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UVODNIK

Z veseljem sporo¢amo, da so se uredni$kemu odboru mednarodne znastvene revije Acta Geotechnika Slovenica (AGS)
pridruzili novi trije ¢lani in sicer prof. dr. Devendra Narain Singh (Indian Institute of Technology, Bombay), prof. dr.
Jianhua Yin (The Hong Kong Polytechnic University) in prof. dr. Nasser Khalili (The University of New South Wales,
Sydney). Z njihovo pomocjo bo AGS postala Se bolj prepoznavna in uporabna revija v $iroki geotehni¢ni stroki. Za
njihovo aktivno sodelovanje pri objavljanju visoko kvalitetnih ¢lankov se jim zahvaljujemo.

Pri¢ujoca $tevilka AGS prinasa $est zanimivih ¢lankov.

Avtorji prvega prispevka Luca Borio, Daniele Peila in Sebastiano Pelizza obravnavajo enega od najpomembnejsih
postopkov pri uporabi mehanizirane metode izkopa predora, to je takoj$nje polnjenje praznega prostora, ki se ustvari

za segmentno oblogo na koncu stroja za vrtanje polnega profila (TBM). V pri¢ujocem prispevku so analizirani razli¢ni
sistemi tak$nega nacina vtiskanja malte, Se posebej pa je predstavljen dvokomponentni sistem skupaj z rezultati in anali-
zami laboratorijskih preizkusov.

Matevz U. Pavli¢ in Blaz Praznik opisujeta georadarske meritve, ki so se izvajale za detekcijo podpovrsinskih kraskih poja-
vov ob izgradnji nacionalne avtoceste v jugo-vzhodnem delu Slovenije. Predvidena trasa avtoceste je locirana ve¢inoma v
dinarskem krasu z veliko gostoto kraskih pojavov, ki so vidni Ze na povrsju. Preiskave z georadarjem so bile izbrane zaradi
ekstremno heterogene narave kraskega terena, kjer konvencionalne metode preiskovanja ne pridejo v postev.

Tretji ¢lanek avtorjev Laredj Nadia, Missoum Hanifi, Bendani Karim in Maliki Mustapha prikazuje numeri¢no formu-
lacijo zdruzenega termo-hidro-mehanskega procesa v nenasi¢eni nabrekljivi glini, posebej v kompaktnem bentonitu z
dodajanjem tekocine v ve¢ fazah. Predstavljen model se lahko uporabi pri dvodimenzionalnih problemih z razli¢nimi

zacetnimi in robnimi pogoji.

Mehrad Kamalzare in Reza Ziaie-Moayed prikazujeta rezultate testov strizne trdnosti, izvedenih na nearmiranih in armi-
ranih vzorcih zemljin z razli¢nimi geosintetikami. Rezultati so pokazali, da lahko vklju¢evanje teh materialov poveca ali
zmanj$a parametre strizne trdnosti vmesne ploskve med dvema plastema tal v odvisnosti od znacilnosti geosintetike.

Djamalddine Boumezerane, Smain Belkacemi in Bojan Zlender so v prispevku predstavili sistem mehkega sklepanja
(Fuzzy Inference System), ki omogoca, da se na podlagi razpolozljivih kvalitativnih in kvantitativnih informacij oceni
$tevilo raziskovalnih tock, potrebnih za ustrezen opis terena. Iz predstavljenih primerov je razvidno, da se lahko sistem
mehkega sklepanja uporablja kot sistemati¢no orodje za pomo¢ pri odlo¢anju za inZenirje, ki se ukvarjajo s terenskimi
raziskavami.

Sesti ¢lanek, ki so ga prispevali Dorde Cosi¢, Srdan Popov, Dusan Sakulski in Ana Pavlovi¢ prikazuje metodo ocenjeva-
nja tveganja, ki vsebuje poleg tveganj tudi parametre kot so ranljivost, izpostavljenost in varnost. Vsebuje tudi okoljske in
druzbene komponente nevarnosti.

Ludvik Trauner
Glavni urednik
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EDITORIAL

We would like to announce that the Editorial Board of the scientific journal Acta Geotechnika Slovenica (AGS) has three
new members: Prof. Dr. Devendra Narain Singh (Indian Institute of Technology, Bombay), Prof. Dr. Jianhua Yin (The
Hong Kong Polytechnic University) and Prof. Dr. Nasser Khalili (The University of New South Wales, Sydney). With
their help, AGS will become an even more recognized and useful journal in the broad geotechnical field. We would like
to express our thanks for their active cooperation in publishing high-quality articles.

This issue of AGS brings together six interesting articles.

The authors of the first contribution, Luca Borio, Daniele Peila and Sebastiano Pelizza, deal with one of the most impor-
tant procedures during the mechanized method of tunnel excavation, i.e., the instantaneous filling of the annulus that

is created behind the segment lining at the end of the tail during the TBM advance. In their article, different systems

of such grout back-filling are analyzed. In particular, a two-component system injection is presented together with the
results and analyses of laboratory tests.

Matevz U. Pavli¢ and Blaz Praznik describe ground-penetrating radar measurements that were carried out for the
purpose of detecting subsurface karstic features during the construction of the national highway in the south-eastern
part of Slovenia. The expected highway route is located mostly in the dinaric karstic region with a high density of karstic
features visible on the surface. The ground-penetrating radar method was chosen because of the heterogeneous nature of
the karst, where conventional research methods are not suitable.

The third article, by Laredj Nadia, Missoum Hanifi, Bendani Karim and Maliki Mustapha, presents a numerical formula-
tion for coupled thermo-hydro-mechanical processes in unsaturated expansive clays, especially in compacted bentonite,
with a multiphase fluid flow. The implied model is applicable to two-dimensional problems with various initial and
boundary conditions.

Mehrad Kamalzare and Reza Ziaie-Moayed present their test results of shear strength, performed on unreinforced and
reinforced samples with different geosynthetics. The results show that the inclusion of these materials can increase or
decrease the shear-strength parameters of the interface of two-layered soils.

In their paper, Djamalddine Boumezerane, Smain Belkacemi and Bojan Zlender introduce a fuzzy-sets decision-support
system that allows an estimation of the research points needed for the necessary characterization of a site, based on qual-
itative and quantitative information. The cases presented show that a Fuzzy Inference System can be used as a systematic
decision-support tool for engineers dealing with site characterizations.

The sixth article by Dorde Cosi¢, Srdan Popov, Dusan Sakulski and Ana Pavlovi¢ shows a risk-assessment method that
includes, apart from hazards, parameters such as vulnerability, exposure and safety. It also involves the environmental
and social components of risk management.

Ludvik Trauner
Editor—in—chief
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1zvlecek

Eden od najpomembnejsih postopkov pri uporabi mehanizirane metode izkopa predora je takojsnje polnjenje praznega
prostora, ki se ustvari za segmentno oblogo na koncu stroja za vrtanje polnega profila (TBM). Njegov glavni cilj je zmanjsati
usedanje povrsine nad predorom, ki ga povzroca rezanje hribine s TBM. Da bi natancno dosegli cilje, morata simultani
sistem polnjenja z zadnje strani z vtiskanjem utrjevalnega materiala zadovoljiti tehnicne, operacijske in izvedbene zahteve.
Predstavljen dvokomponentni sistem vtiskanja utrjevalnega materiala v psraksi postopoma zamenjuje uporabo tradici-
onalne malte. V pri¢ujocem prispevku so analizirani razlicni sistemi taksnega nacina vtiskanja malte, Se posebej pa je
predstavljen dvokomponentni sistem skupaj z rezultati in analizami laboratorijskih preizkusov.

kLjucne Besede

vrtanje, mehanizirano vrtanje, polnjenje segmentov, usedanje, polnjenje malte z zadnje strani

4. ACTA GEOTECHNICA SLOVENICA, 2011/1



THE BEHAVIOUR OF A TWO-COMPONENT BACK-
FILLING GROUT USED IN A TUNNEL-BORING

MACHINE

DANIELE PEILA, LUCA BORIO and SEBASTIANO PELIZZA

about the authors

Daniele Peila

Politecnico di Torino,

Department of Environment, Land and Geo-engineering
Corso Duca degli Abruzzi 24, 10129 Torino, Italy
E-mail: daniele.peila@polito.it

corresponding author

Luca Borio

Politecnico di Torino,

Department of Environment, Land and Geo-engineering
Corso Duca degli Abruzzi 24, 10129 Torino, Italy
E-mail: luca.borio@polito.it

Sebastiano Pelizza

Politecnico di Torino,

Department of Environment, Land and Geo-engineering
Corso Duca degli Abruzzi 24, 10129 Torino, Italy
E-mail: sebastiano.pelizza@polito.it

The instantaneous filling of the annulus that is created
behind the segment lining at the end of the tail during the
TBM advance is an operation of paramount importance.
Its main goal is to minimize the surface settlements due
to any over-excavation generated by the passage of the
TBM. To correctly achieve the goals, a simultaneous back-
filling system and the injected material should satisfy the
technical, operational and performance characteristics.

A two-component system injection for the back-filling is
progressively substituting the use of traditional mortars.
In this paper different systems of back-filling grout and in
particular the two-component system are analyzed and
the results of laboratory tests are presented and discussed.

keywords

tunneling, mechanized tunneling, segment lining, settle-
ments, back-fill grouting

1 INTRODUCTION

Full-face shield machines have shown an ever increas-
ing number of applications thanks to their ability to

minimize and control surface subsidence when a tunnel
is excavated with a low overburden. The excavation

using these machines is made by a rotating cutter-head
fitted with pick or disk cutters or a combination of both,
while the face stability is guaranteed by the pressure in
the bulk chamber, behind the cutter head, obtained or
with a bentonite slurry (Slurry Shield and Hydroshield)
or with conditioned soil [10 and 11] (Earth Pressure
Balance Shields). The tunnel is then supported by a
segmental lining that is installed continuously during

the advance of the machine and this works as the final
lining too. To permit the advance of the machine and of
the shield, and for technological reasons, the excavation
diameter is usually bigger than the external diameter of
the final lining due to the overcutting necessary to permit
the advancing of the shield, to the conicity of the shield
itself and to the thickness of the shield (Fig. 1). For these
reasons, around the lining there is an open space that
must be continuously filled during the machine’s advance.

The instantaneous filling of this “annulus”, which is
created behind the segment lining at the end of the
shield tail, is an operation of paramount importance for
the correct mechanized tunnelling procedure, particu-
larly in an urban area. Its main goal is to minimize
surface settlements due to any over-excavation generated
by the passage of the TBM [4, 6, 7, 10]. Furthermore, the
back-filling operation has to [2, 3, 4, 5, 8, 11, 12]:

- lock the segmental lining into position, avoiding
movement owing to both segmental self-weight and
the thrust forces, hoop stresses, generated by the TBM;

- bear the loads transmitted by the TBM back-up
weight;

- ensure a uniform, homogeneous and immediate
contact between the ground and the lining;
avoid puncture loads by ensuring the application of
symmetrical and homogeneous loading along the
lining;

- complement the waterproofing of the tunnel with
the concrete lining and gasketry (i.e., if the lining
has cracks due to a wrong installation, back-fill grout
should help to mitigate any water inflow).

ACTA GEOTECHNICA SLOVENICA, 2011/1 5
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Figure 1. Scheme of the grouting through the tailskin.

To correctly achieve of all the above-mentioned goals,
the simultaneous back-filling system and the injected
material should satisfy the following technical, opera-
tional and performance characteristics:

- the back-filling has to be ideally instantaneous in
order to avoid the presence of voids in the “annulus”
while advancing with the TBM. For this reason, the
back-filling is typically carried out through pipes
located in the TBMs tail skin;

the “annulus” must be regularly and completely filled
so that the lining is regularly linked to the surroun-
ding ground (the system becomes monolithic);

6.
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- the reliability of the system must be guaranteed in
terms of the transportability of the mix. The grout
must therefore be designed in order to avoid choking
of the injection pipes and the pumps’ segregation
and bleeding in association with the time the grout is
being transported and the distance from the batching
to the injection;

the injected material has to gel very quickly after
injection (which is carried out progressively with the
“annulus” generation) but without choking the injec-
tion pipes and nozzles (especially the ones for the
accelerator admixture). The injection must always

be carried out until either the maximum pressure is
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achieved, which depends on the TBM face pressure,
or the theoretical volume;

- the injection can be re-started and integrated with
any previously injected material at any time;

- the injected material should be homogeneous with
respect to the physical characteristics and mechani-
cal behaviour throughout the “annulus”;

- the injected material must be impossible to wash out
with the ground water.

Back-filling requires that the longitudinal injection pres-
sure should be higher than the pressure at the excavation
face and it should be homogeneous during the whole
injection process.

From the perspective of the structural design of the
segmental lining these injections can actually be consid-
ered as a radial hydrostatic pressure, which acts simulta-
neously on the support structure and on the ground in
opposite directions. This effect is very important because
when the ring exits from the shield, during the machine
advancement, it must be blocked in the ground by the
backfilling. The backfilling material acts in order to
completely fill the ring void and to give an external load
to the segmental lining ring that “encloses” it and tends
to limit or better eliminate any asymmetry of the load
with a reduction of the bending moments and compress
the ground at the boundary, thus eliminating any type of
void that could have been created. The injected material,
when passing from fluid to solid, should maintain the
achieved static equilibrium; therefore, it should not be
reduced in volume nor pressure-filtered into the ground.

2 TYPE OF MATERIAL FOR
BACK-FILLING

The injected materials can have different characteristics
and they are of different types and require different equip-
ment, as summarized in Table 1, following the classification
proposed by Thewes and Budach [8], following the scheme
proposed by EFNARC [3]. Generally speaking, the three
main types of injected materials can be divided into inert
mixes, cement mixes and two-component mixes. The main
properties of these mixes are reported in the following.

2.1 INERT MIX

The inert mix is based on the sand transported in water
with other constituents, such as filler, fly ash, etc. In the
rock mass it is possible to use a simple mix of sand and
gravel (pea gravel) just to fill the annulus void. Generally
speaking, it is a cheap system. The absence of cement

avoids the risk of clogging the pipes due to any prema-
ture setting [3, 5].

The sand has to be properly selected/graded and mixed:
size and type anomalies significantly increase the possi-
bility of an irregular and heterogeneous filling, leading

to pipe clogging.

As the sand cannot pump readily, it is needed to inject
behind the tailskin through the segments. Typically, this
is carried out through either 1 or 2 propriety grout sock-
ets that are cast into the segments. This has a counter
effect of possibly adding to potential weak points from a
waterproofing perspective.

The setting is very retarded (or it never occurs) and the
final strength is very low (even when it is not important
to achieve any such strength). The inert mix is often
chosen by French designers and contractors, as briefly
described by the Working Group n.4 of the AFTES [1]:
“The control of the injected material and of its hardening
during the production and injection are really complex,
and the progressive renunciation of the cement mix is in
favour of products with a postponed grip (the pozzolanic
reaction) and poor compression strength. This product is
injected directly and continuously throughout the pipes
that are placed in the thickness of the tail behind the last
ring in the annular space, directly behind this one”

2.2 CEMENTITIOUS MIX

The cementitious mix is made up of water, cement,
bentonite and the chemical admixtures necessary to
modify the water/binder ratio and the initial and final
setting times. It is an active mix with a very high fluidity.
It has to be easily pumpable, and is usually retarded
(some hours) to avoid the risks of choking the pipes
during transportation and injection.

The presence of cement helps in the development of
mechanical strength, which can reach high values (15-20
MPa at 28 days, even if it is not really necessary for good
back-filling). Also, this type of mix is very negatively
influenced by variations in its ingredients, which can
lead to the pipes choking. This mix should be injected as
near to the face as possible to provide quick support to
the segmental ring. Injection through the tailskin into
the “annulus” can cause serious problems with choking.

Thewes and Budach [8] and EFNARC [3] have described
these types of mixes in reduced active systems. Reduced
active systems have a fraction of cement, usually varying
between 50 kg/m?3 and 100 kg/m?, while only in active
systems does the binder component develop full hydra-
tion with a cement content of over 200 kg/m?3.

ACTA GEOTECHNICA SLOVENICA, 2011/1 7
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2.3 TWO-COMPONENT MIX

The two-component mix is typically a super fluid grout,
stabilized in order to guarantee its workability for a long
time (from batching, to transport and injection), to
which an accelerator admixture is added at the injection
point into the “annulus” The mix gels a few seconds after
the addition of the accelerator (normally 10-12 seconds,
during which the TBM advances approximately 10-15
mm), The gel exhibits a thixotropic consistency and
starts developing mechanical strength almost instanta-
neously (weak but sufficient for the purpose: 50 kPa at 1
hour is typical).

This system is injected under pressure throughout the
“annulus” and is able to penetrate into any voids that
are present. Also, it can penetrate into the surrounding
ground (depending on its permeability).

Furthermore, the retarding agent has a plasticizing effect
and is able to inhibit the mix from setting, thereby guar-
anteeing its workability up to 72 hours after batching:
this facilitates stockpiling grout in the mixer-containers
that are bigger than the theoretical volume of material
to be injected for every ring. This is useful for avoiding
one of the most common mistakes, i.e., batching and
stockpiling only the theoretical amount and not more. If
eventually a bigger void is found that needs to be filled

in, you would leave the crown unsupported for too long,
so leading to potentially serious consequences.

The addition of the accelerator admixture to the fluid
mortar leads to an almost immediate gel formation,
which starts developing mechanical strength. Such gels
are homogeneous and therefore avoid the point loading
of the segments.

The constituents of the two-component back-fill grout
are sourced from “industrial” production and so should
be perfectly controlled: this guarantees its regularity,
with obvious advantages in the constancy of the fresh
and hardened mixes. No constituent should exhibit vari-
able characteristics (such as sand might).

By using a proper mix-design and specifically designed
equipment the risks of choking can be minimized. Some
problems could arise with the nozzle of the accelerator
line choking: this can normally be attributed to an
improper cleaning regime or simple wear and tear of the
injection outlet mechanism.

The bentonite significantly increases the homogeneity
and impermeability of the hardened mix. Furthermore, it
minimises the bleeding, helps in achieving the thixotropic
consistency when the flow stops because the “annulus” is
full and so helps in the gelling process, conferring higher
impermeability to the system (less than 10-8 m/s).

Table 1. Field of application of various backfilling technologies (redrawn from [8]).

Application range  Backfilling system

Required equipment

Material Specific/remarks
Hard rock soil A B b c* d
Mortar active Conventional mortar, stiffness behav-
° ° ° ° . . "
system iour depends on using of additives
Mortar reduced stiffness behaviour depends on using of
active system ° ° ° additives
. stiffness behaviour depends on using of
Mortar inert system ° ° -
additives
Two-component . L .
w P ° ° ° O ° stiffness behaviour just after mixing
grout
. Only usable in hard rock (material un-
Deforming mortar ° ° °
der development)
Often used in hard rock, increased bed-
ding by using mortar at the bottom,
Pea gravel ° ° e normally lower modulus of deformation

and lower properties of embedment
than for an active mortar

Key:
o :applicable - O : limited applicability

A: Backfilling through the grout holes in the lining segments, B: Backfilling through the tailskin-
a: piston pump; b: peristaltic pump; c*: progressive cavity pump; d: pressurized air

8. ACTA GEOTECHNICA SLOVENICA, 2011/1
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In an Italian subway-station excavation we can see, once
the “dummy” segments have been removed, the presence
of the “annulus” filled with the gel. The photograph
allows us to see the presence of the back-fill under the
invert segments (Fig. 2) that demonstrates the complete
filling of the voids.

TWO-COMPONENTS MIX:
EXAMPLES OF APPLICATIONS

Here are some significant examples of tunnelling projects in
different countries where the two-component system was
and is currently being used for the back-filling operation.

3.1 METRO LINE C - ROME (ITALY)

The Metro Line C is currently under construction in
Rome. Two EPB machines (6.7m diameter) finished
excavating the first part of the line (approx. 4km), while
the other two have just started. In the first part of the
line, the ground where the machines were excavating
was a low-permeable, stable “pozzolana’, but later the
TBMs will drive into a permeable and soft ground.
Although the first project dealt with the injection of a
traditional cementitious grout for the back-filling opera-
tion, the chosen method was finally a two-component
system. The first component is an ultra-fluid mortar,
with the following characteristics:

- itis stable and does not present any separation
between the water and the solid contents, despite

Segment lining
30 cm thick

the very high water/binder ratio. This is important
to avoid problems of clogging in the injection lines,
even during long breaks, and to allow the transporta-
tion of the mortar, even for long distances;

- itis able to guarantee the workability for at least
72 hours from its batching. Immediately before its
injection, the mortar is admixed with an accelerator,
which leads to an almost immediate creation of the
thixotropic gel. The gel is able to fill in completely the
annular space around the concrete lining (as proved
by the several core samples extracted through the
segments) and to improve the waterproofing features
of the tunnel (the permeability coefficient of the
hardened material is comparable that of a clay). The
ingredients of the two-component mix are reported
in Table 2.

Table 2. Two-component mix adopted in Metro C Line in
Rome (values per m? of hardened material).

