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It is our pleasure to present this volume as part of the book series on the Proceedings of the XII
International TAEG Congress, Torino 2014.
For the 50th anniversary, the Congress collected contributions relevant to all themes where
the IAEG members were involved, both in the research field and in professional activities.
Each volume is related to a specific topic, including:

. Climate Change and Engineering Geology;

. Landslide Processes;

River Basins, Reservoir Sedimentation and Water Resources;

. Marine and Coastal Processes;

Urban Geology, Sustainable Planning and Landscape Exploitation;

. Applied Geology for Major Engineering Projects;

. Education, Professional Ethics and Public Recognition of Engineering Geology;
. Preservation of Cultural Heritage.

The book series aims at constituting a milestone for our association, and a bridge for the
development and challenges of Engineering Geology towards the future.

This ambition stimulated numerous conveners, who committed themselves to collect a
large number of contributions from all parts of the world, and to select the best papers through
two review stages. To highlight the work done by the conveners, the table of contents of the
volumes maintains the structure of the sessions of the Congress.

The lectures delivered by prominent scientists, as well as the contributions of authors, have
explored several questions ranging from scientific to economic aspects, from professional
applications to ethical issues, which all have a possible impact on society and territory.



vi Foreword

This volume testifies the evolution of engineering geology during the last 50 years, and
summarizes the recent results. We hope that you will be able to find stimulating contributions,
which will support your research or professional activities.

Giorgio Lollino Carlos Delgado



Engineering geology, a relatively young field, emerged through recognition of the need for
geologic input into engineering projects. Today, this primary field has expanded as the statutes
of its learned society, the IAEG, define: “Engineering geology is the science devoted to the
investigation, study and solution of the engineering and environmental problems which may
arise as the result of the interaction between geology and the works and activities of man as
well as to the development of measures for prevention or remediation of geological hazards.”

The role of engineering geology for major engineering projects and infrastructure con-
struction is well represented in the papers included in this volume of the proceeding of the
12th TAEG congress, devoted to major engineering projects. The geologic input is not only
confined to the initial stage of such projects but the contribution of engineering geology
includes all stages for their completion, reflecting the present standing of engineering geology
in geotechnical engineering.

A retrospective review of the development of engineering geology shows that in the early
days, up to the 1950s or even the 1960s, what was understood as engineering geology was
restricted to assessments, with general and qualitative engineering descriptions. Then this is
followed by a second period of development until about the 1980s. The demands of the
development of society required more knowledge for the behaviour of the ground. Now
meaningful geological models could be provided. However, the quantitative component was
weak, and contributions to the design of structures were limited. Although improved, the
understanding of geology in the engineering milieu is not satisfactory. A third period starts
from the 1980s but mainly from the 1990s. Engineering geology, keeping the core values so
far developed, is now evolving towards geoengineering.

Indeed, today engineering geology not only offers services but is also a substantial and an
integral component of geotechnical engineering in construction. It is present in all phases of
investigation, design and construction:

1. Engineering geology defines the geological conditions, provides the geological model
(formations, tectonics and structure), and translates it into engineering terms, providing
suitable ground profiles at the appropriate scale. Its role is decisive for detecting the
presence of geological hazards, in the selection of the site or the alignment of the engi-
neering structure and for the basic principles of the construction method. It makes no sense
to proceed without a sound knowledge of the geological model. Let us be a little dogmatic
here: in the absence or misinterpretation of the geological model the construction or
operation will almost certainly be associated with problems either small or large, as
accidents, delays, cost over-runs or even failures may occur. On the contrary, if this model
is known from the very beginning of the design, half the game has already been won ... if at
the very start the geological structure of the site is misinterpreted, then any subsequent ...
calculation may be so much labour in vain. (Glossop 1968, 8th Rankine Lecture).
Therefore: start from the forest and then look at the trees.

vii



viii

2. After having understood the behaviour of the ground, engineering geology contributes to
the definition of the properties of the geometrical, the selection of suitable design para-
metres and of the appropriate criteria. This a stage with a close synergy with engineering.
An understanding of in situ stresses and groundwater conditions complete this stage.

3. Engineering geology is and should also be present at the design phase to ensure that
calculations and simulations do not misinterpret the geological reality. John Kanill in his
first Hans Cloos lecture, in 2002, expressed strong concern that the effectiveness of the
integration of engineering geology within the geotechnical engineering remains to be
improved. This integration is a field of development in today’s engineering geology, and
papers in this volume contribute towards such advance.

4. Engineering geology is involved in construction in order to validate the assumptions of the
design, to contribute in the application of measures in unforeseen or unforeseeable cir-
cumstances and to secure the implementation of the contract.

And, undoubtedly, geological and engineering judgement should never be neglected in this
whole process of creating an engineering project. Next to knowledge, experience is needed for
this judgment. Mark Twain said Good judgment comes from experience. But where does
experience come from? Experience comes from bad judgment. However, the correct appli-
cation of geological and engineering principles means that experience can also come from
good judgement.

It is very satisfactory that this volume of proceedings of the 12th congress of IAEG
embraces all the above mentioned, and a large variety of cases of engineering works is
presented. Dams and tunnels are the majority of these cases but also foundations, offshore
structures, roads, railroads, slope design, construction material, tailings, repositories are dealt
with. Papers on engineering properties and geotechnical classifications, site investigation
issues and influence of groundwater are present together with contributions on the behaviour
of soft rocks and weak rock masses. Active tectonics also attract special attention.

The volume is expected to constitute a valuable and lasting source of reference in the field
of engineering geology, in particular, and in geotechnical engineering, in general.

Preface
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1.1 Introduction
It is customary to analyze the behavior of foundations under
the implicit assumption that the ground will suffer defor-
mations and settle as a result of the increasing load trans-
mitted by a construction in progress. Usually an estimation
has to be made of the final movements to be expected in the
construction (whether a building or a public work) in the
short or in the long term.

Unfortunately, certain soils may exhibit large volume
changes upon variations in moisture content, even while
under constant external load. Since this affects completed
structures under service (closed structures) and the resulting
foundation movements progress rapidly, noticeable cracking
occurs. If no remedial action is adopted, the pathology is
prone to increase because the changes in moisture content
occur seasonally.

The initial purpose of this communication is to identify
two main groups of soils largely affected by moisture
contents:

e Soils with metastable structure, more usually known as
“collapsible” or “collapsing” soils.

e Soils with large volume instability. They are usually
referred to as “swelling soils”. However, this terminology
may lead to error. In fact, swelling may be reduced to
unharmful values by adequate contact pressures in
foundations, that is to say, by adequately dimensioning
the foundations. In arid regions, though during large
periods of drought, the moisture content of high plasticity
clays decrease to depths, below the round surface, that
may reach 6 m and even more. The resulting “shrinkage”
settlements are large and of rapid progress, as pointed out
for collapsing soils, although their source is different.
Collapse occurs though moisture increase, shrinkage is
produced by moisture decrease. Engineering geology
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must be well aware of those problems with moisture
contact changes, and has to evaluate them properly
through laboratory testing in order to come to adequate
recommendations in the project geotechnical report, as it
will be synthetically referred to subsequently. A final
purpose of the communication will be to draw attention
to the possibilities offered by the technique of reinforced
grouting/through hydraulic fracturing of ground, using
stable mixes of cement-bentonite) to stabilize those
problematic  soils, under foundations defectively
designed and constructed.

1.2  Laboratory Identification

of “Collapsing” and “Swelling” Soils

Figure 1.1, reproduced from Peck et al. (1974), shows the
behaviors, in a double oedometer (or paired confined com-
pression) test, characterizing those two types of peculiar
soils.

As it is usual, the oedometric curves are represented in a
semi logarithmic plot, where pressures are figured in log
scale, as abscissae, and void ratios in arithmetic scale, as
ordinates.

Curve a corresponds to a test started at the natural water
content, and to which no water is allowed to access.

Curves b and ¢ correspond to tests on samples to which
water is added from the start, as it is normal practice in
oedometer tests.

If curves a and b represent the behavior of the same soil
(curve b lies entirely below curve a) the soil is said to have
collapsed. Under field conditions, at effective presume p, the
soil would exhibit void ratio e, being unsaturated (positive
suction). The increase of water content until saturation
would cause de void ratio, at pressure pl, to decrease to el,
with corresponding unit settlement of occurring sud-
denly, under the form of a collapse.

On the other hand, if the soil shows a behavior repre-
sented by curves a and ¢ lying entirely above curve a) the
soil is said to swell. The addition of water, under pressure p;

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 3
DOI: 10.1007/978-3-319-09060-3_1, © Springer International Publishing Switzerland 2015
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Fig. 1.1 Diagrams obtained in double oedometer tests

would increase void ratio e, to €'y, corresponding to a unit
swelling of .

1.3 Essential Features and Locations

of Collapsing Soils

Dudley (1970) published a valuable “Review of Collapsing
Soils”, which includes an extensive bibliography.

For collapse to occur the soil must have a structure that
leads itself to this phenomenon. All cases reported by
Dudley have a honeycomb structure of bulky shaped grains,
with the grains held in place by some material or force.

In many cases the temporary strength is due to capillary
tension. As the soil dries below the shrinkage limit, the water
withdraws into narrow spaces close to the junction of the soil
grains as shown in Fig. 1.2. In the expression for effective
stress 6 = 6 — u, the excess pore water pressure u become
negative. The actual effective stress becomes longer than the
total stress applied by the load. For unsaturated silts, like the
constituting loess materials (particles ranging in diameter
from 0.02 to 0.002 mm), the effective stresses may be in the
range of 0.35-3.5 kg/cmz. For fine sands (beach sands) the
maximum effective intergranular stress due to moisture films
is in the order of 0.14 kg/cm®.

The collapsing material may consist of sand with some
silt binder. In this case the capillary forces apply around the
silt to silt contacts and the silt to sand contacts as shown in
Fig. 1.3.

When the bulky grains are bound by clay, the history of
the soil formation is important, since a variety of arrange-
ments are possible. The clay may be either formed in place
or transported.

Clays may form in place by water acting on feldspars.
One of the arrangements that would be produced is shown in
Fig. 1.4. The figure shows a close-packed parallel arrange-
ment of clay particles. Under desiccated conditions the

P 2mr (TENSION)

Fig. 1.2 Capillary produced contact pressure

SILT GRAINS

Fig. 1.3 Schematic arrangement of silt grains between two sand grains

strength may be considerable. The addition of water would
cause the clay particles to separate to some extent, thereby
producing a loss of strength.

Fig. 1.4 Schematic arrangement of sand grains, with aggregated clay
particles
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In areas of high rainfall much of the clay formed in place
could be leached out, but when the rainfall is small, if the
clay particles were dispersed in the pore fluid, the situation
shown in Fig. 1.5 could develop. The resulting buttresses
support and hold together the bulky grains large capillary
tensions can also be present. When water is added the cap-
illary tensions would be relieved and the ion concentration in
the fluid would be reduced. This would increase the repul-
sive force existing between particles, as shown in Fig. 1.6.

However Warkentin and Yong (1900) found that, al
constant void ratios, both kaolinite and montmorillonite had
higher strength at lesser salt concentrations. It may occur that
the void ratios and the temperature change when the salt
concentration changes in situ the resistance to consolidation
caused by the presence of the clay buttresses is a function of
salt concentration, void ratio within the clay structure, and
probably temperature. Many clays, a a matter of fact, expand
as they cool in the vicinity of room temperature.

In the case of mudflows where the initial water content is
not much more than required to attain a fluid condition, the
ion concentration is probably high, and even the constant
shearing action while in movement cannot maintain a dis-
persed arrangement. The clay particles would tend to cluster
around the bulky grains in a flocculated structure. As drying
progresses, some of the clay may be caught between the
bulky grains, and other portions of the clay could be drawn
into the narrow wedges adjacent to the bulky grains, as
shown in Fig. 1.7.

Due to the variety of soil arrangement prone to collapse
shown in Figs. 1.2, 1.3, 1.4, 1.5 and 1.7, those soils are
present in extensive areas of the world. They have been
associated with regions of moisture deficiency in any conti-
nent. Soils exhibiting this behavior must have an open
structure, like those of aeolian origin, but as it has been
shown, their origin may be also alluvial or even residual.
Brink and Kantey (1961) described residual decomposed

Fig. 1.5 Schematic arrangement of two sand grains with ring
aggregation of clay
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Fig. 1.6 Repulsive and attractive energy al high and low ion
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Fig. 1.7 Mud flow type of flocculated clay between two sand grains

granites near Cape Town, in Swaziland, in Northern Rhodesia
and in Northern Transvaal that were found to collapse.

1.4 Essential Features and Locations

of Swelling Soils

The potential capacity of a clayey soil to swell, as a result of
water content increase, under moderate and constant unit
load, is usually related to its plasticity index.



Peck et al. (1974) propose the following table:

Swelling potential Plasticity index

Low 0-15
Medium 10-35
High 20-55
Very high >35

However, the possibility, for a soil with a high swelling
potential, to develop effectively this potential depends upon
several conditions:

e The main condition is the difference existing between the
soil moisture at the beginning of the construction, and the
equilibrium moisture content of the soil, after the con-
struction has been completed. Should this difference be
high, that is to say, if the water content of the soil
increases noticeably after construction, an important
expansion of the unloaded or lightly loaded soil will
occur. On the other hand, if the expansion is completely
restricted, high and destructive swelling pressures would
develop.

Conversely, if the equilibrium water content were less

than the initial water content, the soil would shrink

instead of expanding.

e A second condition is the degree of compaction of the
soil. The presence of a soil is placed at a high degree of
compaction, or on a natural soil highly over consolidated,
favor the expansion of a potentially high swelling soil if
its water content is increased.

e A third condition is the unit load transmitted by the
foundation once the construction has been completed.
The higher the unit load, the lesser the swelling.
According to Peck et al. (1974) useful quantitative

information may be obtained from the variation of swelling

pressure obtained in an oedometer test in which example,
with the water content corresponding to the start of the
construction process, is subjected to a selected vertical
pressure, and previously to let free access to water, is
allowed to reach the equilibrium under that vertical pressure.

The selected vertical pressure is taking to be approxi-
mately twice the effective stress acting on the sample in the
ground, before extraction. If a high swelling potential is
expected, the selected vertical pressure may be taken even
higher. Once the oedometer has been saturated the swelling
is measured until equilibrium is reached. The vertical pres-
sure is then reduced to half its initial value and, again, the
equilibrium deformation is obtained. A new reduction to half
is introduced in the vertical pressure, and the equilibrium
deformation is registered. The process ends for a vertical
pressure reduced to zero.

The results obtained are represented by a graph similar to
that shown in Fig. 1.8.

C. Delgado Alonso-Martirena
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Fig. 1.8 Typical results obtained in swelling tests

e Curve a shows the behavior of a soil exhibiting a high
swelling pressure for a reduced volume increase, but
developing only a reduced swelling pressure after a
moderate expansion is allowed. This type of behavior is
typical of the swelling tertiary clays of the southern of
Madrid (Spain).

e Curve b shows a more dangerous swelling behavior.
Although the swelling pressure is moderate after a
moderate expansion is allowed to occur, after the pres-
sure is reduced to zero, the swelling is high.

A swelling test of this type just described is useful not
only to determine the pressure necessary to avoid swelling of
soil at certain depth, or to limit this swelling to an allowable
value, but also to estimate the expected movements at the
bottom of a basement excavation.

It is necessary to remark that, due to the disturbance of
soil samples in the field and in laboratory activities, the test
results are to be considered with care.

Swelling pathologies develop especially in light con-
structions with shallow foundations, as shown in Fig. 1.9
taken from Parcher and Means (1968).

Peck et al. (1974), in Fig. 1.10 show schematically the
pathologic trends associated with a pier-supported structure
in which grade beams would be in contact with a highly
swelling soil.

Fig. 1.9 Pathology of brick wall
with shallow foundation in
swelling clay

Joist tied to wall
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Fig. 1.10 Pathology of grade T\, 8rick wall
beam resting on swelling soil
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When the zone of seasonal variations in moisture extends
to a depth greater than that below which drilled piers have
been designed, attempts to form the bells of such piers may
be unsuccessful because the clay in the zone of moisture
changes likely to be highly slicken sided and successive
caving of the blocks between slickensides might occur.

Even if the grade beams and floors of a structure, on piers
of adequate depth, are not subjected to uplift forces (a
clearance has been designed between the grade beams and
the soil surface), the swelling soil tends to grip the shafts of
the piers and lift them.

On the other hand, if the construction is located on a
loping ground, it has to be taken into account that drilled
piers have only a reduced resistance against lateral dis-
placement and should not be expected to restrain down brill
movements associated with creep.

Swelling soils are widespread all over the world. In fact
they are montmorillonitic clays that might develop from the
decomposition of volcanic glasses.

However although the expansion of those soils may be
remediated in almost any case of construction (building or
public work) by proper design measures (adequate contact
pressure and depth of foundations, or soil substitution in the
zone of more critical moisture changes in subsoil), in arid
climates successive and important drought periods may
cause the reduction of soil moisture and consequent
shrinkage of soil down to important depths (6—7 in Sevilla,
Spain).

Fig. 1.11 Sleeve pipes grouting

An important parameter to ascertain the problem of
shrinkage of soils is the shrinkage limit, very low (10-11 %)
in montmorillonitic clays. If the equilibrium moisture con-
tent below a construction is considerably higher than the
final moisture content after “a chain of brought periods”
considerable settlements may affect the construction inde-
pendently of the load it transmits to the ground.

On the other hand, the settlement distribution may not be
uniform since the water content reduction may be different at
the outside limits of the foundation than under the central
part of the building plan extension.

As it will be established in the next sections, a very effective
means of solving the problem in all types of existing con-
structions (new constructions with structures and foundations
made of reinforced concrete or old palaces and monuments of
historic or architectonic high value) is the application of the
technique of soil improvement by reinforced grouting.

1.5  Grouting by Hydraulic Fracture Through

Sleeve Pipes

Although grouting has been, for a long time, considered as a
procedure of ground impregnation (filling the voids of the
soil with grout mixes, without disturbing the preexisting
particle arrangement), very soon after the technique of sleeve
pipes (Fig. 1.11) was introduced, the interest of hydraulically
fracturing the ground was recognized in applications for
alluvial soils sealing off. The initial permeability of the
ground was lowered by creating inclusions of cement-ben-
tonite that, after setting, would cause water to divert from
straight paths, with a rapid increase of head loss.

If this hydraulic fracturing is systematically introduced in
the ground, through successive injection steps (Fig. 1.12),
the inclusions of hardened mix produced in the ground by
neighboring sleeve-pipes may interfere with one another o,
creating a “skeleton” within the ground mass to be improved
(Fig. 1.13).

This will promote the improvement of the ground
mechanical characteristics, namely increasing strength and
stiffness. Figure 1.14, initially taken from Morgenstern and
Vaughan (1963), would show maximum injection pressure

|

Inserting the
tube




Fig. 1.13 Skeleton of hardened inclusions

P, for a saturated ground, to be reached without shear frac-
ture, ¢ and &' representing the effective shear strength
parameters of the ground. However, the ground, under
hydraulic pressure, cracks (rupture in tension) before
reaching plastic shear, as Vaughan himself established later
for cores in the earth dams.

Santos et al. (2000) and Santos and Cuellar (2000)
established that in case where P would represent the final
“shut-in pressure” which would be sustained in the vicinity
of an open “manchette” without any further mix take vari-
ation, the final relationship shown in Fig. 1.14 would link P
with the ¢’ and & parameters of the treated ground. There-
fore, a ground which could not be permeated by cement—
bentonite mix, could be improved, to a predesired condition,
by hydraulic fracture grouting with prefixed shut-in-
pressures.

C. Delgado Alonso-Martirena

Fig. 1.14 Assumed mechanism for hydraulic fracture

1.6  Use of Hydraulic Fracture Grouting
to Solve Foundation Problems
in Collapsing and Swelling Soils
1.6.1 Negative Effects of Collapse, Swelling

and Shrinking of Soils on Shallow
and Deep Foundations

In relation to foundations on collapsible soils, Peck et al.
(1974) established that if the possibility of wetting could not be
ruled out and if the ensuing settlements were excessive, the
foundation had to be established below the soil of potential
collapse. Although they mentioned the possibility of inducing
the collapse before building the structure, the real fact is that
this procedure has been used successfully only to treat the
foundations of earth dams or dikes that load completely the soil
during construction and can usually tolerate settlements of
more than 1 m. In connection with foundations for buildings or
bridges it has not been successful.

In the case of piles or piers established in the collapsible
soils, they need to be embedded adequate lengths below the
bottom of the unstable foundation, and it has to be addi-
tionally taken into account that the subsequent wetting and
collapse of the unstable soil are likely to induce negative
skin friction on the foundation units, not to speak of the
possibility of parasitic flexures on the shafts to occur, if the
bottom of the collapsible foundation is sloping.

As it has been established in foregoing paragraphs, the
term swelling soils imply not only the tendency to increase
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in volume when water is available, but also to decrease in
volume, or shrink, if water is removed.

Although adequately determined permanent contact
pressures on swelling soils and the design of the floor
structures with proper clearance from the surface of the
expansive soil may cope with volume increase, only the
location of the foundation below the critical depth of soil
seasonal shrinkage could face the potential volume decrease.
In the arid regions, in the presence of highly plastic clays or
marls (as it occurs, for instance in southern Spain) this depth
may be in excess of 67 m.

Deep foundations, in those highly swelling soils, are
subject to parasitic tensions and flexures, and their con-
struction is complicated because those materials, of high
resistance for water contents below the plastic limit, may
dramatically lose strength by water addition, because their
extremely high suction potential (values of nearly 100 kg/
cm? at 98 % degree of saturation have been measured at the
Centro de Estudios y Experimentacion de Obras Publicas,
CEDEX, in marls of southeastern Spain with 250 kg/cm’
unconfined compressive strength).

1.6.2 Stabilization of Collapsing and Swelling
Soils and Soft Rocks Means of Hydraulic
Fracture Grouting and Bolting Through
Sleeve Pipes

Santos et al. (2000) presented, in the book “Geotecnia en el

afio 2000 (Geothechnics in the year 2000), an in-depth

analysis of the basic principles, execution and control of the
hydraulic fracture grouting through a sleeve pipes, along
with a number of outstanding applications of this technique.

Their chapter in the book was entitled ‘“Procedure for a

predetermined ground improvement compatible with mili-

metric movements of the surroundings”.

In fact, three main aspects of the technique of fracture
grouting need to be pointed out:

e [t is possible to pre-establish the volume of ground to be
improved the cometrical “solid” to be treated) along with
its final mechanical properties, insuring, during the pro-
cess, only mill metric movements (2—-3 mm) of structures
above or in the vicinity of the treated ground.

e Both the control of movements of the structures and the
resulting mechanical conditions of the improved ground
can readily and quickly be controlled.

As matter of fact, as it was verified by Santos and Cuellar
(2000), testing of the ground by cross-hole geophysical
technique, or by pressure meter tests show perfectly
correspondent results. The comparison between the
mechanical conditions of argillaceous marl, before and
after the grouting could be achieved by the authors
through load testing of two shallow footings (2 x 2 m and

1.50 m deep) on treated and untreated ground. The
combined effects of grouting and bolting through sleeve-
pipes resulted in multiplying by a factor of 10 the initial,
already high, modulus of deformation of the marl.

e As long as the sleeve-pipes are properly distributed
within the geometrical volume to be treated, their ori-
entation may vary, that is to say, it is possible to achieve
the drilling and grouting from any working area around
the zone to be improved. This allows, for instance, in
combination with the much reduced movements gener-
ated during the treatment, to reinforce the foundation of a
construction without disturbing its normal operation.
Successful stabilization of collapsing soils has been
achieved below and behind existing constructions in the
eastern zone of Spain (collapsible silts in the provinces of
Alicante and Castellon). A special case of treating very
loose salty sands was affected (and controlled by CE-
DEX) behind so-called “muro de cipres” (cypress wall) at
the Generalife and below several foundations of the
Alhambra de Granada (Spain).

In the southern Spain, light constructions (some of them
family houses and schools) have been protected, from the
pathologies created by high plasticity clayey subsoil in arid
climate, by means of grouting of the soil down to a safe
depth (around 7 m.) without disturbing the normal life in
those constructions.

The southern wing of the Parador in Carmona (Sevilla,
Spain) was about to be torn down because of its continuing
movements, even after having been under primed with micro
piles, and anchored, because having been built in a cliff
supported by both collapsible formation (Albero) and
swelling marls (Mayos del Guadalquivir) underneath. In
2005 the problems was completely solved by grouting
through sleeve- pipes of both formation, and the Parador
remains in perfect housing condition.

Delgado (2011) has shown that this technique is impla-
cable to allow buildings construction on slopes in swelling
soils, subject to seasonal creep. This is due to the fact that
the treated ground may be dimensioned as high inertia
counterforts that allow to stabilize the slope without any
need for anchors or ties.

It has to be mentioned that the so-called MPSP technique
(multiple packers sleeve pipes) allows the use of grouting
through sleeve pipes even in fractured or fissured rock
materials.

1.7  Conclusions

Many books in Soil Mechanics, an even a number of stan-
dards in Geotechnics, fail to point out that the foundations
may suffer deformations and settle after the construction
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operations have ended of the subsoil, below the contact level
of those foundations, suffer changes in water content.

This is especially important in soils with metastable
structure, that may collapse under soaking, and are therefore
referred to as “collapsible soils”, and in soils prone to severe
changes of volume with changes in water content, termed
“swelling soils” although their shrinkage when water content
diminishes is even more serious.

The paper presents a summary of conditions leading to
collapse or swelling/shrinkage, and shows that those prob-
lematic foundations are present in many countries of the
world, although generally associated to arid climates.

Finally, reference is made to the technique of hydraulic
fracture grouting that may solve the problems derived from
those soils under existing constructions, and even in the
present of slopes or cliffs, because the geometrical volume,
to be achieved, and their final mechanical conditions may be
designed in advance, executed with only mill metric
movements of the ground below existing foundations, and
the working surfaces may be selected with large flexibility. It
is possible to check the differences between the ground
conditions, before and after the treatment by the geophysical
“cross-hole” technique, very easy to effect.

