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Résumé et Mots Clés
L’objet du mémoire est la conception d’un rideau d’étanchéité pour le barrage Sporðöldu dans le
cadre du projet de la centrale hydroélectrique de Búðarháls (Sud de l’Islande). L’ouvrage est séparé
en deux parties distinctes. Le barrage Nord-Ouest mesure 25 m de haut et 1100 m de long tandis que
le barrage Sud-Est mesure 170 m de long pour une hauteur équivalente.
L’objectif de ce mémoire est dans un premier temps de présenter les étapes de conception. Puis
l’analyse des données géologiques est réalisée afin de pouvoir faire la coupe géologique du site.
Ensuite l’étude des données de projets islandais similaires précédents a été menée et les choix de
conception exposés pour aboutir finalement à la présentation du rideau d’étanchéité conçu.
Dans un second temps, une présentation de la conception réalisée pour la remise de l’offre est faite.
Celle-ci est ensuite comparée au design proposé dans la partie précédente sur la base des principaux
postes affectés (forages et quantité de ciment).
Dans un troisième temps, une description du rideau réalisé ainsi qu’une comparaison avec la
conception de l’offre est faite. Les raisons des modifications réalisées sont finalement abordées.
Les différents résultats de ce mémoire seront utilisés par LANDSVIRKJUN afin de trouver quels sont
les points et/ou phases qui peuvent être optimisés lors de projets de réalisation de rideaux
d’injections.
Mots clés : barrage – rideau d’étanchéité – conception – géologie

Abstract and Keywords
The purpose of the thesis is to design a grout curtain for the Sporðöldu dam which is a part of the
Búðarháls Hydroelectric Project (South Iceland)t. The dam is divided in two distinct parts. The NorthWest dam is 25 m high and 1100 m long while the South-East dam is 170 m long for an equivalent
height.
The objective of this thesis is in a first time to present the way followed to make the design. Then the
analysis of the geological data is done in order to make the geological section of the dam axis. Then
the study of data from similar Icelandic previous projects has been conducted and the design choices
exposed to finally result in the presentation of the design of the grout curtain.
In a second time, a presentation of the tender design is made. Then this is compared to the design
proposed in the previous section based on the main affected item (drilling and cement).
In a third time, a description of the curtain and a comparison with the tender design is made. The
reasons for the changes done are finally broach.
The different results of this thesis will be used by LANDSVIRKJUN to find what are the points and/or
phases that can be optimized during a project of grout curtain.
Keywords: dam – grout curtain – design – geology
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INTRODUCTION
This final project concludes my studies of Civil Engineering at the INSA Strasbourg and is the first step
into the labour market. It was completed at LANDSVIRKJUN POWER under their partnership with
HECLA. I have been welcomed on the construction site of the Búðarháls Hydroelectric Project.
My previous experiences have been in the field of public infrastructures. I wanted to take part in a
project being directly linked to sustainable development. The global economic growth causes an
increase in power demand. Consideration of environmental issues leads to the desire to produce
sustainable power. Projects of this kind should multiply in the next years.
The final project presented an opportunity to finish my studies with an unusual project. Work on the
Búðarháls Hydroelectric Project was the chance to take part in a project that requires a wide range of
expertise. Many disciplines were gathered on the same site. The building of a dam, the power house,
the tunnel and the installation of the electromechanical equipment are complex and require
companies with high-level of competence. On a site like this, everything is oversized, as well as the
size of the site itself, the work conducted and the machines used to do it.
To be a part of project like this one is a unique opportunity to learn a lot of things that are not taught
at school. Some technics and equipment are mastered or produced by only a few companies in the
world. Teams are from different countries and this multicultural environment is very enriching.
Furthermore one mixes with many specialists willing to share their knowledge.
In France suitable sites have already been utilized for hydropower plants or the potential sites are
located in natural protected parks. There will probably be no project such as the Búðarháls project in
the next years in France; they will probably involve smaller projects.
I have chosen design of a grout curtain because this subject along with the opportunity to work on
this construction site it was something different from what is usually studied at school. The grouting
works have application in hydraulic construction like dams and in geotechnical works.
This report presents three different studies. The first one is dedicated to the design of the grout
curtain. It includes a bibliographic research where different approaches are presented. Then an
analysis of the data is conducted and a new personal design is proposed. Secondly a comparison with
the tender design is conducted. The main differences and their cost impacts are pointed out. The last
part of the study deals with the analysis of the differences between the tender design and the
executed works. It shows the development which was necessary and explains the reasons for these
differences.
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1 CONTEXT AND WORK ENVIRONMENT
To put this graduation project in its context, it’s important to describe precisely this context.
Therefore the links between companies will be explained to understand the reasons which have led
each party to take part in this project.

1.1 HECLA
1.1.1 History
HECLA is the company that signed my agreement. HECLA is a civil engineering firm specialised in the
energy sector and mainly in electrical power transmission. Three Icelandic companies accompanied
Jean CHAUVEAU in its creation in 2001: the Icelandic national power company LANDSVIRKJUN and
the civil engineering firms LINUHÖNNUN and AFL. These last two ones have recently merged to form
the company EFLA. HECLA was founded to act as commercial vector in France and abroad for its
foreign shareholders. Damages to the RTE (Réseau de Transport d'Electricité) network caused by the
storms of 1999 have opened new markets in which the company was able to quickly position through
the expertise of its partners.
The main business of the company HECLA is now engineering in power transmission in which it has
acquired knowledge of first order. HECLA carries out various studies such as design of new lines,
design of towers, refurbishment, up rating, upgrading, and reinforcement of existing ones. HECLA
also possess the necessary skills to perform assessment of overhead transmission lines. HECLA can be
involved at any stage of the projects, from feasibility studies, conceptual design detail design,
preparation of tender documents, assistance to bidding process and work supervision.
HECLA has grown rapidly in recent years, particularly by being awarded national framework
agreements with RTE. The company is now seeking to diversify its customers by working on
international projects. It will also develop the activities hydropower and geothermal with the skills of
the Icelandic teams.
1.1.2 Structure
The business structure is relatively simple due to its small size. It has a legal status of SAS. This allows
investors to have guarantees equivalent to SA, and still leaves flexibility of operation, ensuring
responsiveness.
The hierarchy is simplified, which facilitates direct interaction between all employees of the
company. It is composed of three zones: development area, business area and technical area.
Development area focuses on finding new markets to diversify the customer base and expand the
range of activities. The business area is composed of 3 employees. They are in charge of project
planning and management, they create budgets for each case and they negotiate with the clients and
subcontractors. Project Management occupy the main part of their working time. Technical area
focuses on the project implementation. The chart in Appendix 1 provides an overview of the internal
structure. The company's office is located in the city of CACHAN (94).

Design of a grout curtain under a rockfill dam on basaltic foundation

8

Projet de Fin d’Etudes– SIMON RICHARD

Figure 1-1 : Offices of the company HECLA

1.1.3 The key figures
As it has been previously reported, HECLA company was settled under the leadership of three major
shareholders. They were later joined by the field’s managers, which nevertheless remain a small
minority. Capital amounts to € 440.000 and is now shared between six shareholders.

Shareholding
2,0% 2,0%

1,0%
EFLA

28,5%

LANDSVIRKJUN POWER
38,0%

J. CHAUBEAU
G. SUFFYS
G. JOUBERT

28,5%

C. BALDET

Figure 1-2 : Shareholders of HECLA

HECLA has grown rapidly in recent years. Its turnover rose continuously to stabilize around 2.5 M€
since 2008. Contracts obtained with RTE and regularly renewed have importance in the volume of
business done by the company. They are also evidence of the competence of the company in a very
specialized technical field.
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Turnover (k€)

Employees

3 500,00 k€

15

3 000,00 k€

13
11

2 500,00 k€

9
2 000,00 k€
7
1 500,00 k€

5

1 000,00 k€
500,00 k€
2007

3

2008

2009

2010

1
2011

Figure 1-3: Evolution of the turnover and the number of employees of HECLA

It is interesting to compare these figures with the number of employees forming teams of the
company. It becomes apparent that the number follows the same trend as the turnover. It should be
noted that the decrease in activity is observed due to the global economic slowdown. However, the
activity was quickly stabilized maintaining a level close to its maximum, and at present, the situation
seems improving.

1.2 LANDSVIRKJUN and LANDSVIRKJUN Power
1.2.1 History
LANDSVIRKJUN was founded in 1965 as the national electricity company in Iceland. The company
builds, operates and manages hydro and geothermal projects. It owns and operates 13 hydroelectric
and 2 geothermal power plants in Iceland with a total installed capacity of about 2000 MW.
LANDSVIRKJUN is the leader in the production of electricity from renewable energy in Iceland and
one of the major company in Europe. The company plans to continue the construction of new hydro
and geothermal for the next two decades. LANDSVIRKJUN produced about 12.5 TWh in 2010, using
only renewable energy sources. The company is currently completing the construction of the
hydroelectric Búðarháls power plant. Furthermore, projects implementation of geothermal plants
with a capacity of 180 MWe are in progress.
The subsidiary LANDSVIRKJUN POWER, in which I was welcomed to do my graduation project, was
founded in 2007 to manage international operations. This is the technical component of the group.
Its main role is to provide expertise in the development and operation of electrical systems.
1.2.2 Organization and functioning
LANDSVIRKJUN is structured to allow LANDSVIRKJUN POWER to use the experience and resources of
the whole group. The organization described in Appendix 2 gives an overview of the connections
between the different components of the group. Experts have an experience of over 40 years in sites
research and in the preparatory works. They assess the financial feasibility and are involved in the
design, construction and maintenance of all hydroelectric, geothermal and high-voltage installations.
Design of a grout curtain under a rockfill dam on basaltic foundation
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The company's clients include heavy industries (production of aluminum in particular) with specific
requests and high standards. This is why it’s necessary to gather easily expertise behind a common
project.
Concerning the international projects, the first works were done in 2003 in Albania and Greenland.
All export operations were conducted under the aegis of LANDSVIRKJUN POWER from 2008. They
include both specialized consulting services as project management, including studies of sites, or
even the rehabilitation and modernization of infrastructure.
Appendix 3 lists all major projects undertaken by LANDSVIRKJUN then LANDSVIRKJUN POWER, both
in Iceland and abroad. We note that know how is mainly exported to Europe, but also in America.
1.2.3

The main fields of expertise

1.2.3.1 Hydropower
Based on over 40 years of experience in the development and operation of hydroelectric power
stations in Iceland and abroad, LANDSVIRKJUN POWER has developed a full work program covering
all stages. Experts and managers have extensive experience in the design, management and
execution of major projects. In fact, they were responsible for the overall management of all projects
for new power plants and associated transmission systems LANDSVIRKJUN built in recent decades.
They have worked with many Icelandic and international consulting engineers, contractors and
suppliers of electromechanical equipment. They have extensive experience in the refurbishment and
improvement of power plant.

