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ABSTRACT

PERFORMANCE ASSESSMENT OF COMPACTED BENTONITE/SAND
MIXTURES UTILIZED AS ISOLATION MATERIAL IN UNDERGROUND
WASTE DISPOSAL REPOSITORIES

Ada, Mahir

M.Sc., Department of Geological Engineering

Supervisor: Prof. Dr. Haluk Akgin

July 2007, 110 pages

The design and development of isolation or backfill materials, which seal
the disposal facility, are important for disposing the wastes. The use of
compacted bentonite-sand for construction of shaft seals and liners for
waste containment structures has been proposed by various studies.
Therefore; it is aimed in this study to develop an isolation material to be
used in underground waste repositories. For such designs to be effective,
their performance need to be assessed and a minimum hydraulic
conductivity requirement defined by regulatory agencies should be satisfied
(i.,e. 1x10® m/s in Turkey, 1x10° m/s in USA). Therefore; this study
assesses the performance of compacted bentonite/sand mixtures in terms
of hydrological and mechanical properties. To be able to assess the
performance of this material, a variety of laboratory tests were carried out.
Engineering geological tests such as compaction, falling head permeability,
swelling, unconfined compression and shear strength tests were conducted
to select an optimum mixture. Finally, an optimum bentonite-sand mixture
possessing 30% bentonite was recommended for the isolation of
underground waste disposal facilities.

Keywords: Sand/bentonite mixture, bentonite, hydraulic conductivity,
compaction, waste disposal
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SIKISTIRILMIS BENTONIT/KUM KARISIMLARININ
PERFORMANSLARININ YERALTI ATIK DEPOLAMA HAZNELERININ
IZOLASYONUNDA DEGERLENDIRILMESI

Ada, Mahir

YUksek Lisans, Jeoloji Muhendisligi Boluma

Tez Yoneticisi: Prof. Dr. Haluk Akgin

Temmuz 2007, 110 sayfa

Yeralti atik depolama sahasini dolduracak olan izolasyon ve dolgu
malzemesinin tasarimi ve geligtiriimesi atiklarin yok edilmesi icin gereken
6nemli caligmalardir. Saft kapama ve atik sahalarinda kullanilan silteler i¢in
sikistinlmis  bentonit-kum  karigimlari  birgok arastirmaci tarafindan
incelenmistir. Bu sebeple, bu calisma yeralti atik depolama sahalarinda
kullaniimak GOzere izolasyon malzemesi tasarlanmasini amaglamaktadir. Bu
tdr tasarimlarin etkili olabilmesi i¢in hidrolik iletkenliklerinin minimum sart
tasimasi gerekmektedir (Tirkiye icin 1x10® m/s, ABD icin 1x10° m/s). Bu
amacla, bu calismada sikistiriimis bentonit-kum karigsimlarinin hidrolojik ve
mekanik 6zellikleri tayin edilmistir. Bu performans degerlendirmesi icin
bircok laboratuvar calismalari yapilmistir. En uygun optimum karigim
miktarini belirlemek icin sikistirma, disen seviyeli iletkenlik, sisme basinci,
tek eksenli sikistirma ve  kesme dayanimi testleri yapilmistir. Bu
calismanin sonunda yeraltt atik deploma sahalarinin izolasyonunda
kullaniimak Uzere %30 oranda bentonit iceren optimum bentonit-kum

karisimi énerilmigtir.

Anahtar kelimeler: Kum/bentonit karigimi, bentonit, hidrolik iletkenlik,
sikistirma, atik depolanmasi
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CHAPTER 1

INTRODUCTION

1.1. Motivation for Study

Turkey connects Europe to Asia as its geographical situation is concerned.
This makes Turkey one of the most strategic “Energy Corridor” in the world
for the transmission of Middle East Countries’ rich oil and natural gas to
consumer markets in Europe.

The Turkish energy policy is primarily focused on assurance of energy
supply in a reliable manner and sufficiently in time while considering it to be
economic and clean. In addition, Turkish environmental policy takes into
account that energy policy should consider environmental problems and
that a balance should be maintained between increases in energy demand

and environmental concerns.

Although all conventional resources such as coal, gas, oil, geothermal and
hydropower exist in Turkey, they are not sufficient to meet the energy
demand. Energy planning studies indicate that energy demand of Turkey

will increase parallel with its development and industrialization.

Electrical energy demand of Turkey is growing rapidly with the increase
rate of 7% in average. In order to meet this demand, the power plants with
approximately 88,397 MW should be put under operation, in addition to the



existing ones, by the year 2020. Even all of the primary domestic resources
of our country are brought into service, before reaching the year 2010, it
will be impossible to meet the demand in full (TEGT Co, 1999). Thus,
construction of a new nuclear power plant (NPP) is inevitable and the most

important alternative to fossil fuels.

However, the main draw back of construction a NPP is the generation of
low level to high level nuclear waste. Nuclear wastes generated by these
NPP’s should be disposed in underground geologic repositories. These
underground repositories should be designed in such a way that
radionuclide migration to the environment should be prevented. Therefore;
isolation of these materials from our ecosystem and prevention of
contamination of air, water and earth material have to be considered in the
design of NPP. Otherwise, these contaminants may have an adverse

impact on human health and on the environment.

All of the mentioned concerns above and the necessity of dealing with
environmental problems of Turkey have led us to assess the performance
of an isolation material in a laboratory environment in relation to the
disposal of nuclear waste generated from the Akkuyu Nuclear Power Plant

Project.

1.2. Purpose and Scope

Deep disposal, several hundred meters below the surface in stable
geological formations, is the preferred and internationally recommended
method for disposal of radioactive waste produced from nuclear power
generation, high level waste from reprocessing operations, spent fuel

elements and alpha bearing waste (IAEA, 2001).



A geological disposal system for radioactive waste is composed of natural
and engineered barriers whose function is to isolate the waste from
humans and the environment. The natural barriers include the host rock,
the surrounding geological formations and groundwater systems. The
engineered barriers include the treated waste, the waste package, buffer
material to protect the waste package, backfill material and seals emplaced

in the underground openings, boreholes and shafts.

The main function of both engineered and natural barriers is to isolate
waste from the accessible environment. The engineered and natural
barriers should minimize fluid flow through or into the repository systems
over the designed lifetime and prevent radionuclide migration out of
repository (Daemen and Ran, 1996).

Bentonite-sand mixtures, with sufficient content of bentonite to provide
permeabilities lower than 1x10™"" m/s, have been proposed for engineered
barriers in radioactive nuclear waste disposal facilities to retard or prolong
the migration time of dissolved radionuclides in groundwater to the
biosphere or to the environment (Westsik et al., 1982; Radhakrishna and
Chan, 1989).

Bentonite and bentonite-sand mixtures have been widely used as a sealing
material for isolation of high level nuclear waste repositories in several
countries such as Sweden, Switzerland, Canada and France (Daemen and
Ran, 1996; Dixon et al., 1985; IAEA, 1990; Pusch, 1994; Pusch and
Bergstrém 1980 as quoted by Akgun et al. 2006).

Compacted bentonite and bentonite-sand mixtures have demonstrated low
permeability, longevity, chemical and physical stability and compatibility
when in contact with host materials and groundwater. Bentonite has been

widely used or considered as a sealing material for nuclear waste



containment structures (DOE/WIPP, 1995, Dixon et al., 1985, Daemen and
Ran, 1996 as quoted by Akgtin et al., 2006).

In addition; compacted bentonite-sand mixtures are getting greater
attention as backfill and buffer materials due to their swelling
characteristics. The self sealing properties of backfill and buffer materials
form an impermeable zone around waste containers in underground
repositories. Therefore, they have been widely used in isolation of waste

from the environment (Komine, 2004).

Therefore; the aim of this study is to develop a compacted bentonite sand
mixture to be utilized as isolation material in underground waste
repositories, to asses their hydraulic and mechanical properties and to
analyze their compatibility with the host rock.

1.3. Method of Study

This study consists of an experimental programme to design an optimum
bentonite sand mixture to be used as isolation material in underground
waste disposal facilities. Materials used to isolate wastes from the
environment are the most essential components of the repository systems.
The repository sealing requires the materials to be mechanically stable,
compatible with host rock, chemically durable and resistant to destruction
and have very low permeability. Therefore; the design parameters of seal
materials should be assessed hydrologically and mechanically (Daemen
and Ran 1996).

Material selection constitutes the first part of this study. Since Na-bentonite
and sand mixtures has been widely utilized as isolation material, it has

been decided to use Na-bentonite and sand in this experimental



programme. Commercially available GCanbensan Na-bentonite, which
contains nearly 85% montmorillonite, was used. As a base material, sand
lacking organic matter was used upon being sieved through ASTM No. 10
(2 mm) mesh sieve (ASTM D422-63(2002)).

Upon selection of materials, bentonite-sand mixtures were prepared at
various percentages to analyze their hydrological and mechanical
properties. To make practical laboratory calculations, the bentonite
contents were expressed in terms of bentonite mass. The bentonite
content in this study, B/S, is defined as the ratio of the mass of dry
bentonite, B, to the mass of oven dried sand, S. Therefore; 5%, 10%,
15%, 20%, 22.5%, 25%, and 30% B/S were prepared in laboratory to
determine their mechanical and hydrological properties.

Specific gravity values of pure bentonite, sand and all the mixtures of
bentonite-sand were determined according to ASTM D 854-02. Since
radioactive wastes are planned to be isolated from the human environment
for over long periods and they are placed as compacted blocks, their
compaction characteristics should be determined. For this purpose;
standard compaction tests were performed on 5%, 10%, 15%, 20%,
22.5%, 25%, and 30% B/S mixtures according to ASTM D698-00 to

determine dry density and water content relationships.

One of the major functions of bentonite—sand mixtures as isolation
materials is to form an impermeable zone around the waste packages and
to offer lower permeabilities. To determine the hydraulic properties of
bentonite sand mixtures, falling head hydraulic conductivity test were
performed on 20%, 22.5%, 25% and 30% B/S mixtures in accordance with
ASTM D5856-95 (2002).



