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APOPA

Tunnel behaviour and support associated with
the weak rock masses of flysch

V. Marinos*

Laboratory of Engineering Geology and Hydrogeology,
School of Geology, Faculty of Sciences, Aristotle University
of Thessaloniki, Thessaloniki 54124, Greece

Abstract

Flysch formations are generally characterised by evident
heterogeneity in the presence of low strength and tectoni-
cally disturbed structures. The complexity of these geologi-
cal materials demands a more specialized geoengineering
characterisation. In this regard, the paper tries to discuss
the standardization of the engineering geological character-
istics, the assessment of the behaviour in underground ex-
cavations, and the instructions-guidelines for the primary
support measures for flysch layer qualitatively. In order to
investigate the properties of flysch rock mass, 12 tunnels of
Egnatia Highway, constructed in Northern Greece, were
examined considering the data obtained from the design
and construction records. Flysch formations are classified
thereafter in 11 rock mass types (I - XI), according to the
siltstone-sandstone proportion and their tectonic distur-
bance. A special geological strength index (GSI) chart for
heterogeneous rock masses is used and a range of geo-
technical parameters for every flysch type is presented.
Standardization tunnel behaviour for every rock mass type
of flysch is also presented, based on its site-specific geo-
technical characteristics such as structure, intact rock
strength, persistence and complexity of discontinuities.
Flysch, depending on its types, can be stable even under
noticeable overburden depth, and exhibit wedge sliding and
wider chimney type failures or cause serious deformation
even under thin cover. Squeezing can be observed under
high overburden depth. The magnitude of squeezing and
tunnel support requirements are also discussed for various
flysch rock mass types under different overburdens. De-
tailed principles and guidelines for selecting immediate
support measures are proposed based on the principal tun-
nel behaviour mode and the experiences obtained from
these 12 tunnels. Finally, the cost for tunnel support from
these experiences is also presented.

1. Introduction

Since the last decades of the 20th century, there has been
a rapid development in various stages of geotechnical de-
sign, analysis and computational methods. Yet, regardless
of the capabilities offered by the numerical tools, the results
can still involve uncertainties when parameters are used
directly without considering the actual failure mechanism of
the rock mass in tunnelling. Understanding the rock mass
behaviours in tunnelling can ensure selecting appropriate
design parameters (for rock mass and/or discontinuities)
and failure criteria to be used in numerical analysis and
consideration of the principles in association with tunnel
support.

Engineers can design reinforced concrete or steel structures
using certain checks for specifically predefined failure
mechanism. Specifically, design should consider bending
moment, axial force, shear, penetration and deflection (ser-
viceability limit state). In tunnelling, however, there is no
specific procedure to check against a predefined failure
mechanism. This paper points out that the first step is not
to start performing numerous calculations (probably mis-
leading or useless), but to define what the potential failure
mechanisms are and to qualitatively consider the support
theories to account for them. This process is thus applied

for the heterogeneous rock masses of flysch (Fortsakis,
2014).

Rock mass behaviour evaluation in tunnelling and its rela-
tion with the design process have been significantly re-
ported. Goricki et al. (2004), Schubert (2004), Potsch et al.
(2004) and Poschl and Kleberger (2004) have studied rock
mass behaviours with respect to design and construction
experiences of Alpine tunnels and Palmstrom and Stille
(2007) from other tunnels. Flysch rock is composed of
varying alternations of clastic sediments associated with
orogenesis, since it ends the cycle of sedimentation before
the paroxysm folding process. Intense folding and heavy
shearing with numerous overthrusts thus characterise the
environment in areas of flysch formations. It is character-
ised mainly by rhythmic alternations of sandstone and pe-
litic layers (siltstones, silty or clayey shales), where the
thickness of sandstone or siltstone beds ranges from centi-
metres to metres. Consequently, conglomerate beds may
also be included. The main thrust movement is associated
with smaller reverse faults within the thrust body. The
overall rock mass is highly heterogeneous and anisotropic,
and thus may be affected by extensional faulting producing
mylonites. The tectonic deformation drastically degrades
the quality of the rock mass, a reason that flysch is charac-
terised by diverse heterogeneity (Fig. 1) and the presence
of low strength and tectonically disturbed structures (Fig.
2). Such formations are classified into 11 rock mass types
(I - XI) according to the siltstone-sandstone proportion and
their tectonic disturbance.

Fig. 1. Moderately disturbed rock mass with sandstone and
siltstone alternations in similar amounts.

Fig. 2. Tectonically disturbed sheared siltstone with broken
deformed sandstone layers. These layers have almost lost
their initial structure, almost a chaotic structure.
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The design of tunnels in weak rock masses such as dis-
turbed and sheared flysch presents a major challenge to
geologists and engineers. The complex structure of these
materials, resultant from their depositional and tectonic
history, means that they cannot easily be classified in terms
of the commonly used characterisation schemes.

The variety of geological conditions under different in situ
stresses, in both mild and heavy tectonism examined here,
provided significant amount of information regarding the
engineering geological conditions and geotechnical behav-
iour of several flysch rock mass types. These behaviours
were analysed and evaluated so as to define the geotechni-
cal characteristics for each flysch type.

This study is based on experiences obtained from the de-
sign and construction of 62 mountainous twin tunnels of the
Egnatia Highway in Northern Greece. The cross-section of
these tunnels is 100-120 m?, constructed conventionally
using the top heading and bench method. In this context, a
database named “Tunnel Information and Analysis System”
(TIAS) was created (Marinos, 2007; Marinos et al., 2013).
Using this database, the evaluation of huge geological and
geotechnical data from the design and the construction of
12 tunnels is presented. These cases comprise tunnelling
up to 500 m of overburden depth.

The data processed by TIAS are obtained from geological
mapping (design and face mapping records), boreholes,
laboratory tests, site testing, geotechnical classifications
(design and construction records) and designation of design
parameters. Data were also collected and processed in view
of the geotechnical behaviour, such as deformations, over-
break, structural failures and groundwater inflow. Data
from detailed information on temporary support measures
and tunnel construction cost were also included. The proc-
essing and evaluation of this information contributed to
assessing the correlations between behaviours of the

ground and the formulation and the temporary support re-
quirements. The use of TIAS database enabled then the
determination of the possible rock mass types of flysch and
the engineering geological characterisation in terms of
properties and their behaviour in underground construction
(Marinos et al., 2013).

2. Geotechnical properties

The development of powerful microcomputers and of user-
friendly software prompted a demand on data related to
rock mass properties required as inputs for numerical
analysis or close form solutions for designing tunnels. This
necessity preceded the development of a different set of
rock mass classifications, where the geological strength
index (GSI) is such a classification. The Hoek-Brown failure
criterion (Hoek et al., 2002) is closely connected to the
GSI, covering a wide range of geological conditions affect-
ing the quality of the rock masses, including heavily
sheared weak rock masses (Hoek et al., 1998). The GSI
considered as such a tool for assessment was initially intro-
duced by Hoek (1994) and developed by Marinos and Hoek
(2000). Marinos et al. (2005) further discussed its applica-
tions and limitations.

The GSI system was extended to heterogeneous rock
masses, such as flysch, by Marinos and Hoek (2001), and
then modified by Marinos (2007), and Marinos et al. (2007,
2011a) with adjustments in values and additions of new
rock mass types. Flysch formations are thus classified into
11 rock mass types (I - XI) according to the siltstone-
sandstone proportion and their tectonic disturbance. Hence,
a new GSI diagram for heterogeneous rock masses such as
flysch has been presented, where a certain range of GSI
values for every rock mass type is proposed (Fig. 3). It is
highlighted again that the HoekeBrown failure criterion and
consequently the GSI value should be used when the rock
mass behaves isotropically.

GEOLOGICAL STRENGTH INDEX (GSI) FOR HETEROGENEOUS ROCK MASSES SUCH AS FLYSCH
(V. Marinos, 2007)

Heterogeneous rockmasses are meant those with alternating layers of dearly different lithalogy types with significant differences in
their strength properties. For flysch, a typical formation with heterogenecus rock masses, these alternations are consisting of
sandstones and siltstones. Clay shales may be present. From a description of the lithology, structure and surface conditions of
discontinuities (particularly of the beddmg planes] choose a box in the chart. The selection of the structure should be
based on the tectonic di slightly di gly disturbed - folded, desintegrated,

d), the of against and the exp or not inside the
siltstone Iayers. I.l'l the type IV and V when the thickness of sandstone beds exceed 50cm an increase of the
GSI value by 5 is suggested. From type IV and the following types, the ification planes are per ible inside
the siltstone mass. Locate the position in the box that corresponds to the conditions and estimate the average value GSI from
the contours. The determination of the structure and the conditon of discontinuities may range between two adjacent fields.
Note that the Hoek - Brown oriterion does not apply to structurally controlled failures. Where unfavourably oriented
continuous weak planar discontinuities are present, these will dominate the behaviour of the rock mass. The strength of some rock
masses is reduced by the presence of groundwater and this can be allowed fer by a slight shift to the right in the columns for fair,
poer and very poor conditions. \Water pressure does not change the value of GSI and it is dealt with by using effective stress analysis.

NUITIES

weathered surfaces with soft clay coating

or fillings

surfaces with compact coatings or fillings

with angular fragments

Very smooth, occasionally slickensided
VERY POOR

Rough, slightly weathered or oxylised
Very smooth, slickensided or highly

GOooD
surfaces
altered surfaces

Very rough, fresh unweathered surfaces
POOR

VERY GOOD

SURFACE CONDITIONS OF DISCONTI

(Predominantly bedding planes)

STRUCTURE AND COMPOSITION

TYPE 1. Undisturbed, with thick to medium -~ 4 TYPE IL Undisturbed massive siltstone
| thickness sandstone beds with sporadic thin films 4%:/,9’ | (stratification planes are imperceptible) with
4 of siltstone. In shallow tunnels or slopes where ,;://' sporadic thin interlayers of sandstones
confinement is poor the mode of the failure has |+

a kinematic character controlled by the bedding

DECREASE OF QUALITY OF DISCONTINUITIES el

| planes and GSI is meanigless /
1 I
TYPE 1IV. -' TYPEV.
" Moderately 4 Moderately #-| Moderately
| disturbed disturbed - | disturbed
sandstones rockmass with {1 siltstones with
| with thin films ~| sandstone and sandstone
1 of interlayers. siltstone similar interlayers ‘
of siltstone

L
"y TYPE VIL. Strongly disturbed, folded rockmass
7 that retains its structure, with sandstone and
- siltstone in similar extend

TYPE VIIL Strongly disturbed, folded
rockmass, with siltstones and sandstone
1 interlayers. The structure is retained and
deformation - shearing is not strong Nl' A

i VII VIII]‘
y

“ TYPE IX. Desintegrated rockmass that can be
44, found in wide zones of faults orfand of high
weathenng In this type mainly brittle material
’ is present with some disturbed siltstones
between rock pieces

TYPE X. Tectonically deformed intensively
folded/ faulted siltstone or clay shale with
broken and deformed sandstone layers N/A
forming an almost chaotic stucture

TYPE XI. Tectonically strongly sh d
siltstone or clayey shale forming a chaotic
structure with pockets of clay. Thin layers of N,’A
sandstone are transformed into small rock

|:;|rer.‘es,llultnmaueh-I the ground behavior is that
of a soi

N/A Means Js In the non - shadowed areas, such | are not i
—— Direction of tectonic disturbance and deformation of equivalent rockmass lithology

le to find but it is very unusual

L

Fig. 3. The new GSI classification chart for heterogeneous rock masses such as flysch (Marinos, 2007; Marinos et al., 2007).
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The case in the presence of better quality blocks along with
the sheared mass may improve the “overall” rock mass
strength, depending on their location and size. In the case
where strong sandstone blocks are numerous and continu-
ous and are with defined geometry, the rock mass proper-
ties can be evaluated by different approaches. Such an ap-
proach, the block in matrix approach (beamrocks), has ef-
fectively described by Wakabayashi and Medley (2004).

Basic inputs of the Hoek-Brown failure criterion, apart from
the GSI value, are the uniaxial compressive strength (sq)
and the material constant (m;) that is related to the fric-
tional properties of the intact rock. Furthermore, in order to
calculate the rock mass deformation modulus Erm, Hoek
and Diederichs (2006) proposed a new equation, which
includes the intact rock deformation modulus E;, the GSI
value and a disturbance factor due to the excavation
method or a distressed character of rock mass D. Values of
characteristic geotechnical parameters likely to prevail, for
every flysch rock mass type (I - XI), are presented in Table
1. These values are resultant from the Roclab application
(Rocscience Inc.). They are only indicative, since they can-
not replace the detailed examination and the application of
engineering judgement needed for each sitespecific project
separately.

Table 1

Characteristic geotechnical parameters for each flysch rock
mass type (I - XI). These values are indicative and have
resulted from the Roclab application (Rocscience Inc.). Yet,
they cannot replace the detailed examination and the appli-
cation of engineering judgement adjusted for each particu-
lar project distinctly. The deformation modulus E., is calcu-
lated here based on the empirical relation of Hoek and
Diederichs (2006).

Flyschtype  GSI  o4(MPa) my E(GPa) g4, (MPa)  Eg (GPa)

I 65 40 17 10 12 7

I 60 15 7 3 3 15
I 55 40 17 9 10 35
v 50 23 10 55 4 15
v 45 18 8 4 25 0a
I 40 15 7 3 1.7 05
Wi 35 23 10 55 25 06
Vi 25 18 8 4 1.5 025
IX 30 22 9.5 52 2 04
X 20 15 7 33 1 015
Xl 15 =10 6 2 0.5 008

The higher s values are presented in sandstone flysch with
a mean value of 45 - 50 MPa. In siltstone flysch, a mean sq
value of approximately 15 - 20 MPa is promised. When the
E; is considered, a mean value of around 13 GPa is meas-
ured for sandstone flysch and 45 GPa for siltstone flysch
(Marinos and Tsiampaos, 2010). Estimation of the mechani-
cal parameters of a sheared siltstone or shale is a difficult
task since the strength of the intact parts can hardly be
measured in the laboratory (Figs. 4 and 5). Representative
strength values can, however, be assessed by back analysis
(Tsatsanifos et al., 2000; Marinos et al., 2006b).

In addition, it is necessary to take into account the parame-
ters of the “intact” rock properties s, mi and E;, and con-
siderer the heterogeneous rock mass as a unit. Some quan-
titative estimates of heterogeneous intact rock properties
via laboratory tests (Mihalis et al., 2010) have already been
reported. In cases when laboratory tests are not feasible, a
“specific weighted average” of the intact strength properties
of the strong and weak layers was proposed by Marinos et
al. (2011a).

The influence of groundwater upon the mechanical proper-
ties of the intact rock components, more particular on
shales and siltstones that are susceptible to changes in
moisture content in tunnelling is very important and has to
be considered in the estimation of potential tunnelling prob-
lems.

Fig. 4. Tectonically strongly sheared red siltstone forming a
chaotic structure with pockets of clay (rock mass type X).

Fig. 5. Tectonically strongly sheared siltstone: a chaotic
structure with pockets of clay from a great thrust of differ-
ent geotectonic units (Anthochori tunnel - Egnatia highway,

Northern Greece).

Flysch, a typical impermeable formation, has the character
of presenting alternations of strong brittleness with weak
rocks. The latter strongly influences the development ten-
dency of permeability due to the fracturing in the strong
beds. Data collected in Northern Greece from 213 packer
tests from 108 boreholes during site investigation for 8
tunnels in flysch environment showed the permeability val-
ues of about 4.5x107 m/s (Marinos et al., 2011b). The dif-
ference of different flysch types is very small, which can be
explained with respect to the tectonic history of the flysch
formation where a “homogenization” has achieved from the
compression and folding process. The low values in the
sandstone type are imposed by the barriers of the thin in-
terlayers of siltstones, which may also intrude in major
fractures of the sandstone beds. The decrease in relation to
depth is progressive but with significant scatter (Marinos et
al., 2011b). As a result of the low permeability, the water is
not easily drained and it reduces the effective stresses and
thus the shear strength of the rock mass. Many of these
materials will disintegrate very quickly if they are allowed to
dry out and not supported immediately.

3. Engineering geological behaviour during tunnelling

A further classification of flysch rock masses based on their
geotechnical behaviour (deformation due to overstressing,
overbreaks or wedge failure, “chimney” type failure, ravel-
ling and their corresponding scale) is presented hereafter.
Flysch, depending on its type, can present a variety of be-
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haviours: being stable even under a noticeable overburden
depth, exhibiting wedge sliding and wider chimney type
failures, or showing serious deformation even under low to
medium overburden. Its behaviour is basically controlled by
its main geotechnical characteristics, considering of course
the in situ stress and groundwater conditions. The study of
the varying behaviours of various flysch types was based
on the large set of data from the TIAS database.

After the identification of the failure mechanism, the suit-
able design parameters can be selected according to the
principles of the failure mechanism. If the behaviour of the
rock mass can be considered as isotropic and is governed
by stress-induced failures, the user must focus on rock
mass parameters. On the other hand, if the principal be-
haviour type is gravity-controlled failures (e.g. wedge slid-
ing, chimney failures, ravelling ground), the user must fo-
cus on parameters related to discontinuities. If the rock
mass is weak but also anisotropic (e.g. due to schistosity or
well defined bedding planes), both the rock mass parame-
ters and the persisting joint properties must be considered.

A reliable first estimate of potential problems of tunnel
strain can be given by the ratio of the uniaxial compressive
strength o.m of the rock mass to the in situ stress p, (Hoek
and Marinos, 2000). This is usually followed by a detailed
numerical analysis of the tunnel’s response to sequential
excavation and support stages. The strain estimation for
the weak flysch rock mass type X of 4 different tunnel cov-
ers is shown in Fig. 6. It is evident that minor squeezing
(category B) can be developed in the very poor flysch rock
mass types X and XI from 50 m to 100 m tunnel cover,
while severe to very severe squeezing (categories C and D)
from 100 m to 200 m cover. Undisturbed rock mass types
of sandstone or conglomerate (types I and III) do not ex-
hibit significant deformations under 500 m.

Tunnel Cover
|[_Jsom [_Jioom [E200m [ 500m|

.

it

I II IIT IV V VI VII VIII IX X XI
Flysch Rock Mass Type

o
1

0
1

>
|

Deformations and Tunnel Support
requirements (categories)

Fig. 6. Deformations and tunnel support requirements for
each flysch rock mass type (I - XI) under different overbur-
dens. Strain categories AeE are determined according to
Hoek and Marinos (2000) (see Fig. 7.).

More analytically, the strain estimation for one of the weak-
est flysch type for 4 different tunnel covers is shown in Fig.
7 (strain categories A - E according to Marinos and Hoek
(2001)). An overstressed support shell due to squeezing is
presented in Figs. 8 and 9.

The presence of better quality blocks along the sheared
mass may improve the stability of the surrounding rocks,
depending on their location and size. A tunnel driven
through this geomaterial requires continuous geological and
geotechnical characterisation, as well as state of the art
monitoring, to comprehend the complex interaction of in-
ternal block/matrix structure and their impact on the exca-
vation and can only be conducted during tunnel construc-
tion. Such an effort was described in Button et al. (2004).

=

=]

= 15p E | Strain greater than 10%

» 14} Extreme squeezing problems

'E 13}

b 12

S 11}

i

2s | LA\ 200m |

g 7t Strain between 5% to 10%

3 Very severe squeezing problems

86 |

o5 100m |

c4 O\ Strain between 2.5% to 5%

g 3t were squeezing problems

= Strain between 1% to 2.5%

LI) 2 B e Strain less than 1%
= 1 F 50m Fow support problems
‘m 0 N " " 1 "

= 0.1 0.2 0.3 0.4 0.5 0.6

0./ p,=rock mass strength/ in situ stress

Fig. 7. Strain estimation of the flysch rock mass type X for
4 different tunnel covers categories A - E according to Hoek
and Marinos (2000).

Fig. 8. Overstressed steel sets due to squeezing. Long ca-
bles have been implemented to secure stability (Driskos
tunnel in Northern Greece).

Fig. 9. Overstressed support shell due to squeezing (Antho-
chori tunnel in Northern Greece).

As far as the rheological characteristics of flysch formations
are concerned, the creep potential of the sandstone forma-
tions is considered to be negligible. On the other hand, in
the case of tunnel excavation in siltstone or shale forma-
tions, especially under high overburden, a time-dependent
displacement or loads should be developed.

A detailed presentation of the range of geotechnical behav-
jiour in tunnelling for each flysch rock mass type (I - IX)
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based on engineering geological characteristics is presented
in Fig. 10. Generally, the behaviours of the flysch forma-
tions during tunnelling depend on 3 major parameters: (i)
the structure, (ii) the intact strength of dominant rock type
and (iii) the depth of the tunnel. The expected behaviour

types (stable, wedge failure, chimney type failure, ravelling
ground, shear failures, squeezing ground) can be illustrated
in a tunnel behaviour chart (TBC) (Marinos, 2012). The
main failure mechanism for every flysch rock mass type (I -
XI) is projected in a TBC chart in Fig. 11.

FLYSCH ROCK MASS TYPE | CHARACTERISTIC "KEYS" FOR TUNNEL BEHAVIOUR OR INSTABILITY | TUNNEL BEHAVIOUR |
| | * Geometrical and shear strength characteristics of joints. = The rack mass behaviour is purely anisotropic.
Typel = High intact rock strength. = Wedge detachment and sliding.
= Slghtly fractured-undisturbed massive structure = Controlled by the of in relation to the ori of the tunnel.
" ~ The behaviour of the reck mass is controled by the low strength of the sitstone and the excavation depth
* Lowto med h
Type ll . ggnwr::ic::::z::b:,ﬂﬂm,, = In great depths limited de-formation can develop, whereas in small depths the tunnel is generally stable and,
: depending on the onentation of the tunnel and the discontnities, shding and fall of wedges can occur.
/ 5 » Geometrical and shear strangth charactaristics of joints, espacially along the planes, — The rack mass behavieur is purely anisotrepic.
Type Il 55| |+ High intact rock strength. ~ Wedge detachment and sliding.
% Y » Moderately fractured structure. = Controlled by the ori ion of di inuities in relation to the: ori of the tunnal.
) ~ The behaviour of the rock mass is anisolropic.
+ Goometrical and shear strength characteristics. of joints, especially along the pianes = Wedge detachment and sfiding. .
Type IV ' « Moderately fractured structure and moderately intact rock strength - mwxlhy‘he e ‘DT‘D( i arc r“:“" o "‘;‘ et ﬁ.lh‘;“‘""’l n—
ype . S Jayers with h o slickensided sheared surfaces contribute to instabiities. = :om‘a;ﬂersarec izontal and especially when the rock mass is thin-bedded, overexcavation problems
* Rock blocks are generally moderate (1-2m x 1.3m) - In places where the rock mass i locally more loose and with no , limited chimney
type failufes can occur
= Moderately fractured structure and low to moderately intact rock strength ("Weighted” value).
= The geometry of the slabs and the shear strength characteristics of the smooth to slickensided sheared siltstone
v surfaces contribute to free fals and wedge slides.
Type » The persistence of cther joirts is small and thus rock blocks are generally small to moderate. = The rock mass behaviour is close 1o isciropic concerming delormation,
* Structure is loosened and foliated very close to the surface. ~ Limited deformation can develop under medium overburden
= Particular care about expansive minerals = In small depths the tunnel & generally stable, but ing on the of di ies, sliiding and fall of
. fraciured strusture and low intact rock strength [Weighted” value), wedges can occur.
« The geometry of the slabs and the shear strength characteristics of the smooth to slickensided sheared sitstone | = Close to the surface extended cverexcavation and chimney ype failures can appear, due to weathering and foliation,
Type VI surfaces contribute o free falls and wedge slides. especially in Type V1 (reduced sandstone presence to “bridge”).
ype » The persstence of cther joirts is small and thus reck Blacks are gensrally small to moderate
* Structure is kosened and folated very close to the surface.
= _Particular care about expansive minerals
" — The behaviour of the rock mass can be well considered as sotropic.
» Highly disturbed, folded rock mass. .
. = = Limited deformation can develop under medium overburden
Typevil mﬂ:n;‘;:::;?: rock strength, reduced due 1o the siltstone participation, create favorable conditions for strains — In small depths the tunnel is genarally stable, but on the of di , siiding and fall of
« The geomeky of the slabs and the shear strength characteristics of the smaoth to slickensided sheared sitstone | 1100808 Can oocur - .
; = As a result of the relatively good “interlocking” of the rock mass due to its folded structure, no extended falls are
surfaces contribute to free falls and wedge slides of small volume. expected, except enly in weathered zones close 1o the sudace.
= Highly disturbed, folded rock mass.
* Medum io low intact rock strength, reduced due 1o the siltstone participation, create Favorable conditions for strains | = The rock mass behaviour ks clearly isotropic
under medium cover — Due 1o the low strength of the siltstene, deformation starts to develop under medium overburden.
Typea Vil » The geometry of the slabs and the shear strength characterisbes of the smooth to slickensided sheared sitstone | = Detachrments and slides of blocks may locally occur.
surfaces contribute to free falls and wedge slides of small volume. — As a result of the relatively good “interlocking” of the rock mass due to its folded structure, extended falls and
» Possible expansive mineral chimney fai are oaly expected in parts in very small depths, due to weathering and foliated structure.
»_Permeabiity is low.
. . iated, disi structure. g of the frag is of major
U ’?‘  Intact reck strength is mediurm B high, = The behaviour of the rock mass is isotropic, governed by the disintegrated structure, and after excavation it can start
= “q * The overall reck mass strength is reduced due to the disturbed nature of the rock mass. to collapse.
Type IX !&‘\t-.;;,l » Although the equivalent friction angle is high, the equivalent cohesion of the disivegrated mass is practically | — In cases of open structure and strong presence of water, raveling is immediale and extensive and cannot be easily
!‘é'-’ 7 negligible, except # some secondary fine binding material gives a small cohesion to 1he rack mass, lirited Ut the induced void creates a ground arch of reaches the giound surface
uAA.'L"‘ * The presence of clayey-sandy aleng the joints can loosen though the good interlocking - In great depths, as the intact rock has a strangth, no i is expected.
- Pelmeabdﬂ 8 medium to hﬁl
= T lly deformed, 4
= Almost a chaotic structure
* Lowintact rock strength,
Type X = The overall reck mass strength is even more reduced due to the disturbed nature of the rock mass. . .
* Possible expansive mineral ~ The behaviour of the rock mass is clearly isotropic, controlled by its low strength and high deformability that are
« Permeabiity is low o the of impartant ion, even under low to med
» Presence of water reduces even more the rock mass stre — In greater depths, squeezing conditions can be adverse causing sometimes failure of rigid support sections due to
the in T X1, Thi lead 1o ad: of L] hat dertake
" Tm—nﬂmcauy Svongly sheared o prp— oo bads:-:uun ;::("lg.espeua ty in Type is can adoption ef a yielding support thal can undertake the
* Low o very low intact rock strength X - Additionally, particular care is needed close o the surface, where important overexcavation can occur, due to
= The overall reck rmass strength is even more reduced due to the disturbed structure. weathering and the foliated, fragile structure.
Type Xl = No blocks are farmed.
+ Possible expansive mineral
* Permeabiity is low:
= Presence of water reduces even more the rock mass strength

Fig. 10. Engineering geological characteristics keys for assessing tunnel instability for each flysch type (I - XI).

Apart from the characterisation in Figs. 10 and 11, the es-
timation of the tunnel behaviour and the philosophy of the
support measures should be also performed on the basis of
a detailed ground characterisation. This detailed characteri-
sation cannot ignore the geological and/or in situ character-
istics dictating or influencing the tunnel behaviour com-
pared with a standardised classification (Marinos, 2012).
This characterisation, named "“Ground Characterization,
Behaviour and Support for Tunnels” (Marinos, 2012)
prompts user to evaluate the data in detail in order to as-
sess the tunnel behaviour and adopt the appropriate sup-
port measures. An example of this characterisation in a
tectonically disturbed flysch types is presented in Fig. 12.

The rock mass is often considered as an equivalent “mean
isotropic geomaterial”, where rock mass properties are
quantified through classification systems. This assumption
is usually acceptable in cases of uniformly jointed, highly
tectonised or disintegrated rock mass without persisting
discontinuities of stable orientation controlling the rock
mass behaviour. This is the case of the types VII - IX. In
the case of bedded rock masses, at a scale of the tunnel
section, the engineering geological behaviour during tunnel
construction is significantly controlled by the characteristics
of the stratification planes. This case may apply to flysch
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rock mass types IV - VI. A simulation of this anisotropic
behaviour was analysed in Fortsakis et al. (2012).

