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IZ FOTOGRAFSKEGA ARHIVA - 22. SUKLJETOV DAN
Portoroz, 8. december 2023

Otvoritev 22. Sukljetovega dne v Portorozu 8. decembra 2022 je zazvenela ob skladbi »In the Mood«
v izvedbi skupine Ladybugs.
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rapustila draga boleghca in |
mag. Mojta Ravalkar
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22. Sukljetov dan je bil posveéen Sekciji za geosintetike. Strokovni del je vodil dr. Stanislav Lenart
(predsednik Sekcije za geosintetike).

Poslovili smo se od Mojce. Ostala nam bo v dragocenem spominu.

22. Sukljetov predavatelj je bil svetovno priznani prof. Fumio Tatsuoka z Univerze v Tokiu. Preda-
vanje je potekalo na daljavo.



- nois Cenber for Tranaportation

I

Geosynthetic Stabilization of Aggregate
Layers in Paved Roads

Erol Tutumluer
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Med vabljenimi predavatelji je bil prof. Erol Tutumluer z Univerze v Illinoisu (Urbana-Champaign). Zbralo se je vec kot 90 udelezencev: strokovnjaki z univerz in raziskovalnih ustanov, projektanti,
predstavniki izvajalcev ter drugih strokovnih institucij s podrocja geotehnike.
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Primoi Jelusié
Bojan Zlender
Borut Macuh

Portoral, devember 2073

Domaci vabljeni predavatelj je bilizr. prof. dr. Primoz Jelusié, visokos$olski ucitelj in raziskovalec na Prisotnost Stevilnih domacih ter tudi tujih strokovnjakov je Se dodatno potrdila pomen sre¢anja
Fakulteti za gradbenistvo, prometno inZenirstvo in arhitekturo Univerze v Mariboru. kot osrednjega dogodka geotehniske stroke v Sloveniji.



V okviru 22. Sukljetovega dne je potekala prva skups$éina Sekcije za geosintetike pod vodstvom
dr. Stanislava Lenarta.
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Glavni sponzor 22. Sukljetovega dne je bilo podjetje Geoinvest, ki je s svojo podporo pomembno
prispevalo kizvedbi dogodka. Iskrena zahvala gre tudi vsem ostalim sponzorjem in razstavljavcem,
ki so s svojo prisotnostjo in prispevki obogatili program in omogocili uspesno izvedbo sre¢anja.

Dipvensia photbnesis druste

Sukljeﬂ:vl nnevi

#
e
-

S $opkom roz sta predsednica in tajnik drustva simboliéno zakljuéila 22. Sukljetov dan.
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IZ FOTOGRAFSKEGA ARHIVA - 23. SUKLJETOV DAN
Postojna, 6. december 2024

Nemoten potek registracije sta zagotovili Sproscéen trenutek tik pred zaéetkom: Timotej - —
Studentki Julija in Patricija — preddverje plesne inJanko.
dvorane Jamskega dvorca, Postojna, 6. 12. 2024.

Wl

Prof. Lujo Suklje (1910-1997)

£ 7y

X

Zadnja usklajevanja pred zacéetkom programa; tajnik in predsednica drustva z moderatorko Klaro Spomin na pionirja geotehnike prof. Luja Sukljeta je obudil Janko.
Evo Kukovicié.
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Artificial Intelliger

and future opportunit

Kot 23. Sukljetov predavatelj je zasl. prof. Anténio Gomes Correia (Univerza Minho, Portugalska)

predstavil predavanje z naslovom »Uporaba umetne inteligence v geotehniki prometne Peter Jemec (ELEA iC) je predstavil prispevek: »Gradnja predorov v moéno zakraseli kamnini z
infrastrukture — Trenutni izzivi in prihodnje priloznosti v raziskavah in inzenirski praksi«, pri ¢emer veliko prevotljenostjo» — od na¢rtov do prakse pri gradnji predorov v zakraseli kamnini ter o izzivih
je poudaril razvojne smernice in vpliv na inZzenirske odloéitve v prihodnosti. pri gradniji.

Sledilo je domace predavanje Timoteja Jurcka (UL FGG - Katedra za geotehniko) z naslovom Utrinek iz dvorane: Zbralo se je ve¢ kot 100 udeleZencev.
»Uporaba resonanc¢ne kolone pri merjenju dinamiénih lastnosti zemljin Ljubljanskega barja«.
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Strokovni klepeti in nova poznanstva.
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Ob zakljuéku 23. Sukljetovega dne: prof. Edina Koch, prof. Sonja Zlatovié in prof. Anténio Gomes
Correia (iz leve proti desni) skupaj s predstavniki lzvrSnega odbora SloGeD.

Strokovna ekskurzija 7. 12. 2024: Ogled gradbis¢ na trasi drugega tira ZelezniSke proge med Divaco
in Koprom (Vodenje: Peter Jemec, Elea iC in Katarina Sirk, Yap1 Merkezi).
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MATTHEW RICHARD COOP

Professor Matthew Coop has over forty years’ experience, focusing on research into the behaviour of
soils and weak rocks through high-quality laboratory testing. After early industrial practice in off-
shore foundations and a doctorate at the University of Oxford under Professor Peter Wroth, he began
his academic career at City, University of London in 1986, where he spent the formative part of his
career developing new testing techniques to examine the fundamental mechanics of sands. He moved
to Imperial College London in 2000, was promoted to Professor in 2007, and worked closely with
Professor Richard Jardine on a range of projects, largely on the mechanics of UK clays. He then spent
six years at the City University of Hong Kong, returning to University College London (UCL) in 2016.

His recent work has moved away from traditional continuum laboratory techniques, such as triaxial
testing, towards micromechanics-based approaches, developing new methods for testing individual
soil and rock particles. He has supervised twenty-six completed PhDs and authored around 130 jour-
nal papers, cited over 10,000 times. With various co-authors he has received the British Geotechnical
Association’s annual prize three times, the UK Institution of Civil Engineers’ Geotechnical Research
Medal three times, two Telford Premiums and the George Stephenson Medal of the ICE, as well as a
best paper award from the Japanese Geotechnical Society. He delivered the 2004 Géotechnique Lec-
ture and the 2023 Bishop Lecture, the leading international lecture on laboratory soil testing.

Professor Coop has served on the editorial boards of eleven international journals and on four
technical committees of the International Society of Soil Mechanics and Geotechnical Engineering
(ISSMGE). He was Editor-in-Chief of Géotechnique from 2020-2023 and the Founding Editor of Géo-
technique Letters from 2011-2014. He is currently Chair of ISSMGE Technical Committee 101, which
oversees international activities in the laboratory testing of soils.
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Professor Matthew COOP
Professor of Geotechnical Engineering, University College London

FROM CONTINUUM TO PARTICULATE
MECHANICS IN COARSE GRAINED SOILS

Abstract

Of all the advances in soil mechanics of the past few decades, few are as dramatic as our understanding
of the behaviour of sands and how this affects engineering design in these soils. We have progressed
from considering them as the poor relation of clays within the panoply of soil mechanics to having
their own critical state based behavioural framework, that is quite distinct from clays and which
accounts properly for the particle breakage which is predominant in these soils. The lecture outlines
the background mechanics of sands and gives examples of how it may be applied to the design of piles.
In recent years, the collapse of numerous tailings disposal structures has finally come to the attention
of the geotechnical community, and the insight that our understanding of sand behaviour brings to
these fellow non-plastic soils is discussed, highlighting how we can assess correctly their risk of static
liquefaction, the major cause of death in previous disasters. Finally, the deficiencies of a traditional
continuum-based approach to sand behaviour are discussed, along with our recent forays into the
micromechanics of single sand particles, which may well herald a particulate based future for our
design in these materials.

Keywords:
Sands, continuum mechanics, piles, tailings, micro-mechanics.
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Professor Matthew COOP ¢ From Continuum to Particulate Mechanics in Coarse Grained Soils

OD MEHANIKE KONTINUUMA DO MEHANIKE
DELCEV V GROBOZRNATIH ZEMLJINAH

Povzetek

Med dosezki mehanike tal zadnjih desetletij je le malo tako prelomnih kot novo razumevanje obnasa-
nja peskov ter posledic, ki jih to ima za geotehni¢no nac¢rtovanje. Od obdobja, ko so bili peski v okviru
mehanike tal obravnavani kot »priblizek« glini, smo napredovali do samostojnega okvira obnasanja,
utemeljenega na zasnovi kriti¢nega stanja, ki je od glin bistveno drugacen in ustrezno uposteva dro-
bljenje zrn - prevladujo¢ proces v teh zemljinah. Predavanje povzema temeljno mehaniko peskov ter
prinasa primere uporabe pri nacrtovanju pilotov.

V zadnjih letih so $tevilne porusitve jalovi§¢nih pregrad dokon¢no pritegnile pozornost geotehnicne
skupnosti. V prispevku je predstavljeno, kako nase razumevanje obnasanja peskov prispeva k obrav-
navi sorodnih neplasti¢nih (zrnatih) zemljin, zlasti k pravilni oceni tveganja za stati¢no likvefakcijo,
ki je bila glavni vzrok smrtnih zrtev pri preteklih nesrecah.

Na koncu so predstavljene pomanjkljivosti tradicionalnega kontinuumskega pristopa pri opisovanju
obnasanja peskov ter nasi nedavni koraki na podroc¢ju mikromehanike posameznih zrn peska, kar
utegne naznanjati, da bo geotehnic¢no projektiranje v teh materialih v prihodnje temeljilo na del¢ni -
partikularni obravnavi.

Klju¢ne besede:
peski; kontinuumska mehanika; piloti; jalovis¢ne pregrade; mikromehanika.
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1 INTRODUCTION

Over the last few decades, the mechanics of sands has emerged from vague ideas of their follow-
ing a similar critical state framework to clays to a full appreciation of the real effects of their initial
density and the role of particle breakage in their behaviour. Constitutive models of their mechanics
are now every bit as sophisticated as those for clays. It would be an exaggeration to say that every-
thing changed because of one episode, but the problems encountered at the North Rankin A platform
in 1982 were certainly very influential, first in understanding how carbonate (or calcareous) sands
behave, and secondly that these sands were not in fact “special” but just they highlighted how we
had not really understood fundamentally the behaviour of any sands, even the more conventionally
encountered quartz sands.

The gas platform was founded in 126m of water depth on the Australian North-West shelf. The
32 1.83m diameter open steel pipe piles were designed to be driven to 116m below mudline and to carry
their load predominantly in shaft friction (Fig.1). As the piles were stabbed into their sleeves around the
platform legs, problems immediately became apparent when they penetrated up to 64m into the car-
bonate sands under their self-weight. Subsequent driving resistances were then very much lower than
predicted and significant resistance was only achieved when the piles reached a cemented stratum, or
calcarenite, at around 113m (Senders et al., 2013). The platform could not be certified for the tropical
cyclone conditions that can occur at its location until the piles had been drilled out and plugged, half of
them being underreamed into the calcarenite. Certification was finally achieved in 1988.
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Figure 1: The North Rankin A platform (a) general layout, (b) pile driving record (after Khorshid et al.,
1988).

While it had been understood from the start that carbonate sands would not behave like a quartz
sand, and alternative so design methods had been adopted, it was not perhaps appreciated exactly
how the breakage of the delicate shelly particles of the biogenic sand would lead to a large volumetric
compression, reducing dramatically the radial stresses on the piles and hence their driving resistance
and capacity. More seriously, the industry had not learnt from previous problems in carbonate sands
around the world, particularly in the Persian Gulf and at the Garoupa platform offshore Brazil, which
had experienced similar problems just two years previously. The exact costs that occurred through the
problems at Rankin are difficult to trace but anecdotally are said to be over $0.8 billion at present costs.
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A major research effort was initiated into the mechanics of carbonate sands, which led to two special-
ised conferences on these sands in Perth in 1988 and Bahrain in 1999. However these ceased as we
began to realise that there was nothing inherently special about carbonate sands and that quartz sands
behaved with a basically similar framework, but that the particle breakage which caused problems
was generally encountered at stresses that are typically beyond the engineering range. Interestingly,
there has been a flurry of new activity on carbonate sands generated by China for their development
of the South China sea, although many of the lessons of the past often seem to have been forgotten.

Initially research effort on sands was focussed on understanding the behaviour of sands within a con-
tinuum framework, using familiar techniques such as triaxial tests, albeit at higher than traditional
stress levels, but as we began to understand the complexities that would arise from the nature of sand
particles, notably the breakage they undergo, we started to realise that perhaps the future may lie in a
more particulate based approach.

2 BACKGROUND SOIL MECHANICS

The difficulties faced at Rankin prompted a detailed study of the mechanics of carbonate sands. For
any new material encountered, the two key types of loading to be investigated are isotropic compres-
sion and shearing. Isotropic compression is preferred to one-dimensional, because even if soils are
almost never subjected to isotropic stresses in practice, it is a more fundamental than one-dimen-
sional (e.g. the oedometer) because there are no shear stresses within the soil. Figure 2 shows isotropic
compression data for Dogs Bay sand, a carbonate sand from Western Ireland. The isotropic compres-
sion is simply achieved by increasing the cell pressure in a triaxial apparatus, but it will be noticed that
the stresses reached are higher than common in soils testing and specialised high pressure triaxials
had to be constructed since suitable commercial apparatus did not exist at that time. The graph is
plotted with axes of specific volume, v, against the logarithm of p’ where p’ is the mean normal effec-
tive stress, i.e. (0’a +2 G’r)/ 3 where G’a and O"r are the axial and radial effective stresses, which are equal
during isotropic loading. Within critical state soil mechanics, the specific volume is preferred to the
void ratio e, but it is simply e+1.
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Figure 2: The mechanics of Dogs Bay sand (a) isotropic compression and critical state data, (b) critical
state failure envelope (modified from Coop & Lee, 1993 and Coop, 1990).
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As for all sands, reconstituted samples may be made at various initial volumes depending on the degree
of compaction during sample preparation, but it can be seen that no matter what that initial v is, the
compression curves converge towards one unique line at high stresses, and this is referred to as the Nor-
mal Compression Line, NCL. It is analogous to that for clays, but for sands it is only reached after an ini-
tial stiff compression phase, while in clays the NCL is reached at very low stresses and high volumes that
are not normally encountered. For clean or uniformly graded sands like the Dogs Bay sand the yield as
the NCL is reached is caused by the onset of particle breakage, that breakage being evident in the thin
sections before and after compression in the figure. At that time, it was thought that all non-plastic soils
would have particle breakage as they reached their NCL, but we shall see later that this turned out not to
be correct. Once sand particles are broken they cannot be “unbroken” so the behaviour during unload-
reload (the swelling line) is very stiff indeed and much stiffer than any clay would be.

Following isotropic loading, the samples were sheared using either drained or undrained loading. The
key tenet of critical state soil mechanics is that provided a soil is sheared to large enough strains, states
of constant stress and constant volume (or pore pressure in an undrained test) can be reached so that
the values of p, v and q’ (the deviator stress, 0" — 0’ ) are constant (Fig.3). A difficulty in sands is that
the strains required to reach those critical states are greater than would typically be applied in a com-
mercial test. Points representing the critical states from many triaxial tests are added to Fig.2, where
they identify a locus, the Critical State Line, CSL, that is parallel to the NCL at higher stresses, but
which curves to a horizontal asymptote at low stresses. Shearing is accompanied by greatly increased
particle breakage, as can be seen in the thin section of the sheared sample, where the original particles
are barely distinguishable.

v —

N /f,__z___

1 T
Isciropic .‘b:\\
T campreasion k .

1-4 O critical skale S

1_£ LRRLL T T T T

100 1000 10000
p' (kPa)

Figure 4: Isotropic compression and critical state data for a quartz sand (modified from Coop & Lee,
1993).
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Accurate critical states are actually quite hard to achieve in sands, because of the large strains required,
and it is common for papers to claim that the locus of the critical sates (the CSL) in the q:p’ plane is
curved. This is generally the result of incomplete testing, and the data in Fig.2 define a straight line,
given some scatter arising probably from the non-uniform deformations that are prevalent within
the sample at such large strains. The gradient of the CSL failure envelope, M (q’/p’) for this carbonate
sand is very high, at 1.65 corresponding to a critical state angle of shearing resistance, ¢’ , of 40°, the
high value resulting from the angular nature of the largely shelly particles that constitute the sand.
Contrary to popular conception, carbonate sands do not have a low strength as a bulk material, but
they are very highly compressible as a result of the low strength of individual particles.

By comparison the data for a typical quartz sand (Ham River sand) in Fig.4 show yield in compression
at very much higher stresses that would normally be encountered, except around tip of a driven pile,
for example. The high yield stress is not only a result of stronger particles but also their solid rounded
shape which means that the initial values of v are low. Those shapes also dictate a much lower ¢’ , of
32°. The locations of NCLs/CSLs, the values of the yield stress in compression and also ¢’ , are there-
fore functions of the particle shapes and strengths. The general patterns of behaviour in Figs.2 and 4
are the same, so there is nothing inherently unusual about carbonate sands, but one key difficulty lies
in the variability of their geological origins and hence particle properties and behaviour, compared to
quartz sands that are generally all pretty similar.
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Figure 5: Overconsolidated and compacted states is isotropic compression (modified from Coop & Lee,
1993).
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Figure 6: Schematic diagram of bender element tests.
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In one aspect the behaviour sands departs significantly from what is seen in clays. This is illustrated
in Fig.5 where a given state can be reached either by overconsolidation after loading to a higher stress
(Path O) or by compaction and first loading only (Path C). Clearly the subsequent shearing behaviour
must be different as sample O will have undergone more particle breakage than C. This was investi-
gated by means of examining the elastic shear modulus, G, of samples of both types using bender
element tests. As indicated in the schematic diagram of Fig.6, two piezo-ceramics protrude into the
sample from the top platen and base pedestal of the triaxial. The top one is used to transmit a shear
wave through the sample that is then received by the base element, using the time delay to calculate the
shear wave velocity, v. and hence G, from pv? where p is the mass density of the soil. Strictly, this is the
G, in the vertical plane and for most soils, their anisotropy will mean that G, in the horizontal plane
will be different. Although the value of G, might be thought to be slightly academic, it is the start of the
non-linear stiffness decay curve and so will define the stiffnesses needed in engineering design (Fig.7).
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Figure 7: Schematic diagram of shear modulus decay curve (modified from Atkinson, 2000).
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Figure 8: Normalisation of G, measurements for Dogs Bay carbonate sand (a) definition of p’,, (b) nor-
malisation of G, (c) normalised data (modified from Jovicic & Coop, 1997).

The values of G, for samples of varying initial density are given in Fig.8 for both compaction and
overconsolidation approach paths. The overconsolidated samples are much stiffer, as might have
been expected, and this emphasises the need to understand properly the geological loading history of
sands, just as we would routinely do for clays. However, there are clearly effects of the initial sample
density and the overconsolidated samples also tend to have lower volumes than the compacted. For a
rigorous comparison we need to eliminate the effects of volume and we do that by taking the distance
of the current state from either the NCL or CSL and some common normalising parameters for doing
this are shown in Fig.8a. Here we have used the equivalent stress on the NCL at the current specific
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volume, p, so the distance from the NCL is quantified as p'/ p,. We similarly need to normalise the G
values and this is done in Fig.8b by dividing our measured value by the G we would have for a sample
on the NCL at the current stress level p. If we do that, we find that the data for all densities follow
the same trend, but with the expected higher stiffnesses of overconsolidated compared to compacted
samples. Although this example is given for a carbonate sand, the same behaviour was seen for simple
quartz sands. This dependence of the behaviour of a soil on its location in terms of volume and stress
relative to the CSL or NCL is central to critical state soil mechanics and we will see offers us ways to
apply these analyses in engineering practice.

In soil mechanics the mechanics of silts have often been confused because we don't know whether
to treat them like clays or like sands, and this is often complicated by natural silts often having some
clay content and/or a high organic content, especially when found in a natural estuarine environment.
This can give them a substantial plasticity, like, for example, the Bothkennar clay that was extensively
tested in the UK in the 1980s and 1990s (e.g. Hight et al., 1992). However, pure silts are, like sands,
clastic materials, and are composed of broken bits of rock minerals and have none of the plasticity of
clays that is created by their complex inter-particle electro-static interactions. It is then perhaps little
surprise that in the absence of any substantial clay or organic content, silts behave in a very similar
manner to sands. An example is given in Fig.9 where the CSL of the Bostanj silt is shown. One alarm
bell started to ring though, as result of these and similar data for silts, which was that there was much
less particle breakage than for sands, as can be seen from the gradings before and after testing. The
onset of significant breakage therefore did not correspond with the steepening of the CSL as had been
found for sands. An interesting aside is that the very smallest particles don't actually break at all. This
is because for every mineral a comminution limit exists, typically around a few microns, below which
the mineral will only deform plastically but not fracture (Kendall, 1978).
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Figure 9: The Bostanj silt (a) CSL, (b) particle breakage (modified from Vilhar et al, 2013).
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3  STATIC LIQUEFACTION IN MINE TAILINGS

The simple critical state type framework used above to describe the behaviour of sands leads to some
immediate design applications, without any further complexity. One of key importance is the stabil-
ity of disposal facilities for mine waste. Typically these are placed behind tailings dams, for example
at the Stava facility shown in Fig.10. The dam is generally constructed from the more sandy tailings
with the siltier materials deposited behind in a lagoon. This particular facility was built with the
upstream method in which each heightening of the dam was constructed on top of finer tailings that
had already been placed, a method that has now been largely discredited because it has been associ-
ated with a high proportion of problems. It was also unusual in that it was constructed on a hillside
with one dam placed above another, so the consequences of the failure in 1985 were especially cata-
strophic with about 240,000 m’® of liquefied tailings moving at speeds of up to 90km/h 4km down the
valley, destroying one village and killing 268 people.

L upper basin lower basin
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Figure 10: The Stava tailings dams (after Colombo & Colleselli, 2003).
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Figure 11: The variability of tailings (a) gradings (after Li et al., 2018), (b) mineralogy.