Bentonite-sand mixtures are essential components of engineered barriers
for disposal facilities of radioactive wastes. These mixtures must have
swelling properties since the swelling characteristics of these mixtures
have an ability to form an impermeable layer in underground waste
repositories. Therefore; swelling pressure tests were performed on %20,
22.5%, 25%, and 30% B/S mixtures according to ASTM D4546-03 to

determine their swelling characteristics.

Since compacted bentonite—sand mixtures are regarded as a structural
component to seal tunnels, adits and shafts in the vicinity of underground
waste repositories, mechanical properties and stiffnesses of such mixtures
should be assessed. Therefore; unconfined compressive strength test were
performed on 15%, 20%, 22.5%, 25%, and 30% B/S mixtures in
accordance with ASTM D2166-00 to determine their elastic parameters. In
addition; direct simple shear test were performed on 22.5%, 25%, and 30%
bentonite-sand mixtures in accordance with ASTM D 6528-00 to determine
their shear strength parameters such as cohesion and internal friction
angle.

At the end of laboratory testing programme; all the parameters required for
the design analysis of compacted bentonite-sand seals to be used in
underground wastes repositories have been assessed. Compacted
bentonite—sand mixtures were tested and their hydrological and
mechanical properties were determined by several engineering geological

tests mentioned above.



1.4. Akkuyu Nuclear Power Plant Project

The idea of constructing a NPP for energy demand of Turkey has been put
forward by the Turkish Government around 30 years ago. Long term
reliability of the plant, fuel diversification in the electricity production
system, and decrease in environmental problems has led to the integration
of NPP into Turkish grid.

Akkuyu NPP Site lies on the Mediterranean coast in the southern part of
Turkey. It is located 55 km WSW of Silitke in the province of Mersin. The
distance to the nearest counties namely Gtilnar and Anamur is about 45
km and 65 km, respectively (Figure 1.1). The Gamalani bay where NPP is
planned to be constructed lies approximately 5 km to the south of
Blyulkeceli. A view from the construction site is given in Figure 1.2. The
site can be accessed through the Silitke-Anamur highway.
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Figure 1.1 Location map of Akkuyu Nuclear Power Plant.
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Figure 1.2 A view from Akkuyu Nuclear Power Plant Site (TAEK, 2007).

Several investigation programmes have been proposed and implemented
by Earthquake Engineering Research Center of the Middle East Technical
University (METU/EERC), Turkish Electric Authority (TEK), General
Directorate of Electrical Survey Administration (EIEI), General Directorate
of Mineral Research and Exploration (MTA), and State Hydraulic Works
(DSI). A geological map covering the NPP site at a scale of 1/1000 has
been prepared and compiled by MTA in 1985. According to this map, three
formations were mapped, named as respectively Blylkeceli Formation,
Akdere Formation and Kirtildagi Formation. Predominant lithologies of
Blyulkeceli Formation are quartzitic sandstone, wackestone, limestone,
carbonate mudstone, dolomite and dolomitic wackestone. The Akdere
Formation has the most distinguished stratigraphic units due to its wide
spread existence and lithologic diversity. The Akdere Formation is mainly
composed of shales, mudstone, mudrocks and alternation of them.
Member Da-8 of Akdere Formation is characterized by the prevalence of

argillaceous rocks like mudstone and shale. The NPP site mainly lies on



Akdere formation. Kirtildagi Formation is the upper most mappable
formation within the site area. It consists of sandy wackestone, packstone,
grainstone, dolomites and carbonate mudrocks. It lies uncomformably on
the Akdere Formation (Demirtasgh, 1985; METU EERC, 1984; EIEI, 1985).

Argillaceous formations can be considered as host rock formations for the
isolation of waste materials. The attributes of argillaceous formations such
as shale and mudstone that make them candidates as sites for nuclear
waste repositories can be the followings; very low hydraulic conductivity,
high sorption capacity for dissolved cations, effective filtration capacity for
colloids and large molecules and low solubility of the clay constituents
(BENIPA, 2004).

Any waste material generated from the NPP site can be deposited within
this formation. For the stability analysis of bentonite-sand seals emplaced
in boreholes or shafts in this mudstone and shale formation, the
mechanical properties of shales and mudstone should be determined.
Elastic parameters of this mudstone and shale that may be used in the
stability analysis of shaft seal systems are given as follows: the average
Young’s modulus, (E;) and Poisson’s ratio, (v;) of mudstone and shale 561
MPa and 0.257, respectively. One-dimensional consolation tests were
performed on shale specimens, which were taken from host rocks in the
vicinity of NPP site. Hydraulic conductivity values for shale formation were
found to be in the range of 9.0x10™"" and 1.0x10® m/s (EIEI, 1985; METU
EERC, 1984).

10



CHAPTER 2

LITERATURE REVIEW

2.1. Geological Disposal of Wastes in Underground Repositories

A geological disposal system for radioactive waste is composed of natural
and engineered barriers. The main function of these systems is to isolate
the waste materials from human beings and the environment. The natural
barriers include the host rock, surrounding geological formation and the
groundwater systems. The engineered barriers include the waste package,
buffer material to protect waste package, backfill material and seals placed
in underground openings, boreholes or shafts (IAEA, 1999). The general
layout of an underground waste repository and natural and engineered

barrier components can be seen in Figure 2.1

In a geological disposal system, natural systems provide an environment
for engineered barriers to satisfy its main function. It also plays a major role
in preventing the release of radionuclide from engineered systems into the
environment.

Migration of radionuclides to the biosphere can take place with the aid of
transportation through groundwater. Therefore; the disposal systems
should prevent the release of radionuclides and have lower permeabilities
to provide necessary isolation. This can be achieved by locating the

11



bentonite—sand mixtures in appropriate geological formations, such as
crystalline rocks, salt formations and argillaceous formations (IAEA, 1999).

E i ol T Fall T s
) The disposal facility is currently planned to be
= 4 consiructed to a depth of several hundred meters, =2 Access

L e ) g tunnel b | Backfill material

_\‘ (Bentonite content is
4! |ass than that of buffer
material}

< Buffer material |

+— Container made of metal

| _ Glass including
radioactive waste water

[l T oot
LSRR =

| Waste contain

Space between buffer
material and wall of pit

Figure 2.1 Schematic drawing of the disposal facility for radioactive wastes
and its components (Komine 2004).

Compacted bentonite and bentonite-based mixtures are receiving greater
attention as an isolation material since they offer low permeability, swelling
properties, mechanical strength and resistance to erosion (Daemen and
Ran, 1996; Komine and Ogata, 1999; Komine, 2004).

There are three types of bentonite-based components in a repository:

e Buffer material; consisting of highly compacted bentonite or a
mixture of sand and bentonite that is located between the waste
packages or spent fuel and host rock formation.

e Backfill material, consisting of mixture of sand or soil and bentonite,
located in other repository cavities such as transport and ventilation
galleries, ramps and access shafts.

12



e Seals, consisting of highly compacted bentonite and bentonite-sand
mixtures emplaced at selected locations such as end of tunnels,

closed shafts and in the vicinity of fractured zones.

Each of these components has different requirements. For instance; the
low hydraulic conductivity of buffer material limits groundwater flow rates
around the waste packages so that the likelihood of failure of waste
packages is reduced. In addition, sealing properties will close the joints,

fractures and voids around waste packages to form an impermeable zone.

Backfill materials are mainly used for their mechanical properties. They will
contribute to the long term mechanical stability of the cavities excavated in
the host rock. Backfill materials are required to have sufficient density, low
compressibility and sufficient swelling capacity to seal the voids around the
waste packages.

Seals are mainly used for their hydraulic nature. They are used to prevent
to transfer of radionuclides to the biosphere and to avoid the creation of
preferential groundwater pathways around waste packages. Therefore;
seals are expected to have low hydraulic conductivity relative to host rock
formation and seal the fractured zones within the host rock formation
(BENIPA, 2004).

2.2. Bentonite

The term “pbentonite”, is used to describe a clay material whose major
mineralogical component is formed by the smectite group and whose
physical properties are characterized by the smectite minerals (Grim and
Guven, 1978). Although the major constituent of bentonite is
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montmorillonite, minor amount of feldspar, quartz, mica and gypsum may

present in bentonite.

Montmorillonite, which is a member of smectite clay mineral group,
constitutes the major component of bentonite. Smectite clays are classified
within the mica family of phyllosilicates, but they are different from true
micas due to their low layer charge and exchangeable interlayer charge. In
addition, one of the most distinguished features is that their interlamellar
surfaces and cations can be easily hydrated and dehydrated. All these
properties led to smectite clays to be classified as “swelling clays”

(Fuenkajorn and Daemen, 1996).

Montmorillonite is composed of two basic types of sheets such as
octahedral and tetrahedral sheets. The octahedral sheet is sandwiched
between two tetrahedral sheets leading the formation of 2:1 layer.
Therefore; montmorillonite is called as 2:1 layer silicate. Layers may be
separated from one another by various interlayer cations such as Ca and
Na. The total assembly of a 2:1 layer plus interlayer cations is referred as
the unit structure of montmorillonite (Grim, 1968; Bailey, 1980). Crystal

structure of montmorillonite can be seen in Figure 2.2.

Bentonites exist in nature either as sodium or calcium bentonite. They are
characterized by the type of exchangeable cation (i.e., calcium or sodium)
that is adsorbed onto the surface or between the interlayer positions of the
clay particle. Na-bentonite has higher swelling capacity than Ca-bentonite
since the presence of Na increases the adsorption of water molecules to

the interlayer surfaces (Fuenkajorn and Daemen, 1996).
Na-bentonite has some unique properties such as a large surface area, ion

exchange capacity, high water absorption and expansion. Specific gravity
of the Na-bentonite can range between 2.5 to 2.8. They have specific
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surface area in the range of 700 and 800 m%g. Na bentonite can adsorb at
least five times of its weight in water and expands when fully saturated with
water up to a volume 12-15 times its original dry size. Hydraulic
conductivity values of Na-bentonite ranges from 1x107 to 1x10° cm/s

(Fuenkajorn and Daemen, 1996).