C. Delgado Alonso-Martirena
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Abstract

Practitioners know that geotechnical uncertainty never ends until a tunnel is completed.
In some cases, uncertainty extends into operation. The present note summarizes relevant
project financing elements such as viability, risk allocation, and bankability. Main financial
instruments for different project structures are outlined, highlighting their likely ranges of
application. Two key instruments for managing project risks, the Geotechnical Baseline
Report, and the Project Risk Register, are presented and their joint use illustrated. The
importance of carrying over uncertainty along the entire project cycle (planning, construction,
and operation) is elaborated by using a concept borrowed from the hydropower sector.

2.1 Project Sustainability

Achieving project sustainability is a pre-requisite for
financing, together with project’s technical and economical
viability. A recurrent message is that “the project cannot be
implemented because of lack of financing”. While that is true
in several cases, it is equally true that, in many instances,
financing could be available with good project preparation
and a robust financial architecture.

So what does it take to prepare a “good project”? Over
the years, the threshold of environmental and social
acceptability for large projects has significantly raised, and it
would be very unwise to get financially involved in any
operation where these aspects have not been fully addressed.

A group of international financing institutions have set
out minimum requirements for a project to be financed.
These principles, referred to as the “Equator Principles,”

The content of this paper reflects the experience of the author and, as
such, does not necessarily represent policies or practices of the Salini-
Impregilo Group.

A. Palmieri (X))
Salini-Impregilo SpA, Milan, Italy

were first designed in 2003 in conjunction with the Inter-
national Finance Corporation (IFC—the private sector arm
of the World Bank); the most recent version is dated June
2013 (for details see www.equator-principles.com).

2.2 Financial Viability

Government decision-making is based on the economic
value of a project to a nation, but the financing of that project
depends on its financial viability. Financial viability is the
measure of the commercial strength of a project, generally
assessed over a period of 15-20 years. It determines whether
the project is robust enough to repay loans at commercial
rates of interest even under a downside scenario, and whe-
ther it is likely to provide a sufficiently high return on equity
to attract private investors.

Water infrastructure projects often fall in the gap between
economic and financial viability. A project can be eco-
nomically attractive and represent the preferred option when
seen from a long-term national perspective, but when con-
sidered as a commercial investment it may be unable to
generate adequate financial returns. Xiaolangdi Multipur-
pose Project represents a relevant example (Table 2.1).

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 11
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Table 2.1 Xiaolangdi multipurpose project on the yellow river (China)

A. Palmieri

Total costs US$3.5 billion, US$1 billion for resettlement. Completed 1 year ahead of schedule; cst savings 300 MUS$

Multipurpose reservoir: flood control, sedimentation management, maintaining adequate in stream flows, water supply, irrigation, hydropower

replacing old, coal fuelled power plants

Economic rate of return unchanged from project appraisal (17.5-17.9 %,) but financial rate of return unsatisfactory because only energy sales
accounted for. All other benefits accounted as public goods and not reflected in the financial analysis

Closing the gap between economic and financial viability
requires consideration of project financing partnership.

2.3 Risk

A risk is anything that can have a negative effect on the
project outcome. All risks ultimately translate into financial
terms, and an investor will tend to judge her risk exposure by
the amount she could lose compared with the amount she
expects to gain at any particular stage in the lifecycle of the
project. There are three main types of risks; mitigation
measures are different for each of them.

Project specific risks, as related to contracting risks (delay
and cost overruns), are very difficult to insure. Physical
catastrophes like collapses and fires may, in some cases, be
insurable. Insurance will generally only cover single events
rather than systemic problems. Even then it may not cover
the full losses; for example it might cover the cost of rein-
statement but not necessarily the consequential losses
resulting from the delay—and the latter can often be the
larger element (Table 2.2).

In all cases, risk has a cost and risk cost depends on how
risk is allocated among stakeholders. Combination of
financial viability and risk assessment results in project

Table 2.2 Project specific risks
Type of risk Examples

Political (country) Risk of nationalization

bankability, i.e. how attractive the project is for financial
institutions.

Financial Viability
e
Risk Assessment

The most attractive projects rate AAA (triple A).
BBB + is generally considered the minimum level for a
project to generate investment interest. Bankability deter-
mines the interest rate and the tenure (duration) of the loan.

}:

24  Main Financial Instruments and Project

Structure

Several financial instruments, from private equity to con-
cessionary finance, have been used for financing infrastruc-
ture projects; their choice is strongly dependent upon project
structure and ownership. There is a wide spectrum of
financing instruments, ranging from publicly sourced grants
and soft loans through to financing on strictly commercial
terms. With some generalisation it is possible to group these

Mitigation

Guarantees

Changes in law affecting status or financial position of project company

Commercial Market

Partially insurable

Risk to revenue such as change in regulation or difficulties in enforcing payment

Defaulting off-taker

Project

Site-specific risks such as cost and time overruns during construction

Usually not insurable

Difficulties in obtaining necessary environmental permits and clearances

Uncertainty of addressing social issues which may arise

Hydrological risk

Transmission interconnection
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Table 2.3 Main financing instruments

Financing instrument Source

Concessionary finance

Public equity

Public debt

Export credit agencies and

guarantees MDBs

Private “commercial” debt

Private equity

disparate sources of finance into six broad categories of
instruments (Table 2.3).

In general, the wider the gap between economic and
financial viability in a project, the more that project will
require concessionary and/or public finance. A financially
strong project can be fully sustained by private financing.

The financial architecture of a project will depend on its
viability and on the extent to which project risks can be
mitigated. Project will not be attractive to the private sector
if risks are not likely to be substantially mitigated. In that
case, if economic value is large and the project is a national
priority, financing will have to be public. A project can still
attract private sector participation if one or more financially
viable components can be “sliced” from the project, e.g.
public financing for the dam and private for the powerhouse.
The following diagram (Head 2005) exemplifies the deci-
sion-making process for assessing the appropriate project
structure.

Grants or soft loans (low interest or long tenure), usually from bilateral or multilateral aid agencies

Public investment with the support of the government, often indirectly funded from bilateral and multilateral
development banks (MDB) sources

Project-specific loans from the government or from bilateral and multilateral development banks

Finance direct from the export credit agencies, or from private commercial banks using guarantees from public

Loans from private banks, and from the commercial arms of the public MDBs. Also occasionally bond issues

Direct investments made by private sponsors and other private investors, and by the public MDBs

2.5 Geotechnical Risk and Project Risk

Management

Geotechnical risks, in the form of unexpected geological
conditions, are a serious factor in cost and schedule control
on all major civil engineering projects. The amounts of
money, involved in claims arising from geotechnical prob-
lems, are enormous and are taken very seriously by financing
agencies. In spite of numerous attempts to deal with these
situations by the incorporation of various clauses in contract
documents, the problems persist. The best course of action is
to define the geological conditions as early and as accurately
as possible so that surprises are minimised. Unfortunately,
that is not possible, or not considered possible, in most of the
cases. At the same time, sharing risks associated with
unpredictable events can substantially improve the success
of a contract both in terms of cost and schedule control.

Project is
Economically
Viable and a
Government Priority?
lyes
Financially yes Political yes Commercial yes ~ Project yes B;;\k{:ge
Viable? 2 Risk OK? , Risks OK? g Risks OK? . Project
no / lno d lno g no //
e
v Yes 4 /y/es v ‘yes
Overt Partial Risk Government Mitigate/
Subsidy? Guarantees? Guarantee? Insure?
:I"lO JHO no lﬂo
v v
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Table 2.4 Rock mass classification system

Rock class Rock mass rating (RMR) Percentage of
excavation volume

ITand II 61-80 80

111 41-60 10

1AY 21-40 10

Where the overall financial and contractual arrangements
permit, it may be possible for the parties to agree on some
form of risk sharing package; two key tools for that purpose
are:

e Geotechnical Baseline Report (GBR), and

e Project Risk Register (PRR)

The GBR (ASCE 2007) aims to establish a contractual
understanding of the site conditions, referred to as the geo-
technical/geological baseline. Risks associated with condi-
tions consistent with or less adverse than the baseline are
allocated to the contractor and the owner accepts conditions
significantly more adverse than the baseline. The more
clearly defined the anticipated conditions, the more easily
the encountered conditions can be evaluated. Therefore, the
baseline statements shall be described using quantitative
terms that can be measured and verified during construction.
How the baseline has been set determines risk allocation and
has a great influence on risk acceptance, bid prices, quantity
of change orders and the final cost of the project.

Typical baseline conditions are those pertaining to dis-
tribution of rock types along tunnel route; they are generally
expressed in terms of a rock mass classification system
which has to be clearly defined in the tender documents, e.g.
(Table 2.4).

The following are examples of baseline statements
regarding groundwater-associated trouble areas, which are
expected during construction of a tunnel (Table 2.5).

The Geotechnical Baseline Report (GBR) is a key ele-
ment for the preparation of the Project Risk Register (PRR).
The latter covers also risk elements such as design, technical/
technological, labor, health and safety, etc. Several risk
scenarios are identified in each category. For each scenario,
the following elements are assessed:

e Frequency or probability of occurrence (as appropriate),
e Preventive measures,
e Potential consequences, before remedial measures,

A. Palmieri

Table 2.5 Baseline statements regarding groundwater-associated
trouble areas

Geotechnical feature = Baseline conditions

Peak of 500 /s with sustained inflows up to
125 U/s over a 100 m length of tunnel

100 1/s over 1,000 m

Peak groundwater
inflows

Steady state
groundwater
inflows

Hot water springs At three locations during underground
excavation with temperatures up to 70 °C

and flow rates of 20 /s

About 250 m head of water at localized areas
such as creek X and creek Y where there
are perennial streams

Groundwater
pressure

Remedial measures along with associated resources and
costs,
e Schedule and cost consequences after remedial measures.

Jointly, GBR and PRR allow to:

e inform decision making on the most appropriate project
technology and procurement strategy,

e inform contract documents preparation, and allocate
contingency funds,

e prepare Health and Safety Management Plans to be
implemented during construction,

e manage design variations and associated claims during
construction.

Not all project developers/owners have the same attitude
towards such a transparent approach. Many still believe in
the possibility of loading all the risks on the contractor,
possibly with a turn-key, fixed cost, contractual arrange-
ment. Experience has repeatedly proven that such expecta-
tion is, at best, very optimistic and, in reality, almost
impossible to achieve. Unreasonable risk allocation strate-
gies will keep good bidders away and attract entities who are
ready to take advantage of the situations with pre-defined
claims at the bid preparation stage. A review (The World
Bank 1996) of water infrastructure projects, featuring
important underground works, revealed significant schedule
and cost overruns. It is the author belief that a large part of
those overruns can be attributed to the contractual practices
in use at the time of those projects (late 70 and 80’); recent
practices, increasingly incorporating GBR and PRR
elements, have proved to be conducive to better results.
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2.6 Uncertainty Management
Large civil engineering projects like dams, hydropower
schemes, tunnels, underground caverns, etc. inevitably
involve significant uncertainties that translate into financial
and other types of risks. As much as risks cannot be totally
removed, so uncertainties cannot be cancelled regardless of
the amount of studies, investigations, contractual arrange-
ments, financial engineering, etc.

The best way to manage uncertainties is to the carry them
over along the planning process by periodically re-assessing
the relative implications on safety, engineering, and financial

Table 2.6 “uK-uKs” concept in a tunneling context

“uK-uKs” Tunneling context

“Known General geology, overburden, expected rock types, groundwater, etc
knowns”

“Known Actual distribution of rock types along tunnel alignment, extent of
unknowns” fault areas, sudden water inflows, etc

“Unknown Un-anticipated extensive fault area, large karst cavity with water and
unknowns” debris filling, mud-like soil within hard rock, etc

aspects. At the pre-feasibility level of a project, uncertainties
should be used to carefully plan studies and investigations
for feasibility purposes.

Once feasibility is confirmed, residual uncertainties,
including those that, meanwhile, have added to the list,
should guide definition of contingency measures, including
financial ones, for tender design purposes. Construction
contracts, whatever their form (traditional, turn key, con-
cessions, etc.), should incorporate measures to address
residual uncertainties. The remaining ones, after construction
and commissioning, should guide the preparation of opera-
tion and maintenance plans.

In a paper on hydro plant rehabilitation, Gummer and
Obermoser (2008), refer to the concept of ‘“unknown
unknowns” (uK-uKs), which the US politician Donald
Rumsfeld used in one summary of progress in Iraq (2002).
They argue that the “uK-uKs” concept makes a lot of sense
in apportioning contractual risk in hydro plant rehabilitation
works. The concept is equally suitable in tunneling projects.
The following plate exemplifies the “uK-uKs” concept in a
tunneling context (Table 2.6).

“Known knowns” should be dealt with by a good design
based on an adequate site investigation (Hoek and Palmieri
1998).

“Known unknowns” should be mitigated by appropriate
contractual architecture; to that end it is advantageous to
build sufficient flexibility into the contract so that design can
be adapted during construction according to rock mass
properties actually encountered. Such refinements can be
based on back-analysis of measurements of excavation
deformation and observations of excavation behavior. The
following plate outlines an example of such approach,
referring to tunneling in squeezing rock.
Convergence-based rock mass reinforcement

e GBR will specify expected baseline deformations 6 val-
ues for different rock mass conditions.

e If § values, as measured 2D away from the face, exceed
the baseline value, additional support, pre-established in
GBR, is installed.

What to do

The problems lie in the detail, i.e. adequate site
investigations at the planning stage

Make adequate resources available, and provide for
contractual flexibility

Make provision for investigations during
construction (probe drilling, gas detection, etc.)



e Should excessive deformation be attributable to excava-
tion (e.g. poor blasting), or excessive time lag in
installing supports by the Contractor, the latter will bear
the cost of additional support.

e In areas where baseline 6 exceeds 1/3 of final lining’s
thickness, excavation diameter will be increased by 6.
A contract that imposes rigid designs and inflexible

construction methods will almost certainly result in an

inefficient and costly tunneling project.

“Unknown unknowns” can be minimised if investigation
is embedded in the construction stage. A very important
element in this respect is the stipulation, in contract docu-
ments, of mandatory probe drilling ahead of the tunnel face,
at least in the stretches where the most problematic condi-
tions are expected to occur. Comprehensive plotting of
forecasting data and preparation of performance and
geological forecasting report are also recommended.

A. Palmieri

Finally, residual uncertainties, after construction com-
pletion, should be incorporated in the Operation and Main-
tenance Plan of the Project.
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Abstract

Large deformation of soft rock tunnel has been one of significant problems in the railway
construction in Northwestern China. The main causes led to the problem are large depth with
high crustal stresses, soft rock with strong anisotropy and quick excavation. The paper is to
introduce the large deformation of the slate-schistose rock tunnel in Lan-Yu railway
construction, the essential factors affecting the deformation of carbonaceous slate tunnel
including geological stress, special properties of the rock and its soften mechanism caused by
excavation, rock pressure and its strengthening effect; some lessons from the geological
investigation and design of tunnels.

Keywords

Carbonaceous slate tunnel ¢ Large deformation ¢ Softening of carbonaceous slate

Strengthening of rock pressure

3.1 Background

Large deformation of soft rock tunnels has been a difficult
problem in the railway construction in mountain area of
Northwestern China. Lan (Lanzhou)-Yu (Chongqing) rail-
way is one of the typical cases. Large amount of tunnels of
the railway line has to slow down or stop the excavation
because of the lining systems has been broken by strong
deformation. A big proportion of designed supporting sys-
tem of tunnels has been changed because the class of rock
quality has to be reduced from the original classification.
And consequently a remarkable amount of investment has to
be input for the change.
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of Sciences, Beijing 100029, China
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As well known, pararock formed from the clastic rocks of
Paleozoic and Mesozoic eras are widely distributed in
Northwestern China, particularly in the Qilian-Qinling area
as shown in Fig. 3.1. Most of the rock shows laminar and
schistose feature with significant anisotropy because slight
or strong metamorphism.

On the other hand, the depth of railway tunnels going
across Qilian-Qinling mountain area usually reaches several
hundreds of meters. And meanwhile there is generally a
certain amount of crustal stress because it is in a tectonic
active belt. Geological stress along the railway line have
been measure by hydraulic fracture method as Fig. 3.2 which
indicates that the maximal horizontal stress varies among
10.47-33.82 MPa. Strong rock pressure is one of the driving
forces for the large deformation.

The common procedure for tunnel design in China is in
the following steps: engineering geological survey, classifi-
cation of rock and modification based on the condition of
geo-stress and groundwater in different sections of the tun-
nel; according to the current technical standards, design of
the supporting system based on class of rock in each section.
However, for lots of tunnels, it may be difficult to accurately
classify the rock quality in the stage of geological survey
because of the insufficient data. This will actually leads to

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 17
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Fig. 3.1 Distribution of pararock along Lan-Yu railway line

2Zuli River

R

Fig. 3.2 Geological stresses measured along the railway line from China Railway First Survey and Design Inst

the inappropriate design for the lining system, for the case of  of the total length of the section, i.e. 493 km. Nine extremely
Lan-Yu railway it may be weaker than required for the long tunnels are the most difficult ones in the construction.
problematic sections of the tunnels. As some examples, Table 3.1 lists the data of 6 double-

Tunnels are mainly distributed in the northern part of line tunnels in the Triassic slate which have changed the
Lan-Yu line from Lanzhou to Guangyuan as shown in designed lining due to the reduction of rock class during the
Fig. 3.2. Sixty-six tunnels with length of 343 km take 70 %
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construction. Around 72.0 % of the excavated length of
tunnels has strengthened their supporting system.

A series of research work has been conducted to find the
causes of large deformation and explanation for the change
of design and rock classes. The paper is to introduce the
large deformation of slate tunnels, taking Muzhailing tunnel
as an example, the phenomena, causes of deformation and
lessons learnt from it.

3.2 A Case of Large Deformation

at Muzhailing Tunnel

Muzhailing tunnel is located at the section from Zhang
County to Min County, which is designed mainly as two
single line tunnels, but partly merged as a double lines
tunnel. The length of left tunnel is 19,020 m and right
19,080 m respectively. The largest depth of tunnel reaches
715 m. For speeding the excavation process, 8 inclined
shafts have been opened to increase work faces. However,
the excavation of the tunnel still not finished after 5 years
since started in March of 2009.

The strata in the area are mainly carbonaceous slate and
sand stone from Devonian to Triassic systems. The thickness
of a single layer of the rock varies around 2—-10 cm and
connected with carbonaceous films. This makes the rock
very deformable while excavated (Fig. 3.3). The quality of
the rock has been classified into III to IV grade based on the

Table 3.1 Part of tunnels with lining changed®

Name of tunnel Excavated (m)

Fig. 3.3 Structure of the carbonaceous slate at Muzhailing tunnel

drilling and geophysical exploration at the geological survey
stage.

Geological stress has been measured as shown in Fig. 3.2
near the tunnel and the maximal horizontal stress
oy = 27.16 MPa at the direction of NE29 ~ 68°, a small
inter-angle with the axis of the tunnel. The value of the
measured stress indicates that it is in a horizontal stress state,
ie. 0] = og.

The lining system of tunnel has been designed in a safer
consideration comparing to the current technical standard.
Table 3.2 lists the design parameters for the double-line

Length of lining changed according to modification of rock class (m)

11T to I+ III to IV III to V IV to IV+ IVtoV V to V+ Sum Proportion (%)
Majiashan 3,910 40 3,049 25 558 60 0 3732 954
Tongzhai 3,618 85 1,743 15 330 20 2,193 60.6
Qinggang 3,050 49 1,628 0 0 0 1,677  55.0
Xinchengzi 2,823 943 180 20 36 1,179  41.8
Maoyushan 2,863 2,193 50 447 10 2,708  94.6
Tianchiping 5,091 10 3,162 71 322 321 0 3,876  76.1
Sum 21,355 184 12,718 161 1,837 411 64 15,365  72.0

* From China Railway First Survey and Design Inst

Table 3.2 Parameters for the lining of double-line tunnel in IV-V class rock®

Class of  Reserved Primary supporting system Second lining, C35
rock deformation space C30 Jet ¢ 22 Bolts 0 8 Steel H150 Steel frame, reinforced concrete (cm)
(cm) concrete (cm) . gth  Spacing mesh (cm) spacing (m)
(m) (m)
v 30 25 6.0 1.0 x 0.8 20 x20 1.0 55 ~ 65
v 35 30 6.0-80 1.0x08 20x20 0.5 60 ~ 70

# From China Railway First Survey and Design Inst
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Fig. 3.4 Convergence deformation of the tunnel near Dazhangou shaft from China Railway First Survey and Design Inst

Table 3.3 Change of supporting grade®

Excavated 11T to 1M+ I to IV IV to IV+ IVtoV Vto V+ Sum Proportion (%)
Left line (m) 7,687 125 855 3,275 5 480 4,739 61.6
Right line (m) 8,999 192 573 2,987 8 540 4,350 48.3

* From China Railway First Survey and Design Inst

tunnel in the IV and V class rock with high geo-stress
condition. However, the deformation of tunnel still could not
be controlled. Figure 3.4 shows the convergent deformation
along with the excavation of the tunnel. The largest defor-
mation could reach 530 mm in around 10 days.

Some experiences from the references (Mao and Yang
2005; Du 2011) indicate that to increase the stiffness of the
lining system maybe one of the effective way for the control
of the deformation of the tunnel. Four stages of tests have
been conducted for different supporting measures. Accord-
ing to the results of the tests, 48.3-61.6 % in length of the
tunnels have changed their design of linings (Table 3.3),
mainly changed from grade IV to IV+ for strengthen their
support systems.

3.3  Analysis on the Causes of the

Deformation

Besides lots of field monitoring and tests, theoretical analysis
has been done to find the reasons of the deformation of the
tunnels. Two factors have been recognized as the main
causes for the abnormal deformation, i.e., softening and
anisotropisation of the carbonaceous slate by failure of inter-
slice connection; increase effect of the rock pressure caused
by softening of the rock. These two factors have not been
taken into account in any of the current technical standards
for tunneling, though there has been some modification for
the classification of rock quality.

1. Softening and anisotropisation of carbonaceous slate

The slate is a kind of pararock composed of slices of
sandstone cohered by carbonaceous films. The feature of the
rock may be remarkably weakened due to the excavation of
the tunnel. This is one of the reasons led to the softening of
deformability and strength of the rock (Gao et al. 2011;
Zhang 2010; Zhao et al. 2011; Zhao 2011).

The mechanism of the process could be explained by the
diagrammatic sketch as Fig. 3.5. The slate rock is made of a
series of hard slices and cemented by flaky minerals. It is hard

hard sheet
deformation
water
carbonaceous connectton failed
films between sheets

Fig. 3.5 Sketch showing the mechanism of softening and anisotrop-
isation of slate
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Fig. 3.6 Variation of modulus between original and disturbed state of the slate. a E = 10 GPa, v=04,a=1m, ¢ =20°, ¢ = 1 MPa; b

E=10GPa,v=04,a=1m, ¢ =20° ¢ =0 MPa

originally like a brick, however, after excavation of tunnel, the
deformation will easily break the connection between the
slices. Thus the “brick” will be changed into ““a stack of paper”
with weaker mechanical property and notable anisotropy.

This can also be illustrated by the calculation of Yang’s
modulus of rock. The modulus of rock, E,,, can be calculated
by the following formula Wu (1993):

E

1+ 328::? Jah? sin® &

E, =

where E, v are the Yang’s modulus and Poison’s ratio of
rock block, 4, a and ¢ are the density, average radius of a set
of discontinuities and the inter-angle between the normal of

M is the ratio of

the planes and acting stress, h =
residual shear stress on a discontinuity.

Figure 3.6 shows the calculated modulus of slate for the
original state (relatively high pressure and well cohered) and
after disturbed (pressure unloaded and cohesion between
slices lost), where taking the parameters of rock block as
E = 10 GPa, v = 0.4, the average radius and the cohesion of
the discontinuities as ¢ = 1 m and ¢ = 1 MPa. The frictional
angle of the planes has been measured in the field as
@ = 20°, and after failure of the planes, the cohesion will be
totally lost, i.e. ¢ = 0 MPa.

The calculation has shown that the average modulus of
rock before failure is 3.32 GPa, and it is reduced to 2.52 GPa
after excavation, a 24.1-31.7 % reduction comparing with
the average values.

2. Increase of the rock pressure

It is a common knowledge that the rock pressure to the
lining system will increase while the mechanical property
was weakened. It could be affirmed from the classic Kastner
formula (Kastner 1951; Cai 2002)

2sin ¢

. a 1—sin ¢
p = (po+c cote)(l —sing) (—
RP

—c cotg

which infers that the rock pressure will definitely increase
with the reduction of the strength of rock, i.e., ¢ and ¢.
Where pg, a and R, are remote stress, radii of tunnel and
plastic region of the surrounding rock respectively.

Numerical calculation has also shown that the rock
pressure acting on the rigid lining of tunnel will significantly
increase while the rock weakened. Taking a tunnel at a depth
of 500 m, supported with 30 cm thick reinforced concrete
lining, and the mechanical parameters are considered as
E,, =20 GPa, v =0.25, p =40°, ¢ = 12 MPa, g, = 6 MPa for
hard rock and E,, =5 GPa, v = 04, ¢ = 30°, ¢ = 1 MPa,
o, = 0.5 MPa for soft rock, Fig. 3.7 indicates that, the rock
pressure for soft rock will be about two times of the hard
rock.

On the other hand, the rock pressure will not only
increase in quantity but also show unsymmetrical distribu-
tion due to the anisotropisation of the rock. A calculation by
3DEC has shown that the surrounding rock will move and
bend inwards to the tunnel in the normal direction of bed-
dings (Fig. 3.8a), which has been widely illustrated in
practical phenomena.
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Fig. 3.7 The differences in rock pressure between hard rock and soft rock. a E,, = 20 GPa, v = 0.25, ¢ = 40°, ¢ = 12 MPa, g, = 6 MPa; b

E, =5 GPa,v=04, 9 =30°% c=1MPa, g, = 0.5 MPa
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Fig. 3.8 Deformation Rock pressure of tunnel in layered rock. a Deformation of layered rock tunnel simulated by 3DEC; b Rock pressure

measured at a tunnel of Lan-Yu railway

Rationally, there will be stronger rock pressure to the
lining of tunnel as the deformation is restricted. A moni-
toring of rock pressure in Lan-Yu railway tunnel has
affirmed that the contacting pressure has reached 2.17 MPa
(Fig. 3.8b) which is much higher than our experiences, and
the point with highest pressure located just at the place we
discussed above.

