N (1))
2

e, )= ~0  (11)
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Figure 2. Double amplitude axial strain ¢, vs. the number of cycles N.
The undrained test is made with the volume strain where AW is the area of the cyclic loop and W is the
¢,(t) = 0 and the Poisson’s ratio v = 0.5. The relationships area of the triangle O - 0, - y. The deviator stress o,
between the cyclic stress 0, and the shear strain y can be is constant and the shear strain y increases with the
expressed with a hysteresis loop (Fig. 3) number of cycles. The dissipated energy AW can be

calculated for each cycle as:
The damping ratio ¢ is derived from the given hysteresis
loop and is defined as the ratio between the dissipated AW= li(" (t—t +At)+a (t _ ))(dg (t+ A0 —d=(t)) (13)
energy and the energy used in the deformation. It can be 2V oo

calculated from the ratio between the areas AW and W. ) ) ) ) )
where ¢ is the time, t_, is the time at the maximum

W deviator stress 0, At is the time increment and T'is a
f=o ) od (T= 1
W period (T = 1s).
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Figure 3. Deviator stress o vs. shear strain y.
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The cyclic loading o, (¢) has a sinusoidal form in each
test. The axial strain ¢, has a sinusoidal form in the first
cycles, and after that the part of the plastic strain

Ag, /¢, increases with the number of cycles N; it
depends on the cyclic stress ratio CSR and the void ratio
e. Fig. 4 shows the part of plastic strain Ae; /¢, after 10
cycles, for the void ratio e = 1.6 and for different cyclic
stress ratios (CSRs).

The increasing of the pore pressure (Fig. 5) can also be
separated into the recovery and permanent parts of the
pore pressure [7]. It can, for instance, be expressed with
the pore-pressure ratio r, as the relationship between

0,7 7

the pore-pressure change Au and the effective isotropic
consolidation stress o’

r, ———:

u ; (14)

Due to ground shaking during an earthquake, a cyclic
shear stress is imposed on the soil element. A laboratory
test to study the liquefaction problem must be designed
in a manner so as to simulate the condition of a constant
normal stress and a cyclic shear stress on a plane of

the soil specimen. As the actual triaxial tests can be
conducted by applying a cyclic load in the axial direction

only, corrected cyclic pore-pressure ratios r, ., are used.

- ===

y = 0,8729x% + 1,4785x
R2 = 0,9992

—+— 10 cycles,
ec=1,6

0 T T
0,4

CSR

0,6 0,8 1

Figure 4. Plastic strain Ae Lpl /&, vs. the cyclic stress ratio (CSR).
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Figure 5. Corrected pore-pressure ratio 7

N

wcorr V- the number of cycles N.

ACTA GEOTECHNICA SLOVENICA, 2007/2

95-



B. ZLENDER & L. TRAUNER: THE DYNAMIC PROPERTIES OF THE SNAIL SOIL FROM THE LJUBLJANA MARSH

The corrected cyclic pore-pressure ratio r, . is
expressed as:

r,. =— = 2 =r,—CSR (15)
T

The total change of the pore-pressure ratio r,, is:

ru (t) = ru,pov (t) + ru,nepov (t)
N(t)) - ru,min (N(t))
2

N (1)) +1min (N (1))
2

(1= el

(16)

ru,max
()= T

where r,  is the recovery part of the pore-pressure ratio
and r, , is the permanent part of the pore-pressure ratio.
The ratios r, ,, andr, . arethe maximum and mini-

mum measured values of r, in the cycle N(1).

The recovery part of the pore pressure is a consequence
of the transfer of pressure to the pore water and it is
present as long as the cyclic loading continues. The
permanent part of the pore pressure is a consequence of
the volume change and the removal of particles because
of the cyclic shear stress. The permanent part of the
pore-pressure ratio r, , increases with the number of
cycles N and it is dependent on the cyclic stress ratio
CSR and the void ratio e,. The recovery part of the pore
pressure, already during the first cycle, increases the
hydrostatic part of the cyclic loading to u(N = 1) > 0,/3
or more (depending on the CSR).