3 Sagws, R
S AR

o

Figure 2.2 Crystal structure of montmorillonite bentonite indicating Na

cations and interlayer water molecules (Fuenkajorn and Daemen, 1996).

Densely compacted bentonite can have a swelling pressure up to 20 MPa
when permeated by water (IAEA, 1990).

Therefore; permitting extremely low permeabilities, generating high
swelling pressures and possessing sealing characteristics, Na-bentonites
have been widely used as isolation material in underground waste disposal
facilities.
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2.3. Compaction Characteristics of Bentonite-Sand Mixtures

Compaction mechanism of soils was well defined by Lambe in 1958
(Figure 2.3). When the water content is so low, the electrical repulsive
forces between particles are smaller than attractive forces. This leads to a
net attraction between particles. Therefore; particles tend to flocculate in a
disordered array. However; as the water content increases, the repulsions
between the particles begin to disperse and slide onto each other giving
orderly array. Increasing the order of particles increase the density of
compacted soil until optimum water content is reached. Beyond optimum
water content, the degree of order increases but density decreases since
water begins to fill the spaces, which could be occupied by soil particles
(Lambe and Whitman, 1969).

High compadctive
eftort

Compacted density ——e

Malding watar contant ——3=

Figure 2.3 Compaction mechanism and effects of compaction on soil
structure (Lambe and Whitman, 1969).

16



It is well known that compacted bentonite-sand, bentonite-crushed rock or
bentonite-ballast mixtures have higher structural integrity, mechanical
stiffness, and thermal conductivity. They are also more economic than pure
bentonite. These bentonite blended mixtures, when mixed in adequate
proportion, can be used as an excellent engineered barrier that is
dimensionally stable and have lower hydraulic conductivities (Tien et al.,
2004). Therefore, compaction characteristics of bentonite-sand mixtures
should be well understood and their compaction properties should be

assessed before the design of isolation material.

Bentonite—sand mixtures consist of two different natural materials when
their grain size, permeability, chemical activity and strength are concerned.
If these two contrasting materials are mixed at an optimum content, they
form an excellent isolation material that is dimensionally stable and
impervious. Bentonite, which is found within the voids of sand particles,
hydrates and swells in the presence of water. This swelling bentonite can
fill up the voids within the mixture by applying stress on the sand particles
and they act as a minor structural component in bentonite-sand mixtures
(Kenney et al., 1992).

According to Chapuis (2002), bentonite content in the mixture mainly
depends on the soil and bentonite properties. The soil properties especially
the gradation, its variability and dry density have an effect on the bentonite
content of soil mixes. The higher maximum dry density, the lower total
porosity and the lower bentonite content needed to fill the voids within the

bentonite-soil mixture.

In addition, according to modified Proctor compaction tests results,
maximum dry density values have been achieved at a degree of saturation
between 70% and 90%. The maximum dry density ranges between 1.7
Mg/m?® and 2.0 Mg/m® and optimum water contents between 10% and 16%.
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Compaction test results also indicate that the increase of bentonite content
caused an increase in maximum dry density values (Chapuis, 2002).

Kenney et al. (1992) have performed standard compaction tests on 4%,
8%, 12% 16%, and 22% bentonite—sand mixtures. Their study took into
consideration the use of the freshwater, so all the compaction tests were
performed with freshwater. Maximum dry density values were found to be
in the range of 1.70-1.85 Mg/m® corresponding to 12%-15% optimum water
content values for different B/S mixtures. Kenney et al. (1992) found that
increase of bentonite content caused increased values of maximum dry
density and beyond an optimum bentonite-sand ratio (B/S), which in this
case equal to 20%, maximum dry density decreased.

According to Kenney et al. (1992), the reason for this may be that as the
bentonite is added, sand particles are increasingly supported by bentonite.
When the B/S ratio is small, the sand is the primary load-bearing
constituent of the mixture. The structural component role of sand is shared
with bentonite as B/S is increased.

Komine and Ogata (1999) have performed standard compaction tests on
5%, 10%, 20%, 30%, and 50% of bentonite—sand mixtures. Similar results
have been observed in this study. Maximum dry density values were found
to be in the range of 1.61-1.72 Mg/m® corresponding to 14.6%-19.4%
optimum water content values for different B/S mixtures. As the bentonite
content is increased, the achievable maximum dry density is increased up
to an optimum value of 30%. However, beyond 30% B/S ratio, the
maximum dry density decreases regardless of the increase in the bentonite

content.

Tashiro et al. (1998) have performed standard compaction tests on 10%,
20% and 30% bentonite-sand mixtures to determine the relationship
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between dry density and permeability. Maximum dry densities of the 10%,
20% and 30% bentonite-sand mixtures were found to be in the range of
1.67-1.91 g/cm?®, 1.76-1.92 g/cm® and 1.79-1.98 g/cm?®, respectively. It is
also clear in this study that the addition of bentonite increases the

maximum dry density up to B/S contents of 30%.

2.4. Hydraulic Conductivities of Compacted Bentonite-Sand Mixtures

Since the hydraulic conductivity of compacted bentonite-sand mixtures is
one of the most important parameters in the design of waste disposal
facilities, their hydraulic properties should be investigated through
laboratory tests and hydraulic conductivity values should be assessed
quantitatively. The general requirement on an isolation material such as
compacted clay liner or bentonite-sand mixtures is that the hydraulic
conductivity should not exceed 1x10° m/s (USEPA, 1993; Swedish EPA,
2000). However, since the waste disposal facilities for radioactive wastes
are critical structures and their design requires much more attention, it is
advisable to design isolation materials such that they should have much
lower hydraulic conductivities. According to Westsik et al. (1982) and
Radhakrishna et al. (1989); compacted bentonite-sand mixtures providing
hydraulic conductivities lower than 1x10™"" m/s have been proposed for the

isolation of radioactive waste materials.

Mixing and compaction characteristics have a great importance in
determination of hydraulic conductivities. A complete mixing of bentonite
and sand material is important for reducing the variations in hydraulic
conductivity. Also, bentonite-sand mixtures should be compacted at wet
side of about 2% above of optimum water content for reducing the

hydraulic conductivity values (Haug and Wong, 1992). Mitchell et al. (1965)
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performed hydraulic conductivity tests on compacted clays and found that
specimens compacted wet of optimum may have hydraulic conductivity
values two or three orders of magnitude less than specimens compacted
dry of optimum. Similar results have been found by others (Acar and
Oliveri, 1989; Benson and Daniel, 1990; Met et al., 2005)

In a Proctor test, compaction wet of optimum means that the degree of
saturation has been reached to a degree of about 90%. It indicates that
some air is trapped in the compacted specimen and can not be released
since compacted specimen becomes impervious. This leads to the

formation of interlocking of particles (Chapuis, 2002).

According to Chapuis (2002), the hydraulic conductivity of saturated mix is
a decreasing function of bentonite content. When the B/S ratio is equal to
zero, i.e. all the mixture is composed of sand, the hydraulic conductivity is
that of sand alone. When B/S ratio is greater then 15%, the hydraulic
conductivity is close to that of bentonite alone. However, when B/S ratio is
less than 5%, bentonite is washed away by seepage forces and an internal

erosion problem is expected to occur.

Kenney et al. (1992) investigated the influence of B/S ratio and compaction
water content. Mixtures prepared with B/S values of 4%, 8%, 12%, 16%,
and 22 % were compacted with water content values of 7%, 12%, 17% and
22% respectively. Hydraulic conductivity values were found to be in the
range of 2.1x107° to 6.8x10™"" m/s. It was found in this study that hydraulic
conductivity of mixtures at a particular value of B/S was influenced by
compaction water contents, especially when the water contents were less
than the optimum water contents. This may be due to the reason that when
mixtures were compacted at water contents less than the optimum value,
bentonite particles were aggregated into clusters that limited a uniform
distribution of bentonite. When these mixtures were compacted at a water
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content above the optimum value, bentonite aggregates were blended
more readily with the sand material. Therefore; they give smaller values of
hydraulic conductivities.

Chapuis (1990) performed hydraulic conductivity tests on various mixtures
possessing bentonite/sand values in the range of 2% to 33.3% and
determined the hydraulic conductivity values of these mixtures to be in the
range of 2.0x107 to 4.9x10™"" m/s. It was concluded in this study that as the

B/S ratio increases the hydraulic conductivity value decreases.

Komine (2004) performed hydraulic conductivity tests on compacted
bentonite-sand mixtures possessing 5%-50% bentonite  content.
Experimental results showed that hydraulic conductivity values were in the
range of 2.66x10"° to 4.85x10' m/s for 5-20% bentonite content and they
were in the range of 6.87x1072 to 1.21x10"'? m/s for 30-50%. This study
showed that when the bentonite content increased the hydraulic
conductivity decreased.

Kaoser et al. (2006) have measured the hydraulic conductivities of 5% and
10% bentonite-sand mixtures. According to this study; the hydraulic
conductivity of bentonite-sand mixtures decreased with increased bentonite
content. In addition; hydraulic conductivities of bentonite-sand mixtures
were lower for specimens compacted at the wet side of the optimum water
content as compared to specimens compacted at the dry of optimum

moisture content.

Tashiro et al. (1998) have performed hydraulic conductivity measurements
on 10%, 20% and 30% compacted bentonite-sand mixtures. Hydraulic
conductivity values of these mixtures were determined to be in the range of

1.2x10™"% m/s to 3.8x10™"° m/s for 10% bentonite content, in the range of
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9.2x10" m/s to 1.2x10™" m/s for 20% bentonite content and in the range
of 8.2x10"® m/s to 4.2x10™'? m/s for 30% bentonite content.