Water 770-820 kg
Bentonite 30-60 kg
Cement 310-350 kg
Retarding agent by Mapei 3-71
Accelerator admixture by Mapei 50-1001

The right dosage of each ingredient depends on several
factors, such as the desired pumpability: for example, in
those machines where the mix is pumped from the batch-
ing plant directly to the TBM, the material must have great
pumpability properties and the bleeding must be mini-
mised; therefore, the percentage of bentonite is increased.

Figure 2. Example of backfilling in a metro tunnel in Italy (Prof. Pelizza’s picture archive).

ACTA GEOTECHNICA SLOVENICA, 2011/1 9
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The project requirements about the development of
mechanical strengths only deal with the very early and
early stages (up to 24 hours), which means when the
TBM tail passes over and the back-filling material comes
into contact with the surrounding ground.

For longer stages, the requirements only regard the dura-
bility of the hardened material (ensured by the natural
humidity of the ground) and its impermeability.

3.2 ORAKI MAIN SEWER HOBSON DIVER-
SION (OMSHD) - AUCKLAND (N€EW
ZEALAND)

This project concerns the excavation of a 4.3-m-diameter
Mixed-face Shield. The average productions were 114
metres of bored and lined tunnel per week. The project
requirements were particularly high in terms of the
mechanical strengths to be achieved, even at long

stages. In particular, the two-component material had to
achieve: 0.1 MPa at 30 minutes and 5 MPa at 28 days.

The only way to achieve such great values was to use an
amount of cement that was higher than typically used
(480 kg per cubic metre of hardened material). At the
same time, the grout was not pumpable enough with
such an amount of cement and the addition of a super-
plasticizer admixture was necessary (Table 3).

Such a mix guaranteed proper pumpability and stability
properties to the fresh grout and was able to achieve
average values of compressive strength at 28 days from
batching of 5.1 MPa.

Table 3. Two-component mix adopted in Oraki Main Sewer
Hobson Diversion (OMSHD) - Auckland (values per m3 of
hardened material).

3.3 METRO LINE IN SOFIA (BULGARIA)

This project concerns the construction of two 3.47-
km - long parallel tunnels, which were completed at
the beginning of 2009 and were excavated by an EPB
machine with a diameter of 5.82 m.

The alluvium ground where the tunnel was bored was
subject to many and frequent geological and geotechni-
cal variations. The composition of the material used

to fill the annular voids behind the segmental lining is
summarized in Table 4 [9].

Table 4. Two component mix adopted in the metro line of
Sofia (values per m? of hardened material).

Water 795 kg

Bentonite 25 kg

Cement 290 kg
Retarding agent by Mapei 251
Accelerator admixture by Mapei 741

Such a material was able to gel in approximately 12
seconds and to achieve 0.03 MPa of compressive
strength at 1 hours and 1.5 MPa at 24 hours.

Nothing was requested in terms of the mechanical
behaviour for longer stages. The injection ratio was
varying, depending mainly on the infiltration of material
into the surrounding ground: the average values were
120-130% of the theoretical volumes.

3.4 METRO LINE 1 IN BRESCIA [ITHLY]

The project concerns the construction of a metro-line
tunnel in alluvial ground with a tunnel diameter of
9.15m, excavated by an EPB machine. The composition of

Water 730 kg the two-component mix used is summarized in Table 5.
Bentonite 30kg
Cement 480 kg Table 5. Two-component mix adopted in the metro line of
Retarding agent by Mapei 11 Brescia (values per m? of hardened material).
Super-plasticizer by Mapei 51 Water 816 kg
Accelerator admixture by Mapei 501 Bentonite 42 kg
Cement 315kg
It is important to underline that such a high compres- Retarding agent 31
sive-strength request is not strictly necessary for a Accelerator admixture 601

proper back-filling, as already mentioned. In fact, the
back-filling material cannot have structural tasks at long
stages, when all the external loads (ground, water) are
supported by the segmental lining. The two-component
mortar should just act as an “interface” between the
surrounding ground and concrete, in order to homog-
enously discharge the pressures on the lining.

10. ACTA GEOTECHNICA SLOVENICA, 2011/1

3.5 LTA BORED TUNNEL CONTRACTS -
SINGAPORE

Another important reference, regarding the use of the
two-component mix, is the construction of the LTA
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Bored Tunnel in Singapore, which included approxi-
mately 20 Lots for a total of more than 50 km of tunnels.
In every Lot, the use of the traditional cementitious
grout was substituted by the injection of an ultra-fluid
grout able to gel in a few seconds of the injection and

to completely fill in all the annular space around the
segmental ring.

The use of such a material was successful in all the
tunnels, which were bored with different types of TBMs
(EPB, Slurry Shields), manufactured by different suppli-
ers, and in different geological conditions (clay, alluvium
ground, fluvial deposits, granite, gravel, etc.).

This also proves the flexibility of the two-component
back-filling and its adaptability to very different and
changing conditions of boring.

36 CONCLUSIONS OBTAINED FROM
CASE HISTORIES

All the mentioned examples prove that the current
tendency is to privilege the back-filling of ultra-fluid
two-component mixes, activated with an accelerator and
able to generate a thixotropic gel in a few seconds. This
system avoids all negative aspects correlated with the use
of traditional cementitious grouts and is able to achieve
all the technical requests demanded for the back-filling
of injected material.

All these examples prove the efficacy of back-filling
using ultra-fluid two-component mixes, activated with
an accelerator. The fluid is able to penetrate into the
earth and annulus, subsequently generating a thixotropic
gel in a few seconds.

4L PERFORMANCE ANALYSIS OF
THE TWO-COMPONENT SYSTEM

4.1 CREATION OF AN ANNULAR UNCOM-
PRESSIBLE BUBBLE

As the injected material for the two-component system
is an ultra-fluid liquid which, thanks to the addition of
an accelerator admixture just before its injection, obtains
a thixotropic consistency in a few seconds, and as it is
made up of a huge amount of water (approximately 800
litres per cubic metre of material), it is without doubt an
uncompressible fluid, just like water.

The consequence is that the annulus void that is created,
after the TBM tail-skin passage, has to be considered as

a closed annular bubble that is filled, instant per instant,
with an uncompressible fluid.

Therefore, every movement of the surrounding ground
that tends to enter in the bubble or any movement of
the concrete lining which tends to reduce the bubble
volume, instantaneously leads to the creation of another
reaction-pressure in the ball, uniform along all the
volume and above all the surfaces of the volume, which
avoids any type of deformation.

Therefore, the uncompressible ball of gel confines
perfectly and completely everywhere the concrete rings
already installed and the new concrete ring that has to
be installed.

In order that this can be effectively real, it is necessary
that the following conditions are met:

- the injected material must remain uncompressible;

- the fluid cannot escape from the bubble:

- it cannot permeate through the surrounding
ground (this is avoided by the underground
water that exerts a hydrostatic pressure on the
injected material).

- it cannot escape through the space between the
tail and the excavation profile, that is avoided
by a correct balance between the tunnel face
pressure and the injection pressure (which must
be approx. 0.2 bar higher, not more);

- if the surrounding ground in bad condition tends
to close towards the bubble, it cannot be allowed to
move with excessive pressures, otherwise the pres-
sure needed to advance the machine would increase
too much. This has to be balanced and controlled
with the right equilibrium between the pressure in
the excavation chamber and the injection pressure.
This can be aided by lubrication of the extrados of
the tailskin with a bentonite slurry. It is suggested
that the bentonite slurry injection takes place exactly
where the tail is blocked and weighs on the ground,
which means behind the invert of the lining and in
the final part of the tail;

- the segment ring just installed cannot have deforma-
tions (in general, without ovalization) due to its own
weight, which could lead to an anomalous installa-
tion of the rings or a too low pressure on the upper
segments;

- the gel cannot be leeched by the underground water.

It is evident from the above reasons that it is necessary
to inject a fluid that does not harden instantaneously,
but that becomes a gel quickly and progressively without
avoiding the formation of an uncompressible ball at
constant volume.

ACTA GEOTECHNICA SLOVENICA, 2011/1 11.
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The long-term mechanical strength of the back-fill mate-
rial does not have any meaning, because it does not give
any structural contribution to bearing the hydrostatic
and geostatic loads (these are completely supported by
the concrete lining), but the gel has to be as homoge-
neous as possible in order to mitigate the external loads
(a closed ball!).

To achieve this goal it is doubtless necessary that the gel
cannot decompose after its injection: its durability must
guarantee that the uncompressible annular ball is kept
permanently.

Therefore, all the attention should be paid to the behav-
iour of the injected material at early stages (from the first
seconds to some hours), which includes the injection
and installation of some segment rings. It is evident that
the existence of a closed uncompressible ball is the most
efficient and important factor.

4.2 DURABILITY

The durability of the gel that totally fills the annular
bubble is guaranteed in the normal humidity conditions
of the ground (even more when the tunnel is drilled
under the water table). During the construction of many
Metro Lines in Singapore the authors understand that
since the two-component system has started to be used,
more than ten years ago, there has only been a positive
indication of the grout’s durability. A comprehensive
proof of the behaviour for the future does not exist, but
the gel must have two features that indicate its durability:

- the undeformability: this parameter immediately
appears as the most significant, as the gel is made up
principally of water. If the water is not lost (due to
evaporation or filtration), the material will remain
stable. It is, therefore, essential that the hosting
ground keeps its natural humidity;

- the technical impermeability of the ground (108 m/
sec). This is the physical parameter that favours the
creation of the situation described above.

Both the mentioned characteristics can be measured in the
laboratory and can be assumed as indicators of durability.

4.3 CONSISTENCY AND COMPRESSION
STRENGTH OF THE HARDENED MIX

The first important consideration deriving from what
has been written above is that, when a super-fluid two-
component mix is used, the early-stages mechanical
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strengths are more important than the latter stages: in
fact, the concrete lining, not the back-filling, must bear
all the hydrostatic and geostatic pressures.

In the example of the Sofia Metro Line, it is clear from
the table that the requested data are 0.03 MPa at 1 hour
and 1.5 MPa at 24 hours and nothing is said about
longer stages.

This position appears to be absolutely correct because

it is in the first hours (8 rather than 24 when the TBM
advances regularly) that the gel must fill every void

in the “annulus” (and eventually in the surrounding
ground) and protect the segment lining. This is carried
out thanks to the high fluidity of the injected material
and its quick gel creation. Furthermore, the gel must
block the ring in its projected position (avoiding the
formation of point loads) and at the same time avoid the
last installed rings deforming due to the TBM thrust and
cutting-wheel rotation.

It is of paramount importance that the mix creates a gel
after a few seconds and so an incompressible closed ball
is generated: therefore, the gel creation must be tested
(at 0.5 and 8 hours stages the measures of mechanical
strengths are suitable, for example, with a pocket pene-
trometer). The rationale of the half hour can be adjusted
to suit the time taken to build one ring should be long
enough for the grout to achieve sufficient strength to
avoid floating around in the grout.

Measures above the 24 hours are only suitable for
checking that the gel does not decompose, but increases
its strength in order to allow the extraction of cores
through the segments, useful to directly check the effec-
tive total filling of the “annulus”

It is without doubt that a measure of the compressive
strengths on cores extracted in situ (even if the coring
partially disturbs the samples) is the most reliable and
significant, because the material is injected into the
“annulus” at pressure and there remains in environmen-
tally natural conditions.

TESTS ON THE TWO-COMPONENT
BACK-FILLING GROUT MIX

In the following the results of a series of tests regarding
the physical and mechanical behaviour of a two-compo-
nent injection grout for filling the annular voids behind
the segmental lining during mechanized tunnelling with
EPB machines are presented, showing how this mix
works properly for the mechanized tunnelling purposes.
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Figure 3. Phases of preparation of the hardened grout samples.

The tests were carried out both on a fresh and on a hard-
ened mix. The technical procedure (Fig. 3) that was used
to obtain the samples of hardened material is:

- 10 litres of fresh and ultra-fluid grout were prepared
in a bucket;

- the right amount of accelerator admixture was added
and mixed to the grout for some seconds to properly
distribute the accelerator in the whole grout volume;

- when the material starts hardening, the mixing is
stopped;

while the mix quantities are reported in Table 6.

Table 6. Two-component mix adopted for the tests.

Component Average quantities [kg/m?]
Water 796
Bentonite 35
Cement type IV/B-P 32.5 R 350
MAPEQUICK CBS SYSTEM 1 6.4
MAPEQUICK CBS SYSTEM 2 84.8

Figure 4. Execution of Marsh cone test.

H.1 TESTS ON FRESH GROUT

To check the suitability of the fresh grout for the EPB
tunneling procedure, the following tests were carried out:

- bleeding test (ASTM C940). This test is carried out
by leaving undisturbed 500 ml of mix for three hours
and after measuring the percentage of water separa-
tion. This value for a good mix should not exceed 3%;

—  Marsh cone test (ASTM C185). The test makes it
possible to evaluate the fluidity and viscosity of the
mix. It is carried out using a standardized cone (Fig.
4) and measuring the time request by 1000 ml of mix
to flow. The optimal value for the tunneling purposes
should be about 30-45 s;

- hardening time evaluation. This test was carried out
by mixing 500 ml of grout and 48 g of accelerator.
The hardening time is fixed when the mix is no
longer workable (Fig. 5).

These tests make it possible to evaluate whether the
mix can be easily and safely pumped through the tail

Figure 5. Grout mix after hardening.
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skin and also provide the maximum time while the not
accelerated mix remains stable without separation of the
solid phase (mainly cement grains). The obtained results
are reported in Table 7, showing the good behavior of
the studied mix.

Table 7. Results of the bleeding tests on different samples.

Sample Timesince Bleeding Marsh ~ Hardening
the grout  value [%]  cone time time [s]

was pre- [s]

pared [h]
A 0 3 33 12
B 12 2 32 12
C 24 2 32 13.5

h.2 TESTS ON HARDENED GROUT MIX

After seven days from the mix preparation, the sample
was cored (@ 54 mm, diameter/height ratio=1) and

the uniaxial compressive strength of the grout mix was
measured at different curing times, keeping the samples
under soil with its natural humidity. From Figure 6,
where all the results are summarized, it is possible to see
how the grout mix hardens in time and that it reaches
values greater than 4.5 MPa.

To study the effect of the curing condition it is possible

to compare the samples that were maintained inside a Figure 7. Example of two samples cured under natural soil and
soil with its natural humidity and those that were main- two cured in the open air. The difference in behaviour is clear.
tained in the open air.
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Figure 6. Uniaxial compressive strength of the two-component tested mix.
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From the photographs it is clear, the great difference of
behaviour: if the sample loses its natural water it then
loses its mechanical properties.

6 CONCLUSIONS

The two-component system injection for back-filling
while excavating with shielded TBMs is progressively
substituting the traditional use of cementitious mortars
for two main reasons: it reduces the risks of choking
pipes and pumps (typical when pumping cementitious
systems) and guarantees a complete filling at the pres-
sure of all the annular voids created after the TBM tail
passage, thus avoiding the surrounding movements. The
main features of such a material are: super-fluid initial
consistency, the creation of a gel after a few seconds
from the injection, compressive strengths from approx.
0.1 to 1 MPa at early stages.

Effectively, the goal of the back-filling is carried out in
the first minutes after its injection; therefore, it is impor-
tant to focus attention on the last 2-3 installed rings, and
not more.

Consequently, also according to international methods,
it is important to verify that the mix actually makes a gel
quickly, in order to confine homogeneously the segment
ring.

As it is impossible to verify the event inside the “annu-
lus”, it is necessary to simulate that by preparing samples
in the laboratory, with which it is possible to determine
the consistency achieved by the gel in the first hours and
later. The latter stages are meaningless, because the gel’s
mechanical strength does not influence the structural
behaviour of the tunnel lining if the “annulus” is actually
completely filled in.
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1zvlecek

Georadarske meritve so bile izvajane za detekcijo podpovrsinskih kraskih pojavov ob izgradnji nacionalne avtoceste v
jugo-vzhodnem delu Slovenije. Predvidena trasa avtoceste je locirana vecinoma v dinarskem krasu z veliko gostoto kraskih
pojavov, ki so vidni Ze na povrsju. Preiskave z georadarjem so bile izvedene v vseh obmocjih, kjer so bili projektirani globoki
vkopi v kraski apnenec, z namenom detekcije ter karakterizacije kraskih pojavov. Preiskave z georadarjem so bile izbrane
zaradi ekstremno heterogene narave kraskega terena, kjer konvencionalne metode preiskovanja ne pridejo v postev oziroma
so financno prevec zahtevne. Ena glavnih prednosti preiskav z georadarjem je, ceprav je globina penetracije omejena na
nekaj metrov, locljivost ter preiskanost terena, saj lahko v idealnih pogojih zagotovimo locljivost nekaj centimetrov na
celotnem kontinuiranem profilu. Zaradi dejavnikov, ki omejujejo globinski doseg preiskav z georadarjem, so bile preiskave
izvajane istoasno z samo gradnjo avtoceste. Preiskave smo na podlagi preucitve korelacij med dosegom ter locljivostjo izva-
jali z 2000 MHz oddajno - sprejemno zasciteno anteno po cestnem telesu pred polaganjem asfaltnega sloja. Iz 2D radarski
profilov (radargrame) smo skonstruirali 3D modele povrsja, kjer so bile oznacene mocnejse EM anomalije. Razli¢ni razmaki
med posameznimi 2D profili so bili testirani z namenom ugotovitve optimalne financno - casovne kombinacije, ki je e
vedno zagotavljala potrebno locljivost. Pridobljeni rezultati so bili kalibrirani ter testirani s testnim vrtanjem. Vrtanje je bilo
izvajano dvakrat, in sicer, prvic¢ za kalibracijo georadarskih anomalij z radargramov z dejanskimi kraskimi pojavi na terenu
ter drugic za preverjanje rezultatov. Skupno je bilo izvrtanih vec kot 30 vrtin na predhodno dolocenih lokacijah. Podatki s
testnega vrtanja so se izkazali kot zelo dobri, saj so bile ugotovljene anomalije v veliki vecini (nad 95%) posledica uklonov
med apnencem in prazninami oziroma apnencem ter glinenimi Zepi.

Vrtanje testnih vrtin se je izkazalo kot zelo primerno orodje za kalibracijo georadarskih anomalij zajetih na radargramih.
Tak pristop se je izkazal, kot zelo natancen pri interpretiranju georadarskih anomalij kraskih pojavov, 77% anomalij je bilo
po kalibracijskem vrtanju pravilno interpretiranih kot jama oziroma glineni zZep, 23% napacno interpretiranih pa so bili
interpretirani kot glineni Zep namesto praznine ali obratno.

Istocasna preiskava z georadarjem ter gradnjo avtoceste se je izkazala kot zelo uspesna, saj je tako (po odstranitvi glinenih
slojev) razmerje med globinskim dosegom ter locljivostjo optimalno.

kL jucne Besede

Kras, georadar, geotehnika, jame, kraski pojavi, detekcija
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Ground-penetrating radar (GPR) has been applied to
determine the subsurface karstic features during the
construction of the national highway in the south-eastern
part of Slovenia. The highway construction is situated
mostly in the dinaric karstic region with a high density of
karstic features visible on the surface. Ground-penetrating
radar prospecting was done in all areas where a slope
was cut into the limestone bedrock. The main purpose

of the survey was to map potentially hazardous zones in
the highway subsurface and to detect and characterize
the karst. The ground-penetrating radar method was
used because of the heterogeneous nature of the karst.
With its high degree of karsticifaction and geological
diversity all conventional methods failed. One of GPR’s
main advantages is that, while the penetration depth is
limited to several meters, the obtained resolution can be
on the scale of centimeters and the measured profile is
continuous. Because of the ground-penetrating radar’s
limitations with respect to depth, the range surveying was
done simultaneously with the road construction using
200-MHz bistatic antenna on the level of the highway
plane. All the 2D radargrams were constructed in 3D
models where the measurements were made in raster with
2 meters between a single GPR profile. This two-meters
spacing was determined as the optimal value in which
only a minimal resolution-price tradeoff was made. The
gathered results were tested and compared to experimen-
tal drillings and excavations so that any anomalies and

reflections were calibrated.

The drilling was conducted twice, first to calibrate the
radargram reflections and secondly to check and confirm
the calibration success. Altogether, over 30 boreholes were
drilled at various previously selected locations. The data
obtained from the drilling proved to be very helpful with
the calibration since anomalies found during the drilling
were almost exclusively (over 95%) a result of the propa-
gation of radar waves from the limestone to an air void or
from the limestone to a clay pocket.

Drilling test boreholes proved to be a very useful tool

for the calibration of the GPR anomalies recorded in 2D
radargrams. Such a process showed a near 100 % accu-
racy with respect to interpreting the subsurface features,
with 77% correctly interpreted as caves or clay pockets
and 23% wrongly interpreted, where the interpretation
was a void but it was indeed partly a clay-filled and
partly an air-filled void. The completed survey also
showed simultaneous surveying with GPR and road
construction is a very efficient and economical way to
predict various karstic features and the density of the
karstic forms.