No doubt, the higher the rock pressure, the stronger the
deformation at the case without rigid lining.

3.4 Lessons Learnt from the Case

Some lessons have to be learnt from the practice of tunneling

in Lan-Yu railway construction, mainly regarding to the

current technical standards.

1. The special property of slate and schistose rock with
weak cement should be taken into account of the clas-
sification of rock.



3 Large Deformation of Tunnel in Slate-Schistose Rock

The current classification takes the rock as isotropic and
with invariable mechanical property without considering any
change by engineering disturbance. However, the schistose
rock with weak cement by flaky minerals like carbonaceous
films is much easy to be broken into anisotropic and soft
medium when excavated. There should be some rules to
reflect the softening and anisotropisation of rock due to the
change of condition.

2. The deformation pressure should be considered in the
rock pressure calculation for deep buried and soft rock
tunnel.

The current standards for tunnel design mainly considers
the broken-rock pressure, ¢, by the following formula

q=vyh, h=041x1.79"

where y, h, and s are the unit weight, height of broken rock
and the grade of rock. Because of the worst grade of rock is
s = 6 in China, thus 2 = 0739 ~ 13.5 m, and
q = 18.5 ~ 337.5 kPa.

However, we have already known that the rock pressure
for deep buried and soft rock tunnel will be much higher
than the upper limit mentioned above. This indicates that a
big element from deformation has not been involved into the
rock pressure calculation. And it is just the crucial reason
why we could not predict the large deformation and failure
of surrounding rock of tunnels.

3. Asymmetric supporting system should be carried out in
design of tunnel lining system
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Obviously, evenly distributed bolts and symmetrical
supporting system are not appropriate to the deformation
control for schistose rock tunnel not only because they could
not match the distribution of deformation, but also they
could not work efficiently. For instance, a bolt parallel to the
schistose plane could never strengthen the connection of the
slices, but when goes across the planes will be much more
effective. This is definitely a matter need to be taken into
account in the current standards.
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Part i

Addressing Geological Uncertainties in Major

Convener Dr. Clark Fenton—Co-convener Pedro Refinetti
Martins

Large civil engineering projects, including dams, lifelines
and offshore energy developments are often situated in
regions of spatially complex geology. Regardless of how
detailed the site investigation is, such projects will always
face a degree of uncertainty as to the exact nature of the
ground conditions. Engineering geology has a central role in
addressing these uncertainties. Using a thorough under-
standing of the geological history of a site, the materials

Engineering Projects

present and of the current geological processes, in addition
to those which operated in the recent past and those that
may affect the site during the project lifetime and even
during decommissioning, Engineering Geology provides the
tools to identify, quantify and manage uncertainties in
ground behaviour, engineering performance and environ-
mental impacts. This session will highlight both current and
emerging approaches for addressing geological uncertain-
ties, including conventional deterministic and more novel
probabilistic methods.



4.1 Introduction
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Abstract

Ten rock samples collected from five rock quarry units of Albian Asu-River Group
(southeastern Nigeria) were studied megascopically and subjected to XRD to assess their
petrography. The samples were subjected to degradability test to simulate their resistance to
repeated wetting and drying common in tropical regions while nine of them, pelitic in
composition, were further subjected to abrasion test to determine their abrasion value (LAAV)
and impact test to determine their impact value (AIV). The field and petrographic studies
showed that rocks of varying petrogenetic origins notably; hydrothermally altered pelitic rocks
and volcanic bombs, pyroclastic rock, pelitic argillites and hornfels occur in the quarry units.
XRD revealed that none of the rock types has significant amount of siliceous minerals
implying that none is susceptible to alkali-aggregate reaction. Results of degradability test
showed that the two pelitic argillites and one of the four hydrothermally altered pelitic rocks,
having percentage mass loss ranging from 1.28 to 26.76 %, showed significant deterioration
implying that the three rocks are not suitable for construction of structures like embankment
and unpaved roads in tropical regions because of their petrogenesis and mineralogy. Results of
the LAAV and AIV tests ranged from 9.40 to 14.00 and 19.00 to 24.00 respectively indicating
that all the rocks are suitable for construction of all pavements sections. In general, all these
results show that mechanical degradation of rocks is not only dependent on petrography but
also on petrogenesis.

Keywords
Petrogenesis ¢ Pelitic rocks * Aggregates * Degradability test * Tropics

on the physical and mechanical properties of the rock with
little or no attention paid on the possible influence of the
rock’s petrogenesis.

Aggregates are non-renewable solid geologic materials used
for construction purposes. Aggregates are either loose
materials (e.g. sand and clay) or rock (e.g. igneous and
metamorphic rocks). Works by Hudec (1980), George et al.
(1990) and Bell (2007) had shown that suitability of rock as
construction aggregate has most often being assessed based

T.A.S. Ugwoke (IX) - C.O. Okogbue
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e-mail: tcugwoke @yahoo.com

C.0O. Okogbue
e-mail: celeokogbue @yahoo.com

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6,

This work assesses the influence of petrogenesis on the
suitability of some pelitic rocks as aggregate in tropical
regions.

4.2 Regional Geology

The pelitic rocks studied in this work belong to the Albian
Asu-River Group (southeastern Nigeria), which is the oldest
lithostratigraphic unit of southern Benue Trough. Grant
(1971) and Burke et al. (1971) reconstructed that the Benue
Trough evolved as the third failed arm of a triple rift system
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due to separation of South American and African plate,
which was associated with faulting and subsidence of the
major crustal blocks. According to Olade (1975), Ofoegbu
(1983) and Ojoh (1990), the southern part of Benue Trough
experienced three tectonic upheavals, which were charac-
terized by volcanic eruptions, in Aptian/Pre-Albian, Turo-
nian and Santonian Stages. The eruptions intruded the Asu-
River Group that is mostly composed of low-grade region-
ally metamorphosed calcareous/silty shales (Obiora and
Umeji 2004; Obiora and Charan 2010).

4.3 Field Studies and Laboratory Analyses
Ten rock samples collected from five mapped rock quarry
units were studied megascopically and subjected to X-ray
diffraction and degradability tests. The samples were code-
named following the locations from they were collected.

About 3 g each of dry pulverized sample passing through
sieve 150 um was analyzed from 0° — 70° 26 scan range
using Shimadzu X-ray diffractometer (XRD-6000) to gen-
erate diffractogram. Prominent peaks of the diffractogram
were matched and labeled by the mineral data card software
of the diffractometer from which the dominant minerals
contained in the sample were identified. Degradability test
involved soaking dry Iumps of rock samples each weighing
between 120 and 180 g (Wy,y), in potable water of about
24 °C contained in non-corrodible can for 48 h. Each sample
was removed from water, washed with fresh water and finger
pressure to detect particle(s) that might have lost cohesion.
Particle(s) that got detached during soaking or washing was
(were) carefully picked and air-dried to constant weight (W)
to achieve complete dryness while the intact rock was air-
dried for 24 h to achieve partial drying and thereafter sub-
jected to another cycle. The experiment was repeated for 15
cycles and the cumulative percentage of mass lost (M) at
the 15th cycle was calculated using the equation:

LW,
Mlost = l%] x 100 %

dry

Nine samples that were pelitic in composition were sub-
jected to Los Angeles Abrasion (LAAV) and Impact value
(AIV) tests following the grade A of IS: 383 and IS: 2386
(1963) standards respectively.

4.4  Results and Discussion

Table 4.1 shows the field observations, megascopic
description, mineralogy, Mos, LAAV and AIV of the ana-
lyzed samples. Although AGU1 and AGU2 occur at the

T.A.S. Ugwoke and C.O. Okogbue

same location (Agu-Akpu) they are different rocks implying
that there is an unconformity at that location, which was
correlated with one observed at Okposi (OKP1, OKP2).
From field and megascopic studies, AGU1, OKP1, ENY1
and ENY?2 are the same rock type while AGU2 and EZZ are
the same rock type. Hypabyssal features and co-occurrence
of ONY1, ONY2 and ONY3 at Onyikwa rock units reveal
that they are of same volcanic/igneous origin but their actual
field occurrence had been distorted by a post Santonian
tectonic event. The reconstructed petrogenesis, from field
observations and petrography, is that ONY1 is a porphy-
roblastic hornfel that occurred between the pyroclastic rock
(ONY?2) and baked margin (ONY3). The implication of the
above observations, when regional geology of the area is
taken into consideration, is that AGU1, OKP1, ENY1 and
ENY?2 are hydrothermally altered pelitic rocks; AGU2, and
EZZ are low-grade regionally metamorphosed pelites
(argillite); OKP2 is hydrothermally altered volcanic bomb;
ONY1 and ONY3 are pelitic hornfels while ONY2 is
pyroclastic rock.

Table 4.1 reveals that the pelitic argillites (EZZ and
AGU?2), which show highest degree of deterioration (highest
M), are neither richer in water absorbent/soluble minerals
nor more porous than other samples while the igneous rocks
(ONY2 and OKP2) that show lowest degree of deterioration
are neither more deficient in water absorbent/soluble min-
erals nor least in effective porosity. The pelitic hornfels
(ONY1 and ONY?3) contain more water absorbent/soluble
minerals than the pelitic argillites (EZZ and AGU2) but do
not show significant (>1 %) deterioration.

Also, out of the four hydrothermally altered pelitic rocks
(AGU1, OKPI1, ENY1 and ENY2), OKPI that is rich in
water-absorbent/soluble minerals shows significant deterio-
ration. It follows that deterioration (durability) of rocks due
to repeated wetting and drying, characteristic of tropical
regions, is dependent not only on the petrography but also
on the petrogenesis of the rock. The implication of the de-
gradability test results is that the three rocks, EZZ, AGU2
and OKP1, that show significant deterioration due to their
petrogenesis and/or petrography, will obviously not resist
repeated wetting and drying that occurs in tropical regions
and are therefore not suitable aggregates for construction of
structures like unpaved roads, embankment and facade in
tropical regions.

Based on IRC (1970) standard, the LAAV and AIV
indicate that all the rocks analyzed are suitable for con-
structing all sections of concrete and bituminous pavements.
Contrary to general belief that all coarse-grained rocks are
more prone to mechanical degradation than fine-grained
ones, ONY 1, which is coarse-grained, does not have higher
LAAYV and AIV relative to other samples that are much finer
in grain size. This characteristic is attributed to the fact that
ONY1, which is a pelitic hornfel, has attained significant
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Table 4.1 Field occurrence, megascopic descriptions, mineralogy, cumulative percentage of mass lost, LAAV and AIV of the analyzed samples

S/m Location/ Sample Field Megascopic description Dominant minerals and group M« LAAV  AIV
rock unit occurrence (%) (%) (%)
1. Enyigba ENY1 Massive and Grey coloured, fine- Paragonite (mica), Halloysite 021  14.00 23.00
non- grained and smooth (kaolinite-serpentine),
fractured surface. Spits into Pyrophyllite (talc), Chlorite-
flaky portions when vermiculite-montmorillonite
hammered (mixed clay)
2. Enyigba ENY2  Massive and Very similar to ENY1 Antigorite (serpentine), Tremolite 0.12  13.60 24.00
non- but less flaky (amphibole), Lizardite
fractured (serpentine), Illite (clay),
Osumillite (milarite), Hopeite
(Phosphate)
3. Okposi OKP1 Unconform- Grey coloured and Truscottite, Faujasite (zeolite), 1.28 9.80 19.00
able micaceous, silty and paragonite (mica), Sepiolite,
surface, sub-rough surfaced. Illite (clay)
hypabyssal
4. Okposi OKP2 Randomly Sub-spherical in shape, Lizzardite (serpentine), Chrysotile 0.00 9.40 20.00
enveloped grey coloured, silty (serpentine), Ferropargasite
in OKP1 sand-grained and (amphibole), Muscovite (mica)
micaceous. Resistant
to hammering.
5 Agu- AGU1 Massive Similar to OKP1 but not  Truscottite, Faujasite (zeolite), Talc 0.12 9.70 22.95
Akpu micaceous
6 Agu- AGU2  No visible Grayish ash coloured Parahopeite (oxide), Muscovite 11.63  12.00 22.95
Akpu bedding and fine-grained (mica), Tremolite (amphibole),
surface (silty) Riebeckite (amphibole),
Osumillite (milarite), Chrysotile
(serpentine)
7. Onyikwa ONY1  Fractured and Porphyroblastic/ Muscovite (mica), Riebeckite 0.59 1130 21.21
hypabyssal poikiloblastic and (amphibole), Kaolinite (clay),
features very rough surfaced Anthophyllite (amphibole),
Phlogopite (mica), Dickite
(kaolinite-serpentine), Illite
(clay), Ferropargasite
(amphibole)
8. Onyikwa ONY2  The same as Pyroclastic texture and Grunerite (amphibole), Osumillite 0.03 NA NA
ONY1 rough surfaced. (milarite), Montmorillonite
(clay), Tremolite (amphibole),
Ferropargasite (amphibole),
Antigorite (serpentine),
Riebeckite (amphibole)
9. Onyikwa ONY3 The same as Ash-coloured, massive, Osumillite (milarite), Muscovite 0.06 11.00 22.00
ONY1 smooth surfaced and (mica), Tremolite (amphibole),
angular edges. Ferropargasite (amphibole),
Phlogopite (mica)
10.  Ezzamgbo EZZ Tilt bedded Grayish ash coloured Anthophyllite (amphibole), 26.76  10.00 20.99

and fine-grained
(silty)

Tremolite (amphibole),
Sepiolite, Antigorite
(Serpentine), Grunerite
(amphibole)

NA Not analyzed

hardening due to thermal baking and is therefore more
resistant to mechanical degradation than expected. The
finding implies that resistance of rock to abrasion and impact
may not be solely controlled by petrography (texture) but
also by the petrogenesis.

All the rocks are deficient of siliceous mineral(s) and so
none of them is susceptible to alkali-silicate reaction.
However, two of the four hydrothermally altered pelitic
rocks (ENY1 and ENY2) will be unsuitable for structural
concrete in the tropics as they are likely to be prone to
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stripping/popout due to their smooth surface and flaky nat-
ure. In general, only the hydrotheramally altered volcanic
bombs (OKP2), pelitic hornfels (ONY 1 and ONY?3) and one
of the hydrothermally altered pelites (AGU1) can be said to
be suitable for construction of all types of civil engineering
structures in the tropics.

45 Conclusion

This work has shown that suitability of rock as construction
aggregate is not only dependent on its physical and
mechanical properties but also on the petrogenesis of the
rock particularly in the tropics where rocks are exposed to
repeated rainfall and high temperature.
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Abstract

In 2012 the Engineering Group of the Geological Society of London established a Working
Party to undertake a state-of-the-art review on the ground conditions associated with former
Quaternary periglacial and glacial environments and their materials, from an engineering
geological viewpoint. The final report was not intended to define the geographic extent of
former periglacial and glacial environments around the world but to concentrate on ground
models that would be applicable to support the engineering geological practitioner. Key
aspects of ground condition uncertainty would be addressed and developed within these
ground models. The Working Party considered the following topics with respect to
engineering geology: Quaternary Setting, Geomorphological Framework, Glacial Conceptual
Ground Models, Periglacial Conceptual Ground Models, Engineering Materials and Hazards,

Engineering Investigation
Considerations.

Keywords

and Assessment

along with Design and Construction

Glacial ¢ Periglacial * Ground model * Quaternary

5.1 Introduction

In 2012 the Engineering Group of the Geological Society of
London established a Working Party to undertake a state-of-
the-art review of ground conditions associated with former
Quaternary periglacial and glacial environments and their
materials, from an engineering geological viewpoint. The
final report will concentrate on the development of new
ground models that would be applicable to support the
engineering geological practitioner, enhancing current
knowledge, whilst focusing on their applicability to the
engineering geologist. The ground models will be developed
to communicate the complex and variable ground conditions

D. Giles (P<)) - M. Culshaw - L. Donnelly - D. Evans - M. de
Freitas - J. Griffiths - S. Lukas - C. Martin - A. Morley - J. Murton -
D. Norbury - M. Winter

Geological Society of London, Burlington House, Piccadilly,
London, W1J 0BG, UK

e-mail: dave.giles@port.ac.uk

that could be expected in these former periglaciated and
glaciated terrains. The Working Party considered the fol-
lowing topics with respect to engineering geology: Quater-
nary Setting, Geomorphological Framework, Glacial
Conceptual Ground Models, Periglacial Conceptual Ground
Models, Engineering Materials and Hazards, Engineering
Investigation and Assessment along with Design and Con-
struction Considerations. Former glacial and periglacial
settings present the engineering geologist with a complexity
of vertically and laterally varying ground conditions with a
high degree of uncertainty which require the use of con-
ceptual ground models to fully understand and interpret, for
example the complexities of the ice-marginal environment as
conceptualized in Fig. 5.1. Such complexity can also be seen
in Fig. 5.2, an example of the varying ground conditions
associated with superficial valley disturbances in a former
clay pit in Devon, UK.

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 31
DOI: 10.1007/978-3-319-09060-3_5, © Springer International Publishing Switzerland 2015
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Buried stagnant ice in
ice-cored moraine

glacier

Debris band in
Subglacial stagnant glacial ice
melt-out till
Lodgement till
Sediment flow diamicton

Supraglacial melt-out till

Fig. 5.1 Current supraglacial and ice-contact ground model (McMillan and Powell 1999)

Fig. 5.2 Periglacial environment: Superficial valley disturbances, Newbridge Ball Clay Quarry, Devon, UK. (Dump trucks in bottom right corner

for scale)

5.2 Terms of Reference

The Periglacial & Glacial Engineering Geology Working
Party (PGEGWP) has been established by the Engineering
Group of the Geological Society and comprises officers and
specialist participating members who will act as lead
authors. The PGEGWP will produce a report, in book for-
mat, to complement the previous report on Tropical Residual
Soils produced by an earlier Working Party of the Engi-
neering Group, first published in 1990 and republished in
book format in 1997 (Fookes 1997). A similar format was
adopted by the Hot Deserts Working Party, which published
their final report in 2012 (Walker 2012). It is intended that
the report will be a state-of-the-art review on the ground
conditions associated with former Quaternary periglacial and

glacial environments and their materials, from an engineer-
ing geological viewpoint. There necessarily will be appro-
priate coverage of the modern processes and environments
that formed these materials. A key aspect of the report will
be to integrate soil description methodologies utilized by
Quaternary scientists, engineering geologists and geotech-
nical engineers. Field workshops have been organized
(Figs. 5.3 and 5.4) to consider various glaciogenic classifi-
cation schemes specifically with their regard to their appli-
cability to engineering geology.

It is not intended to define the geographic extent of former
periglacial and glacial environments around the world, but to
concentrate on ground models that would be applicable to
support the engineering geological practitioner. The aim of
the PGEGWP is to produce a report that will act as an
essential reference handbook as well as a valuable textbook
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Table 5.1 Example of a Terrain Unit definition table from the geomorphological setting chapter

Terrain unit Relict frost mounds /relict ramparted ground-ice depressions: pingos

Image

Small pingo remnant (approx. 30 m diameter) near to Thompson, Norfolk

Form/topography Pingos are ice-cored mounds or hills developed in permafrost. Relict pingos and other ground ice mounds formed during
Quaternary cold stages may be indicated by circular or ovate depressions, often surrounded by raised rampart-like
rims with a peat or soft ground core. Two forms are identified, closed system (or hydrostatic) pingos and open system
(or hydraulic) pingos. The former occur in lowland settings within the continuous permafrost zone, and the latter are
more common in valley bottom and footslope localities in both discontinuous and continuous permafrost. Pingos can
reach up to 70 m in height and up to 600 m in diameter

Landsystem Lowland Periglacial Terrain

Process of formation ~ Formed by injection of water into near surface permafrost to form an ice core. Water under sufficient pressure to
overcome overburden stress. Pressure can develop in two ways; Closed System where water is expelled from
saturated coarse grained sediments during the refreezing of a talik (a zone of unfrozen sediment within a continuous
permafrost) or Open System where artesian water pressures within a sub permafrost aquifer cause upward injection
and freezing of water

Modern analogue

Active Pingo, Innerhytte, Svalbard

Associated features ~ Related smaller ground ice phenomena associated with permafrost regions are lithalsas, mineral palsas, and seasonal
ground ice mounds

Engineering Compressible soils; differential settlement
significance
References Harris and Ross (2007), Hutchinson (1980, 1991, 1992)

for practicing professionals and students. The style will be minimized and necessary specialist terms will be defined in
concise and digestible by the non-specialist, yet be authori- an extensive glossary. There will be copious illustrations,
tative, up-to-date and extensively supported by data and many of which will be original, and many good quality
collations of technical information. The use of jargon will be  photographs. The content of the report will embrace a full



34

D. Giles et al.

Fig. 5.3 Working Party field
discussion of glaciogenic soil
classification and description
methodologies at Barmston, East
Yorkshire, UK. Section shows
Skipsea Till overlain by
subglacial canal fills

Fig. 5.4 Working Party field
visit to North East England to
discuss potential glacial sediment
nomenclatures and ground
models to be included in the final
publication. Field description and
assessment methodologies have
been a core discussion point of
the Working Party (Table 5.1)

range of topics, from the latest research findings to practical
applications of existing information. Likely directions of
research and predictions of future developments will be
highlighted where appropriate. The report will be based on
world-wide experience in periglacial and glacial terrain and
will draw upon the experience of its members and publica-
tions on periglacial and glacial conditions.

The Working Party members will be collectively
responsible for the whole report. Although each participating
member will be the named author or co-author of one or
more chapters, all members will be expected to review and

contribute to the chapters drafted by other members and
would be acknowledged as such. Individual book chapters
will be included in the Thomson Book Citation Index.

5.3  Chapter Listing with Lead Authors

The Working Party is chaired by Chris Martin, (BP) who
will also draw together the diverse inputs that will be
required for the introductory first chapter. Anna Morley
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(Arup) is the Secretary of the Working Party while Professor
Jim Griffiths (University of Plymouth) is the current Editor
in Chief for the Engineering Geology Special Publications
series. The chapter titles and lead authors of the remaining
chapters are as follows:
e Quaternary Setting

— Dr Sven Lukas, Queen Mary University of London
e Geomorphological Framework

— David Giles, University of Portsmouth
e (Glacial Conceptual Ground Models

— Professor David Evans, Durham University
e Periglacial Conceptual Ground Models

— Professor Julian Murton, University of Sussex
e Engineering Behaviour & Properties

— Professor Martin Culshaw, University of Birmingham
e Engineering Investigation and Assessment

— Dr Mike de Freitas, Imperial College
e Design & Construction Considerations

— Dr Mike Winter, Transport Research Laboratory
e Geohazards and Problematic Ground

— Dr Laurance Donnelly, Wardell Armstrong
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6.1 Introduction

Mathias Nehler, Philipp Mielke, Greg Bignall, and Ingo Sass

Abstract

The influence of hydrothermal alteration on permeability, thermal conductivity and thermal
diffusivity was investigated for more than 300 drill cores from the wells THM18, TH18 and
THM19 of the Tauhara Geothermal Field (Wairakei, New Zealand). The measurements were
performed with newly developed, portable laboratory devices. The anisotropic, intrinsic
permeability was measured with a gas pressure Columnar-Permeameter, while the thermal
conductivity and thermal diffusivity were measured with a device based on the optical
scanning method. The hydrothermal alteration rank (argillic or propylitic) was determined
semi-quantitative by methylene blue dye adsorption tests in combination with thin section
analyses. Samples from the Huka Fall Formation and the Waiora Formation, composed of
layered mud-, silt- and sandstones as well as pumice-rich tuffs deposited in a limnic
environment as well as associated rhyolitic and andesitic intrusive rocks were examined. A
prograde alteration with depth is indicated by an increasing amount of illite and the
corresponding decrease of smectite. Generally lithologies of higher primary permeabilities are
more affected by hydrothermal alteration. With an increase of secondary clay minerals the
permeability decreases.

Keywords
Hydrothermal alteration * Thermal conductivity ¢ Permeability

which rises from a depth of 5-8 km. Samples have been
taken from well TH18, located at the resistivity boundary
outside of the active geothermal area and from wells THM18

The Tauhara Geothermal Field is part of the Taupo Volcanic
Zone (TVZ). This zone is an active volcanic arc and back arc
basin on the central North Island of New Zealand of
Pliocene to Quaternary age (Wilson et al. 1995). Numerous
wells were already drilled and field conditions are geologi-
cally as well as chemically and physically well defined. The
epithermal system is characterized by 300 °C hot water,
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and THM19, which are situated within the center of the
Tauhara Field, close to subsidence bowls. The samples were
taken at intervals between 5 and 15 m depending on the
heterogeneity of the respective stratigraphy.

Petrophysical measurements and petrographic character-
izations of the samples were used to evaluate the effects of
lithology and hydrothermal alteration on permeability,
thermal conductivity and thermal diffusivity. In order to
explain the measurement results more accurately, the sam-
ples were classified by lithological criteria. Nine distinct
lithologies can be identified: silty mudstones, silty sand-
stones, pumice-rich crystal tuffs, sedimentary breccias,
andesitic lavas, hydrothermal andesite breccias, rhyolitic
lavas, rhyolitic breccias and igneous breccias.
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6.2 Sample Preparation

Oriented plugs (vertical and horizontal) were drilled out of
existing drill cores with a diameter of 60 mm (Fig. 6.1). The
cylindrical plugs must have a diameter of 40 mm and lengths
between 30 and 45 mm for the measurements. Oriented thin
sections were also prepared. Approximately 4 g of powder
was pulverized for the semi-quantitative methylene blue dye
adsorption tests (MEB) to identify the clay minerals. Plugs
were dried at 40 °C for 48 h. After measuring the samples
with the Columnar-Permeameter, they were prepared for the
measurements with the Lambda Measuring Center (LMC).
Therefore, the planar surface of the samples was sprayed
with acrylic matt black enamel to achieve identical initial
conditions.

6.3  Permeability Measurements

The intrinsic permeability (k;) was determined according to
Klinkenberg (1941) with a pressurized air driven, portable
Columnar-Permeameter, which was invented by Hornung
and Aigner (2002) and is described in detail by Arndt and
Bir (2011). The specified measuring range is between 0.001
and 1,000 mD.