4. Temporary support measures

The implementation of empirical tunnel design methods
based on rock mass classification or simplified methods
such as the convergence - confinement method should be
of limited use in the design of tunnels in most of the flysch
rock mass types. Such design cannot deal adequately with
issues of face stability and the sequential excavation and
installation of support. Therefore, the design of tunnels in
weak flysch rock masses must involve the use of numerical
methods. In some critical cases, like the simulation of the
effectiveness of forepoling, tunnel advance and sequential
support installation, three-dimensional numerical models
should be used. However, in weak rock masses, the uses of
sound engineering judgement and experiences from similar
cases are valuable for the design and the construction of
tunnel. The geotechnical properties of the material used for
these analyses were calculated based on Hoek-Brown fail-
ure criterion. It should be highlighted here that in most of
all cases the results of the model studies have been vali-
dated by the interpretation of convergence measurements
and by the observation of the tunnel and installed support
performance. Detailed principles and guidelines for select-




TUNNEL BEHAVIOUR CHART (TBC) FOR ROCK MASSES (V. Marinos)*

OVERBURDEN (H)
(Rock masses for up to several hundreds metres**)

ROCK MASS STRUCTURE Small overburden Large overburden
(As in GSI, Hoek & Marinos, 2000)
INTACT ROCK STRENGTH (o,) INTACT ROCK STRENGTH (o,)
Indicative limit: 0~ 15 Mpa Indicative limit: 0~ 15 Mpa

Low o High o Low o, | High o

INTACT OR MASSIVE

Intact rock specimens or massive
in situ rock with few

widely spaced discontinuities

BLOCKY

Well interlocked undisturbed
rock mass consisting of blocks
formed by three orthogonal
intersecting discontinuity sets

OVERBURDEN (H) LIMIT: ~150 m

Y

I\ VERY BLOCKY

Interlocked, partially disturbed
rock mass with multi-faceted
v angular blocks formed by four
-] or more discontinuity sets

H LIMIT: ~100 m

BLOCKY/DISTURBED/SEAMY

| Folded with angular blocks formed

,‘g"- by many intersecting discontinuity

e sets, Persistence of bedding planes
2 or schistosity. It is understood that

the rock mass is disturbed and

anisotropy can be developed

DISINTEGRATED

Poorly interlocked, heavily broken
rock mass with mixture of angular
and rounded rock pieces

- LAMINATED/FOLIATED/SHEARED|
%’?pﬂi Laminated or foliated and tectonically
/——// sheared weak rock mass. Foliation
; prevails over any other discontinuity
( set, resulting in complete lack of

OVERBURDEN (H) LIMIT: ~70 m

/ blockiness (this drawing scale is not

compared with the other's drawing scales)

((

il
St: Stable ground
Gravity induced failures: Wg:Wedge failure Ch:Chimney type failure Rv:Ravelling ground
Stress induced failures: Sh:Shear failure Sq:Squeezing ground

Notes:

* The data used in the TBC were obtained from tunnels excavated by the conventional method with top heading and
bench in a non-urban environment with the overburden cover up to several hundred metres (generally not exceeding
500m) with a tunnel diameter=12m

**The chart does not refer to very high overburden (e.g. many hundreds of m or >1000m), where the scale and

the mechanism of failure may differ

€ The limit-ranges of the uniaxial compressive strength (o) of the intact rock and the overburden thickness (H) are

indicative. This is done to avoid standardisation by an inexperienced user. The purpose of this diagram is to
predict the failure mechanism of several common rock mass types.

© Groundwater presence mainly affects the factor of safety and not the behaviour type. Though, in some cases, such as
“Blocky-Disturbed” & “Disintegrated” rock mass, the groundwater presence may “shift” a Chimney (Ch) or Ravelling
(Rv) behaviour type to Flowing ground (Fl)

¢ Cases number 4, 8 and 12 may develop brittle failures (Br) when overburden increases considerably (e.g. =800 m)
depending on the intact rock strength

© The illustrations of the tunnel are sketches; this shape corresponds to the usual top heading

Fig. 11. Modified tunnel behaviour chart (TBC) from Marinos (2012) with projections of the principal failure mechanisms for the
rock mass types of flysch (I - XI).
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|GROUND CHARACTERIZATION, BEHAVIOUR AND SUPPORT FOR TUNNELS (1/2) (V. Marinos, 2012)'
?ulﬂa;%tjnn phase (primary, evaluation, construction)! Final design phase
Date:

I. GEOLOGICAL CONDITIONS
a) Lithology
‘uGeotectonic unit:
% General formation to which it belongs
(e.g. Flysch):
“Rock mass name:

Mote: information concerning significant alteration of the rock mass, intact rock or surface weathering, presence of hosted - dayey
geomaterial and bedding thickness if it is stratified

b) Tectonism
wTectonic zones:
= Major thrust zones which affect the project
in great scale:

= Localized fault or disturbed zones:

‘“Fracturing or Shearing:
= Fracturing degree: = slightly fractured || Fractured Very fractured Brecciated []
= Continuation- persistence of fracturing with depth:| ~ )gnfé&?%n&gf%%ﬁ?ﬁﬁ:fmw%ﬂm? :jgf’ o _”?f_?_?’_f’_"r _T_’_‘_‘?_f?’_’_‘_*j‘?’_’?_ H‘.’f’.‘f‘.f’.’.‘.’.?’.’.‘?ﬂ".‘j”.z i
= Shearing or foliation across the rock mass: o T e owcrL EESys OF Vo) (oW SYSTE M (VER L e eseesson

LFolding:
=Type:
= Geometry:

c) Weathering

% Discontinuities:

“Intact rock:

ZPersistence with depth:

|d) Permeability
“Qualitative appraisal: wHigh (k>10’m/sec) [ ] Low(ki10™-10°mjsec) [ | Practically imparisable ]
Medium(k:10*10°m/sec) [ | Very low (ki10*10’m/sec) [ |
aGissntiietive sppeelisii e e

II. IN SITU CONDITIONS AND TUNNEL CHARACTERISTICS

a) Tunnel Geom
) “Tunnel Sizez:e'ﬂ‘I

wShape:
= Tunnel Direction:
b) Overburden
‘%Overburden range with similar behaviour:
LInsitu stresses (P,=yH,,, to yH,,.):
c) Stress field particularities
“Particular presence of lateral pressures (k ):
d) Adjacent zone close to tunnel perimeter

“Weak zone close to tunnel perimeter:

Geo]m|ﬂ| Cr (1 me o o e R ——————————————————————

wCompetent zone close to tunnel perimeter: Dip: l:lf I:I Dip Direction
"“d‘“a”:“" Sandstona beds overlying the weak sheared rock mass. If these beds
Geological characteristics: 27€.6/058.10 the tunnel perimeler, strains could be reduced. ...,
e)H ical conditions © Aquifer is located above the tunnel axis
)(lmuvd%oa%uifa according to the tunnel axis) q
f) Other boundaries L ———————_———_————————
III. CHARACTERISTIC “"KEYS” FOR TUNNEL BEHAVIOUR OR INSTABILITY
< Intact rock strength: S e vt B yauced Ve Io shearing. Sendsione senglh doss ol
wRock mass strength to insitu stress ratio(o../p.)}| = 0../p.>0.6 0.3<0,./p,<0.6 6, /p,<0.3
wStructure “interlocking”: %..Sandstona beds marginally. ‘follows” the folding of the siltstone beds. ...
“Presence of low strength minerals: © Clayey minerals maybe present. Possible swelling minerals
wIntact rock weathering, clay zones: =, Clay zones due to intensive shearing

“Groundwater presence:
“Block geometry - bed thickness:
~Rock mass structure (based to GSI classification) | © Blocky

Disintegrated

% Discontinuity geometry:
% Discontinuity persistence:
= Discontinuity quality (based to GSI classification)

2 Rock Quality Index (RQD): > RQD:
= Other characteristic: o

E] The behaviour is controlled Ii\r the overall rock mass: D The behaviour is controlled Iiv the discontinuities:
____Ttis essential to enter the relevant rock mass parameters in field “Va” _ [Itis essential to enter the relevant parameters of the discontinuities in field “Vb"
Page 1 from 2 |

(a)
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GROUND CHARACTERIZATION, BEHAVIOUR AND SUPPORT FOR TUNNELS (2/2) (V. Marinos,2012)

IV. ROCK MASS BEHAVIOR IN TUNNEL EXCAVATION  The usermay consult the Tuanel Behaviour Tyoes Tabi6i the section 1v,
a) Isotropy - Anisotropy (stress or gravity driven failures)?

“Isotropic:
'~ Anisotropic:
[b) Behaviourtypeofunsupported tunnelsection: |, et of important deformation, eveh.undet.Jow. . mediy tden. ) there Is a consistent....
© Qualitative: the deformations could be less
’ <

@ Parlic

X S -
I o e et d Fae sretirs

5z

c) Design philosophy: .

&Stl'uctural dependant instability analysis
(e.g. Unwedge Programs)

«Structural and stress dependant instability
analysis (Wedge and Numerical Analysis)

wStress ndant inmbilitYS-Deformation
analysis (Numerical Analysis)

© Empirical design

V. DETAIL CHARACTERISTICS AND DESIGN PARAMETERS -Focus on V, and/or V,, according to the rock mass behavior

a) Rock mass parameters (Hoek & Brown): b) Discontinuity parameters:
> GSI classification value: ©Number of discontinuities: [ |
“Geometry (Dip/dip direction): e Il |3 il |3 il ]
© Persistence: m m m
 Distance apart or Spacing: | m m m
 Aperture: _ mm mm mm
“Filling material: Hard<5mm ; Hard<5mm ; Hard<5mm ;
Hard>5mm || Hard>5mm || Hard>5mm ||
Soft<Smm |__| Soft<5mm |_| Soft<Smm [ |
Soft=5mm | | Soft>5mm | | Soft>5mm | |
None | | None L None L
wWeathering: hered ; thered ; Unweathered ;
slightty [ | slightty [ | Slightly
Moderately | | Moderately | | Moderately | |
Highly L Highly - Highly L
GS1 chart (V. Marinas, 2007) Decomposed | | Decomposed | | Decomp
“Ground water conditions: Dry : Dry ] oy ]
Sub-wet | | Subwet | | Sub-wet
Wet L Wet - Wet L
© Intact rock strength: 0g 15 |MPa Indrops | | Indrops | | Imdrops
Constantm;| 7 | Flow | | Flow | Flow L]
oy 0,025 |MNjm’ 3oint Roughness Condition (JRC): [ | ] L]
SModulus Ratio (MR) or (E)): ©Joint Compression Strength (Jcs)_ |MPa [ mpa [ |ma
wDisturbance factor (D):
‘Shear strel ropertie ock mass: Shear stre rties of discontinuities:
o e oy e s S Y
T S e (@ O RO R
SRock mass strength (0,,): T €) Other rock mass classification value

SRMR:[ | o@

“Hoek & Brown parameters (ITI., a, s): * Discontinuities parameters can be assessed from Vb

VL. TUNNEL SUPPORT PHILOSOPHY 11 e e Tumnel Support Measures for Each Tannel Behaviour Type Table in order to complete section VI

“Qualitative:
=Excavation phases:
=Excavation step:
=Shotcrete/bolts:

~ In 3 phases (Top Heading, Bench and final Invert)

pwrtl{g)?trumlrally dependent

~Face ppo?ﬁ'g.g% pﬁfmf ant instability
(e.g. ﬂlil:reg ass, ing, invert):

- Water drainage:

=Qther (e.g. grouting):

Sh P gp (heress nls orend foropol)..

be consi

= (8.g. possible in type VI, VI, X, XI)
I present; drainage reflef holes are 'regu e
= In.case. ﬂiﬁﬁ Eﬁh_&éemgﬁm f; 100:1

VII. REMAINING RISK

© Special support requirements should be considered in case of swelling roc} (e.g. possible in type VI, VIII, X, XI)

(b)

Fig. 12. Modified example of a Ground Characterisation, Behaviour and Support for Tunnels (modified from Marinos (2012)).
Illustrated, in light characters, by an example of tunnelling in a tectonically deformed intensively folded siltstone (flysch rock
mass type X).
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ing the immediate support measures are proposed based
on the principal tunnel behaviour mode and the experiences
from these 12 tunnels. In terms of permanent support con-
cerned, different systems were presented in Fortsakis et al.
(2004).

The tunnels under consideration are large in size with span
of about 12 m. Apart from some cases of straightforward
tunnelling in areas of good rock masses of flysch (types I -
V), most of the studied tunnels were excavated under diffi-
cult geological conditions (types VII - XI). These tunnels
have been excavated using top heading and bench method.
Special measures were taken to stabilise the face like fore-
poling or/and installation of long grouted fibreglass dowels
in the face. In addition, immediate shotcreting and leaving
a core for buttressing have been used in different combina-
tions for face stabilisation. After the stabilisation of the
face, the application of the primary support system, con-
sisting of shotcrete layers, rockbolts, steel sets or lattice
girders embedded in the shotcrete in various combinations
was necessary to ensure the stability of the tunnel. Ele-
phant’s foot and micropiles in rare cases were used to as-
sist the foundation of the top heading shell and to secure
stability when benching. Temporary and permanent invert
closure was implemented in order to face squeezing condi-
tions. A typical support design for weak flysch rock masses,
using top heading and bench method, is presented in Fig.
13 (Marinos et al., 2006a).

Selt-drilling rockbolts

Forepole umbrella

Steel sets embedded
in, shotcrete

Fibreglass face
reinforcement dowels

/.

Temporary in|

ce klault Elephant foot

N

Micropiles or alternative
treatment to improve the
bearing capacity of the

elephant foot foundation

Final invert

Not to scale - final lining not shown

Fig. 13. A typical support design for weak flysch rock
masses using top heading and bench method. The neces-
sity, the amount and the combination of various elements
of this typical section are results of numerical analysis. The
optimisation is a matter of reliable monitoring. For highly
squeezing ground, the philosophy of a yielding support is
recommended (sketch from Hoek (Marinos et al., 2006a)).

Under severe squeezing, the application of yielding systems
was an alternative solution. The applied system was de-
scribed in Schubert (1996) and Hoek et al. (2008). In the
case of tectonically sheared siltstone rock masses under
high cover (e.g. up to 250 m), where tunnel squeezing is a
significant problem, the pillar stability in these twin tunnels
requires careful evaluation.

The wide range of engineering geological behaviour leads to
a corresponding range of temporary support measures. The
temporary support in the specific tunnels discussed here
varies from very light to very rigid or yielding. Temporary
support measures concept and principles for every rock
mass type are presented, based on the available tunnelling
experiences, as shown in Fig. 14. It is not in the scope of
this paper to provide analytical support measures. This
work requires detailed design analysis of the tunnel sup-
port, adapted to the in situ conditions and particularities of
each project. Here, the support proposals are reasonable
considerations of both the rock mass behaviour and the
critical failure mechanism, which are different for every
flysch rock mass type. The necessity, the amount and the
combination of the various elements of this typical section
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are results of numerical analysis and the optimization is a
matter of reliable monitoring. The time of constructing
temporary support is related with the support principle. A
quick construction of a stiff support is usually implemented
in case that there is a very small tolerance for displace-
ments, whereas a yielding support that decreases the loads
corresponds to a larger time interval.

The average excavation step for the top heading excavation
of flysch rocks is presented in Fig. 15. The excavation step
must be decided upon: (i) the anticipated size of wedges in
the case of not tectonically stressed rock masses, (ii) the
size of the wedges and the loosening prevention of the
structure, in the case of disturbed rock masses without de-
formation problems, (iii) the prevention of structure loosen-
ing and (iv) decrease of deformation in association with the
other appropriate measures in the case of weak rock
masses where significant deformation is anticipated. For the
cases (i) - (iii), the installation of spiles allows the increase
of the excavation step. Excavation step is very difficult to
exceed 1-1.5 m in very weak rock masses, while a mean
value for the undisturbed rock masses could be 3 m.

The cost (Euros/linear metre of tunnel) of the temporary
support system for the flysch formations from the experi-
ence of the Egnatia highway tunnels is projected in Fig. 16.
This cost is presented in accordance with the “weight” of
the support category.

5. Conclusions

The processing and evaluation of a great amount of geo-
logical and geotechnical information, obtained from the
design and construction of 12 tunnels driven in flysch in
Northern Greece, contributed to assessing the behaviours
of the ground and the formulation in association with the
correlations between ground and the formulation behav-
iours and the temporary support required.

Flysch formations are generally characterised by strong
heterogeneity in the presence of low strength and tectoni-
cally disturbed structures, which may produce heavily
sheared and chaotic masses. Flysch rock masses can be
composed of sandstone and siltstone beds (undisturbed to
folded) and inherently weak materials subjected to strong
shearing where the original structure of the rock mass is no
longer recognizable. The rock mass strength parameters
needed for design can be sufficiently estimated by the
Hoek-Brown failure criterion as long as the rock mass re-
acts isotropically to the underground excavation. Thus, a
specialised GSI chart for the heterogeneous rock masses
such as flysch can be used.

Flysch of various types can either be stable even under
noticeable overburden and exhibit wedge sliding and chim-
ney type failures, or cause serious deformation even under
low to medium overburden. The rock mass behaviour in
undisturbed to moderately undisturbed structures is highly
anisotropic and controlled by the orientation and properties
of discontinuities, mainly the bedding, in relation to the
orientation of the tunnel. As a result, there is a possibility of
wedge detachment and sliding along thin siltstone layers
with low shear strength. The behaviour of the disturbed
structures and even more of the heavily sheared rock mass
types is generally isotropic, controlled by their low strength
and low modulus of deformability. These masses may de-
velop a significant deformation, even under low to medium
overburden, while at greater depths squeezing prevails.

A wide range of temporary support can be applied in flysch
rock masses, varying from very light to very rigid or yield-
ing under severe squeezing conditions. Specific suggestions
for the theory of temporary support in tunnel excavation
through each flysch type are presented. These proposals
take into account both the rock mass behaviour and the
critical failure mechanism, which yet cannot replace the
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Type |. Undisturbed, with thick to
medium thickness sandstone beds
with sporadic thin films of siltstone.

[ omwesee [woenne [ mewounvawoeeomeomos

+ Excavation step: 23.0m
+ Installation of split-set bolts (e.g. Swellex) to support the unstable wedges (Sparse installation is not
recommended due to the large dimensions of typical transportation tunnels)

Type Il. Undisturbed massive
siltstone with sporadic thin
interlayers of sandstones.

+ Excavation step: 2-3m

+ Bolts installation to support the unstable wedges and control the deformation in case of high
overburden

« Light steel sets in case of weathered rockmass, depending on excavation depth

Type lll. Moderately disturbed
sandstones with thin of siltstone
interlayers.

+ Excavation step: 1.5-2m
+ Installation of split-set bolts (e.g. Swellex type) for the support of unstable wedges
« Light steel sets in case of loose structure

Type IV. Moderetaly disturbed
rock mass with sandstone and
siltstone similar amounts.

» Excavation step: 1.5-2m

« Systematic bolt installation to support the unstable wedges, prevent the rockmass loosening and
control the deformation in case of high overburden

« Spiles and light steel sets in case of loose structure and weathered rockmass to avoid local chimney
type failures

Type V. Moderately disturbed
siltstones with thin sandstone
interlayers.

+ Excavation step: 1.5-2m

+ Systematic bolt installation to support the unstable wedges, prevent rockmass loosening and control
the deformation under high overburden

+ Light steel sets to increase the rigidity and strength of the support shell

+ Spiles in case of loose and weathered structures to avoid chimney type failures

+ Face retaining measures: Depending on excavalion depth (fibreglass nails)

Type VI. Moderately disturbed
siltstones with sparse sandstone
interlayers.

« Excavation step: 1.5-2m

« Dense balt pattem to control the deformation and prevent rockmass loosening

« Steel sets to increase the rigidity and strength of the support shell

+ Spiles to stabilise loose and weathered structures and avoid chimney type failures

« Face retaining measures: Depending on excavation depth (fibreglass nails)

+ Depending on bedding orientation, anisotropic stress induced deformations may be observed

Type VII. Strongly disturbed,
folded rock mass that retains its
structure, with sandstone and
siltstone in similar extent.

* Excavation step: 1.5-2m

+ Dense balt pattem to control of deformation and rockmass loosening prevention

+ Steel sets to increase the rigidity and strength of the support shell

+ Face retaining measures: Depending on excavation depth (fibreglass nails orfand forepolling)

Type VIIl. Strongly disturbed,
folded rock mass with siltstones
and sandstone interlayers. The
structure is retained and
deformation — shearing is net
strong.

« Excavation step usually small: 1-1.5m

« Dense baolt pattem to control the deformation

+ Steel sets to increase the rigidity and strength of the support shell

+ Face retaining measures:; Depending on excavation depth (fibreglass nails orfand forepolling)
+ Permanent and probably temporary invert to improve the shell rigidity.

Type IX. Disintegrated rockmass
that can be found in wide zones of
faults orfand of high weathering.

» Excavation step usually small (~1m)

+ Face buttress

» Dense pattern of self-drilling anchors. Grouting to locally increase the rockmass cohesion

« Steel sets to increase the rigidity and strength of the support shell

+ Spiles to presupport tunnel roof and prevent the development of chimney type failure

« Alternatively in case of completely cohesionless rockmass grouting around tunnel section is
proposed (e.g. through perforated forepolles)

Type X. Tectonically deformed
intensively folded/ffaulted siltstone
or clay shale with broken and
deformed sandstone layers
forming an almost chaotic
structure.

+ Small excavation step (~1m)

+ Dense bolt pattem to control the deformation

« Steel sets in order to increase the rigidity and strength of the support shell

+ Face retaining measures: Depending on excavation depth (fibreglass nails orfand forepolling)
+ Permanent and temporary invert to improve the shell rigidity

Type XI. Tectonically strongly
sheared siltstone or clayey shale
forming a chaotic structure with
pockets of clay.

+ Small excavation step (~1m)

+ Dense bolt pattem and steel sets to increase the rigidity and strength of the support shell

+ Face retaining measures: Depending on excavation depth (fibreglass nails orfand forepolling)

+ Permanent and temporary invert to improve the shell rigidity

+ In case of very high overburden (=100-150m) the construction of a flexible support system using
yielding elements may be required.

Remarks:

table.

« The excavation is referred to Top heading and Bench method. Full face excavation in weak rockmasses imposes strong face retaining measures and small
distance between temporary support and final lining.

+ Shotcrete is not referred in the recommendations due to its wide application. More specifically, when shotcrete is used to avoid rockmass loosening and to
ensure the personnel safety, its thickness is generally small and it is determined according to experience and evaluation of the magnitude of possible
wedge failure. In stress induced phenomena due to the combination of weak rockmass and high excavation depth orfand swelling phenomena, shotcrete
should be analysed as a structural element and the requisite thickness and reinforcement is determined through numerical analyses.

» The excavation step will be determined according to: (a) the anticipated size of wedges in the case of competent undisturbed rockmasses (b) the size of
the wedges and the structure loosening prevention, in the case of disturbed rockmasses with no deformation problems (c) the prevention of structure
loosening and decrease of deformation, in the case of weak rock masses where significant deformation is anticipated. However, the installation of spiles
allows the increase of the excavation step.

+ Drainage holes are proposed in case of permeable sandstone beds and relief holes in case of trapped, low permeable, groundwater zones under the water

» Special support requirements should be considered in case of swelling rockmasses (e.g. possible in type VI, VIII, X, XI).

Fig. 14. General directions for the immediate support measures for every flysch type (Marinos et al., 2011a).
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36

24
2 2.1

Average excavation rate (m/day)

Xl

| 1 n Y v
Flysch rockmass types

1
vi X
Legend
' Type 1. Thick to medium thickness sandstone beds with sporadic thin intercalations of siltstone
Type II. Siltstone - Claystone

[T Type lll. Medium to thick thickness sandstone beds with intercalations of siltstone - sandstone
[0 Type IV. Alternations of thin to medium bedded sandstone and siltstone (similar amounts)
[ Type V. Siltstone with intercalations of sandstone
I Type VL. Siltstone with thin sparse intercalations of sandstone - Claystone with thin sparse intercalations of sandstone
I Type X. Siltstone - claystone chaotic structure with sandstone fragments. Claystone chaotic structure with sandstone intrusions

I Type XI. Tectonically chaotic structure
Conglomerate with siltstone or/and sandstone lenses or/and thin intercalations of siltstone

Fig. 15. Average top heading excavation step for flysch rock masses (types I, II, III, 1V, V, VI, X and XI). A conglomerate mass
is also projected in the last column of the diagram.

detailed analysis. They should be always backanalysed by mass fabrics. Bulletin of Engineering Geology and the Envi-
engineering judgement and adjusted for each sitespecific ronment 2004;63(2):109-17.
project.
Fortsakis P, Marigoudis N, Kavvadas M. The role of tempo-
35000_/ Minimum cost value rary support in the design of the final lining. In: Proceed-
[ JAveragecostvalue |_ _ _ _ @ _ _ _ _ _ _ ings of the World Tunnel Congress 2014 - Tunnels for a
30000+ ~ Maximum cost value Better Life. Foz do Iguacu, Brazil, 2014 (in CD).
250001 Fortsakis P, Nikas K, Marinos V, Marinos P. Anisotropic be-

——————————— === S==——= haviour of stratified rock masses in tunnelling. Engineering
Geology 2012;141-142:74-83.

Cost (euro/m)
S
(=]
o
b

150001 | = e B B Fortsakis P. Personal communication. 2014.
10000 | B B B N B Goricki W, Schubert G, Riedmueller G. New developments
5000+ for the design and construction of tunnels in complex rock
masses. International Journal of Rock Mechanics and Mining
0 T T T T T Sciences 2004;41(3):497-8.
A B1 B2 C D (3
Support Category Hoek E, Carranza-Torres C, Cokcum B. Hoek-Brown failure
. . criterion-2002 edition. In: Bawden HRW, Curran ], Tel-
Fig. 16. Cost (Euros/linear metre of tunnel) of the tempo- senicki M, editors. Proceedings of the North American Rock
_rary support system for the flysch formations. A-D is the Mechanics Society (NARMS-TAC 2002) Mining Innovation
weight” of the support measures (A: shotcrete and bolts; and Technology. Toronto; 2002. pp. 267-73
B1: shotcrete, bolts and steel sets; B2: shotcrete, bolts, ' ! e '
steel sets and light face support measures like spilling; C: Hoek E. Strength of rock and rock masses. ISRM News
shotcrete, bolts, steel sets and forepoling and D: yielding Journal 1994;2(2):4-16.
support system). Category D was only used in one case
study. Hoek E, Carranza-Torres C, Diederichs M, Corkum B. Inte-
gration of geotechnical and structural design in tunnelling.
References In: Proceedings of the 56th Annual Geotechnical Engineer-

ing Conference. Minneapolis, USA; 2008. pp. 1-53.
Button E, Riedmiiller G, Schubert W, Klima K, Medley E. 9 POTIS, US4 PP

Tunnelling in tectonic melangesdaccommodating the im- Hoek E, Marinos P, Benissi M. Applicability of the geological
pacts of geomechanical complexities and anisotropic rock strength index (GSI) classification for weak and sheared
rock masses: the case of the Athens schist formation. Bul-

TA NEA THZ EEEEI'M - Ap. 67 — IOYAIOZ 2014




letin of Engineering Geology and the Environment 1998;
57(2):151-60.

Hoek E, Diederichs MS. Empirical estimation of rock mass
modulus. International Journal of Rock Mechanics and Min-
ing Sciences 2006;43(2):203-15.

Hoek E, Marinos P. Predicting tunnel squeezing problems in
weak heterogeneous rock masses, part 1: estimating rock
mass strength & part 2: estimating tunnel squeezing prob-
lems. Tunnels and Tunnelling International, Part 1-
November 2000. pp. 45-51; Part 2-December 2000. pp. 34-
6.

Marinos P, Hoek E. GSI: a geologically friendly tool for rock
mass strength estimation. In: Proceedings of the Interna-
tional Conference on Geotechnical and Geological Engineer-
ing (GeoEng2000). Lancaster: Technomic Publishers; 2000.
pp. 1422-46.

Marinos P, Hoek E. Estimating the geotechnical properties
of a heterogeneous rock mass such as flysch. Bulleting of
Engineering Geology and the Environment 2001;60(2):85-
92.

Marinos P, Hoek E, Kazilis N, Agistalis G, Rahaniotis N, Mar-
inos V. The tunnels of Egnatia highway, Greece. Design in a
variety of rock masses under difficult geological conditions.
In: Proceedings of the 5th Greek Geotechnical and Envi-
ronmental Engineering Congress, 2006. pp. 517-24.

Marinos P, Marinos V, Hoek E. Geological Strength Index
(GSI): a characterization tool for assessing engineering
properties for rock masses. In: Mark C, Pakalnis R, Tuch-
man RJ, editors. Proceedings of the International Workshop
on Rock Mass Classification for Underground Mining. Pitts-
burgh: U.S. Department of Health and Human Services;
2007. pp. 87-94.

Marinos V. Assessing rock mass behaviour for tunneling.
Environmental and Engineering Geoscience 2012;18(4):
327-41.

Marinos V, Fortsakis P, Prountzopoulos G. Estimation of
rock mass properties of heavily sheared flysch using data
from tunnelling construction. In: Proceedings of the 10th
IAEG International Congress. Nottingham, United Kingdom;
2006. paper number 314, in CD.

Marinos V, Fortsakis P, Prountzopoulos G. Estimation of
geotechnical properties and classification of geotechnical
behaviour in tunnelling for flysch rock masses. In: Anag-
nostopoulos A, Pachakis M, Tsatsanifos C, editors. Proceed-
ings of the 15" European Conference on Soil Mechanics and
Geotechnical Engineering (Vol. 1); Athens, Greece, 2011.
pp. 435-40.

Marinos V, Fortsakis P, Prountzopoulos G, Marinos P. Per-
meability in flysch-distribution decrease with depth and
grout curtains under dams. Journal of Mountain Science
2011b;8(2):234-8.

Marinos V. Geotechnical classification and engineering geo-
logical behaviour of weak and complex rock masses in tun-
nelling. PhD Thesis. Athens: Geotechnical Engineering De-
partment, School of Civil Engineering, National Technical
University of Athens (NTUA); 2007 (in Greek).

Marinos V, Marinos P, Hoek E. The geological strength index
applications and limitations. Bulletin of Engineering Geology
and the Environment 2005;64(1):55-65.

Marinos V, Prountzopoulos G, Fortsakis P, Koumoutsakos D,
Korkaris K, Papouli D. “Tunnel information and analysis
system”: a geotechnical database for tunnels. Geotechnical
and Geological Engineering 2013;31(3):891-910.