Annual tailings production worldwide is currently at about 5-7 billion tonnes, and there are now
about 8000 tailings disposal facilities containing 217km?* (Qi & Fourie, 2019). Franks et al. (2021)
have estimated that around 10% of existing tailings dam facilities have stability issues. In the decade
to 2021 there were 39 major failures, 11 causing death with at least 620 killed (WISE, 2021). Most
notable had been the Bento-Rodrigues 2015 and the Brumadinho 2019 failures in Brazil. The lique-
fied tailings from both flowed down their respective valleys, Bento-Rodrigues killing 19 and releas-
ing 62 million m® of tailings that travelled 650km and caused an ecological disaster with the almost
complete extermination of the Doce river’s fauna. Brumadinho was smaller and released 11 million
m’ but killed 270 people. The problems of tailings dams might be thought to have been exacerbated
by the lack of high-level geotechnical design input until after, perhaps, the Stava disaster.

Since they are the waste materials of crushed rock from the mineral extraction process, tailings are

necessarily generally clastic, non-plastic and quite fine grained, rather similar to many natural silts
or fine sands, although their particles tend to be more angular because of their origin as crushed
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materials. Typical gradings curves are shown in Fig.11a. A key difference is that they often have unu-
sual mineralogies inherited from the parent rocks (Fig.11b), and these are not even consistent for one
type of extracted mineral. But perhaps the focus on the unusual mineralogy of tailings has been a
distraction from what is essentially some quite simple soil mechanics that can explain their instability.

Tailings gradings vary with location within the facility. When the outfall into the lagoon is placed on
the dam, the gradings become finer with distance from the dam, from sandier materials on the beach
adjacent to the dam, to finer further down into the “pond”. The Stava tailings were tested at different
gradings by combining a silty grading and a sandy grading in various proportions (Fig.12). As the
grading became finer the CSL moved first down in the e: In p’ plane and then back up, as is typical
for sands mixed with fines. We use natural logarithms In for his graph only because the equations are
defined in those terms not base 10 logs. In every case, the CSL is flat at lower stresses and curves at
higher stresses, although the stresses applied here have not been sufficient to reach the straight CSL
seen in Fig.2. However, in no case was there any significant particle breakage, and we can see that our
previous assumption that the steepening of the CSL resulted necessarily from breakage was incorrect.
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Figure 12: CSLs of Stava tailings of various gradings (modified from Carrera et al., 2010).

We can understand whether a tailings will liquefy simply with reference to this e: In p’ graph (Fig.13).
Any sample in the red zone, e.g. Test 1, must liquefy when sheared undrained because the constant
volume path that it must follow can never reach the CSL. It will therefore necessarily reach p'=0 and if
so the strength q’ must also be zero. Many published data are not clear about this because the tests are
poorly done and the data not corrected properly for the restraint caused by the membrane stiffness.
At higher stresses (the blue zone) Test 2 starts with a lower value of e as it has been compressed to
higher stresses. At this value of v it is able to reach the CSL by following its constant e undrained path,
but with a considerable reduction of p’ and hence strain softening. It will however have a stable final
critical state strength and will not liquefy. At higher stress levels (purple zone, Test 3) the samples will
have even lower initial e values and the strain softening is less and the soil may even strain harden.
The vocabulary used in the industry and even in academia is unhelpful to say the least. A test like Test
2 would be said to undergo “flow liquefaction” because of its strong strain softening. Such material
behaviour would of course give a severe failure of the dam, but it could not account for the deadly
rapid flow velocities and very long runouts that result from a true liquefaction like Test 1, which can
only occur from volumes above the horizontal asymptote of the CSL. So to know which are the most
dangerous tailings we need only to know their CSL location and their in-situ voids ratio, although
that is of course not a trivial task. There is a small caveat on this framework; all of this is for triaxial
compression tests, while the loading in a dam will generally be closer to plane strain and this may
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well move the CSL. We should therefore also do some simple shear tests in the laboratory. The better
understanding of liquefaction that the industry now has means that tailings are now often placed dry
stacked at higher densities.
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Figure 13: Liquefaction of Stava tailings of 100% sand grading (modified from Carrera et al., 2010).
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Figure 14: Using state parameter to identify liquefaction, (a) definition of state parameter, (b) schematic
stress-strain behaviour, (c) relationship between state parameter and brittleness index for Stava triaxial
data.

To understand whether a material will liquefy or not we therefore need to quantify where the state of
the tailings is relative to the CSL in the e: In p’ plane. This could be with an equivalent pressure taken
at the current value of e (or v) on the CSL, p’CS in Fig.8, but much more commonly the state parameter,
y, is used (Been & Jefferies, 1985), which is the vertical not horizontal distance from the CSL, i.e. the
difference of e between the current state and that on the CSL at the same p. This is illustrated sche-
matically in Fig.14a. There would be no difficulty with this approach if the CSL were straight, but for a
curved CSL the problems are manifest. The three states illustrated all have the same y but it is evident
from Fig.13 that the stress-strain behaviours must be completely different (Fig.14b). Here the brittle-
ness index, I, is introduced, which simply indicates the degree of strain soften and is defined as (q__ -
q.)/q,, whereq__ is the peak q of the stress-strain curve and q__ is that at the end of the test (critical
state). When there is no peak strength I.= 0 and when there is complete liquefaction with zero critical
state strength I .= 1. When a correlation is tried between y and I, for the Stava triaxial data, unsurpris-
ingly it is unsuccessful (Fig.14c) with no clear correlation for any of the mixes tested. Because of these
problems with state parameter, Bobei et al. (2009) introduced a modified state parameter, y_, defined
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in Fig.15a. The resulting correlation with I, now works well in Fig.15b for the clean sand. However,
even if there is insufficient data for the other mixes to establish similar relationships, it is clear that
every soil mix gives a different relationship. This is not terribly helpful as it means that every new
material encountered would need the CSL to be established in the e: In p’ plane in order to define y_,
but if you knew the CSL location you would already know which states would be those that liquety,
so nothing is gained.
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Figure 15: Using modified state parameter to identify liquefaction, (a) definition of modified state
parameter of Bobei et al. (2009), (b) relationship between y_ and |, for Stava triaxial data.
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Figure 16: The Panzhihua iron tailings, (a) locations and (b) gradings (after Li & Coop, 2019).

The Panzhihua iron tailings studied by Li & Coop (2019) were sampled from three locations at the
Wanniangou dam, the Upper Beach (UB), Lower Beach (LB) and Pond (PO). The gradings become
finer with distance from the dam (Fig.16). In Fig.17 the CSL for the two coarser gradings is “sand”
like and curved, while that for the Pond is straight within the range of stresses that could be reached
in the triaxial, with no horizontal asymptote. This may be thought to be more “clay” like, but these are
essentially non-plastic materials. Comparing with the CSLs for other tailings we can see that while the
CSLs at higher stresses are all fairly similar, it is the horizontal asymptotes that show most variability
and it is this that controls liquefaction. Meanwhile, the angles of shearing resistance are quite similar
for all gradings and type of tailings.
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The potential of a tailings to liquefy can be defined by considering where the horizontal asymptote of
the CSL, v, , lies relative to the maximum and minimum possible specific volumes, v, and v  (or
void ratios) that can be made during sample preparation; the closer v istov, the wider the range of
possible states that could potentially liquefy. Data from various tailings are gathered in Fig.18, includ-
ing the iron tailings from Panzhihua. With some scatter, especially an outlier from Chang et al. (2012),
it can be seen that the v, typically lies mid-way betweenv, andv, . and thatlocation does not change
much with the grading from Beach to Pond, so all gradings will be approximately equally susceptible.
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Figure 17: The behaviour of the Panzhihua iron tailings compared with other tailings, (a) CSL location,
(b) ¢’ , (after Liet al., 2018).
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Figure 18: The liquefaction potential of tailings for different gradings, (a) definition of terms, (b) liquefac-
tion potential (v__ andv_. open symbols, Viig closed symbols) (modified from Li et al., 2018).

max i

With the example of tailings liquefaction we can see how a simple consideration of the basic mechan-
ics of the “soil” is all that is needed to understand deadly failures. We will now apply similar tech-
niques to pile capacity in sands, although this will require us to quantify the location of the current
soil state in the v: In p’ plane (or e) with some sort of state parameter, which was not strictly helpful
for tailings.
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4 THE CAPACITY OF PILES

Based on our proper understanding of the mechanics of sands, and of carbonate sands in particular,
we can now return to the question of why pile capacity is so much lower in carbonate sands than
in the more commonly encountered quarzitic sands. A series of geotechnical centrifuge tests was
undertaken to investigate this, and a sketch of the experiment is given in Fig.19. The 16 mm model
pile was very heavily instrumented and, in addition to measuring the end bearing, four measurements
of the radial stress and five of the shaft resistance were made along the shaft. It penetrated by jacking
up to around 350 mm into a strongbox containing the sand, which, using gravitational accelerations
of 50g, 100g and 200g, gave the equivalent prototype penetrations of 17.5, 35 and 70 m. Naturally
such a model has many simplifications; it is jacked, not driven, it measures the installation resistance
not the final capacity, the soils were dry not saturated, and the pile is solid and rigid compared to the
prototype piles which are rather flexible open-ended steel tubes. Nevertheless, such a technique is the
only way the mechanisms behind pile behaviour in sands can be investigated rigorously, and this type
of research is just a first stage before one returns to examine prototype scale data.

Actuator
- 0 - Housing

Ball Screw

] Cross Head
Load Cell

Lincar Guide

Model Pile
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Figure 20: Geotechnical centrifuge test data for end bearing on a jacked pile in Dogs Bay sand (after
Klotz & Coop, 2001).

Typical data are shown in Fig.20. These are for end bearing (unit base resistance, q,) during penetra-
tion in Dog’s Bay carbonate sand but tests were also carried out in Leighton Buzzard quartz sand.
The end resistance clearly depends on the density the sample was prepared with, but it is also clear
that the overconsolidated samples that have been loaded to a higher vertical stress and unloaded,
behave differently, just as they did when we examined sand stiffness. Conventionally, we think of
sand behaviour in terms of relative density, D_(=e__-e)/e__ —e__ ), even if we know that the values
of the maximum and minimum void ratios ¢ _and e _, are somewhat arbitrary. In Fig.21 the unit
base resistances have been normalised with respect to the in-situ vertical effective stress (o’ ) to give
and end bearing capacity factor N . There is no reason to think that any relative density based method
would work, and it does not and there is no useful trend to be seen. Each test has a high Nq at small
penetrations that reduces with depth, but there is no relationship to D..
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Figure 21: Pile end bearing in carbonate sand normalised by vertical effecive stress and analysed in
terms of relative density (after Klotz & Coop, 2001).
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The correct approach, as discussed above, is to quantify the distance of the current state from either
the NCL or CSL by means of some form of state parameter, either in terms of volumes, like v, or in
terms of stresses. Here a stress state parameter is used, R which is equal to the current p’ divided by
that at the same v (or e) on the CSL (p, see Fig.8). To achieve this the in-situ v was needed and this
was obtained from the initial v when the sample was made along with measurements of the settlement
of the soil at various depths that were made during the centrifuge spin-up. The resulting plot is much
more satisfactory (Fig.22). While the linear trend sketched is perhaps optimistic, it is clear that there
are no longer any consistent differences between samples of different initial densities, and that the
only thing that does have an effect is overconsolidation, exactly as we saw on Fig.8 for sand stiffness.
This example is for end bearing in the carbonate Dogs Bay sand, but similar trends (but of course
with different locations and gradients) were seen for the quartz sand and also for shaft friction in both
soils. There was therefore nothing inherently different in the behaviour of piles in a carbonate sand
compared to a quartz sand and their lower capacity arose simply from 1) their initially much higher
in-situ values of v, and 2) different locations of the trends relating pile capacity to R..
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Figure 22: Pile end bearing in carbonate sand normalised by vertical effecive stress and analysed in
terms of stress state parameter, R_(after Klotz & Coop, 2001).

In their load tests on bored piles in London’s Docklands, Nicholson et al. (2002) found the unusual fea-
ture that the end bearing capacity reduced with increasing penetration into the Thanet sand (Fig.23).
This they realised was associated with a change of stratum from a cleaner grading to a siltier one, but
it was not understood why this should be the cause. A series of triaxial tests, however, revealed that
the CSL of the low fines grading lay higher in the e:Inp’” plane than the high fines (Fig.24). Together
with the lower stress levels at smaller depths and the slightly denser in-situ states of the low fines sand,
this meant that the distance of the in-situ state from the CSL was much greater, so that R_(p’/p.) was
much lower. Analysed in these terms it makes perfect sense that there should be a lower capacity in
the deeper, high fines, stratum, with a similar trend in Figs.22 and 24b, although the values are of
course different as the sands and pile types are both different.
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Figure 23: Pile end bearing for bored piles in Thanet sand at the Isle of Dogs, London, (a) pile test data
(Nicholson et al., 2002), (b) gradings of the sub-strata (Ventouras & Coop, 2009).
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Figure 24: Pile end bearing for bored piles in Thanet sand at the Isle of Dogs, London, (a) critical state
lines for Thanet sand, (b) normalised pile end bearing test data (Ventouras & Coop, 2009).

Figure 25 shows an attempt to apply the same methodology to the unit shaft friction, g, of piles
measured in field tests. Values of the shaft friction coefficient § (=q /0’ ) are plotted, taking a mean
value for the whole pile. The trends for the shaft friction measured in the centrifuge tests are shown
for reference, but they are low, probably as a result of the very smooth model pile. Given the very wide
range of soil and pile types included, the scatter is remarkably small and there is a fairly good trend
showing the influence of the in-situ state, apart from a few very low values on very flexible conductors
in carbonate sands. This methodology can be applied equally well to pile load-deflection behaviour.
This is illustrated in Fig.26 where the stiftness of the pile response in the centrifuge tests in Leighton
Buzzard sand is analysed, showing a clear trend with R..
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Figure 25: Pile shaft friction for various piles (modified from Klotz & Coop, 2001).
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Figure 26: Pile stiffness from centrifuge tests (a) schematic diagram showing definition of stiffness, (b)
pile stiffness analysed in terms of state from centrifuge tests in Leighton Buzzard quartz sand (Coop et
al., 2005).
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5 PROBLEMS WITH THE CONTINUUM MECHANICS
OF SANDS

This lecture has only focused on some simple mechanics for sands based on the interaction of their
volumes, their strength and stiffnesses, and how this is influenced and, in some senses complicated,
by particle breakage. But for many engineering applications we might have to account for further
complexities, notably 1) the mode of loading, i.e. triaxial compression, extension, plane strain etc., 2)
anisotropy of properties and the effects of the rotation of stresses on those properties, 3) the influence
of the recent loading history on the stiffnesses, 4) the state boundary surface being highly asymmetri-
cal in shape so that the flow rule relating strain to stress increments is non-associated, or 5) the effects
of the natural structure created by the geological history (fabric and bonding). Unfortunately these
are not the limit of our woes with a continuum approach. A key assumption behind the critical state
framework as originally proposed for sands was that compressive volumetric strains, either during
compression or shear, were related to particle breakage. We have already seen that this breaks down
for siltier materials, but in fact it is also incorrect even for clean sands.

When Chandler (1985) proposed his model for materials with deformable grains, he had in mind
agricultural grains rather than sands, and he realised that an apparent critical state, where the volu-
metric strain ceased during shearing, could be brought about by the volumetric compression from
the particle deformation being balanced by a dilation of the matrix of particles. This hypothesis was
quickly extrapolated to breakable particles leading to two possible scenarios, 1) the breakage ceases at
the end of a triaxial test when a critical state is reached at a few tens of percent strain, or 2) the critical
state is only apparent and results from a balance of compression arising from breakage and dilation in
the matrix. This was investigated by Coop et al. (2004) who carried out ring shear tests on sands, using
the Dogs Bay carbonate sand to amplify the amount of breakage. The Bishop ring shear apparatus was
used (Fig.27), making the vertical stress more difficult to control and the data are therefore grouped
in three ranges of stress levels. The tests were stopped at chosen strains and the grading in the middle
section of the sample, where the strains were more uniform, was examined.
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Figure 28: The evolution of particle size distribution in ring shear tests on carbonate sand (Coop et al.,
2004) (a) gradings curves, (b) relative breakage, (c) volumetric strains, (d) definition of relative breakage,
B, (Hardin, 1985).

The data for the highest stresses show an evolution during shearing from the initial uniform grading
towards a fractal grading, plotting as a straight line on a log: log graph. This has a fractal dimension
of 2.57, which was slightly higher than the value of 2.5 that McDowell & Bolton (1998) had shown
to be the ultimate grading that a sand could reach by breakage in compression. The degree of break-
age was quantified with the relative breakage of Hardin (1985). The data in Fig.28 highlighted that at
each stress level a final degree of breakage was indeed reached, and that reaching a state of no further
breakage did correspond to the cessation of the volumetric strain. However, this occurred at strain
levels far beyond anything that could be reached either in a triaxial test or in typical engineering
applications. The critical state we use is indeed therefore only apparent. This might be thought, how-
ever to be a slightly academic point, unless one has applications where there are very large strains,
such as a debris flow or along the shaft of a driven pile.

It had often been assumed that the angle of shearing resistance would reduce as breakage made the
grading finer, but with high pressure triaxial that was shown in Fig.2 to be incorrect, provided the
tests were taken to adequate strains. Here, in Fig.29 we have a further confirmation that even under
extreme degrees of breakage there is no degradation of ¢’ Initially dense samples have peaks and
loose no peak strengths, but after they settle down at the critical state ¢’ there is no further change
of strength.
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Figure 29: The evolution of mobilised angle of shearing resistance in ring shear tests on carbonate sand
(Coop et al., 2004)

If sands can exist with any grading from uniform to fractal, that begs the question of how the behav-
iour then evolves with a change of initial grading. Following pioneering work by Altuhafi et al. (2006,
2010) on glacial sediments which become fractally graded through intense shearing beneath the gla-
cier, Altuhafi & Coop (2011) made a systematic investigation of how the compression of sands would
change with the initial grading. They did this for three sands and data for the two most extreme grad-
ings, uniform and fractal, on carbonate sands are shown in Fig.30, but a quartz sand and a glacially
deposited sand behaved in a similar fashion. The uniform sand gives a clear yield in compression and
plenty of particle breakage when loaded to high stresses. The degree of breakage did, however, vary
with the initial sample density, which was perhaps unexpected since the samples, after compression
have the same voids ratio and are at the same stress. However, the fractally graded sand (labelled CD)
shows no breakage and the compression curves are flatter, with no distinct yield. More importantly,
loose and dense samples do not converge to a unique normal compression line, NCL, and exhibit a
“transitional” mode of behaviour. Transitional behaviour is when a soil’s compression and shearing
behaviour are dominated by the initial density the soil is formed at, and no amount of compression
or shearing (within the limited strains imposed by our simple lab tests) can make their compression
or shearing paths converge. While transitional soils do have unique NCLs and CSLs, those lines are
unique for each initial voids ratio (see e.g. Shipton & Coop, 2015), so in fact each soil has an infinite
number of NCLs and CSLs. This mode of behaviour can occur in a wide range of soils with mixed
gradings and/or mixed mineralogies.

The revelation of the true extent of particle breakage in sands led to researchers questioning whether
it was appropriate that they should simply have a single CSL as in Fig.2 or whether in fact they would
have a new and evolving CSL as the breakage they suffer increases and the grading changes. Muir
Wood (2008) proposed a model based on this assumption. When we see a unique CSL for sands at
higher pressures, this model assumes that that is only because we are only testing our samples under
ever increasing stress levels and we have not reduced the stresses after breakage to see if the CSL is
still the same as it was for a monotonically increasing stress. The work of Altuhafi & Coop (2011) in
Fig.30 might be thought to support that hypothesis, but of course these were tests done on samples
with a changing initial grading, which does not address the question of whether a change to the grad-
ing during the loading history of a soil can affect the behaviour in the absence of reconstituting or
thoroughly mixing the soil. Put more simply, is it the initial or the current grading of a soil that gov-
erns its behaviour, or one could ask, does the soil know that some of its particles have been broken?
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Figure 30: Changes to the oedometric compression behaviour of Dogs Bay carbonate sand with inital
grading, (a) compression for uniform initial grading, (b) particle breakage for uniform initial grading, (c)
compression for fractal initial grading (CD), (d) particle breakage for fractal initial grading (Altuhafi &
Coop, 2011).