Kaya et al. (2006) have measured the hydraulic conductivity of 30%
bentonite-sand mixture with one-dimensional consolidation permeameter.
For this particular bentonite-sand mixture, the hydraulic conductivity has

been measured as 4.81x10™"" m/s.

2.5. Swelling Characteristics of Bentonite-Sand Mixtures

Compacted bentonite-sand mixtures are currently considered to be a
suitable barrier for the isolation of waste from the surrounding media. In
several designs developed by nuclear waste agencies in Europe, Japan
and North America waste containers are placed in a deep gallery or vertical
shaft. The annular space between the metallic container and the host rock
is then filled with swelling clay. Most of the designs assume that the
groundwater will finally saturate the clay barrier. Therefore, the designed
barrier will isolate the waste by absorbing nuclear radionuclides and
prevent water inflow. Bentonite-sand mixtures are receiving greater
attention as buffer and backfill material for repository design of high level
nuclear wastes. The swelling characteristic of bentonite-sand mixtures is
believed to fill up the annular space between waste and host rock and to
make an impermeable zone around waste containers. This role is called

“self-sealing”. Figure 2.4 shows the image of self-sealing (Komine, 2004).
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Figure 2.4 Image of self sealing of buffer material and applied stress due to
swelling of buffer or backfill material after submergence of groundwater
(Komine, 2004).

An important effect of the swelling capacity of bentonite is its ability to
expand and completely fill up openings and to create a tight contact with
host rock in the repository (Pusch, 1994). Thus; it is important and
necessary to quantitatively investigate the swelling characteristics of

bentonite and its mixtures.

The swelling mechanism of compacted bentonite has been described by
Komine and Ogata (1996) as show in Figure 2.5. Compacted bentonite
contains the swelling mineral montmorillonite, non swelling minerals and
voids. The volume of voids is occupied by air and free water. Water
molecules are adsorbed at active sites on the layers of the crystal lattice
(Na-montmorillonite) and finally caused it to expand. As the total volume of
the sample is restricted (as in a constant volume test in an oedometer), the
montmorillonite minerals swell during water uptake and fill most of the

voids in the compacted bentonite. After the voids are filled, the volume of
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the bentonite can not increase further and the pressure of the bentonite
caused by the swelling of the montmorillonite minerals can be measured as

the swelling pressure of the compacted bentonite (Figure 2.5).

Initial void Montmorillonite swollen by

absorbing water into interlayers
Enlargement

Montmorillonite @ :Sand particles

B :Bentonite particles

which consist of montmorillonite
Component minerals and other minerals
excluding montmorillonite

Figure 2.5 Image of process of swelling pressure test with swelling

deformation restricted (Komine, 2004).

According to Xu et al. (2003), swelling pressure strongly depends on the
dry density and bentonite content. The more the bentonite content, the
larger is the swelling pressure for the specimens with the same dry density
and initial water content and the more rapidly the swelling pressure

increases with initial dry density.

Komine and Ogata (1996) have performed swelling deformation and
swelling pressure tests on compacted Na-bentonite at various levels of
densities. Swelling pressures ranged from 0.36 MPa to 1.22 MPa for
densities between 1.40 and 1.70 Mg/m®, from 0.56 MPa to 1.94 MPa for
densities between 1.60 and 1.90 Mg/m® and from 0.98 MPa to 2.29 MPa
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for densities between 1.80 and 2.00 Mg/m®. Komine and Ogata (1999)
have measured the swelling pressures of 5%, 10%, 20%, 30%, and 50%
compacted bentonite-sand mixtures. They have measured the vertical
swelling pressures of the bentonite-sand mixtures absorbing distilled water
on the condition that the volume of the specimen was constant. Swelling
pressures have been found for 5% mixtures to be between 21.3 and 36.4
kPa, for 10% mixtures to be between 31.3 and 42.9 kPa , for 20%
mixtures to be between 55.6 and 111.6 kPa, for 30% mixtures as
between 99.7 and 179.7 kPa and, for 50% mixtures as between 166.5

and 280.4 kPa. The test results are summarized in Table 2.1.

Nilsson (1985) has found the swelling pressures of 10% bentonite-sand
mixtures in the range of 0.02 to 0.15 MPa and of 15% bentonite—sand
mixtures in the range of 0.015 to 0.13 MPa. Yanikédmeroglu (1990)
performed swelling pressure tests on 25%, 30% and 40% compacted
bentonite-sand mixtures. A conventional oedometer was used for the
determination of swelling pressures. Swelling pressures were determined
by applying incremental loads to prevent vertical deformation in
accordance with Method C outlined in the ASTM D4546 Standard. Swelling
pressures increased with increased bentonite content. The results of this

study are summarized in Table 2.2.
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Table 2.1 Experimental conditions and results of swelling pressure tests
(Komine and Ogata, 1999)

. . . Maximum Water
Bentonite Initial dry | Initial water swelling content
Content densit;l content pressure after
(%) (Mg/m°~) (%) experiment
(kPa) (%)

5 1.43-1.47 18.9-19.4 21.3-31.5 30.4-32.0
1.63-1.67 19.3-19.6 24.4-36.4 24.1-24.8
1.48-1.50 17.2-17.6 31.3-36.1 30.7-31-0

10 1.66-1.69 17.3-17.8 31.6-38.5 26.7-27.5
1.58-1.66 17.4-17.6 36.6-41.6 28.3-30.6
1.71-1.75 17.3-17.7 40.7-42.9 25.9-27.8

15 1.60-1.61 16.7-17.4 34.0-35.6 34.0-35.6
1.75-1.79 16.7-17.3 93.4-111.6 27.8-29.2

20 1.60-1.63 14.3-15.1 99.7-145.2 32.9-41.7
1.76-1.77 14.3-14.8 141.9-179.7 28.7-36.6

o5 1.58-1.62 17.6 166.5-204.7 47.6-53.0
1.71-1.74 18.0 253.9-280.4 37.8-43.4

Table 2.2 Results of swelling pressure tests (Yanikbmeroglu, 1990)

Bentonite Sand Wi Ya Pi‘g:lljlre
(%) (%) (% (ton/m’) (kPa)
55 75 39.0 14 17.75
30 70 355 1.5 18.14
30 70 30.5 1.6 17.65
30 70 30.5 1.6 30.69
10 50 11.0 1.7 545.27
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2.6. Mechanical Properties of Compacted Bentonite-Sand Mixtures

Compacted bentonite-sand mixtures that may be utilized as seal materials
in underground waste repositories should act as structural components to
support the walls of shafts and tunnels. Loads due to water columns,
drilling mud, gas or backfill may exert pressure on the seal materials.
These axial loads may cause shear stresses in the seal material and lead
to the formation of cracks and therefore cause an increase in hydraulic
conductivity of isolation material. In an extreme case, this isolation material
may dislodge form its place (Akgin and Daemen 1999). Therefore; it is
vitally important to assess the mechanical properties of compacted

bentonite-sand mixtures.

Bentonite is a highly cohesive material and has smaller values of internal
friction angle like 6°-9° (Di Maio and Fenelli, 1994). Gleason et al. (1997)
have performed consolidated drained (CD) direct shear tests on Na and Ca
bentonite to determine their shear strength characteristics. Cohesion and
internal friction angle was determined as 5.8 kPa and 21°, respectively, for
Ca-bentonite and as 6.0 kPa and 12° for Na-bentonite. Akglin et al. (2006)
have performed direct shear test on 20% compacted bentonite-sand
mixture to determine the shear strength parameters of that particular
mixture. Cohesion and internal friction angle were measured as 90 kPa

and 16.3°, respectively.

The Young’s modulus of bentonite should be considered lower than that of
bentonite-sand mixture. Highly compacted and relatively dry bentonite
posses a Young’s modulus up to 300 MPa. These values decrease with
the uptake of water (Meyer and Howard, 1983). Radhakrishna and Chan
(1982) studied the strength and deformation characteristics of 50%

bentonite-crushed granite or sand material. The Young’'s modulus of 50%
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bentonite-crushed granite or sand mixtures, which are in compacted state,
were found to be in the range of 21.6 to 154 MPa.

Meyer and Howard (1983) reported the Poisson’s ratio as 0.15 for highly
compacted and relatively dry bentonite. According to Dunn et al. (1980) the
Poisson’s ratio should be about 0.375 for soft clays. Daemen and Ran
(1996) have stated that saturated bentonites are extremely plastic and the

Poisson’s ratio should be taken as larger values such as 0.4 or even 0.45.
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CHAPTER 3

LABORATORY TESTING PROGRAMME

3.1. Introduction

In order to develop an ideal isolation material to be used in underground
waste repositories, compacted bentonite—sand mixtures are planned to be
investigated through several laboratory tests. It is also aimed to assess the
hydrological and mechanical properties of such mixtures. Laboratory
testing program includes sieve analysis, specific gravity tests, standard
compaction tests, hydraulic conductivity tests, swelling pressure tests,

unconfined compression strength tests and direct simple shear tests.

3.1.1. Bentonite

Commercially available, Canbensan Na-bentonite was used in this study
as a fine material. It is a Na-bentonite containing at least 85%
montmorillonite. It is suitable to be used in laboratory studies due to
possessing high percentage of montmorillonite content leading to swelling
property and self sealing characteristics. It has been widely used in
construction of slurry trenches since it gives high flow rate and forms
filtercake steadily. Chemical constituents of Canbensan bentonite are given
in Table 3.1. Physical properties of this Na-bentonite are summarized in
Table 3.2 (Canbensan, 2007).
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Table 3.1. Chemical composition of Canbensan Na-bentonite (Canbensan,
2007).

Elements Composition (%)
SiO: 59-61%
Al2Os 18-20%
Fe20s 4-6%

MgO 2,5-3,5%
Na=0 2-3%

CaO 0,5-1,5%
K20 0,5-1,5%
TiOz 0,5-1,5%

Table 3.2 Physical properties of Ganbensan Na-bentonite (Canbensan,
2007).