The gas permeability is measured at five different pressure
stages (1,050, 1,250, 1,500, 2,000, 3,000 and 5,000 mbar) for
each sample and is extrapolated to calculate the effective gas
permeability for air under infinitely high air pressure. The
pressure difference for all five stages remains identical and
lies between 50 mbar for porous and up to a maximum of
1,000 mbar for slightly porous samples. The apparent
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permeability k, [m?] is calculated for every single measure-
ment by the means of Darcy s law for compressible fluids and
is plotted against the reciprocal mean pressure [1/p*] in the
corresponding pressure stage (Klinkenberg plot). The
apparent permeability k, is associated with the intrinsic per-
meability k; by the means of the Klinkenberg-factor b. The
approach is used for permeabilities <5 x 107'* m? and
Klinkenberg-factors > 0.24 bar.

6.4 Thermal Measurements

The portable Lambda Measuring Center (LMC) was used to
determine thermal conductivity (1) and thermal diffusivity
(@). It is a contactless method for measuring solid materials
based on the optical scanning method with a fixed point heat
source (Popov et al. 1999). The measuring range is between
0.5 W/(m K) and 5.0 W/(m K). To calculate 1 of a sample it
is necessary to use a standard of known thermal properties.
Sample and standard are linked by Eq. (1):

A Tstandard

Asample = jvstandard . Ai ‘K
Txample

(6.1)
If steady state conditions are confirmed the sample surface is
heated up for 2 s with 15 % power of the 150 W, Osram
lamp. The temperature of the sample will then decrease at a
rate depending on A. The temperature difference AT is
measured and the software determines A by Eq. 6.1. To
calculate a the sample is heated up again and the temperature
is measured at a distance x to the heating point. The tem-
perature maximum at a time ¢ is determined by the software.
With ¢ and x the thermal diffusivity a can be calculated by
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method for determining the swelling clay content in water
based drilling fluids, but can also be used to estimate the
smectite/smectite-illite clay content in hydrothermal sys-
tems. These clays represent the predominant rock alteration
products in the 50-200 °C zone above many high tem-
perature, pH neutral, geothermal systems (Browne 1978).
The methylene blue is an organic dye that shows a high
selectivity for adsorption by reactive clay minerals as
smectite, but is unaffected for adsorption by common clay
minerals. This standardized (API 1988) technique uses a
concentration of 3.74 g/l of methylene blue for the testing
procedure. At this concentration the addition of 1 ml
methylene blue dye solution is equivalent to an exchange
capacity of 1 milliequivalent (1 meq) per 100 g cation.
Based on the fact that smectites have an average cation
exchange capacity of 100 meq/100 g, 1 ml of methylene
blue is equivalent to 1 % of swelling clay content. The
method is called semi-quantitative because of the actual
cation exchange capacity of the swelling clays, which may
vary from 80 to 150 meq/100 g.

6.6  Results

The results are characterized by a great variability depending
on the source rocks (educts), the rank and intensity of the
hydrothermal alteration, depth, primary permeability etc.
(compare to Fig. 6.2).

The permeability is highly variable, but generally
decreases with depth, while the thermal conductivity
increases with depth. The pumice-rich crystal tuffs of the
Middle Huka Fall Formation (MHF) and Waiora Forma-
tion (WAF) are characterized by relatively constant values
of around 10 mD. Lithologies of greater permeabilities
such as the tuffs are more affected by hydrothermal alter-
ation and therefore show significant changes in their
properties. With an increase of the fine fraction the per-
meability decreases.

The thermal conductivity varies between 0.35 and
2.50 W/(mK) showing a negative correlation with the per-
meability. Mud- and siltstones are characterized by a small
range of measured values between 0.5 and 1.4 W/(m K).
Silt- and sandstones show increased thermal conductivities
with increasing alteration intensities. Pumice-rich crystal
tuffs also have very high thermal conductivities when
intensively altered. Compact lava units and the igneous
breccia’s show the highest thermal conductivities with
maxima greater than 2.0 W/(m K). As might be expected,
with increasing rock strength the thermal conductivity also
increases.

M. Nehler et al.

A decreased amount of swelling clay (smectite) indicates
a higher alteration rank. Peak concentrations occur at the
UHF and LHF. A high amount of clay in highly altered
sedimentary lithologies leads to low permeabilities, typically
for caprocks. Smaller maxima occur within the WAF, indi-
cating a general decrease of smectite with depth due to its
natural stability range (70-160 °C).

With increasing depth the temperature, intensity and rank of
the hydrothermal alteration also increases. The alteration type
changes from argillic in the shallower parts to propylitic at
greater depths (below 600 m). The primary mineral assem-
blage is predominantly replaced by clay minerals, calcite and
secondary quartz. Therefore, hydrothermal alteration is gen-
erally prograde. Intensively altered rocks occur only in the
deeper parts of the system, influenced by the propylitic alter-
ation including silification processes. Greater permeabilities,
such as fractures seem to facilitate this process. However, the
hydrothermal alteration also depends on many other factors
like mineralogy, texture, primary permeability and fluids.

References

API (1988) Recommended practice standard procedure for field testing
drilling fluids. 12th edition 54 S., Washington, DC (American
Petroleum Institute)

Arndt D, Béar K (2011) Forschungs- und Entwicklungsprojekt. 3D-
Modell der geothermischen Tiefenpotenziale von Hessen. Abs-
chlussbericht.—218 S., Darmstadt

Browne P (1978) Hydrothermal alteration in active geothermal fields-
Annu. Rev Earth Planet Sci 6(1):229-250

Gunderson R, Cumming W, Astra D, Harvey C (2000) Analysis of
smectite clays in geothermal drill cuttings by the methylene blue
method for well site geothermometry and resistivity sounding
correlation: WGC. Kyushu—Tohoku, Japan

Hamm K, Theusner M (2010) Lambda-Mess-Center LMC1. Installa-
tion und Bedienung. Manual—HTM Hamm & Theusner GbR.
Erzhausen, Germany

Hornung J, Aigner T (2002) Reservoir architecture in a terminal alluvial
plain: An outcrop analogue study (Upper Triassic, Southern
Germany) part 1: Sedimentology and petrophysics. J Petroleum
Geol 25(1):3-30

Klinkenberg LJ (1941) The permeability of porous media to liquids and
gases. Drilling and production practice - Shell Development Co.,
pp 200-213 (American Petroleum Institute)

Popov YA, Pribnow DFC, Sass JH, Williams CF, Burkhardt H (1999)
Characterization of rock thermal conductivity by high-resolution
optical scanning. Geothermics 28(2):253-276

Rosenberg MD, Bignall G, Rae AJ (2009) The geological framework of
the Wairakei-Tauhara Geothermal System, New Zealand. Special
issue on the Wairakei Geothermal Field, New Zealand. 50 Years
Generating Electricity 38(1):72-84

Wilson CJN, Houghton BF, McWilliams MO, Lanphere MA, Weaver
SD, Briggs RM (1995) Volcanic and structural evolution of Taupo
Volcanic Zone, New Zealand: a review. Taupo Volcanic Zone, New
Zealand 68(1-3):1-28



7.1 Introduction

John C. Langford, N. Vlachopoulos, M.S. Diederichs, and D.J. Hutchinson

Abstract

Tunnel design in weak, heterogeneous materials such as flysch poses a variety of engineering
challenges. The complex depositional and tectonic history of these materials leads to
significant in situ variability in rockmass behaviour. Additionally, the alterations of sandstone
and pelitic layers make rockmass characterization using traditional methods difficult. As a
result, significant uncertainty exists in the ground response for a tunnel through such materials.
Reliability-based methods can be used to better understand the impact this uncertainty has on
convergence and tunnel lining performance. By assessing the impact of input uncertainty on
ground response, the probability of failure can be evaluated for a given limit state. A
quantitative risk approach can then be used to select the optimum design option on the basis of
both safety and cost. This paper explores this issue further and presents a reliability-based,
quantitative risk approach for the design of the Driskos tunnel along the Egnatia Odos
highway in northern Greece.

Keywords
Reliability methods ¢ Weak rock tunnelling ¢ Support design ¢ Squeezing

within a single unit. Given the safety and cost implications
associated with squeezing in flysch, much work has been
done to properly characterize these materials. To obtain

Weak, heterogeneous rockmasses such as flysch pose a
serious design challenge for geological engineers. Due to the
complex depositional environment and tectonic history, such
materials exhibit generally low rockmass strength and a high
degree of variability. As a result, a range of possible
squeezing conditions can be encountered when excavating
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reliable estimates of rockmass strength, a firm understanding
of the relative presence of competent and incompetent layers
is required. As these percentages will vary over the tunnel
alignment, a conservative estimate is typically used to ensure
a robust lining design is selected that is capable of with-
standing the “worst” anticipated loading conditions. Such an
approach leads to over-conservatism, which can have a
substantial negative impact on both the project schedule and
cost.

Reliability-based design (RBD) methods, when used in
conjunction with more traditional design methods, can pro-
vide a more rational approach to quantify design risk in such
highly variable rockmasses. By assessing the impact of input
uncertainty on ground response, the probability of failure can
be assessed for a given failure mechanism. This allows for a
greater understanding of support performance and the
application of a quantitative risk approach for design.

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 41
DOI: 10.1007/978-3-319-09060-3_7, © Springer International Publishing Switzerland 2015
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Fig. 7.1 Longitudinal topographic profile and idealized cross section for the Driskos tunnel (modified after Egnatia Odos S.A. 2003, Hoek and

Marinos 2000)

This paper applies the reliability approach outlined in
Langford et al. (2013) to perform a quantitative risk
assessment for a number of support options at the Driskos
twin tunnel along the Egantia Odos highway in northern
Greece. This tunnel was excavated in a complex sequence of
sandstone and siltstone layers (flysch) that experienced
compressional deformations. Given the challenging geo-
logical conditions, excessive deformations and overstressing
of the temporary support systems were experienced during
excavation. The difficulties experienced and the scale of the
project make the Driskos tunnel an excellent case study to
illustrate the validity and benefits of a comprehensive risk-
based design approach.

7.2  Case Study Area: Driskos Twin Tunnel,

Egnatia Odos Highway

The Driskos twin tunnel is located within the Epirus region
in the northwest corner of Greece. It was constructed as part
of the Egantia Odos highway, which is a 670 km long
construction project that consists of 76 twin tunnels raging in
length from 800 m to 4,600 m and over 1,600 bridges. Each
tunnel is horseshoe shaped with an internal diameter of 11 m
internal diameter and a separation distance of approximately
13 m. The tunnels are approximately 4.6 km long and cross
the NE Greek Pindos mountain chain under a maximum
overburden of 220 m. The tunnel was constructed using a
conventional drill and blast sequential excavation based on
an observational design approach. A series of support cate-
gories were used based on the rockmass quality encountered.

7.2.1 Local Geology

The Driskos tunnel is situated in a series of varying litho-
logical features of the Ionian tectonic unit adjacent to the

Pindos isopic unit. The material is less tectonically disturbed
than the Pindos Flysch meaning there is an absence of
extensive chaotic zones within the Ionian Flysch. Based on
the site investigation, a longitudinal section was prepared
that details the major rock units and topography along the
tunnel length (Fig. 7.1). The alignment was subsequently
divided into 14 sections in Vlachopoulos et al. (2013) on the
basis of geology, rockmass quality and in situ stress condi-
tions. Of specific interest to this analysis is the area identified
as Sect. 4, which extends from chainage 8 + 385 to 9 + 035,
as significant squeezing issues were encountered.

7.2.2 Rockmass Characterization

In order to predict tunnelling problems in flysch, reliable
estimates of the rockmass strength and stiffness must be
obtained. Unfortunately, the heterogeneity and variability
within flysch makes the determination of intact parameters
extremely challenging. The classification system developed
by Marinos and Hoek (2001) addresses this concern and
allows an appropriate flysch category to be selected based on
a Geological Strength Index (GSI). The GSI value considers
the structure present and the relative composition of the
rockmass with respect to sandstone and siltstone layers.
After determining the flysch category, a weighted average
approach can be used to estimate the uniaxial compressive
strength (UCS), Hoek-Brown material constant (m2;) and the
Modulus Ratio (MR) based on intact strength parameters for
sandstone and siltstone.

The advantage of this approach is that it allows stan-
dardized inputs for the generalized Hoek-Brown method to be
obtained. As such, an appropriate failure criterion can be
developed for the flysch rockmass based on its intact strength
and rockmass quality (GSI) over the tensile and compressive
regions. The estimate of rockmass strength is based on the
assumption that the rock behaves in an isotropic fashion at the
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scale of the excavation due to the presence of several closely
spaced discontinuities, which is appropriate in this case.

7.2.3 Support Categories and Excavation
Approach

A series of five (I to V) support categories were developed
on the basis of the expected rockmass quality conditions and
initial estimates of support requirements were determined
during the design phase. Categories III (15 cm unreinforced
shotcrete), IV (20 cm shotcrete, HEB 140 steel sets with 2 m
centres) and V (25 cm shotcrete, HEB 160 steel sets with
2 m centres) are of particular interest for this analysis.
Support was typically installed 2 m back from the face and a
sequential, heading and bench excavation was used.

7.2.4 Uncertainty in Ground Conditions

Uncertainty in geological systems is typically divided into
two categories: variability caused by random processes
(aleatory) and knowledge-based uncertainty (epistemic). The
natural variability in rockmass and in situ stress parameters
is typically considered to be aleatory as the process of for-
mation results in a real variation in properties from one
spatial location to another. As this variability is inherent in
the material, continued testing will not eliminate the uncer-
tainty, but will provide a more complete understanding of it.
Conversely, epistemic uncertainty exists as a consequence of
limited information as well as measurement, statistical esti-
mation, transformation and modelling uncertainty. As these
components are a result of imperfect techniques, they should
be reduced as much as possible.

In order to quantify uncertainty in the ground conditions,
a series of homogeneous domains were established along
Sect. 4 (Fig. 7.2). These Sects. (4.1-4.5) were developed on
the basis of lithology, rockmass quality, presence of rock-
mass alteration and in situ stress conditions. The classifica-
tion system by Marinos and Hoek (2001) was used to
provide an indirect means of quantifying uncertainty for the
intact strength and stiffness parameters for each of these
domains. Based on the GSI values obtained for each domain,
an appropriate flysch category was assigned and the corre-
sponding weighted average was selected. A mean and
standard deviation were then calculated for the UCS, m; and
MR for each domain based on the design values as well as
acceptable ranges for sandstone and siltstone parameters. For
this analysis, the in situ stress conditions in each domain
were considered deterministically and calculated based on
the overburden depth for each section. Hydrostatic stress
conditions were assumed.

7.2.5 Analysis Method

For this study a two-dimensional, plane strain model was
developed in the finite element modelling program ‘Phase 2’
by Rocscience Incorporated (http://www.rocscience.com).
The full-face excavation of a single tunnel was considered
for simplicity. Three-dimensional advance of the tunnel was
simulated in a multi-staged two-dimensional model. The
convergence-confinement method was used to describe the
reduction in radial resistance at a particular point along a
tunnel as the face advances. The approach by Vlachopoulos
and Diederichs (2009) was also used to determine the timing
for stiff support installation based on the longitudinal dis-
placement profile (LDP) for the unsupported tunnel.
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The structural stability of the lining systems was calculated
using bending moment and thrust-shear force support capacity
diagrams based on limiting factor of safety (FS) values
developed according to Carranza-Torres and Diederichs
(2009). The envelope of failure shown in these capacity dia-
grams is a graphical representation of the critical failure sur-
face, separating the combinations of loads that are acceptable
and those that exceed allowable limits. For this study, a lim-
iting FS value of 1.3 was selected to ensure an appropriate
level of safety for the tunnel.

7.2.6 Reliability Analysis

To assess the performance of each support category, reliability
methods were used to determine the variability in ground
response and liner loads. Unlike deterministic analyses, reli-
ability methods directly incorporate the natural variability of
the inputs into the design process. From this, a probability
failure (py) can be established with respect to a specific failure
mode, with “failure” defined as either the complete collapse of
the structure (ultimate limit state, or ULS) or a loss of func-
tionality (serviceability limit state, or SLS).

For this study, the modified point estimate method (PEM)
proposed by Langford and Diederichs (2013) was used to
determine the variability in liner loads and the probability of
failure with respect to a limiting capacity curve (FS = 1.3). A
quantitative risk assessment was used that considered both
the probability and consequence of lining failure. With
respect to the consequence of failure, two conditions were
considered: (a) moderate damage, which would require
monitoring and assessment by an engineer (failure of shot-
crete in Category IV or V), and (b) complete failure of the

J.C. Langford et al.
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lining, which would require re-excavation and the applica-
tion of a higher class of support (failure of shotcrete in
Category III or steel reinforcement in Category IV or V). For
this analysis, support and failure costs were developed based
on records from the Driskos tunnel project.

7.2.7 Results and Analysis

Each support category was modeled and uncertainty in
thrust, bending moment and shear forces were calculated at
each liner node based on the modified PEM approach. Based
on the calculated liner load distributions, probabilities of
failure were calculated based on different limiting capacity
curves. In the interests of space, only the results from the
shotcrete analysis in Sect. 4.3 are presented in Fig. 7.3a. The
results illustrate the expected trend; a more robust support
category will be able to sustain a greater rock load and
therefore has a lower py.

To select the most appropriate support class for this
section, a risk assessment was performed using the limiting
py value (Fig. 7.3b). In this case, while Category III has the
lowest support cost, the high probability of shotcrete failure
leads to the highest reprofiling and risk costs. When Cate-
gory IV and V are compared, it is clear that the expected
reprofiling cost is significantly greater for the HEB 140 steel
sets than the HEB160. As such, Category V is considered to
be the optimum support for Sect. 4.3 on the basis of eco-
nomic risk.

As can be seen, this approach allows the improvement in
safety for a given support category to be quantified, pro-
viding additional information to the Contractor and Owner
with which to make design decisions.
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Pedro Olivenca and Vitor Santos

Abstract

The excavation of Mardo tunnel, located in the Northeast of Portugal, started simultaneously
from both portals (East and West). The same method of excavation (Drill and Blasting—D and
B), similar procedures for blasting and the primary support applied was the same and
equivalent equipment used on both sides. Considering the same period of excavation, on the
East side were excavated 2,300 m, while on the West side the excavation just 1,350 m were
excavated. This differential on excavation between both sides of the tunnel, make it necessary
to evaluate the causes that could justify this abnormal difference in excavation rates. To
determine the cause of this difference in productivity, it was analyzed the geological features,
the result of rock mass classifications and the geotechnical characteristics of the rock masses,
which could influence the behavior of the excavation. Using descriptive statistics and
multivariate analysis of data, applied to rock mass characteristics in each side of the tunnel,
was possible to verify the existing differences, as well as the characteristics of the rock mass
with greater relevance in the description of the geotechnical zoning for each side of the tunnel.

Keywords

Tunnel ¢ Heterogeneity * Rock mass classification ¢ Productivity

8.1 Introduction

The Marao tunnel excavation was advanced from both ends
with the Drill and Blast (D and B) method. However, after
the same time period, the east side advanced 2,300 m, while
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the west side only 1,350 m. At this point, the excavation was
stopped due to contractual litigation between the Portuguese
government and the concession company.

Maro tunnel is part of the A4 motorway that will link the
cities of Amarante and Vila Real, in the Northeast of
Portugal. This future infrastructure will have two parallel
tunnels, each with a length of 5,600 m, a horseshoe cross-
section with an invert arch and approximately 100 m? of
section.

This tunnel will cross Mardo mountain which reaches at its
highest point around 1,200 m, in the alignment of the tunnel,
with the maximum overburden of approximately 500 m.

Although the construction methodologies used on both
ends of the tunnel were identical, two different construction
teams were involved in the excavation, each one working on
a different side of the tunnel, the productivity was quite
different. It was important to find causes for this differences
in productivity.

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 47
DOI: 10.1007/978-3-319-09060-3_8, © Springer International Publishing Switzerland 2015
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Table 8.1 Rock mass zoning (CJC 2009)

P. Olivenca and V. Santos

Zone  RMR Support Excavation Progress
7G4 <20 Steel ribs and 30 cm of shotcrete Partial excavation—top heading and invert 0.6mall0m
excavation. Temporary invert on the top heading

7G3 20-35 15 cm of shotcrete reinforced with metalic Partial excavation—top heading and invert excavation l4ma20m
fibres and 5 m Swellex rockbolts

7G2 35-50 10 cm of shotcrete reinforced with metalic Full-face excavation 1.8ma30m
fibres and 5 m Swellex rockbolts

ZGl1 >50 5-10 cm of shotcrete reinforced with metalic ~ Full-face excavation 26 ma4.0m

fibres and 5 m Swellex rockbolts

Although causes could be various, this article addresses
the differences in geology and geotechnical parameters
observed on each side of the tunnel, highlighting the
regional geological context and geotechnical characteristics
of the rock mass.

The project includes four geotechnical zones, with the
characteristics shown in Table 8.1.

8.2 Methodology

Given these objectives, the geotechnical conditions
encountered along the tunnel alignment were examined as
one of the main factors influencing the productivity of any
tunnel excavation (Costa-Pereira 1985).

RMR (Bieniawski 1989) was calculated along the tunnel
alignment with the objective to determine the quality of the
rock mass for tunneling and classify each excavation cycle
in the respective geotechnical zone, as defined in the
design.

By applying descriptive statistics to RMR values, it is
possible to determine the quality of the rock mass occurring
at each end of the tunnel.

The geotechnical zoning of the tunnel results from the
RMR value, and was calculated systematically along the
excavation, so for each side of the tunnel, it is important to
calculate the percentage of occurrence of each zone.

As shown in Table 8.1, the better the quality of the rock
mass, the less support needed to be applied, to ensure its
stability and bigger lengths of excavation are possible.

As defined by Bieniawski, RMR results from the arith-
metic sum of weights, assigned to a set of parameters. The
multi correspondences analysis (MCA), widely applied for
dimensionality reduction of variables (Davis 2002; Hill and
Lewicki 2007) aims to determine the characteristics of the
rock mass that have the greatest influence on geotechnical
zoning.

8.3  Geology

The Marao mountain is composed of autochthonous for-

mations of Cambrian to Lower Devonian age (Pereira 1987).
The major geological structure is an anticline formed

during the Variscan Orogeny. Geological mapping of the

region is shown in Fig. 8.1. The following units are present

(Sa et al. 2005):

e Desejosa formation (Cambrian): interbedded shales and
metasiltstone, present in all 2,300 m excavated from the
east portal.

e Vale de Bojas formation (middle and lower Floian):
characterized by polymictic conglomerates and thinner
layers of psamitic metatuff. The tunnel excavations have
not encountered this formation.

e Mardo formation (middle Floian): consists of quartzites
alternating with phyllites or psamitic rocks. The upper
member of this formation has been encountered in west
side of tunnel excavation.

e Moncorvo formation: a monotonous sequence of gray
shale and is present in the west portal of the tunnel.

A Hercynian granitic intrusion is located at the western
area of the tunnel. This caused regional metamorphism of
the Moncorvo formation (west side), giving it greater
resistance, which led to a brittle deformation behavior,
developing open discontinuities, with blocks of substantial
size (Coke and Santos 2012).

The Cambrian shales (east side), away from the granitic
intrusion, were not affected by contact metamorphism.

8.4  Characterization of Rock Mass

The distribution of RMR values calculated systematically
during excavation allowed us to evaluate the rock mass
quality at each end of the tunnel. RMR values are higher on
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Fig. 8.1 Geological map of the tunnel area (Coke 2000)
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Fig. 8.2 Statistics RMR observed for the west side and east side of the
tunnel

the east side, but show minor dispersion at the west end,
which indicates greater heterogeneity of the rock mass in
west side (Fig. 8.2).

RMR was used to divide the rock mass into various
geotechnical zones, as defined in the design. The relative
length of witch zone is present in Fig. 8.3.

Applying the MCA is possible to see that in the west side of
the tunnel (Fig. 8.4aleft), the ZG1(better geotechnical zone) is
defined “equally” by all parameters of Bieniawski classifica-
tion. The major factors in the definition of ZG2 were the
discontinuities spacing—F2 and RQD values in the interval of
50-75 %. The ZG3 is defined by UCS results between 25 and
50 MPa and ZG4 (weaker geotechnical zone) is characterized
by UCS results of 5-25 MPa and RQD values <25 %.

At the east side (Fig. 8.4b), the MCA shows that ZGl1 all
parameters of Bieniawski classification have influenced the
RMR values obtained. The ZG2 is mainly conditioned by
the characteristics of the weak discontinuities and ZG3 is
defined by characteristics of the very weak discontinuities.
The ZG4 (weaker geotechnical zone) was not found in the
east side of the tunnel.

As known, different parameters are involved in RMR
value, but some are more important to define each geo-
technical zone and they are different for each side of the
tunnel. While at the west end the characteristics associated
with weaker geotechnical zones (ZG2, ZG3 and ZG4) are
the UCS and RQD, at the east end the characteristics related
with the discontinuities prevail (east side has no ZG4). On
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(a) West Side
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(b) East Side
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Fig. 8.4 MCA of rock mass characteristics. West side (left). East side (right)

the better geotechnical zone (ZGl) all the parameters are
important and present more or less in the same way on both
sides of the tunnel.

8.5 Conclusions

Along Mardo tunnel, the regional geological environment
plays an important role in the characteristics of the rock mass
encountered. The presence of contact metamorphism at the
west end of the tunnel, affected the behavior of the rock
mass. The effects of contact metamorphism, are not present
at the east end of the tunnel.

The rock mass on the west side is more heterogeneous
when compared with the east side, which resulted in a dif-
ferent distribution of the values of RMR observed, with
generating lower values on the west side.

Among the parameters used to calculate RMR, some are
particularly associated with a geotechnical zone and are
different on each end of the tunnel. With identical lithologies
at both ends of the tunnel, this fact reinforces that the
importance of regional geological environment, is control-
ling the geotechnical characteristics present in the rock mass.

The lower quality of the rock mass observed on the west
side of the tunnel, implies a distribution of rock mass clas-
sification in all geotechnical zones defined on design, the
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presence of ZG4 and higher percentages of occurrence of
7ZG2 and ZG3, when compared with the east side of the
tunnel.