The test procedure to investigate this is far from easy and is illustrated by the example test in Fig.31a.
As always, the Dogs Bay carbonate sand was used as an extreme case that gives plenty of particle
breakage, which we would need much higher pressures to see in a quartz sand. The sample was first
isotropically compressed to 1 MPa and then sheared drained at that stress level. The shearing was via
a path of constant p’ achieved by reducing the radial effective stress at half the rate of the increase
of deviatoric stress. This path was followed simply to create some breakage in the soil, hence the
elevated pressure. The constant p’ path was used as it allows the critical state to be reached at lower
strains compared to a standard drained shearing at constant effective cell pressure, or radial stress.
Having created the breakage, the sample was unloaded under a constant effective radial stress and
then extended slightly to recover the sample shape so that it did not become too barrelled. The final
shearing, again constant p, was then at 500kPa, after which the sample was recovered and its final
grading checked. Three first loading stress levels (0.5, 1 and 4 MPa) were used to create three differ-
ent amounts of breakage, quantified with B, and it was checked that this breakage was mainly caused
by the first loading and that the second loading was not contributing significantly. Each degree of
breakage did indeed create a new CSL (Fig.31b) but the differences between these and the CSL of the
original grading were small and an enormous amount of breakage was needed to move it significantly.
So for most practical purposes we can probably ignore this problem and simply use our unique CSL
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as in Fig.2, because we are unlikely to have engineering structures where we create a lot of breakage at
high stresses and then need the soil properties after it has unloaded to much lower stresses.
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Figure 31: Changes to the CSL of Dogs Bay carbonate sand with particle breakage (a) exampe of test
procedure, (b) new CSLs (Bandini & Coop, 2011).
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6 PARTICULATE APROACHES TO SAND BEHAVIOUR

The complexity, difficulty and confusion of the mechanics of sands arises almost solely because we
insist on applying continuum mechanics to a material that is patently not continuous. We should
then ask ourselves why on Earth are we torturing ourselves with this hideous mechanics and we
don’t adopt a discrete or particulate approach. Sands, of all soils, naturally lend themselves to discrete
analyses such as DEM (discrete element modelling). The behaviour is dominated by the contact forces
and there are no significant particle surface forces to worry about. DEM analyses of sands have been
around for 45 years or so, but many have been simplistic as the DEM particles have been spherical,
which no sand particles are. This then means that the contact parameters assumed in the analyses are
artificial and they are typically found by curve fitting a DEM analysis of an element test like a triaxial
with a real triaxial test. The contact parameters required in the analyses are indicated in Fig.32. The
normal loading is often assumed to be linear as is the tangential loading, with stiffnesses K and K,
which are then often assumed to be the same. In tangential loading, “failure” occurs when inter-par-
ticle sliding occurs at the friction coefficient p. In normal loading, failure occurs when the particles
break, but this is seldom modelled in DEM, despite the importance that we have understood it has
for many sands at the continuum or macro-scale. A rolling resistance is then generally employed in
analyses with spherical particles to prevent them spinning. This is mostly artificial as the true rolling
resistance is likely to be very small. The twisting resistance is real but generally ignored because it is
assumed to be small. In some more advanced analyses, a non-linear Hertz (1882) contact model is
used, which is based on the contact between two smooth elastic spheres. This was extended to give a
non-linear tangential behaviour by Mindlin & Deresiewicz (1953).

To create a perfect Avatar or digital twin of a sand, three key aspects need to be addressed: 1) model-
ling the correct particle shapes, 2) modelling the fabric (particle arrangements) of the prototype sand,
and 3) using the correct contact mechanics. There are a plethora of methods for capturing the shape,
for example overlapping spheres (Fellerec & McDowell, 2010), non-overlapping clumps of spheres
(e.g. Tapias et al., 2015), polyhedrons (e.g. Tutumluer et al., 2013, potential particles (e.g. Ahmed
et al.,, 2016), spherical harmonics (e.g. Zhao et al., 2017) or level-set DEM (Karapiperis & Andrade,
(2021). Then the fabric is fairly routinely captured using X-Ray CT (e.g. Fonseca et al., 2013). What
is seldom investigated is the contact mechanics and even using realistic particle shapes the tendency
is to obtain that by curve fitting triaxial test simulations. But of course curve-fitting a model with at
least four parameters is fraught with problems and the values obtained have little to do with reality.

Figure 32: Simple contact models used in DEM.
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Instead of being half-hearted about discrete analyses, we need to have the courage of our convictions
and throw away our triaxial apparatus, but then we will need an apparatus to investigate the contact
mechanics. Such an apparatus is shown in Fig.33. Going back to the 1960s researchers have investi-
gated individual aspects of sand contact behaviour, for example Skinner (1969) who measured con-
tact friction coefficients. This is however, the first apparatus to allow a complete investigation of the
contact mechanics in normal and tangential loading, from the small displacement stiffness to failure
(sliding or particle breakage). Three loading arms apply computer controlled forces and/or displace-
ments at the contact of two particles, the lower one being mounted on a sliding sled. Each arm has a
linear actuator, load cell and non-contact displacement transducer. This version of the apparatus is
designed for coarse sands has a load capacity of 100 N, but can resolve forces and displacements down
to 0.01 N and 0.01 pm, while a larger version for ballast and rockfill reaches 1kN. The extreme accu-
racy of the displacements is necessary because soil contact behaviour is very stiff, and this accuracy
can only be achieved by using a very stiff apparatus.

Displacement
Transducer

q Linear
Actuator

Load
Cell

Linear
Bedkinge 3 point bearing '

Typical normal loading responses for four sands are shown in Fig.34a. Each of the particles was in the
size range 1.18-2.36mm. The differences between the responses arise partly from differences of size
and the shape at the contact, but also from their different mineralogies and hence different Young’s
moduli of the minerals forming them. The decomposed granite sand is particularly soft because the
weathering that created it left a clay coating on the particles. We can compare the normal loading
behaviour with that predicted by Herz (1882):

5 _@_( IN? )1/3
N =™ r 7 \16RE*2 (1)

where 8 is the normal displacement, a, is the radius of the particle contact area, R the equiva-
lent radius (1/R = 1/R;+1/R,), N the normal force and E* the equivalent Young’s modulus, taken as
1/E*=(1-v*)/E +(1-v,’)/E, in which v , E , v2 and E, are the Poisson’s ratios and Young’s moduli of the
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two contacting materials. The Poisson’s ratio of quartz is 0.065-0.068 and its Young’s modulus 93GPa
(Mavko et al.,, 1998; Jaeger et al., 2007). R and R, are the radii of the two particles in the vicinity of
the contact. For highly spherical particles these may be assumed to be the particle size, but for more
irregular particles they have to be measured from the microscope images of the contact (Fig.33).
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Figure 34: Normal loading behaviour of sands (a) comparison of sands of different origins, (b) compari-
son of a test on a quartz sand with contact models (modified from Nardelli & Coop, 2019).

Figure 35: Laser confocal microscopy image of a sand particle (Singh, 2025)

The comparison between the data for a quartz Leighton Buzzard sand particle and Hertz in Fig.34b
reveals that Hertz is a little too stiff. This is because the real particles are not smooth and have a finite
roughness. This can be measured using white light interferometry or laser confocal microscopy. Fig-
ure 35 shows a typical image of a sand particle. The overall particle shape has to be removed from
the image before the roughness can be calculated, which is generally quantified with a root mean
square value of the deviation from a reference plane, S , which for the example in Fig.34b was 1.7 um.
Hertz was modified by Greenwood et al. (1984) and Yimsiri & Soga (2000) for the particle roughness.
The equations are too involved to repeat in this paper and details can be found in e.g. Nardelli et al.
(2019), but the agreement with the data is much better. Here, for a relatively low roughness sand, the
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influence of roughness is modest, but it becomes crucial for rougher materials, for example a railway
ballast (Altuhafi et al., 2023).

At larger loads these is a surprising amount of plastic deformation at particle contacts before the par-
ticles fracture. Figure 36 shows surface profiles of a Leighton Buzzard quartz sand particle measured
after the application of various loads against a steel platen. These were taken with white light inter-
ferometry by Yao et al. (2022). This is not simply plastic deformation of the roughness asperities but
a widespread plasticity in the region of the contact at which point all of our contact models fail to fit
the data.
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Figure 36: Surface profiles of a quartz sand particle contact deformed at larger loads (Yao et al., 2022).

(b)

Figure 37: Breakage modes of particles of Leighton Buzzard quartz sand (a) explosive, (b) splitting (Wang
& Coop, 2016).
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When the particles reach failure, the two principal modes of rupture are splitting and explosive. Fig-
ure 37 shows images from a high speed camera during particle failure when loaded between two plat-
ens. The strengths of a number of quartz sand particles were measured and then, separating by mode,
they were plotted against the probability of survival, i.e. the probability of a particle having a strength
greater than a particular value (Fig.38). The splitting particles are generally weaker and more numer-
ous than the explosive ones, and this corresponds to the splitting ones, on average, having greater
angularity and so more stress concentration at the loading contact. In contrast the explosive particles
are more rounded and store more energy leading to a more violent failure.
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Figure 38: Strengths of Leighton Buzzard quartz sand particles (Wang & Coop, 2016).
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Figure 39: Tangential loading sands, (a) comparison of various sands, (b) comparison with Mindlin-Der-
esiewicz (modified from Nardelli & Coop, 2019).

In tangential loading of sands (Fig.39a) there is again some variability of response because of dif-
ferences in contact geometry, mineralogy and surface roughness and the weathered surface of the
decomposed granite again makes it considerably softer. Comparing the Mindlin & Deresiewicz (1953)
predictions with the real particle contact behaviour in Fig.39b, the predictions are rather worse than
that in normal loading compared to Hertz, and are consistently around a factor of 2-3 too stiff. There
is no adequate model for tangential loading that accounts for roughness, but as we move to very rough
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particles like railway ballasts the M&D predictions get even worse (Wong & Coop, 2023), so undoubt-
edly the poor predictions result from the effects of particle roughness. In Fig.40 the sliding failure
envelopes are shown for various materials. While there is considerable scatter for each material there
are consistent differences in the overall values of p. These do not correlate well with the shape of the
particles, since the biogenic carbonate sand, which has the highest y, is also one of the most spherical
and roundest. Instead, Fig.41 reveals that it is the particle surface roughness that controls .
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Figure 40: Tangential loading failure envelopes for various sands (modified from Nardelli & Coop, 2019).
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Figure 41: Coefficients of sliding friction for a range of materials (modified from Wong & Coop, 2023 and
Nardelli & Coop, 2019).
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The contact mechanics of sands in normal and tangential loading is therefore fairly simple to under-
stand, even if current models are inadequate for tangential loading. However, just as in the continuum
mechanics from a triaxial test, there are a range of other issues to consider beyond simple monotonic
normal and tangential loading. Some of these have already been addressed, for example contact creep
or maturing (Michalowski et al., 2018), rate effects (Wong & Coop, 2023), cyclic loading (Wong &
Coop, 2023), the influence of the plasticity at the contacts on their behaviour (Altuhafi et al., 2024,
Nardelli & Coop, 2019). Some of the aspects of behaviour we observe in laboratory tests may also

prove very challenging to implement in numerical modelling, especially those relating to particle
damage and breakage.
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7 CONCLUDING REMARKS e void ratio

e~ maximum e
Over the last few decades our understanding of the mechanics of sands has progressed immensely. In e . minimum e
the first instance this was through the development of a complete framework within critical state soil E*  equivalent Young’s modulus
mechanics that accounted properly for the particle damage which sands undergo at higher stresses E,, E, Youngs moduli for particles 1 and 2 of contact
and which related the behaviour to the in-situ state relative to reference conditions such as normal G shear modulus
compression or critical state lines. Examples of the application of this framework to pile behaviour G, elastic shear modulus
demonstrate its value by comparison with our crude empirical methods like relative density. Extend- Gy, elastic shear modulus for a sample on the NCL
ing the framework to finer materials, even when there is no breakage, allows us to understand phe- I brittleness index = (q__ - q.)/q, .
nomena like static liquefaction in tailings, with all its deadly consequences. However, as the decades K,  normal contact stiffness
have progressed, the aspects of behaviour that we might account for in our modelling and design K,  tangential contact stiffness
have continued to multiply, so that we have generally now given up any hope of ever having a all- M critical state line gradient, q'/p’
encompassing constitutive model for sands. Instead, engineers pick their model off the shelf accord- N  normal contact force
ing to which aspect of behaviour they believe might be most important for their application, volume N, pile bearing capacity factor for end bearing (=q,/0’))
change, small strain stiffness, anisotropy etc. etc. Many of these are so complex that they are in any P mean normal effective stress (s’ +2s)/3 or (s’ +25,)/3
case ignored by industry. More recent work has also highlighted that much of our cherished critical p..  equivalent pressure take on CSL in e: In p’ plane at current e (or v)
state framework was in any case a chimera that turned out to be convenient for most applications, but p.  equivalent pressure take on NCL in e: In p’ plane at current e (or v)
not strictly accurate, with the discovery of features such as continued particle damage well beyond q deviator stress 0" - 0,
the engineering strain level and transitional behaviour for more complex gradings and mineralogies. q, pile unit base resistance
q, qatcritical state
Our better understanding of the continuum mechanics of sands, from element tests such as triaxials, q,, peakqin stress-strain curve
comes largely from a better appreciation of what is happening at the particulate scale, such as particle q,  pile unit shaft resistance
breakage or fabric, so one might rightly ask why we bother chasing our tails with ever more complex R equivalent radius
models at the macro-scale and why we don’t just embrace the particulate nature of soils and adopt a R, R, radii of particles 1 and 2 at contact
fully micromechanical methodology. This could be the point of paradigm change, since the existing R~ stress state parameter (=p/p.)
paradigm seems to have run its course, and it is important that we do not miss that opportunity. S, RMS roughness
T tangential contact force
In June 1950 there was the defining London conference on “The Measurement of the Shear Strength v specific volume =1+e
of Soils” at which Bishop, amongst others, laid out the basics of modern triaxial testing apparatus v value of v on the CSL at current p’
and methodology. Even then there were bitter feuds with advocates of alternative, now long forgotten Vv,  vabovewhich a soil liquefies on shearing
apparatus and methods. We are now at a similar position with micromechanics. While we are easily v . maximum v during sample preparation
able now to quantify and model particle shapes and soil fabrics, we know much less about the key v .~ minimum v during sample preparation
input parameters for discrete analyses, the contact mechanics. The apparatus to develop them are in v, shear wave velocity
a relatively crude and early stage of development and doubtless the coming decades will see wider
interest and participation in this research, with improved apparatus. There will, no doubt, be much B pile shaft friction coefficient (=q /0’
complication still to come in particulate mechanics, but it is very unlikely that it ever reaches the byz- 8,  normal contact displacement
antine complexity of continuum mechanics. Indeed how could it? Any continuum model must have 8,  tangential contact displacement
all the particle scale complexity embedded within it. The key question facing geotechnical engineer- ¢’ critical state angle of shearing resistance
ing is whether the future is discrete or continuous. While for clays here must be considerable doubt m coeflicient of contact friction
that it could ever be fully discrete, and even for sands we might worry about whether computing v,, v, Poisson’s ratios for particles 1 and 2 of contact
power will ever be large enough for practical design, we will not find out if we don't try. P mass density
o’ axial effective stress
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OPTIMALNA ZASNOVA GEOTERMALNIH
PILOTOV

Povzetek

V clanku je predstavljena Studija optimizacije trenjskih in stoje¢ih geotermalnih pilotov pri stalnih
vertikalnih obremenitvah 1 MN in 4 MN ter v razponu togosti zemljin z modulom elasti¢nosti med
4 MPa in 400 MPa. Z analizo razli¢nih mejnih vrednosti posedka (0,1D; 0,05D; 0,01D) je bilo ugotov-
ljeno, v katerih pogojih ima vpliv temperature klju¢no vlogo pri doseganju mejnega stanja uporabno-
sti. Rezultati kazejo, da postane vpliv termi¢nih obremenitev kriticen predvsem pri vecjih obremeni-
tvah (4 MN) v kombinaciji z zemljinami z nizko togostjo (E_, < 15MPa). Pri Se vecjih obremenitvah
(= 8 MN) pa so lahko kriti¢ne tudi zemljine z modulom elasti¢nosti do 40 MPa. V vseh analiziranih
primerih je bil termi¢ni posedek pomemben, pri strozjih omejitvah posedka pa je predstavljal naj-
manj 40 % celotnega posedka. Pri dolocenih pogojih je vpliv spremembe temperature prispevalo tudi
k povecanju napetosti v armiranobetonskem prerezu. Analiza stroskov je pokazala, da so stojeci piloti
stroskovno ucinkoviti za integracijo geotermalnega sistema v vseh vrstah zemljin. Pri trenjskih pilo-
tih pa se zaradi ve¢jih dimenzij in posledi¢no visjih stroskov pojavijo vecje razlike med konvencio-
nalnimi in geotermalnimi piloti, za kar je potrebna dodatna obravnava ucinkovitosti geotermalnega
pilota in energetskih potreb konstrukcije.

Kljucne besede:
stroskovna optimizacija, geotermalne geokonstrukcije, geotermalni piloti, optimalne zasnove.
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OPTIMAL DESIGN OF GEOTHERMAL PILES
Abstract

The article presents an optimization study of floating and end-bearing geothermal piles subjected to
constant vertical loads of 1 MN and 4 MN, across a range of soil stiftness with elastic modulus values
between 4 MPa and 400 MPa. By analysing various settlement limits (0.1D, 0.05D, 0.01D), the study
identifies the conditions under which temperature effects play a critical role in satisfying serviceabil-
ity limit states. The results show that thermal loading becomes particularly significant under higher
loads (4 MN) and in soils with low stiffness (E_, < 15MPa), and in some cases up to 40 MPa. In all
analysed cases, thermal settlement was found to be substantial, and with stricter settlement limita-
tions the contribution was at least 40% of the total settlement. In some instances, we also observed
increasing in the stress within the reinforced concrete cross-section. A cost analysis revealed that
end-bearing piles are economically viable for geothermal system integration across all soil types. In
contrast, floating piles exhibited greater cost variability due to their larger dimensions, indicating a
need for further calculations on the efficiency and energy needs of the structure.

Key words:
cost optimisation, geothermal geostructures, geothermal piles, optimal designs.
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1 UVOD

Skupni cilj Evropske unije (EU) je povecati delez obnovljivih virov energije do leta 2030 na 32 %
(Direktiva EU 2018/2001), pri cemer pa novejsa Direktiva EU 2023/2413 to ambicijo $e nadgrajuje
na 45% [1]. Med pomembne in dostopne obnovljive vire v Sloveniji spada poleg sonc¢ne, vetrne in
biomase tudi geotermalna energija, ki je zaradi svojih naravnih znacilnosti izjemno primerna za dol-
goroc¢no in stabilno oskrbo z energijo. Geotermalna energija je neiz¢rpen, stalen in lokalno dostopen
vir, ki ni odvisen od zunanjih dejavnikov, kot so son¢no obsevanje, hitrost vetra ali koli¢ina padavin.
Ker je vir energije pod povrsjem Zemlje, nanj ne vplivajo sezonska nihanja ali vremenske spremembe.
To pomeni, da lahko naprave za izkori$¢anje geotermalne energije obratujejo z visoko ucinkovitostjo
skozi vse leto.

Zaradi teh lastnosti je pridobivanje toplotne ali elektri¢ne energije iz plitve geotermalne energije
izredno stabilno. To potrjuje tudi obsezna Studija, izvedena v Washingtonu, kjer so raziskovalci ugo-
tovili, da je faktor obratovanja geotermalne energije kar 95 %, kar pomeni, da sistem deluje ves cas
znotraj svojega projektiranega potenciala. Za primerjavo — son¢na energija dosega v povprecju faktor
obratovanja le 10-25 %, vetrna pa okoli 25-45 %, saj je proizvodnja energije v teh primerih odvisna
od naravnih, nepredvidljivih pojavov [2]. Taksne razlike pomembno vplivajo na dolgoro¢no zaneslji-
vost oskrbe, predvsem v regijah, kjer stabilnost geotermalnih virov pomeni ve¢jo varnost in manjso
potrebo po shranjevalnih sistemih ali rezervnih virih energije.

Poleg stabilnosti pa ima geotermalna energija $e druge prednosti, ki jo postavljajo v ospredje pri
trajnostnem nacrtovanju mest in infrastrukture. Mednje spadajo nizek oglji¢ni odtis, moznost vklju-
¢evanja v obstojeco infrastrukturo ter dolgoro¢no nizji stroski obratovanja v primerjavi s fosilnimi
gorivi. Zaradi teh koristi je plitva geotermalna energija zelo primerna tudi za uporabo v okviru tako
imenovanih geotermalnih geokonstrukcij — konstrukcijskih elementov, kot so temelji, piloti in stene,
ki poleg svoje nosilne funkcije vkljucujejo sistem cevi za izmenjavo toplote z zemljino.

Z namenom celostne ocene potenciala tovrstnih resitev je bila izvedena SOAR analiza (Slika 1), ki z
uporabo elementov strateskega nacrtovanja ocenjuje projekt glede na njegove prednosti (Strengths),
priloznosti (Opportunities), prizadevanja (Aspirations) in pricakovane rezultate (Results) uporabe
geotermalnih geokonstrukcij. Tak$na analiza omogoca vpogled v dolgoroc¢ni razvojni potencial in
prispeva k oblikovanju konkretnih strateskih ciljev v okviru trajnostne gradnje in energetike. Poleg
tega pa nudi tudi podlago za vkljucevanje geotermalnih tehnologij v lokalne in nacionalne geoter-
malne strategije, skladno s prej omenjenimi evropskimi cilji.
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Slika 1: SOAR analiza, kot podlaga za celovito vklju¢evanje geotermalnih geokonstrukcij v sodobno
gradbeno prakso.
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Zaradi geoloske in hidrogeoloske raznolikosti ima slovensko ozemlje velik potencial za izrabo pli-
tve in globoke geotermalne energije. Slovenija lezi na stic¢i$¢u razli¢nih geoloskih enot, kar omogoca
$§iroko razpolozljivost vodonosnikov, primernih za geotermalni izkoristek, $e posebej v vzhodni in
severovzhodni Sloveniji. V ta namen so bile Ze izdelane in posodobljene smernice za vrtanje v plitvi
geotermalni energiji, ki urejajo zajetja plitve geotermalne energije do globine 300 m in se nanasajo na
odprte in zaprte sisteme izrabe [3].

V odprtem sistemu geotermalne izmenjave se toplota prenasa neposredno preko ¢rpanja podzemne
vode iz vodonosnika. Ta voda se nato vodi skozi toplotni izmenjevalnik in se - po odvzemu toplote
— vraca v isti vodonosnik. Prednost takega sistema je visoka uc¢inkovitost izmenjave toplote zaradi
neposrednega stika s toplim virom (voda), slabost pa kompleksnejsa izvedba in potreba po dovolje-
njih zaradi rabe vodnega vira. Odprti sistemi so posebej primerni tam, kjer je vodonosnik bogat in
stalno obnovljiv ter ima ugodno temperaturo in kemi¢no sestavo. Zaradi svoje narave ti sistemi zahte-
vajo natancne hidrogeoloske raziskave in pogosto vkljuc¢ujejo dve vrtini - ¢rpalno in reinjekcijsko [4]

Nasprotno pa zaprti sistemi ne uporabljajo podzemne vode neposredno, temvec se toplota odvzema
ali oddaja preko krozenja tekocine v zaprti cevni zanki, ki je vgrajena v zemljo - to so t.i. geosonde.
Lahko pa je cevna zanka vgrajena tudi v geotehni¢no konstrukcijo (pilot, plos¢a, diafragma, predor).
Toplotni prenosnik (npr. mesanica vode in glikola) krozi v cevnem sistemu in prenasa toploto med
zemljo in toplotno ¢rpalko. Ta sistem nima neposrednega stika z naravnim okoljem in zato ne vpliva
neposredno na vodonosnike, kar poenostavlja izvedbo in dovoljenja, $e posebej v urbanih okoljih ali
na obmo¢jih z omejenimi vodnimi viri [3].