0.80

The strain and the pore-pressure increases correlate well
and depend on the initial stress 0’ , the cyclic stress ratio
(CSR) and the void ratio e_. Fig. 6 shows the relationship
for the corrected cyclic pore-pressure ratio r,, ., vs. the
shear strain y.

Fig. 7 shows the number of cycles N for the various void
ratios e needed to reach some value of the pore-pressure
ratio r, and for constant values of the cyclic stress ratio
(CSR) and the initial effective stress o’ . It is evident that
increasing the pore pressure is independent of the void
ratio e, until it reaches some value of the pore-pressure
ratio (r,> 0.7).

The relationship between the number of cycles N and
the void ratio e, in order to reach some value of the shear
strain y is similar. Fig. 8 shows such a relationship for
the constant values of the cyclic stress ratio CSR = 0.39
and the initial effective stress 0”, = 100 kPa. The increase
of the shear strain becomes dependent on the void ratio
when it reaches some value of the shear strain (y > 0.3).

The damping ratio ¢ in stress-controlled tests shows an
initial increasing of the curve with the increasing strain
deformation and the number of cycles. The shape of
the curve (Fig. 9) shows an exponential increase with
the increase of the shear strain, up to a strain of about
0.5%. With greater strains, the damping ratio is constant
and after that the values exponentially fall and appear
to reach an asymptotic value. This phenomenon is due
to the loss of shear strength because of the effective
stress approaching zero and the material being about
to liquety. Similar behaviour for the damping ratio £
has been observed in lacustrine carbonate silt from the

0.60 1

0.40 A

0.20 A

0.00 1 -1

— [
ru,carr - ﬂ”corr/a 0

-0.20 -+

CSRyy . =0.384

-0.40 ; i
-0.06 -0.04 -0.02

Figure 6. Pore-pressure ratio r
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Figure 7. Number of cycles N,,, vs. the void ratio e.
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Figure 8. Number of cycles N, vs. the void ratio e.
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Figure 9. Damping ratio & vs. the shear strain y.
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Julian Alps [8]. The strain and the maximum value of §
are different, but the shapes of the curve describing the
phenomenon are similar.

Figure 10 shows the maximum and the asymptotic
values of the damping ratio & for the different initial
effective stress conditions 0’; and the void ratio e,. It is
evident that the porosity does not influence the damping
ratio & during larger strains.

The shear modulus G and the Young’s modulus E are
described in relation to the shear strain y and to the axial

strain ¢, . The impact of the initial effective stress on the
shear modulus across a large strain range is shown in
Fig. 11.

Fig. 12 shows the relationship between the shear modu-
lus G and the void ratio e_ after 10 cycles and for differ-
ent cyclic stress ratios (CSRs) and for an initial effective
stress 0”, = 50 kPa. It is evident that porosity influences
the shear modulus, but only for higher values of the
cyclic stress ratio (CSR).

30
o5 ¢ maximum value
m asymptotic value
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= et et e o
°\° v
S 45 4, MK 0:%. u
r r N
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5
0 T T T T T T
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e [-]

Figure 10. The range of limit values for damping ratio { with respect to the void ratio etio e.
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Figure 11. Young’s modulus E vs. the axial strain ¢, , and shear modulus G vs. the shear strain .
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Figure 12. Shear modulus G versus the void ratio e_ at an initial effective stress 0,,"= 50 kPa
and for various cyclic stress ratios (CSRs), after 10 cycles.

The axial and shear strain y increase with the number of
cycles N depending on the initial effective stress 0’, and
the cyclic stress o, (or the cyclic stress ratio CSR). The
cyclic stress o, the cyclic stress ratio CSR and the shear
modulus G can be expressed for each initial effective
stress 0”, and for a selected value of the shear strain y.
Fig. 13 shows the relationship between the cyclic stress
ratio CSR and the void ratio e_ for a shear strain y after
10 cycles and for different initial effective stresses 0’ .