Keywords

karst, ground-penetrating radar, geotechnics, cavities
detection

1 INTRODUCTION

More than half of Slovenia is karst. With the construc-
tion of the national highway, a lot of stability problems
emerged where constructions was being made on the
karstic surface. In previous years a collapse of the high-
way’s structure has occurred because of cavities under
the surface of the road. A large hole emerged in the
middle of the fast lane, causing great danger to anyone
included in the traffic. Fortunately, however, no one was
hurt. Since then karstologists have been included in the
planning and construction of national highways ([4],
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[5], [13], [6], [7], [8], [18]). During one of the highway
constructions in the south-western part of Slovenia

the largest cave was found, measuring 460 meters in
length and 70 meters in depth [9]. Ground-penetrating
radar was first used in Slovenia to survey highways
constructed over a karstic terrain in 2003, between Unec
and Postojna, with the goal to create a map of potentially
hazardous areas ([14], [15]). Komel and Pavli¢ [10]
showed the results of a GPR survey on a karstic surface
near Sezana, which was done with the same goal of
determining the cavities and other karstic features. The
results of various ground-penetrating surveys in the past
over the karstic surface have shown that this method

is very successful at determining karstic features and
potentially hazardous zones in the karstic subsurface.
For that and many other reasons (mostly economic)
investors decided that during the construction of the
final highway part, Pluska-Hrastje, which is largely situ-
ated in a dinaric karst (also called Dolenjski kras), all the
parts of the highway where slope cuttings were planned,
were surveyed for cavities and other karstic features

that could potentially undermine the stability of the
road. The ground-penetrating radar method was used as
the main surveying technique over intervals where the
slope was cut in the karstic limestone. Altogether, more
than 50 km of 2D ground-penetrating radar profiles
(radargrams) were taken over a length of approximately
3600 meters of highway. Radargrams were taken in
raster (rectangular) patterns with 5 or 11 radargrams

constructing each raster. These radargrams were ulti-
mately used to construct a 3D model of the GPR anoma-
lies. This article describes various karstic and geological
features that were found during the survey.

2 STUDY AREA

The survey area is located in the south-eastern part of
Slovenia (Figure 1), where a missing part of the national
highway A2 is being constructed. An area over which
roughly 15 kilometers of highway is planned is situated
on Jurassic limestone with some small percentage of
dolomite. Because of the relatively large presence of
ground water, this area was developed as dinaric karst,
also known as Dolenjski kras.

Ground-penetrating radar was used simultaneously with
the construction of the highway because of the notice-
able silty and clayey sediment cover over the limestone
and the karstic nature of the terrain. The studied area

is densely covered with surface karstic features, such

as karren, uvalas and also with underground features,
such as sinkholes and caves. There were a few registered
karstic caves in this area (determined by the speleolo-
gists) and a few more were found during the geological
mapping of the terrain. Highway A2 is situated in the
slopes of hills above the town of Trebnje and planned
so that significant slope cuttings will be made in the

Figure 1. Location of the construction site of the last part of highway A2 Karavanke-ObreZje.
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limestone bedrock and epikarstic zone above. The
limestone terrain, when the highway’s deep slope
cuttings (the slope was cut up to 40 meters in limestone
bedrock) were constructed, was surveyed with ground-
penetrating radar to determine possible voids and other
karstic features under the planned road.

GROUND-PENETRATING RADAR
BASICS

Ground-Penetrating Radar (GPR) is a geophysical imag-
ing technique used for subsurface exploration and moni-
toring. It is widely used within the forensic, engineering,
geological, mining and archeological communities. GPR
provides an almost ideal technique for karstic surface
evaluation, especially if the upper clayey and silty cover
is removed.

In general, GPR is a non-destructive technique that
emits a short pulse of electromagnetic energy, which

is radiated into the subsurface. When this pulse strikes
an interface between layers of materials with different
electrical properties, part of the wave reflects back to
the surface where the reflection is detected, and the
remaining energy continues through the medium. GPR
evaluates the reflection of electromagnetic waves at the
interface between two different dielectric materials. Two
electrical properties are of great importance to a GRP
survey. The first is the electrical conductivity (o) and the
second is the electrical permittivity, also known as the
dialectic constant. Electrical conductivity is the ability of
a material to conduct electric current. The water content
and the porosity can have a large impact on the conduc-
tivity values (1) [3].

azn(l—s)\/a—l—ns\/a—l-(l—n)\/z; (1)

In the above equation o, 6,, 0, and o, represent the
overall conductivity, the conductivity of the air, the
conductivity of the water and the conductivity of the
soil particles. # is a porosity factor and s is the degree of
saturation.

The other important factor for the propagation of radar
waves into the subsurface is a dimensionless constant
called the relative dielectric constant (&), which is the
capacity of media to store a charge when an electric

field is applied [3]. The relative dielectric constant (¢) of
a non-metallic medium is a function of three different
materials within the medium - solid, fluid and gas [2]. If
a material is dielectrically homogeneous, then the wave
reflections will indicate a single thick layer. The reflec-
tion coeflicient (2) can be analyzed and sometimes used

to distinguish between the types of medium from which
the electromagnetic waves are reflecting.

N

; 2
R @

r=

Equation for the reflection coefficient r [1], where ¢, is
the dielectric constant of the first medium and ¢, is the
dielectric constant of the second medium.

The problem with ground-penetrating radar is that

it is in general a contrast method, meaning that the
reflections that we obtain during requisition are merely
reflections between the different electric properties of

a medium. There is no way of knowing which exact
medium the amplitude of the reflections belongs to. In
theory, you can get the same reflection coefficients from
materials, e.g., where £,=9 and ¢,=1 or where £,=36 and
&,=4. In both cases the reflection coeflicient is = -0.5.
The dielectric constant is inversely proportional to the
velocity of the propagation of radar waves through a
medium. The dependency of the reflection coefficient
(r) on the dielectric constant (¢) is shown in Figure 2 (a).
The velocity of the radar waves” propagation through
different media is shown in Figure 2 (b).

The signal polarity (whether the reflection coeflicient is
positive or negative when it passes from one medium to
another) can also provide valuable information about
the subsurface material. Signal polarity is a function of
the dielectric constants between two media [2]. Figure 3
shows the oscillation of a radar wave as it passes through
different materials. From the signal polarity we can
assume relative changes in the dielectric constants of the
media.

The karstic formations in the survey mainly consist of
karstic high-plasticity clay, voids and karstic limestone
rocks in which the electric constant is roughly 24, 1 and
12, respectively (the values were obtained during an
analysis of the reflections’” hyperbolas). Water poses a

big problem in analyzing the reflection coeflicient and

its polarity because it changes the electric properties of
the medium drastically (it changes the conductivity of
the medium). Typical values for the electric properties of
different media are presented by Daniels [16].

For a successful GRP survey a compromise between the
required range (depth) and the ability to resolve one
feature from another (resolution) has to be made. Both
range and resolution are functions of the GPR antenna
and the electromagnetic properties of media. The higher
the antenna frequency, the smaller the range of EM
waves penetration.
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Figure 2. a) Dependence of the reflection coefficient (r) on the dielectric constant (¢) of the materials.
In the figures £,=9 and ¢, range from 1 (in air) to 81 (in high mineral soil containing water),
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Figure 3. Different signal polarities of the GPR signal as it
passes through media [2].

With the GPR equipment used, bistatic shielded anten-
nas (bistatic - transmitter and receiver in one antenna)
were employed, which send a signal in an ellipsoidal,
cone-shaped pattern into the ground. If unshielded
antennas were to be used, the GPR emits a signal in 3D
space, so more noise is recorded.

Two different resolutions (horizontal and vertical) are of
great importance in the GPR survey and are a function
of the choice of the antenna and the media. Figure 4 (a)

20. ACTA GEOTECHNICA SLOVENICA, 2011/1

shows the relation between the horizontal resolution and
the depth for various frequency antennas. The horizontal

resolution varies with depth and can be roughly esti-
mated from the radius of the first Fresnel zone [17] (3).

1-\°

H = \d+

3)

where A is the wavelength of the EM waves through the
media and d is the depth.

The vertical resolution can be estimated with equation
(4) below:

9

VeroE W

where v is the central frequency of the antenna and ¢ is
the dielectric constant of the media.

The range of penetration is also dependent on the
dielectric constant of the media, i.e., if the maximum
range for a 200-MHz antenna would be 10 meters in
certain media, a 900-MHz antenna would have a range
up to 1 meter in the same media. The determination of
the velocity is of great importance in order to change the
time sections into depth. For that, a hyperbola approxi-
mation was used, with which the average velocity for
the karstic limestone was determined as v = 8.4cm/nsec.
Figure 4 (b) shows the hyperbola approximation for
determining the velocity of the radar waves’ propagation
through the media.
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Figure 4. a) Relation between the depth and the resolution for various antennas.
b) Hyperbola approximation for a determination of the radar waves’ propagation through the media.

4, METHODOLOGY

A ground-penetrating radar survey was conducted
simultaneously with the construction of a major
highway A2 Karavanke-Obrezje in the sub-section of
Pluska-Hrastje. First, major ground work was done to
excavate the rock to the final planum of the highway.
After that, the GPR survey was conducted in several
profiles along the planned road surface (Figure 5).

GSSI's SIR - 3000 system was used with a bistatic
shielded antenna to measure over 100 grids in parts
where the highway construction was cut in karstic
limestone. The acquired profiles in grids, consisting of
either 5 or 11 2D profile lines (radargrams), amount to
over 50 kilometers in length. These grids were used to
construct three-dimensional models for each separate
slope cutting in order to see the propagation of the
karstic features in space. A study was made where
several different variants of the 2D profile line distribu-

Figure 5. GPR survey in the slope cutting on the planum of highway.
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a)
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<)

Figure 6. Feature resolution with a) 1 meter spacing between 2D profiles,
b) 2.5 meter spacing between profile lines and ¢) 4 meter spacing between profile lines.
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tion in a raster were used in order to sufficiently map all
the geotechnical important forms. Figure 6 shows the
resolution of 3D models created in the same area with
different spacings between the profile lines, where in (a)
the spacing between the 2D profile line is 1 meter and
in (b) the spacing between the two profile lines is 2.5
meters and in (c) the spacing is 4 meters.

In the conducted survey a 200-MHz antenna was used

as a compromise between the resolution and the desired
depth for the research. The geotechnical conditions to be
met required researching the ground to a depth of around
7 meters under road construction in order to be sure that
the stability of the road structure was not compromised.
A range of 170 nsec into the subsurface was reached

with selected antenna which, with the average dielectric
constant of media 12.7, amounted to approximately 7.5
meters of depth. The average dielectric constant was
obtained from a hyperbola analysis, which gave a speed
for the EM waves of approximately 8.4 cm/nsec. For the
distance calibration a GSSI survey wheel was used in
order to accurately measure the distance, while simul-
taneously charging electric pulses into the ground. An
electromagnetic pulse was charged every two centimeters
in the ground as 50 scans per meter were used. With this
set up, a theoretical horizontal resolution by means of the
first Fresnel zone gives a value of approximately 1.5 meter
[12] [17] at a depth of 6 meters. These values are a math-
ematical approximation and can vary in real conditions.
The horizontal resolution represents the distance at which
two different objects with similar electromagnetic proper-
ties could be distinguished. The vertical resolution with a
200-MHz antenna used was approximately 10 cm.

As GPR is a contrast method of different reflections
between the electromagnetically different media, there

is no sure way of knowing that the reflection seen in the
radargram is a consequence of dry clay to wet clay or from
limestone to wet clay. Assumptions for the type of karstic
features below were made based on the analysis of radar-
grams, “a priori” geological knowledge of the surveyed
terrain and the geometrical shapes of the anomalies.

In order to confirm our assumptions, drilling was
conducted to confirm whether the recorded reflection
occurred on the border between limestone and an empty
void or limestone and a clay-filled void. Based on geolog-
ical knowledge of the terrain and the actual open slope
cuttings, different types of media were not expected.

Over 15 boreholes up to 10 meters deep were drilled on
several previously decided locations. The data obtained
from drilling proved to be very helpful with the calibra-
tion since the anomalies found during drilling were
almost exclusively (over 95%) a result of the propagation

of radar waves from the limestone to an air void or from
limestone to a clay pocket.

After the calibration was complete, several more bore-
holes were drilled in order to confirm our calibrations of
the radar reflections. From 18 interpretations (reflection
on a radargram later tested with boreholes) 14 were accu-
rate (which means if the interpretation was a clay pocket,
a clay pocket was confirmed with drilling). At the other 4
locations where the interpretations were not completely
accurate it was the case where voids were partly filled
with clay and partly empty (air filled). The reason

why our interpretations were not correct is because

the dimensions of the clay part and the void part were
smaller than the vertical and/or horizontal resolution.

Drilling proved to be a very helpful tool for the calibra-
tion of GPR anomalies recorded in 2D radargrams. Over
77 % of the tested reflections were correctly interpreted
as voids or clay pockets and others were combinations
of partly clay-filled and partly air-filled voids with small

dimensions.

The number of test boreholes needed for successful
detections can vary significantly from the type of subsur-
face in the survey. In our case the geology was karstic
limestone with more or less repetitive features through-
out the surveyed area. For that reason, very low numbers
of boreholes were needed for a successful calibration.

GSSI RADAN 6.6 software was used for the processing of
the ground-penetrating radar profiles. The processing flow
used included a zero time correction, an infinite impulse
response filter (band-pass filter for removing high and low
frequencies), stacking, stretching, background removal
and Kirchhoff migration for the geometry correction and
the time-depth conversion. A topographic correction was
not applied to any of the acquired profiles because the
surveyed area was almost perfectly horizontal. Accord-

ing to Lehman and Green [11], topographic corrections
should be considered in regions with surface gradients that
are greater than 10% or the slope angle is higher than 6°.

B KARSTIC FEATURES REVEALED

During the GPR survey several different karstic and
geological features were revealed. Among them, small
karstic caves, karstification between sedimentary layers,
clayey areas, clay-filled cracks and abysses, water-rinsed
(empty) cracks and several different variations of the
mentioned forms. The main goal of our survey was to find
areas and features that could be potentially hazardous to
the stability of the road structure. The different structures
found and confirmed with test drilling are shown.
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Some examples of different karstic features that were
revealed and tested with experimental drilling are
shown. After several experimental boreholes, the reflec-
tions from the radar signal were better understood.
Anomalies where the first reflections were negative were
determined as cavities and anomalies, and where the
first reflections were positive they were set as clayey and
silty areas. These reflections were combined together
with a knowledge of the geology of the area to map
hazardous areas in each slope cutting.

On the left-hand side of Figure 7, typical anomalies
encountered when doing GPR measurements in karst
are shown. The anomalies represent two fracture

sets oriented at an angle to one another. Because of

the stress—strain dynamics, fractures usually evolve

in almost perpendicular directions (i.e., a conjugate
system). With that and because the fractures are a
medium in which water is moving relatively fast, some
fractures become wider and partly filled with clay. Areas
where both fractures interfere are usually a place where
karstic cavities occur. The middle of Figure 7 shows the
EM polarities (i.e., the reflection coefficient) diagram

of an anomaly where a red vertical line is presented.

The first strongest reflection on the diagram is negative,
which means that the EM wave progressed from a mate-
rial with a higher dielectric constant to a material with a
lower dielectric constant (as in the case of a limestone-
to-air border). The results obtained during the experi-
mental drilling served us as a calibration tool so that

we could be certain that the anomaly in question is a
cavity. On the right-hand side of Figure 7 we combined
the radargram and the 3D anomalies that we obtained
from Radan 6.6. The figure shows the propagation of an
anomaly through the measured raster.

Figure 8 shows another feature common to karst regions
and that is easily identified with GPR prospecting, i.e.,
delineation due to sedimentary layering. Limestone

layers of different thickness are usually karstified on the
contacts. Karstification occurs in different ways. In Figure
8 the first anomaly (the red line and the polarity diagram
with index 1) shows a small cavity on the part of the
sedimentary layer. The dimension of this cavity is small
(smaller than 0.5 m). The polarity diagram with index 2
shows layering with crevasses of small dimensions. All
the peaks in the polar diagram with index 2 start towards
positive, which means that these karstified crevasses
between the layers are filled with clay. A 3D view of such
an example is shown in the lower part of Figure 8.

Left side of upper part (index 1) on Figure 8 represents a
void (cavity) in between layers, the right part (index 2) is
clay filled crevasses between layers. The upper part of the
figure represents 2D radargram, the lower a 3D view of
the measured raster.

Figure 9 shows a typical cavity signature with negative
polarity when the signal crosses from the higher to the
lower conductive layer. Strong and parallel horizontal
reflections indicate the presence of homogenous media
(air) with dimensions of approximately 1 x 1.5 m.

Other karstic and geological features can be seen in
Figure 10. The left part of the picture shows an unfiltered
(un-migrated) radargram with drafted features in it,
while the right part of the figure shows filtered data with
the time-depth migration of the same area. The karstic
cave is seen in both radargrams with the corresponding
scan (red vertical line) showing where the polarity of the
reflection is negative. The radargram shows a fairly large
upside-down funnel-shaped region with many strong
horizontal reflections that start with a negative polar-
ity. The experimental drilling showed that the cavities
found in the researched area are usually partially filled
with clay. The right part of Figure 10 shows migrated
(corrected time depth and geometry) data in which

we could assess the anomaly’s dimensions. At a depth

- M (16.0.6.00) (18.0,6.00) (20.0.6.00) (22.0.6.00) (24.0, 050 0.0 0.50 1.00 m
= | | | | | I | | | I | I |
0.0 - = =i 0.0
1.00 = = <
= = = == =
= R — ==
2.00 = === ’% 2.0
= E’E—_-“r‘— = =
3.00_: jgg? - =
il e 4.0
400> =
5.00 =
—= 6.0
= = —
6.00 = = -
= Ly = =

Figure 7. Conjugated system of fractures in limestone with small karstic cavity.
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Figure 9. Reflections from a karstic cave of small dimensions

at a depth of about 3 meters below the surface.

of approximately 2.2 meters a horizontal anomaly is
seen where the water table was recorded (WT). The
vertical band on the left side of Figure 10, where strong
anomalies occur (electric cable), is due to the ringing
effect when the radar signal passes through a highly
conductive medium, i.e., an electric cable. The signal
gets trapped between two reflectors and is multiplied in
the way seen on Figure 10.

Figure 11 shows a strong anomaly where the GPR signal
passes from the dry upper gravelly embankment mate-
rial to the wet karstic clay. This anomaly was confirmed
with an on-site excavation to assess the potential danger
to the road construction.

3

=

|~ 20) (20.0.10.00) (22.0.10.00) (24.0.10.00) {26.0.10.0¢ - ] (20.0.I23.00) (22-0.I23-00) [24-0,%'3-00] (26-0,|23-00] 95 9 0% 1o
K J| | | | | - . (N | 0 1 T
0.0 - — 0.0 - {
1.00 = acture 1.00 = ?
= —T e :
- WT = )
200 - : 2.00 =
e = m =,
= = o =
3.00 - a 3.00 —
= = i
4.00 — 2 ol 4.00 —
== - =
500 — ~ o 500 —
6.00 — 6.00 = %

Figure 10. Several karstic and geological features acquired with ground-penetrating radar in the subsurface.
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Figure 11. Wet karstic clay reflections.

6 CONCLUSIONS

Ground-penetrating radar proved to be a very effec-
tive method for determining the karstic features and
other geological phenomena that could undermine the
stability of a construction. Nevertheless, a great deal

of effort should be made to effectively choose the right
equipment and raster for the desired job. The antenna-
resolution relation with the electrical properties of the
subsurface should be closely studied in order to get the
desired results. Also, the distribution of the GPR profiles
in the measured raster is very important to effectively
map the progression of potentially hazardous karstic
features in space.

Initially, the survey was started on a very dense raster
(Im between 2D profiles), which was very expensive
and time consuming (three hours to record 60 meters of
length). After several areas were studied and a study was
made using several different distances between the GPR
lines, a conclusion was made to increase the distance
between the radargrams from 1 meter to 2 meters. This
was the optimum distance for a given geology in order
to retain the needed resolution and be time effective.
Ultimately, the 3D model for each slope cutting was
constructed from 2D lines which were geo-referenced to
show the GPR anomaly distribution in space.

As GPR is a contrast method of different reflections
between the electromagnetically different media, there

is no sure way of knowing that a reflection seen in a
radargram is a consequence of dry clay to wet clay or
from limestone to wet clay. Assumptions for the type

of karstic features below were made on the basis of an
analysis of radargrams, “a priori” geological knowledge
of the surveyed terrain and the geometrical shapes of the
anomalies.

Drilling was conducted twice, first to calibrate the radar-
gram reflections and secondly to check and confirm the
calibration success. Altogether, over 30 boreholes were
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drilled at different previously selected locations. The data
obtained from drilling proved to be very helpful with

a calibration since the anomalies found during drilling
were almost exclusively (over 95%) a result of the propa-
gation of radar waves from limestone to an air void or
limestone to a clay pocket.

Drilling proved to be a very helpful tool for the calibration
of GPR anomalies recorded in 2D radargrams. Over 77 %
of the tested reflections were correctly interpreted as voids
or clay pockets and others were combinations of partly
clay-filled and partly air-filled voids of small dimensions.

GPR has proven to be a very cost-effective and reliable
method for determining karstic features that could
compromise the stability of the road. Taking in consid-
eration that almost 100,000 m? of area was surveyed,

it is also very time effective as it is almost impossible

to survey an area this big with any other field method
(boreholes, DPSH, SPT, etc.) to an accuracy obtained
with GPR. A quick estimate is: in order to get roughly
the same research coverage that a GPR survey offers,
around 700 meters of boreholes should be drilled per 60
meters length of highway lane (60 meters in length x 9
meters width). Taking this into account the price ratio is
around 1:5 to 1:10 for the GPR survey.