V Sloveniji se investitorji kljub visokemu potencialu $e vedno pogosto odlocajo za locene izvedbe
sistemov za izrabo geotermalne energije — to pomeni lo¢eno izvedbo temeljev (npr. piloti, plos¢a) in
vrtin za toplotne ¢rpalke. Torej, kljub $tevilnim tehni¢nim in ekonomskim prednostim $ir$a uporaba
tovrstnih resitev $e vedno naleti na ovire, kot so nepoznavanje tehnologije, nejasna zakonodaja, visji
zacetni stroski ter odsotnost spodbud za integracijo taksnih sistemov v zgodnje faze projektiranja.

Za dolgoro¢ni trajnostni prehod bi bilo torej smiselno spodbujati integracijo geotermalne energije
neposredno v konstrukcijo objektov, s poudarkom na plitvi geotermalni energiji, ki je tehni¢no
dostopna vecini slovenskega ozemlja in v ve¢ini primerov ne zahteva vecjih dovoljenj. Uporaba obsto-
jecih gradbenih elementov kot del geotermalnega sistema pomeni pomemben korak k zmanjsanju
nalozbenih stroskov in povecanju geotermalne ucinkovitosti novih stavb - kar je tudi v skladu z
zakonodajnimi smernicami evropske in slovenske geotermalne politike.

1.1 Primeri dobre prakse

V Sloveniji je uporaba geotermalnih virov v gradbenistvu Se vedno razmeroma omejena, zlasti kadar
gre za integracijo geotermalnih sistemov neposredno v konstrukcijske elemente, kot so temelji, piloti
ali stene. Vecina obstojecih resitev temelji na locenem pristopu - posebej izvedeni temelji in posebej
izvedeni geotermalni sistemi, kar pomeni zamujeno priloznost za ucinkovitejso in stroskovno ugo-
dnejso zasnovo objekta. V nasprotju s tem v tujini Ze obstajajo $tevilni inovativni projekti, kjer se
geotermalne geokonstrukcije testirajo, razvijajo in uporabljajo v realnem okolju kot del celostnega
trajnostnega nacrtovanja. V nadaljevanju bomo predstavili nekaj primerov dobre prakse iz tujine,
med katerimi izstopa tudi projekt Green Village na Tehniski univerzi Delft, ki sluzi kot Zivi laboratorij
za preizkusanje tovrstnih naprednih resitev. Projekt »zelena vas« oziroma Green Village je napre-
dno raziskovalno okolje, namenjeno preizkusanju trajnostnih gradbenih tehnologij v realnih pogojih.
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Klju¢no vlogo pri tem ima uporaba geotermalnih pilotov. V okviru naselja je bilo namesc¢enih 51 geo-
termalnih pilotov, dolgih priblizno 20 metrov, po katerih krozi prenosna tekoc¢ina v zaprtem sistemu.
Ta sistem omogoca stabilno izmenjavo toplote med zemljo in stavbami preko toplotne ¢rpalke.

Sistem je zasnovan za ogrevanje in hlajenje tipi¢ne nizkoenergijske stavbe z ogrevalno mocjo pri-
blizno 8-10kW in hladilno moc¢jo priblizno 6-8kW. Pri tem dosega t.i. grelno $tevilo (angl. COP
— Coeflicient of Performance) priblizno 4, kar pomeni, da toplotna ¢rpalka iz 1 enote elektri¢ne ener-
gije pridobi kar 4 enote toplotne energije. Testi so pokazali, da vsak meter geotermalnega pilota pri-
speva priblizno 90 W toplotne energije za namene ogrevanja ali hlajenja. Letno to pomeni priblizno
20-25MWh koristne toplotne energije za ogrevanje ali hlajenje. Sistem vkljucuje tudi meritve tem-
perature, pretoka in zmogljivosti, kar omogoca raziskave ucinkovitega delovanja ter medsebojnih
toplotnih vplivov med piloti.

Projekt sluzi kot realna raziskovalna platforma za testiranje geotermalnih resitev v gradbenistvu. Pou-
darja, kako je mogoce z vkljucevanjem geotermalnih sistemov neposredno v konstrukcijske elemente
zmanjsati potrebo po dodatnih virih ogrevanja, zmanjsati emisije in povecati geotermalno ucinkovi-
tost stavb. Green Village tako predstavlja konkreten primer prihodnje trajnostne, geotermalno samo-
oskrbne gradnje [5]. Projekt Green village ni le pomemben za gospodarstvo, ampak tudi za akadem-
sko sfero, saj kot ze omenjeno predstavlja Zivi laboratorij, kjer je vsak dogodek znotraj in v okolisu
geotermalnih pilotov izmerjen in zabeleZen.

Poznamo pa $e dva vedja projekta, ki sta mejnika v gradbenem smislu, in sicer prvi primer je Svicar-
sko letalis¢e Ziirich, ki je pionir na podrocju uporabe geotermalnih pilotov za ogrevanje in hlajenje
svojih objektov [6]. Prvi vedji projekt so izvedli pri gradnji Terminala E (Dock Midfield) leta 2003,
kjer so vgradili 441 pilotov, od tega 306 geotermalno aktiviranih, globokih do 30 m. Sistem s toplotno
mocjo 0,63 MW je pokrival vec¢ino geotermalnih potreb terminala in dokazal visoko u¢inkovitost
(COP > 5).

Uspeh tega sistema je vodil k ambicioznejsemu projektu The Circle, odprtem leta 2020. Gre za vec-
namenski kompleks ob letali$¢u, pod katerim so vgradili priblizno 1.150 pilotov, od katerih jih je ve¢
kot 1.000 geotermalnih, globokih do 55m. Sistem dosega skupno 1,8 MW toplotne moci in pokriva
vecino potreb za ogrevanje in hlajenje brez fosilnih goriv.

Ziirich Airport s tem postaja primer dobre prakse trajnostnega razvoja, z dolgoro¢no strategijo razo-
gljicenja. Dodatno razvijajo tudi pilotni podzemni kanal za sezonsko shranjevanje toplote (globina ~
300 m), kar kaze na njihovo zavezanost k doseganju geotermalne nevtralnosti do leta 2040 [6].

Drugi veliki inZenirski podvig z vidika geotermalne konstrukcije je projekt v avstrijski Tirolski, pod
krajem Jenbach, kjer se skriva poseben primer trajnostne rabe infrastrukture - geotermalno ogreva-
nje iz Zelezniskega predora. V sklopu gradnje nove Zelezniske povezave proti Brennerskemu baznemu
predoru je bil v predoru Jenbach izveden pilotni projekt, kjer so 54 metrov predora opremili z ino-
vativnimi betonskimi oblogami - t.i. energijskimi segmenti. Ti segmenti vsebujejo tako imenovan
HDPE (High-density polyethylene) cevni sistem, ki prenasa toploto iz okoliske zemljine z najvisjo
ucinkovitostjo, kar privede do grelnega Stevila in sezonskega grelnega stevila COP/SPF 3.0. Sistem
je neposredno povezan z bliznjo upravno stavbo obcine Jenbach, kjer toplotno energijo iz predora
izkoris¢a plinska toplotna ¢rpalka. Zasnovan je tako, da pokrije osnovne ogrevalne potrebe objekta in
prispeva 40 % vseh potreb po ogrevanju in hlajenju v $ir§em vidiku kampusa stavb [7].
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2 GEOTEHNICNO DIMENZIONIRANJE GEOTERMALNIH
GEOKONSTRUKCLUJ

V tem poglavju obravnavamo geotehni¢no dimenzioniranje geotermalnih geokonstrukcij, s poseb-
nim poudarkom na pilotih kot trenutno najbolj izvedljivih in geotermalno ucinkovitih resitvah za
slovenske razmere. Geotermalni piloti omogocajo hkratno nosilno funkcijo temeljenja objekta in
rabo geotermalne energije za ogrevanje ali hlajenje, kar pomeni, da se njihov toplotni del vkljucuje
neposredno v obstojeco konstrukcijo brez dodatnih gradbenih posegov.

Dimenzioniranje takih konstrukcij zahteva integracijo klasi¢nih geotehni¢nih metod z dodatnimi
vidiki toplotno-mehanske interakcije med zemljino in pilotom. Poleg nosilnosti in posedkov moramo
upostevati tudi vplive cikli¢nega segrevanja in hlajenja in morebitno spremembo lastnosti okoliske
zemljine.

V vecini evropskih drzav $e ne obstajajo popolnoma poenoteni tehni¢ni standardi za projektiranje
geotermalnih pilotov, vendar so na voljo pomembna nacionalna priporo¢ila v Svici, Franciji, Zdruze-
nem kraljestvu in Nem¢iji.

Ker so piloti najpogosteje uporabljena geotehni¢na resitev pri vecjih objektih tudi v Sloveniji - zlasti
tam, kjer se Ze sicer zahteva globinsko temeljenje - se poglavje omejuje na podrobnejso obravnavo
dimenzioniranja ravno teh konstrukcij, saj zaradi Ze vseh prej nastetih lastnosti predstavljajo najpri-
mernejsi tip geotermalnih geokonstrukcij za nadaljnji razvoj v slovenskem prostoru.

2.1 Geotermalne geokonstrukcije — pregled literature

Projekti, ki smo jih predstavili v podpoglavju »Primeri dobre prakse«, skupaj z ostalimi projekti, ki
se dnevno izvajajo Sirom sveta, pomembno prispevajo k zmanjsanju emisij ogljikovega dioksida in
utrjujejo zlasti geotermalne pilote kot najpogostejso uporabo med geotermalnimi geokonstrukcijami.
Osnovno nacelo delovanja teh pilotov je izkori$¢anje stalne podzemne temperature na globinah med
15 in 50 metri, pri cemer toplota prehaja skozi cevi toplotnega izmenjevalnika, vgrajene v armaturni
kos pilota.

Ker sluzijo hkrati kot nosilni temelji in kot toplotni izmenjevalniki, je treba pri nacrtovanju skrbno
upostevati njihovo termomehansko obnasanje. Zato se je razvilo veliko raziskav, ki vkljucujejo teren-
ske preizkuse, laboratorijske teste in numeri¢ne analize. Pretekle pregledne $tudije so se osredotocale
na toplotno ucinkovitost in termomehansko odzivanje, a celostni optimizacijski pristopi, ki bi hkrati
obravnavali toplotne in nosilne vidike, so Se vedno redki [8], [9], [10], [11], [12].

Termomehanska analiza geotermalnih pilotov predstavlja enega najzahtevnejsih vidikov njihovega
nacrtovanja, saj se ucinki temperaturno povzrocene razteznosti in kréenja prepletajo s klasi¢nimi
geotehni¢nimi obtezbami. Eksperimentalne raziskave so pokazale, da se v geotermalnih pilotih ob
toplotni obremenitvi pojavijo pomembne spremembe napetosti: pri segrevanju se tlacne napetosti
praviloma povecajo za priblizno 40-360kPa/°C, medtem ko se pri ohlajanju zmanj$ajo za priblizno
15-180kPa/°C [13]. Velikost teh osnih napetosti je mocno odvisna od vrste pilota (trenjski, stojeci)
ter velikosti temperaturnih sprememb. Hkrati pa toplotna obremenitev mobilizira strizno odpornost
vzdolz zgornjih in spodnjih delov pilota ter povzroca pomembne spremembe nosilnosti - ta se pri
segrevanju lahko poveca za priblizno 8,4-12,3 %, medtem ko se pri ohlajanju lahko zmanjsa za okoli
8,7% [14], [15], [16].
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Je pa treba poudariti, da deformacije zaradi vpliva spremembe temperature predstavljajo pretezno
reverzibilne deformacije, pri cemer se najvecji del pojavi ze med zacetnimi toplotnimi cikli, nato pa
se postopoma kopicijo skozi daljSa ¢asovna obdobja [17], [18]. Odnos med pomikom in tempera-
turo prav tako kaZe reverzibilno obnasanje, podobno krivuljam toplotnega raztezanja pri zmernih
mehanskih obremenitvah. Vendar pa ob mehanskih obremenitvah, ki presegajo 40 % kon¢ne nosilno-
sti pilota, pride do ireverzibilnih posedkov na konicah pilotov v pe$cenih tleh, kar predstavlja klju¢no
mejo, ki jo je treba upostevati pri nac¢rtovanju [19].

Za izracun teh dodatnih posedkov in napetosti se najveckrat uporabljata dva metodoloska pristopa,
in sicer, analiti¢cne metode prenosa obremenitve (delovni diagrami) in numeri¢ni pristopi. Metode
prenosa obremenitve (t-z metode) razdelijo pilote na toge elemente, povezane z vzmetmi, kar omo-
goca preprostejse racunske pristope za prakti¢no nacrtovanje [20], [21]. Kljub temu imajo te metode
pomembne omejitve — predpostavljajo konstantno spremembo temperature v tleh in ne upostevajo
vpliva temperature na mehanske lastnosti tal, kar je lahko $e posebej problemati¢no v glinenih tleh,
kjer so termi¢ne obremenitve tudi merodajne in kjer lahko prihaja do toplotne konsolidacije [22].
Modeli prav tako predpostavljajo, da je temperaturna sprememba za ekstrakcijo plitve geotermalne
energije obicajno omejena na obmocje 0-40°C [23], [24]. V racunskih modelih se za namene prido-
bitve zasnov uporabljajo bolj konservativne vrednosti temperaturnih razlik, in sicer do AT = 20° [25],
kar pa iz geotehni¢nega vidika Ze predstavlja precejsnjo spremembo temperature in posledi¢no vpliv
na konstrukcijo.

Primerjalne analize razli¢nih t-z pristopov so pokazale tudi precej$nje razlike v rezultatih, ¢eprav so
bile uporabljene enake lastnosti tal in pilotov. Zaradi tega je potrebno izbrati ustrezne in preverjene
t-z funkcije, saj lahko drugace podcenimo posedke zaradi vpliva spremembe temperature [26].

Celovito numeri¢no modeliranje, ki zajema termo-hidro-mehanske procese, omogoc¢a podrobnejse
analize, saj vklju¢uje mehanske robne pogoje, specificno vedenje posameznih elementov, vpliv pod-
talnice in spremembo materialnih lastnosti. Ti pristopi pa terjajo ve¢ ¢asa za pridobitev rezultatov in
so tudi zelo odvisni od pravilnosti vhodnih podatkov, saj je vpliv podtalnice in spremembe material-
nih lastnosti treba modelirati z obzirom, saj napacne predpostavke lahko privedejo do skrajno kon-
servativnih zasnov. S tem pa seveda do ekonomske neupravicenosti konstrukeije [27], [28].

Zaradi ekonomske upravicenosti so bile Ze izvedene optimizacijske $tudije geotermalnih pilotov, ki
so ob svojih predpostavkah (homogena tla, konstantna sprememba temperature) pokazale, da so kri-
ticne zemljine tiste, ki imajo modul elasti¢nosti manjsi kot E_, < 15 MPa in kjer je prisotna vertikalna
mehanska obremenitev vsaj 1IMN, kar je razvidno iz ve¢jih posedkov geotermalnih pilotov v primer-
javi z geotermalnimi piloti v zemljinah z ve¢jim modulom elasti¢nosti. Kadar imamo horizontalno
obremenjene pilote dimenzionirane v skladu z Evrokod 7, dobimo bolj robustne zasnove, saj morajo
prenesti obremenitev z momentom. Na tako zasnovo potem sprememba temperature nima bistve-
nega vpliva. Ugotovitve teh optimizacijskih §tudij sovpadajo z ugotovitvami parametri¢nih analiz, ki
kazejo na to, da je sprememba temperature kriticna pri optimalni zasnovi, kadar imamo tla z nizkim
modulom elasti¢nosti [29], [30], [31].

Tudi ekonomsko upravicenost so raziskovalci analizirali pri Ze obstojecih objektih. Obsezna analiza v
Avstraliji, ki je zajemala vec razli¢nih ogrevalnih sistemov (plin, olje, biomasa, geotermalna energija)
in katerih cene se po podrobni analizi ujemajo ali pa zelo priblizajo slovenskim, je pokazala, da kljub
vecji nalozbi pri gradnji geotermalnih geokonstrukcij v delovanju stavbe prihranimo od 15-26 %
ogrevalnih stroskov, ter nalozbo pokrijemo v 5-7 letih [32]. Do podobnih zaklju¢kov so prisli tudi pri
rekonstrukciji letali$¢a v Ziirichu, Svici. Ceprav je bila gradnja geotermalnih pilotov 10x drazja, kot
gradnja konvencionalnih se je nalozba povrnila v 8 letih, saj so prihranki pri ogrevanju in hlajenju
prostorov odtehtali zacetno nalozbo [6].
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Ceprav obstaja ze vec izpeljanih projektov, ki kazejo ekonomsko upravi¢enost geotermalnih geokon-
strukcij, je $e vedno pomembno dodatno raziskovanje optimalnih zasnov in razvoj modelov, ki bi z
upostevanjem vseh vplivov privedli do optimalnih zasnov, saj bi lahko s tem $e dodatno izboljsali
povratno dobo nalozbe in izvedbo tovrstnih konstrukcij priblizali $irsi javnosti in gradbeni stroki.

2.2 Mehanske lastnosti geotermalnih pilotov

Zdruzeno kraljestvo razpolaga s priporocili, izdanimi s strani GSHP (Ground Source Heat Pump

Association) [33], ki so za dimenzioniranje geotermalnih pilotov pripravljena s pomocjo in-situ razis-

kav. Avtorji poudarjajo, da je treba upostevati ucinek vpliva temperature tako pri MSN kot pri MSU.

Ceprav se vpliv mehanske obtezbe in vpliv spremembe temperature obravnavata loéeno, je potrebno

kon¢ne napetosti in vertikalne pomike upostevati kot celoto in ti ne smejo presegati dovoljenih zah-

tev. GSHP priporoca, da se ob ze predpisanih pogojih klasi¢nega projektiranja pilotov preverijo $e

slednji pogoji:

Za mejno stanje nosilnosti (MSN):

o Morebitne spremembe strizne trdnosti zemljine zaradi u¢inka vpliva temperature (ogrevanje/
hlajenje).

Za mejno stanje uporabnosti (MSU):

o osniin radialni raztezek ali skréek,

« dodatne napetosti v armiranobetonskem prerezu zaradi vpliva spremembe temperature,

« upostevanje cikli¢cnega obremenjevanja in

o spremembo temperature na stiku zemljine in geotermalnega pilota glede na sezonska nihanja.

4 e
4 -~
Konvencionalni pilot G_\m{ (pswy  Energetski pilot - dodatni pogaii
MSN MEN
- Lastnosti zemljing i = Sprememba strifne rdnost zemljine
= Mosilnest na plascu A1 4]
- Mosilncst na kenici AT Y MSLU
- o5ni in radialni raztezek oziroma skriek
MSL dodatne napetosti v kriibnem prerezu
- Posedeok pilota i - ciklicno obremenjevanje pilota
Diterencialni posedek = sprememba temperature glede na
- Napelosti v kritiénem prerezu () oy F2TONEKE spremembe
- Megalno irenge na plaitu )
I I I .
PR e o o P o T BT
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Projektiranje geotermalnih konstrukcij tako zahteva razumevanje vpliva spremembe temperature na
geotermalno konstrukcijo, v nasem primeru pilota. Za lazjo oceno vpliva se lahko uporabijo sheme,
ki prikazujejo vpliv spremembe temperature na geotermalni pilot. Odziv pilota ob ogrevanju, hlaje-
nju in vplivu mehanske obremenitve so prikazane na spodnjih shemah. Sheme, ki so bile oblikovane
na podlagi teorije elasti¢nosti, prikazujejo vpliv teh obremenitev na napetosti in vertikalne pomike
geotermalnega pilota za razli¢ne robne pogoje vpetja [34]. Trenjski geotermalni pilot (konica in glava
pilota nista togo vpeti) je prikazan na spodnji sliki 3. Izraz togo vpetje se v teh primerih razume kot
osna togost.

Termo-mehaniéne sheme za plavajodi pilot

A) Vpliv mehanske obtefbe

a:
z????; TS
f
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Slika 3: Shematski prikaz vpliva temperaturne spremembe in mehanske obremenitve na potek napeto-
sti in vertikalnih pomikov pri trenjskem geotermalnem pilotu [34].

Iz sheme je razvidno, da ucinek vpliva mehanske obtezbe povzroci padajoco linearno porazdelitev
vertikalnih napetosti vzdolz geotermalnega pilota ter priblizno enakomerno porazdelitev striznih
napetosti vzdolz pilota, ki delujejo v nasprotni smeri kot tlacna vertikalna napetost, saj delujejo kot
odpor na plascu. Vertikalni pomik je konstanten vzdolz plasca. Bolj kot je geotermalni pilot tog, bolj
so te veli¢ine enakomerno in linearno porazdeljene, seveda pa pride do manj enakomernih poraz-
delitev v primeru razli¢ne slojevitosti tal. V primeru ucinka vpliva spremembe temperature pa pride
pri ogrevanju ali hlajenju do nelinearne porazdelitve osne napetosti, katere najvec¢ja vrednost je na
sredini dolzine trenjskega pilota. Na tej tocki pa je prav tako nicelna tocka striznih napetosti in ver-
tikalnih pomikov.
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Nicelna tocka se pojavi, ker se v primeru ogrevanja pilota (AT > 0°C) v zgornji polovici geotermal-
nega pilota mobilizirajo strizne napetosti, ki delujejo v nasprotni smeri kot osne napetosti in povzro-
¢ijo dvig geotermalnega pilota, medtem ko se v spodnji polovici geotermalnega pilota mobilizirajo
strizne napetosti, ki delujejo v enaki smeri kot osne napetosti in povzrocijo vertikalne posedke. V
primeru hlajenja pilota (AT < 0°C) pa je u¢inek ravno nasproten, kot je razvidno iz slike 3. Na sliki 4
so prikazani geotermalni piloti z vpeto glavo ali konico.