TA NEA THZ EEEEI'M - Ap. 67 — IOYAIOZ 2014

Marinos V, Tsiampaos G. Strength and deformability of spe-
cific sedimentary and ophiolithic rocks. In: Proceedings of
the 12th International Congress of Geological Society of
Greece (Vol. XLIII); Patra, Greece, 2010. pp. 1259-66.

Mihalis I, Parathyras A, Prountzopoulos G, Papazachariou A,
Schwarz L. The tunnels of Panagia-Anilio section of the new
Kalambaka-Ioannina-Igoumenitsa railway. Evaluation of
geotechnical investigation. In: Proceedings of the 6th Hel-
lenic Conference on Geotechnical and Geoenvironmental
Engineering (Vol. 2); Volos, Greece, 2010. pp. 343-50 (in
Greek).

Palmstrom A, Stille H. Ground behaviour and rock engineer-
ing tools for underground excavations. Tunnelling and Un-
derground Space Technology 2007;22(4):363-76.

Poschl I, Kleberger J. Geotechnical risks in rock mass char-
acterization. Tunnels and Tunnelling International, Part 1-
May 2004. pp. 37-9. Part 2-October 2004. pp. 36-8.

Potsch M, Schubert W, Goricki A, Steidl A. Determination of
rock mass behaviour types, a case study. In: EUROCK2004
and 53th Geomechanics Colloquium. VGE; 2004.

Schubert W. Basics and application of the austrian guideline
for the geomechanical design of underground structures.
In: EUROCK2004 and 53th Geomechanics Colloquium. VGE;
2004.

Schubert W. Dealing with squeezing conditions in Alpine
tunnels. Rock Mechanics and Rock Engineering 1996;29(3)
:145-53.

Tsatsanifos CP, Mantziaras PM, Georgiou D. Squeezing rock
response to NATM tunneling: a case study. In: Proceedings
of the International Symposium on Geotechnical Aspects of
Underground Construction in Soft Ground. Rotterdam: A.A.
Balkema; 2000. pp. 167-72.

Wakabayashi J, Medley EW. Geological characterization of
mélanges for practitioners. Felsbau Rock and Soil Engineer-
ing Journal for Engineering Geology, Geomechanics and
Tunneling 2004;22(5):10-43.

ISRM Specialised Conference on Soft Rocks, Beijing 2014
Keynote Lecture

Published in ISRM Specialised Conference on Soft Rocks,
Beijing 2014 and Journal of Rock Mechanics and
Geotechnical Engineering

Journal of Rock Mechanics and Geotechnical Engineering 6
(2014) 227-239

ZeAida 14



Use of GSI for Rock Engineering Design

T.G. Carter
Golder Associates, Toronto, Ontario, Canada
V. Marinos
Aristotle University of Thessaloniki, Thessaloniki, Greece

ABSTRACT: In rock engineering design significant advances
have occurred in recent years in numerical modelling capa-
bility. Better and more advanced insight is now possible of
rock-support interaction and rockmass progressive failure
processes. However one major drawback to more realisti-
cally evaluating these processes has been and still remains
the lack of reliable estimates of strength and deformation
characteristics. Use of the GSI rockmass classification sys-
tem and the associated m, s and a parameter relationships
linking GSI with the Hoek-Brown failure criterion provides a
proven, effective and reliable approach for prediction of
rockmass strength for surface and underground excavation
design and for rock support selection. Backanalyses of tun-
nels, slopes and foundation behaviour using the approach
attest to its reliability. One of the key advantages of the
index is that the geological reasoning it embodies allows
rating adjustments to be made to cover a wide range of
rockmasses and conditions, whilst also allowing some un-
derstanding to be gained of applicability limits. This paper
attempts to outline approaches for the application of GSI
for the quantitative characterization of rockmasses for in-
clusion in the Hoek-Brown failure criteria for rock engineer-
ing design, not just for the original range of applicability,
but also for both ends of the rock competence scale.

1 INTRODUCTION

In recent years, significant advances have occurred within
almost every area of geotechnical design. In rock engineer-
ing arguably the greatest developments have been in nu-
merical modelling capability. Codes are now available that
can not only afford better and more advanced insight into
rock-support interaction and rockmass progressive failure
processes, but they are now capable enough to allow syn-
thetic rockmasses to be efficiently built so that design lay-
outs can be more realistically evaluated. The drawback to
maximizing the advantages that this progress allows is that
to date similar levels of improvement have not occurred in
the observational characterization of geological variability
existing in natural rockmasses.

For effective rock engineering design it is necessary that
reliable estimates be available of strength and deformation
characteristics of the rockmasses on which or within which
engineering structures are to be created, be it a tunnel, a
foundation or a slope.

Definition of rockmass properties for a particular design
problem usually involves one or more of the following data
acquisition methods: a) laboratory testing; b) in situ test-
ing, c) use of rockmass classifications and/or d) back analy-
sis. However, there can be significant differences in scale
between results that each of these approaches may yield.
Additional complications in representativeness may also
arise because, for instance, laboratory scale samples may
not be truly representative of the rockmass due to natural
heterogeneity present for most formations. Cost and time
issues additionally, complicate data acquisition, particularly
when it comes to carrying out in situ tests. To estimate
reasonable geotechnical parameters for the design of many
engineering projects, and in particular for design of tunnel
support for long deep tunnels beneath mountain ranges
where drilling is difficult before construction starts, and
where a back analysis approach would not be possible,
there is no option but to rely upon the use of some form of
rockmass classification scheme that is correlated with the
basic parameters needed for design. Back-analysis is indis-
putably the best way to estimate appropriate geotechnical
parameters, when construction has started, provided the
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analysis approach being used for the parameter definition is
valid. For almost all rock engineering problems, back-
analysis evaluation of deformation measurements generally
provides the most insight, and oftentimes yields the most
credible parameter understanding, such that it can be used
to validate or modify any parameters previously used for
design.

The need for design input parameters is satisfied nowadays
mainly through the use of geotechnical classification sys-
tems. When the earliest of the more well-known and more
commonly applied rockmass classification systems were
initially developed (Terzaghi 1946, Lauffer 1958, Barton et
al. 1974, Bieniawski 1973), they were intended principally
for tunnelling and mainly as an empirical design method for
the purpose of estimating underground support. The knowl-
edge base for these approaches were the hundreds of kilo-
metres of tunnels that had to that date been successfully
constructed under moderate stresses and in good quality
rock conditions. With the rapid growth of improved numeri-
cal design tools, which now allow progressive failure proc-
esses and also sequentially installed support to be ana-
lyzed, and synthetic rockmasses to be built, the need for
acquisition of more reliable rockmass parameters has also
grown.

Introduction of the Hoek-Brown failure criterion in 1980 has
over the last three decades provided a sound basis for the
evaluation of rock mass strength parameters when predi-
cated on reliable engineering geological input, but only
when parameters are carefully selected with good geologi-
cal judgment. While the Hoek-Brown criterion has aided the
revolution in rock engineering, it has over the years also
suffered a lack of precision in definition of input constants.
It was recognized that this was only partially initially ad-
dressed through use of the then available rockmass classifi-
cation systems. As these were considered at the time
somewhat restrictive and not sufficiently linked with real
geological observation, and thus were perceived to be over-
rigid, almost mechanical in their application, the “Geological
Strength Index”, GSI, was developed, initially by Hoek
(1994) but then amplified and improved in subsequent pa-
pers published by Hoek, Marinos and Benissi (1998) and
Marinos & Hoek (2000, 2001) and Marinos, Marinos and
Hoek (2007), resulting in the now familiar basic chart, as
per Figure 1.

According to the original Hoek-Brown failure criterion publi-
cation of 1980, the criterion is based upon an assessment
of the interlocking of rock blocks and the condition of the
surfaces between these blocks. The geological strength
index (GSI) more than the other available classification
systems was formulated to attempt to characterize rock-
masses from a more geological rather than a typical engi-
neering approach so as to better meet the need for deliver-
ing reliable input data, particularly related to those rock-
mass properties required as inputs into numerical analysis
or into closed form solutions for designing tunnels, slopes
or foundations in rocks.

One of its great advantages over other approaches is that it
allows characterization of difficult to describe rockmasses.

This paper attempts to outline the approaches for applica-
tion of GSI for quantitative characterization of rockmasses
for inclusion in the Hoek-Brown failure criteria for rock en-
gineering design.

2 THE GEOLOGICAL STRENGTH INDEX
2.1 Background to development of GSI
Right from the inception of the Hoek-Brown failure criterion,
these two authors recognized that for it to have practical

value it must be related to geological observations that
could be made quickly and easily by an engineering geolo-
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gist or geologist in the field. Initially, they considered de-
veloping a completely new classification system during the
evolution of the criterion in the late 1970s, but soon gave
up the idea and settled with using the already published
RMR system. In the early days this worked well because
most of the problems being evaluated in the 1970s were in
reasonable quality rockmasses (RMR>30) under moderate
stress conditions. In the context of the Hoek-Brown crite-
rion the estimation of a rock quality value was needed so
that it could be used as a primary scaling correction on in-
tact strength for use in the criterion. Since the RMR classifi-
cation value was being solely utilized in the Hoek-Brown
criterion, for estimating rockmass properties that would
then be used in numerical analyses, it was recognized that
many such analysis methods already accounted for a num-
ber of facets of the basic RMR description parameters.

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone lo delerioration as a result
of changes in moisture content will be
reduced if water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.
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Figure 1. Basic GSI Chart for Visual Geologic Characteriza-
tion of Rockmasses

In particular the strength term, the structural orientation
term and the ground-water term were thought to likely be
being double counted. Similar issues were evident for the Q
system, due to the parameters for groundwater and stress.
While it was appreciated that both RMR and Q were basi-
cally developed for estimating underground excavation
support, and therefore included some parameters not re-
quired for the estimation of rockmass properties, it was
considered that these specific parameters were better dealt
with by means of full structural and effective stress analy-
ses approaches. It was therefore felt incorporation of these
parameters into the methodology for rockmass property
estimation was inappropriate.

It soon also became obvious that both the RMR and Q sys-
tems were difficult to apply to rockmasses of very poor
quality. It was found in particular that the relationship be-
tween RMR and the constants m and s of the Hoek-Brown
failure criterion began to break down for severely fractured
and/or weak rockmasses. Other classification systems, such
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as that by Palmstrgm, 2000, 2005 were reviewed and also
found to suffer many of the same problems at both the low
and high ends of the rock competence scale. While Palm-
strgm had made an attempt to look at classifying a broader
range of block size than feasible using the RQD classifica-
tion introduced by Deere, 1964, both of the RMR and the Q
systems include and are heavily dependent upon RQD.
Since RQD for most weak rockmasses is essentially zero or
meaningless, and as none of the existing systems seemed
to cope well with this problem, it became necessary to con-
sider an alternative classification approach. It was decided
that the required system should not include RQD, but would
place greater emphasis on basic geological observations of
rockmass characteristics to better reflect the material, its
structure and its geological history. Further, it would be
developed specifically for the estimation of rockmass prop-
erties rather than for estimating tunnel reinforcement and
support. This new classification, which was considered more
an index of rock competence than a mechanical quality rat-
ing was thus termed GSI (geological strength index) in
1992 when work was started on definition of mi relation-
ships for various rock types (Hoek et al. 1992). The index
and its use in the transfer equations from rockmass de-
scription through to mi and s definitions for application in
the Hoek-Brown failure criterion were further developed by
Hoek (1994), Hoek et al. (1995) and Hoek & Brown (1997)
but remained still a “hard rock” system, roughly equivalent
to RMR at this stage.

The initial GSI classification was set up to match the earli-
est tables for m and s (as per Table 1) and to address the
two principal factors considered important influences on the
mechanical properties of a rockmass - the structure (or
blockiness), and the condition of the joints.

It specifically was set up to avoid including other factors,
such as intact strength, in situ stresses and/or groundwater
pressures, because these factors normally would be allowed
for in any sophisticated analyses. As GSI was initially intro-
duced into the transfer equations as a direct replacement
for RMR at the time it was proposed that a new variation of
the previously published Hoek-Brown transfer equations
should be used for disturbed and undisturbed rock condi-
tions with the limit GSI for the equation set equal to 25.

The most recent major revision of the Hoek-Brown criterion
was published by Hoek, Carranza-Torres and Corkum in
2002, which resulted in the following suite of equations:

(7] a
gy = 03 + Og mb:+s

[

where
(GSI-100"
mp =m;exp| — |
o pLES—HD )
and
GST—100)
§=exp —— |
9-3D
with
1 1( _gsy -70/3
a=— 1| -GsIs _ 20 3]
2 6

One of the most important goals of this revision had been
to remove the “switch” at GSI = 25 which had been re-
quired in the version published by Hoek, Kaiser and Bawden
(1995). In place of “disturbed” rock, defined by GSI < 25
and “undisturbed” rock for GSI > 25, a more general Blast
Damage factor D was introduced to handle the transition.
While also not perfect this new D factor has proved worka-
ble, although some clarification and refinements of defini-
tion have over the years also been necessary, as discussed
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Intact rock samples
Laboratory size samples free from =7 =10 =13 =17 =15
pre-existing fractures =1 = - =1 =1
Bremawski, 19741 (C5IR)* rating 100
Barton et al, 1974 (NGD** rating 500
Verv good guality rock mass
Tightly interlocling undistorbad
rock with rough unweathered joints =35 =3 =7.5 n=3.5 m=12.5
spacedat Lto3m 5=(.1 5=0.1 s=0.1 5=0.1 5=0.1
Bremawski, 1974k (C5IE)* rating 83
Barton et al. 1974 (NGI)** rating 100
Good guality rock mass
Fresh to slightly weathered rock,
slightly disnwrbed with joints m=0.7 ol =13 m=1.7 m=2.5
spacedat 1 to 3 m s=0.004 3=0.004 =0.004 5=0.004 3=01.004
Biemiawski, 1974% (C5IF)* rating 63
Barton et al, 1974 (NGI)** rating 10
Fair quality rock mass
Several sets of moderately
weathered jomts spaced at 0.3 to 1 m={.14 m=0.2( m=0.30 =034 m=0_50
m, disturbed 5={0.0001 3=0.0001 s=0.0001 5=0.0001 3=0.0001
Bremiawski, 19741 (C5IR)* rating 44
Barton et al, 1974 (NGD)** rating 1
Poor guality rock mass
Numerous weathered joints spaced
at 30 to 500 mm with some gouge. m={).04 w=0.03 n=0.08 m=0.09 m=0.13
Clean, compacted rockfill z=(.00001 3=0.00001 s=0.00001 z=(.00001 3=0.00001
Bremawski, 1974k (C5IE)* rating o
Barton et al, 1974 (NGI)** rating 591
Very poor quality rock mass
Numerous heavily weathered joints
spaced at 50 mum with gouge. w=0.007 m=0_010 m=0.013 w=D.017 m=0.023
Waste rock 5= s={ =0 s=0 =0
Biemiawski, 1974% (C5IF)* rating 3
Barton et al, 1974 (INGI)** rating 0.01
*CSIE: Commonwealth Scientific and Industrial Pesearch Orgamzation
=#NGI: Norway Geotechnical Instinute

Table 1. Original GSI tabulations for m and s for various geological conditions

subsequently in this paper.

With continuing use worldwide, the GSI system has contin-
ued to evolve. Additional publications, from 1998 onwards
mainly have been aimed towards providing clarification of
application methodology, primarily aimed at addressing
difficulties with usage, particularly for weak inhomogeneous
rockmasses.

Many of the most notable improvements have come from
work that Hoek and Marinos had undertaken during tunnel-

ling in difficult ground in Northern Greece (Hoek et al.
1998, Marinos and Hoek 2000), (Figure. 2).

An extension of the original GSI application charts for het-
erogeneous and structurally complex rockmasses, such as
flysch, was initially introduced by Marinos and Hoek (2001)
and recently updated and extended by Marinos et al.
(2007), Marinos et al. (2012) and Marinos (2014). Specific
GSI charts for molassic formations (Hoek et al. 2005),
ophiolites (Marinos et al. 2005), gneiss (in its disturbed
form), and particular cases of limestones (Marinos 2007,
2010) and under particularly difficult geological conditions
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have been developed from experience gained during exca-
vation of 62 tunnels as part of the Egnatia project in North-
ern Greece.

Figure 2. Difficult Ground Conditions for undertaking Rock-
mass Classification (Photo from the Egnatia Highway).

In its current form the index is based first upon an assess-
ment of lithology and secondly on structure and condition of
discontinuity surfaces within the rockmass. As outlined
above, historically it was considered that GSI should be
divorced from any quantitative, numerical coding approach,
like RMR or Q or most other classification systems. Indeed
the focus had been to only “allow” visual description of the
rockmass as the basis for ascribing a GSI value. Needless
to say this unfortunately led to confusion and mis-definition
of GSI values, especially when other classifications had
been in use on the same project or scheme. Accordingly,
last year, rather reluctantly a set of quantitative codified
rules were introduced on the side of the GSI chart to at-
tempt to benchmark the ranges so some global consistency
could be achieved between different observers, as dis-
cussed in the next few paragraphs. A two pronged approach
to characterization use was also proposed (Hoek et al.
2013) - purely observational, as per the original intent us-
ing the various already published charts, and - quantita-
tive, defined per specifically selected scales.

Figure 3 shows a flow chart to aid selection of approach for
arriving at appropriate Hoek-Brown m, s and a parameters
based on either entry point.

2.2 Observational characterization

When a rockmass is exposed in outcrops, in surface exca-
vations, such as road cuts and/or in tunnel faces and if suf-
ficient core is available even in borehole cores, visual as-
sessment of its competence is feasible and assigning a zone
of appropriate character is straightforwardly done directly
on the standard GSI chart shown in Figure 1. In this chart
the two basic parameters of GSI, the blockiness of the
mass and the conditions of discontinuities, are plotted on
the axes respecting the main geological constraints that
govern a formation, thus geologically defining a sound in-
dex that almost all geologists find simple to assess in the
field.

2.3 Quantitative characterization

Experience has shown over the years that quite a number
of mining engineers and equally many civil engineers with-
out strong geological backgrounds are less comfortable
assigning a quality range based solely on visual assess-
ment, and as a consequence some quantified scales were
included on the standard GSI chart to aid application in a
more quantitative manner. (Hoek. et al, 2013). This modi-

fied chart (which is shown in Figure 4), has been drawn up
to include one of the parameters most wanted to be
avoided - RQD, but this was with good reason. It may have
its faults, but these are now well known, and can be worked
around. Moreover, despite these issues, RQD concept is
generally well understood and accepted to give reasonable
estimates of brokenness, provided that one remains within
blocky rockmass conditions, such as are defined in Figure 4.

Geological observations — QR j

—— Quantitative input
| Descriptive input | based on established
* rack mass indices

Laboratory testing of
intact rock samples

G5I Characterization 1——'

Hoek- Brown criterion -
— engineering properiies
of rock masses
Parameters required for
numerical analysis i
Verfication and grgz:jggf:fs
modification thoughd r——— Damage Facior
in situ monitoring an ’
back analysis : \ : Excavation sequence
Numerical analysis of
L——— overstress and remedial

measures

Figure 3. Data entry stream for using the Hoek-Brown sys-
tem for estimating rock mass parameters for numerical
analysis (Hoek et al., 2013).

GEOLOGICAL STRENGTH INDEX (GSI)
FOR JOINTED BLOCKY ROCK MASSES

From the lithclogy, structure and observed
dincontinuity surface conditions estimate the
average GSI based on the descriptions in
the row and column headings. Alternatively,
from logged RQD values and Joint Condition
ratings (from Bieniawski, 1989), estimate
GSI = 1.5 JCond,, + 0.5 RQD based on the
scales attached to the graph axes.

For intact or massive rock with GSI > 75,
check for brittle spalling potential. For
massive rock with GSI > 75, failure will be
controlled by structurally defined wedges
or blocks. Do not use the Hoek-Brown
criterion for either of these conditions.

d, iron stained

This chart applies to tunnels of about 10 m
span and slopes < 20 m high. For larger
caverns and slopes consider reducing GSI.

mooth, moderately weathered and altered surfaces

Sickensided, highly weathered surfaces with soft clay

Slickensided, highly weathered surfaces with compact
coatings or fillings

coatings or fillings or angular fragments.

SURFACE CONDITIONS
Rough, slightly
VERY POOR

GOOD
POOR

x
33
ECREASING SURFACE QUALI

45 40 5 30 25 20 1B 10 5 0
1.5 x JCondyg

Very rough, fresh unweathered surfaces

VERY GOOD

2
3

STRUCTURE

| BLOCKY - well interlocked un-
disturbed rock mass consisting

| of cubical blocks formed by three
/] intersecting discontinuity sets

=7 VERY BLOCKY- interlocked,
4| partially disturbed mass with

multi-faceted angular blocks

7| formed by 4 or more joint sets.

7 BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting

4 discontinuity sets. Persistence

- of bedding planes or schistosity

0.5 X RQD

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

<= DECREASING INTERLOCKING

Figure 4. Quantification of GSI by Joint Condition, as graded
by RMR, and RQD only for the central section of the basic
chart (Hoek et al., 2013).

The chart in Figure 4 was also introduced because the lack
of quantified scales on the original GSI chart had already
prompted several other authors to attempt to quantify the
original chart by adding scales derived from RMR, Q, RMi or
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other rockmass classifications. Various attempts by Cai et
al. (2004), Russo (2007) and Sonmez & Ulusay (1999),
each individually have merit, but also some limitations.
Similarly the quantified chart proposed by Hoek at al.
(2013), shown in Figure 4, has some limitations, but as
explained in more detail in the 2013 paper it is thought
reliable enough in most circumstances to provide a good
starting point for characterization.

The quantification processes suggested for use in these
cases are related to frequency and orientation of disconti-
nuities and are limited to rockmasses for which these num-
bers can quite easily be measured. In consequence the
quantifications do not work well in tectonically disturbed
rockmasses in which the structural fabric has been de-
stroyed. In such types of rockmasses the authors recom-
mend the use of the original qualitative approach based on
careful visual observations.

It must be noted here though, that is meaningless to at-
tempt to assign a precise unique GSI number for a rock-
mass. In almost all situations, rockmasses have variability,
thus GSI is best assigned as a range. For analytical pur-
poses this range may best be defined by a normal distribu-
tion with the mean and standard deviation values assigned
on the basis of common sense.

2.4 Transfer equations

As is evident from the suite of standard equations for using
the Hoek-Brown criteria, the GSI term is used in conjunc-
tion with appropriate values for the unconfined compressive
strength of the intact rock o, and the petrographic constant
m;, and a measure of the brokenness as defined by the s
and a parameters to allow estimation of the mechanical
properties of a rockmass, in particular, compressive
strength (o.n). For defining the deformation modulus (E;n)
of the rockmass, the following relationship, proposed by
Hoek and Diederichs (2006) is recommended:

1-DJ/2 ]

1+ eusouw—eﬂ Y712)

E, =Ei [0.02 +

In the above expression and in the previous equations for
m and s the Disturbance Factor, D can be assessed from
Table 2 or from the graphic table in Hoek et al, 2002. It is
noted that D should only be applied to the blast damage
zone (typically up to a few metres into the wall of a tunnel
and for some proportion of depth into each bench face
based on the slope height for a slope) and definitely should
not be applied to the entire rockmass.

Location D-Factor Disturbance Characteristics
Unds J High Quality Perimeter Blasting {100%: half barmrel traces)
E_ 1’“?““ 0 or Mechanical Excavation with TBM or Roadheader
xc“ft'm,b MATM excavation in weak rock with machanieal excavation
{confined — - - n
L 0.3 As abeove (but with imvert heave issnaes)
conditions)
08 Poor Quality Blasting (<50% half barrel traces)
Open Cuts and 07 Centrollad Blasting (=80% half barral trazas)
Open Pits 1 Poor Quality Blasting (=50% half barrel traces)
(da-strassad 0.7 Mechanical Excavation m Weak Fock with Faca Shoval ate
conditions) 1 Typical Open Pit Preduction Blasting/Quany Blastmg

Table 2. Guidelines for the selection of the Disturbance
(Blast Damage) Factor D (after Hoek et al. 2002)

In examining these transfer equations between GSI and the
Hoek-Brown criteria constants m, s and a and also the
rockmass modulus expression E,, it should be noted these
equations have been set up to account for any basic differ-
ences in characteristics between different parent rock fab-
rics and rockmass competence. As such they allow the pre-
diction of an appropriate m, value properly normalized by
the intact m; for that rock type or rock fabric while s and
the exponent a are scale invariant, reflecting simply the
degree of brokenness of the rockmass. Defining an appro-
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priate rockmass modulus value for use in any modelling
however, like m/m; also requires full normalization by the
intact modulus so that it also appropriately takes into ac-
count the inherent stiffness of the parent intact material.

2.5 GSI and specific rockmasses

Figure 5 shows a compilation of all of the charts that have
been published in papers in terms of probable m; and o for
the parent rock material. Most of the common GSI ranges
for typical gneisses, granites, ophiolites, limestones,
schists, siltstones / mudstones / shales, molassic and flysch
formations have been illustrated here, highlighting how
minor geological differentiations affect the geotechnical
properties of the different formations. For more details the
reader is referred to the original publications presenting
these charts for each specific formation as published by
Marinos and Hoek (2000), Hoek et al. (2005), Marinos et al.
(2005) and Marinos et al. (2011).

In this overall chart it should also be appreciated that dif-
ferences in assigned GSI commonly occur due to different
tectonism, weathering and alteration effects on either brit-
tle or soft rock materials. These effects due to influence of
different geological processes are discussed in subsequent
paragraphs.

These charts cover a wide range of rockmass competence
from extremely competent hard rockmasses with non-
degradable fabrics, typical of the deep mines in high-
strength/high stress conditions where spalling and bursts
characterize behaviour in the top left corner of the chart
through to the lower right corner of the matrix diagram
where rockmass competence is low and where squeezing
and often significant closure problems are the characteristic
hallmarks (e.g. flysch, shales etc.).

For any rock engineering design the first issue is geological
characterization. This basically defines where you are within
Figure 5 and this then allows one to establish the potential
range of characteristics for the rockmass, based on the
competence of the parent rock material. For example if one
were working in the flysch conditions of central and south-
ern Europe then one would be looking at a point plotting in
the lower right third of the diagram, while for rock condi-
tions within a hard rock mine in Canada or South Africa at
significant depth, one might then be looking more towards
the top left corner.

Himalayan, Andean or Alpine mountain belt conditions
would cover the complete suite top left to bottom right.

The size and spread of one's GSI chart on a sitespecific
basis could therefore be expected to vary depending on
parent rock type and mineralogy and thence on macrofabric
and overall competence.

An overprint to this whole matrix would be created by the
changes in parent rock competence created by natural
processes such as weathering or mineralogical alteration or
solution effects. Indeed, for tropically weathered rock-
masses, such as exist in many parts of the world, compe-
tence ratings could be expected to change several orders of
magnitude in the vertical plane within the matrix in Figure
5.

For Hong Kong granites, for example, one might move from
intact, high-strength, fine-grained grey granites with high
m; and high o, which plot towards the top left of the dia-
gram, progressively downwards and to the right through
the weathering grades to completely degraded granite -
essentially a soil. However mi for this range of rock charac-
teristics would vary less severely (as is shown by many
triaxial tests undertaken on the granites from Hong Kong
for all different weathering grades).
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Legend
Gneiss/Granite Ophiolite
1. Fresh rock masses 1. Massive strong peridotite with widely spaced 1. Massive
2. Weathered rock masses (most common range discontinuities. 2. Thin bedded
is llustrated here) 2. Good to fair quality peridotite or compact 3. Brecciated
serpentinite with discontinuities 4. With clay presence along the joinls
3. Schistose serpentinite.
4, Poor to very poor quality sheared serpentinite.
Mollase (Tectonically undisturbed i -Mu hal Schist Flysch (Heterogen Jtectonically
but litholegically varied 1. Massive silt or mud 1. Strong (e.g. micaschists d alternat of sandst
y rock ) 2. Bedded, foliated, fractured 2. Weak (e.g.chioritc schists, phyllites)| and fine grained (pelitic) layers)

1. Confined molasse at depth 3. Sheared, brecciated 3. Sheared schist Types | to XI according to sandstone-
siltstone prevalence and teclonic
disturbance

* The shaded areas are indicative only and may not be appropriate for site specific design purposes. Mean values are not suggested for indicative
characterisation; the use of ranges is recommended
* The

iions of the formations within the o_ - m chart are indicative. Exact values of o_ - m must be analytically defined by laboratory testi
The arrows show possible extension of the position of the chart

Figure 5. Most common GSI ranges for typical gneisses, granites, ophiolites, limestones, schists, siltstones/mudstones/shales,
molassic and flysch formations in conjunction with a range of m; and o,. (Refer to text and reference list for original papers for
more details on charts)

2.6 Intact rock properties

] a
I ] o3
g1 =03+0 Mp——+35
Ci
Right from its original formulation in 1980, through to the
current generalized expression:

The concept behind the development of the Hoek-Brown
criterion has remained consistent with the aim being to
allow definition of the strength of any given rockmass
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based on its composition, considered as a matrix of blocks
of intact material set within a discontinuity framework, thus
replicating a typical blocky rockmass in hard competent
rock conditions. In the expression the value of o, defines
the uniaxial compressive strength of the intact rock frag-
ments making up the blocks within the rockmass, with the
dimensionless parameters 0s/05, m and s modifying the
contribution of o to reflect the brokenness of the rockmass
due to the extent of fracturing present within the rockmass.
Depending on the confining stress (os/0.), the degree of
block interlocking (my) and the condition of the inter-block
surfaces (s), these dimensionless components act to de-
grade the intact strength of the matrix blocks to a strength
considered representative for the overall rockmass, when
considered as an equivalent “new” material.