While the GPR method is very effective and it is in some
cases possible to accurately predict the type of anomaly,
on the other hand, this is not necessarily true in others
cases, where the presence of changes in EM anomalies
and the GPR reflections in the subsoil can be related

to the variation of other physical properties (porosity,
density, saturation, etc.).

In the presented article GPR prospecting was used
side-by-side with the construction of the road. Even
though in such an approach some logistical and opera-
tional problems occur, it is the most economical way

to research the area. GPR surveying was done together
with experimental drilling and excavations to calibrate
the obtained reflections. With the side-by-side approach
all heavy machinery is available so that experimental
drillings or excavations are easily done and affordable.

Even though GPR is a very efficient method for karst
surveying, there are some restrictions. One of the biggest
restraints is that usually there is a considerable amount
of clay soil, which greatly attenuates the GPR waves.

One other thing that is common to the karstic world

and poses a problem for a successful GPR survey is an
uneven surface. In order for a GPR survey to be success-
tul, all these restrictions have to be closely examined and
studied so that the optimal equipment and measurement
plan can be chosen.
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1zvlecek

Clanek prikazuje numericno formulacijo zdruZenega termo-hidro-mehanskega procesa v nenasiceni nabrekljivi glini, pose-
bej v kompaktnem bentonitu z dodajanjem tekocine v vec fazah. Za model je znacilna prisotnost deformabilne trdne snovi,
napolnjene s tekoco vodo in zrakom. Predpostavlja se, da na pretoka porne vode in zraka vpliva posplosen Darcyjev zakon.

Vpeljane nelinearne parcialne diferencialne enacbe so popolnoma vezane in jih resimo z uporabo Galerkin-ega pristopa

- uteznih ostankov v prostorski domeni in implicitno integracijsko shemo v éasovni domeni. Model smo primerijali z eksperi-
mentalnim preizkusom iz literature, ki vkljucuje preizkus bentonita v laboratorijskih pogojih. Izracunane relativne napake
med eksperimentalnimi in numeri¢nimi rezultati so 3% za temperaturo in 7% za napetosti. Podan numericni model napo-
veduje zadovoljije rezultate glede na rezultate eksperimentalnih meritev. Model lahko uporabimo pri dvodimenzionalnih
problemih z razli¢nimi zaletnimi in robnimi pogoji, v ta model zlahka vkljucimo nelinearne parametre zemljine.

kL jucne Besede

termo-hidro-mehanski proces, nenasicen betonit, kon¢ni element, numeri¢no modeliranje, nabrekljive gline
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The focus of this work is to provide a numerical formulation
for coupled thermo-hydro-mechanical processes in unsatu-
rated expansive clays, especially in compacted bentonite,
with a multiphase fluid flow. The model is characterized

by the presence of a deformable solid matrix filled with

two fluid phases (liquid water and air). In the proposed
model, both pore-water and air transfers are assumed to

be governed by the generalized Darcy’s law. Fully coupled,
nonlinear partial differential equations are established and
then solved by using a Galerkin weighted residual approach
in the space domain and an implicit integrating scheme in
the time domain. The model has been validated against

an experimental test from the literature, which involves
bentonite under laboratory conditions. The calculated rela-
tive errors between the experimental and numerical results
are 3% for the temperature and 7% for the stresses. Conse-
quently, the developed numerical model predicts satisfactory

results, when compared to the experimental test measures.
The model is applicable to two-dimensional problems with
various initial and boundary conditions; non linear soil
parameters can be easily included in this model.

thermo-hydro-mechanical process, unsaturated benton-
ite, finite element, numerical modelling, expansive clays

1 INTRODUCTION

The thermo-hydro-mechanical modelling of a partially
saturated soil considered as a multiphase porous
medium composed of a deformable solid skeleton and
fluid phases filling the pore spaces of the soil is of great
interest in widely different fields of engineering. This
article specifically focuses on unsaturated swelling clays,
which are widely distributed in nature. In agriculture,
water adsorption by the clay determines the ability of
the soils to transport and supply the water and nutrients.
Compacted bentonites play a critical role in various
high-level, nuclear-waste isolation scenarios and in
barriers for commercial landfills [1, 2]. In engineering
and construction the swelling and compaction of clayey
soils induce stresses that are very troublesome in the
foundations and structures of buildings. The engineering
behaviour of unsaturated soil has been the subject of
numerous experimental and theoretical investigations
[3-8].

In recent years, the coupled thermo-hydro-mechanical
behaviour in porous media has been a subject of great
importance in many engineering disciplines. Many
mathematical models in the literature were proposed for
tully saturated conditions [9-12], whereas few numerical
approaches have been reported regarding the partially
saturated porous materials [13-18]. These models are
generally based on typical simplifying assumptions, such
as the rigid soil skeleton (no solid deformation) [19],
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the static gas phase (no gas flow) [14, 16, 17, 20] and
the quasi-static condition [14, 16, 17, 20], which are in
contrast to the physics of the problem in many situa-
tions. A more commonly used formulation consists of a
one-phase flow model where it is assumed that the flow
of gas is negligible, and the gas phase remains constantly
at the ambient external atmospheric pressure through
the partially saturated soil [14-17]. Therefore, the
continuity equation of the gas flow is ignored. Another
problem is that the porosity is often considered as a
constant or a simple function of bulk strain [21, 22].

In the present paper, the above-mentioned simplify-
ing assumptions are excluded from the numerical
model, and a fully coupled formulation is presented to
simulate the behaviour of the partially saturated clays.
In the model, the pore-water and pore-air transfers are
assumed to be governed by the generalized Darcy’s law.
The fully coupled, nonlinear, partial differential equa-
tions are established and then solved by using a Galerkin
weighted residual approach in the space domain and
an implicit integrating scheme in the time domain.

The obtained model was finally validated by means of
some case tests for the prediction of the thermo-hydro-
mechanical behaviour of unsaturated swelling soils.

2 THEORETICAL FORMULATION

In this work a three-phase porous material consisting

of solid, liquid and air requires is considered. A set of
coupled governing differential equations are presented
below to describe the coupled multiphase flow in the
soil. The model is based on combinations of equations
or derivations from conservation principles and the
classical laws of known physical phenomena for coupled
flow. The governing differential equations for pore water
pore air and heat transfer in unsaturated soil are derived
as follows:

2.1 HEAT TRANSFER

Considering heat transfer by means of conduction,
convection and the latent heat of vaporisation effects,
and applying the principle of the conservation of energy,
the following equation is derived:

9 _

Y -vQ @

where ¢ is the heat content of the soil and Q is the total
heat flux, defined as:
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Q=-NVT—(v,p, +v,p,)L

(2)
+(Cplvlpl + vavvpl + vavapv + deavapda )(T -T )

¢=H (T —T )+LnS,p, (3)

where H_is the specific heat capacity of the soil, T'is the
temperature, T, is the reference temperature, L is the
latent heat of vaporization of the soil water, C,,, C,, and
C,, are the specific heat capacities of the soil water, the
soil vapour and the soil dry air, respectively, and A, is the
coefficient of the thermal conductivity of the soil.

Three modes of heat transfer are included: thermal
conduction, sensible heat transfer associated with the
liquid, vapour and air flow and latent heat flow with
vapour.

2.2 MOISTURE TRANSFER

For the moisture transfer, the mass-transfer balance
equation, accommodating both liquid and vapour, can
be expressed as:

d(pnS,;) n dp,n(S, —1))
ot ot

=—p Vv, —p Vv, —p Vv, (4

where # is the porosity, p is the density, S, is the degree
of saturation, t is the time and v is the velocity. The
subscripts /, a and v refer to the liquid, air and water
vapour, respectively.

In this simulation, a generalized Darcy’s law is used to
describe the velocities of the pore water and air:

K
V= ——I(Vul +7,Vz) (5)
Vi
v =—KV|Z|  (6)
Ya

where K, and K, are the hydraulic conductivities of the
liquid and air, respectively, y, is the unit weight of the
liquid, y, is the unit weight of the air, u, is the pore water
pressure, u, is the pore air pressure, z is the elevation
and V is the gradient operator.

The hydraulic conductivities of the water and air
through the soil may be expressed in terms of the satura-
tion degree or water content, as follows:

K] :Kz (Sz) (7)
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K, =K, (Ssn,)  (8)
where 7, is the dynamic viscosity of the air.

The water-vapour density p,, is evaluated from the
thermodynamic assumptions, and when the liquid and
vapour phases are in equilibrium, it can be evaluated
with the following relationship [23]:

p,=pe-h (9)

where h, is the total relative humidity calculated by the
following expression:

h, :exp[u’u“] (10)

RT

1=ty

and p,, is the total saturated water vapour defined as [23]:

0y = [194.4exp<—0.06374(T —273)40.1634.10° (T — 273’ )]71
(11)

where R, is the gas constant for water vapour and T 'is
the temperature.

2.3 PORE AIR MASS TRANSFER

Using Henry’s law to take account of the dissolved air in
the pore water, the following equation is derived for the
dry air phase from the principle of mass conservation:

d[np, (S, + HS))]

o =-V.[p,(v, +Hv)]  (12)

where, H is Henry’s volumetric coefficient of solubility
and p,, is the dry air density.

The dry air density p, can be evaluated from Dalton’s law as:

S )
pa RT va

Rand R are the gas constants for the dry air and the
water vapour respectively, and T is the temperature.

2.4 CONSTITUTIVE STRESS-STRAIN
RELATIONSHIP

For problems in unsaturated swelling porous media the
total strain ¢ is assumed to consist of components due to
the suction, temperature and stress changes. This can be
given in an incremental form as:

de=de, +de, +de; (14)

where the subscripts o, s and T refer to the net stress,
suction and temperature contributions.

The stress-strain relationship can, therefore, be expressed as:
do” = D(de —de, —dg,) (15)

where:

[U/,}:[UX U}/ Uz Txy Tyz sz] (16)

where 0" is the net stress and D is the elastic matrix. A
number of constitutive relationships can be employed, for
example, an elasto-plastic constitutive relationship [24].

2.5 COUPLED EQUATIONS

This leads to a set of coupled, non-linear differential
equations, which can be expressed in terms of the
primary variables T, u;, u, and u of the model as the
energy balance:

ou oT ou ou
Cp—+Cpp—+Cp,—24C,,—=
Tl 81‘ TT 8t Ta 6t Tu 81’ (17)

=V[K,Vu, |+ [K VT|+[K,,Vu, |+,

the mass balance:

Oy, oT Ou Ou
—14C ~——+4C, —*4C, —=
o "ot ot Mot (18)

=VI[K,Vu|+[K,VT]+[K,Vu,]+],

C‘ll

ul%+CaT8_T+Cau 8”” +C‘au%:
ot ot ot ot (19)

= V[Kulvul]+ [Kauvua } + ]a

C

the stress equilibrium:
C,du,+C du, +C, du, +C, du+db=0 (20)

where K;; and C;; represent the corresponding terms of
the governing equations (4, j =1, T, a, u)

3 DISCRETIZATION TECHNIQUES

The numerical solution of the theoretical models
commonly used in geo-environmental problems is often
achieved by a combination of numerical discretization
techniques. For the example presented in this paper,

the finite-element method was employed for the spatial
discretization and a finite-difference time-stepping
scheme for temporal discretihzation.
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In particular, the Galerkin weighted residual method
[25] is used to formulate the finite-element discretiza-
tion. An implicit, mid-interval backward difference
algorithm is implemented to achieve the temporal
discretization, since it has been found to provide a stable
solution for highly non-linear problems [26]. With the
appropriate initial and boundary conditions, the set of
typically non-linear coupled partial differential equa-
tions can be solved.

Applying a Galerkin formulation for the finite-element
method we obtain a system of matrix equations, as follows:

[K{p}+H[CHpt+{JF=0  (21)

where
KTT KT! KTa O CTT CTZ CTa CTu
KIT KII Klu 0 ClT Cll Cla Clu
Kl|= =
[ } 0 Kal Kaa 0 ’ [C] CaT CuL Cau Cau (22)
0 0 0 0 c, ¢, ¢, C,
r
{ap}:(T U, u, u) ,
(= [dT du, du, du ]T
dt dt dt dt) (23)

n=0, 1 7. 1)

To solve equation (21), a general form of fully implicit,
mid-interval, backward difference, time-stepping
algorithm is used to discretise the governing equation
temporally. Therefore, equation (21) can be rewritten as:

K(cp")[l —9}{90"“}—1— 9{(,0"}4-
) .
At

ey +(e")={0)

where (") is the level of time at which the matrices K,
C and J are to be evaluated and is given by:

(¢")=wl{e}+a-w{e'} @9

where w is the integration factor, which defines the required
time interval (w €[0,1]) and 6 =0, 0.5, 1 for the backward,
central and forward difference schemes, respectively.

For a mid-interval backward difference scheme, w = 0.5
and 0 = 0. Therefore, equation (24) reduces to:

X {w}; s

{e"}+{e"} | {e = {e"}
2 At

(26)

+C = {0}

+]

{e""}+{e"}
2
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Eq. (26) can be rewritten as:

n+05 [ n+l n+0.5 {90"“ } B {(p" } nt05
KM 0 e | T = {0y @7)
A solution for {<p"“} can be obtained, provided the

matrices K, C and J at the time interval (n + 0.5) can be
determined. This is achieved by the use of a predictor-
corrector iterative solution procedure.

4L APPLICATIONS AND RESULTS

4.1 EXAMPLE 1

4.1.1 PROBLEM DEFINITION

The following example is investigated to demonstrate
the swelling pressure calculation by using the back
hydro-mechanical model. The simulation begins with an
isothermal two-phase flow coupled with deformation.

A free extension is allowed at the first stage to calculate
the free-extension displacement on the boundary. The
geometric set-up and boundary conditions are as shown
in Fig. 1. The example is a compacted bentonite block,
0.025 m in length and 0.024 m in height. The element
discretization is Ax =0.00125m and Ay =0.00124m ,
eight noded composed elements. The initial conditions
of the system are: atmospheric air pressure and liquid
saturation S, = 0.357. A water solution enters the sample
from the bottom under a pressure described by the
curve in Fig. 2. The corresponding part on the boundary
is fully saturated.

y
? 0.025 m |
D S G B A S S S
IC :
S,=0.357
u,=1.01e5Pha
E
-+
(o)
=
>
0 I =X

Water intrusion

Figure 1. Model set-up of the example.
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Figure 2. Curve of the liquid pressure on the boundary.

The material properties for this example are based on

data in the literature [27, 28] and summarized in table
1. The deformation under free extension conditions is
assumed to be non-linear elastic.

Table 1. Porous medium properties [27, 28].

Symbols Functions and constants Units
P 1000 kg/m?
Py 1.26 kg/m?3
Py 1600 kg/m?3
S, 1-0.85[1—exp(—1.20x107" (u, — )

U 1.20x107° Pas
Uy 1.80x107° Pas
1.2x107"

K (1+13x107™ (, — )17 m/s
K 1.3x10 " Lafe(1-5,)[” /s

a I8
n 0.37
Sy 31.80 m?/g
E 3.5 MPa
% 0.3
T 293 °K

4.1.2 RESULTS AND DISCUSSION

The simulation results of the free extension processes after

5.8x10°s (6.7 days) are shown in Fig. 3 and Fig. 4. With
the intrusion of water from the bottom, the saturation
process starts. This phenomenon can clearly be seen
from the saturation evolution profile along the vertical
symmetric axis (Fig. 3). At the early stage, the value of the

002
0.015

0.01

0.005

Vertical symmetric axis [m]

o L
0 01 02 03 04 05 06 07 08 09 1
Liquid saturation -1

Figure 3. Computed profiles of liquid saturation along the
vertical symmetric axis.

liquid saturation increases quite quickly. After 4.9x10°s
(5.7 days) the liquid pressure on the bottom sinks at
5.0x10°s (5.8 days) and reaches zero. Because of the low
permeability of the bentonite, the liquid pressure at the
centre of the specimen sinks more slowly, which results in
the higher-pressure region in the specimen after 6.7 days,
as shown in Fig. 4 (a).

1.533E+06
1.104E+06
2.445E+05
-1.851E+05
-6.147E+05

-1.044E+06
el 0.015 -1.474E+06
= -1.904E+06

>
0.01
0.005
0
L L B
a) 0 0.01 0.02
X(m)

9.651E-01
9.302E-01
8.953E-01
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Figure 4. Simulation results of the free extension process a) Distri-
bution of liquid pressure, b) Distribution of liquid saturation
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With the intrusion of water, the sample begins to
expand. After 6.7 days, the shape of the specimen should
be as shown in fig. 5. The maximum width of the speci-
men increases by about 20% (Fig. 5). In this example, the
experimental data from free swelling tests for compacted
bentonites were used [27].
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0.015 0.7557
0.7208
) -] 0.6889
=
0.01
0.005}=

) I SRS SN .

0 0.01 0.02
X(m)

Figure 5. Simulated shape of the sample, and distribution of
the liquid saturation for the material at ¢ = 5.8x10° s.

4.2 EXAMPLE 2

4.2.1 PROBLEM DEFINITION

The model was verified through simulating a test
problem of bentonite tested in laboratory conditions
[29]. The compacted bentonite is planned to be used

to limit the flow velocity of groundwater in the near
field of a geological repository for radioactive waste.
The sample of bentonite has a height of 203 mm. To
minimize the heat losses, the cell was insulated with a
heat-proof envelope. Heat was applied at the bottom
plate of the cylinder, while the temperature at the other
end was kept constant and equal to 20 °C. A maximum
temperature of 150 °C was applied. A constant water
pressure was applies to the end opposite the end where
the temperature variation was prescribed. Constant
volume conditions were ensured in the test. The main
variables that were measured during the test include
the temperature, the relative humidity and the total
axial stress. The model geometry is the same as the
sample with a height equal to 203 mm. The temperature
variation at the bottom end of the model is as specified
during the test; it was raised in steps until it reached 150
°C. The temperature at the top end of the specimen was
kept constant at 20 °C. The other surfaces are adiabatic.
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According to the test procedure, the hydraulic boundary
condition is impermeable for all surfaces of the model.
The gas pressure is equal to the atmospheric pressure.
The initial value of the porosity is 0.3242, the initial
temperature is 20 °C, the initial gas pressure is 0.10132
MPa and the initial stress of the sample is 0.5 MPa. The
initial values were obtained according to the measured
data from experiments [28].

According to the measured data from the bentonite [29,
30, 31], the intrinsic permeability is 1.0E-21 m? and the
specific heat capacity of the solids is 920 J/Kg.

4.2.2 RESULTS AND DISCUSSION

Fig. 6 shows a comparison between the measured
temperatures as a function of time. At the bottom end of
the sample, the measured and simulated temperatures
agree well. At the top end of the sample, the simulation
underestimates the temperature slightly at the initial
heating stage, but trends generally agree well.

In this validation example, the calculated relative error
percentage with respect to the temperature is 3%.

The good agreement between the simulated and
measured temperature indicates that the model can
simulate the thermal response of processes having high
temperature gradients. The numerical simulation shows
that the thermal conductivity of bentonite, treated as

a multiphase material, plays an important role in the
thermal response of the whole medium. The numerical
results can be further improved if the effects of the mate-
rial heterogeneity can be quantified during testing.

The simulated results of the vapour pressure are shown
in Fig. 7. Although there are no measured results with
which to compare, it shows that the variation of the
vapour pressures is realistic.

The evolution of the axial stress was also reasonably

well simulated (Fig. 8), in the trend, and the obtained
relative error percentage is 7% for this validation. The
numerical calculation shows that the results of stress
strongly depend on the constitutive relationship between
stress and strain. A more comprehensive development
of the material properties is needed to further improve
the numerical capability of the code. Complex boundary
conditions for further work.
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Figure 7. The simulated results of vapour pressure.
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5 CONCLUSION

A coupled thermo-hydro-mechanical model for a
description of the behaviour of swelling porous media
has been presented in this paper. A set of fully coupled,
nonlinear, partial differential equations was established
and then solved by using a Galerkin weighted residual
approach in the space domain and using an implicit inte-
grating scheme in the time domain. A range of simulation
results was presented, detailing with the hydraulic and
thermal behaviour of the expansive soil. The simulation
results were compared with the experimentally measured
results and it was shown that a good correlation was
found in the hydraulic regime and a reasonable correla-
tion in the thermal field. The results of the validations
indicate that the model is general and suitable for the
analyses of many different problems in unsaturated soils.
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1zvlecek

Kljub slabi nosilnosti mehkih glinastih tal smo zaradi ekonomskih, vojaskih ali geoloskih pogojev prisiljeni graditi na taksnih
tleh, zato za ucvrstitev tal in izboljsanje nosilnosti uporabljamo geosintetiko. Za izboljsanje nosilnosti kompozitnih plasti na
cestah namestimo geosintetiko na vmesno ploskev med zrnastim materialom in mehkimi tlemi. V prejsnjih raziskavah smo
s poskusnimi in analiticnimi metodami preucevali obnasanje ene plasti tal, ki je bila ucvrscena z razlicnimi tipi geosintetike,
ter razvili nekatere numericne modele. V tem prispevku podajamo rezultate raziskav odziva dveh plasti tal (zrnato osnovo
in glineno plast), ki sta ucvrséeni z geosintetiko.