Physical Properties

Color yellow

Methylene Blue Value

320 mg/gram

Montmorillonite Content > 85%

Moisture Content 11% (on base of dry product)
pH (6,5% slurry) 10,4

Minimum Temp. of Handling 1°C

3.1.2. Sand

Sand material has been widely used as a base material in various studies.
It is the most preferred material since it is locally available almost
anywhere. Actually, the cost of bentonite has the primary importance in
designing of bentonite-sand mixtures, since the cost of bentonite is high.
The aim is to reduce the cost of these mixtures. Therefore; sand can be a
good alternative to other soil mixes and cheap solution when they are used
in the design of bentonite-sand mixtures. Keeping all these in mind, it was
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decided to use clean, uniform fine to medium sand with subangular quartz
particles.

3.2. Tests on Bentonite

3.2.1. Specific Gravity

Specific gravity of Na-bentonite was determined according to ASTM D854-
02. Specific gravity of Canbensan Na-bentonite was determined as 2.75.

3.3. Tests on Sand Material

3.3.1. Specific Gravity

Specific gravity of sand material was determined according to ASTM D854-
02. Specific gravity of sand used in this study was determined as 2.68.

3.3.2. Grain Size Distribution

The sand used in this study was taken from Murat River, which is located
in the East Region of Turkey. The sand material is free of any organic
matter and suitable for use in this study. The particle size distribution of
sand has been determined through sieve analysis in accordance with
ASTM D422-63 (2002). 500 gram of sand material was analyzed for the
grain size distribution. A sequence of ASTM No.4, No.10, No.20, No.40,
No.60, No.140, No.120 sieve meshes and pan were used. Mechanical

sieving was used to let the grains to be moving continually across the sieve
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screens. Then, the mass of particles retained on each sieve were
measured to find the percentage of passing material. Finally, grain size
distribution was drawn to analyze the type and characteristics of sand
material.

3.4. Tests on Bentonite-Sand Mixtures

3.4.1. Specific Gravity

Specific gravity of bentonite/sand mixtures possessing 5%, 10%, 15%,
20%, 22.5%, 25%, and 30% bentonite content was determined according
to ASTM D854-02, respectively. Method B, which is outlined in ASTM
D854-02, was used for oven-dry specimens. Bentonite-sand mixtures were
mixed at the desired percentage by weight. Then, the slurry was prepared
by using distilled water. A vacuum pump was used to remove the
entrapped air in the mixture. 500ml and 1000 ml pycnometer was used to
continuously agitate the mixture under the vacuum. Specific gravities of
bentonite-sand mixtures of 5%, 10%, 15%, 20%, 22.5%, 25%, and 30%
were found to be in the range of 2.68 and 2.70

3.4.2. Standard Proctor Compaction Tests

Bentonite-sand mixtures, which have 5%, 10%, 15%, 20%, 22.5%, 25%
and 30% bentonite content respectively, were compacted at various
molding water contents in 4 inch diameter mold with standard Proctor
compaction apparatus according to ASTM D698-00. It was aimed to
determine the relationship between water content and dry density of

bentonite-sand mixtures.
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Studies were made by hand mixing. In concordance with Kenney et al.
(1992), it was agreed that mixing by hand gave the most consistent results
since hand mixing forms visibly and texturally homogenous mixtures.
Therefore; in this study; first, dry sand and dry bentonite was mixed and
then water was added to the mixture. The dry sand and dry bentonite
mixture was spread on a large pan and sprayed with distilled water using a
spray bottle to achieve a uniform distribution of water molecules (Figure
3.1).

Figure 3.1. Spraying method used while compacting dry sand and dry

bentonite mixtures.
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A 4 inch compaction mold having an inside diameter (D) of 101.6 mm, a
height (H) of 116.4 mm and a volume (V) of 944 cm® was assembled in the
laboratory to compact specimens. A 2.5 kg Proctor hammer was dropped
through a distance of 304.8 mm from the surface of the specimen. Then
the specimen was compacted in 3 equal layers with 25 blows. After
compaction of each layer, the surface of the layer was scarified in order to
insure bonding. Finally, the excess material was trimmed by using a
straight edge (Figure 3.2). This procedure was repeated on at least 5 or 6
specimens each time through increasing the water content of about 2% to
define the optimum water content, wg, and maximum dry density, Yamax

relationship.

Figure 3.2 Compacted bentonite-sand mixture that is trimmed and extruded

from 4 inch compaction mold.
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3.4.3. Hydraulic Conductivity Tests

According to Darcy’s law, the coefficient of permeability (k) for flow through

a porous medium can be presented in the following form:

k=4 (1)

where, q is the flow rate though an area A under the unit hydraulic
gradient. The value of k is dependent on the properties of a porous
medium and then on the flowing liquid (Olson and Daniel, 1981; Mitchell,
1993).

Three different types of apparatus are used for the determination of
hydraulic conductivities of soils. These laboratory equipments are, namely,
the rigid wall permeameter, the flexible wall permeameter and
consolidometer permeameter. It was decided to use rigid wall
permeameter in this study since this tests is more applicable for low-
permeability (fine grained) soils (ASTM 5856-95 (2002)). Schematic
drawing of falling head rigid wall permeameter setup is given is Figure 3.3.
It consists of four rigid wall compaction permeameters, de-airing tank, four
burettes, a distilled water tank and a vacuum pump. With this setup, four

falling head tests can be performed concurrently (Figure 3.4).

Bentonite-sand mixtures possessing 20%, 22.5% 25% and 30% bentonite
contents were prepared in the laboratory for the determination of their
hydraulic conductivities according to ASTM 5856-95 (2002). Bentonite-
sand mixtures were compacted at 2% above their optimum water contents
since as mentioned before compacting specimens on wet side of the
optimum water contents gives lower hydraulic conductivities. Compacted
bentonite/sand mixtures were placed in 4 inch rigid wall compaction mold
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permeameter and falling head hydraulic conductivity tests were performed.
Distilled and de-aired water was used as the permeant. Each test took
place for a period of about 1.5 to 2 months, which is the required time for
samples to reach fully saturation condition. Full saturation was confirmed
by water coming out of outlet portal of the rigid wall compaction
permeameter (Met et al., 2005; Akgln et al., 2006).

In this method, heads h; at time t; and h, at time t» are measured in a
burette of area, a when the fluid flows through a soil specimen of length, L

and area, A. The permeability (k) is then determined using Eq. (2).

k:Lmﬂ
A(’z _t1) hz
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Figure 3.3 Schematic drawing of falling head compaction permeameter
setup (Met et al., 2005).
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Figure 3.4 Laboratory setup of falling head compaction permeameter tests.

3.4.4. Swelling Pressure Tests

Swelling pressure tests were carried out on bentonite-sand mixtures of
15%, 20%, 22.5%, 25%, and %30 bentonite contents, respectively,
according to the Method C outlined in ASTM D4546 Standards. A
conventional oedometer apparatus was used for the determination of
swelling behavior of soil mixtures (Figure 3.5). Bentonite-sand mixtures
compacted at optimum moisture contents were transferred to a
consolidation ring of 63.5 mm diameter and 19 mm height. Silicon grease
was applied to the inner surface of the rings to eliminate side friction.
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A porous stone and filter paper were placed both at the bottom and top of
the compacted specimen. An initial load of 5 kPa was applied to the
specimen. Then, the specimen was maintained at a constant height by
adjustments in vertical pressure after the specimen was inundated in free
water to obtain swell pressure. Increments of vertical stress were applied to
prevent swell and deformation readings were kept within 0.005 mm. Then,
the swelling pressure was defined as the magnitude of vertical pressure
needed to maintain no volume change of laterally constrained, axially
loaded specimen.

Figure 3.5 One-Dimensional oedometer for swelling pressure tests.
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3.4.5. Unconfined Compressive Strength Tests

Unconfined compressive strength test was performed on 15%, 20%,
22.5%, 25%, and 30% bentonite-sand mixtures to determine their material
properties according to ASTM D-2166-00.

Compacted specimens, which were prepared with predetermined water
content and dry density, were used in this study. A sample extruder was
used to prepare test specimens with negligible disturbance. Specimens
having a diameter (D) of 35 mm and a height (H) of 71 mm were prepared
for unconfined compressive strength tests. The requirement that the
specimens should have height-to-diameter ratio between 2 and 2.5 were
satisfied with these dimensions of specimens. Then, a compression device
capable of producing an axial strain rate of 1%/min was used (Figure 3.6).
The specimen was loaded until the 15% strain was reached. Stress-strain
graphs of each bentonite-sand mixture were prepared to determine their
unconfined compressive strength values and Young’s modulus elastic
parameters.
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Figure 3.6 Triaxial test setup for unconfined compressive strength

measurement.
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3.4.6. Direct Shear Tests

Consolidated Undrained (CU) direct shear test were performed on 22.5%,
25%, and 30% bentonite sand mixtures according to ASTM D6528-00. This
test was carried out for the measurement of constant volume strength and
stress-strain characteristics of cohesive soils after one-dimensional
consolidation using a constant rate of simple shear deformation mode of
loading (Figure 3.7).

For laboratory testing, specimens were prepared from compacted
bentonite/sand mixtures. Specimens were trimmed with a cutting shoe and
placed in a direct shear box cell. Square samples having a side length (L)
of 60 mm and a height (H) of 32 mm were used. Bentonite sand mixtures
were constrained axially between two parallel, rigid platens and laterally,
such that cross sectional area remains constant. Then the specimen was
loaded axially and allowed to consolidate one-dimensionally. Each normal
load increment was maintained until all the excess pressure has
dissipated. The specimen was later sheared by displacing one platen
tangentially relative to other at a constant rate of displacement and
measuring the resulting shearing force. This procedure was repeated for 3

different normal stress levels.
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Figure 3.7 Direct shear box test device and assembly of direct shear box

cell.
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CHAPTER 4

EVALUATION OF TEST RESULTS

4.1. Particle Size Analysis of Sand Material

The particle size distribution of sand was determined through sieve
analysis in accordance with ASTM D422-63 (2002). The sand was
classified as poorly graded (SP) fine to medium sand according to Unified
Soil Classification System (USCS) in accordance with ASTM D2487-06.
The particle size distribution data is given in Table 4.1 and grain size
distribution curve is given in Figure 4.1. The coefficient of uniformity C, and
coefficient of curvature C,, defined as Cu= Dgy/D1o and Cc= Dz;?/D1o*Deo,
are calculated based on grain size distribution curve. Soil classification
parameters are given in Table 4.2. Appendix A, Table A1 gives the data

sheet.