A) Vpliv mehanshke obteZbe i B) Vipliv mehanske obteZbe
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Slika 4: Shematski prikaz vpliva temperaturne spremembe in mehanske obremenitve na potek napeto-
sti in vertikalnih pomikov pri delno vpetem geotermalnem pilotu [35].

Iz shematskega prikaza (Slika 4) je razvidno, da se v primeru robnega pogoja togo vpete glave pilota
vzdolz geotermalnega pilota pojavijo manjse vertikalne napetosti, manjse strizne napetosti in manjsi
pomiki, saj na primer betonska plosc¢a nad pilotom prevzame del vpliva mehanske obtezbe in prenos
sil ni neposreden. Kadar imamo robni pogoj vpetja, se pri vplivu spremembe temperature pojavijo
vedje napetosti na tistem koncu, kjer je pilot vpet. Torej, ¢e imamo vpeto konico, so vecje napetosti
pri konici in obratno. Napetosti, ki se pojavijo v stojecem pilotu, so tako vecje kot pri primeru, kadar
imamo trenjski geotermalni pilot. Tudi nic¢elna tocka zdaj ni vec v sredis¢u dolzine pilota, ampak je
pomaknjena v smeri vpetja, torej Ce je vpeta glava, je nicelna tocka blizje glavi pilota. Posledi¢no se
pojavijo vecje strizne napetosti in vecji pomiki tam, kjer ni vpetja geotermalnega pilota, in manjse na
drugi strani geotermalnega pilota. V primeru hlajenja pa so napetosti in pomiki simetri¢ni ogrevanju.
Poudariti je treba, da kadar projektiramo geotermalni pilot z vpeto konico in hlajenjem, lahko zaradi
zmanj$anja tla¢nih napetosti na konici pilota in nezmoznosti zemljine prevzema nateznih napetosti
prevzame le vsoto aplicirane obtezbe in lastne teze.
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Da bi lahko inzenirji pridobili bolj konkretne vrednosti posedkov geotermalnih pilotov zaradi vpliva
spremembe temperature, so bili z uporabo metode kon¢nih elementov in integralnih enacb razviti
diagrami pomikov, ki inZenirju omogocajo oceno pomikov, do katerih pride zaradi vpliva spremembe
temperature. Z in-situ preiskavami in mehanskimi shemami so raziskovalci ugotovili, da so za verti-
kalni posedek geotermalnega pilota klju¢ni tirje dejavniki [33], in sicer:

« modul stisljivosti zemljine in togost geotermalnega pilota,

« geometrijska zasnova geotermalnega pilota,

« robni pogoji vpetosti geotermalnega pilota in

 linearni toplotni raztezek geotermalnega pilota.

Za modeliranje pomikov, ki so lahko kriti¢ni pri geotermalnih pilotih, se uporabljajo funkcije prenosa
obtezbe. Obstaja ve¢ vrst funkcij prenosa obtezbe, kot so hiperboli¢ne, eksponentne, kubi¢ne ipd.
[35]. Osnovni delovni diagrami, ki predpostavljajo linearne prenose obtezbe po avtorjih Frank in Zao
[36] so najbolj razsirjene funkcije prenosov, predvsem zaradi lazje implementacije v razne racunske
in optimizacijske modele.
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Slika 5: Delovni diagram, ki prikazuje korelacijo med obremenitvijo in pomikom za pilot. a) plas¢ in b)
konica pilota [36].
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3 OPTIMIZACIISKI MODEL GEOTERMALNEGA PILOTA

Geometrijsko zasnovo trenjskega in stojecega geotermalnega pilota prikazuje slika 6, kjer so tudi
prikazani delni vhodni podatki optimizacijskega modela, ki je podrobneje opisan v nadaljevanju
poglavja.
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Stroskovna funkcija vsebuje stroske materialov, izdelave geotermalnih pilotov in zemeljskih del. Zapis
stroskovne funkcije je naslednji:

min: COST = Cyriy + Ceonc + Creinymain + Crein,shear + Cthermar = L - (Cmn‘u + Coaritn

(D_Dmin))+L'(2—02)'Ccunc+L'(%)‘nmgin'ps'(“rein+(W%W)'(H‘D)'( - )

Sshear

Ps * Crein T L * Cthermai (3.0)

kjer COST predstavlja vse stroske gradnje geotermalnega pilota v EUR. Optimalna resitev so tako
minimalni stroski geotermalnega pilota ob pogoju, da geotermalni pilot prenese dane vplive. Namen-
ska funkcija je tako podrobneje sestavljena iz naslednjih ekonomskih podatkov: strosek odstranjeva-
nja zemljine, ki zajema izkop in deponiranje, s pomocjo vrtanja in dodatni stroek za vecje premere
pilotov C, , [EUR/m], ki vsebuje ¢, , , [EUR/m] in predstavlja strodek za odstranitev zemljine inc, , ,
[EUR/m/mm)], ki predstavlja dodatni strosek glede na ve¢ji premer pilota, ter premer pilota D [mm)]
in minimalni premer pilota D, [mm], strodek vgradnje betona C_ _[EUR/m’], ki vsebuje stroSek
na enoto ¢, [EUR/m’] in dolZino pilota L [m], armaturo C.inmain 110 Strizno armaturo C ki
vsebuje stroSek na enoto za jekleno armaturo ¢ , [EUR/kg], premer armaturnih palic @ [mm],
stevilo palicn__, gostota jekla p_[kg/m’] in za stroSek strizne armature, premer stremen @, [mm]
inrazmikle-teh s, [mm]in strodek vgradnje sistema (cevi in zanke) za ogrevanje oziroma hlajenje z
geotermalnim pilotom C,  [EUR/m], ki je nadalje sestavljena iz stroska na enoto vgradnje sistema
C,orme N dO1Zino pilota L [m]. Glavne spremenljivke optimizacijskega modela so tako dolZina geoter-
malnega pilota L, premer geotermalnega pilota D, premer armaturnih palic @, Stevilo palicn__,

ain
premer stremen @ in razmik stremen s .
shear shear
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Temelj za razvoj optimizacijskega modela predstavljata geotehni¢na in konstrukcijska analiza. Klju¢ni

so mejni pogoji skladno z zahtevami Evrokodov [37], [38] saj ti zagotavljajo varnost in dolgoro¢no

stabilnost konstrukcije. Zaradi dodatnega vpliva temperaturnih sprememb smo upostevali $e pripo-

rocila Ground Source Heat Pump Association [33] ter usmeritve iz literature avtorjev Laloui in Rotta

Loria [34]. Da bi zajeli vse pomembne vidike, smo oblikovali sedem pogojev, ki jih mora zasnova

izpolnjevati:

« Prvi pogoj: nosilnost geotermalnega pilota na konici in plas¢u (MSN).

« Drugi pogoj: posedek geotermalnega pilota zaradi vpliva mehanske obtezbe in vpliva spremembe
temperature.

» Tretji pogoj: pojav osne napetosti na kriticnem mestu (odvisno od robnih pogojev) geotermal-
nega pilota zaradi vpliva mehanske obtezbe in vpliva spremembe temperature.

V skladu z Evrokod 2 [39] je treba zagotoviti tudi minimalno armaturo zaradi razpok. Potrebna arma-
tura je definirana z naslednjimi $tirimi pogoji:

o  Cetrti pogoj: minimalna potrebna armatura mora biti zagotovljena.

« Peti pogoj: razmik med strizno armaturo mora biti v predpisanih mejah.

«  Sesti pogoj: zagotovitev minimalnega premera strizne armature.

« Sedmi pogoj: zadostno stevilo armaturnih palic (zgornja in spodnja meja).

Za izvedbo optimizacije je bil uporabljen genetski algoritem z realno kodiranimi $tevili RCGA [40].
Za uporabo genetskega algoritma namesto linearnih metod smo se odlo¢ili zaradi dela z nezveznimi
funkcijami, kjer lahko manj robustni algoritmi hitro obticijo v lokalnih skrajnostih. Genetski algo-
ritmi, ki temeljijo na principih naravne selekcije, krizanja in mutacije, so zaradi svoje stohasti¢ne
narave posebej primerni za iskanje globalno optimalnih resitev v kompleksnih in diskontinuiranih
prostorih, saj omogocajo u¢inkovito preiskovanje $irSega nabora moznih resitev.

3.1 Nosilnost geotermalnega pilota na konici in plaséu (MSN)

Za oceno nosilnosti geotermalnega pilota je bila uporabljena metoda, povzeta po Fernandesu [41],
ki temelji na klasi¢nih izhodisc¢ih avtorja Vesica [42]. Klju¢na prednost te metode je, da pri izracunu
odpora pilota uposteva togost zemljine, kar je $e posebej pomembno v primeru geotermalnih pilo-
tov, kjer poleg mehanskih delujejo tudi temperaturni vplivi. S tem je zagotovljena skladnost z meto-
dami za dolocanje posedkov zaradi temperaturnih obremenitev, ki prav tako vkljucujejo vpliv togosti
zemljine.

Enacbe metode so zbrane v spodnji tabeli (Tabela 1). Dana metoda uposteva vertikalno obremeni-
tev pilota, ki je omejena z rezultanto odpora zemljine (enacba 3.1). Vse obremenitve, ki delujejo na
pilot, so zajete v skupni enacbi (3.2), medtem ko je skupna nosilnost pilota R_,dolo¢ena po enacbi
(3.3). Skupni odpor je sestavljen iz odpora na plas¢u (enacba 3.4) in odpora na konici pilota (enacba
3.5). Pri tem se uporabljajo standardni parametri zemljine, kot so projektne vrednosti kohezije in
trenja (c, @), projektni kot trenja med zemljino in pilotom (&’), koeficient zemeljskega pritiska
ter vertikalne efektivne napetosti, vse skladno s splo$no znanimi enacbami, ki jih v prispevku nismo
podrobneje predstavili.

Za razliko od ostalih metod izracuna nosilnosti pilota, kot so Berezantzev, Meyerhof ipd., ta metoda
zraven korekcijskih faktorjev za obliko in globino konice vkljucuje tudi korekcijski faktor za togost
zemljine, ki je odvisen od indeksov togosti zemljine (I, I, , I ), ki locujejo med razli¢nimi porusitve-
nimi mehanizmi (enacbe 3.6 — 3.17).

[0

71



Rok VARGA ¢ Optimalna zasnova geotermalnih pilotov

Izbrana metoda torej nudi celostno in mehansko skladno obravnavo nosilnosti geotermalnega pilota,
ki ne uposteva le geotehni¢nih parametrov zemljine, temve¢ tudi vpliv njene togosti, kar je klju¢no za
pravilno dimenzioniranje geotermalnih sistemov, pri katerih prihaja do sprememb, ki so odvisne od
togosti zemljine.

Tabela 1: Enacbe za izracun nosilnosti geotermalnega pilota

Pogoj 1
Vea < Rcq (3.1)  Ce Ipc = Igg (3.10)
Vea = SFg - (Vc,x +m-D?/4-L -ywc) (3.2) (_3‘3{3“(@&%(3-07-51'w;)-(lo,g(Z'fm))) (3.11)
+§FQ . VQ_kR ‘fqr —e 14sin gl

— _Rsk bk 3.3) Sicer 3.12
Rea = SFgSFm + SFp-SFm (3.3) ( )
Rsk = qs - Asnafe (3.4) fqr =1.0 (3.13)
Rb,k =(qp-" AD (35) (Z.BS‘COt(‘}S”—ﬁ&)) (314)

‘{RC = 0,5 e :
N'g =Ny &g v 5q°dy (3.6) Ing = 1+1R£ (3.15)
REp
N, = e(®n(¢d)) tan2 (45 + %) B7) g, =0 = Igp = Iy (3.16)
= ! Esoi

S = 1+ tan(gq) (38) Ix = 2-(1+v)-(c;+ar,,j,ase-tan ®q) G147
d, =142 tan(py) - (1 —sin(@y))* - (3.9)

tan™! (i)
D

3.2 Posedek geotermalnega pilota zaradi vpliva mehanske obtezbe
in vpliva spremembe temperature

Za oceno posedka zaradi vpliva spremembe temperature in mehanske obtezbe so bile uporabljene
analiticne enacbe, ki so jih razvili avtorji Peri¢ et. al. [43]. Analiti¢ne enacbe temeljijo na predhodnih
raziskavah in funkcijah prenosa obtezbe ve¢ razlicnih avtorjev, ki so prisli do podobnih zakljuckov
[44], [45], [46]. Predvideno obnasanje geotermalnega pilota, ki je povzeto po prej omenjenih avtor-
jih, smo ze prikazali v prej$njem poglavju (poglavje 3.2). Ocene posedkov z uporabo enacb razvitih
s strani avtorjev Peri¢ et. al. tako sovpadajo s predvidenim obnasanjem geotermalnega pilota in so
bile tudi veckrat potrjene s primerjavo numeri¢nih metod in »in situ« testov. Zaradi kompleksnosti
vplivov spremembe temperature v ve¢slojnih tleh imajo izrazi za analizo dolo¢ene omejitve. Izrazi
predpostavljajo:

« Eno dimenzionalni vpliv obremenitve (raztezek/skrcek v vertikalni smeri),

« predpostavljena konstantna sprememba temperature vzdolz pilota,

« geotermalni pilot se obnasa linearno elasti¢no in

« predpostavljen je homogen sloj zemljine.
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Diagram prostega telesa, za lazje razumevanje enacb, ki sledijo, je naslednji:

1 Vhod
s AT
) 777

Qp.temp Qp.lemp

L “Mull Point®
o

QD.tEmp Qp,lemp
Xo

Slika 7: Diagram prostega telesa pri geotermalnem pilotu.

Z uporabo kinemati¢nih zvez so bile izpeljane enacbe za izra¢un posedkov in napetosti zaradi vpliva
spremembe temperature in mehanske obremenitve. Enacbe so zbrane v spodnji tabeli (Tabela 2).
Pogojna enacba za posedek pilota je enacba (3.18). Ta pogoj omejuje posedek pilota — ¢, , ki pred-
stavlja sestevek posedka zaradi mehanske obremenitve (enacba (3.19)) in zaradi vpliva spremembe
temperature (enacba (3.20)). Posedek je omejen s spreminjajoco se omejitvijo y, (enacba 3.21), ki
predstavlja procentualne vrednosti premera (0,1D; 0,05D; 0,01D). Parameter x, predstavlja tocko,
kjer ni vertikalnega posedka in je tako imenovan »null point« in je definiran z enacbo (3.22). Ker
nas zanimajo maksimalni pomiki in maksimalne napetosti, ki se pojavijo v precnem prerezu geoter-
malnega pilota zaradi vpliva temperature, je parameter x definiran v skladu s shematskimi prikazi.
Brezdimenzijski koli¢nik v, ki zajema geometrijske lastnosti geotermalnega pilota in razmerje med
togostjo pilota in zemljine, je dolocen z enacbo (3.23). Koli¢nik K opisuje nagib elasti¢ne veje obre-
menitve in razbremenitve plas¢a geotermalnega pilota in je definiran z enacbo (3.24), kjer je koli¢nik
n odvisen od vrste zemljine (grobo in fino zrnata zemljina). Ta koli¢nik je dolocen po priporoc¢ilih
avtorja Frank in Zhao [36], funkcije prenosa obtezbe so prav tako prikazane na sliki 5. Menardov
presiometricni modul stisljivosti E,_je dolocen z enacbo (3.25), kjer koeficient o predstavlja reoloske
lastnosti zemljine. Edometrski modul se dolo¢i z uporabo enacbe (3.26). Povrsina konice pilota pred-
stavlja enacba (3.27). Obseg pilota je definiran, kot diktira enacba (3.28).
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Tabela 2: Enacbe za izracun posedka geotermalnega pilota.

Pogoj 2
nEm
Utotal = Umechanical + Uthermal = Ujim (318) Ks = ( D ) (324)
u . _ Vsis'EpYrcosh(@-xmax,u)+Kp'sinh (Y- *max,u) (3.19) Epm = Egeq - @y (3.25)
mechanical ™ =y p By aprsinh (L) + K y-cosh (L)
. _ aydTsinhb(mau-%o) (320) g  _ Eswn (3.26)
thermal w-cosh(w'(l.—xo))+§—:'Sinh(w'(£—xn)) (1+v)-(1-2v)
Wm = 0,1-D;0,05-D;0,01-D (321) , —m* (3.27)
4
) w-cosh(w-:,)—w+§—:sinh(ap-:,) (322) p=m'D (3.28)

1
X, = —- tanh
07y ip-st'nh(w-L)-I-Z—;-cosh(qb‘L)-lvg—:

_ : (3.23)
v=lrE

3.3 Pojav osne napetosti zaradi vpliva mehanske obtezbe in zaradi
vpliva spremembe temperature

Tretji pogoj (Tabela 3) v optimizacijskem modelu omejuje dovoljene napetosti v kriti¢cnem prerezu
geotermalnega pilota (enacba (3.29)) in doloca, da mora biti vsota napetosti o, , , ki nastanejo zaradi
mehanske obtezbe o . ~(enacba (3.31)) ter napetosti zaradi temperaturnih sprememb o,
(enacba (3.32)), manjsa od produkta karakteristicne tlacne trdnosti betona f, in faktorja, ki uposteva

dolgorocne ucinke na tla¢no trdnost «_.

Pri geotermalnih pilotih, kjer skozi armiranobetonski prerez potekajo temperaturne spremembe
zaradi izmenjave toplote s tlemi (npr. pri sistemih za ogrevanje in hlajenje), prihaja do razvoja doda-
tnih notranjih napetosti. Studije znanih avtorjev na tem podro¢ju navajajo, da so te napetosti posle-
dica omejenih toplotnih deformacij [47], [48], [49]. Beton se zaradi segrevanja razteza oziroma zaradi
ohlajanja kr¢i, vendar to gibanje omejuje trenje in odpornost okoliske zemljine, kar povzroca nasta-
nek dodatnih osnih napetosti v pilotu. Ce te napetosti niso ustrezno upostevane, lahko vodijo do
razpok v betonu ali do dolgoro¢nih poskodb konstrukcije, zlasti pri ponavljajo¢ih se temperaturnih
ciklih. Zato je vkljucitev napetosti zaradi vpliva spremembe temperature v projektiranje klju¢nega
pomena za zagotavljanje varnosti in trajnosti konstrukcije.

Tabela 3: Enacbe za izracun napetosti v armiranobetonskem prerezu geotermalnega pilota.

Pogoj 3

Orotal = Omechanical + (329) g _ — VSLS'E;D“w'smh(‘p'xmax.a)'*"(b‘CDSh (PXmax,a) (331)
Othermal < Olim mechanical ApEpfrsinh(frL)+Kp-cosh (L)

Olim = Qe * fe (330) W‘C"Sh(w'(xmax.a_xo)) _ (332)

0, =E, -a, AT
thermal L (r,b-msh(gp-(L—r,-,))i—g—g-sinh(l,U-(L—xn))
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3.4 Minimalna zahtevana armatura v skladu z Evrokodom 2

Za namene optimizacije je prav tako bila upostevana minimalna potrebna armatura v skladu z Evro-
kodom 2. Z neenacbo (3.33) je omejena minimalna potrebna povrs$ina armature v pre¢nem prerezu
geotermalnega pilota A . . ki je izratunana z enacbo (3.34). Zagotovljena minimalna povrsina
armature A . pa je dologena z enacbo (3.35), kjer @ _ predstavlja nominalni premer armature
inn__ Stevilo armaturnih palic. Oba parametra sta diskretni alternativi v optimizacijskem modelu,
katerih vrednosti so definirane v tabeli 4. Omejitve, ki pa diktirajo optimalne vrednosti, so zapisane v
pogoju 6 in pogoju 7, ter omejene z enacbami (3.36-3.46).

Tabela 4: Konstrukcijski pogoji geotermalnega pilota, obremenjenega z vertikalno silo.

Pogoj 4
Amain.prov 2 Amain.mm (333)
kjer:
_ 0,0047-D? A = TOmain” Nomai (3.35)
Apmainmin = — (3.34) main,prov 4 main -
Pogoj 5
Sshear < Sshear,max (336)
kjer:
Sshearmax = 12 * Dmain (3.37)
Pogoj 6
msheano < oshear < @.'.‘hearup (338)
kjer:
Dsnear = Max(0.25 - @ qin; 6 mm) (3.39)
Pogoj 7
nmainLo = Minain = nmainup (340)
kjer:
omain up > HI(D_Z.;}T;:;iIes“emI) {341} ﬂmujnLo > ﬂ‘(D—Z-C::::;(Z'@shear) (3»42)
Omejitve vrednosti spremenljivk
Qmal‘ﬂ o = @mal‘n < Gmainup (343) Ssl‘lea'.l"“J = Sshear = SshearUP (344)
<L <V (3.45) D' < D < DYP (3.46)
Tabela 5: Najmanjse in najvecje vrednosti diskretnih spremenljivk v optimizacijskem modelu.
. Diskretne vrednosti spremenljivk
Spremenljivka : . o
Najmanj$a vrednost Najvecja vrednost
L (m) 5 65
D (m) 0,6 1,5
< . (mm) 10 30
nmain (_) 6 40
@shear (mm) 8 14
S 110y (M) 100 250
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4  APLIKACIJA OPTIMIZACIJSKEGA MODELA NA
VERTIKALNO OBREMENJENEM GEOTERMALNEM PILOTU
V RAZLICNIH ZEMLJINAH - STUDIJA PRIMERA

Na podlagi prej definiranih enacb za analizo geotermalnega pilota smo izracunali optimalne zasnove
geotermalnih in konvencionalnih pilotov za razli¢ne vrste zemljin. Zanimalo nas je, kako omejitev
posedka in razli¢ne togosti zemljine vplivajo na optimalno zasnovo. Vhodni podatki za studijo pri-
mera so zbrani v spodnji tabeli (Tabela 6).