Fig. 14 shows the similar relationship between shear
stress T and the effective stress 0’ = 50 kPa for the

shear strain y = 7.5% after 10 cycles. It is expressed for
different initial effective stresses ¢°, and for different
void ratios e, . It is evident that the relation 7 - ¢’ is
linear and expresses the failure lines of the snail soil for
different void ratios e, . The relationship shear stress 7 vs.
effective stress o’ for smaller values of shear strain y is
similar and represents the deformation lines.
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Figure 13. Cyclic stress ratio CSR versus the void ratio e_ for a shear strain y = 7.5 % after 10 cycles.
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Figure 14. Shear stress 7 versus the effective stress 07 = 50 kPa for a shear strain y = 7.5 %.
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Figure 15. Shear stress 7 versus the effective stress 07, = 50 kPa at a pore-pressure ratio r, = 1.

Fig. 15 shows the relationship between the shear stress T
and the effective stress 0°, for a pore-pressure ratio

r, = 1 and for various void ratios e, after 10 cycles. Such
a relationship is also linear (except for small values of the
effective stress 0°, < 20 kPa and the express failure lines
of the snail soil at various void ratios e, using the pore-
pressure criteria).

The relationships between the shear stress 7 and the
effective stress o’ for values of the pore-pressure ratio
r, < 1 are expressed similarly.
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By comparing both criteria, it is clear that the snail soil is
a highly sensitive material. For low values of the effective
stress 0’ (under the surface) the large strain results in
failure; however, at higher values of the effective stress
0’y (deeper under the surface) failure arises as a conse-
quence of a high pore pressure.
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7 CONCLUSIONS

The geomechanical characteristics of snail soil were
investigated for their dependence on the physical char-
acteristics. A series of tests with different porosities was
performed. The test results show that the geomechanical
characteristics depend on the porosity. It is evident from
the results that the changes in the coefficient of permea-
bility, the coeflicient of consolidation, and the coeflicient
of volume compressibility are non-linear with respect to
the changes in the porosity. The initial changes (at high
porosity) are higher than the changes at low porosity.

The changes of the mechanical parameters, such as
the Young’s modulus, the Poisson’s ratio, and the fric-
tion angle are indistinct and almost linear for smaller
changes of porosity, but become non-linear for larger
changes of porosity.

The snail soil was recognized as being a highly sensitive
material. A large strain appears after the initial cycles.

The pore pressure increased even during the first cycle to
the hydrostatic part of cyclic loading, or higher (depend-
ing on the CSR).

The damping ratio increased exponentially with the
strain, and after some cycles reached its maximum
value, and after that decreased to an asymptotic value.
The reason for such behaviour is the large plastic defor-
mation. The maximum and asymptotic values of the
damping ratio are changed only minimally with the void
ratio. There is clearly no influence of the porosity on the
damping ratio.

The shear modulus G and the Young’s modulus E are
described in relation to the shear strain y and to the axial
strain ¢, . The porosity influences the shear modulus
only at higher values of the cyclic stress ratio (CSR).

The increase of the pore pressure is independent of

the void ratio e, until it reaches some value of the pore
pressure ratio (r, > 0.7). Similarly, the increase of the
shear strain becomes dependent on the void ratio until it
reaches some value of the shear strain (y > 0.3).

The deformation and failure lines are determined from
the relationship between the shear stress 7 and the effec-
tive stress 0’ at some shear strain y after 10 cycles. The
limit value of the shear strain is y = 7.5%.

The relationships between the shear stress 7 and the
effective stress o’ for values of the pore-pressure ratio
r, < 1 are expressed similarly. Such a relationship is
linear (except for small values of the effective stress

0’y < 20 kPa and express pore-pressure lines of snail soil
at different void ratios e, using pore-pressure criteria and
a failure line when the pore pressure ratio r,, = 1).
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NAVODILA AVTOR]JEM

Clanki so objavljeni v angleskem jeziku s prevodom
izvlecka v slovenski jezik.

VSEBINA CLANKA
Clanek naj bo napisan v naslednji obliki:

- Naslov, ki primerno opisuje vsebino ¢lanka in ne
presega 80 znakov.