Figure 6 shows Hoek-Brown strength envelopes for a range
of commonly encountered rock types. Approximate values

of the ratio between o, and oy are listed for each rock type
in the Figure 6.

3.0

25

Compressive | Tensile strength

Triaxial compression

Major principal stress o, / Uniaxial compressive sterength o,

Tension cut-off

[ Uniaxial compression
i —271— Gneiss, Granite, Granodiorite
—24— Amphibolite, Diorite, Gabbro
=20~ Conglomerates, Sandstone,
Quartzite, Norite, Porphyry, Breccia
=17= Crystalline limestone, Anhydrite
Schist, Dolerite, Diabase, Tuff
=14— Limestone, Gypsum, Marble, Phyllite
Slate, Concrete
=13= Silistone, Claystone, Shale, Chalk

Ty
*ﬂ‘ T3

Confined tension

Uniaxial tension

oy

010 -005 000 005 010 015 020 025 030

Minor principal stress o,/ Uniaxial compressive sterength o_

Figure 6. Hoek-Brown typical Intact Strength envelopes for
a range of igneous, metamorphic and sedimentary rocks
(Hoek and Martin, 2014)

Ideally, a representative oci should be determined by direct
laboratory tests under carefully controlled conditions
thereby generating curves similar to those shown in Figure
6 and in many earlier publications on the Hoek-Brown crite-
rion. However, in many cases, this is not possible in prac-
tice because of time or budget constraints or because it is
not feasible to recover samples for laboratory testing (par-
ticularly the case in weak, schistose or tectonically dis-
turbed rockmasses where the influence of discontinuities
cannot be avoided within laboratory samples).

Under such circumstances estimates of the value of o, are
quite often made on the basis of published information,
simple index type tests (such as point load tests, where
appropriate) or by use of various descriptive assessments
such as have been published by the International Society of
Rock Mechanics (Brown 1981). The values given in many
case are often general and usually it is better to avoid them

for design purposes. This same problem of strength estima-
tion is discussed again later, as it is one of the most thorny
issues complicating reliable design.

Experience has shown that there is a common tendency to
underestimate the value of the intact strength in many
cases where actual laboratory data is not available. This is
particularly true for weak and/or tectonically disturbed
rockmasses where the characteristics of the intact rock
components tend to be masked either by structural tectonic
elements or by surrounding sheared or weathered material.
These underestimates can have serious implications for any
engineering design and care has to be taken to ensure that
realistic estimates of intact strength are made as early as
possible in the project. In some situations, early estimates
can be refined through detailed back-analysis, for example
of tunnel deformation, and, while this may require consid-
erable effort and even the involvement of numerical analy-
sis, the attempt will generally be repaid many times over in
time and cost savings achieved by more realistic designs.

Care must also be paid to ensuring that tensile tests are
carried out so that the strength envelope can be properly
defined. This is of major importance at the intact sample
scale. Because the original Hoek-Brown criterion had prob-
lems with predicting too high an axial strength and also a
finite tensile strength in areas of the rockmass with limited
to no confinement (i.e. with the minor principal effective
stress (03) close to zero), the modified generalized equation
that was formulated in 1992, was structured to allow
greater curvature of the envelope through the tensile
range, while still covering the full range from 0 < s < 1.
This however has given rise to other problems for rocks of
particularly low strength and competence, requiring inclu-
sion of a tensile cut-off, such as shown in Figure 6 for the
siltstone/mudstone group. This approach is one method to
tackle this problem. Other approaches include using the use
of transition function equations as explained later in this
paper. The issue can also be tackled during the analysis
stage as changing envelope curvature may not be neces-
sary if the need for a tension cut off is understood and is
used correctly (Hoek and Martin, 2014).

As basis for decisions, where data is missing, some typical
values for m; and o for various rock material types com-
monly encountered worldwide in engineering projects are
presented in Table 3.

Typical Ignecus
au [ i Intrusive Extrusive Sedimentary m
(MPa) Falsie Mafie [Voleanic)
2% Coarse -
125250 G 313
52 (Granite) N
Medum
00-300 (Grano- 23
e
Dhorite)
Mafic
Medum, Coarse (Hasalt) Coarse
Me (Gabhio- i " X e
25350 amorphous ‘_‘.J.E'U_,, IW: o (Conglomerstenat | 2527
{Amphabolite) remer o Andezite) clayey)
ophiolites) Felsag !
Medium Medim quariz
(Dickerie cemented
15350 Draty 17.20
member of
ophiolites)
Fre
Bended Medium
- o o (S e PP
50-200 Gnesssose ! I‘”:F::; carbonates 1316
(Biotitic Gneiss) ophioltes) (Limestone)
Firee, {clastcs)
2 o Folliated rel Siltsione 5
H0-100 N 0-
00 {Phylite, Sate) merbes of fyechee | 112
miolassaiuff)
" Schrstoss Fine, Calc-rock q
a5 [Schist) (Chaliimar) I
Uhrafine
10:50 46

Table 3. Typical values for oci and mi for range of igneous,
metamorphic and sedimentary rocks (to be read in conjunc-
tion with Figure 6 regarding parent rock type characteris-
tics)

This table can be used for preliminary estimating, but it is
far better that the value of the constant m;, as for the intact
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strength o, be determined by triaxial tests, yielding enve-
lopes similar to those in Figure 6. When this is not possible,
estimates can be made based on published values (e.g.
from the program RocLab or from published tables from
Brown 1981 and/or from Stacey & Page 1986 or other
sources).

Note though that great care must be taken when applying
such strengths depending on the required engineering ap-
plication, as the data in Table 3 and much of the data in
Rocklab is for dry rock. Values of m; can also differ some-
what depending on the state of saturation. In this regard it
is always better to carry out site specific laboratory triaxial
testing in an attempt to obtain realistic test data, not just
for intact strength oy, but also for determining intact ten
sile strength oy, so that the full Hoek-Brown envelope can
be established and a representative m; value properly es-
tablished. This is particularly important for both ends of the
rock competence scale - i.e. for both the weak and for the
very competent rocks, and also for weathered or altered
intact rock materials.

For brittle rocks towards the high end of the rock compe-
tence scale, where designs might be needed for high stress
situations, it is critical that the onset of brittle failure be-
haviour is established by proper laboratory testing. For
such rock, and for the weak rocks also there is a need for
more attention being directed to undertaking representative
laboratory tests. In the opinion of Professor Brown (Hoek,
pers. comm.), the fact that “plug-in” strength tables are
available in codes such as Rocklab has resulted in a signifi-
cant decrease in the amount and the quality of triaxial test-
ing carried out on projects because many users tend to
take the easy way out by simply relying on tabulated data.
In this light, the relative expense of acquiring a little testing
data should be seen as trivial compared with the potential
cost implications of a lack of good reliable data that might
otherwise compromise subsequent design decisions.

2.7 GSI and intact rock strength

Moving on from the discussion above, it must be remem-
bered that the strength of the intact rock does not affect
the GSI value. GSI is only dependent on the fracturing de-
gree and on discontinuity surface condition. GSI values can
be high (e.g. >70) in a rock of low oci. For example marl or
siltstone with low o, can form a very good structure that
may be described as blocky or even intact.

On the contrary, a rock with high strength can be initially
characterised as Good due to its high o, but may become
Poor when it is heavily fractured (e.g. along a fault zone).
In this case, GSI can be low (e.g. 25-30), if the discontinu-
ity surface condition is also Poor. An indicative example of
how tectonism (low to severe) affects the GSI is shown in
Figure 7.

However, if the low strength of the intact rock has derived
from weathering, alteration or shearing through tectonism
then GSI is also reduced with the disturbance of the struc-
ture.

2.8 GSI and tectonism

When tectonism is low, GSI values are high to very high
(Intact to Blocky structure). Lower GSI values can however
be acquired when rockmasses are crossed by discontinuities
formed by genesis such as frequent bedding or schistosity
planes, often with Fair or Poor conditions on these disconti-
nuities.

In tectonic areas, particularly if compressional, GSI values
may be considerably reduced since the structure is more
fractured (more joints) or even sheared; such rock behaves
in @ more ductile manner (e.g. mudstones, shales, silt-
stones). In the last case joint condition is probably Poor to
Very Poor (with slickensided or soft clay coatings due to
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shearing). The intact rock strength o, and the m; value may
also be reduced in the case of shearing.

GEOLOGICAL STRENGTH INDEX (GSI)
(E. Hoek, P, Marinos, 2000)

From the lithology, structure and surface conditions of the
discontinuities, estimate: the average value GSI. Do not try to
be too precise, Quoting a range from 33 to 37 is more realistic
than stating that GSI=35. Note that tie table does nat apply
to structurally controlled failures. Where weak: planar structural
planes are present in an unfavourable orientation with respect
to the excavation face, these will dominate the rock mass
behaviour. The shear strength of surfaces in rocks that are
prone to deterioration as a result of changes in moisture content
will be reduced if water is presant. When working with rocks
in the fair to very poor categories, a shift to the right may
be made for wet conditions. Water pressure is dealt with
by effective stress analysis.

th, moderately weathered and altered surfaces
Slickensided, highly weathered surfaces with compact
coatings or fillings of angular fragments
Slickensided, highly weathered surfaces with soft clay

Very rough, fresh, unweathered surfaces
coatings or fillings

VERY GOOD
VERY POOR

)

A
ASING SURFACE QUA|

SURFACE CONDITIONS OF DISCONTINUITIES
POOR

S Rough, slightly weathered, iron stained surfaces

!

STRUCTURE

“| INTACT OR MASSIVE
Intact rock specimens or massive in situ rock N/A
with few widely spaced discontinuities

4 BLOCKY
Very well interlocked undisturbed rock mass 70
consisting of cubical blocks formed by three

orthogonal intersecting discontinuity sets

=z
3
B

VERY BLOCKY
Interlocked, partially disturbed rock mass with
multi-faceted angular blocks formed by four
or more discontinuity sets

BLOCKY/DISTURBED/SEAMY

Folded with angular blocks formed by many
intersecting discontinuity sets. Persistence of
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with mixture of angular and rounded rock pieces
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Laminated or foliated and tectonically sheared 10
weak rock mass. Foliation prevails over any
other discontinuity set, resulting in complete N/A N/A
lack of blockiness (this drawing scale is not
compared with the other's drawing scales)

Note: The position of projected grey areas are indicative

Figure 7. Indicative example of how tectonism (from low to
severe) affects the GSI.

2.9 GSI, weathering and alteration

Before leaving the topic of correct input parameter defini-
tion it is important to realize that rarely will a project be
executed entirely in fresh rock. Only in deep tunnels and
mining situations is it likely that one would be entirely in
dry, fresh and unweathered rock. On the other hand, al-
teration can be from none to severe in different depths.
Accordingly, some consideration needs to be given to the
impact that these natural processes of weathering and al-
teration can have in degrading intact rock material quality,
strength and deformability from initial intact state.

There is much confusion in the engineering rock mechanics
(non-geological) literature regarding these two processes,
as the terms are so often used interchangeably, largely
because there is overlap in characteristics, but the origin is
different.

Alteration is an effect brought about by generally deep geo-
logical processes - hydrothermal alteration, metamorphic
alteration etc. Many rocks that are heavily altered are
common in mining situations as they tend to be located in
immediate proximity to the main ore body, so oftentimes
form the hanging wall or footwall of the stopes for which
rock engineering design is needed.

Weathering by contrast, is almost universally a shallow
depth decomposition process brought about by two differ-
ent, but linked processes - mechanical and chemical degra-
dation. Again in many engineering situations one has to
design engineering projects in weathered rocks. The various
stages of weathering of intact rock, rockmass and disconti-
nuities have been described by ISRM (1981) in certain
grades (from fresh rock W-I to clayey-sandy soil W-VI).
Other descriptions for weathering have been made by the
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engineering group of the British Geological Society (Anon,
1995).

In the context of GSI, the influence that either process ex-
erts on the ascribed value of GSI is that both degrade not
just the parent intact rock material but also they change
the character and competence of the rockmass fabric. Ac-
cording to the weathering degree the discontinuity surface
condition becomes poorer and the interlocking of rock
blocks becomes loosened. The structure on the other hand
may not be in principle affected, at least if weathering is
not very advanced. An indicative example of how this in-
crease in weathering degree affects the GSI value is illus-
trated in Figure 8. In weathering degrees W-II and W-III,
discontinuity condition is shifted to the middle or right col-
umns of the GSI chart (Figure 8). In W-IV to W-V, joint
condition is Poor to Very Poor due to the weathering prod-
ucts along the joints.

| GEOLOGICAL STRENGTH INDEX (GS1)
(E. Hoek, P. Marinos, 2000)
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Figure 8. Indicative example of how the weathering degree
(W-I - W-V) affects the GSI.
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By the same token, almost all of the processes of mechani-
cal weathering - which change the rockmass fabric and
break down the blocks into smaller pieces are describable
through routine application of the GSI definition scales on
the standard chart.

The degradation of the parent material within the intact
pieces within the fabric though needs special consideration.
Figure 9 provides some guidance for assessing the influence
of chemical/mineralogical changes that occur due to perva-
sive weathering.

The main effect of weathering though is mainly concen-
trated in the intact rock strength properties like o, and m;,
since interlocking and bonding of grains is loosened. Reduc-
tion factors from intact rock strength (Stacey and Page,
1986) according to the weathering grade are presented in
Figure 9. Note that at W-III state the rock material is not
yet friable like in W-IV. The change from W-III to W-IV is
however a critical boundary since there is generally consid-
erable reduction to intact properties at this change, often
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way in excess of 50% of fresh intact material, while GSI
may also by affected to some degree by reduction of the
structure also.

However, the actual changes that will occur in a given
situation are very much rock-type dependent. Some rocks
are resistant to intact material fabric change. These are the
rocktypes that the aggregate industry chooses for high du-
rability, some diabase, some hornsfels, some diorites are
typical of very high durability rock materials. Other rocks
tend to decompose completely with penetrative weathering
or alteration. Even rocks, which are quite competent, can
be quite prone to degradation and decomposition. Many
feldspathic granites, for instance can weather appreciably,
with the feldspars turning to clay minerals. Some rock ma-
terials absorb water and disintegrate as a consequence,
some by swell processes, others by drying processes, de-
pending on the internal mineralogy. Control of decomposi-
tion is often cementitious material controlled, commonly
quartz cements are stronger and more durable than cal-
cite/carbonate cements and even better than iron ox-
ide/haematitic cements. Processes of laterization - which
are typical in deep, tropically weathered areas, also reduce
rock material strength, particularly at the saprolite bound-
ary. In such rocks the intact structure may become perva-
sively degraded right within the rock material itself.

Most weathering and alteration processes create major
changes in rock material character, which in turn alters the
parent material m;,, o; and E;, let alone the changes that
occur to the rockmass fabric - all of which affect GSI. This
is why it is not recommended just taking published m; and
strength values for dry unweathered intact material based
on tables, such as Table 3 or from RockLab listings as these
could be seriously in error for actual site conditions.

Alteration in principle also affects both the intact rock prop-
erties of the material and the joint surface condition. In
fresh conditions, unaltered rockmasses can be generally
massive, strong rocks with sparsely spaced discontinuities.
Slightly to moderately altered rockmasses often exhibit
smoother or slickensided joint surfaces (e.g. though ser-
pentinization). The structure, o, and m; in this case are not
or only slightly affected.

With severe alteration, GSI values can be reduced consid-
erably. The structure becomes disturbed (e.g. from Blocky
to Very Blocky or perhaps to Sheared) according to the
alteration degree (e.g. formation of schistose or laminated
planes). Joint condition in this case is Poor to Very poor.
The intact properties o; and m; are considerably reduced.
An indication of how alteration affects GSI is illustrated in
Figure 10. However there are cases, e.g., contact meta-
morphism, where alteration may result in stronger rocks
(such as Quartzites, Keratites etc).

Measuring intact rock strength, o, from altered rockmasses
is always problematic. When testing for example schisto-
serpentinites, the influence of “schistosity” results in a sig-
nificant reduction in the strength of a large proportion of
the specimens. As a consequence, it is very difficult to ob-
tain reliable o, values from laboratory tests. For schisto-
serpentinite rocks it is suggested that the uniaxial compres-
sive strength should be estimated from that of the normal
serpentinite and reduced by about 30% to account for the
schistosity (Marinos et al. 2005).

2.10 GSI and other classification systems

Global correlation to other classifications has been an ongo-
ing discussion for many years, with the pros and cons of
different approaches debated intensely.

Several decades ago, with arrival of the personal computer,

the tools for rock engineering design started to change.
Although still crude, a number of useful humerical methods
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Figure 9. GSI and intact strength change for weathering grade W-I to grade W-VI (grades according to ISRM 1981)

were being developed at that time that offered the promise
for being able to undertake much more detailed analysis of
difficult surface and underground excavation problems. In
tunnelling the advent of numerical techniques to tackle
rock-support interaction and the development of ideas as-
sociated with the ground reaction curve concept allowed
problems to be tackled sometimes well outside the ideal
range for application of the various then available tunnel
support classification systems such as RMR, Bieniawski
(1973, 1976) and the Q system Barton et al. (1974), Bar-
ton (1976). Experience in the early application of more so-
phisticated modelling suggested that there was good corre-
spondence between guidelines from these classifications
and modelling results and reality when rockmass behaviour
was relatively simple, for example for RMR values between
about 30-70 and with moderate stress levels; in other
words where sliding and rotation of intact rock pieces es-
sentially controlled the overall failure process. The database
of experience on which the classifications had been built
and the fact that there were literally hundreds and hun-
dreds of kilometres of tunnels that had been successfully
constructed on the sole basis of their application attest to
this. However, consistently it was found that the classifica-
tions or for that matter simplistic modelling was less reli-
able for predicting excavation behaviour in squeezing or
swelling ground or for cases with clearly defined structural
failures or where spalling, slabbing and/or rockbursting was
feasible under very high insitu stress conditions. It was also
found difficult to apply the then available classification sys-

tems for the design of sequentially installed temporary rein-
forcement or for establishing the support required to con-
trol progressive failure in difficult tunnelling conditions,
where for example, the excavation and installation of sup-
port is needed to be defined for a tunnel being advanced by
a drill and blast operation involving top heading and bench-
ing. In such a system an intricate sequence of excavation,
face support, installation of rockbolts, steel sets and/or
shotcrete, support of the top heading while the bench is
excavated, then the completion of the lower sidewalls and
the invert and then installation of the final concrete lining
(if one is required) all require design. In such a case, defin-
ing the proper sequence of excavation and establishing the
timing of support installation is very critical elements of
achieving a successful tunnel design. Describing such as
case, Hoek et al. (2007) state ...

..\ it is unacceptable to assume that an adequate design
can be based upon a simple estimate of the final bolt pat-
tern and lining thickness ...”

Needless to say though, there is in fact merit in undertaking
more than one classification of a project rockmass, if not
for any other reason than simply from the point of view of
providing a redundancy check to ensure that one’s classifi-
cation estimates are not out of line. It has long been recog-
nized (Carter 1992), that for example RMR is more readily
applied when only core is available than Q, as there are
elements of the joint system that are difficult to describe
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from core alone, estimating JN in particular is particularly
problematic. Similarly it has long been established that
RMR76 and GSI are interchangeable in the mid-range
blocky rockmass-zone, defined in the quantitative paper,
(Hoek et al. 2013) but that RMR is difficult to apply for dis-
crimination between rockmasses of low general compe-
tence. This is an area where the GSI system excels in that
it provides the descriptive controls allowing ready observa-
tional characterization that are perhaps missing from the
other systems.
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Figure 10. Indicative example of how alteration (none to
severe) affects the GSI.

At the upper end of the scale of rock competence it can be
problematic discriminating characteristics of importance, for
example, differentiating between different rock types from
a brittle strain bursting perspective. Again this is an area
within which the observational approach of GSI characteri-
zation can be useful. This is where the Q system and the
RMR system sometimes have been found by practitioners to
be difficult to apply to get the correct numbers that excava-
tion performance, for example, might show. Doing more
than one classification has value in that gaps in what might
be termed “classification accuracy”, can be filled and a
proper spectrum of characteristics assigned for the rock-
mass into or upon which engineering structures are re-
quired.

3 METHODOLOGY FOR GSI APPLICATION
3.1 Understanding geological reality

Irrespective of whether one wishes to use the now available
quantitative parameter scales as an aid to characterization
or not, the very heart of the GSI classification and what
makes it different from the other systems is that is requires
a careful engineering geology description of the rockmass.
In dealing with specific rockmasses it is suggested that the
selection of an appropriate zone location on a GSI chart not
be limited merely to checking the visual similarity with the
sketches of the structure of the rockmass as they appear in
the charts, but rather should be based on gaining real un-

derstanding by examining actual face exposures or out-
crops. Just using the charts and even reading the associ-
ated descriptions carefully, is no substitute for examining
conditions in situ so that the most suitable rockmass struc-
ture is chosen. The most appropriate case may well lie at
some intermediate point between the limited number of
rockmass sketches or descriptions included around the
charts.

Outcrops, excavated slopes, tunnel faces and drill cores are
the most common sources of information for the estimation
of a GSI value for a rockmass, but these are not of equal
calibre. Outcrops are an extremely valuable source of good
observational data, particularly in the initial stages of a
project, but like any surface exposure, they suffer from the
disadvantage that relaxation and weathering may have
significantly influenced the appearance of the exposed
rockmass as compared with what might be met deep un-
derground; but in the context of a surface problem, such
insight may be very valuable for comparison to core to as-
sess degree of weathering decomposition. Improved data
on weathering depth and influence can sometimes be ac-
quired (where permissible) by trial trenches or specific drill-
ing. Judgment is however required in order to allow for
weathering effects in assessing the most probable GSI
value applicable at the depth of the proposed excavation.

Excavated slopes and exposed tunnel faces are probably
the most reliable source of information for estimating GSI
provided that these faces are related with the project. For
design of tunnels for example, in hard strong rockmasses it
is important that some appropriate allowance be made for
damage due to mechanical excavation or blasting. As the
purpose of estimating GSI values for such situations is to
assign properties to the insitu undisturbed rockmass, failure
to allow for effects of blast damage when assessing GSI will
result in assigning values that may be too conservative.
Therefore, attempts should be made in such circumstances
to properly estimate the degree of disturbance, and thereby
define D. This problem becomes less significant in weak and
tectonically disturbed rockmasses as excavation then is
generally carried out by more gentle mechanical means but
also because the rocks are more ductile and are less influ-
enced by blast damage. Hence, surface damage effects are
negligible compared to the damage which already exists in
the rockmass.

Drillhole cores of reasonable diameter provide one of the
best sources for acquiring data from depth, but one has to
be cognizant that it is necessary to extrapolate the very
one-dimensional information provided by the core to the
threedimensional insitu rockmass. However, this is a prob-
lem common to all borehole investigations, and almost all
experienced engineering geologists are comfortable with
this extrapolation process. Multiple boreholes and also in-
clined boreholes are of great help to interpretation of rock-
mass characteristics at depth.

For stability analysis of a slope, the evaluation should be
based on the rockmass through which it is anticipated that
a potential failure plane could pass. The estimation of GSI
values in these cases requires considerable judgment, par-
ticularly when the failure plane can pass through several
zones of different quality. Mean values may not be appro-
priate in such situations.

For tunnels, the index should be assessed for the volume of
rock involved in carrying loads, e.g. for about one diameter
around the tunnel in the case of overall tunnel behaviour or
more locally in the case of an engineered structure such as
an “elephant foot” at the end of lattice girders or steel rib
elements.

For particularly sensitive or critical structures, such as un-
derground powerhouse caverns, the data and information
obtained from the sources discussed above may not be
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considered adequate, particularly as the design advances
beyond preliminary stages. In these cases, the use of small
exploratory tunnels can be considered, allowing better col-
lection of reliable data. Remarkably, often when compared
to multiple programs of deep drillholes this type of ap-
proach to data gathering has often been found cost effec-
tive.

4 APPLICATION WITHIN THE HOEK-BROWN CRITERIA

Use of GSI as a basic input parameter within the GSI sys-
tem is straightforward throughout the range of possible
description, but is more problematic at the two ends of the
rock competence scale - weak soft rocks and high strength,
high competence rocks. Figure 11 shows the range of appli-
cability of GSI when described qualitatively and quantita-
tively.

[HIGH GSI, HIGH mj] Spaling
Massiun, aesentally unjenind
Hard, Bt Rockmiass
| Spalingm, 5 & o paramelers
L-] applicable
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Figure 11. Zones of applicability of GSI and conventional
Hoek-Brown equations with relation to transitions to brittle
spalling criterion (top right) and (lower left) to Mohr-
Coulomb criterion (with potential in tunnelling for squeez-
ing, (photo, courtesy E. Hoek, from Carter et al. 2008).

In the upper quartile of the standard GSI chart rockmass
conditions can be considered near intact, and descriptive
techniques work best, so the chart with quantitative scales
should not be used. For the weak, low competence rocks,
which typically are trending ever closer to soils, the same
basic precepts apply. In the middle, both charts work
equally well.

4.1 Conventional applicability range

For the conventional range where rockmasses can be
thought of as blocky, the qualitative and quantitative charts
(Figures 1 and 4 respectively) both can be used for assess-
ing GSI. Input of GSI values into the Hoek-Brown criterion
is then straightforward, and depending on the scale of the
engineering problem with respect to the rockmass scale
(Figure 12) the appropriate m, s and a constants can be
derived.

Getting the relative scale of the problem to the scale of the
rockmass correct is the key factor in any application of GSI
into the Hoek-Brown criterion. While there has been some
criticism that GSI is only applicable to heavily jointed rock-
masses, which at the scale of an engineering problem can
be treated as homogeneous and isotropic, this limitation
can be readily overcome with a little judgment.

For example, if there are weak discontinuities or a perva-
sive weak fabric throughout a rockmass, such as bedding or
foliation, that would render the overall rockmass anisot-
ropic, it would be recommended that that weak fabric be
ignored in developing the global GSI and then it should be
modelled for or analyzed for explicitly. In this regard even
at a crude modelling scale, any such fabrics can be readily
examined as a ubiquitous joint set within the overall Hoek-
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Brown material considered appropriate for characterizing
the problem.

It is reasonable to extend this argument further and to
suggest that, when dealing with large scale rockmasses,
the strength will reach a constant value when the size of
individual rock pieces is sufficiently small in relation to the
overall size of the structure being considered. This sugges-
tion is embodied in Figure 12, which schematically shows
the transition from an isotropic intact rock specimen,
through a highly anisotropic rockmass in which behaviour is
controlled by one or two discontinuities, to again a fully
isotropic rockmass, in this case heavily jointed.

The Hoek-Brown failure criterion, which assumes isotropic
rock and rockmass behaviour, should only be applied to
those rockmasses in which there are a sufficient number of
closely spaced discontinuities that isotropic behaviour in-
volving failure on these discontinuities can be assumed.
Where the block size of the rockmass is of the same order
as that of the engineering structure being analyzed, GSI
and the Hoek-Brown criterion should not be used.

Intact rock - do not use GSI
Use Hoek Brown to check
Tor tensile and shear failure

- A
SRR i
e >
e T 3% Single joint - do not use GSI
SR>, Model joint explicitly and use
X .‘.:‘ Hoek Brown for intact rock

3 & ;
Sparsely jointed rock = ,'_
< do not use GSI. Model 3% 2
< joints explicitly and use 3
Hoek Brown for intact rock ™

Blocky rock mass with minimal
anisotropy - use GSI with caution

Heavily jointed rock mass
Use of GSI is appropriate

Figure 12. Limitations on the use of GSI depending on scale
(Hoek et al, 2013)

Rather, the overall stability of the engineering structure
itself should be analyzed by considering the behaviour of
blocks and/or wedges defined by the intersection of geo-
logical structural features. When the slope or the under-
ground excavation is large and the block size small in com-
parison, the rockmass can be treated as a Hoek-Brown ma-
terial.

An example of this transition is frequently seen in large
open pit mines in which individual structure or intersecting
structural features control bench scale stability, while the
overall slope can sometimes be considered as a homogene-
ous rockmass to which the Hoek-Brown criterion can be
applied.

These basic differences in the various scales of structures of
importance are apparent in the photograph in Figure 13 of
the overall slopes of the more than 1000m deep Chuqui-
camata open pit mine in Chile. In this case many scales of
structure are involved and for much of the mechanics, the
rockmass can be considered as a Hoek-Brown material.

4.2 Application at ends of Rock Competence Scale
As it will be apparent from Figure 11 and previous discus-
sions about the charts within Figures 1 and 4, because of

their development, both GSI and the Hoek-Brown criterion
admirably characterize most “normal” rockmasses from the
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viewpoint of their behaviour for rock excavations. While
descriptive GSI spans the full range of rockmass character-
istics, the governing equations describing a conventional
Hoek-Brown material however run into difficulties when
applied at the two ends of the rock competence scale. This
is largely because incipient strength and block size is such
that rockmass behaviour in these domains tends not to be
controlled by inter-block shear strength, but rather by ma-
terial strength. Three rockmass competence regimes can
thus be postulated as shown in Figure 11.

Figure 13. Examples of different scales of fabric - stability
of individual benches clearly controlled by intersecting
structural features while the overall slope can be character-
ized as a Hoek-Brown materials on which major faults and
shear zones must be superimposed (Hoek, pers comm)

As also illustrated in Figure 11, the behaviour of the rock-
mass is different in these three zones, and thus it is sug-
gested that use of the conventional transfer equations from
GSI values to the m, s and a parameters for the Hoek-
Brown criterion equations be restricted to the central range
of applicability shown in Figure 11, i.e. above GSI=30 and
below GSI = 65. At the low end of the rock competence
scale (where o <15MPa and GSI <30), it can be taken that
discontinuities play less of a role and rockmass strength
tends towards matrix strength. Similarly, at the high end of
the scale (where GSI>65, m;>15), because discontinuities
are now widely spaced, block size becomes so significant
that once again, intact material behaviour rather than the
fracturing becomes dominant in controlling rock mass
strength.