Testi strizne trdnosti so izvedeni na nearmiranih in armiranih vzorcih z razlicnimi geosintetikami. Rezultati kaZejo, da
lahko vkljucevanje teh materialov poveca ali zmanjsa parametre natezne trdnosti vimesne ploskve med dvema plastema tal,
odvisno od znacilnosti geosintetike. Iz tega vidimo, da so tla, u¢vrscena z geosintetiko v spodnjih osnovnih plasteh cest tako
obcutljiva na znacilnosti geosintetike, da bodo delovala bolje kot neucvréena in da se bo posledicno izboljSala nosilnost teme-
ljev samo, ¢e uporabimo primerno geosintetiko. Geo-mreza je veliko bolj u¢inkovita za ucvrstitev pri vecjem vertikalnem
pritisku. Tudi povecanje relativne gostote glinenih spodnjih plasti pozitivno ucinkuje na geo-mrezo.

kL jucne Besede

strizna trdnost, geosintetika, direktni strizni test, mehka glina, tamponska plast
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Due to the low bearing capacity of soft clayey soils in places
that because of economic, military or geological conditions
we are oblige to build a structure on, geosynthetics will be
used to reinforce the soil and improve its bearing capacity.
Particularly, A good example is roadways, where geosynthe-
tics are placed between the interface of the granular materials
and the soft-soil sub-grade to improve the bearing capacity

of the composite layers. In previous research the behavior of
one-layer soils that were reinforced with different kinds of
geosynthetics were studied by experimental and analytical
methods and some numerical models have been developed. In
this paper the behavior of two-layer soils (granular base and
clayey sub-grade) that were reinforced with some geosynthe-
tics are investigated. Large-scale direct shear tests were perfor-
med on unreinforced and reinforced samples with different
geosynthetics. The results show that depending on the charac-
teristics of the geosynthetics, the inclusion of these materials
may increase or decrease the shear strength parameters of the
interface of two-layered soils. It implies that the geosynthetic-
-reinforced soils in the sub-base layer of roads are so sensitive
to the characteristics of geosynthetics and will perform better
than non-reinforced soils and consequently the load-carrying
capacity of the basement will improve only if the appropriate
geosynthetics are used. However, geogrid shows more reinfor-
cement efficiency under higher vertical stresses. Increasing the
relative density of the clayey sub-grade would also cause the
geogrid reinforcement to be more effective.

Keywords

shear strength, geosynthetic, large scale direct shear test,
soft clay, subgrade

1 INTRODUCTION

In places which, because of the economic, military or
geological conditions, building a structure on such soils is
essential, geosynthetics will be used to reinforce the soil
and improve the bearing capacity. Different investigations
have been performed to study the interaction of soils/
geosynthetics in recent years. Abu-Farsakh et al. (2007)
studied the behavior of a large modeled foundation,
placed on reinforced soil. Feng et al. (2008) calculated
the ultimate strength of red clay, reinforced by geogrid,
using a pull-out test. Williams and Okine (2007) used a
CBR test to study the effects of some kinds of geogrids
on granular base soil. However, an understanding of the
soil/geosynthetic interface’s shear strength is essential

to the design and stability analysis of geosynthetically
reinforced soil structures. For example, an interface

with a stronger shearing resistance in a geosynthetically
lined slope can reduce the tensile forces mobilized in the
geosynthetics, as well as increase the slope inclination
(Liu and Gilbert, 2003; Palmeira and Viana, 2003). The
shear strength of the soil/geosynthetic interface is also
essential for a numerical simulation of the behavior

of the sub-grade and base layers of roads. Though the
shear strength of the soil/geosynthetic interface has been
investigated by conducting other tests, such as tilt-table
tests (Wu et al., 2008), the direct shear test is still the
most common testing method. For example, direct shear
tests involving the interfaces between soil and a geotextile
have been performed by Richards and Scott (1985), Lee
and Manjunath (2000), Mahmood et al. (2000), and
Bergado et al. (2006). Studies involving the interfaces
between soil and geogrid include Jarret and Bathurst
(1985), Cancelli et al. (1992), Bauer and Zhao (1993),
Cazzuffi et al. (1993), Bakeer et al. (1998), Abu-Farsakh
and Coronel (2006) and Mostafa A. El Sawwaf (2006).
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However, the scale effect of the shear box has always
been an important parameter in these investigations.
Ingold (1982) conducts laboratory direct-shear tests

of the soil/geotextile interface by using different sizes

of shear boxes. He concluded that the friction angle
obtained from a 60 mm x 60 mm shear area was 2-3°
higher than that obtained from a 300 mm x 300 mm
shear area. Liu et al. (2008) investigated the effect of a
special kind of geogrid on some kinds of soils by using

a large-scale direct-shear test. Abu-Farsakh et al. (2007)
used a large-scale direct-shear test to study the effect of
moisture and dry density on the interaction between the
soil and the geosynthetics. Cindric et al. (2006) inves-
tigated the effects of a geogrid on the elastic and shear
moduli of soils. O’Kelly and Naughton (2007) performed
some large-scale direct-shear tests to investigate the
behavior of a new kind of geogrid, which has the capa-
bility of drainage and presented some graphs. Liu et al.
(2008) studied the behavior of soil/PET-yarn geogrid
interfaces by using large-scale direct-shear tests. Jesmani
et al. (2010) conducted some undrained direct-shear
tests to study the effect of plasticity index and normal
stress on the shear behavior and the shear modulus of
remolded clays.

Almost all previous investigations have studied the
behavior of geosynthetics in a one-layered soil. Although
several investigations were performed in order to find
the best depth for embedding the geosynthetics, there
have been very limited investigations on the interac-
tions of two-layered soils and geosynthetics. Zhou and
Wen (2006) studied a model of sand soil, placed on soft
clay that was reinforced by a geogrid, using a compres-
sion test. Kazimierowicz-Frankowska (2007) studied

the effect of reinforcement on the load-settlement
characteristics of a two-layer subgrade. Sireesh et al.
(2008) investigated the bearing capacity of circular
footing on a geocell-sand mattress overlying a clay bed.
Anubhav and Basudhar (2010) conducted experiments
in a direct-shear test apparatus to study the shear force-
displacement behavior at the soil-geotextile interface
using two differently textured woven geotextiles. A non-
linear constitutive model was presented for predicting
both the pre-peak and the post-peak interface behavior.
The predictions made with the developed model were
found to be in good agreement with the experimental
data obtained from direct shear tests. Palmeira (2009)
discussed some experimental, theoretical and numerical
methods for the study and evaluation of the interaction
between soils and geosynthetics, with particular refer-
ence to the applications of these materials in soil rein-
forcement. The main advantages and limitations of some
traditional experimental and theoretical methods for the
study of soil-geosynthetic interactions were presented
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and new applications of these methods were addressed;
and the need for improvements in the experimental

and theoretical techniques for a better understanding of
soil-geosynthetic interactions was highlighted.

In this paper, due to the importance of the shear-
strength characteristics of reinforced soils, the effects of
reinforcing a two-layer soil with geosynthetics on the
shear-strength parameters of the interface of two soils
were investigated by conducting a series of large-scale
direct-shear tests.

2 TEST APPARATUS

The size of the shearing device can influence the direct-
shear test results. Generally, the boundary effect and
device friction are more significant for a smaller shear
box. Ingold (1982) conducted laboratory direct-shear
tests of the soil/geotextile interface by using different
sizes of shear boxes. He concluded that the friction angle
obtained from a 60 mm x 60 mm shear area was 2-3°
higher than that obtained from a 300 mm x 300 mm
shear area. The dimension of the shear box, as regulated
by ASTM D5321 (ASTM 2002), with minimum dimen-
sions of five times the maximum opening size (in plan)
of the geosynthetic being tested , should be used in the
direct shear test of the geosynthetic/soil interface. It also
mentioned that the depth of each container that contains
the soil must be a minimum of 50 mm or six times the
maximum particle size of the coarser soil being tested,
whichever is greater. In this study a large-scale direct-
shear device was used, which has length, width, and
thickness of 150mm x 150mm x 100mm. The move-
ment of the upper shear box in the horizontal direction
is controlled by a set of gears that are mobilized by an
electric motor. The vertical loading applied by a hydrau-
lic jack is transferred through the rigid reaction frame
and adds on a rigid load plate that is placed on top of the
soils in the upper shear box. The normal load is constant
during the test, satisfying the requirement regulated by
ASTM D5321 (ASTM 2002).

A rigid plate is conventionally used as the loading plate
in direct-shear tests (for example, Bakeer et al., 1998; Lee
and Manjunath, 2000). The system is capable of applying
a vertical force and a shear force of up to 50 kN. Fig. 1
shows a frontal view of the large-scale direct-shear
device used in this study. The vertical force applied on
the rigid plate and its vertical displacement are measured
during the tests. The horizontal movement of the upper
shear box and the shear force exerted during the shear-
ing testing are also recorded. These data are collected by
using two load cells and two linear variable displacement
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Figure 1. Large-scale direct-shear device (Imam Khomeini
International University).

transformers (LVDT). The capacity for both load cells
is 50kN. The capacities for the vertical and horizontal
LVDT are 50 mm and 100 mm, respectively.

3 TEST MATERIAL

The tests herein use two soils, including a clay soil and a
granular soil that has been grained in a manner that satis-
fies the suggestion of AASHTTO M147 for the sub-base
soil of roads. In order to obtain comparable results with
practical projects, the clay soil was chosen from Varamin
region, Iran, where a railroad project was under construc-
tion. Table 1 lists the physical characteristics of each soil,
while Fig. 2 shows their grain-size distribution curves. It
should be noted that in this figure the upper and lower
limit means the maximum and minimum grain size that
the AASHTO M147 suggested. The granular soil is clas-
sified as SW according to the Unified Soil Classification
System (USCS). The dry unit weight for the granular soil
sample was 21.33 kN/m?. The clay soil is classified as CL
according to Unified Soil Classification System (USCS)

Table 1. Soil Characteristics.

Property D,,(mm) D,;;(mm) Dy (mm) Coeflicientof Coefficient Liquidlimit Plastic limit USCS symbol
uniformity  of curvature
Sand 0.12 1.20 5.15 42.92 2.33 - - SW
Clay - - - - - 32 19 CL
100 \ — — =
90 N
%0 \ A\ —s—Upper limit of AASHTOM 147
\ \ ——Grained zand
70 ——-Lower limit of AASHTOM 147
5 \ \\ ——Clay
o 60
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Figure 2. Grain-size distribution curves of soils.
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Table 2. Geosynthetic characteristics.

Geosynthetic Material Aperture size (mm) Weight Tensile strength-MD Tensile strength-CD
(g/m?) (kN/m) (kN/m)
Polyethylene
GG (HDPE) 10 x 10 700 7.6 7.6
GT-NW Polyester 0.062 300 8 11.1
GT-W Yarns polyester - 2286 100 10

and its dry unit weight was 19.20 kN/m?3. Both soils were
prepared in a relative density (R) of 90% of the maximum
density with the optimum water content (16.0% for clay
and 9.0% for sand), which has been calculated according
to B-method of AASHTO T180. The maximum sand
sizes were smaller than 9.5 mm. This satisfies the general
requirement that the ratio of the minimum size of the
shear box to the maximum size of the soil particle is
greater than 6. Research on the interface of geosynthetic
and cohesive materials is becoming popular (for example,
Fourie and Fabian, 1987; Abu-Farsakh and Coronel,
2006). The rationale behind the application of a cohesive
material is that of an economic concern.

This study uses two geotextile and one geogrid, and

they are denoted as GT-NW (Non-Woven Geotextiles),
GT-W (Woven Geotextiles) and GG (Geogrids), respec-
tively (Fig. 3). The woven geotextile has a tensile strength
in one direction, but the non-woven one has in it two
directions. Table 2 lists the physical characteristics of
these geosynthetics.

4L TEST PROCEDURES

The soil used for the large-scale direct-shear testing
program is dried in an oven and after wetting to the
optimum water content, compacted to the target unit
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weight within the shear box. Each soil is compacted

in three layers. The compaction of the sand and clay

is conducted by using a manual plastic hammer to hit
the steel plate, which was placed on top of the soil until
reaching the target unit weight. The geosynthetic is posi-
tioned on top of the lower shear box and at the interface
of the sand and clay soils. These tests are conducted
using normal stresses of 44, 96, and 192 kPa, which
represent the normal stresses that different vehicles may
apply to a sub-grade layer of roads. The normal loading
is applied on the specimen and the vertical deformation
of the test specimen is then monitored. Shear loading

is not applied until the vertical deformation reaches its
equilibrium. According to ASTM D5321, a shear rate of
1 mm/min is used in this test program in order to satisfy
the undrained failure condition. However, it should be
noted that undrained conditions cannot be guaranteed
in direct shear tests. But for the purpose of this research,
the suggestion of the ASTM standard would be precise
enough.

The test stops when the shear displacement reaches
about 30 mm, i.e., about 20% of the shear strain. The
maximum shear strength during the shear process is
recorded as the peak shear strength. The direct-shear
tests for the soil-soil interfaces and the soil-geosynthetic
were conducted under the same normal loading and
same testing procedures for the sake of the comparison.

c)ri

Figure 3. Geosynthetic specimens a) Geogrid, b) Non-Woven Geotextile, c) Woven Geotextile.
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Figure 4. Choosing different water contents of the clay soil.

Tests with various clay relative densities (75%, 85% and
90%) and different clay moisture contents (12%, 16%
and 20%) were also performed to investigate the effects
of the sub-grade relative density and water content. To
make the test results comparable, the moisture contents
were chosen based on the compaction curve of the clay
soil to obtain the same density in both 12% and 20%
water contents (Fig. 4).

Richards and Scott (1985) concluded that the test using
a large solid block as the lower shear box is the best

at replicating the testing results of the soil/geotextile
interface. Jewell (1996) stated that the geotextile and
geomembrane can be tested with a solid block or soil in
the lower part of the shear box, while the geogrid must
be tested by a device in which both parts of the shear
test device have to be filled with soil. The set-up of the
direct shearing device is not strictly regulated by testing
standards. For example, only the minimum size of the
shearing box is stated explicitly in ASTM D5321 for the
direct shear test of the soil-geosynthetic interface. Few

research studies focus on the appropriate setup of direct-
shear testing device for the soil/geogrid interface. For
example, the difference in the measured shear strength
when using different sizes of a lower shear box has not
been discussed. Liu et al. (2009) tested three different
set-ups of a lower shearing box. The effects of different
set-ups on the test results were evaluated by comparing
the direct-shear test results using different set-ups of the
lower shear box. The set-ups included: a box with the
same size that was filled with soil, a box with a larger
size filled with soil, and a larger lower shear box filled
with a solid block (Liu et al., 2009). It was observed

that among these set-ups, a box with the same size that
was filled with soil produces the greatest interface shear
strength. For conducting the direct shear test against the
geosynthetic interface in the soil, the sizes of the upper
and lower shear boxes should be same and they must

be filled with the necessary soil. Therefore, in this study,
all of the tests were performed in manner such that the
sizes of the upper and lower shear boxes were the same
and they were filled with the necessary soils (Fig. 5).

15 cm y

"I"(////////

10 cm

V
e

,// Sand

g 2P /' /
// ///// //, //// // o

Clay

\

Figure 5. Set-up of upper and lower shear box.
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H RESULTS AND DISCUSSIONS

The results of the large direct-shear tests are presented in
this section in terms of the shear behavior for different
soil/geosynthetic interfaces.

5.1 SHEAR BEHAVIOR OF THE SOIL/
GEOSYNTHETIC INTERFACE AT
OPTIMUM WATER CONTENT AND
R=90%

To discuss the stress—strain behavior of the soil/geosyn-
thetic interface, the results of the direct-shear tests for
samples with a relative density of 90% and optimum
water content are presented in Fig. 6. The results of the
vertical deformation versus the shear displacement for
these samples are shown in Fig. 7.

The results show that there is no well-defined peak
shear strength observed for the soil/geosynthetic
interface in higher normal stresses. In general, a yield
shear stress is reached at a small shear displacement
(usually less than 15 mm). The shear stress of the soil/
geosynthetic interface became constant after a displace-
ment of about 15 mm. It is clear that the geogrid causes
the soils to show more shear strength than the two
other geotextiles. However, these differences become
smaller when increasing the normal stress. Calculating
the values of the cohesion (c) and the internal friction
angle (¢) for the geogrid-reinforced soil reveals that ¢
would decrease by 22% and ¢ would increase by 13%
relative to the non-reinforced two-layer soil. Similar
calculations for woven and non-woven geotextiles
show 31% and 81% decreases for the cohesion and a
5% decrease and a 3% increase for the internal friction
angle, respectively.

As is clear from Fig. 7, during the initial stage, when
the shear displacement is small, the geosynthetics-
reinforced soil undergoes a vertical contraction.
Following the contraction, the vertical deformation
behavior then depends on the geosynthetic type. The
contraction would become constant for soils reinforced
by non-woven geotextile and would decrease for other
reinforced soils, especially for geogrid-reinforced soils.

5.2 PEAK SHEAR STRENGTH OF SOILS
AND SOIL/GEOSYNTHETIC INTER-
FACES AT THE OPTIMUM WATER
CONTENT AND R=90%

Fig. 8 shows the peak shear strength for soils and the
soil/geosynthetic interface. The results show an apparent
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Figure 6. Stress—strain behavior of the soil/geosynthetic inter-
face under different normal loading (R=90%, w=16%),
a) 0=44 kPa, b) 0=96 kPa, c) 0=192 kPa.

cohesion in these peak shear strengths. Possible explana-
tions are in the non-linear relationship of the shear stress
and in the machine friction under this stress level. The
interface shear strength of the soil against the geotextile
is significantly lower than the internal shear strength of
the corresponding soils.
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Figure 8. Peak shear strength versus normal stress for the soil/
geosynthetic interface (R=90%).

It is observed that under different normal stresses, the
shear strength of the soil-geogrid interface is always
higher than that of soil-geotextile interface. Alfaro et al.
(1995) and Tatlisoz et al. (1998) stated that the direct-
shear resistance of the soil/geogrid interface is composed
of the soil-to-geosynthetic shear resistance and the soil-
to-soil shear resistance within the geogrid openings. As
presented in Fig. 8, the internal geogrid reinforced soil
shear strength is higher than the interface shear strength
of the soil against the geotextile, and therefore this
increase in the shear strength is mainly attributed to the
interlocking of soil particles that penetrate through the
geogrid apertures. This conclusion is in agreement with
the presented results of Liu et al. (2009).

H.3 EFFECT OF DENSITY ON THE SHEAR
STRENGTH OF SOIL/GEOSYNTHETIC
INTERFACES

To investigate the effect of sub-grade soil density, samples
with different clay densities (75%, 85% and 90%) were
prepared. However, in order to avoid clay settlement and
consequently changing the shear plane due to placing a
sand layer in upper box, in samples with a clay relative
density other that 90%, clay soil was placed in upper box
of the shear apparatus and sand with a relative density
equal to 90% placed in the lower box. Fig. 9(a) shows
the failure envelopes of non-reinforced and reinforced
samples with R=75% for the clay layer, as an example.

It is clear that the geogrid is the only geosynthetic that
increases the shear strength of the samples. Similar
envelopes in R=90% are presented in Fig. 9(b). Compar-
ing these two figures reveals that the reinforcing effect of
the geogrid is more significant in a lower relative density
of the sub-grade soil. However, specimens with a higher
relative density of clay soil show a higher shear strength.

5.4 EFFECT OF WATER CONTENT ON
SHEAR STRENGTH OF SOIL/
GEOSYNTHETIC INTERFACES

Samples with different water contents (12% and 20%) for
the clay layer, in addition to the optimum water content
(16%), were prepared and tested in order to study the
effect of the moisture content of the sub-grade soil on
the shear strength of reinforced roads at the interface

of the sub-grade and base layers. Values of the water
content chosen in a manner to let us investigate just the
effect of the water content with all the other parameters,
including the dry density (y), kept constant (Fig. 4).

The behavior of the non-reinforced and the reinforced
samples at different water contents and a relative density
of R=90% are shown in Fig. 10.
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Figure 9. Failure envelopes of non-reinforced and reinforced
soil samples with the optimum water content, a) R=75%,
b) R=90%.

It is clear that the samples with w=20% for the clay layer
show a higher shear strength at the interface of two
layers; and the samples reinforced by the geogrid reveal
a higher shear strength in comparison to the geotextiles,
which could be up to a 9% increase in the internal fric-
tion angle relative to the non-reinforced two-layer soil.
However, the reinforcing effect of the geosynthetics is
negligible and has almost the same procedure in both
water contents.

Figs. 9 and 10 reveal that the geogrid is the best geosyn-
thetic that can be used to improve the shear-strength
parameters of the two-layer soils. Both geotextiles
decrease the shear-strength characteristics of the inter-
face plane of two soils, which probably is because of the
lack of apertures in the geotextile and consequently the
lack of interlocking between the two soils.