Figure 1-4 : Fljótsdalsstöð hydropower plant - 690 MW

A reference project of the company is the Kárahnjúkar hydropower plant, whose construction started
in 2003 and ended in 2009. The largest dam is a concrete face rockfill dam of 198 m high, the highest
in Europe and one of the highest of its kind in the world. The total length of tunnels is more than 70
km and the total head of the project is 600 m. The production plant officially started to produce
electricity Nov. 30, 2007. It has six 115 MW turbines for a maximum capacity of 690 MW. It is the
biggest structure of this type in Iceland.
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Figure 1-5 : Dams and appurtenant structures of the Kárahnjúkar project, LANDSVIRKJUN

1.2.3.2 Geothermal power
LANDSVIRKJUN owns and operates two geothermal power plants in the north of Iceland, a 3 MWe
station which has been commissioned in 1969 and a more recent 60 MWe. LANDSVIRKJUN is
currently conducting work surveys and preparatory work for three new geothermal power plants in
the north of the country with a planned capacity of 400 MWe. Under the Icelandic deep drilling
project (IDDP), research is being conducted in cooperation with international and Icelandic
companies. The goal is to try to take advantage of the steam at great depths, under supercritical
conditions. The hydrothermal fluid should reach at these depths, a temperature of 400 ° C to 600 ° C
and a pressure of 200 to 300 bars.

Figure 1-6 : Views of the Krafla geothermal power plant, LANDSVIRKJUN
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2 PRESENTATION OF THE GRADUATION PROJECT
2.1 Issues
The project can be present with a heuristic diagram. The Figure 2-1 shows the different missions and
processes to complete them.

Figure 2-1: Heuristic diagram of the project

2.2 Objectives
The construction of a hydropower plant is a giant project and the feedback is very important for the
experience and the enhancement of each company taking part in this project. That is truer for the
owner. The objective for the LANDSVIRLJUN POWER was use the thesis as a base for their report
about the grouting works. The design of a grout curtain allows having a critical point of view on the
tender design. Another pattern can be proposed and the comparison underlines the strength and the
weaknesses of each approach. A first analysis of the grouting behaviour is finally presented to explain
the possible reasons for the evolutions.

2.3 Búðarháls hydropower plant
The project of the Búðarháls hydroelectric complex corresponds to the construction of a power
plant, tunnel and dam. The power house dimensions are 38,84 m high (26,54 m underground), 31,05
m width and 55,40 m large. It is equipped with two Kaplan turbines with a total installed capacity of
95 MW. It will produce 585GWh/year with a flow rate of 280 m3/s and a head of 39 m. The tunnel
measures 4.0 kilometers long, 11,3 m width and 14,7 m high. It will supply water from the 7 km2
reservoir created by the dam which has a storage capacity of 50 million m3.
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Figure 2-2: Modeling of the Powerhouse

The Búðarháls power station received a positive assessment of environmental impact in 2001 and
construction started in November 2010. The electricity from the Búðarháls power plant has already
been sold to the aluminium smelter of Rio Tinto Alcan in Straumsvík in Southwest Iceland. Aluminium
represented 26% of the relative value of exports from Iceland in 2010. The electricity will be used for
substantial increase in its aluminium production. The project was funded to the tune of 70 million
euros by the European Investment Bank and the estimated cost is between 210 and 230 million
dollars. The power production will begin in late 2013 or beginning of 2014.

2.4 Location
The project fits into the development of the Þjórsá and Tungnaá river valleys in southern Iceland,
where five plants are already installed. It allows exploit the last fall possible between Þorisvatn and
the Burfell power plant, as presented in Appendix 4. The building is named Búðarháls because of the
name of the mountain on which it is backed, and it crosses. The plant is located on the northwest
side of the mountain and the reservoir on the southeast.
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Figure 2-3: General view of the project, LANDSVIRKJUN

2.5 Stakeholders of the project
On a project of this size, stakeholders are numerous, the most representative being:
Owner : Landsvirkjun, Reykjavik
Architect

Contractors

Arkitektastofan OG,
Reykjavik

Isták, Mosfellsbær
ÍAV, Reykjavik

Electromechanical
Equipment

Consulting Engineers

Voith, Germany

Mannvit, Reykjavik

Alstom, France

EFLA, Reykjavik

Efacec, Portugal

Verkìs, Reykjavik

Table 2-1: Main Companies taking part to the project

2.6 Characteristics of the dam
The dam was designed to take advantage of the terrain. Relief allows limit the use of embankment
and divides the dam in two distinct parts. The longest one is located north-west and the shortest one
in the southeast. The Table 2-2 summarizes the characteristics of the tender design.
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Unit

North-West Dam

South-East Dam

Height

m

25

25

Length

m

1,330

170

Crest Width

m

6

6

Crest Altitude

m

341.3

341.3

Impervious core, moraine

m3

113,000

22,200

m

3

79,600

13,500

m

3

266,800

59,600

Riprap

m

3

66,300

10,500

Total volume

m3

525,700

105,800

Filter
Embankment

Table 2-2: Main characteristics of the dams

2.7 Geological context
Iceland is located on the Mid-Atlantic ridge separating the Eurasian and the North-American plates in
the North Atlantic Ocean between Greenland and Norway. As a result of the plate movements and
an important volcanic activity due to the presence of an important hot spot, numerous eruptions
have formed the island. The oldest rocks found on the surface are approximately 20 million years old.
Most of the geological formations are basaltic lava flows. Generally the formations dip toward the
rifting zone. In the rift zones there are several volcanoes one of which is Hecla.

Þjorsa- Tungnaa
basin

Figure 2-4: Geological system of Iceland [W.W. Norton & Company, Inc.]

Þjórsá-Tungnaá basin is characterized by volcanic formations which are usually divided into three
stratigraphic groups. They are the plio-pleistocene (0,7-3,1 m.y.), the upper Pleistocene (<0,7 m.y.)
and postglacial.
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3 WHY GROUTING?
3.1 Safety
The construction of a dam causes the storage of an important volume of water which must be safely
stored to protect population from a disastrous flood. The grout curtain is among the most important
safety devices. Due to the seepage in the subsoil, dangerous phenomenon can happen. Water in the
bedrock is the origin of uplift pressures and piping. It doesn’t need a lot of water flows to cause
material and human disasters. That’s why the construction of curtain grout must be taken seriously.

3.1.1 Uplift-pressures
The defects of the foundation allow seepages through fissures (normally most important for concrete
dams). This water causes uplift pressures phenomenon (Archimedes’ Principle). They reduce the
support of the dam and make it more vulnerable to the pressure of the water. If the water seeps into
the bed rock, it can also damage it. That’s the reason why the uplift pressures must be restricted to
the minimum, under the dam as well as in the bedrock so it requires to go into deep geological
studies.
The collapse of the Malpasset Dam (Var, FRANCE) is a good example of insufficient studies causing a
disaster. The Malpasset Dam was an arch dam built in 1954 on the Reyran River. It had been built
above schistose bedrock but the assumed seepages should have no effect dues to their dips. But one
fault cutting the bedrock had not been detected during the investigations. It resulted that the water
pressure split the two parts. The South-East bedrock broke away with half of the dam.

Figure 3-1: Section showing the different strength, THOMAS [2003]
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Figure 3-2: Downstream view of the ruins, THOMAS [2003]

3.1.2 Piping
The internal erosion of the foundation (or embankment) is most commonly known as piping. In rock,
it occurs where materials in joints is eroded by seepages. The shifting happen either in solution e.g.
when clay in cracks is eroded, or by eroding the rock when it’s soft as in a karst environment.

Figure 3-3: Backward erosion in progresses to form a pipe in the foundations, P LE DELLIOU [2003]]

Generally it starts at the downstream toe and works back toward the reservoir. It causes the
formation of pipes and channels network under the dam. It follows paths of maximum permeability
and may not develop until many years after construction.
The collapse of the Teton Dam in 1976 is a good example of the damages that can cause piping. This
embankment dam has been built on the Teton River in Idaho (USA). Permeable loess used in the core
and fissured rhyolite (non-grouted) in the abutment of structure are the reason of its destruction.
The incident happened during the first filling of the reservoir, only eight months after the project had
been completed. First visible signs of problems on the dam appeared at 7:30 a.m. and at 11:55 am
the crest collapsed. The flood caused 14 deaths and damaged approximately 80% of the existing
structures in the surroundings.
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Figure 3-4: Rupture du Teton Dam [Université de Science et de Technologie du Missouri]

3.2 Reducing leakage
Even if a dam is safe with a small grout curtain, its main purpose is to store water to produce power
or to use it for consumption. In both case, the final product is sold, so the water is valuable. The
question is: how is it valuable?
A.C. HOULSBY [1990] proposed a guide to determine when grouting is necessary. Even if in many
cases the question doesn’t arise, it helps to determine what should be the maximum permeability in
different cases to control the seepages.

Figure 3-5: General Grouting Guide [HOULSBY, 1990]

The first question to wonder is how valuable is the water. Depending of the result, either a maximum
value of permeability is suggested or another question is wondered. This guide allows have a good
idea of the maximal value of permeability acceptable according to the use of the dam. But it requires
a good think and an intelligent adaptation before using.
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4 DESIGN OF THE GROUT CURTAIN
The approach to the design of a grout curtain is not similar to conventional design of civil structures
using approved codes like the EUROCODES the same that to design a building. Indeed there are no
rules based on a statistical analysis of the risk like the EUROCODES. The purpose of a dam can be
different in each case, so is the location, the type of the dam and the geological context. That’s why
the curtain grout cannot be designed like another construction and must be thought of differently.
In this section of the report the essential ingredients for a grout curtain design will be described.
The main purpose of a grout curtain is ensuring the dam safety and to reduce leakage from the dam
foundation. It is sometimes stated that foundation grouting is the final foundation exploration.

4.1 Methodology
4.1.1 Geology of the dam site: General Practice
For the design of a grout curtain it is important to gather as much data as possible about the geology
of the dam site. A detailed site investigation is necessary and may include:





Geological surface mapping
Study of aerial photographs
Study of cores and other information from drill holes
Permeability testing

The object is to produce a detailed geological section of the dam site. The drilling cores and
permeability tests bring additional data which help the interpretation of the geological surface
mapping and aerial photographs. Core drillings also provide the opportunity to carry out permeability
tests and petrographic analysis of core samples. A thorough study is needed to understand the
geology and the hydrogeological behaviour of all the area. The first results to be analysed are the
permeability tests and the analysis of core.