At the high end of the scale, in competent hard rock, par-
ticularly at great depth (e.g. 1,000m or more), rockmass
structure is often so tight that the mass behaviour again
approaches that of the intact rock. These conditions can be
modelled using the original Hoek-Brown equation directly
applied for the intact rock (Hoek 1983) as rockmass behav-
iour can now be considered that of intact rock (i.e. equiva-
lent GSI = 100). For example, in the case of the Drakens-
berg and Ingula projects (Hoek, pers comm), where rock-
mass behaviour was controlled by intact rock strength,
(since GSI for the sandstones and mudstones was equal to
100) the through going major horizontal bedding planes
could then each be modelled explicitly.

Where the rockmass is more brittle and spalling is an im-
portant issue, consideration needs to be given to brittle
fracture initiation which occurs at about 40% of 0. In this
case the non-linear relationship between brittle spalling
initiation and confining stress can still be represented (at
least as well as any other criterion) by the Hoek-Brown
equation with adjusted parameters. In this situation, one is
towards the top of the GSI charts and absolute GSI values
likely meaningless (Hoek, pers. comm.). Here the failure
process that controls stability of underground excavations

under these conditions is dominated by brittle fracture ini-
tiation and propagation, which leads often to spalling, slab-
bing and, rock-bursts in extreme cases. Considerable re-
search effort has been devoted in recent years to the study
of these brittle fracture processes, and a specific spalling
criterion developed to characterize rockmass behaviour
under such conditions. The paper by Diederichs, et al.
(2004) provides a useful summary of much of this work,
while that by Diederichs et al. (2010) outlines practical ap-
plication methods for spalling criterion application for tun-
nelling problems.

At the other (low) end of the rock competence scale, again
the rockmass structure has diverged from a blocky fabric to
something much closer to an intact material - in this case a
soil. In this regime cohesive strength becomes more impor-
tant and thus the traditional Mohr-Coulomb criterion has
more applicability. It is possible however to extend the ap-
plicability of the Hoek-Brown criterion to cover both these
ends of the competence scale if use is made of the two
transition equations suggested by Carter et al., 2008. These
two transition relationships allow continued use of the basic
Hoek-Brown strength criterion concept out into these both
end domains. Figure 14 illustrates the behaviour of these
transition functions with respect to the conventional Hoek-
Brown and Mohr-Coulomb relationships, as a function of
GSI, while Figure 15 summarizes the transition relation-
ships. It should be noted that since the initial publication of
these low and high end transition relationships by Carvalho
et al. (2007) and by Diederichs et al. (2007) respectively,
several minor modifications and improvements have been
made by other authors, e.g. Castro et al. (2013).
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Figure 14. Normalized rockmass strength (o.m/0q) as a
function of rock quality (GSI), illustrating marked differ-
ences between conventional Hoek-Brown behaviour and

transition functions. Spall transition threshold set at typical
value, UCS*=0.450) (Carter et al. 2008)

5 GSI LIMITATIONS

GSI classification is based upon the assumption that the
rockmass contains a sufficiently large number of intersect-
ing discontinuities that it can be considered to behave as an
isotropic mass (Figures 11 and 12). The GSI system there-
fore should not be applied for rockmasses with clearly de-
fined dominant structural fabrics. Undisturbed slate is an
example of a highly anisotropic rockmass, where applying a
GSI value should only be done if the mode of potential fail-
ure won't be governed by shear strength of the incipient
discontinuities within the slate. Of importance though, in
the confined conditions of a typical tunnel situation it is
possible that stress dependent effects may provoke very
different degrees of deformations dependent on location
around the periphery of the tunnel as a result of such ani-
sotropy. An approach to relate such anisotropy in deforma-
tions with GSI is described in Fortsakis et al. 2012. For
rockmasses with completely sheared structure, such as that
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shown in the sixth (very last) row of the GSI chart in Figure
1, anisotropy is not an issue as the difference in strength
between the rock and the discontinuities within it will likely
be small.
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GSI values should thus not be indiscriminately estimated
and used in the conventional Hoek-Brown equations for
rockmasses that tend towards either the upper or lower end
of the rock competence scale.

When rocks such as marls, claystones, siltstones and weak
sandstones are deposited and remain through diagenesis in
stable environments, with little tectonism, they can often
be found as quite massive looking rocks with few disconti-
nuities. In such rocks, even when bedding planes exist they
often do not appear as clearly defined discontinuity sur-
faces. In such cases, the GSI chart can still be used, but
care needs to be taken in defining the discontinuity spacing
range, based on observed conditions. The character of the
discontinuities needs to be carefully, defined, as if they
exert control on blockiness and fabric, then it is likely that
rockmass quality cannot be much better than fair (usually
fair or poor) and hence GSI values should be in the range
of 40-60. If the discontinuities do not appear to exert any
block size or fabric control, such rocks form continuous
masses with very few to no discontinuities evident. For such
cases the GSI of the rockmass is essentially 100 and as
such, the rockmass can be treated as an intact rock mate-
rial with engineering parameters given directly by labora-
tory testing. This situation can be handled by the low end
transition function as included in Figure 15, but with any
specific discrete discontinuities treated explicitly.

At the upper end of the rock competence range, again care
must be taken in assigning GSI values and ensuring that
these are not indiscriminately used within the conventional
Hoek-Brown equations. The upper end transition equations
allow one to deal with the initiation of fracture in hard brit-
tle rocks. The conventional equations do not deal with ini-
tiation of spalling failure, without modification, but they can

TA NEA THZ EEEEI'M - Ap. 67 — IOYAIOZ 2014

be used for modelling failure of already damaged rock and
hence will give an acceptable prediction of damaged
strength for hard brittle rocks.

For numerical analysis of a rockmass containing a single
well-defined shear zone or fault or other type of similar
major geological structure, it is sometimes appropriate to
model the overall rockmass as a Hoek-Brown material and
superimpose the specific discontinuity as a significantly
weaker element. In this case, the GSI value assigned to the
rockmass should ignore the single major discontinuity. The
properties of this particular discontinuity may fit the lower
portion of the GSI chart or it may require a different ap-
proach such as laboratory shear testing of soft clay fillings
in order to model its influence.

Last, but not least, care must be taken to ensure that ade-
quate attention is given to defining a tensile strength cut-
off for rocks with low m;, values, or else the Hoek-Brown
envelopes will be unrealistic. This is the range where the
low-end transition equations might be better applied. An-
other possibility is to use the basic Hoek-Brown relationship
but incorporating a tension cut-off, which is easy to imple-
ment in most modelling codes.

6 CONCLUSIONS

Use of the GSI rockmass classification system and the as-
sociated m, s and a parameter relationships linking GSI
with the Hoek-Brown failure criterion provides a proven,
effective and reliable approach for strength prediction for
surface and underground excavation design and for rock
support selection for most “normal” rockmasses:

- with intact rock material strength, o, > 5-10MPa,
and

+ with matrix yield behaviour dominated by shear mecha-
nisms
for (m; < 15) for the full GSI range and
for (m; > 15 ) for GSI < 65.

The observational GSI approach of making visual assess-
ments of rockmass conditions and assigning appropriate
quality on charts such as Figure 1 seems to work very ef-
fectively, not just for the original range of applicability of
the Hoek-Brown criterion for the “normal range of fractured
rockmasses” but also for describing rockmasses at either
end of the rock competence scale. The quantitative GSI
chart however should not be used outside the original
blocky rockmass range.

Rockmass characterization has an important role in the
future of engineering geology in extending its usefulness,
not only to define a conceptual model of the site geology,
but also for the quantification needed for analyses to en-
sure that the idealization (for modelling) does not misinter-
pret actuality (Knill 2003). If GSI rockmass characterization
is carried out in conjunction with careful numerical model-
ling, together they can provide more insight on ground be-
haviour than either approach would on its own (Chandler et
al. 2004). Use of GSI has considerable potential in rock
engineering because it permits the multiplicity of fabrics
within a given rockmass to be quantified, thereby enhanc-
ing geological logic and reducing engineering uncertainty.
The use of the GSI system allows the influence of variables,
which make up a rockmass, to be assessed and hence the
behaviour of the rockmass to be explained more clearly.

One of the key advantages of the index is that the geologi-
cal reasoning it embodies allows adjustments to be made of
its ratings to cover a wide range of rockmasses and condi-
tions, but also allowing some understanding to be gained
on applicability limits. Having become familiar with the GSI
system most people have no difficulty in using it for de-
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scribing the complete range of rock characteristics including
better and worse rockmasses than the blocky midrange for
which the original Hoek-Brown criterion was initially formu-
lated.

The qualitative GSI chart provides an intelligent tool for the
user to rapidly assess the numerous key combinations of
rockmass characteristics that truly influence the strength
and deformation properties that might control design of any
structure on or within that rockmass.

As a system, visual GSI characterization linked with Hoek-
Brown strength determination as a basis for modelling has
been widely adopted by engineers and geologists involved
in design and construction of structures in or on rock. One
reason is that there are very few practical alternatives.
There are quite a number of rockmass classification sys-
tems and rules of thumb that can be applied for estimating
tunnel support, with several of them developed specifically
to provide first order estimates of final tunnel rock support,
foundation bearing capacity or rockslide risks. Some of
these classifications have been pressed into service to pro-
vide estimates of rockmass strength and deformation
modulus but that was never the original aim of their devel-
opers. The GSI approach has been solely developed for
parameter estimation, and this is the key other reason that
its use for input into the Hoek-Brown failure criteria, both
empirical in concept, have been proved to work so well.
Analytic or practical back-analyses of rockmasses where it
has been applied are continuously certifying this.

In spite of criticisms of the qualitative nature of the original
GSI classification, it appears to work well within the hands
of experienced observers. With the advent of a parallel,
more quantified chart, it is hoped that those who felt un-
comfortable with the solely qualitative visual approach will
be able to more readily ascribe appropriate GSI’s for their
projects. There is no question than GSI should only be ex-
pressed as a range, as rockmasses by their very nature are
variable. As such, the expectation must be that GSI charac-
terization will produce approximate answers only, but when
these answers are refined as a project typically progresses
through its various stages the final solutions are generally
credible and robust. We are still a long way perhaps from
being able to completely define a rockmass, but we have
come a long way towards this goal, as expressed several
years ago by Hoek ... ... «My long term hope is that numeri-
cal tools such as the Synthetic Rock Mass and its off-shoots
will eventually enable us to replace classification type ap-
proaches or at least to calibrate these classifications. It may
be a while before these hopes can be realized».
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ISRM

6" ISRM Online Lecture

The sixth ISRM Online Lecture was broadcasted on 23 July,
at 9 a.m. GMT. It was delivered by Prof. Herbert Einstein,
MIT, USA and the title will be “Puzzles in rock - Have they
been solved?”. The lecture can be downloaded from
http://www.isrm.net/gca/index.php?id=1148

The previous ISRM Online Lectures were given by Prof. Wulf
Schubert, Prof. John Hudson Dr. Pierre Dufaut, Prof. Edu-
ardo Alonso and Dr. John Reed. All the ISRM Online Lec-
tures will remain available on the ISRM website in this dedi-
cated webpage http://www.isrm.net/gca/?id=1104

3 O

A ASSOCIATION
INTERMATIONALE DES TUNMELS | TA
ET DE LESPACE SOUTERRAN

INTERNATIONAL TUNMELLING
A I T E S AND UNDERGROUND SPACE
ASSOCIATION

MUIR WOOD LECTURE 2014
WTC 2014, Iguassu, Brasil, 16 juin 2014

Some Critical Aspects of Subaqueous Tunnelling
Georgios Anagnostou - ETH Zurich, Switzerland

High potential for damage, relatively high pore pressures
and limited pre-construction accessibility are all features of
subaqueous tunnels. Potential hazards include high water
inflows or even a complete flooding of the tunnel in the
case of a connection opening up to the seabed. In subaque-
ous tunnels, very high pore pressures may occur at small
depths of cover, i.e. often in combination with a low shear
strength ground, resulting in particularly adverse effects in
terms of stability and deformations of the opening. This
lecture illustrates some of the geomechanical issues relat-
ing to subaqueous tunnels (face stability in fault zones, the
limits of open mode TBM operation in weak sedimentary
rocks and the effect of advance drainage in squeezing
ground) with reference to five case studies - the Storebezelt

tunnel, the “Melen 7” Bosphorus tunnel, the Lake Mead
Intake No 3 tunnel, the Zurich Cross Rail and the future
Gibraltar Strait tunnel project.

http://www.ita-aites.org/fr/news/1052-muir-wood-lecture-
2014

MUIR WOOD LECTURE 2015

>Tn ouvavrtnon Tou Iguassu, n EEZYE €ixe npoteivel wg u-
nown@lo yia Tnv Muir Wood Lecture 2015 oto Dubrovnik,
oTta nAaioia Tou WTC2015, Tov kaénynth MavuAo Mapivo. O
koG Mapivog eixe npoteivel wg Bépa d1dAegEng “Engineering
Geology for tunneling in difficult ground”. Kata Tn OxXeTIKN
ynoogopia otn ocuvedpiaon nou €Aafe xwpa ortn BpadiAia,
Ta anoTeAéopaTta ATav  Lunardi:10, Marinos:8, Dix:4,
Lykke:2. Znpeiowvoupe Tnv 131aiTepa BeTIKR anodoxr Tou K.
Mapivou, dedopevou OTI 0 NAslownP®V K. Lunardi €ixe npo-
TaBei eni Tpia ouvexn xpovia anod Tnv Italia kabwg kai To
YEYOVOG OTI n anodoxn duo EAAAvVwv eni dUo cuvexdueva
€N yia Tn JIAAEEN auTr) dnpioupyolos dAAa npoBAnRuara kai
ouvelppoUc Og JiIa KOoIVOTNTa nou ¢povTilel Kal TIG Icopponi-
£C.

To Bergen Tng NopBnyiag unepioxuoe aTiG WnPOPOPIEG TWV
alwv dUo unown@inv (Mapiol kal AuoTepVTap) Kal aveAaBe
™n Olopydvwon Tou WTC 2017. To 6€pa Tou ouvedpiou:
“Surface problems - Underground solutions”.

(and «To AeATio Twv =npayywv», Teuxog 01 — 2014, IoUvi-
oG 2014, EEZYE)

~ THE ITA PHOTO CONTEST

During the WTC in Iguacgu, the winner for each category of
photos has been voted by participants. Please find in the
following link the photos that won (http://www.ita-
aites.org/en/?option=com content&view=article&id=6768&c
atid=233&Itemid=990).

IN TUNNELS AND UNDERGROUND SPACES IN OPERATION

Turin Metro in Operation by s210173
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IN TUNNELS AND UNDERGROUND SPACES IN CONSTRUCTION

TBM breakthrough by batuhan nazar salihoglu

IN SITE PERSONNEL

Coming through by Lillejord

IN BLACK & WHITE PHOTOS

Cutterhead of TBM Tonda by Jan Tatar
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n EAAnvikn Enirponn Znpayywv kai
Ynoyeiov ‘Epywv (E.E.Z.Y.E.)
A— MéAog TnG International Tunnelling
Association (I.T.A.)

www.eesye.grl

ANMOTEAEZMATA EKAOIQN KAI ZYITKPOTHZH TOY
NEOY A.Z.

Zn levikr) Zuveéleuon Tng EEZYE Tnv 28n AnpiAiou 2014 yia
TNV avadei€n véou AloiknTikoU SupBouliou kal véacg EEehe-
YKTIKNG EMITponng wrnoioav ouvoAika 47 Tapeiakwg v TAEE
MEAN. ZUPQWVA PE TNV KATAPETPNON TWV WAPWYV, nou die-
vrpynoe n EpopeuTikr) Enitponn (XprioTog ToaToavigog Kkai
BaagiAng BavtoAag), éAaBav:

Ma 1o AIOIKNTIKO SUMBOUAIO:

1. ANippaykng AnunTeng 13
2. MNouTa - MATpa Mapaokeun 24
3. @avonouAog Iwavvng 14
4. Mnakoyidvvng Iwavvng 41
5. NepyavTng Euayyehog 14
6. MpouvTZOnouAog MrEwpyIog 21
7. PantonouAog ZTalpog 27
8. PaxavioTng NikoAaog 14
9. ToipouTidng Mewpyiog 16
10. ®ikipng Iwavvng 16

lNa tnv EEE Tng EEZYE:

1. F'ewpyiou AnpATpPIOG 23
2. NikoAdou AnuATpPIOG 28
3. NTouviag M'ewpylog 34
4. ®opTodakng MeTpog 18

ANoyw 1ooyneiag Twv deAwv Oavonoulou, Mepyavth Kal
PaxavioTn, dievnpynén kKAnpwaon and Tnv onoia npogKUYeE n
osIpd KaTaTta&ng petal Twv Tpiwv: 1. MepyavTng, 2. Paxa-
vVIOTNG, 3. ®avonouAog.

To AI0IKNTIKO SUMBOUAIO OUYKPOTHONKE O OWMNA OTn OUVE-
dpiaon TnG 13.05.2014 wg €&ENC:

MNpoedpoc: >T. Panténouhog
AvVTINpOEdPOG: n. fiouTa-MnTpa
levikog Mpapparteag: . TolpouTidng
Tapiag: I. ®ikipng

MEAN: 1. Mnakoyiavvng

. MpouvT{onouAog
Eu. NepyavTng

And Ta MéAn o I. MpouvtlonouAlog aveélaBe Tnv enonTeia
TNG veo-oucoTabeicag Opadag Neapwv Melwv - Young
Members’ Group, kai o I. Mnakoyldvvng Tnv €nonTeia £kdo-
ong Tou AgATiou.
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2nd EASTERM EUROPEAN
TUNNELLING CONFERENCE

Tunnelling n @ challenging environm

Hpuepida ZTadiodpopiag yia EnayyeApartieg Yno-
YEiowv kal FewTeXVIKOV ‘EpywvV

370 nAaioclo Tou cuvedpiou 2™ Eastern European Tunnelling
Conference (EETC2014) nou diopyavwveral ano tnv EESYE
oTnv ABnva (28 ZenteuBpiou - 1 OkTwRpiou 2014), cupne-
PIANPONKE, pe npwToBoulia TG «Opadag Epyaciac Newv
MeAwv» TnG EAANVIKNG EniTponng Znpdyywv kai Ynoyeinv
‘Epywv* n ekdnAwon «Hpepida Zradiodpopiag yia E-
nayyeAparieg Ynoysiov ‘Epywvs.

T1 gival n nuepida oradiodpopiag;

ZTOX0G TNG €kdnAwong eival n diacuvdeon unownQiwv &-
NAyyEANATIOV PE yVWOON f/Kal EPneipia oTo XWPO TWV Umno-
veiwv épywv pe eTaipeiec and Tnv EAAGda kair Tnv Eupwnn
ME ONMavTIKn dpacTnpIOTATA OTO CUYKEKPIMEVO XWpo. Mo
ouykekpIpéva, n Huepida Ba nepihapBavel (a) Tnv napouai-
aon Tou NPOQIA TWV ETAIPIOV MNOU CUHHETEXOUV, TWV EPYWV
oTa onoia dpacTnpionoloUvTal Kal TWV MPOONTIK®V oTadio-
dpopiag nou npoopepouv Kal (B) oulnTnon METAEU Twv U-
noyn@inv Kal TWV EKNPOCWNWY TWV ETAIPEINV.

MOTE KAl NOU J10pYAVAOVETAI;

H Huepida Ba npayuaTtonoindei otnv ABriva, oto Eevodoxeio
Athens Royal Olympic Hotel 6rniou diopyavaveTal kal To ou-
védplo EETC2014, tnv Kupiakry 28 ZentepBpiou 2014
(14:00 £éwg 19:00).

€ NoI0V ansuvuBuUveTal;

H Hpepida aneguBUveTal o€ pnXavikoug Kai €nayyeAUaTieg
KaBe nAikiag pe anodedeiypevn €idikn eknaideuon n/kai gp-
Yyaoiakn €UneIpia oTov TOHEA TWV UMOYEIWV Kal YEWTEXVIKWV
£pYwV (eVOEIKTIKA Kal OXI MEPIOPICTIKA ava@EépovTal NoAITI-
Koi punxavikoi, JETAAAEIOAOYOI, YEWAOYOI, TONOYpPAPOI).

NwG PNop® VA CUHHETACOXW;

MNa Tn JONAWON CUWHETOXNG aANAITEITAl N anocToAr email
oTnVv nAekTpovikn dislBuvon ymg.gts@gmail.com pe ou-
vnupeva (a) Bioypagiko onueiopa ota ayyAikd kar (B) ou-
VOOEUTIKA €MIOTOAR / cover letter oTta ayyAikd. Stnv ekdn-
Awaon Ba unapxel CUYKEKPIPEVOG ApIBUOG CUPHETEXOVTWV KAl
0a TnpnOsei osipa npoTtepaldTNTAC. MNa To Adyo auTd napaka-
AoUvTal ol evdiapepoOpevol va unofdalouv apeca dnAwan
OUMMETOXNG.

Mou pnop® va Bpw eninAéov NANpowopisg;

Website Tou cuvedpiou EETC2014:
http://www.eetc2014athens.org
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Facebook group «Oupddag Epyaciag Néwv MeAwv»:
www.facebook.com/groups/YMGGTS

Twitter «Opada Epyaciag Néwv Mehwv»:
@YMG_GTS

LinkedIn Group «Opadag Epyaciag Néwv MeAwv»:
YMG - GTS

*Mia NepICOOTEPEC MANPOPOPIEC Kai €yypa®ri 60o agopd
ornv Oudda Epyaociac Néwv MeAwv Tn¢ EESYE unopeite va
aneuBuvBeite ornv NAEKTPOVIKN dievbuvon
ymg.gts@gmail.com.

O3 D

. 2" EASTERN EUROPEAN
TUNNELLING CONFERENCE

— Tunnelling in a challenging environment

ATHENS 30 September - 3 October 2014 Rayal Otympic Hotel Athens. Greece

30 September - 3 October 2014, Athens, Greece
www.eetc2014athens.org

It is our pleasure to inform you that the Greek Tunnelling
Society is organizing the 2"Eastern European Tunnelling
Conference in Athens on September 28 - October 1 2014
(EETC2014, Athens).

The Eastern European Tunnelling Conference is a biennial
regional traveling conference. It aims to promote the shar-
ing of knowledge, experience, skills, ideas and achieve-
ments in the design, financing and contracting, construc-
tion, operation and maintenance of tunnels and other un-
derground facilities among the countries of Eastern Europe,
on an organized basis and with agreed aims. EETC2014
aims mainly to bring together colleagues from Eastern
Europe but people from the rest of the world are also wel-
come.

The theme of EETC2014 Athens is:

“Tunnelling in a Challenging Environment”
Making tunnelling business in difficult times

The construction of underground projects is becoming in-
creasingly demanding as new challenges are emerging in
every aspect and sector of this multidisciplinary and multi-
various business. Further to the usual geological, geotech-
nical, structural and operational challenges, we are now
facing a difficult business and financial environment, which
requires the deployment of even more intelligent and effec-
tive tools and solutions.

I really do hope that the EETC2014 Athens will contribute
and further facilitate the growth of the tunnelling busi-
ness and will be a forum for scientific and professional col-
laboration.

TOPICS:

¢ Innovative methods for Analysis and Design
e Tunnelling in difficult ground conditions

e Conventional urban or shallow tunnelling

e Mechanized tunnelling

e Hydraulic tunnels
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Underground complexes

Caverns for Hydropower or Storage

Pipe jacking and microtunnelling
Innovations in tunnelling construction technology
Tunnels and shafts for mining

Rehabilitation and repair

Safety and security in tunnels and tunnelling
Contractual and financial issues

Education and training

Case histories

Underground space use

Tunnels and monuments
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7° NANEAAHNIO EYNEAPIO

FEQTEXNIKHE MHXANIKHE

5 — 7 NosuBpiou 2014, AI'AH Zanneiou, AGRva
http://www.7hcge2014.gr

H EAAnvikn EnioTnpovikn ETaipeia Edapopnxavikng kai Mew-
TEXVIKNG MNXavikng, oTo nAdicio Twv dpacTnpioTATWV TNG,
dlopyavwvel To 70 MaveAAnvio Zuvedpio MewTexVIKNG Mnxa-
VIKNG uno Tnv alyida Tou Anyou ABnvaiwv Kal Tou TeXVIKOU
EnipeAnTnpiou EAAGSAG. ZTOXOG Tou Zuvedpiou eival va ka-
Taypawel TIG NPoodouG TNG YEWTEXVIKNAG UNXAVIKAG oTnv EA-
AGda Tou 210U aiwva OnNwg avTikaTonTpifovTal oTa onuavTi-
KA YEWTEXVIKA aAAG kal aAAa épya (o1dnpodpopika, odornol-
iag, AlMevikd, udpaulikd, KTiplakd, nepiBaAlovTika) Pe on-
HavTIkO YEWTEXVIKO QVTIKEIHEVO, MOU E€XOUV HEAETNBEl Kal
KaTtaokeuaoTei | kataokeualovTal, KABWG Kal oTa AMOTEAE-
OHaTa TNG EPEUVNTIKAG OpacTNPIOTNTAG TWV EAANVIKWV MO-
AUTEXVEIWV Kal NOAUTEXVIKOV OXOoAwV. EmdiwEn sivar ol gp-
yaoieg Tou Zuvedpiou va avadeifouv npwTdTUNA OTOIXEIA
OUMBOAAG TNG YEWTEXVIKAG MNXAVIKAG aAAd kal va npofa-
Aouv BewpnTIKEG Kal NEIPAPATIKEG EPEUVEG O€ daPIKd, Bpa-
X®On kKal nuiBpaxwdn UAIKG nou Bprkav A pnopolv va
Bpouv epappoyn oTnv npagn."

Oepartikég EvoTnTEg

1. Z'upnspl(popd Edapwv: ‘Epeuveg YnaiBpou kai Epyaotn-
piou
Supnepipopd Edapwv: MNMpooopoidpara
Enipavelakeg kal BabeiEg OgpeAinoelg
AAMnAenidpaon Edagoug - Kataokeung
Mpavr - KatoAioBnoeig
BaBeiég Ekokapeg - AvTIOTNpIEEIG
Znpayyeg
BeATiwoeig Edapwv
®payuarta, AonAa EnixwuaTa
. OnAiopéva Emixopara
. Epappoyn EupwKkmdikwv
. E@appoyég MrewouvOeTIK®V YAIKQV
. Edagoduvapikn / Texvikn ZeigpoAloyia
. Bpaxounxavikn
. MepiBaAAovTikr FEWTEXVIKN
. Evepyeiakn Mewtexvikn (energy geotechnics)
. MoAimioTikr) KAnpovouid kar FewTexvikn Mnxavikn
. AidaokaAia kal Madnon rewTexvikng Mnxavikng

© N U R WN
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NMPOZEXEIZ>
FEQTEXNIKEz
EKAHAQZEIZ

Ma TiIg NaAaIOTEPEG KATAXWPNOEIG NEPICOOTEPEG NANPOPOPI-
€C MMopouv va avalnTnbouv oTa nponyoUpeva TeUXn Tou
«nepI0dIKOU» KAl OTIG NApaTIBENEVEC I0TOTEAIDEG.

Second European Conference on Earthquake Engineering
and Seismology, 24-29 August 2014, Istanbul, Turkey
www.2eceesistanbul.org

TC204 ISSMGE International Symposium on "Geotechnical
Aspects of Underground Construction in Soft Ground" - IS-
Seoul 2014, 25-27 August 2014, Seoul, Korea,

csyoo@skku.edu

ACESD 2014 International Conference on Advances in Civil
Engineering for Sustainable Development, 27-29 August
2014, Nakhon Ratchasima, Thailand,
http://acesd.sut.ac.th/index.php?acesd=9c847ec878ac085f
8c0c829a241d5a35

International Symposium on Geomechanics from Micro to
Macro (TC105), 01 - 03 September 2014, Cambridge,
United Kingdom, http://is-cambridge.eng.cam.ac.uk

International Conference on Industrial and Hazardous
Waste Management “CRETE 2014"”, September 2" - 5%,
2014, Chania, Crete, Greece, http://www.hwm-
conferences.tuc.gr

Geosynthetics mining solutions 2014, September 8 - 11,
2014, Vancouver, Canada,
http://www.geosyntheticssolutions.com

JUBILEE CONFERENCE 50th Anniversary of Danube-
European Conferences on Geotechnical Engineering Geo-
technics of Roads and Railways, 9 - 11 September 2014,
Vienna, Austria, www.decge2014.at

IAEG XII CONGRESS Torino 2014 Engineering Geology for
Society and Territory, IAEG 50th Anniversary, September
15-19, 2014, Torino, Italy, www.iaeg2014.com

Reclaim - 10 NaveAAnvio ZuvEdpio yia Tnv EE6pUEN AnoBAn-
Twv, 16 SenteuPpiou 2014, http://us3.campaign-
ar-
chivel.com/?u=234903e30e14c301e8f4d6547&id=7108cb4
88a&e=e6374bee25

10th International Conference on Geosynthetics - 10ICG,
Berlin, Germany, 21 - 25 September 2014 www.10icg-
berlin.com

14th International Conference of the International As-
sociation for Computer Methods and Advances in Geome-
chanics (14IACMAG), September 22 - 25, 2014, Kyoto,
Japan, www.14iacmag.org

14th World Conference of the Associated Research Centers
for the Urban Underground Space (ACUUS 2014), Septem-
ber 24-26, 2014, Seoul, Korea
http://acuus2014.com

EETC 2014 ATHENS 2nd Eastern European Tunnelling Con-
ference, 28 September - 1 October 2014, Athens, Greece,
www.eetc2014athens.org

7th Basements and Underground Structures Conference, 30
September - 1 October 2014, London,
geevents@emap.com

5th International Forum on Opto-electronic Sensor-based
Monitoring in Geo-engineering (5th OSMG-2014), Oct 12-
14, 2014, Nanjing, China, http://www.osmg2014.com

International Congress Tunnels and Underground Space
risks & opportunities, 13-15 October 2014, Lyon, France,
www.congres.aftes.asso.fr/en/content/invitation
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HYDRO

E |
K_ bl
-:F =
Building on Recent Development Progress

13 to 15 October 2014, Villa Erba, Cernobbio, Italy
www.hydropower-dams.com/pdfs/hydro2014.pdf

The annual events organized by Hydropower & Dams have
become the world’s most important gatherings held in
Europe for the hydropower profession. HYDRO 2013, which
took place in Innsbruck, Austria, last year, was the largest
and most international event for the hydro profession in
2013, with more than 1450 participants representing 85
countries.