H.H EFFICIENCY OF REINFORCEMENT

The efficiency of all the geosynthetics for reinforcing the
two-layer soils was evaluated using equation (1).

n= Treinforced / Tunreinforced (1)
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Figure 10. Failure envelopes of non-reinforced and reinforced
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Calculating the efficiency of the reinforcement () for

all the geosynthetics in various water contents and
different relative densities shows that in samples with a
relative density equal to 90%, with respect to the amount
of water content, by increasing the normal stress, the
efficiency of the reinforcement would increase (Fig. 11).
However, at R=75%, increasing the normal stress would
cause a decrease in the efficiency of the reinforcement.

It is clear that the geogrid has the higher efficiency in all
conditions.

56 COEFFICIENT OF INTERACTION

The frictional resistance obtained from the direct-shear
test on soil-geogrid specimens is a combination of the
soil-to-reinforcement interface friction and the soil-
to-soil shear resistance at the geogrid openings (Abu-
Farsakh et al., 2007). Bergado et al. (1993) suggested the
following equation to calculate the frictional resistance
force at the soil-geogrid interface:

P =Alayc,+ (1-ay) c] + Ao, [ tan § + (1- ) tan ]

)
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Where

P_ = direct shear resistance;

A = total shear area of the samples;

a;, = ratio of the reinforcement shear area to the total
shear area;

¢, = soil-geogrid adhesion;

¢ = soil-soil cohesion;

o, = normal stress at the shear plane;

& = soil-geosynthetic interface friction angle;

¢ = frictional angle of soil-to-soil from direct shear test.

Eq. (2) can be divided into two parts: the soil-to-geogrid
frictional shear force, and the soil-to-soil direct fric-
tional shear force. The soil-to-geogrid direct shear force
can be formulated using the Mohr-Coulomb criterion as

stg =(c, + 0, tan J) Asfg (3)
Where

A, = area between the soil and the geogrid. Similarly,

the soil-to-soil direct shear force is given as

F . =(c+o,tan¢) A (4)

Where

A = area of the soil-to-soil friction at the geogrid
openings.

Eqgs. (2)-(4) yield the following equation:

Ty = (P~ A(l- ag)(c + 0, tan 9) / (A o) =
=c,+0,tand 2
where

7, o = shear stress along the soil-geosynthetic interface.
By plotting 7,_, versus 0,,, ¢, and & were calculated
(c,=0.44 kg/cm? and §=43°).

Many researchers have discussed the importance

of using the “interface efficiency” or “Coeflicient of
interaction,” ¢, (Abu-Farsakh et al., 2007). As a primary
design parameter in the geosynthetically reinforced soil
structures (Cowell and Sprague, 1993; Koutsourais et
al., 1998; Tatlisoz et al., 1998), the interface efficiency

is used to calculate the effective length of the reinforce-
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ment required beyond the critical failure plane for MSE
walls and reinforced slopes (Abu-Farsakh et al., 2007).
The interface efficiency for cohesive soils is defined as
the ratio of the shear strength at the soil-reinforcement
interface to the shear strength of the soil at the same
overburden condition (Cowell and Sprague, 1993).

¢;=(c,+o0,tand,)/ (c+ 0, tan ¢) (6)

Calculating c; for a two-layer soil reveals that the average
Coefficient of interaction is equal to ¢; =1.19, which shows
a considerable adhesion between the soil and the geogrid.
However, the interface efficiency depends on the normal
(confining) stress (i.e., the depth of the reinforcement
layer) in addition to the material characteristics (Abu-
Farsakh et al., 2007). Based on the value of ci, the most
appropriate geosynthetic could be chosen in a specific
project with a specific soil and specific circumstances.

5. Increasing the relative density of the clayey sub-grade
would cause the geogrid reinforcement to be more
effective. Also, the improvement of the shear strength
by increasing the normal stress would be more at a
denser sub-grade.

6. The internal friction angle (¢) and cohesion (c) of
two-layer reinforced soil at a relative density of 90%
could be up to 34% and 40% higher than samples at a
relative density of 75%, respectively.

7. Increasing the water content of the clay soil in the
geogrid-reinforced specimens increases the shear
strength of the two-layer soil. This could be because
of the increment of cohesion, while the internal fric-
tion would be produced by the geogrid.

8. Increasing the water content of the clay-geogrid-
-reinforced specimens from 12% to 20% could incre-
ase the internal friction angle and the cohesion by up
to 5% and 200%, respectively.

6 CONCLUSIONS

In this study we conducted a series of large-scale direct-
shear tests on a two-layer soil that was reinforced by
three kinds of geosynthetics. The geosynthetics were
placed at the interface of the two soils, which was located
between the upper and lower boxes of the direct shear
device. The following specific conclusions can be drawn
from the study:

1. The interface shear strength of the soil/geotextile is
lower than the soil shear strength. It indicates that
the geotextile placed within the soil usually acts as a
weak interface in terms of direct sliding.

2. The direct-shear resistance of the soil/geogrid inter-
face is higher than the soil/ geotextile; and it usually
increases the value of the shear resistance of the
two-layer soil. This increment is due to the creation
of the shear resistance between the soil and surface
and the opening of the geogrid, and the bearing resi-
stance provided by transverse ribs. These resistances
would be created when a relative movement occurs
in the soil and geogrid interface.

3. Itis clear that the geogrid increases both the internal
friction and the cohesion of the soil (it increases the
cohesion by about 23% and the internal friction by
about 3 degrees), but geotextiles just increase the
cohesion of the two-layer soil (about 9%) and the
internal friction would decreases by about 1 to 3
degrees.

4. The improvements of the shear strength for the geogrid-
-reinforced specimens are more in the higher normal
stresses. In other words, the geogrid shows more rein-
forcement efficiency at higher vertical stresses.
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1zvlecek

Geotehnicna terenska raziskava je pomembna in kompleksna naloga, ki se na splosno izvede v dveh korakih. Prvi korak,

ki vsebuje preliminarne raziskave, vpliva na kasnejso terensko raziskovanje. Glede na predhodne raziskave, se na podlagi
inZenirske presoje doloci stevilo raziskovalnih sond, potrebnih za ustrezen opis terena. Na to vplivajo geoloske sovisnosti,

topografija podrocja, vrsta projekta, ter poznavanje sosednjih povrsin.

Za odloéanje je predlagan podporni sistem mehke mnoZice (fuzzy sets decision support system). Sistem uposteva parametre,
ki vplivajo na stevilo raziskovalnih mest, potrebnih za ustrezen opis terena. Pri tem se upostevajo tudi parametri negotovosti
in pomanjkanja informacij. Predlagani sistem mehkega sklepanja (Fuzzy Inference System) omogoca, da se na podlagi
razpoloZljivih kvalitativnih in kvantitativnih informacij oceni Stevilo raziskovalnih tock, potrebnih za ustrezen opis terena.
Iz predstavljenih primerov je razvidno, da se lahko sistem mehkega sklepanja uporablja kot sistematicno orodje za pomoc pri
odlo¢anju, za inZenirje, ki se ukvarjajo s terenskimi raziskavami.

KL jucne Besede

geotehni¢no raziskovanje, $tevilo sond, mehke mnozice, mehko sklepanje, negotovosti
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A geotechnical site investigation is an important and
complex task that is generally carried out in two steps.
The first step, consisting of preliminary soundings, guides
the subsequent site characterization. The number of
soundings required to adequately characterize a site is set
on the basis of an engineering judgement following the
preliminary investigation, this is affected by the geologi-
cal context, the area topography, the project type, and the
knowledge of the neighbouring areas.

A fuzzy-sets decision-support system, considering
parameters that affect the number of soundings required
to adequately characterize a site, is proposed. Param-
eter uncertainties and a lack of information are also
considered. On the basis of the available qualitative and
quantitative information, the proposed fuzzy system
makes it possible to estimate, for a common project,

the number of site soundings required to adequately
characterize the site. The cases presented show that a
Fuzzy Inference System can be used as a systematic
decision-support tool for engineers dealing with site
characterizations.

Keyuwords

geotechnical investigation, soundings number, fuzzy
sets, fuzzy inference, uncertainties

1 INTRODUCTION

The complexity of a geotechnical site characterization

is a result of the various uncertainties that need to be
considered. Tang (1993) used statistical methods and
probabilities to detect anomalies in the soil volume.
Huang and Siller (1997) used fuzzy logic to characterize
the different layers of a soil profile with a limited number
of site soundings. Baecher and Christian (2003) consid-
ered two steps in the geotechnical site characterization
- a site inspection that allows the setting of appropriate
hypotheses and a geotechnical investigation consisting
of detailed measures to be used in predictive models.

Important construction projects require detailed
information about the geometry and the properties

of a soil profile. A geotechnical site characterization
generally starts with a review of the local and regional
geology; after which the soil and rock identifications are
obtained through localized site soundings. Obviously, a
complete geotechnical site characterization can only be
achieved with a large number of site soundings. Testing
procedures commonly used to characterize sites are of
the destructive type. For economic reasons we cannot
identify all the points of the soil mass, and if one is able
to circumvent the economic constraints, the integrity of
the site could be seriously altered. In many situations, the
budget constraints restrict the geotechnical knowledge
of the site. A good geotechnical investigation should

take into consideration all the available site information
and should minimize the sources of uncertainties, while
following an in-situ and laboratory-exploration program.

The number, the depth, and the layout of the sampling

at a site depend on the geometry of the project, on a
preliminary knowledge of the soil profile and on the type
of project. Parsons and Frost (2002), in their study on
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the quality of a geotechnical investigation, indicate that
the data collected from a site investigation represent less
than 1/100 000 of the total soil volume. The determina-
tion of the number of soundings to undertake is still
uncertain and fuzzy.

The sources of uncertainties associated with geotechni-
cal analyses can be classified as: geometrical or model
parameter uncertainty, model uncertainty, and human
uncertainty. The type of uncertainty can be either
quantifiable, random, related to the scatter of data or
unquantifiable, epistemic, related to the lack of knowl-
edge (Baecher and Christian, 2003; Christian, 2004;
Tang, 1993).

Probabilities were widely used to deal with uncertain-
ties in various geotechnical problems. Zadeh (1965)
introduced the concept of the fuzzy set that has led

to a new way to treat uncertainty and vagueness in all
domains of engineering. In geotechnical engineering,
fuzzy sets were used in various problems, like in soil and
rock classifications (Huang and Siller, 1997), landslide
analysis (Dodagoudar and Venkatachalam, 2000; Giasi
et al., 2003), settlement calculations, and in the search
for the characteristic values of a ground (Boissier, 2000;
Chuang, 1995; Fetz et al., 1999; Hu et al., 2003; Nawari
and Liang, 2000; Romo and Garcia, 2003; Santamarina
and Chameau, 1989).

The objective of the present work is to outline, by using
fuzzy sets, a systematic procedure to determine the
appropriate number of site soundings required to achieve
satisfactory geotechnical knowledge about the project site.

2 PROBLEM DESCRIPTION

A geotechnical site characterization is undertaken by
either regular or random soundings, and the number of
soundings is often based on the project engineer’s evalua-
tion. The objective of this study is to provide a systematic
procedure that allows setting the required number of
soundings to adequately identify the project site. Obvi-
ously, the greater the number of soundings, the better
the knowledge of the site characterization; however, it is
ineffective to go beyond a certain number of soundings
that will not bring any more knowledge about the site.

The distribution of soundings to be made in a project
area does not follow particular rules (Magnan, 2000); it
depends on preliminary information, including:

- the geologic context of the project area,
- the topography of the project area,
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- the project type,
- the knowledge of the neighbouring areas.

A geotechnical investigation is, generally, carried out in
two stages. The first stage is a preliminary study leading
to a rough site characterization that may guide a subse-
quent detailed site characterization. The second stage

is a detailed site characterization based on the results

of the preliminary study and on the project engineer’s
evaluation. Cambefort (1980) indicates that there is no
precise rule about the number of soundings to be made
on a site. He notes that the number of soundings to be
made at a site depends on the results of the preliminary
study. If an arbitrary loose mesh of soundings, used in
the preliminary study, shows that the project area is
relatively homogeneous then this number of soundings
is satisfactory. However, if the results of the preliminary
study show erratic information, the site characterization
requires more soundings. The U.S. Corps of Engineers
(1994) indicates that, for retaining-structures projects,
the number of soundings to be made in the second stage
varies from two to five times the number of soundings
used in the preliminary stage.

The proposed approach, to determine the number of
soundings to handle a geotechnical site characterization,
consists of constructing an inference system based on
fuzzy sets. Parameters, like the site’s geologic nature, the
site’s topography and the project type, which may affect
the number of soundings, are described. The theory of
fuzzy sets makes it possible to treat parameters having
vague or doubtful information as well as treating prob-
lems presented in linguistic or qualitative form. Each
parameter entry (Input) of the system indicates if more
or less soundings are required. The construction of the
Fuzzy Inference System (FIS) allows us to implement the
rules considered, by taking into account their weights,
and to evaluate the final decision. The Fuzzy Inference
System has the advantage of considering non-statistical
uncertainties, such as inaccurate or vague variables.

3 FUZZY SETS AND INFERENCE
SYSTEM

The concept of fuzzy sets consists of replacing standard
sets (Crisp Sets) whose elements are discrete and carry
only punctual values with sets whose elements are
taken as belonging to a set with a degree of membership
varying from zero to one [0,1]. Zadeh (1965) defines a
fuzzy set as a class of objects with continuous degrees
of membership. This set is characterized by a member-
ship function that assigns to every object a degree of
membership varying between zero and one.
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3.1 FUZZY INFERENCE

A fuzzy inference model is generally based on the
following three fundamental steps (Saboya et al., 2006):

- Selection of the Input and Output variables

- Description of the Input-Output fuzzy relation rules,

- Defuzzification, consisting of transforming the lingu-
istic Output variables to values.

In the considered problem, various entry sets (Input) of
the system are taken into account. These entry sets can
be the geologic nature of the ground, the on-site slope,
the project type, etc. The Output sets express themselves
in terms of the density of the soundings on site (Impor-
tant, Average, and Weak).

The fuzzy rules of the system are expressed as follows:
IF XISA THEN YIS B.

where A is the entry set and B the output set. These rules
will be executed in parallel during the inference. An
example of a fuzzy rule in our case can be as:

IF “Relatively Known Geology” THEN “Moderate the
number of soundings on the site”.

The suitable selection of the elements for the entry sets is
fundamental. Elements of the entry sets are of linguistic
or qualitative form, such as the geology of the project
area. For a “Known” geology, what will be the degree of
knowledge that can be attributed to it? Collecting the
knowledge is the difficult part in the development of

the inference system. Santamarina and Chameau (1989)
have noted that the information knowledge to be incor-
porated into a decision system is of most importance.

3.2 INFERENCE SYSTEM PARAMETERS

The proposed decision system is based on incomplete available
information related to entry parameters, among which are:

- Site topography,

- Site geology,

- Site geotechnical conditions,

- Information on surrounding sites,
- Project type to be built.

The site topography is expressed in terms of the slopes
in the project area; depending on the slope’s intensity,
the site is classified as "Strongly tilted ", "Averagely tilted"
and "Weakly tilted ". The slope of the site will affect

our decision about the required number of soundings

to be made. The more important the slope is the more
soundings will be required to characterize the site. The
fuzzy sets used are of triangular and trapezoidal shape,
as indicated in Fig. 1.

The site geology is expressed in terms of “Known’, “Rela-
tively Known” or “Unknown Geology”. The use of geologic
maps is necessary to have an initial idea about the geologic
formations constituting the site, their properties, as well as
the possibilities of inadequate or adverse geologic details.
Clayton et al (2005) recommend, for geotechnical studies,
to use geologic maps with a scale of 1/2500. The fuzzy set

“Geology” is classified as “Known Geology”, “Relatively
Known Geology” and “Unknown Geology”

The more we know the geology; the less will be the
required number of soundings. If the maps indicate
variability and erratic subsurface conditions, then more
soundings will be required to better characterize the
site (EH.W.A, 2002). The degree of knowledge is scaled
between 0 and 100%; it indicates the knowledge level of
the site’s geological aspect. A map at a scale of 1/2500
provides a “Known Geology” at 80%, when a map scaled
at 1/30000 does not furnish enough information. The
set was constructed using the results of a questionnaire
distributed to engineers and experts (Boumezerane,
2010). Fig. 2 illustrates the fuzzy set “Geology”.

If the geological maps show, for the site being considered,
various soil horizons, it will be necessary to make more
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Figure 1. The fuzzy set “Topography-Slope of the site”.
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Figure 3. Fuzzy representation of “Local-Geology Complexity”.

soundings than if there was only a single soil horizon.
The spacing of the borings depends on the geology of the
area and may vary from one site to another. The fuzzy
set “Local Geology Complexity” reflects the complex-

ity of the site’s local geology. Expressed as a “Degree

of complexity” of the local geology, it ranges between
[0,100] with the linguistic attributes “Low-Complexity”,
“Average Complexity”, "Complex” and “Very Complex”
The membership functions and limits of the set are given
in the following Fig. 3.

Ground geotechnical conditions can be incorporated
using “Good strength, Medium strength or Weak
strength” according to the average soil profile; univer-
sally accepted literature results can be used for this
purpose. The quality of the ground geotechnical condi-
tions is an important factor in defining the soundings’
layout. When available, this information is generally
given by the average trend of the soil (or rock) resis-
tance. The weaker the quality of the geotechnical condi-
tions, the more soundings are required. Fuzzy sets with
elements based on the static modulus are used to set the

5[. ACTA GEOTECHNICA SLOVENICA, 2011/1

geotechnical conditions of the soil. We used results given
by Bowles (1977) to construct these sets (Fig. 4).

A geotechnical survey is generally made in two steps.

In the first, preliminary soundings are used to guide

the subsequent site characterization. The number of
borings in the second step should be greater than in the
preliminary phase. No exact spacing is recommended,
as the boring layout should be controlled by the geologic
conditions, the geotechnical aspect and the project type.

Preliminary soundings indicate a trend about the ground
variability. The horizontal variability of the soil param-
eters influences the number of boreholes to execute. The
higher the variability, the more important is the number
of boreholes to execute. Significant dispersions of the soil
parameters necessitate planning more soundings; other-
wise a moderate number of soundings will be sufficient.
Available data on the neighbouring sites can be used as
the parameters of entry. If the surrounding sites’ results
are close to those obtained in the site’s preliminary inves-
tigation, then the number of soundings to be performed



D. BOUMEZERANE ET AL. .

FUZZY-SETS DECISION-SUPPORT SYSTEM FOR GEOTECHNICAL SITE SOUNDINGS

Degree of membership

0.8

0.6

0.4

0.2

ki

d.CaySandy.Cay ‘ Dense.Sand

[\
A :

" sandand.Gravel

Shales

\

L L
1000 1500 2000
Geotechnical parameter (10e%! MPa)

2500

3000

Figure 4. The fuzzy set “Geotechnical conditions” based on the Static Modulus of Soil.

Project-type [1,10]

Figure 6. The fuzzy set “Type of project”

N(ft Similar Relatively- Similar Similar
o N ]
— \ /
s )
£ 08 / 4 .
=t /
£ 06 / i
g .
S 04 X .
g ~
¥ 0.2 ) _
A s
0
0 20 40 60 80 100
Similarity-Preliminary-results [0,100]
Figure 5. The fuzzy set “Similarity of preliminary results”
Smalkproject Medium' ‘ Important
1 //
e : —\ S
b= / \ / |
: N
g N\ yd
K X ]
g RN
P /7 1
: \
1 1 1 1
0 2 4 6 8 10

can be moderate, and if they are highly dispersed, it will
be necessary to increase this number of soundings. The
fuzzy set expressing the engineer’s judgement on the
results’ similarity is given in Fig. 5.

The project type indicates whether a dense layout of the
soundings is required. For the same area, when different
projects are expected, each one will necessitate a differ-
ent number of soundings, depending on their loading
importance; a multi-storey building needs more sound-

ings on site than a simple hall with the same area. The
geometry of the project guides the spatial distribution
of the soundings, which will be located according to the
global shape of the building’s area and by considering
specific areas of the project.

The elements of the fuzzy set are expressed as “Impor-
tant”, “Medium” and “Small”, depending on the loading
induced by the project size, as indicated by Fig. 6.
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Figure 7. Output fuzzy set “Density of soundings”

The quoted parameters have important effects on the
site-characterization procedure. They are expressed
under linguistic and qualitative forms. They are assumed
to be the input parameters of the inference system.

The Output set of the fuzzy system to construct is
represented by a density, from 0 to 1, which will be
transformed into the number of soundings, depend-

ing on the site conditions, and the minimum number
of soundings required by the codes of practice. The
linguistic labels of the fuzzy set Output are “Low”, “Aver-
age” and “Important”. Their membership functions are
illustrated in Fig. 7.

4L INFERENCE SYSTEM DESIGN

The parameters of entry (Input) are expressed as fuzzy
sets (Geology, Topography, Type of project, and Informa-
tion about neighbouring sites, etc). The Output parameter

- T Xl & Al
/ THEN Y, IS B,
X4
—_——
Xz IF X, IS A,
——
THEN Y, IS B,
Xa
— -
IF X3 IS A,
Xn THEN Y; IS B,
IF X, IS A,
THEN Y, IS B,

is represented by a fuzzy set of the soundings’ density

on site. Each of these Input parameters influences, in a
certain way, the number of soundings to perform on the
site. Fuzzy Rules are constructed based upon the param-
eters available; they relate the Input to the Output (Fig. 8).