4.1.1.1 Permeability tests
In our case (the study of bedrock on a dam site) the permeability is the capacity of the water to flow
through the foundation in tectonic faults and fractures, the scoriaceous zones sometimes found at
the top and bottom of the basaltic lava flows and through the columnar joints in the basalt.
Therefore it is necessary to carry out permeability tests and to choose the right position and
inclination (e.g. by using geological mapping and aerial photographs) for locating exploration drill
holes in the dam foundation.
The most popular permeability unit used in connection grouting work is the Lugeon. The definition of
the Lugeon unit is the following:
⁄
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Most of the times, tests are not conducted under this pressure: To calculate Lugeon units tests
results, the formula is:
⁄

⁄

Some examples can be given to give a feeling for the Lugeon unit (Houlsby, 1990):




1 Lugeon unit hardly requires grouting
10 Lugeon justify grouting to reduce the most important seepages
100 Lugeon is met e.g. in heavily jointed sites with relatively open joints

Figure 4-1: Steps in conducting exploratory water testing: (a) top stage drilled, washed out, then tested, (b) second stage
drilled, washed out, packer placed at top, then tested, (c) third stage likewise, and subsequent stages [HOULSBY, 1990]

The equipment used in these tests is almost the same as for grouting. Water is pumped into the
drilled hole under pressure which is measured with a gauge on the surface. Most often a packer is
used for sealing of a test section. A water meter indicates the water quantity pumped into the hole.
Investigations are done at different levels in the holes to find the position of the high or low
permeability zones. Elevations of the planned alignment of the grout curtain with results of the
permeability tests are most often include on the geological longitudinal section along the dam axis.
Then the designer put the results on the longitudinal section to begin the drawing of the geological
section.
4.1.1.2 Analysis of the samples
The permeability tests are necessary but not sufficient. They contain no direct information about the
type of rock, the thickness of the different strata or fractures and joints found in the dam
foundations. That’s why it’s necessary to core drill and to analyze the cores obtained during the
drillings, furthermore drill cores are useful for interpretation of the permeability testing and are
often used for determine where to do the permeability testing. However the interpretation of the
results must be done considering all the parameters that can influence the state of the sample. There
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is no perfect method for core drilling. In other words one has to use all the data available (drilling
data and geological maps) to arrive at a logical interpretation.

Figure 4-2: Example of drilling cores [University Of Cape Town]

The drilled cores allow the determination of the rock type in the different layers with by visual
examination in a hand specimen or petrographic analysis. The cores can also been used to determine
strength parameters of the material encountered by using relevant testing methods.
Precaution to take with the interpretation:






Even with the best equipment, it’s not always possible to recovery 100% of the core. This
reduces the quality of information concerning the rock which may be vital to planning
effective grouting.
If drilling mud is used, entrances to fractures and joints are likely to become constricted. So
holes cannot be used to for water testing and additionally have to be drilled.
The longer the core is, heavier it is. So weaker materials may become compressed and
distorted.
Cores cannot yield information about fracture width. The dip of the strata can be found if the
drill holes are vertical, but not with inclined holes unless they are oriented.

4.1.2 Depth of the grout curtain: General Practice
The choice of the depth is a crucial point and some guidelines exist to help engineers and designers.
The main purpose of a grout curtain is to lengthen the seepage path and to limit the flow in the
foundations. The easiest way to reduce it is to find a low permeability layer below the dam
foundation. Then, it may be possible to extend the grout curtain in it to take advantage of the
underground. If it’s not possible, the curtain should be drilled in a layer of lower permeability
4.1.2.1 Empirical criteria
These empirical criteria can be used as guidelines which are based on practice. It’s therefore essential
to classify these formulas to use according the height of the dam (the final head of water) to do the
best evaluation of what will be needed.

U.S.A.: The most documented design method is the U.S. approach
U.S. Bureau of Reclamation suggests a depth of the grout curtain equal to:

Where
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ATLAS COPCO (1999): the U.S. grouting equipment sales company reported the use of the following
formula to calculate the depth of the grout curtain, according the head of the reservoir:

India:
The Indian Standard (1993) established guidelines for the design of grout curtain, as the other
formulas it uses the head of the reservoir of water at the dam:

Europe:


Ewert (2003) underlined that the European practice is realize a curtain grout as deep as the
height of the dam:



In Switzerland (A. J. SCHLEISS, H. POUGATSCH; 2011), it is observed that the average of the
depth of the curtains grout can be given by the following formula:



In Sweden, RIDAS (2007) specified deep of grout curtain depending of the head of the
reservoir water at the dam:
Head of the reservoir

Depth of the grout curtain

Table 4-1: Standard of grouting, RIDAS (2007)

4.1.2.2 Study of the different results
At first sight, one would think that a grout curtain depth equal to the height of the head of water is
too deep for a very high dam. Similarly a grout curtain can be deeper than the height of a low dam by
using these guidelines. The study of the depth indicated by these formulas can give a better idea of
what is reasonable to use according to the head of the reservoir of water and therefore potential
leakage or seepage.
Figure 4-3 shows the result of a study of these formulas for a general case, i.e. for a large range of
reservoir heads to ascertain if an overall trend is apparent. Then the same methodology has been
followed for smaller dams with reservoir heads up to 60 m to for better indications on the influence
of these formulas for the Búðarháls Dam grout curtain.
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Figure 4-3: Study of empirical criteria's

The first shows three groups of criteria´s. Foremost they are distinguished by their coefficient to the
reservoir head. Then, it’s the additional constant which is used in some of the formulas which
explains part of the variations. The three groups are the following:




First group: RIDAS min, USBR min, USBR max.
Second group: RIDAS max, Indian Standard, ATLAS COPCO
Third group: Ewert 2003

It may be noted that the second group is which offers the most uniform results. This group consists
of a company (ATLAS COPCO), a national institution (Bureau of Indian Standard) and the hydropower
industry of Sweden.
It may be noted that it is difficult to observe a trend for dams smaller than 60 m. The average of the
three groups can easily be obtained and is shown on Figure 4-4. Using Figure 4-4 it is easier to select
the appropriate formula for a reservoir head of approximately 30 m.
The most important thing to understand is that one cannot rely entirely on using empirical criteria to
design a grout curtain. One has to consider the other characteristics of the project. The most
important characteristic is the geology of the dam site.
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Figure 4-4: Study for dams smaller than 60 m

4.2 The geological study
As previously presented the first step to design a grout curtain is to gather all available geological
information and draw a geological longitudinal section of the dam site. In the case of the Búðarháls
dam the information encompasses mainly the analysis of the trenches results, a detailed study of the
drilling cores and of the permeability tests. In the following sections the available geological data will
be described and conclusions made for the design of the grout curtain.
4.2.1 Geological Maps and General observations
A geological map of the area is available which contains the results of previous geological studies.
The dam is situated between the Hrauneyjafoss Dam (upstream) and the Sultartangi Dam
(downstream). The geology at these dam sites is very different and therefore data from these two
projects cannot be used to estimate the grouting properties of the foundation for the two dams of
the Búðarháls Project.
In 2001, an extensive campaign of geological explorations was initiated for the final site selection for
the Project. This included studies for the dam site and the tunnel. Identification of the different
layers of rock and their characteristics took place using core drilling. The results have been used to
draw a 3D model of the geology and to deduce dips and the most likely geological section of the
Búðarháls ridge. The assumed value of dip gives an inclination of approximately 2,5° under the dam
axis and the drawing confirm that the layers have approximately constant thickness.
Figure 4-5 presents a general geological section of the Búðarháls Project construction site. Although
this not enough accurate to be used for the design of a grouting curtain it’s a valuable document.
This cross section allows understanding the general geology of the dam site. The bedrock in the area
is mainly formed by basaltic lava flow from the Pliocene and Pleistocene and these are usually good
quality rocks. Several basalt layers are slightly dipping to the dam site. The thickness of each layer
seems to be fairly constant until at the Kaldakvísl River. At the Kaldakvísl River there is an
unconformity.
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Reverse

Normal
Dilabasalt

Olivine basalt

Figure 4-5: Cross section of a geological map close to the construction site (complete legend in Appendix 5)

4.2.2 The Dam Site
Two basic rock foundations are significant in the area, from the N-W side to the Kaldakvísl the
porphyritic basalt predominates. From the Kaldakvísl to the S-E extremity that is olivine basalt which
is the most important type of rock (Appendix 5). Slow cooling of the porphyritic basalt explains the
massive forms with big columns. The cooling of the olivine basalt has been faster and in the presence
of water so the crystals formed are smaller and the cube jointing in the basalt (Figure 4-6 and Figure
4-7).

Figure 4-6: Porpheritic Basalt in massive columnar formations with red sediment layer
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Figure 4-7: Olivine basalt in cube jointed formations

4.2.3 Analysis of the trial pits results
Most of the investigations concerning the dam were trenches to find the exact elevation of the
bedrock and its characteristics.. Appendix 6 presents the location of trial pits and of the core drillings
holes that have been realized. These are used to draw a longitudinal geological section along the dam
axis.
Examples of the trial pit logs are given in Appendix 7. These points are nevertheless insufficient to
construct a logical bedrock model at the dam site. Therefore the following hypotheses have been
made:




The bedrock always outcrops on steep slopes
The thickness of sediment is supposed to be the same at the bottom of the two rivers
The area has been subjected to considerable fluviglacial erosion leaving little superficial
deposits except in depressions.

Using data from the test trenches along with the above assumptions it becomes feasible to draw the
likely bedrock surface.
4.2.4 Drilling Cores and Permeability Testing on the Dam Site
The study of the three drilling cores available from the dam site and the permeability testing from
these holes is the last step in the preparation of the longitudinal geological section of the dam site
which is an essential base for the design of an efficient grout curtain.
The location of core drill holes is shown in Appendix 6. The location of the drill holes has not been
chosen at random. Two river beds cross the dam site and the bedrock below these may be faulted or
fractured. So an inclined drilling has been conducted under each river bed. The third core drill hole
has been drilled vertically at the boundary between two geological formations.
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The different boreholes are described from the North-West part to the South-East. The Q-Method
(Norwegian Geotechnical Institute) has been used to indicate the rock mass quality. The completed
classification is presented in Appendix 13, and can be resumed as following:






: Good Rock (Massive columnar basalt, Well cemented scoria),
: Fair Rock (Basalt, Cube jointed basalt, Scoria, Competent sedimentary rock),
: Poor Rock (Broken clay-filled basalt, Clay-filled scoria, Sedimentary rock),
: Very Poor Rock (Heavily jointed and clay filled basalt, Unconsolidated clay-filled
scoria, Fault zone, etc.),
: Extremely Poor Rock (Heavily jointed and clay filled basalt, Unconsolidated clayfilled scoria, Fault zone, etc.).

4.2.4.1 Borehole 18
It has been drilled through basalt layers, sediment and scoria with reverse magnetization. The basalt
flow encountered in the top of the hole is the same as the one below the cube jointed basalt in
Borehole 13. There are no sign of faults in the drilling core but several fractures may be due to
tectonics movement (area probably near a fault). The hole is around 63 m deep. Lugeon testing in
the hole shows a high value of 330 at the top and at the bottom, but generally the Lu values are 10 to
25. The detailed core log is available in Appendix 8 and Appendix 9. Figure 4-8 shows the quality of
the rock in terms of Q values and the Lugeon tests results as a function of depth in the hole.
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Figure 4-8: Rock Quality & Lu - Borehole 18
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4.2.4.2 Borehole 13
Cube jointed basalt is found in the top of the hole, down to 9 m depth but there below the cube
jointed basalt contains some pillow lava formations. Core recovery is about 100%. Two thin layers of
sediments are at 11,5 m and 13,5 m. Below 13,5 m, there is massive basalt. Lugeon testing in the
hole shows low Lu values less than 15 at the top and close to 1 in the rest of the hole. The detailed
core log is available in Appendix 10. Figure 4-9 shows the quality of the rock as Q values as a function
of depth in the hole.