The main emphasis each year is on encouraging the ad-
vancement of carefully planned hydropower plants in the
less developed countries of Africa and Asia, where there is
vast unexploited potential, and the greatest need for new
capacity.

HYDRO 2014 Mission

Policy makers are today taking a much more positive and
balanced view of the role and benefits of hydropower. The
IEA predicts a doubling of hydropower capacity and produc-
tion by 2030, and current trends indicate that this is
achievable. Vast regional projects (such as Inga) are taking
off in Africa, and large-scale schemes continue in Asia. HY-
DRO 2014 will build on the tremendous progress which has
been made in the planning and implementation of large and
small hydro schemes, pumped-storage projects, and marine
energy systems over the past few years.

Session 1: Policies, developments and priorities - Africa
Session 2: The structuring of hydropower projects in devel-
oping countries

Session 3: Civil works - Materials and design

Session 4: Hydraulic machinery - Part I

Session 5: Policies, developments and priorities - Europe
Session 6: The perception and management of risk
Session 7: Civil works: monitoring and rehabilitation
Session 8: Hydraulic machinery - Part II

Session 9: Policies, developments and priorities - Asia
Session 10: Flood discharge works

Session 11: Social aspects
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Session 12: Maximizing the benefits of hydropower
Session 13a: Pumped storage - Case studies

Session 13b: Pumped storage - Integration of storage and
renewable energy technologies

Session 13c Pumped storage: Panel Discussion

Session 13d Pumped storage: Latest developments in
equipment performance and O&M

Session 14: Small hydro - Hydrology, machinery and reha-
bilitation

Session 15: Environmental aspects

Session 16: Civil works - challenging sites and tunnels
Session 17: Small hydro - civil works and retrofitting
Session 18: Hydropower and fish

Session 19: Dam Safety

Session 20: Hydro plant rehabilitation and refurbishment
Session 21: Hydro expertise: ensuring a legacy for the next
generation

Session 22: Project implementation and contractual aspects
Session 23: Hydro plant rehabilitation and refurbishment
Session 24: Sedimentation management

Session 25: Electrical engineering

Session 26: Operation and maintenance

Session 27: Hydrology and flood management

Session 28: Hydro plant management

Session 29: Ensuring the safety of penstocks

Session 30: Hydropower and cultural heritage

Session 31: The design and safety of hydraulic gates
Session 32: Valuing hydropower services

Session 33: Turbine flow measurement

For further details of the programme, please contact: Mrs
Margaret Bourke at: Hydropower & Dams, PO Box 285,
Wallington, Surrey SM6 6AN, UK.

Tel: + 44 (0)20 8773 7244 « Fax: + 44 (0)20 8773 7255
Email: hydro2014@hydropower-dams.com

O3 D

ARMS 8 - 8th ISRM Rock Mechanics Symposium, 14-16
October 2014, Sapporo, Japan
www.rocknet-japan.org/ARMS8/index.htm

O3 D

jeostructures Asia

14-16 October 2014 | Goodwood Park Hotel, Singapore

The nature of construction has changed over the past 30 to
40 years, primarily in Singapore but also Worldwide. Mov-
ing towards new frontiers, great deal of construction now
involves deep basement and other forms of underground
construction such as caverns, tunnels, subway construc-
tions, power plants, waste repositories, underground cities
and “underground space creation” activities.

One of the biggest challenges faced by geotechnical experts
is related to the highly non-uniform nature of the ground
and the complex behavior of the soil. Ground improvement
plays a major role in geoengineering and earthwork con-
struction projects of many types in preceding years. The
use of ground improvement has increased significantly in
recent decades owing to new construction sites increasingly
being located in areas of complex ground conditions.
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The next big challenge revolves around balancing risk and
cost. The impact of geotechnical risk is well understood by
most ground engineering practitioners but the problem and
methods for mitigation are frequently misjudged or under-
valued by other construction professionals. Geotechnical
risk is better managed, if it is integrated with overall pro-
ject risk.

GeoStructures by Trueventus is a platform showcasing
dynamic discussions on the current technical challenges in
ground improvement - how to adopt cost effective solu-
tions, how geotechnical risk is managed and the impacts
this has in each construction market and construction prac-
tices of geotechnical structures.

This unique conference will bring delegates the benefits of:

Improving the accuracy of geotechnical investigations to
enhance project planning and the design process

Promoting best practice in design, construction and main-
tenance

Mastering the state-of-art techniques for soil improvement

Identifying geological risk and how best to address geolo-
gical risk in civil engineering contracts

Exploring the effectiveness of GBR to better manage risk
for subsurface engineering works

Moving towards accurate geotechnical investigations
Leveraging risk to attain well define project feasibility

For more information:

John Karras

T: +603 2781 1501

F: +603 2781 1505

Email: johnk@trueventus.com

(C- 4R -0)

9™ International Conference on Structural Analysis of His-
toric Constructions, 14 - 17 October 2014, Mexico City,
Mexico, www.linkedin.com/groups/SAHC-2014-Mexico-City-
3930057.5.213150607

6th International Conference on Protection of Structures
Against Hazards, 16-17 October 2014, Tianjin, China,
http://cipremier.com/page.php?764

2" International Conference Innovations on Bridges and
Soil - Bridge Interaction IBSBI 2014, Athens, 16 - 18 Octo-
ber, 2014, http://ibsbi2014.ntua.gr

1st International Conference on Volcanic Landscapes
(VOLAND 2014), 16 - 18 October 2014, Santorini Island,
Greece, voland@heliotopos.net

1st International Conference on Discrete Fracture Network
Engineering, October 19 - 22, 2014, Vancouver, British
Columbia, Canada, www.dfne2014.ca

12" International Conference Underground Infrastructure of
Urban Areas, 22-23th October 2014, Wroclaw, Poland,
http://www.uiua2011.pwr.wroc.pl

H xpAon véwv Texvoloyi®v oTnv npdAnwn kal Tn diaxeipion
(UOIK®V KaTaoTpopwv - O poAog TNG NOAITIKNG NpoaTaaciag,
24 + 26 OkTwRpiou 2014, Podog,
http://saferhodes.blogspot.gr
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AusRock 2014
3rd Australasian Ground Control in Mining
Conference - an ISRM Specialized Conference
5 - 6 November 2014, Sydney, Australia
www.groundcontrol2014.ausimm.com.au

AusRock2014: Third Australasian Ground Control in
Mining Conference is aimed at practical mine site opera-
tors, technical support staff, geotechnical engineers, mining
engineers, consultants and researchers in the field of min-
ing geomechanics and ground control. The conference will
provide an update to all mining industry geotechnical per-
sonnel involved in best practice in both Australasia and
overseas, and an information exchange vehicle between the
coal and metalliferous sectors of the industry, with a focus
on new technologies and developments; industry needs and
mine site problem solving; and practical case studies.

Conference Themes

e Ground support - tendon systems, surface liners, injec-
tion systems in opencut and underground mining

e Geotechnical instrumentation and monitoring

e Mine design - geotechnical considerations

e Geotechnical design methodologies

® Geomechanics of multiseam, multireef and complex ore-
bodies

e Geotechnical challenges in extreme mining environments

e Backfill technologies

e Pillar design and performance

® Rock mass characterisation techniques and practice

e Regional stability

e Geotechnical risk management

e Best practice case studies

e New challenges in ground control

e Numerical modelling in design

e Mine subsidence - prediction and control

e Caving mechanics and control

e Dynamic mining and managing large deformations

® Geotechnical education and training

e Civil engineering application in mining

For further information, please contact:

Matthew Hadley, Coordinator, Publishing, The AusIMM
Telephone: +61 3 9658 6104 |

Email: mhadley@ausimm.com.au

(C- 4R -0)

3rd ISRM International Young Scholars'
Symposium on Rock mechanics -
an ISRM Specialized Conference
8 - 10 November 2014, Xi'an, China
http://www.isrm.net/fotos/editor2/NI26/sysrock20
14 copy.pdf

The ISRM Commission on Education has the pleasure to
present the 3rd ISRM International Young Scholars’ Sympo-
sium on Rock Mechanics two years after successful holding
of the 2nd Symposium. This inaugural meeting will be held
in Xi‘an, the famous Chinese ancient capital, on Nov. 8-10,
2014.
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This symposium aims to provide an ideal platform for idea
and information exchange, knowledge and experience shar-
ing. To develop and improve any subject requires continuity
- through young researchers advancing the knowledge
based on past information, and incorporating new tech-
niques and new experiences. The meeting will provide
stimulus and encouragement to the Young Scholars so that
they will tackle our outstanding rock mechanics and rock
engineering problems with renewed vigor.

Welcome all young scholars in rock mechanics, including
young rock mechanics scientists, engineers and students to
attend the symposium. All professors, research scientists
and engineers who concern about education of rock me-
chanics and training of young rock mechanics scholars are
also welcome to the symposium.

TOPICS

¢ Field investigation and measurements

e Experimental study of physical and mechanical properties

of rock

Analysis and design methods for rock engineering

Numerical and physical modeling

Multi-fields coupling analysis methods

Rock slope, tunnel and foundation engineering

Monitoring and control of ground pressure in under-

ground rock engineering

Dynamic rock mechanics and blasting

e Support and reinforcement techniques for geotechnical
engineering

e Prediction and control of artificial hazards with excavation
in roc

Contact

Telephone: +86 10 62332 464
Fax: +86 10 62334 098
E-mail: caimeifeng@ustb.edu.cn

(C- 4R -0)

JTC-1's First International Landslide Workshop
November 2014, Seoul, Korea
sglee@uos.ac.kr

JTC-1's first International Landslide Workshop will be held
in Seoul in November 2014 and Prof. Su-Gon Lee is the
chairman of the organizing committee of the workshop. If
colleague is interested in the workshop, please contact Prof.
Su-Gon Lee: sglee@uos.ac.kr.
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7th International Congress on Environmental Geotechnics,
10-14 November 2014, Melbourne, Australia,
www.7iceg2014.com

GEOMATE 2014 Fourth International Conference on Geo-
technique, Construction Materials + Environment, 19 - 21
Nov. 2014, Brisbane, Australia, www.geomate.org

International Symposium “Geohazards” Science, Engineer-
ing & Management, 20-21 November 2014, Kathmandu,
Nepal, www.ngeotechs.org/ngs/index.php/geohazards-2014
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7th International Conference on Scour and Erosion (ICSE-
7), 2™ - 4" December 2014, Perth, Western Australia,
http://www.2014icse.com

Third Australasian Ground Control in Mining Conference
2014, Sydney, Australia,
Www.mining.unsw.edu.au/node/608

Proceedings of the Institution of Civil Engineers, Geotechni-
cal Engineering, THEMED ISSUE 2015, Construction proc-
esses and installation effects, Editors: Benoit Jones, Univer-
sity of Warwick, UK and Stuart Haigh, University of Cam-
bridge, UK, sarah.walker@ice.org.uk

IGS Chennai 2015 6™ International Geotechnical Sympo-
sium on Disaster Mitigation in Special Geoenvironmental
Conditions, January 21-23, 2015, IIT Mandras, Chennai,
India, http://igschennai.in/6igschennai2015

Geosynthetics 2015, February 15 - 18, 2015, Portland,
Oregon, USA, http://geosyntheticsconference.com

12th Australia New Zealand Conference on Geomechanics
(ANZ 2015), 22-25 February 2015, Wellington, New Zea-
land, http://www.anz2015.com
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GeoProc2015: International Conference on
Coupled THMC Processes in Geosystems
25-27 February 2015, Salt Lake City, USA
robert.podgorney@inl.gov
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Water Storage and Hydropower Development
for Africa
10 to 12 March 2015, Marrakesh, Morocco
http://www.hydropower-dams.com/AFRICA-
2015.php?c id=89

Aqua~Media International, in partnership with the Interna-
tional Commission on Large Dams, and with the strong
support of the Government of the Kingdom of Morocco, is
pleased to invite world water and hydropower specialists to
AFRICA 2015 in Marrakesh. This follows the successful first
conference in this series, AFRICA 2013 in Addis Ababa,
when practical aspects of advancing hydropower and water
resources development in Africa were discussed by more
than 600 participants from 67 countries. H.E. Dr Elham
M.A. Ibrahim, Commissioner for Energy and Infrastructure
of the African Union, H.E. Alemayehu Tegenu, Ethiopia’s
Minister of Water and Energy, and H.E. Mamounata Belem
Ouedraogo, Minister of Water Resources and Hydraulic In-
frastructure of Burkina Faso, all presided at the event,
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which was co-hosted by Aqua-Media, ICOLD and the Ethio-
pian Electric Power Corporation.

As well as ministerial delegations, the conference brought
together utility CEOs, officers of UNECA, leading experts
from the IFIs, Presidents, Vice-Presidents and Secretaries
of the water- and energy-related professional associations,
eminent engineering consultants, researchers, leading con-
tractors and equipment suppliers. The conference made a
practical contribution to the Programme for Infrastructure
Development in Africa. Outcomes, including a Final Declara-
tion, were widely disseminated globally. Building on the
success of AFRICA 2013, and working closely with ICOLD as
well as an International Steering Committee, Aqua~Media
is putting together a programme to focus on issues of spe-
cial relevance to the whole African region. Experts from all
parts of the world will bring their knowledge and experience
to the sessions, panel discussions and inter-active work-
shops.

Major multipurpose water resources schemes, including
many large regional hydro projects, are moving ahead in
Africa at an unprecedented rate. A status update, potential
and development opportunities, as well as technical, envi-
ronmental and financial challenges, covering all regions of
the African continent, will be the focus of the presentations
and discussions.

Themes

e Potential and planned developments in Africa

e African multipurpose water storage including hydropower,
irrigation, water supply, navigation and fisheries

e Quantifying and qualifying the benefits of water infra-
structure

¢ African small dams for irrigation

e Role of storage in river basin management for sustainable
development

e The role of risk mitigation in making hydro more competi-
tive
e Concession agreements and construction contracts

e Finance options including resource mobilization and the
Africa 50 fund

e Implementation and review of dam safety legislation in
Africa

e Monitoring the safety of dams, gates and powerplants
e Public safety around dams

e Dam engineering: design and construction

e Institutions and institutional arrangements

e Case studies from the ‘Water Towers’: the Congo Basin,
the Ethiopian Highlands, the Fouta Djallon and the Leso-
tho Highlands

e Effects of climate change in Africa: adaptation and miti-
gaion

¢ Flood control

e The role of hydro in African regional development

e Update on the PIDA Energy Priority Action Plan

e Pumped storage; hydro in synergy with other renewables

e Hydro’s role in electrical system stability in Africa

e Small hydro in Africa

e Rural electrification in Africa

e Hydro machinery: research and operational issues and,
practical examples of innovative low cost technologies

e Environmental and social aspects of African schemes,
including water conservation and transfer, and social
challenges of transboundary projects

e Reservoir sedimentation mitigation
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e Operation, maintenance and rehabilitation challenges;
obstacles and solutions

In addition to plenary and parallel sessions exploring the
themes above, there will be focused workshops and panel
discussions on topics such as project finance, regional co-
operation and progress with the Programme for Infrastruc-
ture Development in Africa, including Grand Inga and other
large regional hydro projects.

For more information please contact:

Mrs Margaret Bourke, Conference Project Manager,
Agua~Media International, PO Box 285, Wallington, Surrey
SM6 6AN, UK.

Tel: +44 20 8773 7244 Fax: + 44 20 8773 7255.

Email: mb@hydropower-dams.com
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16th African Regional Conference on Soil Mechanics and
Geotechnical Engineering, April 27 to 30, 2015 in Hamma-
met, Tunisia, http://www.cramsg2015.0rg

ISP7-PRESSIO02015 1 to 2 May 2015, Hammamet, Tunisia,
http://www.cramsg2015.org/isp7-pressio2015

13" ISRM International Congress on Rock Mechanics Inno-
vations in Applied and Theoretical Rock Mechanics
10-13 May 2015, Montreal, Canada, www.isrm2015.com

Shale and Rock Mechanics as Applied to Slopes, Tunnels,
Mines and Hydrocarbon Extraction, Special One day Sym-
posium, May 12, 2015, Montreal, Quebec, Canada,
www.isrm2015.com/Page/PageContent/ShaleSymposium

O3 D

o,

SEE
TUNNEL

PROMOTING TUNNELING IN SEE REGION

ALY CENTIR

ar 33383073

World Tunnel Congress 2015
and 41st ITA General Assembly
Promoting Tunnelling in South East European
(SEE) Region
22 - 28 May 2015, Dubrovnik, Croatia
http://wtcl5.com

The Croatian Association for Tunnels and Underground
Structures - ITA Croatia and the ITA-AITES invite you to
join us at the WORLD TUNNEL CONGRESS AND GENERAL
ASSEMBLY IN DUBROVNIK May 22 - 28, 2015.

The topic of the 2015 world congress is dedicated to the
development of using underground space in south-east
Europe. The goal is to introduce participants to new and
contemporary methods and technologies which through
their developing trends and achievements can contribute to
the development in the field of underground usage and
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tunneling in Croatia as well as the wider region of south-
east Europe.

It will certainly be a great opportunity for engineers,
designers, contractors and investors to learn about the
possibilities and advantages of new methods as well as
products in their technical and financial shape.

Main topics

1. Planning and Designing Tunnels and Underground
Structures

2. Mechanized Tunnelling in Development and Use

3. Conventional Tunnelling Methods in Development and

Use

Immersed and Floating Tunnelling

Operation and Maintenance of Tunnels and Underground

Structures

Equipment of Tunnels and Underground Structures

Fire Safety of Tunnels and Underground Structures

Intelligent Systems, Mechatronics and Robotics in

Tunnelling

9. Developments in Use of Underground Space: Case
Studies (Traffic, Waste, Energy, Water, Sewer, Flood
Protection, Commercial and other Uses)

10. Urban planning and Using of Underground Space

11.SEE Session: Soft Ground Urban Tunnelling / Rock
Tunnelling in Karst

12.Risk Analyses and Techniques for Underground
Structures

13.Cost Optimization and Financing of Underground
Structures

na

N

Contact

ITA Croatia - Croatian Association for Tunnels and
Underground Structures

Davorin KOLIC, Society President

Trnjanska 140

HR-10 000 Zagreb

Croatia

info@itacroatia.eu
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83rd ICOLD Annual Meeting & Congress
Hydropower’ 15
June 2015, Stavanger, Norway
www.icoldnorway2015.0org

With its 4 000 river courses and 250 000 lakes, Norway is a
blessed country when it comes to electricity production
from hydropower. An installed capacity of 27 000 MW en-
sures that virtually all electricity consumption is covered
from hydropower. Hence, hydropower is one of Norway's
most important natural resources. This has been an impor-
tant factor in the favourable economic development of the
country for the last century.

More than 1 000 hydropower stations, including nearly half
of the world “s underground power plants, 330 large dams,
an active dam and hydropower sector, with power compa-
nies, manufacturers, major consulting and engineering
companies, contractors and R&D institutions, provide an
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excellent framework for international gatherings in Norway.
In addition the scenic surroundings of Western Norway,
with its fjords, mountains, glaciers and rivers constitute a
breath-taking framework of the Stavanger events.

We are looking forward to seeing you in Norway in June
2015!

Conference topics

e Challenges in dam constructions under challenging
conditions

e Reservoir optimizations and design

e Operation and maintenance of electro-mechanical
equipment

¢ Innovative hydropower and dam projects in emerging
economies

e Project financing and contractual aspects
e Industry- Academia cooperation

e Managing Risks in hydropower- Emergency preparedness
and public safety

¢ Climate change challenges (Environment, Social Aspects,
Floods, Generation and Dam Safety)

If you would like to receive information about ICOLD 2015,
please send an e-mail to: icold2015@gyro.no

O3 D

ISFOG 2015 3™ International Symposium on Frontiers in
Offshore Geotechnics, Oslo, Norway, 10-12 June 2015,
www.isfog2015.no

DMT 15 The 3™ International Conference on the Flat
Dilatometer, Rome 15-17 June 2015, www.dmt15.com

ICGE 2015 International Conference in Geotechnical Engi-
neering - Colombo-2015, 10 - 11 August 2015, Colombo,
Colombo, Sri Lanka, http://www.slgs.lk/?p=564

(G2 4R -0

China Shale Gas 2015
an ISRM Specialized Conference
6-8 September 2015, Wuhan, China
http://english.whrsm.cas.cn/ic/ic/201405/t201405
09 120692.html

China Shale Gas 2015 (CSG2015) will take place in Wuhan,
China from 6 to 8 September 2015. This international
conference will be organized by the Institute of Rock and
Soil Mechanics, Chinese Academy of Sciences in conjunction
with a dozen of other institutions.

The objective of the conference is to provide a platform for
international researchers and practitioners across the whole
range of disciplines to examine pressing issues, exchange
ideas, develop innovative solutions and explore emerging
technologies in key technical areas of shale and coal seam
gas extraction. This is the key to replicating the success of
the US shale gas revolution both in China and in other parts
of the world.
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The objective of this conference will be achieved through a
combination of 10 keynote lectures, 150 presentations, 200
posters, and post-conference technical tours. Keynote
lectures will be given by a combination of world leading
scientists and world-renowned specialists in different
disciplines of shale and coal seam gas engineering.

Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences, tel. +86 1368 3361 028, jsliu@whrsm.ac.cn

O3 D

16" European Conference on Soil Mechanics and Geotechni-
cal Engineering “Geotechnical Engineering for Infrastructure
and Development”, 13 - 17 September 2015, Edinburgh,
UK, www.xvi-ecsmge-2015.org.uk

Workshop on Volcanic Rocks & Soils, 24 - 25 September
2015, Isle of Ischia, Italy, www.associazionegeotecnica.it

3 O

EUROCK

B GEQME CHANICS COLLOOLT

ISRM European Regional Symposium
64th Geomechanics Colloquy
7 - 9 October 2015, Salzburg, Austria
www.oegg.at/eurock-2015

The Austrian Society for Geomechanics has the pleasure to
invite you to the ISRM Regional Symposium EUROCK 2015
to be held in conjunction with the 64th Geomechanics
Colloquy in Salzburg, the city where the International
Society for Rock Mechanics (ISRM) was founded in 1962.
The Geomechanics Colloquy in Salzburg since its initiation
in 1951 has always been a perfect and distinguished
meeting place for researchers and practitioners. The
success of this concept not only shows in the continuous
meetings over more than 60 vyears, but also in the
attendance of regularly around 1000 participants.

PROPOSED SESSION TOPICS
The Symposium will cover following themes

= Long-term behaviour of engineering structures in rock
® Tunnelling under challenging conditions

" Mass movements

® Rock mechanical aspects of excavation

® Monitoring and safety management

= Determination of rock properties

® Rock mechanical aspects of nuclear waste repositories
® Micromechanics of rocks

® Modelling in rock and rock masses

® Mining rock mechanics

®  Young researchers session

WORKSHOPS

On Wednesday the 7th of October Workshops on special
technical topics are scheduled
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® Rock mass characterization
= Design practices
=  Contractual models

Prof. Wulf Schubert

AUSTRIAN SOCIETY FOR GEOMECHANICS
Osterreichische Gesellschaft fir Geomechanik (OGG)
Innsbrucker Bundesstrasse 67

5020, Salzburg, Austria

P.: +43 662 875519

F.: +43 662 886748

E.: Salzburg@oegg.at, info @EUROCK2015.com

O3 D

European Conference in Geo-Environment and
Construction, October/November 2015, Tirana, Albania,
Prof. Dr. Luljeta Bozo, lulibozo@gmail.com;
luljeta bozo@universitetipolis.edu.al
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International Conference on
Engineering Geology in New Millennium
26-31 October 2015, New Delhi, India
http://isegindia.or dfs/1st%20circular-
international-IAEG.pdf

Having been established in October 1965, Indian Society of
Engineering Geology (ISEG) will be completing glorious fifty
years of its engagement in the allied domain of geology and
engineering geology in October 2015. In order to com-
memorate the golden jubilee, I am pleased to announce
that an International conference titled “Engineering Geology
in New Millennium” will be hosted by ISEG in October 2015
in New Delhi. While an active participation and support
from International Association of Engineering Geology and
the Environment (IAEG) is being solicited, I take this oppor-
tunity to invite all the geologists, engineering geologists,
geotechnical engineers and other geo-scientific practitioners
to join us in the celebration and participate in the confer-
ence. Regular updates and subsequent circulars will be
available in ISEG websites isegindia.org and joegindia.com

Themes

1. Ambit of engineering geology, international viewpoints,
Indian references, historical developments, roles and
functions of engineering geologists.

2. Engineering geological education, undergraduate and
graduate level study, pure and applied geology,
geology in civil engineering, geology in geotechnical
engineering, cross disciplinary and collaborative
research, opportunities, new approach in engineering
geological education.

TA NEA THZ EEEEI'M - Ap. 67 — IOYAIOZ 2014

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Recent developments in explorations, new techniques
in investigations, exploratory drilling tools, geophysical
surveys, geological & geophysical logging, accelerated
investigation programs.

Application of rock mechanics tests in investigation and
construction stages, importance of lab and insitu
testing, International standards and methods, Indian
Standards, ASTM and British standards: similarities and
differences.

How to use test results? Recent techniques of
derivation of engineering properties from rock mass
classifications.

Engineering geological monitoring in construction stage
projects, tackling geological problems, role of best
construction practices, recent advances in open air and
underground excavations and support techniques,
slope stability.

Soil Mechanics: Slope stability, rock fill & earthen dams
and embankments.

Investigation and construction methodology for long
tunnels, use of TBM's, success stories and pitfalls.

Geological input in contract documents, understanding
obligations of owners and contractors, risk assessment
and sharing, use of specialized agencies, do’s and
don'ts for engineering geologists while handling
contracts.

Exploration and testing for natural construction
materials, quarrying, environmental aspects, disposal
of tunnel waste, reclamation.

Blasting techniques, importance in deep open
excavations, blast design for safe and speedy
tunneling, methodology for excavation and support of
large caverns. Effects of blasting on engineering
properties.

Rock support elements: Theory & practice, recent
advancements both in soil & rock stabilization.

Geological case histories for CFRD and RCC dams.

Role of rock mechanics and engineering geology in
mining, case studies for mining industry, mining
methodology, environmental issues of open cast and
underground mining.

Geo-environmental studies for large civil engineering
projects, sustainable development, environmental
aspects of river valley schemes.

Seismotectonic studies and earthquake engineering.

Geo-hydrological studies in hilly terrain, ground water
modelling for underground projects, use of new
techniques, assessment of water ingress.

Ground water contamination, cities and country side
expansion and water balance studies.

Landslide studies and mitigation, hazard zonation,
exploration technique, monitoring, engineering
solutions, long term measures.

Urban engineering geology: Geotechnical evaluation of
cities, metro tunnels, underground space technology,
waste water treatment plants.

Correspondence

Imran Sayeed
Editor,
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Indian Society of Engineering Geology (ISEG)
Email: iseg2015@gmail.com;
editor@joegindia.com

M. Raju

Secretary, Indian Society of Engineering Geology (ISEG)
C/o Director, Monitoring Division (Engineering Geology),
2nd Floor, GSI, 27, Jawahar Lal Nehru Road, Kolkata 700
016, India.