These fuzzy rules are expressed, generally, in a linguistic
form and consider various possibilities; their number
depends on the parameters taken into account and on
the form of those rules. We used rules in the form IF

A THEN B; for example, IF “Geology” is “Unknown”
THEN “Important” number of soundings, etc. The
Mamdani scheme of inference is used (Saboya et al.,
2006). After the aggregation and defuzzification a weight
G of decision is calculated. The defuzzification result G
is given in a weight form and considered as a density

of soundings to perform on site and varying between
zero (0) and one (1). For values of G close to 1, it will be
necessary to carry out an important number of sound-
ings on the site. On the other hand, if G is near 0, then
the number of soundings will be low.

EC

AGGREGATION

Defuzzification

G (density)

Figure 8. Scheme of the Fuzzy Inference System.
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To translate this result into the number of soundings,

it is necessary to calibrate the fuzzy model used to the
guidelines that set the minimum soundings (Eurocode 7
1996, EH.W.A 2002).

For this purpose, the Fuzzy Inference System is run with
the following Input Parameters: Slope (°), Geotechnical
conditions (MPa, m/s), Project type, Known-Geology
(%), Local Geology Complexity (%), Similarity of
Preliminary Results (%) and Specifically Loaded Zones.
The extreme defuzzification results in weight form were
G=0.201 and G=0.810. The first result is obtained in the
case of extremely favourable conditions (Topography
(0°), Known-Geology (100%), etc.), and few soundings
are necessary to characterise the site. The second result
expresses the case of extremely unfavourable conditions
(Unknown Geology, Important Variability, etc) and the
necessity of making a large number of soundings.

4.1 TRANSFORMATION OF THE FUZZY
INFERENCE SYSTEM (FIS)] RESULT
G INTO A NUMBER OF SOUNDINGS

The result G of the Fuzzy Inference System expresses
the density of soundings on the site. To transform this
density G into an optimum number of soundings N,
we introduced N, ;, the reference number of soundings
required by codes (Eurocode 7 1996, EH.W.A 2002), and
a weight G corresponding to N,p- Grls comprised in
the interval of the possible results of the FIS.

For G corresponding to the “Optimum number of sound-
ings N,,,”

and

For G, corresponding to the “Reference number of
soundings N, ;°

we obtain

Nopt = (Nref ’ G)/Gref (1)

G, is set to correspond to the reference number N ref of
soundings given by the codes. N, depends only on the
area of the project.

4.2 RECOMMENDATIONS FROM CODES ON
THE NUMBER OF SOUNDINGS N_

Some technical documents recommend “guidelines” to
set the required “minimum” sub-surface data to achieve
a cost-effective, geotechnical design. The guidelines
point out the dependency of the number of borings
upon the type of project and its requirements. However,

there are no “rigid” rules that are established for this
objective (FH.W.A, 2002). The required “minimum”
number of soundings (N,.) can be set through these
guidelines, and it is obvious that beyond a certain
number of soundings there will be an information
redundancy that will not lead to a better knowledge of
the site. One of the objectives of this study is to provide
a systematic procedure to check whether more than a
minimum number of soundings are required to charac-
terize the site.

The guideline (“minimum” boring, sampling and testing
criteria) edited by EH.W.A (2002) indicates, for the

case of the Structure Foundation, a minimum number
of borings of “one (1)” per substructure unit under

30m in width and “Two (2)” per substructure unit over
30m width. Additional borings are recommended in

the case of erratic subsurface conditions. Eurocode 7
(1996) recommends, for large projects, one borehole for
distances between 20m and 40m. According to Simons
et al. (2002) the spacing for boreholes, for structures’
foundations, often lies in the range 20m to 40m. The
borehole layout and frequency are partly controlled

by the complexity of the geological conditions. If the
ground conditions are relatively uniform, a wide spac-
ing of boreholes may be satisfactory, but if the ground
conditions are complex a closer spacing of boreholes will
be required (Simons et al., 2002).

The number of soundings as set by EH.W.A (2002) or
by Simons et al. (2002) and Eurocode 7 (1996) depends
only on the area of the project; other parameters that
can influence the number of borings are not considered,
such as soil variability, geotechnical and geological site
conditions, the type of project, etc. The approach we
propose permits taking into account those parameters
whose information is generally qualitative and fuzzy sets
are a suitable tool to use in this case.

4.3 CALIBRATION OF A REFERENCE G_

In order to apply the FIS to real sites, we calibrate a
certain Gmf with codes (Eurocode 7 1996, FH.W.A
2002) giving indications on the “minimum” number of
soundings, noted here N, depending only on the area
of the project site.

The previously defined G, is set to correspond to

the reference number N, . of soundings given by the
codes. The extreme defuzzification results of the Fuzzy
Inference System are G=0.201 and G=0.810. As all the
values of G are included in the interval [0.201, 0.81] we
can consider Gref as the mean value of the results range,
then:
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G,y = (0.201 +0.81)/2 = 0.505

This G, is taken as corresponding to the reference
number N, ; of soundings equal to the mean of the
Eurocode 7 recommendations, one sounding between 20
to 40 m. In this case N, will be one boring every 30 m
of the project area.

Using expression (1) we can then predict the optimum
number of soundings N, for a site’s geotechnical inves-
tigation using the fuzzy inference system.

The calibration of G,,,=0.505 makes it possible to predict
the extreme values o Nopt for G=0.201 and G=0.810.

We obtain for the reference mean value from Eurocode
7, N, =1/(30x30m?);

Nopt = (Nref' G)/Gref=
=N, = 1/30x30 - 0.201/0.505 = 1/(48x48)m>,

one sounding for an area of 48x48m” as a minimum
number. This number is smaller than the minimum
proposed by Eurocode 7, N, . =1/40x40m”.

And
N,,.. = (1/(30x30) - 0.810 /0.505 = 1/(24x24)m>,

one sounding for an area of 24x24m?, which is the
maximum number, and in this case less important than
the proposed one by Eurocode 7, one sounding for an
area of 20x20m>.

In a second stage we standardize G,,; by using the mini-
mum value of the interval [0.201, 0.810], Gref=0.201

and calibrate it with the minimum number of soundings
N, recommended by Eurocode 7 (one boring every
40x40m?).

We obtain, in this case, the extreme values of N opt for
G=0.201 and G=0.810;

ant = (Nref. G)/Gref:
=N, = 1/(40x40) - 0.201/0.201 = 1/(40x40)m? ,

one sounding every 40x40m?, as the minimum and
N, . = 1/40x40 - 0.810/0.201 = 1/(20x20)m?,

one sounding for an area of 20x20m?, representing the
maximum number of borings.

The obtained numbers agree with those recommended
by Eurocode 7, one boring every 40x40m” as a minimum
and one boring for 20x20m? representing the maximum
number.
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Then, for a given site, for which an investigation is
planned, we can use G, as a calibration from Eurocode
7; this allows us to have a range of values for N,

The recommendations from FH.W.A (2002) set a mini-
mum number N, of soundings every 30m. We may use
G,,;=0.201 as corresponding to this minimum number,
and we can expect the maximum number of borings
Nmax by using G=0.810 as the upper limit of the FIS
results range. Expression (1) gives in this case:

Nopt = (Nref' G)/Gref =
=N,,.= 1/(30x30) - 0.810/0.201 = 1/(15x15)m?,

one sounding for an area of 15x15m”>.

The obtained N, ,, is greater than the maximum recom-
mended by Eurocode 7 (1/20x20m?).

H APPLICATIONS

5.1 EXAMPLE 1

In this example the data is available and the number of
performed soundings on site is known. The Fuzzy Infer-
ence System is run using the available parameters and
the result is used as a comparison.

The site is described in “Adaptive Ground Modelling in
geotechnical engineering” (Schonhardt and Witt, 2003).
The main characteristics of the project are, as shown in
Fig. 9.

- Surface area of study: (100 x 250)m?, Area of the
project (83 x 205)m?, Type of the project: Industrial;
Topography: Plane; Geology (Degree of informa-
tion): Relatively unknown; Preliminary results
show three geological formations (Silty Clay with
soft consistency, Stiff Clay between 8-14m, Sandy
clay until 70m depth); Specifically loaded zones
(Machines):(20x60 + 2x(20x25))m?* approximately
(1200+1000) =2200m?, the specifically loaded area
ratio is: 2200/(83 - 205)=13% of the total project area;
No information available about neighbouring sites;
The preliminary results show similarity (similarity
around 60%); Number of preliminary soundings 8,
performed at site corners, and at middle distance,
and the total number of driven borings is 28 (consi-
dered here as optimum N, ).

For this example, the Fuzzy Inference System parameters

were set to: Slope is “Low” with a mean value around

3°, the Geologic knowledge of the site is taken as “fair”
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Figure 9. General view of the site of the study - performed
soundings are mentioned (After Schonhardt and Witt, 2003).

around 15% (no geological maps are available) and the
Geological complexity is “Average complexity”. The
preliminary soundings indicate that three formations
are quoted and they show a certain similarity between
the results (around 60%). In this industrial project, the
number of zones to be subjected to a specific loading
(machines) is relatively important, as indicated in Fig. 9.

The number of soundings (28) given by Schonhardt and
Witt (2003) was considered to be sufficient to obtain a
good knowledge of the site.

The reference number of soundings N, deduced from
the mean of the Eurocode 7 recommendations is 18 for
the area of the project (one sounding every 30m).

We applied the Fuzzy Inference System given the site’s
conditions and the result was G=0.565, which reflects

in a certain way the real site conditions, including the
constraints associated with the complexity of the geology
and the nature of the project.

Using (1) we calculate the optimum number of sound-
ings Nopt

Ny =N, G/ G, = 18x0.565/0.505 = 21 soundings

I

The obtained number of borings is fewer than the 28
soundings used in the site.

In the second stage we use G,,,=0.201, the lower value
of the interval of results [0.201; 0.81], as corresponding
to the minimum number of boreholes N, given by
Eurocode 7, one borehole every 40m. For the surface
of this project we obtain N, =10 soundings. Then
using expression (1) again we can predict the optimum
number of soundings N,,,, for this site:

N,,; =10 0.565/0.201 = 29 soundings.

The predicted number of soundings in the second stage
is almost the same as the one given by Schonhardt

and Witt (2003). Based on the results of the FIS, the
proposed optimum number N, of soundings is
between 21 and 29.

H.2 EXAMPLE 2

The site of the proposed building addition is located

on the side of an existing High School. It consists of

a two- and three-storey building with a footprint of
approximately 6500m”>. It is assumed that the loads will
be typical for a building of this size and type (Strater and
McKown, 2002).

A preliminary investigation was carried out and this
consisted of two test borings BHB-1 and BHB-2(OW).
They were drilled, within the footprint of the proposed
project, to depths of approximately 12.3m and 12m. Test
pits were previously excavated in the vicinity of the exist-
ing buildings to determine the subsurface soil and ground-
water conditions adjacent to the existing foundations.

The subsurface conditions observed indicate:
Topsoil: very thin layer of silt.

Fill: encountered in the vicinity of most of the proposed
project location is around 1m thick and consists of medium-
dense brown Silty Sand. In TP1 and TP2 it consists of brown
Sandy Silt with Gravel and Sandy lean Clay.

Marine Deposits: encountered in borings BHBI and
BHB2 (OW) consisted of medium dense to dense poorly
graded Sand with Silt and Silty Sand. The thickness
ranges from 11.3m to 13.7m in the southern portion of
the site. In the northern part the thickness varies from
about Om, up to 4.5m to 6m.

Glacial Till: Consisting of very dense Sand with Silt and
Gravel. These soils were encountered below the marine
deposits in BHB2 (OW) at a depth of about 11.30m.
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Glacial Till was not encountered in the boring BHBI.

It was anticipated by the engineers that a discontinuous
layer of Glacial Till, ranging in thickness from about 0 to
1.5m, is present throughout most of the site.

Bedrock: Was encountered in Test Pits TP-3 and TP-6 at
depths of around 1m. But it was not encountered with
the conducted borings.

Engineers in charge of the preliminary investigation
recommended a subsurface exploration program of
three to five additional test borings and three to five test
probes within the footprint of the proposed building.

H.2.1 THE USE OF THE FUZZY INFERENCE
SYSTEM

To use the Fuzzy Inference System, some of the entry
parameters from the site are defined as below:

- 'The slope is relatively average (25%), corresponding
to a mean of 15°% The information about adjoining
sites exists and could be exploited; The type of
project to implant is a High School of three storeys;
The geology is “Relatively Unknown” and it is
suspected to have a great degree of soil variability,
according to the soil layers encountered in the preli-
minary investigation; The results of preliminary tests
(two boreholes) indicate important differences. The
degree of similarity between them was taken as very
low; According to the engineers the loads are typical
for a building of this size and type; the modulus of
the layer of Sand with Silt and Silty Sand ranges from
10 to 25MPa.

The defuzzification weight result obtained with the infer-
ence system is G=0.546.

In order to calculate the optimum number of soundings
for this site, we first use G, =0.505, corresponding to
the mean “reference” number of soundings from Euro-
code 7 (1996). The required number of soundings for
this surface (6500m?) is Nref:6.

Using the result G of the Fuzzy Inference System on
this site and expression (1) it is possible to expect an
optimum number of boreholes;

Nyp =N, p* GIG, = 6-0.546/0.505 = 7 soundings

When using G, =0.201 corresponding to the “mini-
mum” number of soundings N, . recommended by
Eurocode 7 (1996), and for an area of 6500m?> (Nref =4
soundings), we obtain:

Npt = Nref' G/IG

0,

=4-0.546/0.201 = 12 soundings

re,

60. ACTA GEOTECHNICA SLOVENICA, 2011/1

The result of the Fuzzy Inference System is in the same
range as proposed by the engineers in charge of this
geotechnical study. They have proposed a total number
of soundings that ranges from 8 to 12.

If the engineer’s judgement, relative to the recommended
number of borings, is considered to be reliable, then the
Fuzzy Inference System used independently to evaluate
the optimum number of soundings shows consistent
results (from seven to twelve soundings).

0 EVOLUTION OF DENSITY G
WITH REGARD TO THE INPUT
PARAMETERS

The available input parameters are various and influence
the density of soundings, each one in a certain way. Fig.
10 shows the variation of the Geological-complexity

and Geotechnical parameters and their influence on the
results when other parameters are taken constant. The
surface presents a plateau of important values of G when
the Geology is Complex and the geotechnical formations
are relatively weak.

Another example illustrating the variation of G as a
function of input parameters is given in Fig. 11 where
the Known-Geology and Geological-Complexity vary
and present a surface of an important density of bore-
holes when Geology is less known and more Complex.
Those figures show the possibilities given to describe the
variations of G depending on the different parameters.
The fuzzy inference system is able to simulate different
situations, and helps engineers to take decisions when
dealing with a geotechnical investigation.

0.62
0.60
0.58

0.56

Geotechnical ) 40 0
eotechnica

3000 80 60
Parameters 100

(10e-01 MPa) Geological Complexity (%)

Figure 10. Influence of Geotechnical parameters and Geologi-
cal Complexity on the density of the soundings (Known Geol-
ogy 5%, Project Type 5, Similarity 50%).
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Figure 11. Influence of Known Geology and Geological
Complexity on the density of the soundings (Geotechnical
parameters 20MPa, Project Type 5, Similarity 5%).

6.1 COMPARISON OF FIS RESULTS WITH
REGARD TO CODES (EUROCODE 7,
F.H.W.A)

The following figures show the minimum number of
soundings recommended by Eurocode 7 and the optimum
number obtained using our approach with some parame-
ters of entry (Known-Geology, Geology-Complexity). The
project’s area is varying from small to important surfaces.

Figures 12 and 13 illustrate the ability of the FIS to work
with available parameters of entry that can influence a
geotechnical investigation. Two parameters (Known-
Geology, Geology-Complexity) are used here for an
illustration. The results show the differences between
the recommendations of Eurocode 7 and the expected
optimum number of soundings. The differences are
increasing proportionally when the area of the project

is becoming important. The FIS allows us to handle

the available information and we note from Fig.12 and
13 the influence of local geology complexity when it
decreases. We set those recommendations as the starting
points for the Engineer when dealing with Geotechnical
Investigations. The more information we have the easier
and more precise will be the investigation.

7 CONCLUSION

A Fuzzy Inference System is developed to handle uncer-
tainties occurring in a geotechnical site-characterization
campaign. The main idea is to reproduce the site
engineer’s reasoning to set the number of soundings to
perform the site characterization. Various interfering
parameters have to be considered in this case. Knowl-
edge of Geology is an important part. The nature of the
project to be built and the topography of the site affect
the density of the soundings. Fuzzy sets are used to
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Figure 12. Optimum number N, , of soundings using FIS compared to Nref (Eurocode 7)
(“Known-Geology” 50% and “Geology Complexity” 50%).
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Figure 13. Optimum number of soundings compared to Nmin (Eurocode 7)
(Different cases of “Known-Geology” 50% and “Geology Complexity” 10%, 25%, 50%).

represent site-characterization parameters with possibili-
ties to consider linguistic and qualitative information.
They also make it possible to handle the uncertainties
contained in the parameters. The fuzzy system consists
of the Input Parameters (Geology, Topography, etc) and
the Output parameters (Density of Soundings on the
Site). Each entry parameter contributes to the weight of
the decision. The fuzzy system assembles all the influ-
ences and aggregates them to obtain a fixed number,
between 0 and 1, representing the optimum number

of soundings to be performed on the site. The cases
presented show the effect of the various parameters, and
reveal the efficiency of the fuzzy sets used to represent
the site-characterization parameters. The fuzzy inference
system considers the influence of each individual entry
parameter and computes the global, optimum density of
the soundings relative to recommendation guidelines.
The result is given in the form of a weight indicating

the decision to be taken by the engineer. The available
guidelines (FH.W.A, 2002; Simons et al., 2002) give
indications, depending on the project dimensions, on the
number of borings required to characterize the site soil.

Confidence degree in the Fuzzy Inference System
allow us to relate, for known cases, the weight G to the
“optiuml” number of soundings N,,,, . The weight G, ,
corresponding to the “reference” number of soundings
N,,; recommended by technical guidelines (Eurocode
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7, FHWA), is then deduced and was set as a standard
value, allowing us to calculate the “optimum” number of
soundings for common sites.

The cases presented show that the Fuzzy Inference
System can be used as a systematic decision-support
tool for engineers dealing with the site’s characterization.
The system is a step beyond the technical guidelines

that set the required minimum number of soundings

to characterize the site soil. The fuzzy inference system
tells the engineer if more than the minimum number of
soundings are needed to characterize the site.
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1zvlecek

Srbsko podrocje (skupaj s podrocjem bivse Jugoslavije) je nenehno izpostavljeno razlicnim tveganjem, ki imajo pogosto
tragicne posledice. Potresi in poplave, ki jim obicajno sledijo plazovi, so najbolj pogosta tveganja v tej regiji. V Srbiji nimamo
sistema zmanjsevanja tveganja katastrof, preprecevanja in zgodnjega opozarjanja kot integralnega dela dolgorocnega
razvoja. To je eden glavnih razlogov, zakaj je Skoda ob nesrecah tako velika. V Srbiji nimamo znanstveno podprtih in stan-
dardiziranih postopkov za oceno tveganosti nesrec. Postopki obstajajo samo na podroju tehnicnih ocen tvegan;.

Metoda ocenjevanja tveganja, ki jo predstavlja nasa raziskava, vsebujejo poleg tveganj parametre kot so ranljivost, izposta-
vljenost in varnost. Vsebuje tudi okoljske in druzbene komponente nevarnosti. Predlagano metodo, ki vkljucuje kombinirana
matematicna in 3D GIS orodja, smo uporabili za obmocje Donave, Petrovaradina (del Novega Sada), za katero smo imeli
na razpolago podatke. Odnos med parametri tveganja smo izracunali in graficno predstavili. Metode kot je ta bi morale, v
Srbiji in zahodno balkanski regiji, prispevati k premiku od pasivne obrambe v primeru nesrec do aktivnega delovanja, od
zgolj nujne pomoci do preprecevanja nesrec, zagotavljanja pripravljenosti in ublaZitve posledic.

KLjucne Besede

tveganje, ogrozenost, varnost, odpornost, ocena tveganja, upravljanje s tveganji, geografski informacijski sistemi, potres,
plaz, poplava, skrajnost
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The Serbian territory (including the territory of the former
Yugoslavia) has been continuously exposed to different
hazards, often with tragic consequences. Earthquakes

and floods, usually followed by landslides, are the most
dominant hazards in that region. Disaster risk reduction,
prevention and early warning, as an integral part of
sustainable development, do not exist in Serbia. That is
one of the main reasons why the disaster-related damage
is high. Despite very long experience in engineering and
resources management in Serbia, there are no scientifically
supported and standardized disaster risk-assessment
procedures. Expertise only exists in the field of engineer-
ing-based hazard assessment.