Borehole 13

Depth (m)

0

1

2

3

4

Q value
5
6

7

8

9

10

11

3,0
5,0
7,0
9,0
11,0
13,0
15,0
17,0
19,0
21,0
23,0
25,0
27,0

Q

Lu

0

10

20

30

40

50

60

70

80

90

100

110

Lu value
Figure 4-9: Rock Quality & Lu - Borehole 13

4.2.4.3 Borehole 19
It is an inclined hole drilled in the dam site area. In the top of the hole is cube jointed basalt down to
36 m depth (highly fractures near the bottom). Below the cube jointed basalt a bed of tillite and
conglomerate is found. The rock in the hole has normal magnetization. There are no signs of faults in
the hole which is 60 m depth. Lugeon testing in the hole shows a high value of 130 at the top. In the
following 27 m the value is between 5 and 25, to the bottom of the hole, the value increases and is
generally between 45 and 85. The detailed core results are available in Appendix 11 and Appendix
12. The Figure 4-10 shows the quality of the rock as q values as a function of depth in the hole.
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Figure 4-10: Rock Quality & Lu - Borehole 19

4.3 Geological longitudinal section of the dam axis
4.3.1 Description
The longitudinal section constructed is shown in Figure 4-11. The bedrock at the site is characterized
by basaltic flows. The geology of the site can be divided in two parts separated by the Kaldakvísl
River. The first one on the north-west area of the dam site, from the station 0 to the station 750 is
composed of three layers of massive basalt between which there are interbeds of sediment and
scoria. These lava flows are inclined with a dip of 2,5% and are estimated to be approximately 1,0
million years.
In second part, from station 750 to station 1500, the top layer is constituted of cube jointed basalt
(until 317 m a.s.l.) laying unconformably on top of the older basalt flows dipping 2,5° to the east. The
cube jointed basalt is assumed to be 0,2 – 0,3 million years old. Borehole 13 indicates that there is
probably an area with pillow lava formations near the Kaldakvísl River. Deeper, in borehole 13 one
finds the same layer of massive basalt as in the borehole 18. Borehole 19 indicates that cube jointed
basalt extends deeper (to 302 m a.s.l.) under the Sporðöldukvisl River. Below there are successive
layers of different types of basalt with different state of crystallisation. Layers from the north-west
part are not visible in the Borehole 19.
The cube jointed basalt flowed in an ancient valley with a watery environment which explains the
cube jointing and irregular, breccia and pillow lava at the bottom. The ancient valley also explains
why the cube jointed basalts are found all the way to the bottom of core hole 19.
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4.3.2 Observations about the Geology of the Bedrock
Firstly, Iceland is located on the on a zone of intense geological activity therefore a lot of fractures
are visible on the surface and are also present in the bedrock. Even if the basalt is a good quality
rock, grouting should be conducted carefully.
Secondly, the foundation of the dam can be divided in two different parts:




The first part is like the North-West dam until the Kaldakvísl River and is composed of
massive basalt with more or less vertical faults (0° to 5°). The upper part is a more fractured
rock (confirmed by the high Lugeon value of the water pressure test and the Q value of the
borehole 18).
The second part is from the Kaldakvísl River until after the South-East dam and is composed
of cube jointed basalt.

Also, it’s important to note that at the North-West end of the dam site (from the station 50 to 100) a
layer of red sediments is found close to the surface probably with fractured basalt and scoria above
it. This interface may provide a leakage path. These sediments disappear below basalt layers on both
sides of the area.

4.4 Depth of the curtain
The formula used to estimate the required depth of the curtain is the reported by the company
ATLAS COPCO:

The formula gives a result close to the average of all the other formulas and allows having reasonable
depth covering the different weak. SIGURVINSSON (1987) observed that the minimum depth of the
grout curtains in Iceland was 10 m, irrespective of reservoir head being less than this. It allows having
a minimum efficiency under the entire dam that’s the reason why I decided to apply the same rule.
Following these choices and using the different geological observations, the grout curtain has been
drawn as presented in Figure 4-12.
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4.5 Staggering Sequences
Icelandic grout curtain are usually constructed by the split-spacing method with all holes in the
curtain having the same depth. The primary spacing used is 6 – 8 m and splits are made until the
required permeability is reached.
1 : Series 1 is drilled with primary spacing
P

P

P

2: Series 2 is drilled and split the primary spacing

P

P

P

S

P

S

P

P/2 P/2 P/2 P/2
Figure 4-13: Principle of the split-spacing method

HOULSBY (1990) proposed another way to construct the grout curtain. It is based on three stages of
holes (primary, secondary and tertiary) each having a different depth. If an area with high absorption
is detected at the bottom of a hole, the next stage on either side of this one can be drilled deeper. So
the curtain is reinforced at this weak point. If necessary, quaternary and quinary holes can also be
drilled. The primary spacing used is 12 m in most of cases but can also be less (6 m minimum) where
permeability are low enough to ensure very few connections. In that case the number of series used
can be reduced.

Figure 4-14: Design of the grout curtain [HOULSBY, 1990]

This model will be used in this project because that’s a different way to proceed and it can be
interesting to compare it with the classic Icelandic way that has been used. The primary spacing
chosen is 8 m to be able to construct the curtain in only three stages rather than four. The different
depths used are presented in Table 4-2.
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Vertical length of
the holes (m)

Depth of the
curtain (m)

10

12

14

15

20

Primary

10,0

12,0

14,0

15,0

20,0

Secondary

7,5

9,0

10,5

11,25

15,0

Tertiary

5,0

6,0

7,0

7,5

10,0

Quaternary

2,5

3,0

3,5

3,8

5,0

Table 4-2: Vertical length of the hole

4.6 Inclination and Orientation of the Holes
The aim is to cut as many faults as possible. In our case, they are close to the vertical between the
station 0 and 750 and they are generally North-East oriented (Figure 4-15). It means that they cross
perpendicularly the dam as shown in the following picture. Where the dam is founded on cube
jointed basalt the holes can be drilled vertically. The joints are irregular and connections between the
joints increase the number of paths for the grout material so there is a chance to fill the joints where
they are wide enough to be grouted.

Figure 4-15: Orientation of the faults at the dam site [LV-2001/68, 2001]

It is therefore essential to incline the holes to cross as many vertical joints and fractures as possible
and fill them with grout material. To take advantage of the topography of the dam site which is
slightly inclined (more or less 2 degrees) on its North-West part, holes have to be inclined to the
North-East. In our case adding an upstream inclination of the curtain to lengthen the leakage paths
would be too expensive because it would require considerably longer holes.
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To cross as many vertical joints and fractures as possible the bottom of the shallowest hole has
theoretically to be in the alignment to the top of the adjacent hole. It means that in our case the
horizontal gap between the bottom and the top of a 5 (length of a tertiary hole) m deep hole has to
be 2 m (division of the primary spacing by the secondary and the tertiary holes). So the necessary
angle with the vertical is:
( )
The Table 4-3 present the drilled length of the inclined holes.
Angle (°)
22

Total length of the
holes (m)

Depth of the
curtain (m)

10

12

15

Primary

10,8

12,9

16,2

Secondary

8,1

9,7

12,1

Tertiary

5,4

6,5

8,1

Quaternary

2,7

3,2

4,0

Table 4-3: Total length of the inclined holes

4.7

Single-Row or Multiple-row

There are two different points (WEAVER, 2007) of view about the number of rows that are necessary
to drill for a grout curtain. Depending of the height and the bedrock, one or multiple rows grout
curtain can be constructed.
On one hand, a simple row will be adequate if the grouting is conducted with good quality assurance
with thorough assessment of grouting results and all weak spots treated with appropriate attention.
A single row curtain requires tight spacing of holes to ensure that the curtain is continuous. The
gradient obtained is steeper than for across a multiple row curtain and can cause problems in a weak
material.
On the other hand, a multiple rows curtain is wider and results in a less steep gradient which may be
required in weak materials. The spacing between holes can be greater than for a single line curtain
and the holes can have an opposite drilling direction to increase the chance of crossing faults. In this
last case, the first row has to be completed before beginning on the second one. Finally grout curtain
with multiple rows requires more drilling, more grout materials and more time, so is more expensive.
In the present case, the water head is not very high (25 m maximum), the bedrock is composed of
good quality rock and blanket grouting (5-6 m deep holes) will be used to reinforce the grout curtain.
That the reasons why one row is believed to be adequate.
Considering all parameters that have been studied in this project, the final designed curtain is
presented in Figure 4-16.

4.8 Blanket Grouting - Consolidation Grouting
The main goals of both consolidation and blanket grouting are to reduce seepage losses and seepage
velocity through the upper part of the rock mass thereby increasing the intensity of the grouting in
the part of the rock mass where the gradients are highest. In effect this is to construct a multiple row
grout curtain near the surface of the rock.
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The term consolidation grouting is mainly used for grouting under concrete dams where potential
erosion of core material is not a problem. The major additional purpose is to strengthen the bedrock
in anticipation of the load of the dam. The filling of the fractures with grout material prevents the
settlement of the rock due to the closure of these fractures.
In earth dams blanket grouting has the additional benefits of helping to prevent wash out of core
material through open fissures in the dam foundation. The depth of the holes, it’s determined by the
thickness of the permeable zone (if a more permeable zone is present at the top of the bedrock). To
protect the core of the dam, the blanket grouting is conducted in conjunction with a surface
treatment (grout material or concrete to fill all the cracks on the surface to stop surface leakages).
Consolidation grouting and/or blanket grouting are commonly conducted with two or three rows
parallel to the grout curtain. It’s convenient to arrange it in the same manner as for a multiple-row
curtain and coordinate them with curtain closures. These grouting operations have to be completed
before the beginning of the curtain grouting; thus allow for sealing of the surface before the curtain
grouting.
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5 Grout Takes
It is necessary to estimate grouting quantities to determine the cost of the operation. It requires
experience because there is no universally accepted method or formula available. The grout
absorption depends of a lot of factors like the geology, which is most often not known in details, and
the method of construction. The behaviour of the rock can vary depending of the grouting pressure
and so will the quantities absorbed.

5.1 Factors influencing the grout absorption
There are number factors which influence the grout absorption; they can be summarized as follows:
1. The rock condition which includes especially the type of rock, the degree of fracturing, the
width of fractures and their infillings.
2. The grouting pressure used. Too high pressure may damage the rock due to uplift, hydraulic
fracturing and wash out of material in fractures. However using a too low grout pressure may
lead to inadequate grouting of the rock.
3. The grouting materials used. A thin grout with fine grained cement travel further than thick
grouts with coarse grained cement.