Tabela 6: Vhodni podatki za optimizacijski model - Studija primera

Simbol  Opis Vrednost
Vi Stalna vertikalna obtezba 1000 / 4000kN
Vo Spremenljiva vertikalna obtezba 0kN
AT Sprememba temperature 0°C/20°C

o Globina nosilnega sloja (za stojeci geotermalni pilot) 17m
D, .~ Minimalni premer geotermalnega pilota 600 mm
k., Adhezijski koeficient za trenje na plascu 0,5
Vi Poissonovo razmerje 0,3
a, Koeficienta dolgotrajnih u¢inkov obtezbe na tla¢no trdnost betona 0,6
a Reoloski koeficient zemljine 0,33/0,5/0,66
n Koeficient za izracun K_(grobo in fino zrnata zemljina) 0,8/2

e Temperaturni koeficient linearnega raztezka °C!
@, Strizni kot zemljine 40/34/28/22/19°
c, Kohezija 5/12/10 kPa
Y,  Prostorninska teza zemljine 23.5/23/22/20/19 kN/m’

- Modul elasti¢nosti zemljine 400/40/15/8/4 MPa

il Modul elasti¢nosti geotermalnega pilota 30000 MPa
£ Karakteristicna vrednost tla¢ne trdnosti betona 30 MPa
Coom Krovni sloj betona 50 mm

maee  Najvedji dovoljen razmik med palicami 200 mm
Vo Prostorninska teza betona 24kN/m’
Cpm  Strodek za odstranitev zemljine 40 €/m
Coum  Strodek zaradi vecjega premera pilota 0,07 €/mm/m

e Strosek betona 100 €/m?

i Strosek armature 1,1 €/kg

c Strosek vgradnje sistema (cevi in zanke) za ogrevanje
termal  oziroma hlajenje

P, Gostota jekla 7850 kg/m’

20 €/m
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Simbol  Opis Vrednost
Delni koli¢niki varnosti za PP2 PP2
SF, Delni koli¢nik varnosti za stalne vplive 1,35
SE, Delni koli¢nik varnosti za strizni kot zemljine 1,0
SF. Delni koli¢nik varnosti za kohezijo zemljine 1,0
SF, Delni koli¢nik varnosti za odpornost konice pilota 1,1
SF, Delni koli¢nik varnosti za odpornost ob plas¢u pilota 1,1
SF Delni koli¢nik varnosti za materialno lastnost zemljine 1,4

Optimizacije smo se lotili postopoma za razlicne vrednosti modula elasti¢nosti zemljine (E_,) v kom-
binaciji z vplivom stalne vertikalne obtezbe (V) vrednosti 1 MN in 4 MN. Pri tem nas je zanimalo,
kateri geotehni¢ni in konstrukcijski pogoji so merodajni pri razli¢nih vrstah zemljin, razli¢nih vpli-
vih sil in Se omejitvijo posedkov geotermalnih in konvencionalnih pilotov z 0,1D; 0,05D in 0,01D.
Omejitev posedkov smo uveljavili predvsem zato, ker — kot opozarja tuja literatura in priporocila za
dimenzioniranje geotermalnih geokonstrukcij lahko posedek zaradi vpliva spremembe temperature
bistveno vpliva na preverjanje mejnega stanja uporabnosti.

Najvecji posedki pri glavi geotermalnega pilota se pojavijo, kadar pride do kréenja, to pa se zgodi pri
hlajenju. Takrat kréenje zaradi vpliva vertikalne obtezbe in vpliva temperature povzro¢i maksimalne
posedke konstrukcije. To stanje smo potem analizirali pri trenjskem geotermalnem pilotu in pri sto-
je¢em geotermalnem pilotu. Prav tako je treba poudariti, da se za namene analize uposteva absolutna
globina nosilnega sloja 17 m. Ko je v dobro nosilni zemljini doseZena nosilnost pilota Ze prej (zaradi
trenja na plas¢u), se na tisti globini predpostavi, da je pilot osno togo vpet in se obravnava kot stojeci
geotermalni pilot.

4.1 Analiza trenjskega geotermalnega pilota
(Floating geothermal pile)

Na spodnji sliki (Slika 8) je prikazana izkoris¢enost klju¢nih geotehni¢nih pogojev, med katerimi so
posedek geotermalnega pilota, nosilnost na konici in vzdolz pladc¢a ter osna napetost v armiranobe-
tonskem prerezu pilota. Na podlagi analiz optimalnih zasnov in izkoris¢enosti posameznih pogojev je
razviden primerljiv trend pri obremenitvi z vertikalno silo 1 MN (Slika 8a) ter pri obremenitvi z ve¢jo
vertikalno silo 4 MN (Slika 8b). Pri obremenitvi 1 MN se izkori$¢enost pogoja posedka giblje okrog
50 %, zlasti pri strozjih omejitvah posedka, medtem ko z narascajoco togostjo tal (do 40 MPa) hitro
upada. Pri vecji obremenitvi (4 MN) doseze izkoris¢enost pogoja posedka 100 % in postane meroda-
jen pogoj, saj je pri togosti tal 4 MPa izkoris¢enost nosilnosti manjsa od 50 %. Napetosti, ki nastajajo
v betonskem prerezu trenjskega geotermalnega pilota, v nobenem analiziranem primeru ne dosezejo
kriti¢nih vrednosti.
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Slika 8: Izkoris¢enost pogojev trenjskega geotermalnega pilota za a) obremenitev z vertikalno silo TMN
in b) obremenitev z vertikalno silo 4 MN.

Pripadajoce optimalne zasnove za obremenitvi 1 MN (Slika 9a) in 4 MN (Slika 9b) prav tako kazejo
podoben trend, ki je pricakovano skladen z izkori$¢enostjo posameznih pogojev. V zemljinah z
modulom elasti¢nosti pod 15MPa je optimalna zasnova daljsi pilot, saj je za dosego zadostne nosil-
nosti pri mehanski obremenitvi treba povecati globino. To pa hkrati povzroci vecje posedke, pred-
vsem zaradi vpliva spremembe temperature, saj so ti posedki neposredno odvisni od dolzine pilota.
Pri vecji obremenitvi (4 MN) in majhnih vrednostih modula elasti¢nosti je opazen trend, da zaradi
strozjega pogoja omejitve posedkov (0,01D) optimalna zasnova vkljucuje pilote z ve¢jimi premeri, saj
ti omogocajo doseganje vecje nosilnosti ob dopustnem posedku. Iz tega logi¢no sledi, da se stroski
trenjskih geotermalnih pilotov pri ve¢jih obremenitvah obcutno povecajo. Ker v analizi vecslojna tla
niso bila upostevana, kar bi bilo za natan¢nejso oceno zasnove bolj ustrezno, so rezultati pokazali tudi
na povecane optimalne dolzine pilotov. Za podrobnejso analizo bi bilo tako smiselno izvesti modeli-
ranje vecslojnih tal, da bi se zmanjsale dolzine pilotov.
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Slika 9: Optimalne zasnove trenjskega geotermalnega pilota za a) obremenitev z vertikalno silo TMN in
b) obremenitev z vertikalno silo 4 MN.

Spodnja slika (Slika 10) prikazuje razmerje med posedkom, ki nastane zaradi temperaturnih vplivov,
in posedkom zaradi mehanske obremenitve pri omejitvi posedka na 0,01D. Iz dosedanjih analiz je
bilo ugotovljeno, da je prav strozja omejitev posedkov kriticna za zasnovo geotermalnih pilotov. Iz
slike 10 je razvidno, da pri optimalnih zasnovah in izbranih vhodnih podatkih pri nizkem modulu
elasti¢nosti tal (4 MPa) posedek zaradi temperaturnih vplivov predstavlja 55% celotnega posedka.
Zanimivo je tudi to, da v dobro nosilni zemljini z modulom elasti¢nosti 400 MPa posedek zaradi tem-
perature Se vedno dosega priblizno 40 % celotnega posedka, kljub manjsi dimenziji pilota.
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Slika 10: Razmerje med mehanskim in termi¢nim posedkom za trenjski geotermalni pilot.

Slika 11 prikazuje primerjavo stroskov izgradnje konvencionalnega in geotermalnega pilota. V obmo-
¢ju dobro nosilnih zemljin je dodatni strodek vgradnje geotermalnega sistema zanemarljiv, medtem
ko je pri slabo nosilnih tleh (4 MPa) potreben podrobnejsi premislek o geotermalnih potrebah in
pric¢akovani izkori$¢enosti sistema. V taks$nih primerih je namre¢ smiselno oceniti, ali je dodatni
stro$ek, ki znasa priblizno 1.900 €/pilot, upravicen glede na predvideno povratno dobo investicije in
izgradnje lo¢enega sistema toplotne ¢rpalke.
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Slika 11: Stroski izgradnje optimalno zasnovanega geotermalnega in konvencionalnega trenjskega
pilota.
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4.2 Analiza stojecega geotermalnega pilota
(End bearing geothermal pile)

Na slikah (Slika 12a in Slika 12b) je prikazana izkori$¢enost klju¢nih geotehni¢nih pogojev za primer
stojecega pilota, po enaki metodologiji kot pri trenjskem pilotu. Na podlagi analiz optimalnih zasnov
in izkoriS¢enosti posameznih pogojev je razvidno, da se pri obremenitvi z vertikalno silo 1 MN (Slika
12a) ter pri obremenitvi z ve¢jo vertikalno silo 4 MN (Slika 12b) pojavlja bistveno vecja razlika v
izkoris¢enosti pogoja posedka kot pri trenjskem pilotu. Pri obremenitvi 1 MN se izkori$¢enost pogoja
posedka pri manjsih vrednostih elasti¢cnega modula zemljine v povprecju giblje okoli 20 %, zlasti pri
strozjih omejitvah posedka, pri cemer z narascajoco togostjo tal (do 40 MPa) ne upade bistveno. Pri
vecji obremenitvi (4 MN) izkori$¢enost pogoja posedka doseze 100 % in postane merodajen pogoj, saj
je pri togosti tal 4 MPa izkori$¢enost nosilnosti manjsa od 30 %. Napetosti, ki nastajajo v betonskem
prerezu geotermalnega pilota, pa v nasprotju s trenjskim pilotom dosegajo visje vrednosti in kazejo na
skoraj merodajen pogoj, kar je glede na robne pogoje vpetja pilota pricakovan rezultat.
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Slika 12: I1zkoriS¢enost pogojev stojeCega geotermalnega pilota za a) obremenitev z vertikalno silo TMN
in b) obremenitev z vertikalno silo 4 MN.

Pripadajoce optimalne zasnove na sliki 13a za obremenitev 1MN in sliki 13b za obremenitev 4 MN
kazejo ujemanje s trendom izkoris¢enosti pogojev. Prav tako je razvidno, da pri ve¢jih obremenitev
nosilnost na plas¢u ne zado$ca in je zato pilot pri manjsih vrednostih modula elasti¢nosti dolg 17 m,
kar sovpada z zgornjo mejo nosilnega sloja. Enako kot pri trenjskem pilotu, vendar je v tem primeru
to bolj vidno in izrazito, pri modulu elasti¢nosti 40 MPa, optimalna zasnova vsebuje vecjo dimenzijo
$irine pilota in manjso globino, kar je za dane vhodne podatke optimalni rezultat in ni indikator
vpliva spremembe temperature, saj pogoj posedka v tem primeru ni kriticen. Ker se nosilnost pilota
doseze prej, so stroski izgradnje pilota manjsi, saj so potrebne manjse dimenzije (zlasti dolzine) pilo-
tov za doseganje nosilnosti.
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Slika 13: Optimalne zasnove stojeCega geotermalnega pilota za a) obremenitev z vertikalno silo TMN in
b) obremenitev z vertikalno silo 4 MN.

Spodnja slika 14 prikazuje razmerje med posedkom, ki nastane zaradi temperaturnih vplivov, in
posedkom zaradi mehanske obremenitve pri omejitvi posedka na 0,01D. Iz slike je razvidno, da pri
optimalnih zasnovah in izbranih vhodnih podatkih pri nizkem modulu elasti¢nosti tal (4 MPa) pose-
dek, povzrocen s temperaturnimi vplivi, predstavlja kar 65% celotnega posedka. Zanimivo je tudi,
da v dobro nosilni zemljini z modulom elasticnosti 400 MPa termi¢ni posedek $e vedno dosega pri-
blizno 80 % celotnega posedka. Na splosno so vecji posedki zaradi temperature znacilni za pilote s
togim vpetjem, in sicer zato, ker se t. i. »ni¢elna tocka« pomika proti delu pilota, kjer je osna togost
vpetja vecja. Kar pri stojecem pilotu pomeni proti konici in s tem pride do ve¢jega posedka pri glavi
geotermalnega pilota.
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Slika 14: Razmerje med mehanskim in termi¢nim posedkom za stojeci geotermalni pilot.
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Ker je pri tej vrsti pilota razlika v dimenzijah med termi¢no aktivnimi in neaktivnimi piloti manjsa -
nosilnost se namrec¢ doseze hitreje, kar omogoca kraj$o dolzino pilota in posledi¢no manjsi vpliv tem-
perature - spremembe v tleh z nizkim modulom elasti¢nosti ne vplivajo bistveno na dimenzioniranje.
Zato je cenovna razlika med geotermalnimi in konvencionalnimi piloti zgolj priblizno 12 % pri nizkih
modulih (4 MPa) in pada z naras¢anjem togosti zemljine, kar kaze na njihovo smiselno uporabo tudi
pri manjsih geotermalnih potrebah. Vse skupaj je razvidno iz slike 15.
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Slika 15: StroSki optimalno zasnovanega geotermalnega in konvencionalnega stojecega pilota.
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5 ZAKLJUCEK

Analiza rezultatov je za dane predpostavke in omejitve modela pokazala dolocene razlike v obnasanju
trenjskih pilotov in stojecih pilotov, tako z vidika posedkov kot nosilnosti in stroskov izgradnje. Pri
trenjskih pilotih je izkori$¢enost pogoja posedka pogosto merodajna, zlasti pri vecjih obremenitvah
in v zemljinah z nizkim modulom elasti¢nosti (4-15MPa). Pri obremenitvi 4 MN je pogoj posedka
kriticen, saj doseze 100 % izkori$¢enost, medtem ko nosilnost na plasc¢u v taksnih pogojih ne preseze
50 %. Termi¢ni posedki pri trenjskih pilotih predstavljajo znaten delez celotnega posedka — do 65%
v plasti¢nih tleh, pri ¢emer presenetljivo tudi v togih zemljinah (400 MPa) termi¢ni posedek dosega
okoli 70-80 % celotnega posedka, vendar pa je treba poudariti, da posedek pri teh primerih ni kriti-
¢en in je izkori§¢enost le priblizno 20 %. Vseeno pa to jasno potrjuje, da termika pomembno vpliva
na obnasanje trenjskih geotermalnih pilotov in je klju¢na pri preverjanju mejnega stanja uporabnosti.

Optimalne zasnove trenjskih pilotov v slabse nosilnih tleh pri danih omejitvah, torej homogen sloj
zemljine, zahtevajo veéje dolzine (npr. 35m), kar povzroca visje stroske, ki lahko narastejo za ve¢
kot 1.900 €/pilot, ¢e imamo geotermalni pilot. To kaze na potrebo po natan¢nejsem modeliranju
vecslojnih tal, saj bi lahko upostevanje realne geoloske sestave omogocilo krajse in ekonomicnejse
zasnove. V dobro nosilnih zemljinah pa razlika v stroskih med geotermalnimi in konvencionalnimi
piloti postane zanemarljiva, zaradi ¢esa bi kljub geotermalnemu izracunu (potrebe/izkoristek ener-
gije) lahko predpostavili njihovo uporabnost.

Pri stojecih pilotih so trendi nekoliko drugacni. Zaradi prenosa obtezbe na nosilni sloj je posedek
pri enakih pogojih bistveno manjsi, izkoris¢enost pogoja posedka pa se pri manjsih obremenitvah
(IMN) giblje okoli 20 %. Napetosti v prerezu pilota so visje kot pri trenjskem pilotu in se priblizu-
jejo merodajnim vrednostim, kar je pricakovano zaradi togih robnih pogojev na konici. Optimalne
zasnove pri vi§jih modulih elasti¢nosti (40 MPa) vkljuc¢ujejo povecanje premera pilota in zmanjsanje
dolzine, saj se nosilnost doseze pri manjsih dimenzijah, kar vodi v nizje stroske.

Pomembno je poudariti, da sta pri obeh vrstah pilotov v zemljinah z nizkim modulom elasti¢no-
sti tako posedek zaradi mehanske obremenitve kot tudi posedek zaradi vpliva temperature kriticna
pogoja. Ob tem pa se pojavi velika razlika v stroskih, saj trenjski pilot zaradi vecjih dolzin zahteva tudi
povecanje premera, da se zagotovi pogoj posedka (0,01D; 0,05D; 0,1D), kar vodi do priblizno 25 %
vidje cene geotermalnega pilota v primerjavi s konvencionalnim. Pri stojecem pilotu je ta cenovna
razlika bistveno manjsa, zgolj okoli 12 %.

Analiza je pokazala, da vpliv ve¢jih temperaturnih sprememb (AT = 15°-20°, v nasem primeru 20°)
nikakor ni zanemarljiv pri dimenzioniranju geotermalnih geokonstrukcij, saj se njihov vpliv pove-
¢uje z vecanjem mehanske obremenitve in strozjimi omejitvami posedkov. V obeh primerih posedek
zaradi spremembe temperature predstavlja vsaj 45 % skupnega posedka pri nizkih vrednostih modula
elasti¢nosti, kar pomembno vpliva na dimenzioniranje geotermalnih pilotov. Poleg tega lahko pri
pilotih s togim vpetjem (osna togost) pride do opaznega povecanja osnih sil v armiranobetonskem
prerezu, kar zahteva dodatno preverjanje konstrukcijske varnosti.

Stroskovna analiza je pokazala, da kljub pove¢anim dimenzijam ob upostevanju temperaturnih vpli-
vov cenovna razlika v nekaterih primerih ni velika. Z dodatnimi analizami potreb po geotermalni
oskrbi in izkoristku sistema bi lahko bila izgradnja trenjskih geotermalnih pilotov upravicena tudi v
zahtevnej$ih primerih (Esm,l <10MPa, V=4 MN, u  <0,03D).
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UPORABA TEHNOLOGIJE INSAR ZA
SPREMLJANJE STABILNOSTI POBOCIJ
IN OBJEKTOV

Povzetek

V c¢lanku sta predstavljena dva primera uporabe metode SBAS InSAR za spremljanje sprememb
povrsja na plazovih Slano blato nad Lokavcem in Sumljak na Rebrnicah v Vipavski dolini. Analiza
povrsinskih sprememb je omogocila vpogled v prostorsko aktivnost plazov ter v ¢asovni razvoj povr-
Sinskih sprememb v obdobju med januarjem 2017 in avgustom 2022 (za Sumljak) oz. marcem 2023
(za Slano blato). Pri plazu Slano blato je iz casovne analize razviden vpliv intenzivnejsih padavinskih
dogodkov na spremembe povrsja. Nasprotno pa je bila analiza povr$ja plazu Sumljak otezena zaradi
prisotnosti Suma (signala), ki je posledica goste vegetacije na obmocju plazu. Kljub temu podatki
za viadukt Sumljak na hitri cesti, ki lezi na plazu, kaZejo na izrazit vpliv temperaturnih sprememb
na konstrukcijo (ekspanzija in kontrakcija), hkrati pa je zaznan tudi trend posedanja, najverjetneje
povezan s premiki plazu. Rezultati za plaz Slano blato so bili preverjeni s terenskim delom, kjer so
bile opazene sledi aktivnega plazenja na robovih plazu (pojav usadov in plitvih zdrsov) ter izrazita
povrsinska erozija, na nekaterih delih plazu pa so potekala tudi sanacijska dela. Rezultati za viadukt
Sumljak pa bodo dodatno preverjeni z rezultati geodetskih izmer.

Kljucne besede:
SBAS InSAR, analiza ¢asovnih vrst, poboc¢ni premiki, viadukt, Slano blato, Rebrnice
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USING INSAR TECHNOLOGY FOR
MONITORING THE STABILITY OF SLOPES
AND STRUCTURES

Abstract

This paper presents two case studies employing the SBAS InSAR technique to investigate surface
displacement associated with the Slano blato and Sumljak landslides in the Vipava Valley, SW Slo-
venia. The surface deformation analysis provides insight into both the spatial distribution of landslide
activity and the temporal evolution of surface displacement between January 2017 and August 2022
(for Sumljak) and March 2023 (for Slano blato). In the case of the Slano blato landslide, the temporal
deformation patterns clearly reflect the influence of more intense rainfall events. Conversely, analyz-
ing surface displacement at the Sumljak site proved challenging due to signal noise caused by dense
vegetation. However, the SBAS InSAR data for the nearby highway viaduct revealed patterns consist-
ent with thermal expansion and contraction of the structure, along with a gradual subsidence trend
most likely related to underlying landslide movement. Field surveys validated the SBAS InSAR results
for the Slano blato landslide, confirming visible signs of sliding activity and significant surface ero-
sion, with some areas undergoing active rehabilitation related construction work. Validation of the
Sumljak viaduct displacement data is still pending and will be validated by results of other geodetic
measurements.