Table 4.1. Grain size distribution data for sand material.

Sieve No. Sieve Opening (mm) | Percent Passing (%)
4 4.75 100.00
10 2.00 99.95
20 0.85 75.33
40 0.425 39.62
60 0.25 15.17
140 0.106 3.07
200 0.075 1.64
Pan | e e

44




Grain Size Distribution

No.4
No. 10
0. 200

100

90
80
704

60
50 4 \
40

. \

Percent Finer (%)

AN

T T T
100 10 1 0.1 0.01 0.001
Grain Size, D (mm)

Figure 4.1 Grain size distribution curve of the sand material

Table 4.2 Classification of sand material according to USCS

Particle size distribution Class
ASTMD 422-63 USCS
D1o =0.23 mm
BZZ : 822 mm SP, fine to medium sand
C.=0.96
C,=2.82

4.2. Specific Gravity Tests

Specific gravity of bentonite/sand mixtures possessing 5%, 10%, 15%,
20%, 22.5%, 25%, and 30% bentonite content was determined according

to ASTM D854-02, respectively. Specific gravity values are summarized in
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Table 4.3. Since the specific gravity of bentonite is greater than that of
sand material, there is an increase in specific gravity values as the
percentage of bentonite increases. Similar trends were observed by
Komine and Ogata, 1999. Appendix B, Tables B1- B9 give the data sheets.

Table 4.3 Specific gravity values for different bentonite-sand mixtures

Bentonite content (%) Specific Gravity

5 2.68

10 2.69

15 2.69

20 2.69

22.5 2.70

25 2.70

30 2.70

4.3. Standard Proctor Compaction Tests

Bentonite-sand mixtures, which have 5%, 10%, 15%, 20%, 22.5%, 25%
and 30% bentonite content respectively, were compacted at various
molding water contents in 4 inch diameter mold with standard Proctor
compaction apparatus according to ASTM D698-00.

To study the compaction characteristic of compacted bentonite-sand
mixtures and to assess their optimum moisture contents and maximum dry
densities, standard Proctor compaction curves of all mixtures were plotted.
They are given in Figure 4.2 - Figure 4.8. Appendix C, Tables C1-C7 give

the data sheets.
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According to laboratory test results, maximum dry densities for mixtures
5% -30% range between 17.20 Mg/m® and 18.00 Mg/m? corresponding to
optimum moisture content values of 15.00% and 17.25%, respectively.
Maximum dry density and optimum water content values are summarized
in Table 4.4.

To study the effect of bentonite content on the compaction characteristics
of bentonite-sand mixtures, a plot of maximum dry density vs. bentonite
content was made. This plot is given in Figure 4.9. It is clear from this
graph that as the bentonite content increases achievable maximum dry
density increases up to an optimum value. In this case, this optimum value
is 20% bentonite content. However, beyond this optimum value (i.e. 20%),
maximum dry density values decreases regardless of an increase in
bentonite content. Similar results have been found by Kenney et al. (1992).
This may be due to the fact that as bentonite is added, sand particles are
increasingly supported by the bentonite. This suggests that the sand is the
primary load bearing constituent of the mixture when bentonite percentage
is small. As the bentonite content increases, this load bearing role is
shared with bentonite. Swelling bentonite within the voids of mixture can
act like a structural component to share the load together with sands.
However, higher bentonite content may cause a decrease in maximum dry
densities of compacted bentonite-sand mixture. Higher percentage of
bentonite in the mixture can generate high swelling pressures compared to
lower percentage of bentonite content. This increase swelling pressure
may cause sand patrticle to lose their contact with each other. Thus, their
load bearing framework is disturbed leading a decrease in maximum dry
density.

Komine and Ogata, (1999) have also performed standard Proctor

compaction tests on bentonite—sand mixtures and found similar results to

those observed in this study. They found the optimum value of bentonite
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content as 30% in which the maximum dry density values increased up to
30% bentonite content and then decreased.

Dry Unit Weight vs. Water Content

19 N\

[
® 5% B/S Mixture
100% sat.
= = 80% sat.

Dry Unit Weight (kN/m3)
3

0 5 10 15 20 25 30
Water Content, w (%)

Figure 4.2 Standard Proctor compaction curve for 5% bentonite/sand
mixture.
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Dry Unit Weight vs. Water Content
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Figure 4.3 Standard Proctor compaction curve for 10% bentonite/sand

mixture.
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Figure 4.4 Standard Proctor compaction curve for 15% bentonite/sand
mixture.
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Figure 4.5 Standard Proctor compaction curve for 20% bentonite/sand
mixture.
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Figure 4.6 Standard Proctor compaction curve for 22.5% bentonite/sand
mixture.
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Dry Unit Weight vs. Water Content
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Figure 4.7 Standard Proctor compaction curve for 25% bentonite/sand

mixture.
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Figure 4.8 Standard Proctor compaction curve for 30% bentonite/sand
mixture.
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Table 4.4 Standard Proctor compaction test results for all B/S mixtures.

Bentonite Max Dry Unit Weight | Optimum Water Content
Content (%) Ydmax (%)
5 17,50 16.00
10 17,70 15,00
15 17,80 15,25
20 18,00 15,50
22.5 17,80 16,25
25 17,60 16,50
30 17,20 17,25

Dry Density (Mg/m3) vs Bentonite Content(%)

18,5

17,5

/\\

Max Dry Density (kN/m3)

™~

16,5

15 20 25 30

Bentonite Content (%)

Figure 4.9 Maximum dry density vs. bentonite content.
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4.4. Falling Head Hydraulic Conductivity Tests

Bentonite-sand mixtures possessing 20%, 22.5% 25% and 30% bentonite
contents were prepared in the laboratory for the determination of their
hydraulic conductivity properties according to ASTM 5856-95 (2002).
Bentonite-sand mixtures were compacted at 2% above of their optimum
water contents since compacting specimens on wet side of the optimum

water contents gives lower hydraulic conductivities.

Hydraulic conductivity values of 20%, 22.5% 25% and 30% bentonite-sand
mixtures were found to be in the range of 1.52x107"° to 5.26x10™"° m/s.
Appendix D, Tables D1-D4 give the data sheets. Laboratory results of
hydraulic conductivity values are given in Table 4.5. It is obvious that an
increase of bentonite content in the compacted mixtures lowers the
hydraulic conductivity values. This has been verified by many studies. For
example , Kenney et al. (1992), Chapuis (1990), Komine (2004), Kaoser et
al. (2006), Tashiro et al. (1998) and Kaya et al. (2006) performed falling
head hydraulic conductivity tests on different bentonite-sand mixtures.
They all have concluded that addition more bentonite decreases the
hydraulic conductivity. Since bentonite alone has characteristics of
impervious material and has extremely lower hydraulic conductivity values
in the order of 107% and 1072 m/s, it is expected to have lower hydraulic
conductivities as its percentage in the mixture increases. This trend is
clearly seen in Figure 4.10 indicating a decreasing trend in hydraulic

conductivity values as bentonite content increase.

Although the general requirement on an isolation material such as
compacted clay liner or bentonite-sand mixtures is that the hydraulic
conductivity should not exceed 1x10° m/s (USEPA 1993, Swedish EPA,
2000). It is advisable to design isolation materials such that they should

have much lower hydraulic conductivities. According to Westsik et
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al.(1982) and Radhakrishna et al. (1989); compacted bentonite-sand
mixtures providing hydraulic conductivities lower than 10" m/s have been
proposed for the isolation of radioactive waste materials. In this case 30%
compacted bentonite-sand mixture satisfies the minimum condition for a

proper isolation.

Table 4.5 Hydraulic conductivity values for compacted bentonite-sand

mixtures
Bentonite-Sand (%) Hydraulic Conductivity (m/s)
20 5.26x10"°
22.5 4.24x107"°
25 3.57x10"°
30 1.52x10"°
Hydraulic Conductivity vs. Bentonite/Sand Ratio
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Figure 4.10 Hydraulic conductivity vs. bentonite content for mixtures.
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4.5. Swelling Pressure Tests

Swelling pressure tests were carried out on bentonite-sand mixtures of
20%, 22.5%, 25%, and %30 bentonite contents, respectively, according to
the Method C outlined in ASTM D4546 Standards.

Swelling pressures were determined for 20%, 22.5%, 25%, and %30 B/S
mixtures as 17.34 kPa, 19.82kPa, 26.01 kPa and 37.16 kPa, respectively.
These swelling pressure values were determined for a period of one week.
Initial water contents ranged from 15.04% to 16.41% while water content
measured after swelling tests ranged from 17.55% to 20.85%. This most
probably means that the water was adsorbed upon inundation of specimen
under water. The initial and final water contents and swelling pressures for
mixtures are summarized in Table 4.6. Appendix E, Tables E1 through E4
give the data sheets. According to laboratory test results, it is concluded
that as the bentonite content increases the swelling pressure generated by
the compacted bentonite-sand mixture increases. It is expected to have
higher swelling pressure as bentonite content increases since the more

bentonite gives the higher swelling pressures.