5.2 General Practice for Estimation of Grouting Quantities
Ewert (1985) pointed out that there is frequently no relationship between water pressures tests and
the grout takes. Low values from water pressure tests can occur with either high or low grout takes.
The same applies to high values in Lugeon testing. In fact water pressures tests allow finding the
leaky zone of the rocks more than an accurate value for absorption. Ewert (1985) tried to estimate
the grout absorption relating the leakage value (Lu) to the number of joints. Dividing the Lugeon
value with the number of joint in the tested length, one obtains a virtual value of the opening of the
fractures. So it’s possible to deduce estimate if the joints will absorb few or lots of grout.
In fact, there are actually three main methods to estimate the grout takes:
1. Doing a test grouting: that is possibly the best way to proceed and the results are reliable if
the test site is correctly chosen.
2. Establishing a relationship between the Lugeon values and the grout takes: this way is very
complicated and results are not convincing.
3. Realising a comparison with other sites with similar geology: using the data available an
average behaviour is deduced and is use to estimate the grout takes.
As no test grouting has been done and to establish a relationship between Lugeon testing and grout
take is complicated and not often convincing, the chosen procedure to estimate the grout take is to
conduct a comparison with other similar dam projects.
The longitudinal section drawn can be used to find suitable projects by comparing the geology.
Nevertheless only three boreholes at the Búðarháls Project are not enough to conduct a detailed
comparison. It’s useless trying to have a perfect or exact grouting program, because it will change
during the execution.
Grouting data from other projects give direct information about the average grout takes and allow
deducing equations of the grout take in each series of grout holes. The first series corresponding to
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the drilling of the primary holes, the second series to the secondary… Finally one can deduce an
average value of the grout take which take in consideration the extreme values. These formulas
reduce the mistake on the values of the average grout take despite of the fact that they describe a
virtual behaviour. The accuracy of the formula is given by an R-square value which is a correlation
factor. Grouting data from other projects give direct information about the average grout takes and
allow deducing equations of the grout take in each series of grout holes.

5.3 The Þúfuver Dam Þ2
5.3.1 Geological context
The Figure 5-1 describes the geological context at this dam site. Jón Reynir Sigurvinsson (1987)
described the geology as following: “The Olivine Basalt layer is approximately 7 m thick and
characterized by solid columns up to 2,5 min diameter. The joints are field with fluvial sediments. The
bottom scoria is porous and extends in location up to the middle of the lava. Underlying the lava is
sandstone up to 30 m thick. In exposure downstream the dam a few springs were observed in the
lava/sandstone contact with discharge 5 l/s. The topmost part of the sandstone is composed of silty
clay. Theoleiite basalt interfingers the sandstone.”

Figure 5-1: Dam TH-2: Geology at the dam site [SIGURVINSSON, 1987]

5.3.2 Analysis and results
The program has been realized with four series of holes. In spites of local high water absorption
rates, only low groutability has been observed. The grout takes results are shown in Figure 5-2.
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Distribution of the Grout Takes - TH-2
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Figure 5-2: Result of the grouting program - TH-2 dam

These results allow establishing the following formulas describing the grouting behaviour of each
series:

Series 1:

Series 2:

Series 3:

Series 4:

Observing the trend lines, one observes that only the greatest values given by the equation differ
sometimes significantly of the real values. Nevertheless the results of the R-squared values indicate
that the behaviours describe by the equations are good. The averages obtained with the formulas are
presented in Table 5-1
TH-2

Series 1

Series 2

Series 3

Series 4

Average (kg/m)

18,3

8,3

6,2

4,5

Table 5-1: Average grout takes of the TH-2 dam
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5.4 The EKS Dam
5.4.1 Geological context
The Figure 5-3 describes the geological context in this dam site. Jón Reynir Sigurvinsson (1987)
described the geology as following: “The grout curtain was established in two tholeiite basalt lavas
and an interbed. The upper lava is jointed with joints 1-2 m in diameter. The drill cores proved that
silty joint fillings are present. The voids in the scoria are also silt filled but minor were observed in the
lower scoria. The Tillite was left untreated because it is well consolidated and discontinuities are filled
with silty materials”. Artesian water was observed in all first series in station 2556-2568 with mean
rate of 9 l/min.

Figure 5-3: Dam EKS: Geology at the dam site [SIGURVINSSON, 1987]

5.4.2 Analysis and results
The grouting program has been conducted with four series of curtain holes. In spites of local high
water absorption rates, grout takes was low to moderate. The grout takes results presented in the
Figure 5-4.
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Distribution of the Grout Takes - EKS
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Figure 5-4: Result of the grouting program - EKS dam

These results allow establishing the following formulas describing the grouting comportment of each
series:

Series 1:

Series 2:

Series 3:

Observing the trend lines, one can see that the greatest values of the series 1 and 2 are smaller than
the real values. This local behaviour is not the most important because R-squared values indicate
that the describe behaviour of the grouting is closed to the real. The averages obtained with the
formulas are presented in the Table 5-2.
EKS Dam

Series 1

Series 2

Series 3

Average (kg/m)

15,4

21,3

13,0

Table 5-2: Average grout takes of the EKS dam
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5.5 The Svárta Dam
5.5.1 Geological context
The Figure 5-5 describes the geological context in this dam site. Jón Reynir Sigurvinsson (1987)
described the geology in the following: “The dam is founded on moraine at the north site of the river
and on two basalt lavas at the south site. The lower lava exposed in station 1020-1195 is 20 m thick
and has relatively low RQD value. Joints are filled with silty-clay material. Water pressure test results
in core holes indicated very low permeability in the lower basalt or 8 Lugeons (depth 4-30m). The
interbed is composed of alternating units of laminated sand layers and silt laminae. The upper basalt
is up to 7 m thick. The bottom scoria is porous and at location it extends almost all the way through
the lava. The lava is irregularly jointed and with relatively small solid columns. The joints are
frequently filled with fluvial deposits.”

Figure 5-5: Dam S-1: Geology at the dam site [SIGURVINSSON, 1987]

5.5.2 Analysis and results
The program was conducted with two series of holes. The results used are those of the upper lava.
The grout takes varied considerably from refilling of holes to 700 kg/m (only in the case of
consolidation grouting). The grout takes results presented in the Figure 5-6.

Design of a grout curtain under a rockfill dam on basaltic foundation

44

Projet de Fin d’Etudes– SIMON RICHARD

Dispertion of the Grout Takes - S-1
200,0
180,0
Grout takes (kg/m)

160,0
140,0
120,0

S-1 Serie 1

100,0

S-1 Serie 2

80,0

Expon. (S-1 Serie 1)

60,0

Expon. (S-1 Serie 2)

40,0
20,0
0,0
0%

20%

40%

60%

80%

100%

Percentage of Hole

Figure 5-6: Result of the grouting program - S-1 dam

These results allow establishing the following formulas describing the grouting comportment of each
series:

Series 1:

Series 2:

Observing the trend lines it can be noted that the extreme behaviours make the description with an
equation difficult and it’s confirmed by the low R-squared value of the series 1.
S-1 Dam

Series 1

Series 2

Average (kg/m)

7,1

9,4

Table 5-3: Average grout takes of the S-1 dam

5.6 The Desjarár dam
5.6.1 Geological context
The next figure describes the geology at this dam site. This dam is a part of the Kárahnjúkar Project.
In the east abutment there are five basalt lavas. Two layers are exposed on the east abutment; the
upper one is up to 20 m thick and the second 20 to 40 m thick. They are laying on a 20 m thick layer
composed of sedimentary rock. On its western part, the dam is founded on a moraine, pillow lava
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and pillow breccia. The exposed layer is moraine of 10 – 20 m thick. Artesian water was observed
where the ground table was close to the surface.

Figure 5-7: Desjarár Dam: Geology at the dam site [LV, 2009/124, 2009]

5.6.2 Analysis and results
In the present case, the average grout takes concerning only the part composed with basalt and are
not influenced by open tectonic features are used. They are presented in the Table 5-4.
Desjarár Dam

Series 1

Series 2

Series 3

Series 4

Series 5

Average (kg/m)

60,0

25,0

19,0

15,0

16,0

Table 5-4: Average grout takes of the Desjarár dam

5.7 The Sauðárdals Dam
5.7.1 Geological context
This dam is a part of the Kárahnjúkar Project and is close to the Desjarár dam. It is founded only on
basaltic layers at the abutments. All the other characteristics of the context are the same as for the
Desjarár dam.
5.7.2 Analysis and results
In the present case, the average grout takes are directly available. They are presented in the Table
5-5.
Sauðárdals Dam

Series 1

Series 2

Series 3

Series 4

Average (kg/m)

20,0

10,5

11,5

11,0

Table 5-5: Average grout takes of the Sauðárdals dam

5.8 Estimation of the grout takes
As it has already been explain the advantage of the estimation using the average grout takes of
different projects but with similar geology is that it takes in consideration the grout takes with the
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joints and imperfection of the bedrock. But each result given by series doesn’t describe perfectly
what really happen and one can be better than another. The R-squared values allow knowing how
imperfect the trend equation is, that’s why it’s possible to realize moderation with it.
The results have logically been calculated for each, the results obtained are presented in the Table
5-6.

Grout Take
Average
(kg/m)

Series 1

Series 2

Series 3

Series 4

Series 5

24,7

15,0

12,5

10,3

16,0

Table 5-6: Average grout takes in similar cases

5.9 Grouting Injection Pressure
The second factor influencing the grout takes is the grouting injection pressure. It has a decisive
influence on the success of a grouting program.
Too high grouting pressures may result in one or more of the following
1.

Grout will travel unnecessary far through extensive dilation of fissures and joints in the rock

2.

Hydraulic fracturing of the rock mass may occur

3.

Washout of infillings in fractures

3.

Uplift in the foundation

All of the above will lead to excessive grout absorption and reduce the quality of the grouting work
and may lead to excessive cost.
If the grouting pressure used is too low, the grout material will not completely fill the faults and
fissures and the grout curtain will not reduce the leakages and lengthen the seepage path through
the bedrock. In this case the cost of the grouting may be wasted and remedial measures may
become necessary to rectify the situation.
Therefore the choice of grouting pressure is extremely important.
In the grouting world there are three main different ways to proceed:
 The GIN-Method: according to LOMBARDI (2003) “the fundamental principle of the GINMethod (GIN: Grouting Index Number) is to reduce the grouting pressure as a function of the
volume of grout injected”. The aim of this method is to limit the losses of grout material,
simplify the grouting procedure, save the cost of unnecessary permeability tests and reduce
the risk of hydro-jacking and hydro-fracturing. A maximum pressure, a maximum volume of
grouting and the GIN (a maximum intensity), curve determine the limits of the grouting
procedure. The monitoring during the execution of the grouting works allows knowing when
these limits are reached, and then the process is stopped. It can be presented as following in
the Figure 5-8.
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Figure 5-8: Grouting process of a single borehole: (1) limiting curve, (2) actual grouting path, (F) final point of the
grouting, (Pf) final grout pressure, (Vf) actual grout take, [LOMBARDI, 2003]

 The U.S. practice: it indicates that the injection pressure should be set relative to the
overlying rock thereby:
 The European practice: it indicates that the injection pressure should be set relative to the
overlying rock thereby:

Observing these formulas, it may be concluded that the European practice is to use 4 times higher
pressures than with the U.S. practice. In recent years the European and American practices have
been moving more to a consensus about grouting pressures (WEAVER, 2007).
In Iceland the pressure used is somewhere between. The following formula can resume what has
been used for Desjarár dam grouting program:

The Figure 5-9 presents the different results:
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Figure 5-9: Comparison between different grouting pressure practices

The Icelandic practice is to use almost as low pressure as the U.S. practice. In this project, it is
considered that the practice used is the Icelandic one, because the estimation of grout takes is based
upon Icelandic dam and if another pressures are used the grout takes will change.