Key words:
SBAS InSAR, time-series analysis, slope movements, viaduct, Slano blato, Rebrnice
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1 UVOD

Opazovanje (ne)stabilnosti pobocij in objektov je kompleksna naloga, ki zahteva natan¢ne in pogoste
meritve za ugotavljanje kinematike deformacij ter vpliva zunanjih faktorjev na morebitne premike,
zlasti kadar je ogrozena varnost prebivalcev in/ali infrastrukture. Pri opazovanju pobo¢nih masnih
premikov se prakti¢no zmeraj pojavi vprasanje, kako ¢im bolj efektivno pridobiti ¢im ve¢ podatkov za
¢im vedjo povrsino, medtem ko je za objekte prav tako pomembna tudi natan¢nost meritev.

V tujini se je za razlicne namene uveljavila tehnologija satelitske radarske interferometrije (Interfero-
metric SAR, InSAR), ki omogoca natan¢nost meritev v mm/leto. Za opazovanje kinematike poboc¢nih
masnih premikov se pogosto uporablja kot samostojna metoda [1], [2], [3], [4] ali v kombinaciji z
drugimi metodami, kot so npr. GNSS meritve [5], [6], [7], [8], ALS [9], fotogrametrija z brezpilotnim
letalnikom [10], [11], [12] in druge metode.

V Sloveniji je bil InSAR v preteklosti uporabljen v nekaj primerih opazovanja deformacij povrsja
zaradi pobo¢nih premikov ali potresov, npr. pri dolo¢anju posledic plazu Stoze v Logu pod Mangar-
tom [13], za ugotavljanje posedkov v Julijskih Alpah zaradi tektonskega dogajanja [14], za opazovanje
posedkov ob potresu v Posocju leta 1998 [15], za ugotavljanje premikov plazu na odlagalis¢u jalovine
Borst na Zirovskem vrhu [16], za ugotavljanje plazljivih obmo¢ij v Skofjelogko-Cerkljanskem hri-
bovju [17] ter na plazu Potoska planina [5], za namen dolgoro¢nega spremljanja dinamike plazov pa
je bila uporabljena pri opazovanju plazljivih obmocij na Rebrnicah, Cemseniku in Potoski planini
[18]. V vseh primerih opazovanja plazov so bili satelitski posnetki obdelani po metodi permanentnih
sipalcev (Permanent Scatterer InSAR, PS InSAR) in le v dveh primerih je bila uporabljena metoda
diferencialnega InSAR (Differential InSAR, DInSAR).

V nadaljevanju tega ¢lanka sta predstavljena dva primera uporabe tehnologije InSAR za opazovanje
pobo¢nih masnih premikov in stabilnosti objektov, in sicer na primeru plazu Slano blato nad Lokav-
cem in plazu Sumljak na Rebrnicah v Vipavski dolini. Rezultati predstavljajo pomembnejse izsledke
doktorske disertacije Debevec Jordanove [12], v kateri je bil uporabljen InSAR za dolgoro¢ni moni-
toring pobo¢nih premikov na omenjenih pilotnih obmo¢jih ob uporabi spremljevalnih metod. Pred-
stavljeni so rezultati obdelave podatkov po metodi SBAS InSAR (diferencialna metoda z majhnimi
bazami), ki je bila prvi¢ uporabljena za opazovanje pobo¢nih premikov v Sloveniji.
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2 OBMOCIJE RAZISKAV

Geologijo Vipavske doline so zaznamovali vecji regionalni dogodki, ki so povrsje oblikovali v danas-
nji znacilni relief (slika 1). Eocenske flisne kamnine, ki se pojavljajo v Vipavski dolini, pripadajo Sne-
znigki narivni grudi, na katero so narinjeni mezozojski karbonati Trnovskega pokrova in Nanosa ter
mezozojske, paleocenske in eocenske kamnine Hrusiskega pokrova. Terciarno narivanje karbonatov
na fli§ v dinarski smeri je tako izoblikovalo danasnji relief, kjer lahko opazujemo mlajse flise v nizjih
nadmorskih legah z bolj poloznim naklonom, nad katerimi se dvigajo strma pobocja starejsih mezo-
zojskih karbonatnih kamnin [19], [20].

Geoloska zgradba Vipavske doline je iz vidika pobo¢nih masnih premikov problemati¢na zaradi ve¢

razlogov:

« narinjene karbonatne kamnine nad flisnimi pobo¢ji predstavljajo izvor materiala, ki se kopici
pod ostenji karbonatnih pokrovov in nato transportira proti dnu doline z razli¢cnimi mehanizmi
masnega transporta;

« iz hidrogeoloskega vidika predstavljajo karbonatni pokrovi velike zalogovnike podzemne vode,
saj so karbonatne kamnine znacilno precej zakrasele, zajemajo meteorne vode na povrsju in jih
nato po kraskih sistemih preusmerjajo v ve¢ smeri;

« flisne kamnine hitro preperevajo, preperina pa je zemljina s slabimi geomehanskimi lastnost-
mi, kar v kombinaciji s podzemno vodo iz kraskega zaledja ustvarja idealne pogoje za pobo¢ne
masne premike.

pioboln grist
kvartami aluviainl nancsi .
socenske in palsocenske fdne kamnene
kredni, paleocenski in eocenski apnenc
kredni apnandci

jurski apnenci in dofomiti

[ triasnd golomiti in kastiéng kamning
[ cbmotie raziskay

Slika 1: Geografska lokacija in poenostavljena litostratigrafska karta Vipavske doline (prirejeno po [21]in
[22]) na lidarskem digitalnem modelu reliefa z oznaCenima obmocjema INnSAR analize (rdeca kvadrata;
A-plaz Slano blato, B - plaz Sumljak).
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2.1 Plaz Slano blato

Plaz Slano blato je eden ve¢jih plazov v Sloveniji. Njegova ocenjena prostornina je med 700.000 in
1.000.000 m?, dolzina okoli 1,5 km in $irina med 50 in 300 m. Globina drsne ploskve je okoli 10 do
13 m znotraj flisa, kjer pa se pojavljajo karbonatni grusci, je tam globina drsne ploskve manjsa, od 3
do 8 m. Slano blato je dokaj specificen plaz v §irsi okolici zaradi svoje geoloske zgradbe in tudi pojavov
relativno redkih mineralov.

Plazina je sicer sestavljena prakti¢no v celoti iz fli$a oz. njegove preperine, specificna tezava pa nastopa
zaradi regionalne geoloske zgradbe. Na severnem delu plazu, nad vodnjaki namre¢ poteka narivna
ploskev, kjer so apnenci in podrejeno dolomiti Trnovskega gozda narinjeni na eocenski flis. Poleg
tega predstavlja obmoéje Male Gore oz. juznega dela Cavna vedji karbonatni blok, ki je z globoko
razpoko lo¢en od mati¢nega dela zaledja Cavna. Posledi¢no je zaradi kombinacije posedlega bloka
in narivnice prislo do t.i. strukturne kadunje [20], kjer se padavinska voda, ki se infiltrira v zaledju
Cavna, pretaka skozi razpokane karbonate in se ujame v to strukturno kadunjo, nato pa pocasi izteka
po globje lezec¢ih plasteh razpokanih pescenjakov v zgornjem delu plazu nad AB vodnjaki. Plaz so
intenzivno raziskovali v letih po reaktivaciji novembra 2000 [23], [24], takrat se je zacela tudi sanacija
z ve¢jimi gradbenimi deli (druga vecja faza sanacije se zakljucuje letos), nikoli pa ni bila vzpostavljena
sistemati¢na spremljava premikov na plazu.

2.2 Plaz Sumljak (Rebrnice)

Plaz Sumljak je ve¢inoma sestavljen iz flisnega deluvija (glinasti in meljasti grus¢) ter karbonatnega
grusca s klasti dimenzij 10 cm, ki so delno sprijeti v bre¢e. Mati¢na podlaga je eocenski fli§ s plastmi
vpada 10° do 40°, lokalno tudi do 60° proti SV. Plasti, zlasti glinene in meljaste plasti, so lokalno zelo
tektonsko deformirane. Drsna ploskev je na kontaktu med grus¢em in deluvijem na globini 15 do
30m. Karbonatni grus¢ je bil transportiran in odlozen v t.i. paleograpo, ki je bila vrezana v fliSno
podlago [25], [26], [27], posledi¢no pa je globina grusca najvecja vzdolz centralne osi plazu. Paleo-
grapa sluzi tudi kot indikator pretakanja podzemne vode in predstavlja glavno obmocje toka podze-
mne vode [28].
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3 METODOLOGIJA

3.1 Osnovni princip posnetkov SAR in interferometrije

Radarska interferometrija (Interferometric SAR, InSAR) je metoda, s katero pridobivamo visoko-
-lo¢ljivostne podatke o Zemljinem povrsju in se uspesno uporablja na Stevilnih podro¢jih.

Posnetek SAR je sestavljen kot raster, pri katerem vsak piksel (celica) predstavlja en del Zemljinega
povrsja (resolucijski piksel) in poda kompleksno stevilo, ki vsebuje podatke o amplitudi (intenziteti)
in fazi odbitega valovanja mikrovalov, ki so se odbili od razli¢nih sipalcev na povrsju - skal, vegeta-
cije, stavb, cest ipd. Sipanje mikrovalov na povrsju se odvija razli¢no v odvisnosti od materiala in kota
odboja [29], [30]. Jakost odbitega elektromagnetnega (EM) valovanja je odvisna od vec faktorjev, naj-
pomembnejsi pa so krajevni vpadni kot, razgibanost terena ter prevodnost in dielektri¢nost povrsja.
Vpadni kot je odvisen od naklona terena in zornega kota satelita [29].

V primeru dveh preletov, ko isti radarski sistem posname isto obmoc¢je dvakrat, interferogram pred-
stavlja razliko razdalj med anteno in tarco (slika 2). Faza (ang. phase) pomeni potovalni ¢as radar-
skega Zarka od antene do opazovanega povrsja in nazaj do sprejemnika. V primeru dveh posnetkov
zaporednih preletov tako opazujemo fazno razliko obeh posnetkov in jo lahko povezemo z vi§inami
na povrsju [29]. Interferogram se izdela z razvojem faze z natan¢no koregistracijo posnetkov in skozi
zapleten postopek mnozenja vrednosti pikslov prvega posnetka s konjugirano vrednostjo pikslov
drugega posnetka [15]. Posnetka morata ustrezati pogojem za interferometri¢no obdelavo, t.j. da se
faza med obema posnetkoma ni bistveno spremenila [29]. Faza, ki je prikazana na interferogramu, je
modul absolutne faze. Proces doloc¢anja absolutne faze iz izmerjene (relativne) faze je fazni razvoj -
ang. phase unwrapping [15].
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Vsak kolobar (ang. fringe) na interferogramu predstavlja fazo v pasu od —-n do +m ali en polni barvni
krog (slika 2), kar je polovica valovne dolZzine radarskega Zarka [32]. Pri dolo¢anju celotnih premikov
se kolobarje presteje in sesteje. Fazna razlika se doloc¢a le v smeri gledanja satelita (ang. Line of Sight,
LOS). Konstelacija Sentinel-1 snema iz dveh orbit - dvigajoce (ang. ascending) in spuscajoce (ang.
descending).

3.2 Obdelava podatkov SAR

Obdelava podatkov je potekala v specializiranem programskem orodju ENVI SARscape 5.6.3 (Exelis
Visual Information Solutions, Boulder, Colorado).

Za analizo smo uporabili prosto dostopne podatke satelitov Sentinel-1 programa Copernicus, ki jih
preko Evropske vesoljske agencije (ESA) zagotavlja Evropska Unija. Posnetki so prosto dostopni za
nalaganje na strani Aljaskega satelitskega oddelka (Alaska Satellite Facility, ASF) na povezavi https://
asf.alaska.edu. Uporabljeni so bili posnetki v obliki Single Look Complex (SLC). Posnetki pokrivajo
zelo veliko obmocje zaradi $irokopasovnega snemanja satelitov, pri ¢emer je pas $irine 250 km in pro-
ducira posnetke z lo¢ljivostjo 5m x 20 m (v radarskem koordinatnem sistemu). Velikost posameznega
posnetka je iz tega razloga med 4 in 8 GB, kar za daljSe obdobje lahko zahteva tudi do 1 TB prostora za
shranjevanje, za obdelavo pa $e vsaj 1 TB. Zaradi velike koli¢ine podatkov je obdelava lahko izjemno
zamudna, v kolikor strojna oprema ni ustrezna. V tem primeru je bila uporabljena delovna postaja s
128 GB RAM delovnega spomina, procesorjem 13th Gen IntelCore i9-139000K 3.00 GHz ter 13TB
SSD notranjega spomina, kar je omogocilo obdelavo v relativno kratkem casu (nekaj dni).

Tabela 1: Osnovni podatki o programski opremi in posnetkih SAR.

Obmodje Plaz Slano blato Plaz Sumljak
Obdobje analize Jmarec 2003 Jvgust 2022
Razli¢ica programske opreme SARscape 5.6.3
Konstelacija Sentinel-1 (ESA)

Kanal snemanja satelita C-kanal, 5,6 GHz (A » 5,6 cm)
Oblika posnetkov Single Look Complex (SLC)
Velikost posnetkov (GB) od 4 do 8 GB

Relativna orbita in $t. okvirja za ASC* orbito 147. okvir 44. relativne orbite
Relativna orbita in $t. okvirja za DESC** orbito 441. okvir 22. relativne orbite
Stevilo posnetkov za ASC* orbito 332 317
Stevilo posnetkov za DESC** orbito 333 229
Casovna locljivost 6 dni (do dec 2021), nato 12 dni
Prostorska locljivost 15m

*ASC orbita = dvigajoca orbita (ang. ascending orbit)
**DESC orbita = spuscajoca orbita (ang. descending orbit)
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Podatki satelita Sentinel-1A so postali $irsi javnosti dostopni od 8. oktobra 2014 naprej, dostopnost
podatkov satelita Sentinel-1B pa od konca leta 2016 do 23. decembra 2021. Sentinel-1B je 23. decem-
bra 2021 prenehal posiljati podatke zaradi napake v elektri¢ni napeljavi, 3. avgusta 2022 pa je bil raz-
glasen konec misije tega satelita, saj satelita ni bilo mogoce popraviti [33]. Povratna doba satelitov je
bila za obdobje med 1. januarjem 2017 in 20. decembrom 2021 6 dni, za obdobje od decembra 2021
do marca 2023 pa 12 dni.

Ves postopek procesiranja se izvaja v radarskem koordinatnem sistemu z geometrijo posevnega raz-
pona (ang. slant range geometry). Razpolozljivost vecjega $tevila primernih interferogramov je osnova
za zanesljivost pridobljenih produktov. Za analizo je potrebnih najmanj 15 do 20 posnetkov, ki pokri-
vajo Casovni interval enega ali vec let. Vecja kot je kopica uporabljenih posnetkov, ve¢ja je natancnost
kon¢nih produktov.

3.2.1 Small BAseline Subset INSAR (SBAS InSAR)

Metoda Small BAseline Subset InSAR (SBAS InSAR) temelji na uporabi podskupin interferogramov
z manj$imi bazami. Interferometri¢na baza je razdalja med dvema satelitoma (ali orbitama) v rav-
nini, ki je pravokotna na orbito [30]. Pri metodi SBAS InSAR se uporabijo prav vsi posnetki, ki so
na voljo za obdelavo, se jih med seboj »poveZe« in iz parov posnetkov izdela razli¢ne interferograme
z razli¢nimi bazami. Slednje se nato prav tako poveze med seboj, pri ¢emer se za zmanj$anje vpliva
prostorske dekorelacije in napak zaradi napak v DMR-ju izlo¢ijo interferogrami s prevelikimi bazami
ter nato izra¢una razlike v fazi med interferogrami. V postopku je prav tako tudi proces zmanj$evanja
efekta dekorelacije zaradi Suma, s ¢imer se prepreci negativni vpliv na izra¢une premikov v smeri
LOS.

Metoda SBAS InSAR je zelo moc¢no orodje za dolo¢anje povrsinskih sprememb tako v velikem merilu
kot za manjs$a lokalna obmocja [34]. Glavna znacilnost te metode je sposobnost zmanj$anja faznega
$uma in napak $tevilnih interferogramov ter sposobnost, da izlus¢i faze, ki so dejansko rezultat pre-
mikov [35]. Glavne omejitve SBAS InSAR metode $e naprej ostajajo meritve povrsinskih sprememb
na obmogjih z nizko koherenco (vegetacija), ocena atmosferskih napak ter procesiranje velikih koli-
¢in podatkov - big data [36].

SBAS InSAR metoda omogoca natan¢nost 1-2 mm/leto za obmoc¢ja z dobro ¢asovno in prostorsko

koherenco, kar je primerljivo z GNSS meritvami. Natan¢nost rezultatov pada z manj$anjem casovne
in prostorske koherence obmocja, kot npr. na porascenih ali zasnezenih obmoc¢jih.
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4 REZULTATI IN DISKUSILIA
4.1 Plaz Slano blato

Kumulativne povrs$inske spremembe oz. premiki plazu so bili pridobljeni za obdobje med 6. januarjem
2017 in 18. marcem 2023 za DESC (spuscajoco) orbito ter med 1. januarjem 2017 in 19. marcem 2023
za ASC (dvigajoc¢o) orbito. Kumulativni premiki predstavljajo skupne premike za celotno obdobje,
pri cemer je referenc¢ni posnetek prvi posnetek v nizu. Pri prvem posnetku so premiki ni¢elni, kon¢ni
rezultat predstavlja razliko v topografiji med prvim in zadnjim posnetkom v smeri LOS, premiki pa
so podani v mm.

Na sliki 3 so prikazani rezultati za obe orbiti. Razlika med orbitama ASC in DESC je smer potovanja
in smer snemanja satelita, ki razli¢no pokriva obmocje plazu. Modra barva pomeni premik proti sate-
litu (kompresija), rdeca pa stran od satelita (ekstenzija) v smeri snemanja satelita (ang. Line of Sight,
LOS), obmogja brez premikov (do 0 £ 1 mm) so rumeno-zelene barve. Satelit iz ASC orbite (Slika 3)
snema pobocje precno na plaz (prikazano na grafiki). Obmocje »Blatno jezero« na posnetkih ni vidno
zaradi znacilnosti topografije, zato so rezultati na tem obmocju pomanjkljivi. Satelit iz DESC orbite
ima prakti¢no pravokotno smer LOS na pobocje plazu, zato rezultati bolje pokrivajo plaz. Odmikanje
od satelita v smeri LOS pomeni pogrezanje ali posedanje, medtem ko premik proti satelitu pomeni
akumulacijo materiala.

Primerjava rezultatov obeh orbit kaze na pogrezanje delov pobo¢ja. Tudi ob terenskem ogledu plazu
se je pokazalo, da se na plazu dogajajo spremembe v obliki manjsih plazov in akumulacije ter povr-
$inske erozije. Na ASC karti (slika 3a) je vidna ekstenzija vzdolz celotnega plazu (z izjemo obmo-
¢ja »Blatnega jezera«), pri cemer so zari$¢a v desnem zgornjem delu pri odlomnem robu ter vzdolz
stranskih robov plazu. Rezultatov izven obmocja plazu ni, najverjetneje zaradi goste vegetacije in str-
mega pobocja. Na DESC karti (slika 3b) so zaris¢a premikov drugac¢na, vendar se Se vedno pojavljajo
na robovih plazu, pojavljajo pa se tudi manjsa lokalna obmo¢ja akumulacije materiala. Na obmocju
»Blatnega jezera, kjer je vidna akumulacija (modra barva) iz DESC orbite, se je med letoma 2019
in 2022 izvajala sanacija pobocja. DESC orbita podaja tudi nekaj rezultatov izven obmocja plazu,
najverjetneje zaradi bolj ugodnega kota snemanja satelita, kar je omogocilo prodiranje skozi nizjo
vegetacijo.

Povrsinski premiki plazu Slano blato so bili validirani s terenskimi ogledi in »Zzari$¢a« sovpadajo s
terenskim opazovanjem povrsinskih sprememb - prozenje usadov ob robovih plazu, povrsinska ero-
zija ter obmodja izvedbe sanacijskih del.

Za podrobnejso analizo premikov so bile izbrane razli¢ne interesne tocke, za katere so bili izdelani
grafi ¢asovne razporeditve zaznanih premikov (slika 4). Na sliki 3 oznacene tocke A predstavljajo
casovne nize premikov za ASC orbito, tocke D pa za DESC orbito. Tocke so bile izbrane z namenom
razlage razli¢nih tipov krivulj premikov.
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Slika 3: Rezultati analize SBAS InSAR za plaz Slano blato za (a) dvigajo¢o orbito (ASC) in (b) spusc¢ajoc¢o
orbito (DESC) za obdobje med januarjem 2017 in marcem 2023 na DOF podlagi (Geodetska uprava Re-
publike Slovenije, DOF 2024).
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Slika 4: Grafi ¢asovnih nizov premikov za dolo¢ene tocke, oznacene na sliki 3. Vertikalne ¢rte predstavl-
jajo vec€je padavinske dogodke, ki so se zgodili tekom septembra 2017 (S17), maja 2019 (M19), septem-
bra 2020 (S20), maja 2021 (M21) in septembra 2022 (S22).
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Na grafih ¢asovnih nizov premikov je opaznih ve¢ tipov premikov in sicer: (i) enakomerne, (ii) pospe-
$ene in (iii) »stopnicaste« (hipne). V veliko primerih je kombinacija razli¢nih, kar nakazuje na zelo
heterogeno dogajanje na plazu. Primer »stopnicastih« oz. hipnih premikov je to¢ka D3, kjer imamo
izrazito mirovanje — stabilnost tocke — med posameznimi dogodki hitrih in izrazitih premikov. Do
neke mere se podobno dogaja tudi na tockah A4 in D4. Pri A4 je opazen tudi trend pospeska, ki se
razvije iz stabilnega stanja, ki je trajalo od septembra 2017 do priblizno konca leta 2018. Sledilo je pre-
mikanje in pospeseno premikanje, nato pa ustalitev hitrosti in s¢asoma skoraj ustavitev premikanja v
maju 2020. Podobni pospeski so se pojavili tudi na A2, D2 in D4 tockah, pri ¢emer sta na D2 in D4
tockah ob enakem casu. Na grafih Al, D2 in A3 je dobro izrazeno enakomerno deformiranje, ki je
bilo prekinjeno zaradi ve¢jih hipnih premikov. Zlasti A3 kaze trend konstantne hitrosti tudi po tem,
ko se je na lokaciji zgodil ve¢ji enkratni premik.