- Izvlecek, ki naj bo skrajsana oblika ¢lanka in naj ne
presega 250 besed. Izvle¢ek mora vsebovati osnove,
jedro in cilje raziskave, uporabljeno metodologijo
dela, povzetek izidov in osnovne sklepe.

- Uvod, v katerem naj bo pregled novej$ega stanja in
zadostne informacije za razumevanje ter pregled
izidov dela, predstavljenih v ¢lanku.

- Teorija.

- Eksperimentalni del, ki naj vsebuje podatke o posta-
vitvi preiskusa in metode, uporabljene pri pridobitvi
izidov.

- Izidi, ki naj bodo jasno prikazani, po potrebi v obliki
slik in preglednic.

- Razprava, v kateri naj bodo prikazane povezave in
posplositve, uporabljene za pridobitev izidov. Prika-
zana naj bo tudi pomembnost izidov in primerjava s
poprej objavljenimi deli.

- Sklepi, v katerih naj bo prikazan en ali ve¢ sklepov, ki
izhajajo iz izidov in razprave.

- Literatura, ki mora biti v besedilu ostevil¢ena
zaporedno in oznacdena z oglatimi oklepaji [1] ter na
koncu ¢lanka zbrana v seznamu literature.

OBLIKA CLANKA

Besedilo naj bo pisano na listih formata A4, z dvojnim
presledkom med vrstami in s 3.0 cm $irokim robom,
da je dovolj prostora za popravke lektorjev. Najbolje je,
da pripravite besedilo v urejevalniku Microsoft Word.
Hkrati dostavite odtis ¢lanka na papirju, vklju¢no z
vsemi slikami in preglednicami ter identi¢no kopijo v
elektronski obliki.

Enacbe naj bodo v besedilu postavljene v lo¢ene vrstice
in na desnem robu oznacene s tekoco tevilko v okroglih
oklepajih.

ENOTE IN OKRAJSAVE

V besedilu, preglednicah in slikah uporabljajte le
standardne oznacbe in okraj$ave SI. Simbole fizikalnih

62. ACTA GEOTECHNICA SLOVENICA, 2007/2

veli¢in v besedilu pisite poSevno (npr. v, T itn.). Simbole
enot, ki sestojijo iz ¢rk, pa pokon¢no (npr. Pa, m itn.).

Vse okraj$ave naj bodo, ko se prvi¢ pojavijo, izpisane v
celoti.

SLIKE

Slike morajo biti zaporedno ostevil¢ene in oznacene, v
besedilu in podnaslovu, kot sl. 1, sl. 2 itn. Posnete naj
bodo v kateremkoli od raz$irjenih formatov, npr. BMP,
JPG, GIE. Za pripravo diagramov in risb priporo¢amo
CDR format (CorelDraw), saj so slike v njem vektorske
in jih lahko pri kon¢ni obdelavi preprosto pove¢ujemo
ali pomanjs$ujemo.

Pri oznacevanju osi v diagramih, kadar je le mogoce,
uporabite oznacbe veli¢in (npr. v, T). V diagramih z ve¢
krivuljami mora biti vsaka krivulja ozna¢ena. Pomen
oznake mora biti razlozen v podnapisu slike.

Za vse slike po fotografskih posnetkih je treba priloziti
izvirne fotografije ali kakovostno narejen posnetek.

PREGLEDNICE

Preglednice morajo biti zaporedno o$tevil¢ene in
oznacene, v besedilu in podnaslovu, kot preglednica

1, preglednica 2 itn. V preglednicah ne uporabljajte
izpisanih imen veli¢in, ampak samo ustrezne simbole. K
fizikalnim koli¢inam, npr. f (pisano poSevno), pripisite
enote (pisano pokonéno) v novo vrsto brez oklepajev.

Vse opombe naj bodo oznacene z uporabo dvignjene
Stevilkel.