The presence of more weaker zones in the west side of
the tunnel, involved the need to apply larger quantities of
support, lower excavation lengths and sometimes half-sec-
tion excavation. All these factors significantly influence the
productivity of excavation.
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article.
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Konstantinos Symeonidis and Clark Fenton

Abstract

Traditional offshore site investigation (SI) practice focuses on characterising ground
conditions around a single asset and its spatially-limited foundations. Applying a conventional
approach to both widely distributed and deep water sites often limits the scope of geotechnical
data gathering to principally remote geo-physical sensing combined with sparse sampling of
questionable representative-ness. SI design can be improved to cope with distributed assets
and multiple geo-hazards, while better SI sequencing and recent advances in geophysical
techniques have improved the SI process considerably. However, the time and cost
implications of applying these advances are potentially unacceptable when dealing with
multiple facility footprints distributed over broad areas of seabed with complex, heterogeneous
ground conditions, e.g., wind farm developments on the UK continental shelf. A cost-effective
alternative that integrates the inter-disciplinary SI functions better and embraces probabilistic
ground models is required. Applying techniques developed for seismic hazard assessment with
limited data sets, probability distribution functions can be derived allowing rational, fact-based
‘forecasts’. This approach permits limited datasets to be evaluated for both epistemic
uncertainty (data paucity) and aleatory (natural) variability, allowing the selection of
representative geotechnical parameters. Probabilistic methods and spatial analysis techniques
are applied to synthetic models of the seabed for the purpose of testing the effect of sampling,
size and pattern, in accurately determining soil parameters, such as the undrained shear
strength and friction angle or engineering parameters like pile penetration depth. A number of
different sampling patterns are examined. The results suggest that there is a relation between
pattern efficiency in describing the uncertainty and the existence of spatial trends in soil
parameters or the existence of features like buried channels. These approaches have the
potential to increase the efficiency of offshore SI, leading to more cost effective foundation
design.

Keywords
Site investigation ¢ Probabilistic analysis ¢ Spatial distribution

9.1 Introduction

The increasing development of multi-asset offshore projects
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has resulted into the need for better understanding of the

Department of Civil and Environmental Engineering, complexities involved in their foundation design. It is
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important to understand how representative are the collected
and tested samples in terms of geotechnical strength
parameters and seafloor conditions. It is important to

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 53
DOI: 10.1007/978-3-319-09060-3_9, © Springer International Publishing Switzerland 2015



54

understand how the chosen sampling patterns may affect the
efficiency of the investigation. Natural phenomena com-
monly exhibit variability in their characteristics, which
means that they cannot be predicted with absolute certainty.
Deterministic geotechnical analysis can be more easily
applied when parameter uncertainties are low and materials
and their geometries are known with a degree of accuracy.
However, in geotechnics most parameters used in analysis
are uncertain, often because of a limited sampling pro-
gramme. Engineers typically deal with this uncertainty by
choosing conservative values for these parameters
(Nadim 2007). In the offshore environment uncertainties
include design loads and the structure’s resistance (Baecher
and Christian 2003).

Probabilistic techniques can complement traditional
deterministic analysis, by quantifying the degree of uncer-
tainty, evaluating the data acquisition strategies and assess-
ing hazards (Fenton 1997).

9.2 Sampling Strategies

Sampling strategies are considered during the site investi-
gation phase of a project and decisions should be made on
sample size, pattern and density. Typical sampling schemes
include: random; gridded; uniform; clustered; and traversed.
The selection of sampling pattern depends on the geological
setting and the expected variations within the sampled
population. The sampling scheme must avoid under-
sampling or even over-sampling a sub-population, for
example stratification, thereby introducing data bias. Spatial

Seafloor 53 A o ...“ o
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Fig. 9.1 Scenario I a seabed defined by a clay layer and an underlying
sand layer. The surface between the two layers is inclined towards the
North. For this scenario 100 boreholes are given arranged in an equally
spaced grid with separation distance 100 m, aligned to the North—South
and East-West directions. Scenario 2 a seabed defined by a clay layer

K. Symeonidis and C. Fenton

functions can be used to describe the variation of geological
and geotechnical parameters. Spatial functions are continu-
ous and typically observations closely spaced are auto-cor-
related. Dealing with spatial functions using classical
statistics may not be adequate, thus regionalised variables
may be required (Symeonidis 2012). This considers the
properties of the spatial function and disregards the nature of
the physical phenomenon (Olea 1984). Using probabilistic
modelling and spatial analysis it is possible to evaluate the
effect of the sampling parameters and to measure the influ-
ence in site investigation design.

9.3 Model Development and Statistical

Evaluation

Symeonidis (2012) developed an approach to evaluate the

efficiency of differing sampling strategies in obtaining rep-

resentative geotechnical data. Synthetic data are created for

two ground models Scenario 1 and Scenario 2 (Fig. 9.1).

Each model describes a relatively simple setting consisting

of an upper clay layer and a lower sand layer. For each

model a number of parameters are provided along with their

coordinates. These parameters are later considered as ran-

dom variables in our analysis. These model parameters are:

e Mudline undrained shear strength (kPa)

e Variation in undrained shear strength for clay with depth
(kPa/m)

e Angle of friction (°) for the lower sand layer

Clay layer thickness (m)

e Pile penetration depth (m) calculated using API-RP2A.

Seafloor o T A& A T

g /
| &
/
Sand layer

and an underlying sand layer. The sand layer forms a trough that it is
roughly directed from NW to SE. Also, for this scenario 100 boreholes
are given arranged in an equally spaced grid with separation distance
100 m, aligned to the North—South and East-West directions. The grey
surface marks the boundary between the two layers
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The data are provided in the form of a 10 by 10 rectan-
gular grid of synthetic boreholes (BH) at 100 m intervals.
Each BH contains the geotechnical parameters described
above. The area of data coverage for each model is 1 km?.

Different sampling patterns are the defined (Fig. 9.2).
Then the completeness of these samples is statistically
compared to the global population (herein called the Rep-
resentative Sample [RS]) for each model. The analytical
procedure involves the following approaches for each model

Fig. 9.2 Typical sampling (a)

parameter: A: Descriptive statistics (histograms and fre-
quency unit area diagrams). B: Inferential statistics (normal
and lognormal distributions). C: Spatial analysis (contour
maps with kriging and trend analysis with plane surface fit
using polynomial regression). D: Sampling comparison. For
each sampling pattern and sampling effort the sample is
compared to the corresponding RS. The measures used for
the comparisons are: (1) percentage difference between the
mean values of the samples and the RS and (2) the maximum
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absolute difference of the theoretical distributions (normal
and lognormal) defined by the sample and the RS, based on
the K-S test formulation. From these comparisons the
sampling patterns are ranked according to their efficiency.
E: Kriging comparison: using the depth to the layer interface
(derived from the model parameter z). Contour surfaces are
created for each sampling pattern at the 3rd sampling effort
(12 BHs) for Scenario 1 and for 3rd (12 BHs) and 5th
(20 BHs) sampling efforts for Scenario 2. These contour
surfaces are compared to the contour surfaces of the repre-
sentative samples.

Sampling patterns (Fig. 9.2) are defined and tested on each
models. The same maximum number 20 out 100 of sampling
points for each pattern is applied. For each pattern, five (5)
increments of four (4) new sampling points are added at each
test iteration. Each of these increments is referred to as a
sampling effort. For each pattern a custom Visual Basic
(VBA) routine is created that applies the sampling procedure
consisting of five sampling efforts (Fig. 9.2).

The first step in setting up the probabilistic modeling
analysis is defining the procedures applied. For each param-
eter the workflow is applied for its Representative Sample
(RS) and then for each sampling effort of the different sam-
pling patterns. The formulation of the probabilistic model for
each model parameter is performed in two parts (Fig. 9.3).
Initially calculation of the descriptors of randomness is per-
formed. Secondly the statistical distribution that best fits the
empirical distribution derived in the initial stage is defined.
Following selection of the distribution describing data vari-
ability, parameters that uniquely define this distribution are
derived, along with tests that quantify the degree of fitness.
Furthermore, based on the above analysis probabilities can be
calculated from the proposed model distributions.

K. Symeonidis and C. Fenton

The spatial variability of the model parameters is dis-
played using contour maps that utilize point kriging. Trend
analysis is then applied for each model parameter. This is
modelled by a linear equation in the more simplistic
approach along certain traverses at each model, using the
least squares method. Trend analysis using the polynomial
regression is also used to define large-scale trends and pat-
terns in the data. Finally residual analysis is conducted for
traverses along the model where the autocorrelation function
is modelled for each RS for all model parameters.

Comparisons are performed in order to evaluate the effi-
ciency of each sampling pattern in representing as accurate
as possible each model parameter. Also, the performance of
each sampling pattern is evaluated as the sampling efforts
increase the sample size. The measures used are:

e Percentage difference between the mean values of the RS
and each sample.

e Maximum absolute difference of the theoretical distri-
butions (normal and lognormal) defined from the RS and
each sample.

e The kriging technique for the parameter.

Contour surfaces are created for each sampling pattern.
The difference between each sampling effort and the RS are
mapped using kriging technique in order to evaluate the
degree of difference. Sampling patterns with the smallest
differences spatially are more efficient.

9.4  Results

Based on the statistical differences between the mean values
for the parameters in the sampling efforts and the RS for
each scenario the following observations are made:

Fig. 9.3 Schematic of the
probabilistic modelling workflow
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e (rid type sampling patterns (grid, traverse, and inter-
secting traverses) perform better when there is a distinct
spatial trend in the parameter variability

e When the RS shows no spatial trend or when the range of
variability is limited grid sampling shows limited
advantage over random or clustered sampling patterns

e Sampling perpendicular to spatial trends has a poorer
than expected efficiency. Intersecting traverse lines are
more efficient than parallel traverses in this case.

These results are similar to those obtained by Olea (1984)
using a universal kriging technique. In terms of efficiency of
capturing the variability of the RS, regular sampling fol-
lowed by stratified, then random and finally clustered sam-
pling patterns, are most efficient.

When investigating depth parameters (the location of
the clay-sand interface in the scenario models) inclined
planar surfaces are best approximated using regular grid
sampling. Elongated topography (the buried channel in
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Scenario 2) is best approximated using traverse sampling
perpendicular to the trend of the feature. With increasing
sampling points a uniform grid pattern becomes more
efficient.
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Jorge Neves, Celso Lima, Fernando Ferreira, and Joao Machado

Abstract

The upstream scheme of Baixo Sabor Hydroelectric Development includes a 123 m high dam
with a crest length of 505 m. Two important geological faults that could affect the foundation
of the dam were identified and characterized during the exploration works executed in the
design phases. The foundation mapping performed during the construction phase allowed a
detailed knowledge of these geological structures and complemented the existing data used by
EDP for the detailed design of the engineering foundation treatment solutions.

Keywords

Sabor ¢ Dam ¢ Foundation ¢ Fault ¢ Treatment

10.1 Introduction

The Baixo Sabor Hydroelectric Development that EDP—
Energias de Portugal, S.A. has under construction at the
north of Portugal, at the Sabor River, a right bank tributary
of the Douro River, includes two schemes located 12.6 and
3 km upstream of Sabor river mouth.

The upstream scheme (Fig. 10.1) is the largest and
includes a concrete arch dam 123 m high with a crest length
of 505 m and a total concrete volume of 670,000 m>. A
controlled surface spillway is located in the central part of
the dam, having four 16 m wide spans controlled by radial
gates with a discharge capacity of 5,000 m*/s into a down-
stream plunge pool basin. At the right bank, the powerhouse
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is equipped with two reversible units, located in independent
79 m high and 11.5 m diameter shafts, topped by an
unloading and erection building. Two independent and
approximately parallel 5.7 m diameter headrace tunnels
intersect the rock mass under the dam, connecting the res-
ervoir with the powerhouse, with a 94 m head. The tailrace
includes 2 tunnels and an outlet structure to operate the
sluice gate.

The upstream dam is placed in a 1 km long NE-SW
valley segment, with a deep, narrow and slightly asymmet-
rical transversal profile, 25 m wide at the base and 440 m at
the crest level. The dam foundation consists in a medium to
coarse grained, two mica, porphyritic granite, frequently
showing mica orientation.

During the design phases, from mid-1990s to 2006, the
performed geological and geotechnical investigations and
characterization studies included detailed mapping of
13 trenches (2,300 m) and 6 galleries (180 m), 15 seismic
refraction profiles and 3 electrical apparent resistivity pro-
files, 38 diamond drill holes (2,186 m), 388 Lugeon tests,
14 seismic refraction cross-hole sections, 41 borehole dila-
tometer (BHD) and 4 large flat jacks (LFJ) tests for in situ
rock mass deformability evaluation, 3 stress tensor tube tests
(STT) for in situ stress assessment, 31 joint shear tests and
18 sound velocity and 18 unconfined compressive strength
tests.
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Fig. 10.1 Digital model ante
vision of Baixo Sabor upstream
scheme

These exploration works and geotechnical characteriza-
tion tests allowed the foundation to be subdivided into
3 zones. From the shallowest to the deepest, these zones are
characterized, in average, by the following parameters:

e 7G3: W3-W5, F3-F5, RQD < 50 %, RMR < 40,

E.n <5 GPa, 6. < 35 MPa
o 7G2: W2-W3, F2-F4, 50 % < RQD < 90 %,

37 <RMR < 64, E;, = 7.5 GPa, o, = 53 MPa
e 7GIl: WI-W2, F1-F3, RQD > 90 %, 54 < RMR < 72,

E, = 17.5 GPa, 6. = 126 MPa.

10.2 Design Geological Predictions

The geological investigations performed at the upstream
Baixo Sabor dam site, particularly the trenches and galleries
mapping complemented by drill hole data, allowed the
identification and characterization of two important bedrock
faults that influenced the foundation design and the slope
excavations of adjacent slopes.

The first (fault n® 24) was identified at the left bank
trenches, striking N10°E and dipping 65°E, filled with a 10—
15 m thick quartz vein at the hanging wall and 3—4 m thick
of sheared kaolinitized granitic mylonite (Fig. 10.2) at the
footwall, predictably affecting the upstream slope excavation
and the dam left abutment foundation. This clayey mylonitic
zone was of particular concern to EDP designers due to its
significant thickness, high deformability and unfavorable
location that could cause slope stability and foundation
deformability and permeability difficulties.

The second important geological structure was fault
n° 11, a 10—15 m thick fault zone at the bottom of the valley,
inferred by geomorphological interpretation and detected by
rotary core drilling (core recovery losses, gouge fragments,
intense rock mass fracturing and weathering) and later on, by
seismic refraction cross hole sections performed inside
exploration drill holes.

This geological structure was interpreted as a sub vertical
fault zone that consisted in a few approximately parallel,
N30°E, sub vertical minor faults (Fig. 10.3) with decimetre-
to metre-scale thick gouge filling, separated by intensely
sheared ZG3 granite with low deformability modulus. The
fault zone low to moderate permeability (2-8 Lugeon units)
was attributed to fault gouge washing and fracture filling.

10.3 Construction Geological Facts

The rock mass geotechnical zoning analysis confirmed that
the dam foundation was mostly composed of fresh to
moderately weathered (W1-W3) granite with moderate to
completely weathered (W3-W5) zones associated with
faults (Fig. 10.4). Joints, wide to closely spaced (F2-F4),
were assigned to 6 major sets. Tectonic structures such as
quartz and pegmatite veins less than 0.5 m thick occur
throughout the surface. Faults, assigned to 3 sets, are
generally filled with clayey gouge and rock particles up
to 0.5 m thick, bordered by irregular zones of highly
weathered (W4-W5) rock mass with closely spaced
discontinuities.
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Fig. 10.3 EDP’s design phase geological and geotechnical zoning—section through dam reference surface. Fault zones referred in text are inside

red ellipses

Fault n°® 24, at the left abutment, N§°W-0°-26°E, dipping
50°-70°ESE, has a 2—5 m thick footwall mylonitic zone with
sandy clay fill, gouge fragments and intensely weathered and
fractured granite and quartz. At the hanging wall occurs a
quartz vein of 8.5-14 m thick mixed with hydrothermally
altered granite (Figs. 10.4 and 10.5).

A large fault zone occurs at the bottom of the valley,
bordered by 2 sub parallel major alignments (A and C),
N10°-40°E, dipping 60°NW-90° (Figs. 10.4 and 10.6). They
are filled with 0.05-0.5 m of clayey gouge at the hanging
wall and have a 2—-3 m thick weathered and highly fractured

rock mass zone at the footwall. These faults are linked by a
dip-slip fault (B), N55°E, dipping 70°SE-90°-80°NW with a
0.1-0.2 m thick mylonitic sandy clay fill and a 1.5 m thick
associated weathered and highly fractured rock mass zone. A
and B faults were included in fault zone n° 11, identified
during the design phase and fault C corresponds to
fault n° 10.

Fault E (Fig. 10.4) is a N20°E sub vertical fault that
occurs at the right bank of the Sabor river. Its fill includes
al-2 m thick quartz mass and a clayey mylonite with rock
particles. Several other discontinuities occur throughout the
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Fig. 10.4 Geoarea’s simplified geological map and dam foundation geotechnical zoning. Fault zones referred in text are inside red ellipses
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Fig. 10.5 a Fault n° 24. b Support wall and pre-stressed anchor beam

dam foundation but they weren’t considered a geotechnical
problem due to the reduced thickness of their fills and
associated alteration zones.

10.4 Geotechnical Solutions

Dam foundation excavation depths were designed by EDP in
order to guarantee an adequate embedding, mostly on good
quality granitic rock (ZG1-dark grey zone in Fig. 10.3). The
total excavation volume reached 560,000 m> and some
foundation reconstitutions had to be made in lower quality

fault related sectors, such as n° 10/11 (A, B, C) and n°® 24,
but also in smaller ones like fault E.

The treatment solution executed on fault n® 24 near the
left abutment, consisted of a support wall 8.5 m high and
30 m long, concreted against the upstream slope of the dam
foundation excavation, below an anchored beam built as
shown in Fig. 10.5, with the main objective of stabilizing
that slope and the rock mass above it.

At the river bed, fault material was replaced by reinforced
concrete several meters deep, on faults A, B and C
(Figs. 10.4 and 10.6). Between the contraction joints 19 and
20, an additional gallery parallel to fault C was left inside the
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dam, in order to enable an adequate foundation treatment
that consisted in fault gouge substitution by cement grout
injection along these faults dip direction (Figs. 10.6 and
10.7). When dam concrete reached enough height, these
localized treatments were followed by generalized cement
grout injection (still ongoing) for foundation rock mass
consolidation and waterproofing.

10.5 Final Remarks

The design phase predictions concerning geotechnical zoning
and the main tectonic accidents intersecting Baixo Sabor
upstream dam foundation were generally confirmed by the
detailed geological mapping performed during the
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construction phase. These data and those gathered during the treatment design solutions, to further improve foundation
design phases allowed the design of dam foundation treatment ~ geotechnical characteristics, i.e. deformability, shear strength
by generalized cement grout injection and fault zones and permeability.
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Abstract

This article presents the geotechnical characteristics of loess, wetting sensitive soil in
Dobrogea. These lands are of Quaternary age, are found just below the topsoil and most
buildings are founded on it. Problems can arise when the foundation on these lands is due to
any softening of foundation soil with water from different sources, permanent or casual. It will
present the parameters of geotechnical solutions for improvement when appropriate.
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11.1  Introduction
The loess is a category featured among continental, Qua-
ternary, sedimentary formations.

The name loess was introduced in 1834 by C. Lyell,
coming from the German lose or loss, used in Rhineland,
with the meaning of loose, porous, brittle. Loess lands
occupy about 10 % of the entire surface of the continents, a
spread of loess in the world is shown in Fig. 11.1a, b, North
America and China, and in Fig. 11.2 in Europe.

Loess deposits in Romania occupies an area representing
17 % of the entire country. In Dobrogea there are areas
where loess thickness is up to 60 m.
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11.2 Properties of Loess

Most buildings in Dobrogea are founded on loess and loess
soils, hence the need to understand the behavior of these
soils and changes in terms of land and loads on which the
construction transmits it.

The minimum and maximum values of geotechnical
parameters of loess, in the natural state, in the Dobrogea area
are listed in Table 11.1.

11.3 The Collapse Risk of the Loess

Problems can arise when the foundation on these regions is
due to any softening of foundation soil with water from
different sources, permanent or casual.
Because of the extra moisture, the loess can become
collapsible.
Depending on the behavior of the loess, increasing of
moisture content it has been classified in two categories:
(A) lands which not settles under the geological load, but of
deformation under the influence of the loads transmit-
ted by the construction, are not in risk of collapsing.

(B) lands which settles in geological load, they may be in
risk of collapsing.
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Fig. 11.2 Loess distribution (source Dagmar Haase/UFZ). a Europe. b Romania

Table 11.1 The minimum and maximum values of geotechnical parameters

Param  Clay Silt Sand Wi, Wp w n Sr M2-3 (daN/ im3 (cm/ ¢ c

(%) (%) (%) (%) (%) (%) (%) (%) cmp) m) (grade)  (kPa)
Min 14 50 3 32 12 7.8 46 0.4 18.7 0.6 5 5
Max 29 80 18 40 17 28.5 54 1 107 15 30 48

In order to make a correct classification of a soil, a e mechanical parameters: values of the index of the specific
comprehensive analysis of all the following parameters are subsidence by wetting below the mark of 300 kPa and the
required: structural strength obtained from endometrium testing;

e parameters defining its composition and physical prop- e the thickness of loess, found in the history of the works
erties (granulometry, porosity); from the area.
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In the Dobrogea region loess of both categories occur,
and their structural strength is based on the category they fall
into: for 25-60 kPa is loess of category B and for 80—
100 kPa is loess of category A.

In Fig. 11.3 are presented the diagrams of compression
subsidence for the loesses with a low porosity, soil denoted
by 1 and loesses with a high porosity, denoted by 2; (a)
samples with natural moisture and (b) samples that were
previously flooded.

11.4 Foundation Solutions

To ensure the normal behavior of buildings founded on land
susceptible to wetting, there is a need for rational foundation
systems and appropriate measures to avoid flooding of the
foundation soil, both during and after construction. The
humidity action on soils susceptible to wetting must be
viewed from two perspectives, namely: the reduction in the
bearing capacity and the growth of settlements under con-
struction load transmitted (additional subsidence due to
moisture). The foundation solutions are adopted according to
the nature of the soil foundation, the hydrostatic level and
construction characteristics:

e direct foundation on loess;

e foundation reinforced trough layers of cohesive soils
(loess, loess lined with various waterproofing solutions,
loess mixed with cement or lime);

¢ loess consolidation by intensive compaction (hard mallet
and super hard) or with different injection solutions, heat
treatment;

e adopting a foundation system that exceed sensitive soil
layer wetting (deep foundations, piles, columns, etc.) and
that are embedded in the insensitive wetting layer.

Increment (KPa)

11.5 Conclusions

The infrastructure and construction on land susceptible to
collapse under wetting have created problems. Their stability
is not problematic under natural field conditions, but problems
can arise if there are additional moistening that can cause
deformations of buildings located on these moisted lands.
The special character of these lands is reflected in the fact
that for them has been developed a normative—NP
125:2010 “Normative for foundation of construction on land
susceptible to wetting”. This legislation provides elements
for identification, classification, conditions that have to be
taken into account in designing, the recommended con-
structive and operation measures, maintenance and moni-
toring of buildings and facilities located on such lands.
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12.1 Introduction

Undil Omer and Amann Florian

Abstract

The geo-engineering properties of rocks often depend on their petrographic, mineralogical and
micro-structural features, and the interaction of micro-texture and physico-mechanical
properties is often relevant. A series of petro-physical and mechanical tests on low porosity
volcanic rocks suggest that small changes in porosity or unit weight can cause strength
variations. Petro-physical and quantitative mineralogical analysis were utilized to understand
these variations. In addition, quantitative petrographic studies focusing on distribution of
minerals and mineral dimensions were conducted. Microstructural studies were carried out on
thin sections before and after mechanical loading to analyse the distribution of micro- and
macro-cracks which formed during unconfined compression tests. The results of petro-physical,
petrographic, micro-structural, and mineralogical analysis suggest, that both, the peak strength
and crack initiation threshold are strongly influenced by the distribution of phenocrystals (e.g.
biotite, plagioclase) and the ratio between the total content of phenocrystals to the fine-grained
groundmass. On the other hand it was found that variations in petro-physical properties (e.g. unit
weight) and Young’s Modulus are associated with the mass fraction of minerals.

Keywords
Crack initiation e Elastic properties * Unconfined compressive strength ¢ Quantitative
petrography ¢ Volcanic rocks

propagation associated with micro-textural properties
(Eberhardt et al. 1999; Nicksiar and Martin 2013). In this
study the effect of micro-texture and mineral constituents on

Variations in geo-engineering properties associated with
textural variations have been examined by many researchers
(Prikryl 2006). Most of these studies investigated changes in
petro-physical and mechanical properties based on qualita-
tive and/or semi quantitative petrographical and mineralog-
ical analysis. More recent studies were focused on variations
in crack initiation (CI), peak strength (i.e. UCS), and crack
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petro-physical (i.e. ultrasonic p-wave velocity V) and
mechanical properties [i.e. UCS, CI, Young’s modulus (E)]
were investigated utilizing quantitative mineralogical and
petrographic studies.

12.2 Methods

Mineralogy of the samples was determined with X-ray
powder diffraction analysis (XRD). The quantitative mineral
composition of the samples was determined with the Riet-
veld program AutoQuan (GE SEIFERT). Petrographic
studies were used to trace the boundaries of individual
minerals (e.g. plagioclase, amphibole, biotite) to quantify

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 69
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their area and distribution. Each mineral grain with a major
axis >200 pm was traced. Mineral grains with a major
axis <200 pm were considered as groundmass.

Unconfined compression tests were accomplished on a
servo-hydraulic rock testing device with a digital feedback
control. Axial load was applied in such a way as to maintain
a constant radial displacement rate of 0.03 mm/min). Two
strain based methods were used to determine the stress at CI:
(1) according to Brace et al. (1966) and (2) according to
Lajtai (1974).