Hipne premike vecinoma lahko razlozimo na podlagi padavinskih dogodkov. Na grafih so z ver-
tikalnimi sivimi ¢rtami oznaceni nekateri izmed bolj dezevnih mesecev v obdobju opazovanja. V
septembru 2017 (S17) je padlo 418 mm padavin v obliki dolgotrajnih vsakodnevnih padavin. Maja
2019 (M19) je padlo 391 mm padavin prav tako v obliki dolgotrajnega dezevja. Septembra 2020 (S20)
je v dveh dneh padlo 290 mm padavin, v enem tednu 418 mm, v celem mesecu pa 466 mm. Maj 2021
(M21) je bil konstantno dezeven z enim izrazitim padavinskim dnem, ko je padlo 100 mm v 24 urah,
vse skupaj pa je bilo 522 mm padavin v celem mesecu. September 2022 (S22) je bil po izrazito susnem
obdobju precej dezeven mesec, ko je v enem dnevu padlo 127 mm, v dveh 220 mm, v enem tednu
290 mm, vse skupaj pa 601 mm padavin. Podatki so bili pridobljeni za padavinsko postajo Otlica, ki
se nahaja priblizno 4,5 km vzhodno od plazu.

Vsaka lokacija ima razlicen odziv na padavinske dogodke. Najve¢ premikov so povzrocile padavine
v septembru 2020 ter septembru 2022. Pri dolocenih tockah (A1, A2, A3, D3, A4 in D4) je opazen
hipni premik tudi v maju 2022, ko je bilo zelo malo padavin. Tega »padca« na grafu, tako kot neka-
terih drugih zaznanih premikov, ki jih je analiza InSAR zaznala, ni mogoce razloziti s padavinskimi
dogodki. Razlog za to je morda oddaljenost padavinske postaje od lokacije plazu. Lokalni padavinski
dogodki so se lahko zgodili le na plazu in ne na lokaciji postaje, kar onemogoca natan¢ne korelacije
premikov s padavinskimi dogodki.

Preostala obmocja, ki se premikajo, nakazujejo na manjse premike, ki so v rangu do nekaj cm za
celotno obdobje opazovanja, kar lahko predstavlja povpre¢no erozijo.

4.2 Plaz Sumljak

Kumulativni premiki povrija plazu Sumljak, pridobljeni z analizo SBAS InSAR, so predstavljeni na
sliki 5. Rezultati so predvsem za dvigajo¢o (DESC) orbito pomanjkljivi, najverjetneje zaradi izgube
koherence zaradi vegetacije. Oznacene tocke na plazu predstavljajo lokacije inklinometrskih vrtin;
slednje v tem ¢lanku niso obravnavane, so pa lokacije uporabljene kot interesne tocke.

Rezultati iz ASC orbite (slika 5a) kaZejo manj izrazite premike kot pri DESC orbiti (slika 5b). Zaznane
so bile spremembe povrsja v rangu med -20 in 20 mm (rdeca barva - ekstenzija oz. premik stran od
satelita, modra barva - kompresija oz. premik proti satelitu). Na levem boku v osrednjem delu plazu
je opazno zari$ce kompresije. Pri rezultatih iz DESC orbite (sika 5b) je opazna izrazita kompresija
(temno modra barva) v osrednjem in spodnjem delu plazu, kar pomeni dvig ozemlja ali akumula-
cijo materiala. Posedanje ozemlja bi bilo obarvano z rdec¢o barvo, kar pa na obmo¢ju plazu ni bilo
zaznano. Posedanje je bilo pri¢akovano v zgornjem delu plazu, kjer se nahaja obmocje praznjenja. V
zgornjem delu plazu (nad hitro cesto) je ponekod opazna kompresija, vendar so rezultati pomanj-
kljivi. Splosno gledano za DESC orbito so znacilna obmocja kompresije oz. premika proti satelitu
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na ve¢ delih plazu, manj$a obmodja pa kazejo premike med -20 in 20 mm. Vzdolz hitre ceste je bila
zaznana rahla kompresija pri ASC orbiti ter rahla ekstenzija pri DESC orbiti.

Casovni razvoj premikov vzdolZ viadukta kaze kompresijo iz vidika ASC orbite s kumulativnimi pre-
miki 1-2cm v 5 letih (slika 5a). Na drugi strani, premiki iz vidika DESC orbite kazejo ekstenzijo
(negativno vrednost) za obmodje toc¢k SIN-12 in SIN-8 ter zelo malo ali ni¢ premikov za tocki SIN-5
in SIN-6 (slika 5b).

Slika 5: Kumulativni premiki obmogja plazu Sumljak za (a) dvigajo&o (ASC) in (b) spus&ajo&o (DESC) or-
bito za obdobje med januarjem 2017 in avgustom 2022. To¢ke oznacujejo lokacije inklinometrskih vrtin,
ki vtem ¢lanku niso obravnavane.

Casovni razvoj premikov za to¢ke vzdolz viadukta in za lokacijo na peti plazu, kjer se nahaja majhen
zaselek z nekaj hisami, je predstavljen na sliki 6. Na grafih je za DESC orbito (rdeca krivulja) viden
trend sinusoidnega nihanja z vrthom v poletnih mesecih. To je najverjetneje posledica temperaturne
ekspanzije in kontrakcije viadukta z vchom v poletnih mesecih in minimumom v zimskih mesecih,
kar InSAR lahko zaznava [37]. Kljub temu trend za obmo¢je tock SIN-8 in SIN-12 (leva stran plazu)
kaze posedanje viadukta za okoli 2 cm/5 let, medtem ko sta tocki SIN-5A in SIN-6 (desna stran plazu)
bolj stabilni ter z manj$im nihanjem zaradi temperaturnih sprememb viadukta. Tocka S1 kaZe trend
dviga iz smeri DESC orbite, medtem ko iz ASC orbite kaze predvsem sinusoidno nihanje in bolj
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stabilno krivuljo s sezonskim nihanjem med -10 in 10 mm. ASC orbita (¢rna) za ostale tocke podaja
trend dviga z rahlim sinusoidnim gibanjem zaradi temperaturne ekspanzije materiala viadukta.
Splo$no, kumulativni premiki kazejo heterogenost povrsinskih sprememb plazu.

Rezultati za viadukt bodo dodatno preverjeni z rezultati geodetskih izmer deformacij viadukta.
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Slika 6: Grafi Casovnih nizov premikov, pridobljenih iz SBAS InSAR analize, na lokacijah inklinometrov.
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5

ZAKLJUCGKI

Tehnologija InSAR je ustrezna za opazovanje sprememb povrsja na pobodjih, zlasti kjer obmocje
ni pokrito z gosto vegetacijo in omogoc¢a dober odboj satelitovega signala od povrsja.

Analiza po metodi SBAS InSAR je podala ustrezne rezultate za ugotavljanje povrsinskih spre-
memb na pilotnih obmo¢jih. Rezultati pokrivajo skoraj celotno povrsino plazov, vklju¢no z ob-

jekti, ki se nahajajo na njih.

Podatki iz spusc¢ajoce (DESC) orbite so podali dober vpogled v dogajanje na plazu Slano blato.
Dvigajoca (ASC) orbita je manj ustrezna za analizo zaradi usmerjenosti poboc¢ja in nastanka
topografske sence, kar vodi v pomanjkljive rezultate. Na nekaterih delih plazu, ki so pokriti z
gosto vegetacijo, so prav tako pomanjkljivi rezultati zaradi kanala, v katerem snema satelit (C
kanal z valovno dolzino okoli 5,6 cm, ki prodre do 6 m v vegetacijo).

Podatki iz dvigajoce (ASC) orbite so podali zadovoljiv vpogled v dogajanje na plazu Sumljak,
medtem ko so rezultati iz spuscajoce (DESC) orbite pomanjkljivi zaradi kota snemanja in vege-
tacije (zmanjsana koherenca). Najboljsi odboj je vzdolz hitre ceste, kjer je odboj signala kon-
stanten in omogoca kakovostno analizo ¢asovnega razvoja premikov viadukta.

Analiza casovnih vrst je za plaz Slano blato podala dober vpogled v vpliv padavinskega rezima
na povrsinske spremembe plazu, medtem ko je za plaz Sumljak podala vpogled v ¢asovni razvoj
premikov viadukta, za katerega je znacilno nihanje zaradi sezonskih temperatur (temperaturna
ekspanzija in kontrakcija objekta) ter posedanje (najverjetneje zaradi pocasnega plazenja).
Rezultati za viadukt Sumljak bodo dodatno preverjeni z rezultati geodetskih izmer.

Daljse kot je obdobje opazovanja, boljsi so rezultati in mozZnosti za opazovanje trendov pre-
mikov.
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3 Izvajamo zahtevna terenska dela, ki so

nepogresljiva za varnost in dobrobit ljudi.

Nismo klasicni gradbinci, zato je nas pristop zelo
premisljen in vcasih neobicajen.

Specializirani smo predvsem za nedostopne

terene in logisticno zahtevne projekte:
e Sanacija plazov in miniranje skalnih previsov

e Vrtalna dela in zascita brezin s podajno

lovilnimi sistemi

e Zascita hudournikov s fleksibilnimi vodnimi
pregradami

e Vzdrzevanje in montaza jeklenih konstrukcij
e Gradnja mostov in viseCih konstrukcij
e Organizacija helikopterskih transportov

e Zahtevna secnja

GEO'NVEST Intervencije ob naravnih in drugih nesrecah

geotehnicne resitve

pilotiranje, sidranje, Jet grouting, torketiranje, gradbene jame,

sanacija plazov, geotehni¢ne meritve, geotehnicni inzeniring, 5 [np@laserds

T +386 (0)5 37 28 270 KASKADER

W www.kaskader.si ZAHTEVMNA TERENSKA DELA Kjer se drugi ustavijo, mi zacnemo.

mikro in mini piloti, debelostenske diafragme, geomehanske raziskave,...
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PRVI KORAK STABILNOSTI

Nacértujemo 7 znanjem

izvajanje geotehnicnih del in skrbjo za okolje.
sanacije brezin
podporne konstrukcije
zascita pred erozijo
geotehnicna sidra
zascita gradbenih jam

protihrupna zascita

WWW.irgo.si

+386 (0)1560 36 00
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Vsi materiali za zelene brezine

Znanje, ki
pusca sled

Materiali / Gradbena fizika / Konstrukcije / Pozarno inzenirstvo
Geotehnika in prometnice / Metrologija / Certifikati
Tehnicne ocene in soglasja e

na enem mestu.
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materialov in tehnologij, ki bodo pomagali

zagotavljati trajnostni razvoj Slovenije in so N
el
. ! | hkrati tudi mednarodno aktualni. Sodelovanje T
Protierozijske Protierozijske Armaturni opazi Armaturni G e \
simnice rese od 60° do 80° naklona geosintetiki v mednarodnih projektih nam omogoca stik in 1 -

izmenjavo znanja z vrhunskimi raziskovalnimi

skupinami Sirom sveta.

Prodaja in tehni¢no svetuje

www.zag.si
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GRADBENISTVO NATIONAL BUILDING
SLOVENIJE AND CIVIL ENGINEERING
INSTITUTE

Lespatex d.o.o. Telefon: 01 2565 168
Pot k sejmiscu 30 - -
1000 Ljubljana - Crnuge E-mail: info@lespatex.si

Spletna stran: www.lespatex.si




GEOFORMA

Sonaravni stabilizacijski v
ukrepi za vaso varnost

GEOFORMA
' @

Projektiranje
Svetovanje
Raziskovanje
Inzeniring

Poslanstvo

e zdruzujemo strokovna znanja in
storitve,

e izpolnjujemo pricakovanja narocnikov

in poslovnih partnerjey,

ohranjamo skrb za nase okolja.

Resitve, ki jih
omogocamo

Hidrogeoloske studije = omogocajo varno :
upravljanje z vodnimi viri in zmanjSujejo tveganje za
pomanjkanje vode.

Geoloski in geomehanski elaborati = omogocajo
stabilno gradnjo in preprecujejo drse terena.
Geotehnicne resitve = omogocajo zanesljivo
temeljenje objektov in prihranijo stroske sanacij.
Hidrologija in monitoring = omogocajo dolgoro¢no
varnost in pravoCasno opozarjanje na spremembe v
naravi

@ 041 369 640

e bojana.janezic@geoforma.si

geoforma.si

POMGRAD
GEOTEHNIKA
IN NIZKE
GRADNJE d.o.o.

Podjetje, specializirano za izvedbo
geotehni¢nih del, ima svoje zacetke ze v letu
1954, ko je delovalo v okviru GeoloSkega zavoda
Ljubljana. Leta 1990 se je enota geotehni¢nih
del preoblikovala v samostojno podjetje GZL
Geoprojekt d.d., od 2006 pa uspesno poslujemo
kot del skupine POMGRAD. Danes nadaljujemo
tradicijo in gradimo prihodnost kot Pomgrad
geotehnika in nizke gradnje d.o.o.

NACRTUJEMO PROIZVAJAMO

Nase klju¢ne dejavnosti:

Sanacija plazov in erozijskih obmocij
Varovanje gradbenih jam in brezin
Globoko temeljenje objektov
Izvedba brizganega betona

Gradnja in izvedba vodnjakov

GRADIMO

Zakaj zaupati nam:
Vec kot 60 let tradicije in strokovnih izkuSenj

Celovite resitve - od projektiranja, svetovanja
doizvedbe

Zanesljiva in usposobljena ekipa z modernim
pristopom

, Industrijska ulica 9, 2310 Slovenska Bistrica, T +386 (0)2 53 41811, E gng@pomgrad.si
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geomehanske raziskave

stabilnostne analize

varovanje gradbenih jam

sanacije plazov in usadov

zaSCita pred padajoCim kamenjem

zahtevno temeljenje objektov

kontrolirano znizevanije talne vode v gradbenih jamah

COrus
inZenirji

www.c-i.si | info@c-i.si | +386(0)5 3002020

Stabilizacije brezin
Skalni podori
Zemeljski plazovi
Snezni plazovi
Protipoplavna zascita

EHO PROJEKT d.o.o0.
Dunajska cesta 51

1000 Ljubljana, Slovenia
tel.: 4386 (064 296 750

e-mail:info@ehoprojekt.si

Izzive s katerimi se spopadamo
predstavljajo skalni podori, poplave
ter zemeljski in snezni plazovi.

Pri podjetju EHO Projekt d.o.o0. skrbno
nacrtujemo, razvijamo in izvajamo ucinkovito
zascito pred takimi pogostimi katastrofami.
Prav tako raziskujemo okolje, da bi se izognili
nesreCam, preden se zgodijo.

Imamo Stevilne uspesne reference privatnih
investitorjev ter drzavnih institucij. Ponosni
smo na kar nekaj uspesnih nujnih intervencij
v katerih smo dokazali moznost hitrih in
uspesnih odloditev v inZzenirskem in izvedbe-
nem smislu.

Imamo Sirok nabor izkusenj na podrocju
nacrtovanja in izvedbe podajno lovilnih ograj
kakor tudi prekrivnih mrez nizkih in visokih
nateznih trdnosti. Izvajali in nacrtovali smo
sanacije zemeljskih plazov ter zascite za
varovanje pred sneznimi plazovi. Hkrati pa
smo intenzivno vkljuceni tudi v nacrtovanje
in izvedbo projektov protipoplavne zascite
ter vodnogospodarskih ureditev.

-

www.ehoprojekt.si



Premikamo meje, ustvarjamo poti

projektiranje - svetovanje - inzeniring - nadzor

2023 e ,_if :

G

Platina a odliénost
-~

projektiranje - svetovanje - inzeniring - nadzor

- predori in veliki podzemni prostori - visoke gradnje
- geologija in geotehnika » luske konstrukcije
- gradbene jame - zastopstvo za programsko

- sanacija plazov opremo GEOS5 (FINE Ltd.)

- deponije

Fr

FENIKS + d.0.0.

Koroska c. 90

4290 Trzi¢

Tel.: 041 300 501 www.feniks.biz
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CENTER ZA GEOTEHNIKO IN GEOLOGIJ

Geomehanika; inZenirska geologija; projektiranje inZenirskih objektov; raziskave in sanacije plazov;
geolosko-geotehniCne analize in elaborati, kontrola kakovosti in geotehni€ni monitoring; terenske meritve
karakteristik tal, geofizikalne meritve - georadar, geoelektrika.

CENTER ZA PROMETNICE IN INFRASTRUKTUR
Zunanja (ZKK) in notranja (NKK) kontrola izvedbe del pri gradnji prometnic in javne infrastrukture;

izdelava izvedbenih nacrtov za obnove voziS¢, dimenzioniranje voziS¢nih konstrukcij;
preiskave zemljin, kamenih agregatov asfaltov, betonov in talnih oznacb.

CENTER ZA MATERIALE IN KONSTRUKC

Ugotavljanje konstrukcijskih in materialnih lastnosti objektov; izvajanje stati¢nih in seizmi¢nih analiz
objektov s predlogi ojacitev; raunske ocene dejanske potresne odpornosti objektov; reSevanje zahtevnih
konstrukcijskih detajlov; recenzije in revizije projektne dokumentacije; pregledi in opazovanjeobjektov.

CENTER ZA BIVALNO OKOLJE, GRADBENO FIZIKO IN ENE

Sodelovanje pri pripravi strateSkih dokumentov in predpisov s podrocja gradbene fizike, ucinkovite rabe
energije v stavbah; razvoj na podrocju trajnostne gradnje, predinvesticijsko svetovanje za skoraj nic-
energetske stavbe in celovito energetsko prenovo; strokovna mnenja in meritve mikroklime — temperatura,
vlaga, CO2 ter zrakotesnosti in termografija; energetski pregledi stavb in energetske izkaznice stavb.

. Raziskovalno delo ﬁr.;az’ll‘in‘wih B

Terenske in laboratorijske preiskave gradbenih
materialov, proizvodov in konstrukcij
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dimenzioniranje voziscnih konstrukcij
hidrolosko — hidravliéne analize

projektiranje
podpornih/opornih
konstrukcij

projekti sanacij plazov

nacrti temeljenja
nacrti zasCite gradbenih jam

nacrti zasCite-in-stablizacije brezin

eomehanski nadzori
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GRADBENO — GEOTEHNICNE STORITVE

tezki dinamicni penetrometer (DPSH-B)
krozna plosca z lahko padajoco utezjo
dinamicni penetrometer (DPM)
geotehnicne vrtine

dinamicno jedrovanje

analize tveganja onesnazenja podzemne vode
0Q elaborati podnebnih sprememb

inklinometerske meritve

PET test - test zveznosti AB pilotov

Ucinkovita prometna infrastruktura

Z znanjem, izkunjami ter po najvisjih standardih kakovosti izboljsujemo
in razvijamo u¢inkovito in za uporabnika varno prometno infrastrukturo.

Spoznajte nasa klju¢na znanja in kompetence na
www.riko.si.

meritve nosilnosti tamponskega nasutja
geolosko — geomehanska porocila

v - . :-.:*'
| LAM BIRO d.o.0. | Gradbeno projektiranje in nadzor | Smartno ob Paki 134, 3327 Smartno ob Paki | % :_© ®
| Pokligite nas: 031-776-280 | Pisite nam: info@lambiro.si |Sledite nam: www.lambiro.si | €} profil | g’; o RIKO
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INZENIRSKA GEOLOGIJA - GEOTEHNIKA - HIDROGEOLOGIJA - GEOTEHNICNO PROJEKTIRANJE - NADZOR

. o Stabi geotehnika, projektiranje in svetovanje, d.o.o.
Zastopniki: . - .
Cimermanova 11E, 1260 Ljubljana-Polje
— Poslovni prostori: Leskoskova 9E, 1000 Ljubljana
s Geotehniko, projektironje in svetovanje, d.o.o. e. info@stabi.si w: Www.stabi.si
w0 Ljubljana —

Pite Dynarmics, /ic.

Sanacija plazu na drzavni cesti R3-656/3650 (Dragarji) Zgornji Caié - Osilnica s sidrano pilotno steno
- geolosko geomehanske raziskave, projektiranje in nadzor -

Specializirano podjetje za temeljenje objektov

—

r Pile Driving Analyzer*

i LRIy
EOrH tedt

- Meritve nosilnosti pilotov : /7
(dinamicni in staticni obremenilni test) - | ‘ o 4(1/ )
- Meritve zveznosti pilotov ! |
(PIT, Cross-hole, TIP)  _ia \ S\ (RSP = - e _
- Geotehnicne preiskave in porocila
(CPT, DPSH, SDMT) ‘
- Projektiranje, nadzor in svetovanje o s e drectons (e wp 208410 V) . MO; T
— G il o i e
w Y 35+ let izkugen]
i q o oy Pl |l - 3000+ uspesnih projektov
—— . gt , - 25+ drzav
e  3 P = - Mednarodni certifikat za dinamicne
S ' i B _ = : meritve "PDCA Expert"
|

www.slp-pile.com



TERRAS GGuoo

GEOTEHNICNE IN GEOLOSKE RAZISKAVE

PROJEKTIRANJE IN TEHNICNO SVETOVANJE
TERRAS GG d.o.o.

TERRAS GG d.o.0. je bila leta 2025 statusno preoblikovana iz TERRAS-Zdenka Popovic s.p.

W e R
Raziskave in monitoring globokega plazu »Razdrto« Globoki plaz »Cemenike

25 let izkusenj, danes modrost v inZenirski geologiji in geotehniki

Zascita drzavne ceste Sp. Idrija - Godovic (Zala)
pred podori

TERRAS GG, d.o.o.  Slomskova ulica 33, 1000 Ljubljana  E-mail: TERRAS@siol.com  www.terras.si
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