Komine and Ogata (1996, 1999), Nilsson (1985) and Yanikémeroglu
(1990) have performed swelling pressure tests on various bentonite-sand
mixtures. Similar results were observed in their studies. It was verified by
this laboratory testing that increase in bentonite content causes an

increase in swelling pressure of bentonite-sand mixtures.
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Table 4.6 Initial and final water contents and swelling pressures for

mixtures.
B . es Initial Maximum

entonite | Initial dry water swellin Water content

content density content ressur% after
(%) (Mg/m°~) (%) P (kPa) experiment (%)
20 18.01 15.65 17.34 17.55
22.5 17.86 15.04 19.82 19.10
25 17.63 15.42 26.01 17.81
30 17.24 16.41 37.16 20.85

4.6. Unconfined Compressive Strength Tests

Unconfined compressive strength testing was performed on 15%, 20%,

22.5%,

25%,

and 30%

bentonite-sand mixtures to determine their

unconfined compressive strengths and Young’s moduli according to ASTM

D-2166-00. Laboratory test results are summarized in Table 4.7 and

Appendix F, Figures F1-F5. The unconfined compressive strength and

Young’s modulus values increase with increased bentonite content.

Table 4.7 Unconfined compressive strength and Young's modulus for

mixtures

Bentonite Content % qu( kPa) E (MPa)
15 32 1,45
20 62 5,75
22.5 69 8,43
25 82 13,15
30 97 15,30
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4.7. Direct Simple Shear Tests

To assess the shear strength parameters of compacted bentonite-sand
mixtures, consolidated undrained (CU) direct simple shear test were
performed on particularly 22.5%, 25%, and 30% bentonite sand mixtures
according to ASTM D6528-00.

CU direct simple shear box tests were performed on compacted specimens
at three different normal stress levels such as 100 kPa, 150 kPa and 200
kPa, which correspond to the in situ stress levels. Each normal stress level
exhibits maximum shear stresses if stress-strain plot is drawn. Shear
strength parameters of particular bentonite-sand mixture, was then
determined by drawing Mohr-Coulomb failure envelope for 3 different
normal and shear stress pairs. Plot of shear stress vs. normal stress of
22.5%, 25% and 30% bentonite-sand mixture are given in Figures 4.11,
4.12 and 4.13, respectively and in Appendix G, Figures G1 through G3.

Shear strength parameters such as cohesion (c) and internal friction angle
(®°) were determined to be 54.13 kPa and 22.36° for the 22.5% B/S
mixture, 64.98 kPa and 21.65" for the 25% B/S mixture and, 70.63 kPa and
13.17° for the 30% B/S mixture, respectively. Laboratory test results are
summarized in Table 4.8.

According to the laboratory results, as the B/S ratio increases, the
cohesion increases and internal friction angle decreases. These
phenomena may be explained such that cohesive characteristics of
bentonite increase the cohesion of compacted mixture as its bentonite
content increases. However, while increasing bentonite content, the
percentage of sand particles decrease in the mix, which causes the
mixture to decrease its internal friction angle. The less the sand particles

are, the less the internal friction angles are.
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Shear Stress vs Normal Stress
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Figure 4.11 Plot of shear stress vs. normal stress for 22.5% bentonite-sand
mixture.
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Figure 4.12 Plot of shear stress vs. normal stress for 25% bentonite-sand
mixture.
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Shear Stress vs Normal Stress
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Figure 4.13 Plot of shear stress vs. normal stress for 30% bentonite-sand
mixture.

Table 4.8 Shear strength parameters of 22.5%, 25%, and 30% B/S
mixtures.

Bentonite (%) Cohesion (kPa) Internal Friction
Angle(®°)
22.5 54.13 22.36°
25 64.98 21.65°
30 70.63 13.17°
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Bentonite and sand mixtures have been selected as an isolation material
that is planned to be used for the isolation of radioactive waste in
underground waste repositories. To develop an optimum bentonite-sand
mixture, which satisfies the minimum hydraulic conductivity requirement, is
mechanically stable and cost effective, an intensive laboratory testing

programme was carried out.

For laboratory testing, bentonite-sand mixtures possessing 5%, 10%, 15%,
20%, 22.5%, 25%, and 30% were prepared in laboratory to asses their
engineering parameters. Engineering geological tests such as specific
gravity tests, grain size distribution, standard compaction tests, falling head
hydraulic conductivity tests, swelling pressure tests, unconfined
compression tests, direct simple shear tests were performed on particular
mixture to determine their hydrological and mechanical properties.

According to the evaluation of testing programme, it is possible to make the
following conclusions:

e Specific gravity test results revealed that since the specific gravity of
bentonite is greater than that of sand alone, specific gravity values
of bentonite-sand mixtures increases as the bentonite content
increases. This phenomena is also verified by Komine and Ogata
(1999).
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According to the compaction test results, maximum dry densities of
bentonite-sand mixture increases up to an optimum mixture, in this
case 20% B/S, as the bentonite content increases. However,
beyond this optimum value (i.e. 20% mixture) maximum dry density
decreases regardless of an increase in bentonite content. This may
be explained by the role of bentonite within the mixture. As the
bentonite content increases, the sand particles are increasingly
supported by swelling bentonite. However, beyond an optimum
value of mixture, the sand particle begins to lose their contact with
each other. Therefore; the addition of more bentonite causes the
sand particles to lose the role of load bearing characteristics.

Most of the environmental regulatory agencies require that the
hydraulic conductivity of isolation materials like compacted
bentonite-sand mixture to be less than 1x10° m/s. According to the
results of falling head hydraulic conductivity tests, this minimum
requirement has been satisfied. Hydraulic conductivities of
bentonite-sand mixture were found to be in the range of 1.52x107"°
to 5.26x107'° m/s. Since the major concern in the design of these
hydraulic barriers is to design cost effective isolation materials that
meets the minimum requirement, 30% bentonite-sand mixture has
been selected an optimum, cost effective and safe in terms of

hydraulic performance.

Swelling pressures were found to be in the range of 17.4 and 37.16
kPa. The addition of more bentonite cause mixtures to gain more
swelling pressures. Swelling pressures are in good agreement with
several studies, which was performed on compacted bentonite-sand

mixtures.
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e The unconfined compressive strength and Young’s modulus values
increase with increased bentonite content. Internal friction angle and
cohesion of compacted particles specimens were found to be in the
range of 13.17° to 22.36° and 54.13 kPa to 70.63 kPa. Direct shear
box test results revealed that an increase in bentonite content
increase cohesion while causing its internal friction angle to

decrease.

As a conclusion, a 30% bentonite/sand mixture is recommended for an
isolation material to be utilized in underground waste disposal repositories.
An optimum 30% bentonite/sand mixture satisfies the minimum
requirement of hydraulic conductivity (i.e., 1x10”° m/s). It shows adequate
swelling capacity to seal the shaft audits or underground tunnels. This
laboratory prepared isolation material can be used for several purposes
such as backfill material, buffer material or seal material.

It is recommended for further research that the compatibility of host rock
and this laboratory prepared isolation material should be analyzed
analytically and numerically. Its performance should be assessed

considering its hydraulic and mechanical properties.

62



REFERENCES

Acar, Y., and Oliveri, ., 1989, Pore fluid effects on the fabric and hydraulic
conductivity of laboratory-compacted clay. Transp. Res. Record 1219,
Transportation Research Board, Washington, D.C., p. 144-159

Akgln, H. and Daemen, J.J.K., 1999, Design implications of analytical and
laboratory studies of permanent abandonment plugs. Canadian
Geotechnical Journal, 36, p. 21-38

Akgiin, H., Kogkar, M.K., Aktiirk, O., 2006, Evaluation of a compacted
bentonite/sand seal for underground waste repository isolation.

Environmental Geology, 50, p. 331-337

ASTM D422-63 (2002) Standard test methods for particle-size analysis of
soils. Annual Book of ASTM Standards, Section 4, vol. 04.08, Soil and
Rock; Building Stones, ASTM, Philadelphia

ASTM D698-00 Standard test methods for laboratory compaction
characteristics of soil using standard effort (12,400 ft-Ibf/ i3 (600 kN-
m/m3)). Annual book of ASTM standards, Section 4, vol. 04.08, Soil and
rock; Building stones, ASTM, Philadelphia

ASTM D854-02 Standard test methods for specific gravity of soils. Annual

book of ASTM standards, section 4, vol. 04.08, Soil and rock; Building
stones, ASTM, Philadelphia

63



ASTM D2166-00 Standard test method for unconfined compressive
strength of cohesive soil. Annual book of ASTM standards, Section 4, vol.
04.08, Soil and rock; Building stones, ASTM, Philadelphia

ASTM D2487-06 Standard Practice for Classification of Soils for
Engineering Purposes (Unified Soil Classification System). Annual book of
ASTM standards, Section 4, vol. 04.08, Soil and rock; Building stones,
ASTM, Philadelphia

ASTM D4546-03 Standard test methods for one-dimensional swell or
settlement potential of cohesive soils. Annual book of ASTM standards,
Section 4, vol.04.08, Soil and rock; Building stones, ASTM, Philadelphia

ASTM D5856-95 (2002) Standard test method for measurement of
hydraulic conductivity of porous material using a rigid-wall, compaction-
mold permeameter. Annual book of ASTM standards, Section 4, vol. 04.08,
Soil and rock; Building stones, ASTM, Philadelphia

ASTM D6528-00 Standard test method for consolidated undrained direct
simple shear testing of cohesive soils. Annual book of ASTM Standards,
Section 4, vol. 04.08, Soil and rock; Building stones, ASTM, Philadelphia

Bailey, S.W., 1980, Summary of recommendations of AIPEA nomenclature

committee, Clays and Clay Minerals, v. 28, no.1, p. 73-78
BENIPA, 2004, Bentonite Barriers in Integrated Performance Assessment,

Final Report, Office for Official Publications of the European Commission,

104 pp., Luxembourg

64



Benson, C., and Daniel, D., 1990, Influence of clods on hydraulic
conductivity of compacted clay. Journal of Geotechnical Engineering,
ASCE, 116 (8), p.1231-1248

Chapuis, R.P., 1990, Sand-bentonite liners: predicting permeability from
laboratory tests. Canadian Geotechnical Journal, 27, p. 47-57

Chapuis, R. P., 2002, The 2000 R.M. Hardy Lecture: Full-scale hydraulic
performance of soil-bentonite and compacted clay liners. Canadian
Geotechnical Journal, 39(2), p. 417—439