SEZNAM LITERATURE

Vsa literatura mora biti navedena v seznamu na koncu
¢lanka v prikazani obliki po vrsti za revije, zbornike in
knjige:

[1] Feng, T. W. (2000). Fall-cone penetration and water
content ralationship of clays. Geotechnique 50, No.
2, 181-187.

[2] Ortolan, Z. and Mihalinec, Z. (1998). Plasticity
index-Indicator of shear strength and a major axis
of geotechnical modelling. Proceedings of the Elev-
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enth Danube-European conference on soil mechan-

ics and geotechnical engineering, Pore¢, 25 -29 May

1998.
[3] Toporisic, J. (1994). Slovenski pravopis. 2nd.ed.,
DZS, Ljubljana.

PODATKI O AVTOR]JIH

Clanku prilozite tudi podatke o avtorjih: imena, nazive,
popolne postne naslove, $tevilke telefona in faksa,
naslove elektronske poste. Navedite kontaktno osebo.

SPRE JEM CLANKOV IN AVTORSKE PRAVICE

Urednistvo si pridrzuje pravico do odlo¢anja o sprejemu
¢lanka za objavo, strokovno oceno mednarodnih
recenzentov in morebitnem predlogu za krajSanje ali
izpopolnitev ter terminoloske in jezikovne korekture.

Avtor mora predloziti pisno izjavo, da je besedilo
njegovo izvirno delo in ni bilo v dani obliki $e nikjer
objavljeno. Z objavo preidejo avtorske pravice na revijo
ACTA GEOTECHNICA SLOVENICA. Pri morebitnih
kasnejsih objavah mora biti AGS navedena kot vir.

Rokopisi ¢lankov ostanejo v arhivu AGS.

Vsa nadaljnja pojasnila daje:

Urednistvo

ACTA GEOTECHNICA SLOVENICA
Univerza v Mariboru

Fakulteta za gradbeni$tvo

Smetanova ulica 17

2000 Maribor

Slovenija

E-posta: ags@uni-mb.si

INSTRUCTIONS FOR AUTHORS

The papers are published in English with a translation of
the abstract into Slovene.

FORMAT OF THE PAPER
The paper should have the following structure:

- ATitle that adequately describes the content of the
paper and should not exceed 80 characters;

- An Abstract, which should be viewed as a mini
version of the paper and should not exceed 250
words. The Abstract should state the principal
objectives and the scope of the investigation and the
methodology employed, it should also summarise
the results and state the principal conclusions;

- An Introduction, which should provide a review of
recent literature and sufficient background informa-
tion to allow the results of the paper to be under-
stood and evaluated;

- A Theoretical section;

- An Experimental section, which should provide
details of the experimental set-up and the methods
used for obtaining the results;

- A Results section, which should clearly and concisely
present the data using figures and tables where
appropriate;

- A Discussion section, which should describe the
relationships shown and the generalisations made

possible by the results and discuss the significance
of the results, making comparisons with previously
published work;

- Conclusions, which should present one or more
conclusions that have been drawn from the results
and subsequent discussion;

- References, which must be numbered consecutively
in the text using square brackets [1] and collected
together in a reference list at the end of the paper.

LAYOUT OF THE TEXT

The text should be written in A4 format, with double
spacing and margins of 3 cm, to provide editors with
space to write in their corrections. Microsoft Word for
Windows is the preferred format for submission. One
hard copy, including all figures, tables and illustrations
and an identical electronic version of the manuscript
must be submitted simultaneously.

Equations should be on a separate line in the main body
of the text and marked on the right-hand side of the
page with numbers in round brackets.

UNITS AND ABBREVIATIONS

Only standard SI symbols and abbreviations should be
used in the text, tables and figures. Symbols for physical
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quantities in the text should be written in Italics (e.g. v,
T, etc.). Symbols for units that consist of letters should
be in plain text (e.g. Pa, m, etc.).

All abbreviations should be spelt out in full on first
appearance.

FIGURES

Figures must be cited in consecutive numerical order

in the text and referred to in both the text and the
caption as Fig. 1, Fig. 2, etc. Figures may be saved in any
common format, e.g. BMP, JPG, GIF. However, the use
of CDR format (CorelDraw) is recommended for graphs
and line drawings, since vector images can be easily
reduced or enlarged during final processing of the paper.