12.3 Results and Interpretation

12.3.1 Mineralogical, Petrographic and
Microstructural Properties

Macroscopically, the samples are composed of varying
amounts of plagioclase, amphibole and biotite as pheno-
crysts and fine grained groundmass (Table 12.1). The areas
of phenocrystals in respect to the investigated areas are given
in Table 12.2. It should be noted that quartz and orthoclase
were very rarely observed as phenocrystals, but the mass
proportion of these minerals were considerably high
(Table 12.1). These findings suggest that almost all of the
orthoclase and most of the quartz exist within the ground-
mass. Thin sections taken after mechanical loading revealed
that cracks initiate along boundaries between different min-
erals, and along the mineral—groundmass boundary. Cracks
penetrating groundmass and Biotite phenocrystal are inter-
preted to form at higher axial stress (Undiil et al. 2013).

12.3.2 Physical and Mechanical Properties

With increasing orthoclase content the unit weight tend to
decrease. Increasing content of quartz and plagioclase
increase the unit weight (Fig. 12.1). This is most probably
related to the higher density of quartz (2.63-2.65) and pla-
gioclase (2.62-2.76) relative to orthoclase (2.55-2.63). An
increasing mass fraction in plagioclase was also associated
with an increase in V.. On the other hand, the normalized area
of basic microstructural components (Tables 12.2 and 12.3)
did not provide any relations between unit weight and V.

U. Omer and A. Florian

Table 12.2 Normalized area of basic microstructural components
obtained from thin section studies

SG  Groundmass Amphibole Biotite Feldspars
(%) (%) (%) (%)

1 51-59 2-16 2-9 13-34

2 54-56 5-21 4-13 18-24

3 47-63 11-26 0-13 12-34

4 53-61 4-20 1-9 1640

SG sample group, Feldspars plagioclase felds + alkali felds

The study also suggests that with increasing mass frac-
tions of quartz and plagioclase the Young’s modulus
increases (Fig. 12.2). An opposing effect on E was found for
an increasing mass fraction of orthoclase. These tendencies
might be associated with the different Young’s modulus of
these minerals [e.g. Quartz: 91-105 GPa; Orthoclase:
73-74 GPa; Plagioclase: 81-106 GPa, (Data provided from
Prodaivoda et al. 2004)] and their net contribution to the
bulk Young’s modulus. Changes in Poisson’s ratio were
only dependent on changes in the normalized area of the
ground mass. The Poisson’s ratio decreases as the normal-
ized area of the groundmass increases.

Unconfined compressive strength tests revealed UCS
values ranging from 103-289 MPa. Only some specimen
showed macroscopic cracks at failure. The crack initiation
level was found to be 0.45-0.46 x UCS (Fig. 12.3).

It was observed that with an increasing normalized area
of plagioclase and amphibole phenocrysts (i.e. normalized
area of the groundmass decreases), CI and UCS increase
(Fig. 12.4). Furthermore the data suggest that the UCS
decreases with an increase in the normalized area of Biotite
phenocrystal.

Undiil et al. (2013) showed on UCS test on Andesite
specimens that cracks emanate from the boundaries of larger
grains and penetrate the groundmass which primarily con-
sists of orthoclase and quartz (Table 12.1). For larger nor-
malized area of the groundmass, cracks, which formed under
unconfined compression, were composed of cracks parallel
to the maximum applied load and oblique cracks. With
increasing phenocrystal area axial cracks dominate. This
change in failure mechanism was associated with an increase
in the radial strain in respect to the axial strain for axial
stresses in excess of CL

Table 12.1 Variations in mass fractions of dominant mineralogical components obtained with XRD studies

SG Amph (%) Biotite (%) CM (%)
1 3.149 2.1-2.5 1.1-2.0
2 17.6-19.4 0.5-1.8 1.2-1.6
3 15.2-17.1 0.5-1.3 1.2-1.5
4 5.7-6.9 1.6-1.9 3.6-5.4

Orth. (%) Plag. (%) Quartz (%)
22.8-23.5 45.6-47.8 13.0-13.5
24.0-25.1 25.0-28.9 10.2-12.1
21.2-21.9 35.9-394 14.0-14.6
21.0-22.1 40.9-42.7 11.8-12.4

SG sample group, Amph amphibole, CM clay minerals, Orth orthoclase, Plag plagioclase
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Fig. 12.1 The change of basic physical properties with mass fractions of different minerals. a Unit weight versus mass fraction of orthoclase.
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Table 12.3 Minimum and maximum values of some mechanical properties

SG UCS (MPa) 6., (MPa)*
1 108-271 107-126
2 103-199 47-78
3 148-289 62-130
4 144-163 69-74

SG sample group
* According to Brace et al. (1966)
® According to Lajtai (1974)
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Fig. 12.2 The relation of Young’s modulus with (a) the mass fraction quartz (b) the mass fraction orthoclase
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Fig. 12.4 The influence of the ratio of selected phenocrystals to groundmass on CI. P + A, represents the sum of the normalized areas of
plagioclase and amphibole. GM represents the groundmass area (Undiil et al. 2013)

12.4 Conclusion

In this study quantitative petrographic and mineralogical
data were utilized to quantify variations in micro-textural
characteristics of andesitic rocks and their effect on crack
initiation, UCS, Young’s modulus and petro-physical prop-
erties. The synthesis of results showed that:

e The unit weight of the utilized rocks increases with
increasing mass fractions of quartz and plagioclase, but
decreases with increasing orthoclase content.

e No relation between the spatial distribution of minerals
and petro-physical properties can be found. Petro-phys-
ical properties are dependent on the mass fractions of
orthoclase, plagioclase and quartz.

e The crack initiation threshold was 0.45-0.46 x UCS.

e With increasing normalized area of plagioclase and
amphibole phenocrystals the UCS increased. An increase
in the normalized area of biotite phenocrysts caused a
decrease in CI and UCS.

e With increasing mass fraction of orthoclase the Young’s
modulus decreased.

e Poisson ratio increases with decreasing normalized area
of the groundmass.

e With increasing phenocrystal area the failure mode
changes and was associated with an increased number of
axial cracks.
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Abstract

Vadose zone conditions are becoming increasingly important in site investigation, including,
for instance, (1) the protection of the phreatic zone from surficial contaminants (aquifer
vulnerability), (2) surface water—groundwater interaction and biodiversity, (3) water
influencing infrastructure development and (4) problem soil behaviour resulting in surface
expressions of subsurface volume change. This multidisciplinary paradigm involves a wide
range of specialists, but at the root of issues pertaining to the vadose zone is the geological
regime in which it occurs. A conceptual model should include all fundamental branches of
geology, viz. stratigraphy, mineralogy and petrology, structural geology and physical geology.
The importance of a proper geological model is addressed at the hand of selected case studies
in urban and peri-urban South Africa. In all instances, the sites were developed with
subsequent issues arising due to inadequate vadose zone investigation. To evaluate, geological
models were compiled based on available geological and geomorphological information.
Physical properties such as detailed soil profiles and grading analyses were inferred to address
vertical and spatial material variability. Mineralogy of the various soil horizons was used in
conjunction with bulk dry densities to determine porosity and to address pedogenetic and
eluviation processes. Hydrological data include percolation tests and Atterberg limits and were
inferred onto the model to clarify anticipated hydrological behaviour. The additional
geological data improve the understanding of the case studies incorporating ephemeral
hillslope wetlands, constructed fill and water addition through leaking pipelines and irrigation,
through the addition of knowledge overlooked by hydraulic testing exclusively and accentuate
the importance of proper geological understanding prior to hydrological interpretation. The
major issues arising, apart from damage to infrastructure and contamination of water
resources, are excessive rehabilitation costs, decrease in aesthetic value and general discontent
of land owners and proximate residents. The geological model is imperative and should not be
excluded or overlooked due to increasingly popular alternative methods of investigation.

Keywords
Geological model ¢ Vadose zone * Hillslope wetland ¢ Percolation ¢ Granite gneiss

13.1 Introduction

M.A. Dippenaar (b<) - J.L. van Rooy Urban development induces changes to the vadose zone,
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which is readily overlooked in compilation of a conceptual
model prior to development. Made ground is of different
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sealed as land is being developed. These are just come
factors contributing to the already complex vadose zone.

The importance of proper vadose zone conceptualization,
notably in urban settings, is explained at the hand of five
case studies underlain by Lanseria tonalite gneiss of the
Johannesburg Dome. Granites in South Africa are—given its
age—highly variable due to an intricate tectonic and geo-
morphological history. These case studies illustrate the
importance of conceptual vadose zone models, as well as the
implications of exclusion.

13.2 Conceptual Models

Perspectives regarding the vertical succession of earth mate-
rials and the classification of soils vary between disciplines.
Albeit based on different intentions, an all-encompassing
multi-disciplinary approach may significantly improve
information gained from soil profile descriptions (e.g.
Dippenaar 2012). Various approaches to the classification of
weathered earth materials are shown in Fig. 13.1.
Additional to the vertical variation, the spatial variation
and subsurface hydrology can best be simplified by the
catena concept, which has been well-documented (e.g.
Schaetzl and Anderson 2005).
The importance of conceptual models is also well docu-
mented, e.g.:
e The importance thereof in groundwater models (Izady
et al. 2013)
e The lack of proper understanding in conceptual hydro-
logical models on land (Lahoz and de Lannoy 2013)

e The special circumstances in karst settings (Bakalowicz
2005)

e Incorporation of multidisciplinary data and different
scales of observation (Dewandel et al. 2005)

e Considerations of different potential conceptual models
in assessment of aquifer vulnerability (Seifert et al. 2007)

e Inclusion of subsurface flow in shallow saprolite and
deep bedrock (Banks et al. 2009)

e Challenges and trends in geological visualisation and
modelling (Turner 2006)

e The inclusion of historical data to potentially replace the
conceptual model (Royse et al. 2009)

e The influence of alternative conceptual models on pre-
dicting beyond calibration base of the flow model
(Troldborg et al. 2007)

e The concept of hydrostratigraphy contributing to proper
conceptual modelling (Allen et al. 2007; Angelone et al.
2009; Heinz and Aigner 2003)

e The incorporation of geology, engineering geology,
hydrogeology and geomorphology in advancing con-
ceptual model quality Dippenaar and Van Rooy (2014).
Essentially the principles of the triangle of geomechanics

and the triangle of engineering geology apply as shown in

Fig. 13.2 (Bock 2006) after which actual data can be inferred

to model scenarios.

The hydrological cycle is an intricate interaction between
the lithosphere, atmosphere and biosphere and represents the
movement of water in different phases. With respect to the
vadose zone, more attention is generally given to the soil or
plant root zone and the processes of surface water—ground-
water interaction and evapotranspiration, often with the
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Fig. 13.2 Triangle of
geomechanics (leff) and of
engineering geology (right)
(Bock 2006)
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distinct exclusion of the deeper intermediate vadose zone
(Fig. 13.3). Numerous aspects have to be considered when
compiling a comprehensive vadose zone model. Some of
these are illustrated in Fig. 13.4 and indicate the vast range
of input in such conceptual models (Dippenaar et al. 2014):
1. Atmosphere-Biosphere

1.1. Climate—precipitation, evaporation
1.2. Plant water availability and transpiration
1.3. Surface water—groundwater interaction
1.4. Sensitive ecosystems
1.5. Land use and land cover

2. Soil Zone
2.1. Infiltration

2.2. Perched water tables

2.3. Interflow, throughflow

2.4. Translocation and pedogenesis
3. Intermediate Vadose Zone

3.1. Percolation to eventual recharge

3.2. Soil vadose zone

3.3. Fractured rock vadose zone
3.4. Variable saturation.

13.3 Case Studies

For the purposes of explanation, geology and climate are
kept as constant parameters and all case studies presented as
situated on tonalite gneiss (Lanseria Gneiss, Johannesburg)
within the Midrand and Johannesburg areas of South Africa.

13.3.1 Pedogenesis and Ephemeral Hillslope
Wetlands

Randjesfontein, situated on tonalite gneiss of the Archaean
basement complex in Midrand (RSA), was investigated
during two subsequent stages. During the first, vegetation
was absent due to veldt fire in the dry winter months. During
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Fig. 13.4 Considerations in the
compilation of a vadose zone 1.1.
model
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the second, the geotechnical investigation noted marshy
areas at the site and deduced that the ferricrete in the profiles
represents a periodically perched water table system. These
markers were overlooked and, using only the absence of
wetland vegetation indicators as proof, the site was exca-
vated for construction. With changing seasons, the wetland
wetted up again and water influx into the excavation resulted
in cessation of construction as water collected at the exca-
vation floor and wetland conditions regenerated on barren
bedrock.

Of interest in the conceptual understanding of this study
area are the following (Fig. 13.5):

Possible deep percolation

Probable groundwater

AN
3“5\! aa\)
il e,'(?; =

4. Colluvium

2. Ferricrete
Saprolite
-#%. Fractured granite

e Ferricrete appears much more heterogeneously and
anisotropically as anticipated. Given the 150 x 50 x 10 m
excavation, the varying thickness, as well as the localized
absence, of ferricrete can clearly be seen. Important for
the conceptual model is to properly infer the vertical and
spatial extent of the pedocretes.

¢ In the instance of this study site, the ferricrete changed its
role in the subsurface hydrology. With initial perching
probably on low permeability bedrock, the process of
pedogenesis progressively resulted in varying stages of
ferruginization in residuum and the pebble marker. In the
stages before nodular/glaebular and in the hardpan stage,
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the ferricrete is of low permeability and porosity with
water perched above. However, in the honeycomb phase,
the porosity is low due to the cementation, but the cal-
culated porosity of 0.15 as opposed to the overlying 0.21
exists as large connected pore spaces where parent soil
has been washed out. The perching, therefore, occurs
localized within the ferricrete, and not above.

13.3.2 Made Ground and Variably Compacted
Fill

Urban hydrogeology has an increased variable: that of

anthropogenic materials. These include a wide variety of

materials of variable compaction and grading (e.g. uncom-

pacted imported fill), as well as variable composition (e.g.

contaminated land). In two separate studies in the suburbs of

Alexandra and Linbro Park respectively, the following was

found:

e Cut-and-fill operations have to be included as significant
impacts on shallow interflow. This is notable in all three
studies and the excavation through illuviation zones
result in water being subjected to other lateral pathways
and not necessarily deeper percolation. Compaction of
imported materials may have higher porosity and/or
permeability, fill for drainage systems may interrupt flow
paths in unsaturated materials and induce imbibition
rather than drainage, and retaining wall systems may
become unstable and exhibit seepage through faces.

e Non-uniform building rubble and fill material may
influence downslope properties and may create periodical
waterlogged conditions in poorly compacted fill materi-
als. This is notable in the central urban portions where
old buildings are demolished for the construction of high
rises, requiring deeper foundations and basements.

13.3.3 Increased Infiltration and Interflow

Increased water addition can be explained at a case study in

Fourways (residential golf course). Significant additional

volumes of water was released, resulting in the following:

e The natural systems were in hydrological equilibrium
where water infiltrated and sporadic small wetlands
occurred in Fourways. These areas were developed as the
golf course and the residential areas on the perimeters
and downslope.

e Increased golf course irrigation resulted in the formation
of a perched water system where the high saturation of
surface soils induced interflow on the bedrock interface.

e The main damage is with water imbibing into porous
plaster and mortar, resulting in extensive damage to
buildings.
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13.4 Discussion

The geological model should include the vadose zone and all
variability, whether natural or induced, in material properties
and moisture contents. Urban development notably exacer-
bates the uncertainty in the vadose zone due to, for instance,
surface sealing, disruption of natural structure and compac-
tion, inducing increased flow, and diverting flow paths.

The variation in properties between the soil zone and
intermediate vadose zone, and between the soils, saprolite and
bedrock should be understood properly to ensure optimal
construction. Damage to infrastructure on-site and off-site,
drainage of wetlands, generation of waterlogged conditions,
and weakening of retaining structures are just some of the
significant results of proper understanding of the vadose zone.

The importance of the vadose zone exceeds vulnerability
assessments and optimizing irrigation practices. It should be
seen as a fundamental component of all hydrological and
geotechnical assessments and should be included as a
detailed component of any conceptual model.
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Introduction

Parbati H.E. Project-St-II (800 MW) is one of the largest
hydroelectric projects in Himachal Pradesh, under con-
struction by NHPC Ltd, a premier organization in India for

A K. Singh and Bhatnagar Sharad

Abstract

Himalaya occupies a unique position internationally providing ample opportunities for hydro
power development through its fast flowing rivers. The total potential of three major river
system of Himalaya i.e. Indus, Ganga & Brahmaputra is estimated to be 65,623 MW (at 60 %
Load factor). However, only about 25 % of this potential has been tapped so far. In recent
times, when ideal locations for dam in Himalayan region have almost exhausted, many dams
of variable dimensions are being constructed in adverse geological settings, taking into
consideration various ground improvement techniques. These dam structures are often faced
with the problems of sheared and fractured rock at the foundation grade, deep overburden,
slope instability of the abutments, presence of solution cavities etc. Occasionally, in glaciated
valleys, fossil valleys are formed due to change in river course by sudden blockade of river in
geological past. These geomorphic features are easily picked up on the ground but to establish
their extent at depth requires detailed subsurface investigations. Suitable remedial measures
are formulated if these features are located in close vicinity of any engineering structures. The
present paper deals with the fossil valley treatment carried out on the right abutment of Parbati
Dam, Stage-II under construction by NHPC Ltd in Himachal Pradesh where extensive
grouting using TAM technology was carried out in phased manner utilizing various grout mix,
ultrafine cement, admixtures etc. Grouting pattern was evolved so that the whole fluvioglacial
material lying in the vicinity of dam area could be grouted. Post grouting check holes and
permeability tests showed marked reduction in permeability values before & after the grouting,
ascertaining successful treatment of the fossil valley.

Keywords
Fossil valley * Tube a manchhettes * Permeation grouting ¢ Admixtures

hydropower development. The project is located on river
Parbati, a tributary of Beas river in Distt Kullu of Himachal
Pradesh. The project envisages construction of an 85 m high
concrete gravity dam near village Barsheni/Pulga to divert
River Parbati into the main water conductor system. The
project is an pinter basin transfer scheme. The proposed
31.5 km long, 6 m finished dia HRT shall conduct water

from Pulga via Garsa/Sheelagarh valley which shall ulti-
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mately be discharged into river Sainj, a downstream tributary
of river Beas at Suind village where a surface power house is
under construction for generating 800 MW of power. In
order to augment the power generation it is planned to divert
the discharge of Jigrai nala located downstream of Pulga

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 79
DOI: 10.1007/978-3-319-09060-3_14, © Springer International Publishing Switzerland 2015
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Dam into the reservoir. The discharge of other intermediate
nalas i.e. Hurla nala and its tributaries (Manihar and Pancha
nala) and flow of Jiwa nala shall also be diverted to HRT
through small diversion structures i.e. trench weirs, feeder
tunnels and drop shafts. The layout of the project is shown as
Fig. 14.1.

14.2 Brief Regional Geology and

Geo-Morphology of Project Area

The project is located in lesser Himalaya. The site is char-
acterized by elevation ranging between El + 1,200 m to
El + 2,200 m above MSL. The great difference in elevation
is suggestive of a very young and immature topography
conforming to the late orogenic uplift of the Himalayas
marked by high mountains, narrow & glaciated valley, fossil
valleys with steep slopes and escarpments.

In project area a variety of rock formations are exposed
which have undergone extensive structural deformations due
to tectonic activity associated with Himalayan orogeny. The
deformations are exhibited in the form of folds, faults and
thrusts. The main rock types in this region belong to Jutogh
Banjar and Larji formations ranging in age from Pre-
cambrian to Permian and are separated by thrusted margins.

Geo-Technical Assessment
of Dam Area

14.3

The dam site is located on Parbati river, near Pulga/Barseni
village, in a narrow ‘U’ shape gorge, about 150 m downstream
of its confluence with Tosh nala. At dam site the left right

AK. Singh and B. Sharad

abutment rises steeply from the river bed with an average
slope of 80°. Schistose quartzites with thin intercalated bands
of contorted mica schist bands belonging to Kullu member of
Jutogh Formation are exposed on both the abutments.

The rockmass is dissected by 3 sets of joints with folia-
tion joints (040-060°/35-45°) favourably dipping in
upstream direction. The other two sets having attitudes 180—
210°/45°—and 250-310°/50—60° are also distinct.

The right bank is extensively covered with thick fluvio-
glacial material up to El £ 2,270 m (Ref: Photo 14.1)
whereas on the left bank rock is exposed up to El + 2,230 m
with thin cover of slope wash material, however, beyond
El + 2,240 m the entire slope on left bank is also covered
with thick fluvioglacial material.

The dam foundation has been laid in sound rock com-
prising of schistose quartzite rock, after removing 9—18 m of
river borne material. Presently the intake structures &
spillway blocks are under construction.

14.3.1 Fossil Valley

In close vicinity of dam axis, on right bank, the signature of
the old course of Parbati river exists in the form of fossil
valley. The depth of this valley is about 101 m and is filled
with glacial moraines comprising of large boulders, pebbles
& cobbles in silty matrix. This has also been established by
the geological investigations carried out by Geological
Survey of India & NHPC. Large accumulation of fluvio-
glacial material observed on the right bank of Parbati river is
indicative of concealment of its original course which got
buried under a thick pile of moraine deposits. It is believed
that after the recession of glaciers in Pleistocene period, river

Fig. 14.1 Layout of Parbati
stage-1I project
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Photo 1 Exposures of fluvioglacial material on right bank

Parbati would have started flowing through the valley earlier
occupied by glaciers. The valley seems to be occupied by
moraines deposited by receding glaciers, leaving very lim-
ited space for river to flow, thereby reducing its transporta-
tion and eroding capacity which resulted in impoundment of
a lake. The river then over toppled the barrier and followed a
new course .The old river channel got filled with moraines
and resulted in ‘fossil valley’.

14.3.1.1 Geotechnical Investigations for Fossil
Valley

Besides detailed geological mapping on 1:500 scale, the dam
area in general and the fossil valley in particular was exten-
sively investigated to establish the shape and extent of fossil
valley. Following subsurface explorations were carried out:

14.3.1.2 Geophysical Surveys

Four seismic profiles namely P11-P14, aggregating to 800 m
length was laid on the right bank in the fossil valley area.
These profiles have established overburden depth of 80—
90 m in the fossil valley area. A seismic velocity of 2,200 m/
s was recorded indicating loose to semi compacted river-
borne/fluvioglacial material.

14.3.1.3 Exploratory Drilling
The fossil valley area was explored by eight drill holes
aggregating to 473 m depth. The deepest hole was 124 m.
Permeability tests were also carried out in these holes. A
brief account of drill holes is as under: (Table 14.1).

In general these holes established that fossil valley is
mainly composed of four distinct type of material:

0-25 m-Yellowish brown to grey sand with boulders of
granitic gneiss, quartzite & mica schist. Percentage of fine is
more in comparison to coarse material.

25-30 m-Fine silt without pebble or boulders

30-60 m-Angular to sub angular boulders & pebbles of
quartzite and schist

60-100 m-Silty sand with large boulders of gneiss, gra-
nitic gneiss.

14.3.1.4 Permeability and Groutability Tests
Variable overburden permeability ranging from 1 x 107 to
6 x 107> was noticed in fossil valley. Similarly the grout
intake pattern indicated irregular & anisotropic condition of
overburden. No effect of grouting (with normal cement) on
reduction in permeability values were observed down to
22.6 m depth beyond which marginal decrease in perme-
ability value were observed.

14.3.1.5 Exploratory Drift

A 220 m long drift was excavated on the right bank at
El + 2,166 m to explore the extent of the fossil valley. The
drift started in rock comprising of schistose quartzites with
band of biotite schist up to 130 m length. Between RD 130—
210 m fluvioglacial material in silty matrix was observed.
Beyond RD 210-220 m again schistose quartzite with thin
bands of biotite schist were observed (Ref. Fig. 14.2). The
above explorations established an 80 m wide and about
100 m deep fossil valley extending from u/s of dam to d/s of
dam, near the diversion tunnel outlet portal.

144 Treatment of Fossil Valley

Leakage is apprehended through fossil valley, at the time of
filling of the reservoir. Hence, it has been planned to create a
cut off grout curtain by permeation grouting using TAM
(Tube a Manchhettes) technique. This cut-off is proposed to
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Table 14.1 Exploratory drill holes in fossil valley
Drill Hole  Location Collar E1 ~ Total depth  Bedrock depth Overburden/Bedrock characteristics
no. M) (m)
DH-2 Centre of fossil valley 2,204 116 m 101 m(El 2,103) Quartz mica gneiss with schist bands
DH-3 u/s of DH-2 2,158 64 53 m (El 2,105) Gneiss
DT-3 40 m u/s of dam axis extreme end 2,175 45 21 m(El 2,154) Quartzite with schistose quartzite bands
of fossil valley)
DT-5 D/s of dam axis(extreme end of 2,270 56 Bedrock not Riverborne/fluvioglacial material up to
fossil valley) encountered excavated depth
DDH/II/01  Fossil valley 2,201 60 Bedrock not Riverborne/fluvioglacial material up to
encountered excavated depth
DDH/II/03  Fossil valley 2,201 60 Bedrock not Riverborne/fluvioglacial material up to
encountered excavated depth
DDH/II/04  Fossil valley 2,197 61.5 Bedrock not Riverborne/fluvioglacial material up to
encountered excavated depth
DDH/II/05  Centre of fossil valley 2,200 124 101(EL2099) Quartzite with mica schist bands
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Fig. 14.2 Geological L-section of fossil valley

extend from the surface to alluvial/bedrock contact and up to
10 m into the bedrock. A 3.5 m x 3.8 m grouting gallery
with portal at El + 2,148 m was constructed to facilitate
grouting. The grouting was carried out in two stages: In the
first stage grouting was performed from surface at
El + 2,200 m to grouting gallery. This was designated as

upper grout curtain. The length of upper grout curtain was
215 m. Drill hole ranging in depth from few meters to 50—
55 m were drilled from the surface up to the level of grouting
gallery at El + 2,150 m. In the second stage the media
between the grouting gallery & bedrock was grouted. This
was designated as lower grout curtain. The length of the
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Parbati Fossil Valley
Sketch of grout curtain pattern arrangement
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Fig. 14.3 Grouting pattern

lower grout curtain was 65—-70 m. Overlapping between the
upper grout curtain and lower grout curtain was ensured to
have continuity.