The risk-assessment method proposed in this research
includes, apart from hazards, parameters such as vulner-

ability, exposure and safety. It considers the environmental
and social components of risk management. The proposed
method, implementing combined mathematical and 3D
GIS tools, was applied for the Danube River, Petrovaradin
(the city of Novi Sad) area, for which data were available.
The relationship between the risk parameters is calculated
and graphically presented. Methods like this one should
contribute to a shift from a passive disaster-related defense
to a proactive disaster risk management, as well as from
emergency management only, to disaster prevention,
preparedness and mitigation activities, in Serbia and the
Western Balkan Region.

Keywords

hazard, vulnerability, safety, resilience, coping capacity,
risk assessment, risk management, geographic
information systems, earthquake, landslide, flooding,
exceedance

1 INTRODUCTION

The number of natural disasters is ever increasing.
According to the CRED EM-DAT, there were 6387 natural
disasters between 1974 and 2008, worldwide, not counting
epidemics. This resulted in the following consequences:
more than 2 million people lost their lives; 1.5 billion
people were affected; 182 million people were made
homeless; and economic damage estimated was US$ 1.38
trillion (Guha-Sapir et al., 2004).

An increasing trend in the number of natural disasters is
evident over the past 50 years globally (CRED EM-DAT).
As the global population is constantly increasing, so the
number of people exposed to the same types of hazard has
also increased.

The Western Balkan Region is experiencing the same
trend. Its territory (including the territory of the former
Yugoslavia) has been continuously exposed to different
hazards, often having tragic consequences (Table 1).
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Table 1. Natural disasters in the Western Balkan Region over
the past 50 years (CRED EM-DAT).

Disaster Date No. Killed
Earthquake 07/1963 1100
Earthquake 04/1979 121

Flood 03/1981 70
Extreme temperature 07/1988 38
Epidemic 03/1972 35
Flood 11/1979 22
Earthquake 10/1969 15
Earthquake 02/1983 12

Table 2 shows number of people affected by natural
disasters, for the past 50 years, in the Western Balkan
region. It is obvious that earthquakes and floods are the
most frequent hazards. Those two events have accu-
mulatively affected close to one million people (CRED
EM-DAT).

Table 2. People affected by natural disasters in the Western
Balkan for the past 50 years (CRED EM-DAT).

disaster-related legislation and regulations are, by their
nature, “reactive’, based on the civil protection legisla-
tions, covering only the right-hand side of the Disaster
Management Cycle. There is a continuous lack of
horizontal and vertical coordination in the disaster risk
management. One very fresh example is the disasters in
Serbia in February and June 2010.

Why this research was conducted?

Disaster risk reduction, prevention and early warning

do not exist in Serbia. That is one of the main reasons
why the disaster-related damage is very high. Despite the
very long experience in hazard engineering and resource
management in Serbia, there are no scientifically
supported and standardized disaster risk-assessment
procedures. Expertise exists only in the field of engineer-
ing-based hazard assessment.

This paper presents the results of risk-assessment
research involving vulnerability as one of the most
important risk parameters (Turner et al., 2003; Birk-
mann and Bogardi, 2004; Cannon et al., 2005), with the
main goal to address the risk accordingly. These results
will be used to maximize the prevention and mitigation

Disaster Date People Affected activities, based on the best possible interdisciplinary
Earthquake 04/1979 310100 experience and knowledge, methods, models, as well as
Earthquake 10/1969 286116 1nf0r.mat10n techn'ologles. "ljhe p'ropose.d geographlcal

Flood L0/1964 520000 area is the Republic of Serbia, with the intention to
00 expand the implementation of this model to the Western
Flood 05/1965 95000 Balkan Region.
Earthquake 11/1967 21870
Earthquake 11/1968 15030
Flood 11/1979 12000 2 THEORETICAL BACKGROUND

Earthquakes and floods, followed by landslides, were not
the only natural disaster in the Western Balkan territory.
Summer heat and extreme summer temperatures have
been recorded for the past few years. Departures from
the maximum annual temperatures were significant.

The day and night maximum temperatures significantly
exceeded those recorded in the past. It has also resulted
in an increased number of dry spells and forest fires,
especially in the summer of 2007 (Republic Hydrome-
teorological Services of Serbia).

The cost of those recorded disasters has an increasing
trend. The reasons for this are twofold: the number of
natural disasters has increased (Guha-Sapir et al, 2004)
as has the value of the built infrastructure (as a result of
the increased urbanization and industrialization).

Disaster response in Serbia has been chaotic and disor-
ganized. Each time it is another disaster on its own. The
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Generally, risk can be represented as a temporal-spatial
function of a series of complex parameters (Turner et al,
2003; Birkmann and Bogardi, 2004; Cannon et al, 2005):

R=f(H, V,E, CC, Re, etc.) (1)

Where R is the Risk, H is the Hazard, V is the Vulner-
ability, E is the Exposure, CC is the Coping Capacity and
Re is the Resilience.

The likelihood of hazardous events can hardly be
affected. It increases year after year. To assess risk
adequately, data about the underlying hazardous event
should be collected first. For an accurate assessment of
the probability of occurrence it is necessary to have the
largest possible number of measurements (historical
registry) for every hazardous event. According to the
law of large numbers, with an increase of the sample, the
deviation will decrease, which results in a more accurate
frequency of an event.
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Figure 1. Frequency-Magnitude relation for a particular hazard.

To determine it quantitatively, every hazard magnitude
is related to a certain frequency. The location or region
is continuously characterized by the connection between
the magnitude and the frequency of a certain hazard, as
shown in Figure 1 (Thywissen, 2006).

The largest contribution to risk reduction could be
achieved through four different types of vulnerability
reduction: Infrastructural vulnerability, Environmental
vulnerability, Economic vulnerability and Social vulner-

ability (Birkmann and Bogardi, 2004; Cannon et al., 2005).

The vulnerability component, along with the exposure
analysis, is related to the possible damage caused by the
effects of hazardous events on certain systems and their
operation. Vulnerability is a dynamic and characteristic
property of any community (or household, region,
nation, infrastructure or of any other risk element),
itself consisting of a multitude of components. It is a
continuous and dynamic feature, revealed to the certain
extent during the event, depending on the intensity of
the harmful event.

Understanding the damage pattern of a certain society,
without knowing the event's magnitude, prevents

us from making accurate conclusions regarding the
vulnerability of society. Hence, the threatened element's
(community, household, nation, infrastructure, etc.)
vulnerability is reflected in the damage-intensity relation
(Thywissen, 2006; Figure 2).

A vulnerability assessment starts with a historical
analysis of events with disastrous effects, identifying and
systematizing the conditions of vulnerability from data
about the damage and loss of the entity (household or
community). It is very important to obtain the largest

100% -  vulnerability 1

damage

vulnerability 2

10%

intensity

Figure 2. Vulnerability damage-intensity relation.

possible number of damage data, since the function of
vulnerability on specific hazard levels can be expressed
according to those data.

Along with hazard and vulnerability, exposure is another
prerequisite of risk and disaster. Exposure implies the
number of people and/or other elements under risk,
which may be affected by a certain event. While the level
of events effecting the elements under risk is determined
by vulnerability, the final level of damage or harm is
determined by exposure.

In everyday life, the damage does not depend only on
the hazard, vulnerability and exposure, but also on the
safety of the elements exposed to the hazard. Safety is
seen as a function of resilience and resistance. Resilience
consists of strategies and measures that directly help to
mitigate the damage during an event. The degree of a
system's resilience depends on what has been done to
cope with the hazard.

2.1 EQUATION REVIEW

There are many variations of the generic risk equation
(1). For example, ISDR (2004) proposed the most simple
risk equation:

Risk = Hazard - Vulnerability 2)

Alexander (2000) defined risk as “the likelihood, or
more formally the probability, that a particular level of
loss will be sustained by a given series of elements as a
result of a given level of hazard”. Total risk would then
consist of the sum of the predictable casualties, damages
and losses, represented by the equation:
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Total Risk = Yelement at risk - Hazard - Vulnerability (3)

Recent publications have incorporated Coping Capac-
ity, Exposure and Susceptibility in calculating risk.
For example, one typical equation, implemented by
many authors (such as Birkmann, 2006; Thywissen,
2006) is:

Risk = Hazard - Vulnerability / Coping Capacity ~ (4)
Coping Capacity refers to the means by which people
and/or institutions use the available capacities and

resources to face adverse consequences related to a
disaster.

Dilley et al. (2005) represents Risk as the combination of
Hazard, Exposure and Vulnerability:

Risk = Hazard - Exposure « Vulnerability ~— (5)

Chaice of study
area

J
Data Stepl
gathering __

k.

Hahn (2003), using Hazard, Exposure, Coping Capacity
and Vulnerability, has developed the following equation
to calculate risk:

Risk = Hazard + Exposure + Vulnerability - Coping Capacity (6)

An interesting formulation concerning vulnerability
was proposed by White et al. (2005). Vulnerability itself
is a combination of Exposure, Coping Capacity and
Susceptibility:

Vulnerability = Exposure - Susceptibility / Coping Capacity (7)

Theoretically, a risk assessment would be more accurate
if it involved more parameters. On the other hand, it
makes the assessment more complex and more difficult
to implement, very often having a nonlinear relation
between those parameters. There is always one more
practical difficulty: the availability of the input data for

—

e
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Figure 3. Risk-assessment model implemented in this research.
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the calculation of the selected parameters. It was an
obstacle in our research, forcing us to modify the risk
equation we wanted to select.

3 METHOD AND MODEL

After a detailed analysis of the various risk equations,
and being realistic regarding the data availability for
Serbia and the Western Balkans, we decided to imple-
ment the following risk parameters: Hazard, Vulner-
ability, Exposure and Safety, implemented using the
following formula:

ZVulnembility

Number of exposed objects
Risk = fexp 4 (8)
Safety

Hazard x

Expression X Vulnerability / Number of exposed objects
represents an average vulnerability.

Internat

Google Earth PRO

Decision
making

Postgres DB
RISKS

PostGIS

Spatial Extension

Quantum GIS

As per equations (2), (3), (4) and (5), hazard and vulner-
ability are the factors contributing risk. On the other
hand, safety (incorporating coping capacity) is inversely
proportional to risk. This approach was the most practi-
cal for implementation in the selected pilot area of
Petrovaradin.

The risk-assessment procedure is given by the flowchart
(Figure 3) and consists of the following 5 steps:

Select study area

Select indicators to assess hazard
Determine exposure indicators
Determine vulnerability indicators
Perform risk assessment.

G WD =

To enable a spatial dimension of the risk assessment
proposed, a Geographic Information System (GIS) was
implemented, with components of the architecture
required for a 3D spatial view (Figure 4). The focus was
on the following requirements:

Open GIS data

Figure 4. GIS system architecture applied in this research.
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- Representation of different types of GIS-related
geographical data;

- Representation of the map or chart containing the
elements and explaining their relation according to
the geographic position;

- Representation of the model resulting from the
application of specific analytical functions on well-
-known data;

- Representation of the full 3D model.

4 RESULTS

The study area was defined first. It is a part of the
Petrovaradin settlement (City of Novi Sad, Figure 5), on
the bank of the Danube River, a place with considerable
exposure to flooding. Here, both residential and indus-
trial objects, traffic, arable and forest land, orchards and
vineyards are threatened by flooding, making the area
increasingly interesting.

Data were collected for the investigated area regarding
the water level measured at the "Novi Sad" gauging

station. The maximum water level of 778 cm was
recorded in1965. The terrain "0" height above which
the water level is measured at the "Novi Sad" gauging
station, the closest to the Petrovaradin area, is 71.73 m
above sea level (a.s.l.). The maximum or absolute height
of the Danube near Novi Sad was 79.51 m.a.s.l., which
occurs once in 88 measurements. The flood is consid-
ered a 100-year flood if the absolute height is 80 m above
sea level. The flood hazard indicators were determined
according to this data. Data on the water-level height,
based on which the charts on return periods and the
exceedance probability were calculated (MATHEMAT-
ICA software, Figures 6 and 7):

To determine what was exposed to flooding regarding
the above-mentioned water levels of the Danube, GIS
software was used as a tool to construct the Digital
Elevation Model (DEM). The terrain's digital model was
covered by aerial ortophoto snapshots of the studied
area. These ortphoto snapshots were in the geoTiff
format in a scale of 1:5000 with coordinates in the
Gauss-Kriiger system. The geo referencing was carried
out manually (Figures 8 and 9):

Figure 5. Petrovaradin area (by Google Earth).
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Figure 6. Exceedance probability for the Novi Sad gauging station.

Unfortunately, whenever there was a flood on Serbian
territory, a systematic damage assessment was never
conducted. Here and there some damage data exists,
but there was no possibility to structure them and do
a correlation analysis. The damage-magnitude (Figure
10) was obtained by comparing the most similar
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Figure 7. Return period for the Novi Sad gauging station.

hydrological conditions for the Danube River, near th
City of Novi Sad, and the Rheine River in Germany,
near the City of Cologne, for the same infrastructure
object types. The German Federal Ministry have been
continuously recording the damage whenever a flood
occurred.
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Figure 8. Exposed object at 78 m.a.s.L. for Petrovaradin.
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Figure 9. Exposed object at 80 m.a.s.1. for Petrovaradin.

To determine the vulnerability of objects to a flood, this
model uses data that were collected through the GIS
and through field inquiries. The most important indica-
tors of the infrastructural vulnerability assessment were
the following: the Depth of flooding; the Duration of
flooding; the Object's surface area; the Elevation of the
terrain; the Elevation of the object’s ground floor; the
Object type; the Type of material; the Number of floors;
and the Construction elements.

The degree of vulnerability was expressed through a
coeflicient that ranges from 0 to 1, after the normaliza-
tion. This means that the coefficient of vulnerability

for a specific depth was read from the depth-damage
relation. Based on data from the infrastructural objects’
attribution table, as well as on the vulnerability graph
(Figure 10), the damage to objects at a particular flood-
ing depth was estimated and the coefficient of vulner-
ability was determined.

vulnerability
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Figure 10. Historical vulnerability expressed by a damage-magnitude (depth) relation.
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Figure 11. Relation between risk and return period for the Petrovaradin area.

Finally, risk, in relation with vulnerability, exposure
and safety, and expressed in terms of the return period
(10, 20, 50 and 100 Years) were calculated according
to equation (8), and the following relation (9) was
obtained (Figure 11).

R=(1.42/x)-0.01  (9)

where: x = Return Period [Years]

H CONCLUSIONS AND
RECOMMENDATIONS

For decades, disaster risk assessments in Serbia were
based on a hazard assessment only. It was mostly done
by engineers, following basic engineering principles.
No attention was paid to the environmental or social
components of a particular hazard, such as earthquake,
flood or landslide. Parameters, such as vulnerability,
exposure, coping capacity, resistance or resilience were
never considered. Still today, official institutions and
related legislations are in the sphere of hazard-related
defense and civil protection.

The main purpose of this research was to show the
significance of those risk parameters, other than hazard,
and their contribution to the overall risk assessment.
Highlighting the importance of vulnerability, exposure,
and safety, and confirming it in this, and similar
research, proof needs to shift from hazard-related
defense to disaster-risk management, as well as from
emergency management only, to disaster prevention,
preparedness and mitigation activities.

The proposed equation (8) has those parameters
included. Considering the relation between risk and
flood the return period was calculated and graphically
presented for the Petrovaradin area. This enables a
graphical and analytical determination of the risk value
for a particular return period.

ADVANTAGE

Disaster risk assessment is a much more complex event
than just an engineering analysis of, for example, slope
stability, or flood wave and flood routing, or return
period. The method proposed in this paper involves
different dimensions of risk assessment, involving
vulnerability, exposure and safety. It certainly gives a
better multidimensional risk assessment. The results
should be the input parameters for a proactive disaster
risk management in Serbia.

DISADVANTAGE

Involving more risk parameters requires more and
more input data for the calculation. This type of data
has not been systematically collected in Serbia. To
enable this type of data collection will require a modi-
fication to the existing national and local disaster risk
management structure.

RECOMMENDATIONS

To make an implementation of the proposed disaster
risk-assessment method sustainable, we recommend
the following:
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To systematize disaster risk-assessment models in

a multi-hazard framework: The common practice,
from many countries, is to perform a risk assessment
for most frequent hazards, one by one. It is more
costly, requires repetition of data relations and data-
base design, and field data collection. The optimum
way is to do a multi-hazard risk assessment.

To adopt those most suitable for Serbia and its
environment: There are no recipes for disaster risk
assessment. Every natural surrounding is unique,
and requires modification of the generally accepted
methodologies.

To structure basic input-data measurements and
collection: Disaster risk assessment, especially a
vulnerability assessment, requires interdisciplinary
skills. Different disciplines (i.e., social science and
engineering) have their own terminology, methods
and indicators. To avoid misunderstanding and
duplication, some framework in the field of data
collection is required.

To officially task governmental institution to conti-
nuously manage a multi-hazard risk assessment: The
proposed disaster risk assessment is a result of acade-
mic research. The practical implementation of such
a method will require a custodian institution. The
most appropriate will be an existing national disaster
risk-management institution.
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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 novejsega 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 oznacena 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, vkljuéno z
vsemi slikami in preglednicami ter identi¢no kopijo v
elektronski obliki.

Enacbe naj bodo v besedilu postavljene v loc¢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 okrajsave SI. Simbole fizikalnih
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veli¢in v besedilu pisite posevno (npr. v, T itn.). Simbole
enot, ki sestojijo iz ¢rk, pa pokonéno (npr. Pa, m itn.).

Vse okrajsave naj bodo, ko se prvi¢ pojavijo, izpisane v
celoti.

SLIKE

Slike morajo biti zaporedno ostevil¢ene in oznadene, 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 velic¢in (npr. v, T). V diagramih z ve¢
krivuljami mora biti vsaka krivulja oznacena. 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. t (pisano po$evno), pripisite
enote (pisano pokon¢no) 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
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Eleventh Danube-European conference on soil
mechanics and geotechnical engineering, Porec, 25
~29 May 1998.

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

PODATKI 0 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 kraj$anje ali
izpopolnitev ter terminologke 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 gradbenistvo

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. t (in Italics), units (normal text), should be
added on a new line without brackets.

Any footnotes should be indicated by the use of the
superscript!.

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
Eleventh Danube-European conference on soil
mechanics and geotechnical engineering, Porec, 25
-29 May 1998.
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[3] Toporisi¢, J. (1994). Slovenski pravopis. 2"d.ed.,
DZS, Ljubljana.

AUTHOR INFORMATION

The following information about the authors should
be enclosed with the paper: names, complete postal
addresses, telephone and fax numbers and E-mail
addresses. Indicate the corresponding person.

ACCEPTANCE OF PAPERS AND COPYRIGHT

The Editorial Committee of the Slovenian Geotechnical
Review reserves the right to decide whether a paper is
acceptable for publication, to obtain peer reviews for
submitted papers, and if necessary, to require changes in
the content, length or language.

Authors must also enclose a written statement that
the paper is original unpublished work, and not under
consideration for publication elsewhere. On publica-
tion, copyright for the paper shall pass to the ACTA
GEOTECHNICA SLOVENICA. The AGS must be
stated as a source in all later publication.

Papers will be kept in the archives of the AGS.

For further information contact:

Editorial Board

ACTA GEOTECHNICA SLOVENICA
University of Maribor

Faculty of Civil Engineering
Smetanova ulica 17

2000 Maribor

Slovenia

E-mail: ags@uni-mb.si



NAMEN REVIJE

Namen revije ACTA GEOTECHNICA SLOVENICA

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

ACTA GEOTECHNICA SLOVENICA objavlja ¢lanke

s podroc¢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 obsezno razsirjanje informacij.
Nasa 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 $kodo na osebah in na lastnini na podlagi odgo-
vornosti za izdelke, zaradi malomarnosti ali drugace, ali
zaradi uporabe kakrs$nekoli metode, izdelka, navodil ali
zamisli, ki so opisani v njej.

AIMS AND SCOPE

ACTA GEOTECHNICA SLOVENICA aims to play an
important role in publishing high-quality, theoretical
papers from important and emerging areas that will have
a lasting impact on fundamental and practical aspects of
geomechanics and geotechnical engineering.

ACTA GEOTECHNICA SLOVENICA publishes
papers from the following areas: soil and rock mechan-
ics, engineering geology, environmental geotechnics,
geosynthetic, geotechnical structures, numerical and
analytical methods, computer modelling, optimization
of geotechnical structures, field and laboratory testing.

The journal is published twice a year.

COPYRIGHT

Upon acceptance of an article by the Editorial Board,
the author(s) will be asked to transfer copyright for

the article to the publisher. This transfer will ensure

the widest possible dissemination of information. This
review and the individual contributions contained in it
are protected by publisher’s copyright, and the following
terms and conditions apply to their use:

photocopying

Single photocopies of single articles may be made for
personal use, as allowed by national copyright laws.
Permission of the publisher and payment of a fee are
required for all other photocopying, including multiple
or systematic copying, copying for advertising or
promotional purposes, resale, and all forms of document
delivery.

Subscribers may reproduce tables of contents or prepare
lists of papers, including abstracts for internal circula-
tion, within their institutions.

electronic storage

Permission of the publisher is required to store electron-
ically any material contained in this review, including
any paper or part of the paper.

RESPONSIBILITY

No responsibility is assumed by the publisher for any
injury and/or damage to persons or property as a matter
of product liability, negligence or otherwise, or from any
use or operation of any methods, products, instructions
or ideas contained in the material herein.
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