When labelling axes, physical quantities (e.g. v, T)
should be used whenever possible. Multi-curve graphs
should have individual curves marked with a symbol;
the meaning of the symbol should be explained in the
figure caption.

Good quality black-and-white photographs or scanned
images should be supplied for illustrations.

TABLES

Tables must be cited in consecutive numerical order in
the text and referred to in both the text and the caption
as Table 1, Table 2, etc. The use of names for quantities
in tables should be avoided if possible: correspond-

ing symbols are preferred. In addition to the physical
quantity, e.g. ¢ (in Italics), units (normal text), should be
added on a new line without brackets.

Any footnotes should be indicated by the use of the
superscriptl.

LIST OF REFERENCES

References should be collected at the end of the paper in
the following styles for journals, proceedings and books,
respectively:

[1] Feng, T. W. (2000). Fall-cone penetration and water
content ralationship of clays. Geotechnique 50,

No. 2, 181-187.

[2] Ortolan, Z. and Mihalinec, Z. (1998). Plasticity
index-Indicator of shear strength and a major axis
of geotechnical modelling. Proceedings of the Elev-
enth Danube-European conference on soil mechan-
ics and geotechnical engineering, Pore¢, 25 -29 May
1998.
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[3] Toporisic, J. (1994). Slovenski pravopis. 2nd.ed.,
DZS, Ljubljana.
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NAMEN REVIJE

Namen revije ACTA GEOTECHNICA SLOVENICA

je objavljanje kakovostnih teoreti¢nih ¢lankov z novih
pomembnih podroc¢ij geomehanike in geotehnike, ki
bodo dolgoro¢no vplivali na temeljne in prakti¢ne vidike
teh podrodij.

ACTA GEOTECHNICA SLOVENICA objavlja ¢lanke

s podrod¢ij: mehanika zemljin in kamnin, inZenirska
geologija, okoljska geotehnika, geosintetika, geotehni¢ne
konstrukcije, numeri¢ne in analiti¢cne metode, ra¢unal-
nisko modeliranje, optimizacija geotehni¢nih konstruk-
cij, terenske in laboratorijske preiskave.

Revija redno izhaja dvakrat letno.

AVTORSKE PRAVICE

Ko urednistvo prejme ¢lanek v objavo, prosi avtorja(je),
da prenese(jo) avtorske pravice za ¢lanek na izdajatelja,
da bi zagotovili kar se da obseZzno razsirjanje informacij.
Nasga revija in posamezni prispevki so za$citeni z
avtorskimi pravicami izdajatelja in zanje veljajo naslednji
pogoji:

Fotokopiranje

V skladu z nasimi zakoni o zas¢iti avtorskih pravic je
dovoljeno narediti eno kopijo posameznega ¢lanka

za osebno uporabo. Za naslednje fotokopije, vklju¢no

z ve¢kratnim fotokopiranjem, sistemati¢nim foto-
kopiranjem, kopiranjem za reklamne ali predstavitvene
namene, nadaljnjo prodajo in vsemi oblikami nedobi¢-
konosne uporabe je treba pridobiti dovoljenje izdajatelja
in placati dolo¢en znesek.

Naro¢niki revije smejo kopirati kazalo z vsebino revije
ali pripraviti seznam ¢lankov z izvlec¢ki za rabo v svojih
ustanovah.

elektronsko shranjevanje

Za elektronsko shranjevanje vsakr$nega gradiva iz revije,
vklju¢no z vsemi ¢lanki ali deli ¢lanka, je potrebno
dovoljenje izdajatelja.

ODGOVORNOST

Revija ne prevzame nobene odgovornosti za poskodbe
in/ali $kodo na osebah in na lastnini na podlagi odgo-
vornosti za izdelke, zaradi malomarnosti ali drugace, ali
zaradi uporabe kakr$nekoli metode, izdelka, navodil ali
zamisli, ki so opisani v njej.
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