14.4.1 Drilling/Grouting Equipment

Drilling was performed using three drilling rigs (Rodio
SR52). One of the rig was electrically operated to be
accommodated in grouting gallery. The holes were provided
with a sleeve pipe (fube a manchettes) after retrieving the
drill rods and before withdrawal of the casing. The borehole
trajectory was measured utilizing the surveying instrument
‘BORETRACK MKII'. The grouting was carried out by
double acting piston pump type CIRO 10, operating at a
maximum discharge pressure of 7.5 MPa. The plant had a
computerized control & record unit to record the flow rate,
grouting pressure and total grouted volume.

14.4.2 Grouting Pattern

Preliminary trials for selection of grouting components and
composition were carried out in laboratory at Mumbai.
Grouting was carried out in three rows i.e. upstream,
downstream and central row. The distance between u/s & d/s
hole was kept as 1 m from centre to centre. Holes of each
row were also separated by a distance of 1 m. (Ref.
Fig. 14.3). Grouting was achieved in two phases:
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In the first phase u/s and d/s holes were grouted using fine
cement (Blaine-4,500),while the second phase of grouting
was carried out in the central hole using ultra fine cement
(Blaine 10,000),after completing grouting of the external
rows. Grouting was controlled by Pmax/Vmax (Pressure/
volume Ratio). P max varied from Sbars to a max. 35 bars,
whereas V max for external holes was set at 180 liters while
for central it was set at 350 liters.

14.4.3 Grouting Materials

Following grouting materials were used for treatment:

1. Cement: Cement of blaine >4,500 cm2/g was used for
permeation grouting.

2. Ultrafine cement: Ultrafine cement of 8,000 cmz/g blaine
was used to fill the voids between very fine particles.

3. Admixtures: Bentonite, silica gel (Sodium silicate),
admixtures were also used.

For first phase of grouting following grout mixes were
used:

Cement/water ratio = 0.5, Bentonite/water ratio = 2 %,
Additive/water ratio = 0.5 %

For second phase of grouting carried out in central hole
for upper curtain:

Cement/water ratio = 0.225, Bentonite/water ratio = 2.5 %
& Additive/water ratio = 0.3 % were used.

Similar ratio was used for carrying out grouting in the
lower curtain. In order to seal the hollow space between the
grout hole and Tam sleeve pipe, a cement/water ratio of 0.5
and bentonite/water ratio of 5 % were used (Fig. 14.4).

In all 536 nos of boreholes of variable depth were done in
a stretch of 175 m in the Upper Curtain including 179 holes
in upstream, 181 in downstream and 176 in central row,
whereas in lower curtain 232 nos of holes were done
including 77 holes each in upstream and downstream row
respectively and 78 holes in centre row. Six no of check
holes were also done to a certain the efficacy of the grout
curtain. Permeability test carried out in check holes have
given a value of 1.54-5.3 x 10> against the targeted value
of 1 x 10™*. Similarly, for lower grout curtain 3 check holes
have indicated permeability value between 2.6 x 10—
2.12 x 10°° against the targeted 10 * value. In addition,
peizometers have been installed downstream of the curtain to
monitor the variation in water level before and after
impounding, to verify the grout efficacy. Overall, the test
results showed marked improvement in ground condition
after grouting.
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BED ROCK PROFILE OF THE FOSSIL VALLEY
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Fig. 14.4 Bed rock profile in fossil valley

14.5 Conclusion

The presence of an old fossil valley on the right bank of
Parbati river was the main constraint in dam construction in
Parbati H.E.Project (800 MW).Due to topographical condi-
tion it was not possible to shift the dam location elsewhere.
Effective grouting techniques using TAM technology were
carried out to consolidate the huge pile of fluvioglacial
material. The grouting carried out in phased manner have
shown considerable reduction in the permeability of the
glacial material, however, it will be interesting to observe the
efficacy of grouting during impoundment of the reservoir.
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Convener Prof. Deffontaines Benoit—Co-convener Gerardo
Fortunato

Tectonics (active or not) play a major role in engineering
geology all over the world not only in crustal plate
boundaries but also in intraplate areas. Urban geology,
buildings and all anthropic constructions face major prob-
lems that we need to better take into consideration from the
scientific as well as engineering point of view. Coseismic
deformations due to earthquakes, as well as intersismic
creep have to be better characterized and constrained from

both new efficient methods and from all the past experi-
ences we have had on active tectonic areas. This “Applied
and Active Tectonics” session will focus on better localized,
characterized, quantified, and modelized tectonic processes
and their associated phenomena enriched by the numerous
past experiences and by proposing new efficient methodol-
ogies and technologies. We hope also in this session to
reinforce the links between scientists and engineering
geologists in order to face seismic hazards and their
disastrous implications.



Weiren Lin, Lianjie Wang, Junwen Cui, Dongsheng Sun,
and Manabu Takahashi

Abstract

Stress state around an earthquake fault is a key parameter to understand mechanisms of the
fault rupturing. We tried to determine three-dimensional in-site stress orientations by anelastic
strain recovery (ASR) measurements. As a case study, we applied this core based ASR method
to two drill core samples retrieved from Wenchuan Earthquake Fault Scientific Drilling Project
Hole-2. The core samples used for ASR experiments are chloritized diorite classified as a
crystalline rock and retrieved from depths of 1,444 and 1,469 m in the hole-2, respectively.
Anelastic strains of a core sample in nine directions, including six independent directions,
were measured after its in situ stress was released by drilling. We obtained anelastic strain
variation with time due to relaxation after its stress release. Then, the three-dimensional
principal orientations of the in situ stress tensor at the two depths were successfully determined
by determining the three dimensional principal orientations of the anelastic strain tensor. Our
preliminary results showed both the stress regimes at the two depths are nearly strike slip
faulting stress regime, and the maximum horizontal stress orientations are northwest—southeast
or north-northwest—south-southeast. In addition, the results also suggested that the ASR
method is applicable and useful for such in situ stress measurements in deep drilling projects.

Keywords
In situ stress * Stress orientation ¢ Anelastic strain * Crystalline rock ¢ Scientific drilling

15.1 Introduction

Determination of in situ stress state is very important both in
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geoscience and geoengineering fields. A great and destruc-
tive earthquake (Ms 8.0; Mw 7.9), the Wunchuan earthquake
struck on the Longmenshan foreland trust zone in Sichuan
province, China on 12 May 2008. Two almost parallel sur-
face ruptures were observed, the main coseismic rupture
developed along the Yingxiu-Beichuan-Qinchuan fault over
a length of 275 km; and the other rupture was along
Guanxian-Anxian fault over a length of 100 km approxi-
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Sichuan to investigate physical and chemical properties of
the active faults that slipped during the Wenchuan earth-
quake (Li et al. 2013). This drilling project consists of total
five drilling holes which were or will be drilled to maximum
depths of 0.5-3 km to penetrate in different faults at different
sites. Following the first shallower pilot hole WFSD-1, the
deeper main hole WFSD-2 was drilled to a total depth (TD)
2,284 m. WFSD-2 which completed in 2012 penetrated
through the main fault zone which ruptured during the 2008
Mw7.9 Wenchuan earthquake.

To determine the in situ stress state after the Wenchuan
earthquake in WFSD holes, we applied a core-based method
called anelastic strain recovery (ASR) method into this
drilling project. Following the first results carried out in
WESD-1 (Cui et al. 2013), we report our preliminary results
on stress orientations determined from two chloritized diorite
core samples of WFSD-2.

15.2 Methods

The principle idea behind the ASR method is that stress-
induced elastic strain is released first instantaneously (i.e., as
time-independent elastic strain), followed by a more gradual
or time-dependent recovery of anelastic strain. The ASR
method takes advantage of the time-dependent strain. Voight
(1968) first proposed that anelastic strain could provide
constraints on in situ stress; and then Teufel (1983) applied
this in petroleum industry as a two-dimensional method.
Matsuki (1991) showed that the method could be extended
to three-dimensional stress and that it could constrain stress
magnitudes. Recently, this three-dimensional method were
successfully applied in various deep drilling projects (Lin

Diameter: ~88 mm
Length: ~200 mm

Fig. 15.1 a A schematic illustration of an ASR sample shows the X,
Y, Z axes of a local coordinate system and the layout of the strain
gauges glued on the surface of the cylindrical core sample. b A

et al. 2006 etc.). In principle, the anelastic strain is induced
by stress release of the core sample accompanying drilling.
Therefore, the stress constrains obtained by ASR measure-
ment are of the present-day stress state.

Matsuki (1991) showed that the orientations of the three
principal in situ stresses coincide with the orientations of the
three principal anelastic strains for isotropic viscoelastic
materials. Thus, the orientations of the principal in situ
stresses can be determined by calculating the orientations of
principal strains based on anelastic strain data measured in at
least six independent directions. In this study, we conducted
the ASR experiments based on the basic principle suggested
by Matsuki (1991) and employed the same test procedures
and apparatuses as Cui et al. (2013). We carried the ASR
measurements out at onsite laboratory of WFSD.

A local coordinate system in which the Z axis was parallel
to the borehole axis and the X and Y axes were properly
defined by referring to core surface situation (Fig. 15.1a). It
means to allow selection of homogenous, crack-free and
smooth locations for gluing strain gauges on the cylindrical
surface of ASR sample. Six cross-type wire strain gauges
and six single strain gauges were mounted on each ASR
sample for measuring anelastic normal strain. Thus, the nine
directions of the strain measurements were X (direction
cosines: 1, 0, 0), Y (0, 1, 0), Z (0, 0, 1), XY (0.707, 0.707, 0),
-XY (-0.707, 0.707, 0), YZ (0, 0.707, 0.707), -YZ (0, —0.707,
0.707), ZX (0.707, 0, 0.707), and —ZX (0.707, 0, —0.707). In
addition, two strain gauges were used for each of the nine
directions (Fig. 15.1a, b).

The ASR measurement system used in this study consists
of a data logger with a scanning box for recording strain and
temperature data, a water bath (Constant Temperature
Chamber) and a circulator for keeping the water temperature

g .-"' -~
@ Constant Temp.

Chamber
(Samples are in)

photograph of the ASR core sample taken from 1,469 m in WFSD-2.
¢ A photograph of ASR measurement system set in the WESD drilling
onsite laboratory. UPS uninterruptible power supply

Ciculaler
(Water temp
controller)
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Fig. 15.2 Anelastic strain curves (labels of X, Y, Z etc. showing its measurement direction) were measured in nine directions during approximate
1 week of a core sample taken from 1,469 m in WESD-2 as an example of anelastic normal strain recovery raw data

constant, and an uninterruptible power supply (UPS) to
prevent measurement problems arising from electric power
failures (Fig. 15.1c). Measurements of the ASR core sample
(s) and a dummy rock sample, which did not undergo any
deformation except thermal expansion, were acquired
simultaneously. Purpose of the measurement of the dummy
sample is to monitor the drift of the system and to correct the
measured strain data if necessary. The strain gauges and two
high-resolution thermistor thermometers were connected
directly to the data logger, and the digital data were recorded
every 10 min.

15.3 Preliminary Results

As an example of anelastic strain curves obtained from the
WEFSD-2 hole, raw data of anelastic strain in nine directions
of a core sample taken from 1,469 m is shown in Fig. 15.2.
The duration of the measurement period was approximate
6 days. During the experiment, a trouble made the electric
power supply to shut down for about 16 h (from 5,200 to
6,200 min in Fig. 15.2) which is too long for capability of
the UPS, thus the data was lack and the temperature in the
chamber decreased. Except the no power supply duration,
the constant temperature controller and chamber worked
correctly, so the temperature change was less than £+ 0.1 °C.
As a result, the anelastic strains in all directions were
extensional; all of the curves varied smoothly and similarly
with increasing time. The values of the strain in the various
directions, continuously measured for about 6 days depen-
ded on the orientation, the largest one (X direction) reached

more than 150 microstrains (0.015 %). The dummy sample
showed that the drift of the measurement system was very
small relative to the anelastic strain of the ASR sample. It
indicates the strain of ASR samples were anelastic strain
induced by the stress release accompanying drilling. Thus,
these data could be used for the three-dimensional analysis
to determine the orientations of principal strains.

From the measured anelastic normal strains in the nine
directions, which included six independent directions, the
anelastic strain tensor was calculated by least-squares anal-
ysis. By using a data set of the anelastic strain tensor for an
arbitrary elapsed time, a data set of orientations of the three
principal strains corresponding to that time can be deter-
mined. The determined orientations of and their variations as
elapsed time increases are depicted as the curves from the
beginning (open diamond symbols) to the end (solid diamond
symbols) in Fig. 15.3 for core samples from 1,444 m and
1,469 m in WFSD-2, respectively. Then, the average (solid
circles) of each principal orientation can be calculated by
using the data from the beginning to the end. The orientations
of the three principal anelastic strains must be the same as the
orientations of the three principal in situ stresses. The three-
dimensional stress orientations show a very good consistency
with each other between the two samples. Our preliminary
results show that both the stress regimes at the two depths are
nearly strike slip faulting stress regime, and the maximum
horizontal stress orientations are northwest—southeast or
north-northwest—south-southeast which is coherence with the
present known regional stress pattern. In general, the results
can be considered reasonable and may suggest that the ASR
method is well suited for the applications in directly
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(a)

Fig. 15.3 Stereo projections (lower hemisphere) of orientations of
three-dimensional principal stresses which are same as those of the
principal anelastic strains from ASR measurements with respect to the
true north coordinate system. The stress orientations were calculated
from anelastic strain values at a certain range of elapsed times, thus the

determining the directions of principal in situ stresses in three
dimensions in scientific deep drillings.

15.4 Summary

To determine three-dimensional principal stress orientations,
we applied ASR (anelastic strain recovery) measurements
using drill core samples taken from Wenchuan Earthquake
Fault Scientific Drilling Project Hole-2. Here, we reported
preliminary stress orientation results of the two chloritized
diorite samples. We glued strain gauges on their cylindrical
surface, and successfully obtained high quality anelastic
strain data in at least six directions. And then, we determined
the three-dimensional stress orientations by the strain—time
curves. At the depths around 1,444 m and 1,469 m, the
in situ stress regime about 3 years after the earthquake were
nearly strike slip faulting stress regime, and the maximum
horizontal stress orientations are northwest—southeast or
north-northwest—south-southeast which is approximately
perpendicular to the coseismic surface rupture.
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16.1 Introduction

Ernest V. Kalinin, Olga S. Barykina, and Leili L. Panasyan

Abstract

The following paper formulates the criteria of fractured zone size assessment. This article is
based on the thesis that the fault zone has to be regarded as a special engineering geologic
massif, which is characterized by the stretched form, zonal structure and unfavorable
engineering geological conditions. The authors suggest to pay principle attention to the
detailed study of the fault structure, composition, sizes and other fault peculiarities. The site of
Rogun Hydroelectric Station was reiterated as the object of study. It is situated in the highly
complicated rock massif. The site region is characterized by the high activity of modern
tectonic movements, and it provides for high strain state of the massif. With the help of
boundary element method the questions of the conformity of observable changes in massif—to
real width of faults’ dynamic zone, its configuration, the location of stress concentration areas,
free surface moving and variation of this parameters during the changes of different conditions
were considered. A simulation shows that the zone of stress-strain state changing, received in
calculation, is twice a large than it is fixed in nature.

Keywords
Fractured zone ¢ Mathematical-numerical modeling ¢ Stress-strain state * Surface movements

fractured zones, determined by S.I.Sherman, are not dis-
tinctly fixed in nature during investigations (Sherman et al.
1983). The zone which is determining by the formation

The study of tectonic faults is one of the most complex and
actual problems of engineering geologic theory and practice.
Fault tectonics plays a special role among the factors influ-
encing the engineering geologic conditions. At the same
time, there are a limited number of papers which consider
the main elements of fault zones, their sizes, composition,
properties and their influence on the hydroelectric facilities
as well. The estimation of fractured zones influence is rather
difficult and insufficiently explored problem in engineering
geological investigations. Faults’ dynamic areas (fdz) as
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119991 Moscow, Russia
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character and its subsequent life is understood as this area.
Within this zone the rock massif is undergoes by mechani-
cal, structural and petrographic changes. So such zones play
the negative role during the construction and operation of the
facilities. During the construction the adverse phenomena
are possible in this zone (such as: busting, inrushes, dis-
placements of rocks and others), which are accompanied by
the changes of stress-strain intensity near the faults.

The following paper formulates the criteria of fractured
zone sizes assessment. With the help of boundary element
method the questions of the conformity of observable
changes in massif—to real width of faults’ dynamic zone, its
configuration, the location of stress concentration areas, free
surface moving and variation of this parameters during the
changes of different conditions.

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 91
DOI: 10.1007/978-3-319-09060-3_16, © Springer International Publishing Switzerland 2015
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16.2 Methodology of Mathematical-
Numerical Modeling

Calculations were done by boundary element method. This
method is not deserved rarely used for the solving those
engineering geological problems, when the need of strain-
stress state research of rock massif and its changing under
natural and man-triggered factors is arisen. With the help of
the boundary element method (BEM) the significant semi-
infinite areas, which are often the subject of study in geology
and engineering geology, are simply explored. BEM lets to
solve complicated contact problems, associated with regis-
tration not only elastic interaction on the contiguous
boundaries, but with irreversible deforming on the contacts,
that is important in behavior of creviced environment
studying (Crouch and Starfield 1987). Moreover, due to
reduction on the geometric unit dimension, the problems of
BEM use reduce the spending of the information preparation,
memory and time of computation. So during the solution of
number of engineering geological problems the BEM using
is highly progressive.

16.3 The Geological Description of the Rogun
Hydroelectric Station Site

The site of Rogun Hydroelectric Station, broken by
numerous faults of different width, was selected as the
investigation object. The Rogun Hydroelectric Station, at the
Vakhsh River (Tadzhikistan), is situated in the complex
geological media massif of cretaceous sand-stones and silt-
stones. The site region is characterized by the high activity

Fig. 16.1 The scheme of 3
mathematical-numerical
modeling of tectonic fault zone 0 100 200
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of the present tectonic movements, and it provides for high
strain state of the massif. All the complex of station con-
structions is situated within the limits of an invisible tectonic
block, limited by sub parallel Ionakhsh and Gulizindan
Faults. The tunnel crossing the fault zone through has
“flexible” construction. Complex tilt metric and deforma-
tional investigations (Starkov 1987) registered vertical
movement in 1-3 mm/year of Ionakhsh Fault sides.

16.4 Schematization of Geological
Conditions

The aim of mathematical-numerical modeling was the size
estimation of near-fault changes (and so width fdz defini-
tion), the detection of stress spreading features within this
zone and the move of free surface in main units. It was
studied for this: firstly: stress-strain state of fault zone under
gravitation; secondly: under gravitation and tectonic force;
and thirdly: the direction and the value of the free surface
move under gravitation and tectonic force. The rock massif
considered as isotropic linear-elastic medium. The influence
of the following factors was taken into account: topographic
inequality; fracturing dislocation by the fault; force of
gravity; horizontal contractive force, simulated tectonic
force.

The width of Ionakhsh Fault together with crushing zone
was taken as 20 m at the surface. The rocks are characterized
by closed values of density and lateral deformation rate, so
in modeling scheme it was taken: module of deformation—
30 MPa; Poisson’s ratio—0,3; density—2,6 g/sm3, hori-
zontal contractive force—12 MPa.
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16.5 Analysis of the Mathematical-Numerical
Modeling Results

The modeling scheme and the results of stress-strain and
movement studying are presented on the Fig. 16.1. The
calculations show that the zone of faults’ dynamic influence
is limited 200 m at the lying side and 70 m at hanging side;
and stress concentration zones are at the fault creek and at
average part of the fault at the lying side and between
hanging side of the fault and valley floor. Analysis of free
surface movement shows that its direction is observed in
massif and has uplift direction.

According to engineering geological investigations the
width of Ionakhsh Fault is 80 m and with the crushing zone
it is about 120 m. But according to the mathematical-
numerical modeling its summary width is about 270 m. So a
simulation shows that the zone of stress-strain state chang-
ing, received in calculation, is double the number of field
investigations.
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16.6 Conclusion

The mathematical-numerical modeling of fractured zones
allows to predict currently unknown regularities, to work out
the rational methods of the study of tectonic faults being in
various engineering geological conditions, especially in the
active tectonic areas, taking into consideration the con-
struction experience and attracting the analogous method for
the prediction of engineering geological processes influ-
encing the stability of engineering construction.
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Abstract

The reflection initiated here, is in connection with an area poorly known from the geological
point of view as it is composed of clayey, silty turbiditic sediments and structurally
characterized by different geological domains (Saiss basin, Middle Atlas Mountain and Prerif
ridges). Furthermore it is also characterized by the frequent mass movements of different
nature and volume and a variety of erosion processes (such as rockfalls and rockslides,
subsidence and collapse of roads, landslides, gully erosion and rain). We face here a unique
chance to have a better geological and geomorphological control due to the construction of the
new Fez-Taza highway in northern Morocco. Consequently, this study shows that mass
movements are quite important especially in the Prerif ridge, where clayey rocks (clay-stones,
marls, shales, muds, flyschs) newly outcrop on both side of this new highway. The factors that
affect their occurrence are especially geology and soils, neotectonic movements and climate.
The combination of satellite data interpretation, detailed mapping surveys, geophysical
investigation, Digital Topographic Model, morphological and finally precise fieldwork
campaigns, integrated within a Geographic Information System (GIS) helped to create geo-
mapping documents for multi-source developer’s in order them to pay attention to the
potentially dangerous areas and to optimize safety works along such roads in some sections of
the highway. At least such works lead us to differentiate Neotectonics and landslides (s.l.) and
therefore simplify the passed and recent neotectonic history of the studied area.
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17.1 Introduction

Important part of the Moroccan highway system, the Fez-
Oujda highway connection extends the highway Rabat—Fez
to form eventually a large structuring West—East axis that
integrates with the existing network and major roads projects
as Taza—Al Hoceima connection and Oujda—Nador. It is
also an important section of the Maghreb highway which
originates in Nouakchott, capital of Mauritania, and serves
the major cities of North Africa to reach Tobruk in Libya.

The drawing of the highway connects the two cities of
Fez and Taza over a distance of 127 km through a difficult
and mountainous area. The axis of the tracing was chosen to
follow the crests of hills encountered, to avoid as much as
possible crossing wadis and to ensure the presence of
hydraulic works for the drainage of rainwater. However,
even after as much as possible the natural terrain, this track
involves great heights of cuts and fills exposing beautiful
outcrops and exposures in this geologically poorly known
area. The trace crosses many wadis, the main ones being:
Oued Sebou, Hamri, Bou Zemlane, Matmata, Bou Hellou,
Zireg, Inaouéne (3 crossings).

The Fez-Taza highway is situated in a continental climate
relatively temperate with an average annual rainfall varying
from 390 mm to 740 mm. Rainfall events are generally brutal
and the greatest rainfall are concentrated in few days of the wet
season. The close succession of exceptional rainfall events, are
sources of risks to such kind of environments.

The new Fez-Taza highway cross three geological
domains: the Saiss basin, the Middle Atlas Mountain and the
Prerif ridge. In the Prerif, landslides are mainly mudslides and
flows landslides (flowslides) (Tribak et al. 2012). Their gen-
esis is the combination of several factors: geometric (related to
the inclination of the topographic surface), lithological (rela-
ted to marly land beneath the superimposed hard rocks), and
structural (complexity of the structure and their deformation).
However, in the Middle Atlas, these movements are instead
represented by rockfalls of Liassic sandstones, limestones and
dolomites. In the Saiss basin, the extension of marl land is an
obstacle to carriers and structure determination. The highway
route offers a unique chance to have better geological and
geomorphological control. The trenches show rich outcrops
teaching since they permit to better constrain the differences
between landslide and neotectonic.

The studies of mass movement and neotectonic in the
Fez-Taza highway are considered through a successive
process. Visual interpretation of satellite data (Landsat, as
well as High resolution data 60 cm ground resolution such as
GeoEye) allowed delineating the various types of mass
movements (landslides, rock and debris falls, earth flows).
The differentiation of rock and debris falls was done with the
aid of ancillary data (geology and Digital Topographic
Model). Draping all the images on the DTM surface has
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clarified zones of detachment from zones of accumulation.
Also, by superimposing, in a Geographic Information Sys-
tem (GIS), the available geological maps (Taza, Tahala and
Sefrou at 1/50.000 scale), on the processed images, dis-
crimination between features and facies that undergo rock
and debris falls was possible. Field truthing campaigns were
raised to detect and delineate earth creep. The resulting
study, comprising mass movements that were known before
our study, plus those newly discovered, are presented herein.
Their studies will be considered through the analysis of the
processes and factors governing the instability.

In this paper, we present a general geology review and a
detailed description of the different types of mass movement
across the new Fez-Taza highway, and the factors that affect
their occurrence.

17.2 Geological Framework

The Fez-Taza highway crosses from west to east, three
important domains: (1) the Saiss basin, (2) the northern side
of the Middle Atlas Mountain and (3) the Prerif ridges south
of the Rif mountain front.

e The Saiss basin constitutes with the Gharb basins a large
depression that extends eastward from the Atlantic to the
Taza Strait. The Saiss basin opened in Late Miocene after
the collapse of the northern edges of the Western Meseta
and the Middle Atlas (Bargach et al. 2003). It behaved as
a subsiding marine basin during the Late Miocene, and
then was lacustrine during Late Pliocene and Quaternary
(Taltasse 1953; Feinberg 1986). The Prerif thrust sheets
are interfingered with Upper Miocene rocks in the eastern
part of the basin, and with Pliocene rocks in its western
part Moratti and Chalouan 2006).

e In the northern extremity of the tabular Middle Atlas,
sub-horizontal Lower Liassic dolostones and limestones
are covered by unconformable Plio-Quaternary con-
glomerates and the lacustrine limestones formations of
the Saiss Basin or by the Quaternary fluvial or travertine
formations (Charriére 1990; Gourari 2001; Ahmamou
2002; Hinaje 2004).

e The Prerif thrust sheets form the frontal part of the Rif
Cordillera. They are a tectonic-sedimentary complex,
thrust over the South-Rif corridor (former foreland basin)
or the Middle Atlas. The Prerif Ridges comprise elon-
gated hills, formed mainly by Jurassic to Miocene rocks.
The ridges are interpreted as part of the Meseta-Atlas
cover of the foreland, involved in thrusts of the External
Rif—due to the contraction of the African margin during
compression from Late Miocene extending to Middle
Pliocene (Faugeres 1978; Zizi 1996; Moratti and
Chalouan 2006).
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Fig. 17.1 Position of mass movements on the Fez-Taza highway on a geological and geomorphological background. Pz Palaeozoic, mz
Mesozoic, ¢ Cretaceous, e-o-m Eocene-Oligocene and Miocene, m0 Middle Miocene, ms Upper Miocene

The structures recognized result of the effect of the
overlapping tectonic layers recognized in the Rif area with
folding-axis oriented WSW-ENE spilled southward and a
brittle tectonic oriented NE-SW typical of Middle Atlas and
associated with vertical synsedimentary movements, pro-
moting subsidence and uplift of blocks (Sabaoui 1987). The
major discontinuities correspond to (Fig. 17.1): (1) the
south-Rif accident is an ENE-WSW-trending narrow elon-
gated Prerif ridge, (2) the Tizi n’Tretten fault zone oriented
NE-SW, (3) the Sidi Harazem—Ain Skounate fault zone is a
set of parallel faults trending NE-SW (4) the Tahala fault
oriented NW-SE confronts the liassic formation in the north
to the upper Miocene marl cover in the south (Fassi Fihri and
Feskaoui 1998).