5.10 Grout Mixes
The third factor which influences the grout takes is the grout mix used. Using adequate mixes during
the grouting process has a determinant effect on the success of the program and the grouting costs.
The best mix is the one which allows reducing the maximum leakage with the minimum of material.
If the mix is too thick, it is difficult to pump and could not penetrate faults and fissures far enough.
But if it’s too thin, a lot of material will be lost in inefficient grouting. So different mixes have to be
designed before the beginning of the grouting operation to have optimum grout mix for each
encountered situation.
Traditionally people were using thin mixes with high W/C ratios. Bentonite was used to prevent
segregation and excessive bleeding. SIGURVINSSON (1987) reported the composition of the different
mixes used for the Kvíslaveita Project.
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Mix
A-3
A-2,5
A-2,0
A-1,5
A-1
B-3
B-2
B-1
B-0,75
B-0,60
B-0,50
B-1 + 75%
S
B-1 + 100%
S
B-0,75 +
100% S

Water (l)

Sand
(kg)

300
250
200
225
100
300
200
200
150
120
100

Cement
(kg)
100
100
100
150
100
100
100
200
200
200
200

200

200

200
150

Bentonite
(kg)

Solids/Vol
(kg/l)
0,302
0,356
0,433
0,551
0,763
0,306
0,438
0,767
0,944
1,103
1,236

W/C

2
2
4
4
4
4

Volume
(l)
331
281
231
272
131
333
233
266
216
185
165

150

4

316

1,120

1,0

200

200

10

339

1,209

1,0

200

200

4

284

1,423

0,8

3,0
2,5
2,0
1,5
1,0
3,0
2,0
1,0
0,8
0,6
0,5

Table 5-7: Grout Mixes of the Kvíslaveita Project

Pressure tests were used to determine the initial mix used, for the beginning of the grouting in each
hole. Then depending on the evolution of the grouting and particularly on the grout absorption and
the variation of pressure, the mix was changed. An example of the complete process is available in
Appendix 14.
Nowadays, with the use of superplasticizers, the grout mixes have changed. The new additives allow
pumping of thicker mixes with lower W/C ratios. It allows filling smaller fault with less material than
when a thinner grout is used and decrease the losses of grout. In comparison with the Kvíslaveita
project mixes, the thinnest Kárahnjúkar mixes can be considered as a thick old mix, the proportion
are reversed. Even if the mix recipe has changed, the principle of the process has been conserved.
Table 5-8 resumes the composition of mixes used in the Kárahnjúkar project.
Mix
A-1
A-1,25
A-1,5
A-1,67
A-1,8
A-2

Water (l)
100
100
100
100
100
100

Cement (kg)
100
125
150
167
180
200

W/C
1,00
0,80
0,67
0,60
0,56
0,50

Table 5-8: Grout Mixes of the Kárahnjúkar Project

The choice of a grout mix is based on the experience of engineers. So the best way to determine
what mix to use is to base the choice for the Búðarháls project on the data of previous programs. As
it can be observed is in the process program of the Kvíslaveita project, mixes used for the beginning
are:
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Permeability < 10 Lu: A-3 or A-2
Permeability 10 – 100 Lu: A-2 or A-1,5
Permeability >100: B-1 or B-0,6

The fact that the thinner mixes with higher W/C ratios are used for the lower permeability and that
the ticker mixes with lower W/C ratios are used for higher permeability can be observed. The same
way of thinking could be apply to the modern mixes, but to reduce the cost of grouting permeability
test are not realized in each hole.
Another way to proceed has to be chosen, and this has been done for the latest project
(Kárahnjúkar). At Kárahnjúkar the grouting procedure was to begin with a thin mix and change for
thicker if the reach pressure cannot be obtained. In order to fill most of the fractures and faults, both
smaller than the larger, use the mix A-1,25 to begin the grouting works is a good compromise.

5.11 Refusal Criteria
During grouting work, the pumping continues until there is no absorption at maximum pressure
specified. But sometimes grout takes can continue during a long time with very high or very few
values. So to avoid having too high useless grout takes or loosing too much time, it’s necessary to fix
refusal criteria and determine when to stop the pumping. Those cannot be based on formula and
calculation depending of the environmental and material factors. Most of the time, they are the
results of the past experience of the designers and the contractors which find the best proportions
between time, cost and efficiency. The Icelandic classic practice is presented in the Appendix 14 and
could be a good solution. So the refusal criteria adopted are:


Termination of the grouting at



Refusal of grout if flow rate

maximum
at maximum pressure during 15 minutes
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6 CONCLUSION ABOUT THE DESIGN PROCESS
The design of a grout curtain is complex due to the fact that the construction takes place in an only
partially known environment: the bedrock. Exploration is limited for reasons of balancing cost and
benefit. So only the absolutely necessary exploration should be conducted and following which
engineers and geologists try to establish the most likely underground conditions. This part of the
work requires a lot of knowledge and experience in geology. Finally the weak points of the bedrock
and possible leakage areas have to be found. A large part of the thesis result is due to the
explanations of the geologist that helped me for understanding the geology of the site.
Then, for the design of the curtain itself, engineers use their experience and the results obtained on
previous projects. Even if each one is different, experience helps a lot in the comprehension of the
different phenomenon that can cause trouble finding the most efficient solutions. The design of a
grout curtain is a field based on the experience of the designer. That’s why most of the choices made
for this thesis project are made with the aid of construction reports or textbooks.

7 COMPARISON WITH THE TENDER DESIGN FOR THE PROJECT
In order to find what are the strengths and the weaknesses of the design that has been completed, it
is important to compare it to the tender design. The analysis may be interpreted as feedback about
for the design of grout curtains. It allows understanding the reasons for the different choices. The
points that can be compared are only those where a personal position have been taken in the thesis
design.

7.1 Geology of the Tender Design
7.1.1 Presentation of the Geology
The geological study used for the tender design has been mostly conducted in 2001 by the company
HÖNNUN. The drawing of the curtain is based on the same drilling cores and additional data from the
geology of the tunnel have been used. The assumed rock has been drawn according to the results
from the trial pits. The geological section used for the tender design of the grout curtain is shown in
Appendix 15.
7.1.2 Presentation of the Differences
There are very few differences between the geological section made for the tender design and the
one which has been drawn for this project. Most of them concern the unconformity between the
massive columnar basalt and the cube jointed basalt. More interpretations have been done for the
project than in the tender document. The cube jointed flow is clearly drawn and an interpretation of
its down part behaviour has been done. Other miscellaneous points concern the position of the
bedrock which is not the same in the two cases but very similar.

7.2 Presentation of the Tender Design
The characteristics of the tender design can be summarized as shown in Table 7-1 and in Table 7-2.
The drawing is available in Appendix 16.
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Depth of the
Grout Curtain (m)
min

max

10

32

Holes Spacing (m)

Inclination (°)

Primary Secondary Upstream
6

6

9

Alignment
0

Table 7-1: Tender Design of the Grout Curtain

Grouting Pressure (bars)

Refusal Criteria

Top

Below 3 m

Max Grout Takes

Min Grout Takes

1,5

1,5+0,2bar/m

300 kg/m

3 l/10 min, at max
pressure

Table 7-2: Grouting Specifications

7.2.1 Depth of the Grout Curtain
Analysis the tender design identified several differences from the grout curtain design in this
document. The maximum depth of the grout curtain is about 32 m close to station 1000. The
Icelandic current practice of holes with a minimum length of 10 m has been followed for the tender
design.
7.2.2 Spacing of the Holes
Concerning the spacing of the holes, a classic pattern has been adopted with a distance of 6 m
between the primary holes. The secondary holes are also space of 6 m so the final spacing between
two holes is 3 m. Tertiary holes are drilled equidistant from the primary and secondary holes, their
spacing is 3 m.
7.2.3 Inclination and Orientation
One of the main differences between the two designs is the inclination and the orientation of the
holes. Both are inclined, but not in the same direction. The tender design features an upstream
orientation which tries to lengthen the seepage path. Concerning the value of the inclination, the
choice of the designer was a slope 6:1, it means approximately 9°. This version uses a different way
to reduce the leakages.
7.2.4 Pressure of Grouting
The grouting pressure recommended in the tender document is close to the one chosen in for the
project. The pressure at the top is the same (1,5 bars). Lower, it is 0,1 bar/m less than the value used
during the previous project which led me to this choice.
7.2.5 Refusal Criteria
The refusal criteria used during this project is very similar to the one that has been used in the
Kvíslaveita and Kárahnjúkar projects and that has been chosen for the thesis design. The maximum
grout takes remains the same in the two cases with a value of 300 kg/m. Concerning the minimum
grout takes it is different but still in the same order of magnitude. The contracts documents mention
a value of 3 l/10min at the maximum pressure compared to the 6 l/15min at max pressure observed
during the previous works and selected for this project.
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7.3 Bill of quantities
A good way to compare the two designs is to compare the resulting quantities for similar
construction items. That approach allows one find the differences between two designs. The
comparison will be based on only basic items: the length drilled and the cement for grout. For
confidential reasons, all the unit prices are fictive but the ratios have been kept to represent the cost
differences between the designs.
The price of the unit of drilling depends of the inclination of the holes and whether drilling is being
conducted in the S-E of the N-W dam.
7.3.1 Data and Processing
The main information is resumed in the Table 7-3 and in the Table 7-4.