Mobile : 09432672087; Email: geolraju@gmail.com
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6th International Conference on Earthquake Geotechnical
Engineering, 2-4 November 2015, Christchurch, New
Zealand, www.6icege.com

The 15th Asian Regional Conference on Soil Mechanics and
Geotechnical Engineering, 9-13 November 2015, Fukuoka,
Japan, http://www.15arc.org

15th Pan-American Conference on Soil Mechanics and
Geotechnical Engineering, 15 - 18 November 2015, Buenos
Aires, Argentina, http://conferencesba2015.com.ar

VIII South American Congress on Rocks Mechanics, 15 - 18
November 2015, Buenos Aires, Argentina,
http://conferencesba2015.com.ar

Sixth International Conference on Deformation Characteris-
tics of Geomaterials IS Buenos Aires 2015, November 15th
to 18th 2015, www.saig.org.ar/ISDCG2015

2015 6™ International Conference Recent Advances in
Geotechnical Engineering and Soiul Dynamics, December 7-
11, 2015, New Delhi (NCR), India, wason2009@gmail.com;
wasonfeg@iitr.ernet.in, sharmamukat@gmail.com;
mukutfeg@iitr.ernet.in, gvramanaiitdelhi@gmail.com,
ajaycbri@gmail.com

O3 D

Southern African Rock Engineering Symposium
an ISRM Regional Symposium
5 January 2016, Cape Town, South Africa
http://10times.com/southern-african-rock

Contact Person: William Joughin
SRK Consulting SA. PTY LDA
Tel. +27-11-441-1214
wjoughin@srk.co.za

(C- 4R -0)
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3" PAN-AMERICAN CONFERENCE ON GEOSYNTHETICS
11-14 APRIL 2016 - MIAMI BEACH - USA

NAGSDirector05@gmail.com

(C- 4R -0)
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84th ICOLD Annual Meeting
May 2016, Johannesburg, South Afrlca
id

annual meetmg-2016

O3

7th In-Situ Rock Stress Symposium 2016
An ISRM Specialised Conference
10-12 May 2016, Tampere, Finland
www.ril.fi/en/international-conferences/rs2016-

symposium.html

Contact Person: Erik Johansson

erik.johansson@rs2016.0rg
Finnish ISRM Group and Finnish Association of Civil

Engineers - RIL

3 O

GEOSAFE: 1st International Symposium on
Reducing Risks in Site Investigation, Modelling
and Construction for Rock Engineering -
an ISRM Specialized Conference
25 - 27 May 2016, Xi'an, China

Contact

Telephone: 0086 27 87198913
Fax: 0086 27 87198413
E-mail: xtfeng@whrsm.ac.cn

(G2 4R -0
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NGM 2016 - The Nordic Geotechnical Meeting, 25 - 28 May
2016, Reykjavik, Iceland, www.ngm2016.com

O3 D

EUROCK 2016
ISRM European Regional Symposium
Rock Mechanics & Rock Engineering: From Past
to the Future
29-31 August 2016, Urgiip-Nevsehir, Cappadocia,
Turkey
resat@hacettepe.edu.tr

Contact Person: Prof. Resat Ulusay

Turkish National Society for Rock Mechanics
Telephone: +90 312 2977767

Fax: +90 312 2992034

O3 D

3 ICTG

International Conference
: on Transportation Geotechnics

|

4 - 7 September 2016, Guimaraes, Portugal
www.spgeotecnia.pt/cpgt

The Transportation Geotechnics International Conference
series began under the auspices of ISSMGE-TC 3 and was
initiated in 2008 at the University of Nottingham, UK, as an
International event designed to address the growing re-
quirements of infrastructure for societies. The 2" Interna-
tional Conference on Transportation Geotechnics took place
in 2012, at Sapporo, Japan, under the ISSMGE-TC202 that
follows the TC-3 activities for the period 2009-2013. To
continue the successful of these conferences and the output
of ISSMGE-TC-202, the 3™ was scheduled for 2016, at
Guimaraes, Portugal. Following the previous one, the chal-
lenges addressed by this conference will include a better
understanding of the interactions of geotechnics on roads,
rails, airports, harbours and other ground transportation
infrastructure with the goal of providing safe, economic,
environmental, reliable and sustainable infrastructures. The
3 ICTG will be composed of workshops and several types
of sessions, as well as a technical exhibition, to better dis-
seminations of findings and best practices. A special atten-
tion will be paid to the publication of all the peer review
papers, some of them in specialised international journals.
On behalf of the organizing committee I am honoured to
invite you to the 3™ ICTG in the City of Guimardes, UNESCO
World Heritage (September 4-7, 2016).

Contact person: Prof. A. Gomes Correia (Chair)
Address: University of Minho, School of Engineering
Campus de Azurém

4800-058, Guimaraes, Portugal

Phone: +351253510200, +351253510218

Fax: +351253510217

E-mail: 3ictrgeo2016@civil.uminho.pt, agc@civil.uminho.pt
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EuroGeo 6 — European Regional Conference
on Geosynthetics
25 - 29 Sep 2016, Istanbul, Turkey
equler@boun.edu.tr

(C- 4R -0)

ARMS 9
9th Asian Rock Mechanics Symposium
ISRM Regional Symposium
October 2016, Bali, Indonesia
rkw@mining.itb.ac.id

Contact Person: Dr Ridho Wattimena
Indonesian Rock Mechanics Society (IRMS)
Telephone: +22 250 2239

(C- 4R -0)

6" Asian Regional Conference
on Geosynthetics
November 2016, New Delhi, India
uday@cbip.org

O3

11" International Conference on Geosynthetics
(11ICG)
16 - 20 Sep 2018, Seoul South Korea
csyoo@skku.edu
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Field Investigation of Geosynthetics used for
Subgrade Stabilization

The main objective of this project is to determine material
properties of geosynthetics that affect in-field performance
of geosynthetics used for subgrade stabilization, so that
DOT personnel can objectively and confidently specify
appropriate geosynthetics based on material properties and
cost for a specific situation, while also allowing competition
from different manufacturers.

Filling the large-scale test trench ahead of installing
materials, screeding surfaces, etc.

From December 2011 through the end of May 2014, the
Montana Department of Transportation led a pooled fund
study on “Performance of Geosynthetics in Subgrade
Stabilization.” The research, which was carried out by the
Western Transportation Institute (WTI, based at Montana
State University) follows a smaller Phase I, which was
carried out in 2008 and 2009 by WTI.

“In Phase I, the testing conditions were more severe,” says
Eli Cuelho, P.E., who led the research and co-authored the
report with Steve Perkins and Zachary Morris. “The
research in Phase I helped understand what happens under
more severe conditions, which do occur in the real world,
but in Phase II we wanted to look at performance in more
typical, less severe conditions.”

The research picked up where Phase I had left off. This
included utilizing WTI's large outdoor laboratory—the
TRANSCEND research facility in Lewistown, Montana.
Different subgrade stabilization designs were evaluated.

Phase I Final Report http://www.geosynthetica.net/wp-

content/uploads/Phasel 4W2012 Final Report.pdf

“With this second phase we expanded the number of
products in the study,” Cuelho says. “We wanted to cover
the gamut of the types of geosynthetics that could be used
in subgrade stabilization applications—whether it's a
welded, woven or integrally-formed geogrid, or a
geotextile.”

Just as in Phase I, a number of manufacturers were
represented in the study, including Colbond (Bonar),
Huesker, NAUE, Propex, Synteen, SynTec, TenCate and
Tensar.
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Screeding gravel cover.

Phase I of the research was co-sponsored by NAUE GmbH &
Co. KG. The results drew the attention of DOTs and brought
about Phase II's funding mix, which was entirely supported
by a geographically broad group of state DOTs: Idaho,
Montana, New York, Ohio, Oklahoma, Oregon, South
Dakota, Texas and Wyoming.

Phase II Final report
http://www.mdt.mt.gov/other/research/external/docs/rese
arch proj/subgrade/final report-2.pdf

Geotextiles Move Forward with Geogrids

Geotextiles have been part of the geosynthetics field so
long that there are some people who still refer to all
geosynthetics generically as geotextiles. At times, this has
caused confusion or overshadowed the technical
characteristics and performance of geotextiles, including in
reinforcement applications. Their common presentation as a
“commodity” material has hampered their acceptance in
higher strength work.

But the Federal Highway Administration’s (FHWA) use of
geotextiles in abutments for its Geosynthetic Reinforced
Soil - Integrated Bridge System (GRS-IBS) has helped
raised the profile of geotextiles for designers.

Example of tension in geosynthetic in the wheel path.

Also, a number of companies have stepped up R&D and
promotion of geotextiles in reinforcement applications,
highlighting not only geotextiles on their own but the
performance of geotextile-geogrid composite materials.

WTI's Phase II Report will certainly continue to keep
geotextiles elevated in stabilization discussions.




“Textiles performed very well,” says Cuelho. “The woven
geotextile performed very well and even the 8 oz.
nonwoven geotextile did very well. I think people will be
interested, and maybe a little surprised, at how well these
materials performed.”

As expected, most of the geogrids also performed well, and
that performance was directly linked to the strength and
stiffness of the junctions as well as tensile strength in the
cross-machine direction.

The combined results of geotextiles and geogrids highlights
the range of choice and performance that geosynthetics
provide to soil stabilization applications. They have different
price points. They can substantially reduce aggregate
thickness. They present traffic benefit ratio (TBR)
improvements. Ultimately, they can provide strong options
for maximizing economics and performance.

Phase II has verified what most already perceive in
geogrids. Geotextiles, however, may have earned a boost.
Phase I showed resiliency in geogrids and geotextile-
geogrid composites in more severe conditions. In Phase II,
under less severe conditions, geotextiles revealed
stabilization characteristics that may outperform the
perception many engineers have of them.

“Nonwoven geotextiles are primarily used in separation
applications,” Cuelho says, “but based on their performance
in this study, perhaps secondary structural benefits are also
relevant — and that might change some perceptions.”

Currently, geotextiles are not considered for their
reinforcement benefit in subgrade stabilization applications;
but that may change if additional quantification of the
mechanical characteristics of this performance can be
better understood.

Phase III on Subgrade Stabilization?

The ink is just drying on the Phase II report, but Mr. Cuelho
is already in discussion with some DOTs and private
industry on another expansion of the research. More
materials, loading conditions, and designs would be
welcomed to help further quantify the real mechanisms at
work on and within these materials.

Companies and agencies interested in the work and
potentially contributing materials or financial resources to
support future studies on geosynthetics in a variety of
transportation applications should contact Eli Cuelho at
elic@coe.montana.edu.

Visit the study website
http://www.mdt.mt.gov/research/projects/geotech/subgrad
e.shtml

(geosynbthetica.net, June 11, 2014,
http://www.geosynthetica.net/final-report-phase2-
geosynthetics-subgrade-stabilization)
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Designing the Cigéo disposal site

Work is to start on the desigh of waste handling
procedures for Cigéo, France's future underground
disposal site for radioactive waste.

The four-year handling project, worth €20 million ($27 mil-
lion), is to be carried out by engineering firms Assystem,
Cegelec and Spretec. They will undertake what they called

"high-level studies" followed by "detailed design of the
technical procedures for the transfer and storage of waste
packages" at Cigéo, said Assystem.

The waste in question totals around 2700 cubic metres of
high-level radioactive waste and about 40,000 cubic metres
of long-lived intermediate-level radioactive waste. Between
them these contain 99% of the radioactivity from nuclear
power generation that has provided the majority of France's
electricity over the last few decades.

Cigéo (Image: Andra)

Cigéo will be an underground system of disposal tunnels,
known as galleries, in a natural layer of clay near Bure, to
the east of Paris in the Meuse/Haute Marne area.

The purpose of the studies is to specify Cigéo's systems and
procedures in detail ahead of developing a licence applica-
tion, said Assystem's Laurent Doher. For five months Assys-
tem will work to "confirm the industrial feasibility of the
project," which he said was "paramount". After that will be
the development of a "roadmap for [Assystem's] industrial
partners so that we can put forward the best technical and
economic solution."

Managed by national radioactive waste disposal organisa-
tion Andra, plans for Cigéo were last year put out for public
comment. Based on public input, Andra revised its plans to
provide for a pilot plant to test, under real conditions, all of
the disposal functions: the technical measures to control
operating risks, the capacity to remove packages being
disposed of, the disposal monitoring sensors, the tech-
niques for sealing cavities and galleries, among other
things.

The public also wanted Andra to allow for reversibility, so
future generations could more easily remove the waste
packages, should they decide to do so. A master plan for
the entirety of Cigéo's development and operation will be
constantly updated with input from stakeholders and ap-
proval by government, also as a result of the consultation,
Andra said.

Next year Andra plans to submit its master plan for opera-
tion and disposal to government, as well as a set of options
for security and retrievability. The application to regulators
to construct Cigéo should come in 2017, with construction
itself following in 2020. The pilot phase of disposal could
start in 2025.

(World Nuclear News, 02 July 2014, http://world-nuclear-
news.org/WR-Designing-Cigeo-disposal-site-0206141.html)
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Agideg uno Taon
FewAoyika yAunta anodsikvUovTal €épya TngG Ba-
puTNTAG

ZTnv €ikova, To euBAnuaTikd «Delicate Arch» oTo EBvIkO
MNapko Awidwv oTig HMA. =To Bivreo Tou Nature, Ta
neipaparta TnG HEAETNG O€ ypriyopn Kivnon

https://www.youtube.com/watch?v=0BDjyd1aB

EkaTovTadeg XIAIADEC TOUPIOTEC €MIOKENTOVTAl KABE XPOVO
To «EBvikd Mapko Awidwv», Mia nepioxn TnG noAiTeiag
MNouTa We neplogoTepeg and 2.000 pvnueimdelg awideg anod
Waupit. (o]} oxnuaTiopoi auToi nioreveTal oTI
dnuioupyndnkav Adyw Tng OdiaBpwon Twv eUBpUNTWV
NETPWHATWY and To VEPO KAl Tov agpa. ‘'OPwG Ta TeAeuTaia
neipaparta deixvouv OTI NPOKEITAl OTNV MPAyuaTikoTnTa yia
yAunTa Tng BapuTnTac.

AkOpa €va yewAoyiko YAUNTO aTo EBviko Mapko Awidwv oTIg
HMA (Mnyn: Cacophony / Wikimedia Commons)

EpeuvnTég anod Tic HMA kai Tnv Toexia nTav nepiepyol va
KATavonoouVv NG 0 Waupitng, €va paAlov cabpd neTpwua
anod KOKKOUG dMMoOu nou ouykpatoUvTal xaAapd HeTa&u
TOUG, unopei va oxnuatidel navUWnAEC KATAOKEUEC Mou dev
KaTappEouv ano To idlo Toug To BApog.

MeTé@epav Aoindv oTo epyacTnpio dsiypyata wauuitn anod
€va opuxeio otnv Toexia oTo onoio ol gpyacieg €£0PUENG
odrynoav atov aubdpunTo OXNHATIoHO ayidwv.

'OTtav Ta deiyparta BubioTnkav og vepd, 0 WappiTng diaAudn-
KE AuEowC. 'OTav Opwg BubioTnkav pe Bapn TonoBeTnuéva
navw TOUC, N TAON Mou ackoUoE TO BAPOG OTOUG KOKKOUG
Aaugpou diatrpnoe Tn Joun oTabepr|, AVvapEPEl N EPEUVNTIKN
opada oto Nature (“Sandstone landforms shaped by ne-
gative feedback between stress and erosion”, Jiri Bruthans,
Jan Sou-kup, Jana Vaculikova, Michal Filippi, Jana Schweig-
stillova, Alan L. Mayo, David Masin, Gunther Kletetschka
& Jaroslav Rihosek, Nature Geoscience 7, 597-601 (2014),
doi:10. 1038/ngeo02209,
http://www.nature.com/ngeo/journal/v7/n8/full/ngeo2209.
html#affil-auth).
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To evTunwaoiakd gival 0TI oI KATAKOPUPEG TACEIG MOU ACKEI N
BapuTnTa PEXP! TN BACN TOU OXNMATIOPOU Jev KATAVEUETAI
opolopoppa oTov wappitn. O1 neploxég nou dev dExovTal
Taon napaTtnpndnkav va KatappEéouv Kal va aprnvouv niow
TOUG OXNMATIoPoUG nou Bupifouv Ta QUOIKA PvnuEia Tou
EBvikoU Mdpkou Ayidwv.

O «[MUpyog TNG BaBeA» aTo EBvIKO Mapko Awidwv (Mnyn:
Shannon Martin / Wikimedia Commons)

To peyaAUTepo aflobéato Tou ndpkou, PEoa oTnv KoiAdda
Tou noTapoU KoAopavto oTic HMA, e€ival To Agyopevo
«Delicate Arch», n «AenteniAentn Awida», €éva yewAoyikd
yAUNTO UWwoug 20 PETPWV.

Edw kai XxIAadec xpovia n Baputnta eniBpadlvel Tn
dIaBpwon auTwV TWV €NIBANTIKWV OXNMATIOPWY, OEV APKEI
OMWG YIa va TNV OTapaTnoel evieAwg: ndvw and 40 ayideg
£€XOUV KaTappeuael aTo napko and 1o 1970.

(BayyeAng MpaTikdkng / Newsroom AOA, 21 IouA. 2014,
http://news.in.gr/science-
technology/article/?aid=1231336107)
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Big earthquakes double in 2014, but scientists
say they're not linked

Earthquakes larger than magnitude-7 since 2000 (USGS)

If you think there have been more earthquakes than usual
this year, you're right. A new study finds there were more
than twice as many big earthquakes in the first quarter of
2014 as compared with the average since 1979.

"We have recently experienced a period that has had one of
the highest rates of great earthquakes ever recorded," said
lead study author Tom Parsons, a research geophysicist
with the U.S. Geological Survey (USGS) in Menlo Park,
California.

But even though the global earthquake rate is on the rise,
the number of quakes can still be explained by random
chance, said Parsons and co-author Eric Geist, also a USGS
researcher. Their findings were published online June 21 in
the journal Geophysical Research Letters. [Image Gallery:
This Millennium's Destructive Earthquakes]

With so many earthquakes rattling the planet in 2014,
Parsons actually hoped he might find the opposite -- that
the increase in big earthquakes comes from one large
quake setting off another huge shaker. Earlier research has
shown that seismic waves from one earthquake can travel
around the world and trigger tiny temblors elsewhere.

"As our group has been interested in the ability of an
earthquake to affect others at a global scale, we wondered
if we were seeing it happening. I really expected we would
see evidence of something we couldn't explain by
randomness," Parsons told Live Science's Our Amazing
Planet in an email interview.

The new study isn't the first time researchers have tried
and failed to link one earthquake to another in time and
across distance. Earlier studies found that the biggest
earthquakes on the planet -- the magnitude-8 and
magnitude-9 quakes -- typically trigger much smaller jolts,
tiny magnitude-2 and magnitude-3 rumblers. Yet, no one
has ever proven that large quakes unleash other large
quakes. Finding a statistical connection between big
earthquakes is a step toward proving such connections
takes place.

But despite the recent earthquake storm, the world's great
earthquakes still seem to strike at random, the new study
found.

The average rate of big earthquakes -- those larger than
magnitude 7 -- has been 10 per year since 1979, the study
reports. That rate rose to 12.5 per year starting in 1992,
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and then jumped to 16.7 per year starting in 2010 -- a 65
percent increase compared to the rate since 1979. This
increase accelerated in the first three months of 2014 to
more than double the average since 1979, the researchers
report.

The rise in earthquakes is statistically similar to the results
of flipping a coin, Parsons said: Sometimes heads or tails
will repeat several times in a row, even though the process
is random.

"Basically, we can't prove that what we saw during the first
part of 2014, as well as since 2010, isn't simply a similar
thing to getting six tails in a row," he said.

But Parsons said the statistical findings don't rule out the
possibility that the largest earthquakes may trigger one
another across great distances. Researchers may simply
lack the data to understand such global "communication,"
he said.

"It's possible that global-level communications happen so
infrequently that we haven't seen enough to find it among
the larger, rarer events," Parsons said.

However, earthquakes smaller than magnitude-5.6 do
cluster on a global scale, the researchers found. This
suggests these less-powerful quakes are more likely to be
influenced by others -- a finding borne out by previous
research.

For example, the number of magnitude-5 earthquakes
surged after the catastrophic magnitude-9 earthquakes in
Japan and Sumatra, even at distances greater than 620
miles (1,000 kilometers), earlier studies found.

(Becky Oskin / LiveScience.com, July 1, 2014,
http://www.cbsnews.com/news/big-earthquakes-double-in-
2014-but-scientists-say-theyre-not-
linked/#postComments)

The 2010-2014.3 global earthquake rate increase

Tom Parsons and Eric L. Geist

In light of a heightened global earthquake rate during the
first quarter of 2014 and recent studies concluding that
large earthquakes affect global seismicity for extended
periods, we revisit the question whether the temporal
distribution of global earthquakes shows clustering beyond
that expected from a time-independent Poisson process.
We examine a broad window from 1979 to 2014.3
for M = 7.0 shocks, and a narrow window for M > 5.0
seismicity since 2010 that has higher than average rates.
We test whether a Poisson process can be falsified at 95%
confidence to assess the degree of dependent clustering in
the catalogs. If aftershocks within at least one rupture
length from main shocks/foreshocks are filtered, then we
find no evidence of global scale M > 5.2-5.6 (depending on
parameters) clustering since 2010 that demands a physical
explanation. There is evidence for interdependence below
this threshold that could be a consequence of catalog
completeness or a physical process.

Geophysical Research Letters, Volume 41, Issue 13, pages
4479-4485, 16 July 2014
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The 10 Biggest Earthquakes in History

USGS National Earthquake Information Center
Intro

As massive and deadly as Japan's recent magnitude 9.0
earthquake was, it's not the world's biggest recorded
quake.

It is Japan's largest quake, but dating back to 1900, four
other earthquakes of magnitude 9.0 or greater have
ruptured across the globe, according to data from the U.S.
Geological Survey (USGS). We countdown the top 10
biggest recorded earthquakes in the world.

10 - Assam-Tibet, 1950 - Magnitude 8.6

At least 1,500 people were killed across eastern Tibet and
Assam, India, when this temblor shook the region. Ground
cracks, large landslides and sand volcanoes hit in the area.
The quake was felt in the Sichuan and Yunnan Provinces of
China, and as far away as Calcutta, India.

The quake caused large landslides that blocked rivers.
When the rivers finally burst through the walls of debris,
waves inundated several villages and killed hundreds of
people.

This quake is commonly called the Assam-Tibet earthquake
or the Assam earthquake, even though the epicenter was in
Tibet. The quake struck at the intersection of the most
vigorous collision of continental plates on the planet, where
the Indian continental plate smashes into the Eurasian plate
and dives beneath it. The slow-motion crash helped create
the massive Himalayas.

9 - Northern Sumatra, Indonesia, 2005 - Magnitude
8.6

More than 1,000 people were killed, with hundreds more
injured, mostly in Nias, in northern Sumatra, Indonesia.
The quake hit just months after an even bigger earthquake
destroyed the region (see entry #3).
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The quake ruptured below the surface of the Indian Ocean,
where the Indo-Australian Plate is pushing under the
Eurasian plate at the Sunda trench, similar to the 2004
quake.

8 - Rat Islands, Alaska, 1965 - Magnitude 8.7

Alaska had been a state for only 7 years when this huge
earthquake triggered a tsunami of over 30 feet (10
meters). Despite its size, the quake caused little damage
due to its remote location at the tip of the Aleutian Islands.

The tsunami was reported in Hawaii and spread as far away
as Japan.

The temblor was the result of the Pacific Plate diving
beneath the North American Plate at the Alaska-Aleutian
megathrust, which has been the Ilocation of many
megathrust earthquakes.

The quake cracked wood buildings and split an asphalt
runway. Hairline cracks also formed in the runways at the
U.S. Coast Guard Loran Station.

7 - Off the Coast of Ecuador, 1906 - Magnitude 8.8

A catastrophic magnitude 8.8 earthquake ruptured off the
coast of Ecuador and Colombia and generated a strong
tsunami that killed 500 to 1,500 people. The tsunami
spread along the coast of Central America, and even
stretched to San Francisco and Japan.

The earthquake occurred along the boundary between the
Nazca Plate and the South American Plate. It hit more than
100 years ago, so reports are spotty, but according the
USGS, witnesses reported a huge rush of water in Honolulu
Bay. All the steam and sailboats in the bay were turned
around, and then a sudden flood tide roared inland.




The world's first recorded magnitude 9.0 earthquake struck
off the east coast of Kamchatka in 1952. The quake gener-
ated a 43-foot tsunami (13 m) locally. The tsunami rocked
Crescent City, Calif., which was also hit hard by the recent
Japan earthquake.

3 No lives were lost, but in Hawaii, property damage was
estimated at up to $1 million USD. The waves tossed boats
5 onto the beach, caused houses to collide, destroyed piers,

scoured beaches and moved road pavement.

Kamchatka has a rumbling past and many active volcanoes.
It was also hit by an 8.5 magnitude quake in 1923.

I= I-omo

2 4 - Near the East Coast of Honshu, Japan, 2011 -
Magnitude 9.0

ourAmmazing planst
J gel' www.CurAmazingPlanet. com

Maghnitudes of Recent Earthquakes

Seismicity of Ecuador, 1990 - 2006 The earthquake off the east coast of Honshu, Japan's largest island, was the fifth-
largest ever recorded, according to the U.S. Geological Survey (USGS), and the largest
6 - Offshore Maule, Chile, 2010 - Magnitude 8.8 ever recorded in Japan, How it compares in magnitude with other major earthquakes:
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Just last year, at least 500 people were killed and 800,000 [Ghie,2010:65] [Sumata, 00 51]

were displaced by the earthquake and tsunami that hit SOURCES: USGS, WASHINGTON POST ROSS TORD, whw.OurAmazingPlanet.com
central Chile. More than 1.8 million people were affected
and the total economic loss was estimated at $30 billion
USD. Central Chile is still feeling aftershocks to this day.

On March 11, a magnitude 9.0 quake triggered a tsunami
that killed an estimated 29,000 people and damaged some
nuclear reactors. This earthquake is the largest ever

The earthquake took place along the boundary between the recorded in Japan.

Nazca and South American tectonic plates.

Aftershocks continue to rock the island of Honshu. The
aftershocks include more than 50 of magnitude 6.0 or
greater, and three above magnitude 7.0.

The quake hit just over a month after the
disastrous magnitude 7.0 quake in Port-Au-Prince, Haiti,
which killed more than 200,000 people.

The quake was caused by thrust faulting near the Japan
Trench, the boundary between the Pacific and North
America tectonic plates. Thrust faulting happens when one
tectonic plate dives under another. In this case, the Pacific
plate is diving under the North America plate.

5 - Kamchatka Peninsula, Russia, 1952 - Magnitude
9.0

3 - Off the West Coast of Northern Sumatra, 2004 -
Magnitude 9.1

This quake was the third largest earthquake in the world,
and the largest since the 1964 earthquake in Prince William
Sound, Alaska (see entry #2). In total, 227,898 people
were killed or missing and presumed dead and about 1.7
million people were displaced by the earthquake
and subsequent tsunami in 14 countries in Southeast Asia
and East Africa.

The tsunami caused more casualties than any other in
recorded history, although some estimates say the death
toll from the 2010 Haiti earthquake was larger. The tsunami
was recorded nearly world-wide on tide gauges in the
Indian, Pacific and Atlantic Oceans.
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This quake struck one day after Christmas along the
interface of the India and Burma tectonic plates (huge,
moving slabs of the Earth's crust) and was caused by the
release of stresses that develop as the India plate dives
beneath the Burma plate.

2 - Prince William Sound, Alaska, 1964 - Magnitude
9.2

This great earthquake and ensuing tsunami took 128 lives
and caused about $311 million USD in property loss. The
earthquake damage was heavy in many towns, including
Anchorage, which was about 75 miles (120 kilometers)
northwest of the epicenter. The quake ruptured along
a seismically active fault between the North American and
Pacific plates. The shaking lasted about 3 minutes.

Landslides in Anchorage caused heavy damage. Huge slides
occurred in the downtown business section and water mains
and gas, sewer, telephone and electrical systems were
disrupted throughout the area.
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Elastic Connections May Aid Bridge Design

Shape shifting materials sound like the stuff of science
fiction, but they’ve been known for decades and are used in
a wide range of applications, from bio and mechanical
engineering to dentistry. Seismic engineering researchers
now have latched on to the material and promise to expand
its use even more by designing “elastic” bridge connections
that would deform during an earthquake but then spring
back to its original shape. If successful, the design would
prevent serious structural damage or collapse and allow a
bridge to remain open after a quake, a time when roads
and bridges are critical for emergency response.

Nickel titanium is the primary Shape Memory Alloy civil
engineering professor M. Saiid Saiidi is working with at the
University of Nevada, Reno, because of its “superelasticity,”
he says. Other SMAs are generally only temperature
sensitive, requiring a heat source to return to its original
shape. Nickel titaniumis a bit different and has 10 to 30
times the elasticity of steel or other standard metals. In
many ways it performs like steel, but it differs in its ability
“to undergo a large deformation and come back to its
original shape,” Saiidi adds.

Building robust bridges and other significant infrastructure
in highly seismic areas such as California and the western
U.S. could significantly lessen damages after a large quake.
The 1994 Northridge earthquake in southern California
caused an estimated $20 billion in damage to roads and
buildings.

Shake Tests

With funding from the National Science Foundation using
the foundation’s George E. Brown, Jr. Network for Earth-
quake Engineering Simulation, Saiidi and colleagues tested
the material at Nevada-Reno’s shake table. They used
bridge models of 120 feet to 130 feet long, with three types
of columns: standard reinforced steel and concrete, nickel
titanium and concrete, and nickel titanium and engineered
cementitious composites, with cement, fiber, water, and
chemicals. The columns were first tested using OpenSEES,
and earthquake simulation program developed at the Uni-
versity of California, Berkeley, and then built and tested on
the shake table. The columns with nickel titanium outper-
formed the standard design under forces equaling or ex-

ceeding those of a magnitude 6 quake on the Richter scale,
Saiidi says.

“In bridges, typically the column is most susceptible [to
seismic shaking], specifically at the end zone at the top and
at the bottom, by the footing,” he says. Because nickel
titanium is much more costly than standard steel
reinforcing bar, the researchers specified its use only in
those zones, a little more than one-tenth the length of the
overall column. Nickel titanium bars were assembled into
cages just as a standard rebar cage, and connected to the
column’s main cage in the plastic hinge zones, he says.

Saiidi’s test caught the attention of the Federal Highway
Administration and Washington State’s Department of
Transportation, which funded similar research. The agencies
are using the design for a highway ramp that is expected to
begin construction in 2015, he says.