17.3 Mass Movements Across the New Fez-
Taza Highway

Landslides are complex phenomena that we attempt to
explain by a number of relatively simple mechanisms
resulting from topographic, geological, hydrological and
climate condition. Some of these conditions may change
over time. The analysis of these mechanisms in the Fez-Taza
highway has led us to distinguish different types of slides.
Figure 17.1 includes most mass-movement observed in the
field. Some older, highlighted in the literature or by surveys
conducted during construction are not included on this map.

In general, the Prerif nappes are the site of frequent mass
movements. The factors that affect their occurrence are
especially geology and soils, neotectonic movements and
climate. Mass movements are quite important where clayey
rocks (clay-stones, marls, shales, muds, flyschs) crops out.
These rocks are potential shear planes as they retain water.
The presence of these rocks types along the route of the Fez-

Taza highway promotes various types of mass movements
(Fig. 17.1).

17.3.1 Landslide

e The rotational slides (slumping) are very common in the
Prerif and the Saiss sections of the highway (Fig. 17.1).
The surface of these slides has a concavity upwardly
facing with the possible presence of concentric cracks in
plan and concave in the direction of sliding. This type of
landslide concerns slopes with high steeply sloping (15—
45°), consisting in particular of clay or marl materials.
The instability is fostered by water infiltration in the most
permeable layers or by the presence of swelling clays.
This slide is quite common and attests to the renewal of
marl and clay reliefs by artificial erosion (highway con-
struction and canals).

e Translational slides are characterized by a shallow sur-
face of rupture. This type of sliding interest slope for-
mation in where predominant clay of Miocene or their
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associated alteration coverage. Its mechanism is a trans-
lational movement of the field mass, more or less
coherent, along a slightly inclined surface. The thick-
nesses of land set in motion are plurimetric and the debris
spread to the base of the slope. These slides are very
active and have been recognized in the Prerif at the
western entrance of the city of Taza (Koudiate Zar
Ramrama, 731 m). Their location is strongly influenced
by water infiltration. An inventory of this type occurred
during the rains period of February 2013 that showed that
the distance could reach an horizontal length equal to two
times the height of the slope where the break began.

e The clay flows dominate the reliefs of Koudiet Toumiyat
located at the western entry of the city of Taza. These
movements are the result of the evolution of deep rota-
tional slides and originate in the downstream parts. This
mass movement is recognized easily within the GeoEye
images of Google Earth®. The clay flow is sometimes
large and constitutes a risk due to the spread of debris on
the northern side of the highway. The geological nature
of the terrain represented by clays and gray marl late
Miocene in age combined to steep slopes and to their
water saturation, are the main factors triggering these
movements and lead to a loss of structures slope stability
on the side of the road. Field observations made on two
field works (October 2012, February 2013), on the
eastern part of Koudiet Toumiyat allowed us to see the
growth and expansion of cracks running through the silty
gravel formations based on the collapsed parts.

e The subsidence: corresponds to topographic depressions
that are bowl-shaped due to the slow and gradual decline
of soil without apparent breaks. They are manifested, by
occasional vertical displacements of the ground surface in
two different places in the Prerif and the Saiss basin. They
are usually governed by the nature of clay and marl sub-
strate (increase of the clays plasticity) during heavy rains.

17.3.2 Other Slope Movements

— Joints have been surveyed in the silt of Messinian in two
sites in the South of Saiss basin (Region of Bled Che-
rada). The joints are predominantly oblique to the hori-
zontal bedding and show preferred directions of N 130°
E. They range in thickness from a few centimeters and in
lengths up to 10 m. The average thickness of joints and
the number per unit volume increases from west to east in
the direction of digging of the Sebou River valley, sug-
gesting that stress release of tension and alteration play
an important role in fissure and joints genesis. However,
the great majority of fissures and joints exhibit a matte
surface texture without particles reorientation, with
indications of brittle fractures rather than shearing.
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— Gravitational displacement: the Jurassic formations of the
Middle Atlas (limestones and dolomites rocks, and
fractured joints), show traces of gravity moving rocks by
translational motion without significant dissociation from
the original material. These mountain slides are fossilized
by post-Jurassic deposits.

17.4 Conclusions

The new Fez-Taza highway is characterized by frequent
mass movements of different nature and volume. This sec-
tion offers a unique chance to have better geological and
geomorphological control. The trenches show rich outcrops
teaching since they permit to better constrain the differences
between landslide and neotectonic.

The combination of satellite data interpretation, detailed
mapping surveys, geophysical investigation, DTM, mor-
phological and finally precise fieldwork campaigns, inte-
grated within a Geographic Information System (GIS)
helped to create geo-mapping documents for multi-source
developers. This instability corresponds in general to mass
movement and dominates in the Prerif area. They are the
result of geology and soils, recent and ongoing tectonic
activity and climate.

Considering the risks of ground movement on some part
of the Fez-Taza highway, the continuation and development
of these researches is needed by actions such as the moni-
toring of movement, stability calculation, establishment of
mechanical rupture models, modelling the motion path,
research on protection techniques, development of files for
each landslide. These actions will improve the understanding
of these mass movements and attract the attention of
developers on risk areas and potential or actual danger, and
also the recommendation of stabilization works.
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Abstract

This study focus on the importance of geological map updates in engineering geology.
Presently we face such a huge quantity of data (1) acquisition of the earth surface (s.l.) such as
multi-date remote sensing images, aerial photographs and Digital Terrain Model at various
ground resolutions, High Resolution Data (HRD), and (2) lots of thematic data such as
geological and geomorphological detailed works, thesis, report, mapping, etc... that it is
needed and of major importance to gather and synthesize all these data in an up-dated
numerical geological mapping. Therefore, we conducted a new multidisciplinary methodo-
logical approach; focus on Earth Sciences especially on the study of lithology, and structure.
We use the contribution of all existing and available data such as digital terrain models
(DTM), integrated of remote sensing space and airborne images. Recognition detailed
geological materials and structures as well as the analysis and modeling of the physical
processes controlling the deformation help also for the main focus of this research. The
research is oriented in a first step towards the development of a Digital Terrain Model (DTM);
the use of satellite images with multi-source, multi-resolution and multi-date (Radar-ERS,
Landsat ETM 30 m, Aster 15 m and Quickbird 2.4 m up to Geo-Eye 60 cm) and aerial
photographs; and Geological and geomechanical analysis of land facing the numerical
simulation of tectonic deformation process, building on GIS software in order to update the
geological map.

Keywords
Geological mapping update * Engineering geology * DTM < GIS e« Rifian orogeny e
Northern Morocco

D. Benoit (BX) T. Hassan - E.H. Fatima - C. Abdel-Ali - M. Ahlam - L. Meriam
Laboratoire de Géomatique Appliquée (ENSG-IGN), Université Pol.ydiscfiplinary Faculty of Taza, Sidi Mohamed Ben Abdellah

de Paris-Est Marne-La-Vallée (UPEM), 5 Bd Descartes, 77450, University, B.P. 1223Taza-Gare, Taza 35000, Morocco
Marne-la-Vallée Cedex 2, France e-mail: hassan.tabyaoui@usmba.ac.ma

e-mail: benoit.deffontaines @univ-mlv.fr M. Ahlam

D. Benoit e-mail: ahlammounadelfst@gmail.com

Laboratoir.e International Associ¢é ADEPT 539 CNRS—/NSC M. Samuel - F. Gérardo

France-Taiwan, 5 Bd Descartes, 77450, Marne-la-Vallée Cedex 2, AlphaGéOmega, 62 Rue Du Cardinal Lemoine, 75005, Paris,

France France

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 6, 101

DOI: 10.1007/978-3-319-09060-3_18, © Springer International Publishing Switzerland 2015



102

18.1 Introduction

A geologic map displays the placement, distribution, char-
acteristics, and age relationships of rock units and formation,
along with structural features, on a two-dimensional base
map. Everyone benefits directly or indirectly from ongoing
geologic mapping such as local governments, industry,
educators, and public depend on the information provided by
geological maps to carry out their missions.

In morocco, Geological Survey of Morocco publishes the
first geological map in 1927. Since then, the publications
have continued, and to this day, it is not less than 1,600
articles (270 geosciences maps), are available to the public.
Geological maps were made at scales from 1/500.000, 1/
200.000, 1/100.000 and 1/50.000. Geological maps on paper
format constitute three-quarters of the production of the
Geological Survey, covering primarily the Northern
Provinces.

Update of old geological maps is a good project involved
in Morocco. Today, with the fast development of sensor
techniques and computer methods, many kind of raster and
vector based models for describing, modelling, and visual-
izing 3D spatial data are available. This development asso-
ciated to the growth of engineering projects (construction of
highways, urban development projects, etc.), the update of
old geological maps in 2D and 3D become more and more
important.

In this study, a multidisciplinary methodological
approach is developed, in which the contribution of Earth
Sciences is emphasized, as well as the contribution of digital
elevation models (DEM) and integrated of remote sensing
space and airborne images. Many works illustrate the
importance of DEM and remote sensing in recognition of
geological materials and structures as well as the analysis
and modelling of the physical processes controlling the
deformation (Douglas 1986; Klingebiel et al. 1988; Pryet
et al. 2011). DEM are one of the most suitable tools for such
kind of analysis. Although DEMs are currently being used
for describing geological features related to geomorphology,
hydrology and tectonics (Deffontaines 1990; 2000; Onorati
et al. 1992; Seber et al. 1996; Spark and Williams 1996),
they still have not become a common tool in geological
mapping projects.

Modelling terrain relief via DTM is a powerful tool in
GIS (Geographic Information System) analysis and visuali-
zation. In a GIS environment, three-dimensional images can
be easily performed. The relief can be exaggerated and any
type of 2D maps (Geological, Geophysical, etc.) can be
draped over. With that, we can visualize the draped map of
an area from any vantage-point.

The aim of this contribution is to illustrate the importance
of the re-interpretation in the light of the new geological
concepts and knowledge the DEM and remote sensing data
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combined with previous bibliographic works in providing
valuable geological information that can be used as a guide
in updating old geological map of Northern Morocco as a
first step of a more regional project.

18.2 Methodology

Updating the geological map is the general purpose of this

research. Several steps were undertaken.

1. First, available literature review was done for extracting
information concerning the general geology and geo-
morphology of the study area. As a first application, the
Prerif ridges, in northern Morocco have been chosen to
illustrate the result of geological update. We look also
forward to any drills, wells, seismic lines that may help to
understand the 3D geometry.

2. In the second step, geological maps was scanned at 300
dpi using an AO scanner, georeferenced in WGS84 pro-
jection in ERDAS Imagine 9.2, using a combination of
latitude/longitude information and others references
points on the map. Georeferencing was performed using
a first order transformation with RMS-errors less than
0.3 m. The georeferenced map was then stored in Geotiff
format at a scale of 1:50.000. The structural objects such
as recognized fold axes, faults dip... are collected.

3. ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer; METI/NASA 2009) Global
Digital Elevation Model (GDEM) elevation data sets
been used to perform the topographic analysis. The DEM
data from this space mission cover most of the regions of
the world and are publicly available (at no cost) at spatial
resolutions of 1 arc second. The ASTER GDEM was
resampled from 30 m (1 arc second) horizontal resolution
to 15 m to minimize the terrain effect. The required study
areas were, then extracted from DEM using there base
map shape file in a WGS84 coordinate system. For this
process, we used the software GLOBAL MAPPER 10v
to crop the DEM with only required region’s terrain data.
Then, we used ArcGIS 10.2 software package to perform
the spectral analysis over the DEM.

4. Correlation between DEM derived surfaces and geolog-
ical maps: DEMs look at the surface from a strictly
topographic point of view. Only the geological features
reflected in the topography can be visible in DEM ima-
ges. This fact allows DEMs to recognize geological
structures, rock softness, and boundaries and drainage
patterns (Ben Hassen et al. 2012; Duperet et al. 2003).
The shaded topographic relief or hill-shadow of the DEM
depicts relief by simulating the effect of the sun’s illu-
mination on the terrain. This technique was used for
controlling and interpreting structural boundaries (Def-
fontaines 1990). These images are useful to display
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Fig. 18.1 Geological setting and
location of the studied area in
northern Morocco. I Neogene
and quaternary rocks, 2 Prerif
ridges, 3 External prerif,

4 Internal prerif, 5 Mesorif,

6 Intrarif, 7 thrust nappes of
intrarif origin, 8 Internal zones,
9 Flysch, 10 Middle atlas,

11 Meseta, 12 Location of the
studied area
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geological data related to landforms in terrains that show
a close correlation between geology and topography.
This initial exploration permits to further enhance litho-
logical boundaries and to delineate areas where addi-
tional exploration is needed (satellites image analysis,
field survey, etc.).

5. Data preparation and pre-processing of optical and
microwave remotely sensed images, such as Landsat
ETM + , ASTER 15/30 m and Quickbird 2.4 m were
conducted using ERDAS software. Various image
enhancement techniques were used to clearly visualize
the images. Radiometric and geometric corrections were
applied in order to remove the influence of the atmo-
sphere and to get surface reflectance. Main values digital
numbers (DN) of lithological units in individual Landsat
and Aster bands were calculated and the values were
plotted to see which band best discriminate the different
lithologies. Based on the selected individual bands,
image classifications were carried out using maximum
likelihood classification. All the resulted images were
subset into one projection system.

6. The geological map had then been redrawn and complete
taking into account the previous items, our field experi-
ence, our field of competence (sedimentology as well as
structural geology and engineering geology... and so on).
For instance the legend and the existing lithologies had
been revisited by field works and re-interpretation of the
data.

18.3 Study Area

The Geological map of Fés-Ouest at 1:50.000 (Bruderer
et al. 1950), communicates vast amounts of geological
information. This map is edited by the Cherifienne Company
of Oil for the Geological Survey of Morocco on 1950. It

shows the central part of the Prerif ridges. The Prerif thrust
sheets form the frontal part of the Rif Cordillera. It corre-
sponds to a tectonic-sedimentary complex, thrust over the
South-Rif Corridor (Fig. 18.1).

To the south of this sheet, the Jbel Trhat area is chosen
due to its complexity of folding and tectonic structure and
history. This Prerifain ridge is a mountain area and corre-
sponds to a fold with an E-W oriented axis, fewly deformed
by faults. The estimate terrain elevation level is about 837
metres.

In this region, geological structures and rock unit
boundaries show a strong correlation with relief. DEM and
satellites images analysis show that geological boundaries
may be mapped with detailed topographic analysis. Litera-
ture reviews (Bargach et al. 2004; Cherai et al. 2008; La-
khdar et al. 2004; Wernli 1978) and field works permitted to
better understand the rock types, stratigraphy, structures and
deformation history and then to update the geological map of
this area Fig. 18.2.

This analysis show that Jbel Trhat is a complex anticlinal,
with a kilometric length and periclinal ends, affected by
thrusts of the Prerif nappe sheets. The fold is tighter toward
the west, where layers of the southern side become over-
turned and a periclinal end can be observed. The fold
asymmetry clearly indicates southward tectonic transport.
This fold is probably active as it develops after Pliocene
because conglomerates of this age are also overturned
(Fig. 18.3).

In this portion of the map, the Prerif ridge shows a sed-
imentary sequence starting with a thick Jurassic sequence
(J), with cancellophycus limestones of Aalenian and thick
gray marls of Bajocian. The Neogene discordant on the
Dogger starts with a calcareous and sandstone formation
(60 m) of Lower Miocene (Burdigalian) (m1), surmounted
by white marl (200-300 m) of Middle Miocene (m2). Unlike
the geological map, our study confirms that the Middle
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Fig. 18.2 Old and updated map
of Jbel Trhat at 1/50,000 scale
(work in progress). J Jurassic, m/
Lower Miocene, m2 Middle
Miocene, m3-1 Lower Tortonian,
m3a Middle Tortonian, m3 blue
and gray marls of Upper
Tortonian—Messinian, 3-2
sandstone of Upper Messinian,
cll Pliocene, (cl13, qe & qla)
Quaternary

Fig. 18.3 OIld and updated map

of Jbel Trhat at 1/50,000 scale
(work in progress). J Jurassic, m/
Lower Miocene, m2 Middle
Miocene, m3-1 Lower Tortonian,
m3a Middle Tortonian, m3 blue
and gray marls of Upper
Tortonian—Messinian, (3-2)
sandstone of Upper Messinian,
(cl1) Pliocene, cl3, ge & qla
Quaternary

Miocene outcrops south of the Jbel Trhat. The Tortonian
starts with bleu-gray marls (m3-1) and a cavernous yellow
limestone (m3a). The Upper Tortonian—Messinian (m3) are
represented by monotonous blue and gray marls series (800—
900 m thick), intercalated by three sandy ferruginous beds,
in turbidite character named “Grés I’ and “Grés II” (Wernli
1978) (m3-2). The Pliocene correspond to polygenic con-
glomerates that crop out very locally (c13). The quaternary is
represented by variegated clays and silts (cI3). Alluvial fans
and talus (ge) and mass rocks (qla) are particularly abun-
dant. They correspond to the accumulation of large blocks of
calcareous or loam deposits supplied by clay.

The uses of satellites images and DEM permit to under-
stand some typical scenarios of triggering or reactivation of
mass movements and landslides (qe). The updated map
shows some of theses phenomena (rockslide—Ilandslide) that
are the subject of detailed field investigations and geome-
chanical analyzes.

18.4 Results and Conclusion

DEM images have the ability to visualize structures and
lithological boundaries reflected in the topography, espe-
cially those related to recent geological evolution. With
DEM and satellites images, up-date of geological map
become a dynamic process of gathering, evaluating, revising
and up-dating geologic data and their implications and
applications, both to the structure and to further exploration.
Trend-topographic analysis in the Prerif ridge provides
useful data about the role of doming processes and folding
and faulting structures in the construction of the relief.

The results of this study support and come at a reference
for any engineering further studies in this area. We are
developing different types of maps of different scales (a)
regional to local geological maps at a scale of 1:100.000 to
1/10.000 and (b) Engineering geological plan at even larger
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scale such as 1:5.000 scale. These documents are of great
use to Individuals, consulting and civil engineering offices,
and of course to Government administrations.
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Abstract

Geological disaster awareness has been increasing recently in Indonesia, especially since the
great Aceh’s Tsunami & Earthquake. It is important that all stakeholders have reasonable
understanding on disaster response. School communities generally have limited disaster
education opportunities and knowledge. This could imply a low level of disaster awareness.
This paper aimed to examine the knowledge on disaster response and to highlight the needs to
introduce earth science for school communities by exploring three areas: (i) disaster education,
(i1) respond to disaster event, (iii) knowledge of earth science. The study had been started since
2006, targeted on schools located on the areas that experienced and/or potential to earthquake
and tsunami in the future. Several schools around the coastline of Indian Ocean of Sumatera,
Java, Bali & Lombok islands had been visited. In each school, we examined the curriculum,
preparedness to face disaster, and activity of mitigation. Our posters and pamphlets were also
distributed. Presentation and short drama were performed in the classroom to measure
understanding of the contents. Result showed that disaster awareness were generally out of
curriculum, due to limited knowledge of the curriculum development. For the respond to
disaster event, most of participants are unaware what to do when disaster happens. Our visit
had increased the curiosity of school communities to learn more about these disasters. These
results suggest that dissemination of entry level of earth science is deeply needed, since there
is no such subject (especially geology) in primary to secondary level schools in Indonesia.
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Disaster awareness ¢ Earthquake ¢ Tsunami ¢ School children ¢ Indonesia
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increasing recently in Indonesia. It is important that all
stakeholders including school communities have reasonable
understanding on disaster response. School communities
generally have limited disaster education opportunities and
knowledge. This could imply a low level of disaster
awareness.
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This paper aimed to examine the knowledge on disaster
response and to highlight the needs to introduce earth sci-
ence for school communities by exploring three areas: (i)
disaster education, (ii) respond to disaster event, (iii)
knowledge of earth science.

19.2 Methodology

The activities had been started since 2006 and had targeted on
elementary to senior high schools in several places, which
located as the earthquake hazard and tsunami prone areas that
experienced as well as potential areas of geological disaster in
the future. Several schools around the coastline of Indian
Ocean of Sumatera, Java, Bali & Lombok islands had been
visited. In total, within 6 years there were more than 50.000
pamphlets and posters of earthquake and tsunami (Fig. 19.1)
had been distributed in several schools and districts so far.

Participants in this study were stakeholders of education
sectors in a remote area. For the purpose of this paper, the
students & teachers were the focus of the study. The survey
was piloted on a group of students & teachers from highest
grade of each school.

Students & teachers involved in this research occupied
public schools in the study area. The highest grade of each
school was chosen as they have ability to read and write their
opinion though in simple form. Teacher participants were
chosen as they were the guardian of each classroom. We
involved also the participation of the school principals as
well as local government officers.

Pamphlets and posters for the tsunami and earthquake
disaster prevention education are distributed directly as
teaching materials. Pamphlets were prepared and printed in

Osaka-Japan by several group of volunteers (Fig. 19.2),
which then brought to Indonesia for this study. The posters
are then posted in announcement board of each school, and
the pamphlets are distributed to students and teachers in their
classroom. Discussion session and short drama were per-
formed in the classroom to measure understanding of the
contents. The aim of discussion was to explore students &
teachers’ perceptions and knowledge of disaster education &
response through a series of questions and answers (Shi-
bayama et al. 2006).

A mixed method of descriptive and exploratory research
design underpins this research. Descriptive & exploratory
research designs are appropriate when little is known about
the topic being investigated. Integration of quantitative and
qualitative data which was generated from the survey, lends
itself to the mixed method approach. According to Polit and
Beck (2008) the greatest advantage of survey research for
disaster issue is its flexibility and broadness of scope. Due to
the limited amount of knowledge in the study area, the
authors thought that a survey research would be more
appropriate as it would generate a basic understanding of the
phenomenon as well as reach a larger proportion of the
population.

19.3 Result and Discussions

The word ‘disaster’ encompasses a myriad of occurrences
and the meaning of the word is relative to each and every
person experiencing the disaster. Generally speaking, a
disaster or a major incident will overwhelm existing
resources. However, in the context of this study it may be
suggestive of a limited understanding as to what constitutes

Fig. 19.1 Pamphlets of
earthquake (leff) and tsunami
(right) education for children in
Bahasa Indonesia
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Fig. 19.2 Activities to prepare
the pamphlets of tsunami and
earthquake by volunteers in
Osaka, Japan

a disaster or major incident especially related with geological
event or hazard such as earthquake & tsunami as they are
major disaster in Indonesia (Anonymous 2006).

19.3.1 Disaster Education

When we came to each school, first we introduced ourselves
and discussed with the school principal and teachers about
disaster education in their school, especially related with
disaster curriculum development and teaching materials for
earth science. After introduction session in front of the
classroom, participants were asked to identify their percep-
tions of their own level of disaster knowledge and experi-
ence of earthquake or tsunami in simple form. Although
most of all participants stated they know about earthquake or
tsunami events but many stated they have no ideas about
kinds of natural disaster in their area. It is possible that the
majority of participants answered since they have read
newspaper or watch TV about the recent disaster events in
Indonesia and elsewhere but unfortunately they don’t have
idea for their own area.

For the purpose of this study the term ‘education’ refers
to any didactic formal education included in curriculum,
where ‘training’ refers to practical hands on approach to
disaster knowledge. Both of terms constitute activities such
as lectures, desk top exercises, real-time exercises, etc. Many
of participants had never attended specific disaster training
or education outside their schools. Only a small amount of
participants stated they had attended minor disaster specific
courses in an extra-curricular activity such as “boy scout”.

For the purpose of this study ‘disaster specific courses’ were
considered as those that have been created specifically with
the purpose of training common people in any aspects of
disaster preparedness and response.

It was interesting to note that many of participants
reported that they have experienced a disaster or major
incident in their life. Some examples provided by the par-
ticipants included examples such as house fire, flood, land-
slide, etc. The terms ‘disaster’ and ‘major incident’ were not
qualified in the survey, however participant responses are
suggestive of limited understanding of what constitutes a
disaster or a major incident. Questions regarding the disaster
event did not differentiate between -to some extent- pre-
dictable (i.e. house fire, flood, drought, etc.) and unpredict-
able (i.e. earthquake, tsunami, etc.).

Coastal area of Indian Ocean had experienced natural
disasters with mass casualties due to earthquake & tsunami
events. But it seemed from our study that there were no
particular developments on the school’s curriculum to
include disaster education so far in the study area.

19.3.2 Respond to Disaster Event

Using our teaching materials in the classroom, we discussed
with participants to rate their knowledge in their own level
about disaster preparedness, especially about respond when
an earthquake or tsunami happen. Majority of participants
stated they do not know about what to do when a disaster
occurs in their area. When participants were asked to rate
their level of knowledge about how preparedness had been
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Fig. 19.3 Classroom situation
during discussion and short drama
in Indonesia

constructed in their school and surrounding area, many of
them do not know about school preparation to prepare for a
disaster event.

Majority of the participants did not know about simple
form of disaster preparedness for earthquake and tsunami
events such as evacuation route, safety area, survival Kkit,
communication tools, etc. This result is parallel to the above
data regarding students & teachers’ own level of education
for dis