Pay
Item

Description

Project Design
Unit Estimated
Quantities

P07.03 Drilling of grout hole, 0-15°
from vertical (N-W dam)
P07.03 Drilling of grout hole, 0-15°
from vertical (S-E dam)
P07.04 Drilling of grout hole, inclined
15-45° from vertical (N-W dam)
P07.04 Drilling of grout hole, inclined
15-45° from vertical (S-E dam)
P07.14 Cement for grout(N-W dam)
P07.14 Cement for grout (S-E dam)

Unit Prices

Amount

m

1143

29,8

34.117

m

1329

29,8

39.669

m

3707

46,3

171.758

m

0

38,1

0

kg
kg

82924
23319

1,1
1,0

87.950
23.319

TOTAL

356.812
Table 7-3: Bill of Quantities: Project Design

Pay
Item

Tender Design: Original Data
Description
Unit Estimated
Quantities

P07.03 Drilling of grout hole, 0-15°
from vertical (N-W dam)
P07.03 Drilling of grout hole, 0-15°
from vertical (S-E dam)

Unit Prices

Amount

m

8800

29,8

262.667

m

2300

29,8

68.652

P07.04 Drilling of grout hole, inclined
15-45° from vertical (N-W dam)

m

700

46,3

32.433

P07.04 Drilling of grout hole, inclined
15-45° from vertical (S-E dam)

m

150

38,1

5.714

P07.14 Cement for grout(N-W dam)
P07.14 Cement for grout (S-E dam)

kg
kg

330000
105800

1,1
1,0

350.000
105.800

TOTAL

825.265
Table 7-4: Bill of Quantities: Tender Design: Original Data
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The tender document doesn’t split up the quantities for the curtain and the quantities for the
consolidations holes. The design of the consolidation holes has been used to deduce the necessary
length of drilled holes. Concerning the quantity of cement, it is assumed that the grout takes is the
same for both type of holes. Lower pressure used for the consolidation and the more homogenous
bedrock may decrease the absorption of some percent so the estimated required quantity of cement
for the grout curtain of the tender design will be under evaluated. But in the present case, it’s better
to known that this quantity is under evaluated to compare it with the value of the design.


The average grout takes for each dam are:
⁄
⁄



Evaluation of the proportion of each dam in the total length of drilled holes:

It has also been assumed that the proportion of different inclinations stayed the same with or
without the consolidation holes.



Estimation of the length drilled for the consolidation holes:

The length chosen by the designers for the consolidation holes in the tender document is 5 m and
the spacing is 3 m. The number of holes is estimated equivalent to the number of spacing in the
length of dam concerned.
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Estimation of the length drilled for each dam:



Estimation of length of each inclination and each dam:

Drilling 0-15° from
vertical, N-W dam

Drilling 15-45° from
vertical, N-W dam

Drilling 0-15° from
vertical, S-E dam

Drilling 15-45° from
vertical, S-E dam

The quantities for the curtain are resumed in the Table 7-5.

Pay
Item

Tender Design: Grout Curtain
Description
Unit Estimated
Quantities

P07.03 Drilling of grout hole, 0-15°
from vertical (N-W dam)
P07.03 Drilling of grout hole, 0-15°
from vertical (S-E dam)
P07.04 Drilling of grout hole, inclined
15-45° from vertical (N-W dam)
P07.04 Drilling of grout hole, inclined
15-45° from vertical (S-E dam)
P07.14 Cement for grout(N-W dam)
P07.14 Cement for grout (S-E dam)

Unit Prices

Amount

m

5983

29,8

178.583

m

1543

29,8

46.056

m

458

46,3

21.221

m

118

38,1

4.495

kg
kg

223728
71729

1,1
1,0

237.287
71.729

TOTAL

559.371
Table 7-5: Bill of Quantities: Estimation for the Curtain of the Tender Design

7.3.2 Summary and Analysis of the data
Regardless of the price, the quantity of each item (grouting and drilling) can be compared between
the two designs. It allows finding the major differences concerning the estimated quantities.
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Project Design: Comparison with the Tender Design
Unit

Project

Tender

Project/Tender
(%)

Tender/Project
(%)

Drilling of grout hole, 0-15°
from vertical

m

2471

7525

33%

305%

Drilling of grout hole, inclined
15-45° from vertical

m

3707

576

643%

16%

Total drilling of grout holes
Cement for grout

m
kg

6178
106243

8102
295457

76%
36%

131%
278%

Description

Table 7-6: Comparison with the Tender Design

Regarding the drilling, it can be pointed out that the tender design requires more drilling and that the
project design which allows reducing it by 31%. The tender design uses two times more 0-15° holes
than the project design but 5,4 times less 15-45° holes. The observed difference in the quantity of
cement is huge. The tender design needs three times more cement than the project design, in spite
of the length drilled is just 30% more.
Part of the cement in cost:

The difference in the quantity of cement is important. Even if my personal estimations for the tender
design are not accurate, there is huge difference. They can only be explained by the design of a
different kind of curtain and different hypothesis of the designer.

7.4 Reasons for the Differences
7.4.1 General Technical Differences
The first difference is the one of the pattern used. The tender design suggests a solution with series
of holes having the same depth. The project design reduces the depth of the drill holes series if the
grouting absorption in the previous series was below the specified grouting absorption limit. It allows
reducing the total length drilled and save money. The pattern of the tender design allows reducing
the non-drilled areas and making certain that there no empty area. This way of proceeding can
however lead to unnecessary drilling, which means loss of money, since the holes all have the same
depth there is less risk of making mistakes in the drilling.
The pattern of the tender design is based on a 6 meters initial spacing presuming that a the final
spacing will be 3 m in most cases (2 basic stages). The project design requires more spacing (8 m)
because of its third stage. The two or three basic stages have enough spacing to drill complementary
holes. The difference of spacing is explained with the different pattern used.
The project design uses an orientation and an inclination that theoretically allows crossing all the
vertical faults between the each hole. The disadvantage is that the higher inclination (more than 20°)
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means more difficult operation for the driller. In the tender design, the holes are oriented upstream
with an inclination approximately 9°. The inclination and orientation may theoretically lengthen the
seepage path but do not ensure that all vertical faults in the foundation are intersected by the
grouting operations. The advantage is that the drillings are shorter and the execution easier but since
intersections of all faults is not ensured the results may be questionable.
7.4.2 Length drilled
The tender design assumes a shorter lateral extent of the grout curtain along the dam axis than the
project design. But the total drilling meters required for the curtain is longer than in the project
design. The analysis of the length drilled per meter of curtain can show a similar density of drilling.
Project Design: Comparison of the Drilling Density
Description

Unit

Project

Tender

Project/Tender (%)

Tender/Project (%)

Total drilling of grout hole

m

6178

8102

76%

131%

Curtain length

m

1470

1330

111%

90%

m/m

4,2

6,1

69%

145%

Drilling intensity

Table 7-7: Comparison of the Drilling Density

The tender design required 45% more drilling per meter of curtain. This difference may be due to the
depth chosen by the designer. Part of the explanation why the drilling quantities are not similar is the
treatment of the area around the diversion tunnel (station 1000). The designer chose to grout
around this tunnel and include it in the curtain works. In this area the project provides grouting only
10 m deep, where the tender design is close to the 30 m. This difference increases the total length of
drilling and the cement needed.
The last reason which can explain the difference is that the drilling intensity has been reduce for the
tender design where a curtain is constructed above the normal water level (station 970 to 1170). This
choice reduces the length of drilling.
7.4.3 Cement for Grout Material
The tender design uses 1,78 times more cement than the project design. This difference is very large
and can’t be only explained by the difference of length drilled which is only 30% in total value.
Knowing that the conditions of grouting (pressure and refusal criteria) are more or less the same in
the two cases, the parameter that can influence the quantity of cement is the estimation of the grout
takes.
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Project Design: Comparison of the Grout Takes
Description

Unit

Project

Tender

Project/Tender (%)

Tender/Project (%)

Drilling of grout hole

m

6178

8102

76%

131%

Cement for grout

kg

106243

295457

36%

278%

kg/m

17,2

36,5

47%

212%

Average grout takes

Table 7-8: Comparison of the Grout Takes

The designers assume a grout take more than two times the project estimation. They may expect a
behavior more like what had been observed on the Desjarár dam which had larger absorptions than
others dam of the project study.

7.5 Cost Analysis
Now the reasons of the choices have been pointed out and a basic financial analysis can be
interesting to compare cost per linear meter.
Comparison of the Unit Prices
Description
Cost of a linear meter
of curtain
Cost of linear meter of
hole drilled and
grouted
Cost a linear meter
drilled
Cost of a linear meter
grouted

Tender design

Project Design

Project/Tender

Tender/Project

421

243

58%

174%

69

58

84%

120%

31

40

129%

78%

38

18

47%

212%

Table 7-9: Unit Prices Comparison

According to the table it appears that the tender design is close to 50% more expensive than the
project design per meter of grout curtain. But it has been shown that the designer’s curtain required
more drilling meters per meter length of dam. So a part of the extra cost is due to this choice. The
next question that can be asked is which design is the cheapest per meter of drilled and per grouted
hole? The result shows that even if the project design uses more expensive holes, the lower
estimation of the grout takes offsets the result in advantage of the project design. When the cost of
each meter drilled and each meter grouted is compared, it appears that the difference between the
estimation of the grout takes has the biggest impact on the final cost and makes the tender design
more expensive. The extra cost of the holes of the project design is justified by the fact that the
higher inclination used allow crossing most of the faults.
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7.6 Results of the Comparison
In this chapter, basic differences between the project design and the tender design have been
compared. The analysis allowed understanding the design hypothesis used by the designer.
About the general pattern, it can be concluded that holes with the same depth could be an
interesting alternative if they are drilled with an inclination and an orientation which allow crossing
the faults perpendicular to the dam axis. The project pattern can be adapted to have an inclination
lower than 20° for example. This solution requires a maximum spacing between the holes of 1,80 m,
it means that the maximum primary spacing should be 7,20 m which increases the density of drilling
but the cost difference is large enough in advantage of the project design to obtain an interesting
result.
Concerning the general drawing, the two designs are similar and the biggest difference is limited to
the diversion tunnel. The two curtains are more or less the same in the two cases so the estimation
of what is necessary to achieve the required safety for the dams is comparable.
Concerning the difference in the estimation of the grout takes, it is huge and the impact on the final
cost significant. Different hypothesis have been followed and it will be interesting to compare the
estimations and the result of executed work. The designers apparently use a high safety factor in
their bill of quantities to be sure not to underestimate the required materials.
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8

EXECUTED GROUTING WORKS

8.1 The Grouting Map
Drawings of the grouting work executed until now show the results of the grouting and the geological
context for the N-W dam. Each hole drilled is drawn with a specific representation depending of the
kind of grouting (consolidation or curtain), the stage and the grout takes. The maps show the type of
rock at the top of the bedrock and the position of the faults and cracks. The position of individual
springs is specified.
The typical pattern is composed of three rows of grouting holes. The two external rows are the
consolidation holes and they are based on two series of holes and can be completed by a third one if
necessary. The central row corresponds to the grout curtain. The design is composed of 2 series of
holes and can be completed by a third and a fourth if necessary.
The map in Figure 8-1 is an example of such typical drawing. It represents the drilling works between
the stations 200 and 420. There are only basic holes (series I and II) with various values of grout takes
but a large majority are less than 25 kg/m.
The fractures are represented with red lines or red marks the thickness indicating the width of the
fractures. Numerous fractures are shown between station 240 and 340. They cross the axes of the
dam perpendicularly.