Completed plastic hinge zone with SMA bars. Image:
WSDOT

History

Nickel titanium—the generic name for the family of alloys is
nitino—has been around since the early 1960s from work at
the Naval Ordnance Laboratory. It has many applications in
a number of disciplines. Among other applications, the U.S.
military has used nitinol couplers in F-14 aircraft to join
hydraulic lines. In medicine, the material is used as a guide
for catheters in blood vessels and anchors to attach
tendons to bone in orthopaedic surgery. It also is used in
robotic actuators and micromanipulators to simulate
muscular movement.

“The first time I learned about it was from a mechanical
engineer building an actuator,” says Saiidi. “Later, the
question I asked myself was, ‘What if we used it inside a
concrete column in a bridge in a high seismic zone?"”
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That was about twelve years ago, and Saiidi’s research has
progressed, also using other copper-based shape memory
alloys. He says copper holds promise but civil seismic work
is hampered by its scarcity. Only one manufacturer—in
Japan—currently fabricates the material.

Shake table testing of a quarter-scale bridge. Image:
UNR.edu

Cost-Benefit

Nitinol also costs more than standard steel and suffers from
limited sourcing. Saiidi says a bridge built with columns
incorporating nickel titanium will cost about 3% more than
a structure with standard materials. The savings will come
in reduced maintenance costs—nickel titanium is highly
resistant to corrosion—and its ability to withstand seismic
forces, he says.

“Several manufacturers make SMA wires,” he says, noting
nitinol is commonly used for orthodontic braces and
eyeglass frames that “bounce” back to their original shape
if bent. "Only a few make bars.” In Washington, the bridge
design using the material calls for sizes up to 30
millimeters, he says.

“But if you look at lifecycle costs, it will become economical
after an earthquake. You won’t have to shut the bridge
down,” he says. “After an earthquake is when you need
bridges the most.”

(John Kosowatz, Senior Editor, ASME.org, June 2014,
https://www.asme.org/engineering-

topics/articles/construction-and-building/elastic-

connections-may-aid-bridge-design)
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Response of Piled Buildings
to the Construction of
Deep Excavations

[
]
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Mandy Korff
Deltares Select Series, Vol. 13

Deep excavations in densely popu-
lated urban areas around the world
pose specific challenges due to the increasingly complex
conditions in which they are undertaken. The construction
of underground car parks, cellar storage areas and major
infrastructure in deep excavations helps to preserve the
quality of space above ground. Despite the considerable
effort that goes into their design and construction, such
projects often encounter problems, such as damage to ex-
isting structures, delays and cost overruns.

This book presents the results of an extensive research
project conducted at the University of Cambridge, in coop-
eration with the Netherlands Centre of Underground Con-
struction (COB) and Deltares, the Dutch Institute for water,
subsurface and infrastructure issues. The study gained in-
sight into mechanisms of soil-structure interaction for piled
buildings adjacent to deep excavations and resulted in sug-
gestions for designing and monitoring deep excavations in
urban areas with soft soil conditions. Monitoring data of the
construction of three deep excavations for the North-South
metro line in Amsterdam, the Netherlands, have been used
to validate the methods described.

This book aims to contribute to the reduction of failure
costs in the building industry and in underground construc-
tion in particular.

(I0S Press, 2013)

Guidelines for the Provision of
Refuge Chambers in Tunnels
Under Construction

ITA Working Group 5

At its meeting in Helsinki in 2011,
International Tunnelling Association
Working Group 5, identified the
need for guidance on the provision of refuge chambers in
tunnels under construction. A refuge chamber is a place of
relative safety in a shaft or tunnel where tunnellers can be
accommodated with access to basic life support services
until rescued or it is safe for them to exit the tunnel.

Refuge chambers should be easily identifiable and read-
ily accessible by tunnellers at risk and by the emergency
services
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This document will be reviewed and revised as necessary in
the light of practical experience with the provision of refuge
chambers in tunnel under construction.

(ITA, 2014, http://www.ita-
aites.org/en/component/k2/1051-quidelines-for-the-
provision-of-refuge-chambers-in-tunnels-under-

construction)

Guidelines on Best Practices for
Segment Backfilling

ITATech

This document is a guideline to the
best practices on backfill grouting.
6 B It is _intenc!ed to address th_e various

considerations when applying back-
fill grout. It does not address the theory or details of apply-
ing, or mixtures of, the backfill grout itself, but does give
reference for such theory and application.The document
gives general guidelines: site and machine-specific guide-
lines should be developed based on this document as well
as the project specifications.

(ITA, 2014, http://www.ita-

aites.org/en/component/k2/1045-guidelines-on-best-
practices-for-segment-backfilling)

Guidelines on Monitoring Fre-
quencies in Urban Tunnelling

ITATech

Responding to an increasing de-
: - mand of underground infrastruc-
OITAlech tures monitoring of hydro-geotech-
nical and structural parameters dur-
ing the constructlon of urban tunnels in soils and rock (ex-
cept hard rock) is a field of activity which has seen impres-
sive technological changes and progress in the past years.

Monitoring has thus become an essential part of the overall
risk management which normally is implemented for such
type of construction works.

(ITA, 2014, http://www.ita-
aites.org/en/component/k2/1046-guidelines-on-monitoring-
frequencies-in-urban-tunnelling)

o | textbooks

Care Principles of Soil Mechanics

Core Principles of Soil Mechanics
- An ICE Textbook

Sanjay Kumar Shukla
Core Principles of Soil Mechanics

presents an overview of the funda-
mentals of soil mechanics, drawing
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on optimum texts and including numerous illustrations and
worked examples. Covers the essential topics of geological,
basic, thermal and electrical characteristics; classification;
stresses; fluid flow; consolidation; compressibility and
shear strength.

(ICE Press, May 2014)
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International Society for Soil Mechanics and
Geotechnical Engineering

ISSMGE Bulletin

Volume 8, Issue 3
June 2014

http://www.issmge.org/en/resources/issmge-
bulletin/658-vol-8-issue-3-june-2014

KukAogpopnaoe 1o TeUxog 3 Tou 8% Topou Tou ISSMGE Bulle-
tin (Iouviou 2014) Pe Ta NAPAKATW MEPIEXOMEVA:

Message from CAPG Chairman

Message from thw President

From thw Indonesian Society - Activities of the
Indonesian Society for Geotechnical Engineering
fridvhTihe German Society - 80th Birthday of Prof. Dr.-
Ing. habil. Dr.-Ing. E.h. Walter Wittke, Honorary
Chairman of the German Geotechnical Society

Report on ISSMGE Foundation on Conference

Attendance

News on Upcoming Conference - 6% International
Conference on Earthquake Geotechnical Engineering
(6ICEGE)

Report from Prof. Askar Zhussupbekov

News on Recent Conference - 2014 DFI Middle East
Conference

New Books from ICE

Event Diary

Corporate Associates

Foundation Donors

ISSMGE'’S International Journal of Geoengineering Case
Histories

3 O

International Journal of Geoengineering Case
Histories

Vol. 2, Issue 4
http:/ /casehistories.geoengineer.org/volume
volume2/issue4/issue4.html

Christopher T. Senseney ‘“Expedient Mitigation of
Collapsible Loess in Northern Afghanistan”, pp. 252-257

Abdeltawab Samir “Karst Limestone Geohazards in Egypt
and Saudi Arabia”, pp. 258-269

Anastasios Batilas, Panagiotis Pelekis, Vasileios Vlachakis,
and George Athanasopoulos “Soil Liquefac-
tion/Nonliquefaction in the Achaia-Ilia (Greece) 2008
Earthquake: Field Evidence, Site Characterization and
Ground Motion Assessment”, pp. 270-287

Phan, T.L., Matsumoto, T., and Nguyen, H.H. “Errata for
Comparison of Static and Dynamic Pile Load Tests at Thi Vai
International Port in Viet Nam”, pp. 288-290

Tara, D., Middendorp, P., and Verbeek, G. “Discussion of
Comparison of Static and Dynamic Pile Load Tests at Thi Vai
International Port in Viet Nam”, pp. 291-297

Phan, T.L., Matsumoto, T., and Nguyen, H.H. “Closure to
Discussion of Comparison of Static and Dynamic Pile Load
Tests at Thi Vai International Port in Viet Nam”, pp. 298-
299

Vol. 3, Issue 1
http:/ /casehistories.geoengineer.org/volume/
volume3/issuel/issuel.html

Deepankar Choudhury, Rolf Katzenbach “Editorial”, pp. i-ii

Alvin K.M. Lam, Daman D.M. Lee “Combined Pile
Foundation System for a Residential Complex”, pp. 1-9

Biswas, S., Choudhary, S.S., Manna, B., and Baidya, D.K.
“Field Test on Group Piles under Machine Induced Coupled
Vibration”, pp. 10-23

Bhattacharya, S., and Tokimatsu, K. “Collapse of Showa
Bridge Revisited”, pp. 24-35

Phan, T.L., Matsumoto, T., and Nguyen, H.H. “"Comparison
of Static and Dynamic Pile Load Tests at Thi Vai
International Port in Viet Nam”, pp. 36-66

(C- 4R -0)

@ International Society for Rock Mechanics

No. 26 - June 2014
http://www.isrm.net/adm/newsletter/ver html.ph
?2id newsletter=97&ver=1

KukAogpopnoe 1o Telxog 26 / IoUviog 2014 Tou Newsletter
Tng International Society for Rock Mechanics. Mepiexdpeva:

e ARMSS8 - 2014 ISRM International Symposium, Sapporo,
Japan, 14-16 October 2014

e VI Brazilian Rock Mechanics Symposium, Goifnia, Brazil,
September 9-13, 2014 an ISRM Specialized Conference

e Puzzles in rock - Have they been solved?” - the 6th ISRM
Online Lecture by Prof. Herbert Einstein

e Rock Mechanics and Empirical Methods in Rock
Engineering - by Dr. Nick Barton. A short course
organised by the ISRM NG Singapore

e ISRM Commission on Petroleum Geomechanics
e ISRM is on Twitter and Linkedin
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e Dedication Ceremony for ISRM Past-President John
Franklin

e 80th Birthday of Prof. Dr.-Ing. habil. Dr.-Ing. E.h. Walter
Wittke, Honorary Chairman of the German Geotechnical
Society

e 13th International ISRM Congress, May 2015, Montreal,
Canada

e AusRock 2014: 3rd Australasian Ground Control in Mining
Conference, Sydney, 5-6 November 2014

e 3rd ISRM International Young Scholars' Symposium on
Rock Mechanics, Xi'an, 8-11 November 2014 An ISRM
Specialized Conference

e ISRM Rocha Medal 2016 - nominations to be received by
31 December 2014

e ISRM sponsored meetings
e EUROCK 2014 was held in Vigo, Spain

e Tunisia, the youngest ISRM National Group, presents its
1st activity report

O3 D
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www.geoengineer.org

KukAogpopnoav Ta Teuxn #112 kal #113 Tou Newsletter
Tou Geoengineer.org (IoUviog «kai IoUAlog 2014
avTioToixa) ME MOAAEG XPAOIUEC MAnpogopicc yia OAa Ta
0€uaTa TNG yewunxavikng. YnevBupiletar 0TI To Newsletter
ekdideTal and Tov ouvadsA-po Kkal HENOG Tng EEEEMM
AnunTpen Zékko (secretariat@geoengineer.org).

Juykekpipéva, oto Telxog #112, Iouviou 2014, undpyouv
avagopEC oTa NapakaTw vOIAPEPOVTA YEWTEXVIKA BEpaTa:

The 2014 Terzaghi Lecture, delivered by Prof. J. C. Santa-
marina, during GeoCongress 2014 "Energy Geotechnology:
Enabling New Insights Into Soil Behavior"

The 2nd Annual de Alba Lecture, delivered by Prof. Stokoe
“The Increasing Role of Seismic Measurements in
Geotechnical Engineering”

The two GEER Reconnaissance Reports, on the Cephalonia
island, Greece earthquakes 2014, and the March 2014
Flood Event Post 2010-2011 Canterbury Earthquake
Sequence, New Zealand

New Youtube video from Keynetix: Modelling Geology fault
in AutoCAD Civil 3D

Video: Mudslide in Minneapolis undermines hospital's
stability

Sto Telxog #113, Touliou 2014, undapxouv avagopeg oTa
napakdTw evolapEPOVTA YEWTEXVIKA BEpara:

Massive landslide in western India, killing 25, attributed to
extensive deforestation

Geosynthetic Reinforced Soil - Integrated Bridge System
(GRS-IBS)
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Magnitude 6.3 quake hits eastern Mexico - no damage
reported

CPT Testing, the Piezocone and Measuring Soil Moisture

>To Teuxog #108, Iavouapiou 2014, undpxouv ava@opEg
OTd NApPaKAaTw evOIAPEPOVTA YEWTEXVIKA BEuaTa:

Buildings prone to cliff collapse are being demolished in
Port Hills, Christchurch

Video shows derailed train in Italy ready to fall in the ocean
due to landslide

Ground collapse near riverbank in Brazil [video]

New study shows 16 earthquakes were triggered by
landslide

India TBMs blamed for building cracks

Landslide in Mexico results in coastal highway collapse
video

"Bubble curtains" around Tappan Zee Bridge's pilings
protect fish from noise [video]

Huge underwater landslide contributed to Japanese
devastating tsunami

210 Teuxog #109, deBpouapiou - MapTiou 2014, unapxouv
avagQopEG oTa NapakaTw evOIaPEPOVTA YEWTEXVIKA BEpaTa:

Massive mudslide east of Arlington causes casualties and
buries homes under the mud

Unsaturated Soils Theory in the Undergraduate Civil
Engineering Curriculum

Tom Lantos twin tunnels provide a sustainable solution to
the Devil's slide problem

The 4.4 magnitude earthquake in L.A. causes scientific
surprise

Climate change may increase landslide risk by up to 25% in
the Gota river valley

Rockfall at Birling Gap, U.K. is caught live!

Powerful storms trigger mudslides in hills scarred by Colby
fire last January

Landslide in Sardoa, Brazil, caught live, as crews were
searching for survivors

Sinkhole damages eight vintage valuable Corvettes at
National Corvette Museum, in Bowling Green, Kentucky

Cephalonia earthquakes: EERI and GEER to investigate the
seismic activity impact

Cephalonia earthquake, preliminary damage observations
from Geoengineer.org's geotechnical engineer

Second Major Earthquake hits Cephalonia island in Greece;
causes significant damage; information hub established on
GeoWorld; updates to follow

Pile-driving to blame for building cracks in Seattle [video]

310 Teuxog #110, AnpiAiou 2014, undpxouv avagopEg orta
napakaTw evolapEPOVTA YEWTEXVIKA BEpaTa:

Sinkhole in Florida re-opens under two homes a few days
after its filling with cement
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Slow moving landslide in Jackson, Wyoming, urges for
evacuation of the area

Mudslide in Tajikistan kills six children and buries village
under the mud

A West Coast earthquake early warning system at stake
due to lack of funding, as Japan's is active since 2007

Opening the classroom to the geo-profession 2: Web-based
class projects on Ground Improvement prepared by
University of Michigan students are available now for
everybody to review!

A landslide in Jalisco Mexico is caught live by local driver

Anti-liquefaction pilot program in Canterbury, New Zealand

8.2 quake hits northern Chile, triggering tsunami warning

La Habla earthquake and the role of social media in the
information transmission

The mystery behind the stone spheres of Costa Rica

50th anniversary of the 9.2 magnitude Great Alaska
Earthquake and Tsunami

310 TeUxog #111, Maiou 2014, undpxouv avaQopeg oTa
napakaTw evolapEPOVTA YEWTEXVIKA BEpaTa:

Major earthquake hits Mexico, most likely an aftershock of
April 18th event

Massive landslide in Japan, recorded on video!

Video: Building under construction in South Korea tilts 5
times more than the tower of Pisa

Railroad retaining wall collapses and is caught live on video!

Illegal gold mine collapses in Colombia, trapping 30 people

A 6.0 magnitude earthguake hits northern Thailand,
causing significant damage

Jet Grouting Video by Hayward Baker

O3 D

INTERNATIONAL TUNNELLING AND
UNDERGROUND SPACE ASSOCIATION
ita@news n°54, June 2014
www.ita-aites.org

KukAhogpopnoe To TeUxog No. 54 - Iolviog 2014 Twv
ita@news Tng International Tunnelling Association pe Ta na-
PAKATW NEPIEXOHEVA:

Message from Soren Degn Eskesen, ITA President
2014 Annual Meetinh - Iguassu

WTC 2015 is On Track

International Tunnelling Awards

Photo Contest Winners

3 O

EAAnvikn EniTrponn Znpayywv kai
Ynoyeiov ‘Epywv (E.E.Z.Y.E.)
MéAog TnG International Tunnelling
Associations (I.T.A.)
www.eesye.grl

N
O

ob

To Asktio Twv Inpayywv

KukAo@opnoe To Teuxog 1 Tou 6°° TOPOU TOU NAEKTPOVIKOU
nepiodikol Tng EEZYE (Iouviou 2014) pe avakoIVWOEIG Yyia
TIG 0paocTnpIOTNTEG TNG EEZYE kal evdiapepovTa vea yia TnG
ONPAyyec Kal Ta UNOyela £pya ava Tov KOOWO.

3 O

ITACET

Foundation

'.Fou ndation for Education and Training on
Tunnelling and Underground Space Use

www.itacet.org/Newsletter/19 2014/index.ph

KukAo@opnaoe 1o Telxog No. 19 (IoUAiog 2014) Tou ITACET
Foundation pe Ta NapakaTw NEPIEXOMEVA:

President’s address

ITACET Foundation Award
Training Session in Mexico City
Training Session at the WTC 14
A Blog of Interest

Mr. Senthil Nath G T, current beneficiary of the ITACET
Foundation Grant to follow the Specializing Masters in
Tunnelling and Tunnel Boring Machines in Politecnico di
Torino, opened a blog to share his experience and
reference materials with other prospective students or
interested engineers.

His blog “Geotech and Tunnel Engineering , Experi-
ences & Excerpts; Ideas & Impressions; Reviews &
Ramblings of a Civil Engineer " is very lively, full of es-
sential references and original content. It is sure to be
of interest to any professional of the tunneling and un-
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derground space domain. Visit it here : http://geo-
technical.blogspot.it

O3 D

GEOSYNTHETICS

fae
thomas telfoed

Geosynthetics International
www.thomastelford.com/journals

KukAo@opnoe To TeUxoC ap. 3 Tou 21° Tdpou (Iouviou
2014) Tou nepiodikol Geosynthetics International pe Ta
akdAouBa neplexoueva:

“Hyperbolic models for a 2-D backfill and reinforcement
pullout”, C.-C. Huang; H.-Y. Hsieh; Y.-L. Hsieh

“Performance of reinforced soil walls during the 2011
Tohoku earthquake”, J. Kuwano; Y. Miyata; J. Koseki

“Performance of three GCLs used for covering gold mine
tailings for 4 years under field and laboratory exposure
conditions”, M.S. Hosney; R.K. Rowe

“A parametric study of geosynthetic-reinforced column-
supported embankments”, N.N.S. Yapage; D.S.
Liyanapathirana

“Treatment of an expansive soil by mechanical and
chemical techniques”, A.R. Estabragh; H. Rafatjo; A.A.
Javadi

Please find the download of the articles at:
http://www.icevirtuallibrary.com/content/issue/gein/21/3
For the IGS members to have FREE access to the papers
they MUST log in through the IGS website.
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Cepmenbranss

Geotextiles & Geomembranes
www.geosyntheticssociety.org/journals.htm

KukAo@opnoav Ta Teuxn ap. 3 kai 4 Tou 42° topou (Iouvi-

TA NEA THZ EEEEI'M - Ap. 67 — IOYAIOZ 2014

ou kal AuyouoTtou 2014) Tou nepiodikol Geotextiles &
Geomembranes e Ta akOAouBa nepiexopeva:

Volume: 42, Issue: 3

Editorial Board/Aims & Scope, Page IFC

Regular Articles

Weian Lin, Xinjie Zhan, Tony Liangtong Zhan, Yunmin
Chen, Yawei Jin, Junnan Jiang “Effect of FeCls-conditioning
on consolidation property of sewage sludge and vacuum
preloading test with integrated PVDs at the Changan
landfill, China”, Pages 181-190

Erfan Naderi, Nader Hataf “Model testing and numerical
investigation of interference effect of closely spaced ring
and circular footings on reinforced sand”, Pages 191-200

Tanay Karademir, J. David Frost “Micro-scale tensile
properties of single geotextile polypropylene filaments at

elevated temperatures”, Pages 201-213

Sébastien Bourgés-Gastaud, Guillaume Stoltz, Fabienne
Sidjui, Nathalie Touze-Foltz "Nonwoven geotextiles to filter
clayey sludge: An experimental study”, Pages 214-223

Katarzyna A. Zamara, Neil Dixon, Gary Fowmes, D. Russell
V. Jones, Bo Zhang “Landfill side slope lining system
performance: A comparison of field measurements and
numerical modelling analyses”, Pages 224-235

Hossam M. Abuel-Naga, Abdelmalek Bouazza “Numerical
experiment-artificial _intelligence approach to develop
empirical equations for predicting leakage rates through

GM/GCL composite liners”, Pages 236-245

Fawzy M. Ezzein, Richard J. Bathurst “A new approach to
evaluate soil-geosynthetic interaction using a novel pullout

test apparatus and transparent granular soil”, Pages 246-
255

Technical Notes

Sophie Messerklinger “Failure of a geomembrane lined
embankment dam - Case study”, Pages 256-266

Jia-Cai Liu, Guo-Hui Lei, Ming-Xin Zheng “General solutions
for consolidation of multilayered soil with a vertical drain
system”, Pages 267-276

Volume: 42, Issue: 4

Editorial Board/Aims & Scope, Page IFC

Regular Articles

Wei Guo, Jian Chu, Wen Nie “Analysis of geosynthetic tubes
inflated by liguid and consolidated soil”, Pages 277-283

Fady B. Abdelaal, R. Kerry Rowe "Effect of high
temperatures on antioxidant depletion from different HDPE
geomembranes”, Pages 284-301

Jian-Feng Xue, Jian-Feng Chen, Jun-Xiu Liu, Zhen-Ming Shi
“Instability of a geogrid reinforced soil wall on thick soft
Shanghai clay with prefabricated vertical drains: A case
study”, Pages 302-311

Xiaobin Chen, Jiasheng Zhang, Zhiyong Li “Shear behaviour
of a geogrid-reinforced coarse-grained soil based on large-
scale triaxial tests”, Pages 312-328

Hong-Hu Zhu, Cheng-Cheng Zhang, Chao-Sheng Tang, Bin
Shi, Bao-Jun Wang “Modeling the pullout behavior of short
fiber in reinforced soil”, Pages 329-338
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Cho-Sen Wu, Yung-Shan Hong “A simplified approach for
evaluating the bearing performance of encased granular
columns”, Pages 339-347

Fady B. Abdelaal, R. Kerry Rowe, M. Zahirul Islam “Effect of
leachate composition on the long-term performance of a
HDPE geomembrane”, Pages 348-362

Iman Hosseinpour, Mario Riccio, Marcio S.S. Almeida
“Numerical evaluation of a granular column reinforced by
geosynthetics using encasement and laminated disks”,
Pages 363-373

Michael Heibaum “Geosynthetics for waterways and flood
protection structures - Controlling the interaction of water
and soil”, Pages 374-393

Ching-Chuan Huang “Force equilibrium-based finite
displacement analyses for reinforced slopes: Formulation
and verification”, Pages 394-404

S.G. Chung, H.J. Kweon, W.Y. Jang “Observational method
for field performance of prefabricated vertical drains”,
Pages 405-416

Technical Note

Abdelmalek Bouazza “A_ simple method to assess the
wettability of nonwoven geotextiles”, Pages 417-419

Please find the download of the articles at:
http://www.sciencedirect.com/science/journal/02661144/42/3
http://www.sciencedirect.com/science/journal/02661144/42/4
For IGS members to have FREE access to the G&G journal
articles they MUST log in through the IGS website.
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GOMIEESEIN INTERNATIONALE
DEG GRANOS BARAASGES:

INTERNATIONAL COMMISTION
ON LARGE DANS

TheDaMSNewsletter

http://www.icold-

cigb.org/article/GB/News/newsletter/newsletter-14

KukAo@opnoe 1o Teuxog 14 (Mdaiog 2014) Tou The Dams
Newsletter Tng International Commission on Large
Dams JE Ta NapakaTtw nepiexoueva:

e Editorial

¢ News about Dams
Grand Inga: a dream comes true, p.3

China: accelerating the building of hydroelectric dams,
p.6

ICOLD European Club news: Summary of activities
during the period 2011-2013, p.7

ICOLD meets in Seattle with great success, p.8

e ICOLD News
ICOLD President answers Oxford misleading study, p.9
ICOLD activities, p.12
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AIGI

International Association for Engineering Geology
and the Environment Newsletter

Issue No.1, 2014

http://www.iaeg.info/index.php/newsletter/cat vie

w/110-iaeg-newsletter/193-iaeg-newsletter-2014

Kukhopopnoe To Vveéo TeUXoG Tou Newsletter Tng
International Association for Engineering Geology
and the Environment pe Ta napakdtw nepiexopeva:

Letter from the President, p.1

Conference on E.M.Sergeev 100™ Anniversary, p.2

IAEG Congress 2014, p.5

IAEG 50 Anniversary Book, p.7

The USA applies to organize IAEG2018, p.7

Hans Cloos Medal Winner 2014: Professor Roger Cojean,

recommended by France National Group, p.8

Marcel Arnould Medal Winner 2014: Professor Brian

Hawkins from UK, p.9

Online Survey, p.10

- The most concerned and hottest issues in Engineering
Geology and Environment in 2014, p.10

- Feed-back on Bulletin dispatch 2013, p.11

IAEG Lecture Tour in Beijing : Niek Rengers’ Speech on

Writing of Scientific Papers, p.12

Video Lecture, p.14

News from National Groups, p.15

News from Commissions, p.18

- C4- Education and Training, p.18

- C10-Building Stones & Ornamental Stones, p.19

- Brief information on new C35 - Monitoring, p.20

Other News, p.22

Membership, p.23

Meeting Information, p.25

Obituary, p.29

Contact Information, p.31
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EKTEAEZTIKH ENITPONH EEEENM (2012 - 2015)

Mpoedpog : Xpnotog TEATSANIPOS, Ap. MoAITIKOG Mnxavikdg, MANTAIA SYMBOYAOI MHXANIKOI E.M.E.
president@hssmge.gr, editor@hssmge.gr, ctsatsanifos@pangaea.gr

A’ AVTINpoedpog : Mavayiwtng BETTAZ, MoAITIkOG Mnxavikog, OMIAOZ TEXNIKQN MEAETQN A.E.
otmate@otenet.gr

B’ AvTinpoedpog : MixaAng NMAXAKHZ, MoAITIKOG Mnxavikog
mpax46@otenet.gr

levikog Mpappareag : Mapiva MANTAZIAOQY, Ap. MoAimikdg Mnxavikdg, AvanAnpwTpia Kaényntpia E.M.M.
secretary@hssmge.gr, mpanta@central.ntua.gr

Tapiag : Mwpyog NTOYAHZ, MoAITIkoG Mnxavikog, EAAOOMHXANIKH A.E.- TEQTEXNIKES MEAETEZ A.E.

gdoulis@edafomichaniki.gr

'Epopog : NMwpyog MMNEAOKAZ, Ap. MoAImikdg Mnxavikodg, Enikoupog Kadnyntrg TEI ABrivag
gbelokas@teiath.gr, gbelokas@gmail.com

MEAN : Avdpéag ANAITNQZTOMOYAOZ, Ap. MoAITIKOG Mnxavikog, OudTIog Kabnyntrng EMMN
aanagn@central.ntua.grn

MavwAng BOYZAPAZ, MoAITIKOG MNxavikog
e.vouzaras@gmail.com

MixaAng KABBAAAZ, Ap. MoAITKOG Mnxavikog, AvanAnpwTtnc Kadnyntng EMM
kavvadas@central.ntua.gr

AvanAnpwparika
MEAR : Xprotog ANATNQSTOMOYAOS, Ap. MoAITikog Mnxavikdg, Kadnyntng MoAuTexvikng ZxoAng AMO
anag@civil.auth.gr, canagnostopoulos778@gmail.com

Znupog KABOYNIAHZ, Ap. MoAITikog Mnxavikdg, EAA®OS SYMBOYAOI MHXANIKOI A.E.
scavounidis@edafos.gr

AnunTpng KOYMOYAOZ, Ap. MoAITikog Mnxavikdg, KASTQP E.M.E.
coumoulos@castorltd.gr

MixdAng MMAPAANHZ, MoAITikdg Mnxavikdg, EAA®OS SYMBOYAOI MHXANIKOI A.E.
mbardanis@edafos.gr, lab@edafos.gr

EEEEIM

Topéag FrEWTEXVIKAG TnA. 210.7723434

2XOAH MOAITIKQN MHXANIKQN Tor. 210.7723428

EONIKOY METZOBIOY NOAYTEXNEIOY HA-AI. secretariat@hssmge.gr ,
MoAuTtexveiounoAn Zwypagpou geotech@central.ntua.gr

15780 ZQrPA®OY IotooeAida www.hssmge.org (und KaTaokeun)

«TA NEA THX EEEEMM» Ekd0TNG: XproTog Toatoavipog, TnA. 210.6929484, ToT. 210.6928137, nA-31. pangaea@otenet.gr,
ctsatsanifos@pangaea.gr, editor@hssmge.gr

«TA NEA THZ EEEEMM» «avapT@vTal» Kal oTnv 1oTooeAida www.hssmge.gr
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