8.2 The Longitudinal Section along the dam axis
With the data collected during the grouting works, longitudinal sections of the grout curtain and
geological data have drawn up for the N-W dam. Each hole drilled has been drawn, with indication of
the grout take of each stage grouted. A number indicates the series of the hole.
The drilling cores allowed drawing up the geology where the curtain has been drilled. There is
information about the type of rock and the thickness of each layer. On the N-W side of the Kaldakvísl
River, the upper layer is composed of massive columnar basalt. Most of the time, its thickness is 5 to
10 m but thinner at station 150 and missing between station 50 and 75. There the second layer
composed of red sediment appears. It is often less than 5 m thick with a maximum of 6 to 7 m. On
the S-E side of the Kaldakvísl River, the upper part of the bedrock is composed of cube jointed basalt
7 m between the stations 725 to 825 to more than 25 m thick close to the diversion tunnel. The layer
below is composed of pillow lava, is close to 2 m thick on the S-E side of the river and get thicker up
to 6 – 7 m. A diversion tunnel is located at the station 995, the bottom is 314,5 m above the sea level.
It is 4,5 m wide and 6,0 m high.
The section in Figure 8-2 is an example of the typical longitudinal section of the N-W dam. The drilling
holes are vertical with a depth of 10 or 15 m. They pass through the upper cube jointed basalt and
reach the layer of pillow lava. Only series I and II have been drilled and the grout takes is most of the
time less than 12,5 kg/m. The maximum absorption observed in this section is less than 100 kg/m.
The minimum depth observed is 10 m which to the usual practice in Iceland. The deepest holes are
located close to the diversion tunnel and are up to 29 m long.
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Figure 8-1: Typical Map
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Figure 8-2: Typical Section
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Dam Axis (m)

0,0
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Depth (m)

10,0

15,0
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Tectonic
fault
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Large
riverbed of
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Kaldakvísl

Diversion
Tunnel

30,0
Figure 8-3: Grout Curtain - NW dam

Unlike what was drawn in the tender design, the site engineers decided that it was better to change
the orientation of the holes (Figure 8-4). The drilling inclination is parallel to the dam axes to
intersect perpendicularly the tectonic faults and fill them with grout material and reduce the number
of leakage paths. The angle used is the same as in the tender design, only the orientation change.
This modification has only been executed on the N-W dam.
In the cube jointed basalt from station 750-1100 grouting in 2011 was conducted by vertical holes
In 2012 the area from 750-850 was re-grouted using deeper inclined grouting holes to intersect
possible fault lines and the interbed below the cube jointed basalt in that area. In the S-E dam all
holes were drilled inclined.
Between the station 625 and 650, it was necessary to add extra-holes (Series III visible on Figure 8-4)
because of the presence of artesian water flowing from the bedrock in the foundation. They were
drilled to cross the previous stages of holes and obtain a very tight curtain to stop the water flow.
Between the station 600 and 625, the curtain is composed of three stages of holes. After the drilling
of the two first, cement-water has been observed in a lower area near to the grouting works. To
close the possible underground connections, a third stage has been drilled and grouted.

Design of a grout curtain under a rockfill dam on basaltic foundation

64

Projet de Fin d’Etudes– SIMON RICHARD
Figure 8-4: Adaptation of the grouting works

Design of a grout curtain under a rockfill dam on basaltic foundation

65

Projet de Fin d’Etudes– SIMON RICHARD

The Table 8-1 lists the data of the length drilled for the executed work and the tender design. It
appears that the total length drilled during the work is similar to the value expected by the tender
design. The most important difference concerns the drilling of hole with a 15-45° inclination. Holes
with a 0-15° inclination have been drilled preferentially so the length for the 15-45° holes decreased
by 614%. The additional holes in the N-W dam cause an increase of 13% the length drilled for this
item. This increase offsets the reduction of the other values and limits the total difference to 4%.

Description
Drilling of grout hole, 0-15°
from vertical
Drilling of grout hole, 15-45°
from vertical
Total Length Drilled

Executed Design
N-W
S-E

Tender Design
N-W
S-E

N-W

m

10157

2200

8800

2300

13%

-5%

10%

m

119

0

700

150

-488%

-

-614%

-

-

4%

Unit

m

12476

11950

Difference
Total
S-E

Table 8-1: Comparison of the length drilled

8.3 The Grout Mixes
The grout curtain utilized a low injection pressure, as usually done in Iceland. In accordance with the
contract documents, the cement grout mixes should have a water-cement ratio (W/C) varying from
0,45 to 1,0 by weight. The mixes used are the same as in the Kárahnjúkar project.
Mix
A-1
A-1,25
A-1,5
A-1,67
A-1,8
A-2

Water (l)
100
100
100
100
100
100

Cement (kg)
100
125
150
167
180
200

W/C
1,00
0,80
0,67
0,60
0,56
0,50

Table 8-2: Búðarháls mixes

All the neat cement grout mixes contain admixture to obtain more efficient results. This super
plasticizer is added with a maximum of 2 % of the cement weight. During the operations, no cementsand mixes or cement-bentonite mixes have been used. Most of the time, the mixes A-1 and A-1,25
were suitable. If the grouting pressure did not increase to the prescribed value mixes A-1,5 or A-1,67
were used. Exceptionally, when pressure stayed very low, mixes A-1,8 and A-2 have been used.
The cement used is an Icelandic “rapid” cement classified as CEM II / A-D (Portland silica fume
cement), 52,5R, according to EN 197-1:2000. It contains 6 % silica fumes and 3 % rhyolite. It has a
Blaine value of 6500 cm2/g.
Testing of grouting mixes at Búðarháls was conducted at the beginning of the work. Bleeding tests
are regularly done. Bleeding in these mixes is less than 1-2 % after one hour measured in a 1000 ml
cylinder.
Super plasticizers have been used generally 2% of cement weight and because of the very cold
groundwater (2-3°C) used for grouting accelerators have been used in the mix.
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8.4 The Grout Takes
Figure 8-5 shows grout take along the dam axes of the NW dam. Comparison with the geology shows
that the highest takes were found close to an area with considerable tectonic fracturing.

Grout Curtain - NW dam
500,0
450,0

Grout Takes (kg/m)

400,0

Area with
numerous
fractures close to a
tectonic fault

350,0

Large riverbed
of the Kaldakvísl

300,0
250,0
200,0
150,0
100,0

50,0
0,0

Station on the dam Axis (m)
Figure 8-5: Grout Takes Dispersion - NW dam

The comparison of the grouting results with the tender design and the project design allows having
an idea of the accuracy of the grout takes estimation. The Table 8-3 resumes the main data of the
different designs.
Executed Work

Tender Design

Difference

Unit

N-W

S-E

N-W

S-E

N-W

S-E

Total

Drilling of grout hole,
0-15° from vertical

m

10276

2200

9500

2450

8%

-11%

4%

Cement for grout

kg

258036

10036

330000

105800

-28%

-954%

-63%

kg/m

25,1

4,6

34,7

43,2

-38%

-847%

-70%

Grout takes

Table 8-3: Grout takes comparison

In the executed work the grout take is 70% lower than the estimated value. Because of this
overestimation, the quantity is very different with the expected quantity 63% greater than what has
been required. The biggest difference (847%) is found in the South-East dam where the estimated
value is very high and the real value very low.
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The difference in grout take between the North-West and the South-East dam is very large
(respectively 25,1 kg/m and 4,6 kg/m).
The geology or the two dam foundations in very different which explains the difference in grout
takes. The North-West dam bedrock is composed of dilabasalt on the north side and cube jointed
basalt on the south part. The South-East dam bedrock is cube jointed basalt only. Considering that
the cube jointed basalt in found in the dam foundation from station 775, one can separate the data
concerning these two types of rock. So one can calculate the average grout take for each rock type.
Average Grout Takes (kg/m)
North-West dam – North part
Dilabasalt

North-West dam – South part
Cube jointed basalt

South-East dam
Cube jointed basalt

34,3

9,4

4,6

Table 8-4: Grout takes according the type of rock

The observation of the results shows a major difference in the grout absorption of the foundation
rock. It appears that the absorption of the cube jointed basalt is very low. The average obtained are
9,4 kg/m in the South part of the North-West dam and 4,6 kg/m in the South-East dam. The expected
grout takes for the South-East dam was 43,2 kg/m. In spite of the presence of more joints the
absorption is low. The mix beginning is always the thinnest so it can be supposed that the joints are
very tight and do not absorb the grout.
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CONCLUSION
This thesis concluding my studies at INSA Strasbourg took place at the Búðarháls Hydroelectric
Project. The Búðarháls Project includes a reservoir formed by the construction the Sporðöldu dam.
To ensure the safety of dams, and reduce leakages, a grout curtain is constructed below the dam.
The construction of a grout curtain requires specific knowledge and skills. The engineers must have
knowledge in geology and geotechnics and their expertise is partly based on their previous
experiences.
In order to reach its objectives this thesis is divided in three different phases.
The first one is the design of a grout curtain for the Sporðöldu dam. Bibliographic research has been
required to understand and learn the factors involved in the design of a grout curtain. The data used
in studying the geology at the dam site is the same exploration data as used be the designer. Even if
the site is made up of good quality rocks, Iceland is located on the geologic rift between Eurasian and
North American plate. So is the tectonic activity very frequent and fault are present on the dam site.
The analysis of the Icelandic design for similar previous projects allowed proposing a different
solution with a different pattern optimizing the drilling length and estimating the grout takes of the
bedrock.
The second one is the comparison between the proposed design and the tender design. It includes
the description of the grout curtain itself and of the different choices made by the designing
engineer. The general layouts of the curtain are similar. The depths of the curtain are not very
different. Finally the proposed curtain required less drilling than the tender design in its optimal
configuration. Orientation of the grouting holes is different. The project design proposes holes with
an inclination oriented parallel to the dam axis to intersect faults which are frequently oriented
perpendicular to the dam axis. In the tender design the grout holes have an inclination to the
upstream to lengthen the seepage path. The grout takes estimation of the tender design is more
than two times the value of the project which is based on data of similar Icelandic project.
The third one is the comparison between the tender design and the executed grout curtain. It
includes the description of the actual works with drawings showing the different types of holes used
and their locations. The analysis of these data allowed finding areas where modifications were made
by the site engineers supervising the works. All the drillings on the N-W dam were conducted with an
inclination parallel to the axis of the dam and not perpendicular as in the tender design. Most of the
drillings on the S-E dam were conducted vertically but additional have been drilled with an inclination
to cross the faults. This configuration is very similar to the design proposed in this thesis. But the
pattern used is the same than in the tender design and the tender design estimation of required
length of drill holes is close to actual drilling. The estimated grout takes is very high compared to the
real grout absorption which is closer to the estimation done in the design made for this thesis.
This project allowed me to measure and analyse the impact of the choices made by the designing
engineers on the cost of the project. The geological environment is can never be totally known.
Therefore estimations of what is necessary to obtain the required result can vary considerably. In a
project, the analyses of the available data and hypothesis regarding the natural environment have to
be carefully done to provide a realistic picture.
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