Ganbensan, 2007, Propeerties of GCanbensan natural bentonite,

http://www.canbensan.com/ (last retrieved on 22.07.2007)

Daemen J.J.K. and Ran C., 1996, Bentonite as a waste isolation pilot plant
shaft sealing material. Sandia National Laboratories, Albuquerque,
Contractor Report SAND96—-1968

Demirtagh, E., 1985, Final report on the geology of Camalani nuclear
power plant, MTA, 102 pp, Ankara

Di Maio, C., and Fenelli, G. B., 1994, Residual shear strength of kaolin and
bentonite: The influence of constituent pore fluid, Geotechnique, 44(4),
p.17-226

Dixon D. A., Gray M. N. and Thomas A. W., 1985, A study of the

compaction properties of potential clay-sand buffer mixtures for use in

nuclear fuel waste disposal, Engineering Geology 21, p. 247-255

65



DOE/WIPP, 1995, U.S. Waste isolation pilot plant sealing system design
report, DOE/WIPP-95-3117, Waste Isolation Pilot Plant, U.S. Department
of Energy

Dunn, I. S., L. R. Anderson, and F. W. Kiefer., 1980, Fundamentals of
geotechnical analysis. New York: Wiley

EIEl, 1985, Laboratory report of pressuremeter test results of Akkuyu Il
(Camalani) Nuclear Power Plant, General Directorate of Electircal Survey

Administration, Ankara

Fuenkajorn K. and Daemen J.J.K. (eds), 1996, Sealing of boreholes and

underground excavations in rock. Chapman and Hall, London

Gleason, M., Daniel, D. E., and Eykholt, G. R., 1997, Calcium and sodium
bentonite for hydraulic containment application, Journal of Geotechnical
and Geoenvironmental Engineering , ASCE 123 (5), p. 438—445

Grim, R.E., 1968, Clay Mineralogy (2nd ed.), Mc Graw-Hill, New York, 596
pp.

Grim, R. E., and Gulven, N., 1978, Bentonites-geology, mineralogy,
properties and uses: Developments in sedimentology vol. 24, Elsevier,
New York

Haug, M.D. and Wong, L.C., 1992, Impact of molding water content on

hydraulic  conductivity of compacted sand-bentonite. Canadian
Geotechnical Journal, 29, p.253-262

66



IAEA, 1990, Sealing of underground repositories for radioactive wastes. In:
Gray M, Gera F, Wiley JR, Dlouhy Z, Squires D (eds), International Atomic
Energy Agency, Vienna, Unipub, Lanham, MD, Tech Reps Series No. 319

IAEA, 1999, Hydrogeological investigation of sites for the geological
disposal of radioactive waste, Technical reports series No. 391,

International Atomic Energy Agency, Vienna

IAEA, 2001, The use of scientific and technical results from underground
research laboratory investigations for the geological disposal of radioactive

waste, IAEA-TECDOC-1243, International Atomic Energy Agency, Vienna

IAEA, 2003, Scientific and technical basis for the geological disposal of
radioactive wastes, Technical reports series No. 413, International Atomic
Energy Agency, Vienna

Kaoser, S., Barrington, S., Elektorowicz, M. and Ayadat, T., 2006, The
influence of hydraulic gradient and rate of erosion on hydraulic conductivity
of sand-bentonite mixtures, Soil and sediment contamination, 15:5, p. 481-
496

Kaya, A., Durukan, S., Oren A. H., Yukselen Y., 2006, Bentonit—Zeolit
Karisimlarinin Miihendislik Ozelliklerinin Belirlenmesi, IMO Teknik Dergi, p.
3879-3892

Kenney, T. C., van Veen, W. A., Swallow, M. A. and Sungaila, M. A., 1992,
Hydraulic conductivity of compacted bentonite-sand mixture. Canadian

Geotechnical Journal, 29, p. 364-374

Komine, H., 2004, Simplified evaluation for swelling characteristics of
bentonites. Engineering Geology, 71, p. 265-279

67



Komine, H. and Ogata, N., 1996, Prediction of swelling characteristics of
compacted bentonite, Canadian Geotechnical Journal, 33, p.11-12

Komine, H. and Ogata, N., 1999, Experimental study on swelling
characteristics of sand-bentonite mixture for nuclear waste disposal, Soils
and Foundations 39 (2), p. 83— 97

Lambe, T.W. and Whitman, R.V., 1969, Soil Mechanics, J. Wiley, New
York

Met, i., Akgiin, H. and Tirkmenoglu, A.G., 2005, Environmental geological
and geotechnical investigations related to the potential use of Ankara clay
as a compacted landfill liner material, Turkey. Environmental Geology, 47,
p. 225-236

METU EERC, 1984, Akkuyu Il Nuclear Power Plant Geological and
Geotechnical Investigations, Progress Report No. 1

Meyer, D. and Howard, J.J. ,1983, Evaluation of clays and clay minerals for
application to repository sealing, ONWI-486, Office of Nuclear Waste

Isolation, Battelle Memorial Institute

Mitchell, J.K., 1993, Fundamentals of Soil Behavior (2nd ed.), Wiley, New
York 422 pp

Mitchell, J.K., Hooper, D.R., and Campanella, R.G., 1965, Permeability of

compacted clay. Journal of the Soil Mechanics and Foundations Division,
ASCE, 91(SM4): p. 41-65

68



Nilsson, J., 1985, Field compaction of bentonite-based backfilling,
Engineering Geology. Vol. 21, no. 34, p. 367-376

Olson, R.E. and Daniel, D.E., 1981. Measurement of the hydraulic
conductivity of fine grained soils. Permeability and Groundwater
Contaminant Transport, ASTM STP 746, p. 1864

Pusch, R., 1994, Waste Disposal in Rock, Developments in Geotechnical

Engineering 76, Elsevier, Amsterdam, 490 pp

Pusch R. and Bergstrom A, 1980, Highly compacted bentonite for borehole
and shaft plugging. In: Proceedings of the workshop on borehole and shaft
plugging, Columbus, OH, May 7-9, Organization for economic co-
operation and development, Paris, p. 161-168

Radhakrishna, H. S. and Chan, H. T., 1982, Laboratory study of physical
properties of clay buffers for a nuclear fuel waste vault. Proceedings of an
international conference on radioactive waste management (ed. M. A.

Feraday), p. 84—90. Toronto: Canadian Nuclear Society
Radhakrishna, H.S. and Chan, H.T., 1989. Thermal and physical properties
of candidate buffer-backfill materials for nuclear fuel waste disposal vault.

Canadian Geotechnical Journal, 26, p. 629-639

Resmi Gazete, 1991, Solid waste control regulation. (in Turkish) Resmi
Gazete, p. 4-19

Swedish EPA, 2000, Suggestion of requirement for deposition of waste,
implementation of directive 1999/31/EG, Deposition of Waste, Stockholm

69



TAEK, 2007, Outlook to nuclear activities in  Turkey,
http://kutuphane.taek.gov.tr/internet_tarama/dosyalar/Sureli/avrasyabulteni/
/avrasyanukleerbultenisayi1/pdf/25.pdf (last retrieved on 22.07.2007)

Tashiro, S., Fujiwara, A. and Senoo, M., 1998, Study on the permeability of
engineered barriers for the enhancement of a radioactive waste repository
system, Nuclear Technology, Vol.121, No. 1, p. 14-23

Tien, Y.M., Wu, P.L., Chuang W.S., and Wu, L.H., 2004, Micromechanical
model for compaction characteristics of bentonite—sand mixtures, Applied
Clay Science 26, p. 489—498

TEGT Co., 1999, Electricity Generation and Transmission Statistics of
Turkey, Turkish Electricity Generation and Transmission Company, Ankara

USEPA (1993) Criteria for municipal solid waste landfills (MSWLF Criteria),
40 CFR, Part 258, Cincinnati, Ohio

Westsik, J.H. Jr., Bray, L.A., Hodges, F.N. and Wheelwright, E.J., J. H.,
1981, Permeability, swelling, and radionuclide—retardation properties of
candidate backfill materials, Symposium on scientific basis for nuclear

waste management

Xu YF, Matsuoka H, Sun DA., 2003, Swelling characteristics of fractal-
textured bentonite and its mixtures. Applied Clay Science, 22(4): p.197—
209

Yanikémeroglu, K., 1990, Effect of lateral confinement on swell behavior,
M.Sc. Thesis in Civil Eng., Middle East Technical University, p. 41-63,
Ankara

70



APPENDIX A

SIEVE ANALYSIS DATA SHEET

This section includes the sieve analysis data sheet. Sand material used in
this study was tested for the determination of grain size distribution. Table
A1 gives the ASTM sieve numbers, sieve openings in millimeter and
percentage of fine material that passes thorough each sieve. Sieve
analysis data for sand material is given in Table A1.
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Table A1. Sieve analysis data sheet for sand material

MIDDLE EAST TECHNICAL

DEPARTMENT OF GEOLOGICAL

ENGINEERING GEOLOGY

UNIVERSITY ENGINEERING LABORATORY
Sieve Analysis Data Sheet
Project Name: M.Sc. Thesis
Description of Soil: Sand material
Sample No: 1
Location: Murat River , Turkey
Weight of Oven Dry Sample, W (gr) | 502.24
) ) ) Re‘tgﬁ:g?iton Percc.ent of Weight Cumulativ.e )
Sieve No. | Sieve Opening (mm) Each Sieve Retained on Each | Percent Retained | Percent Finer (%)
Sieve (%) (%)
(9
4 4.75 0 0.00 0.00 100.00
10 2.00 0.26 0.05 0.05 99.95
20 0.85 123.64 24.62 24.67 75.33
40 0.425 179.37 35.71 60.38 39.62
60 0.25 122.76 24.44 84.83 15.17
140 0.106 60.77 12.10 96.93 3.07
200 0.075 7.2 1.43 98.36 1.64
Pan 7.58
= 501.58 Soil Loss (%) : 0.13




APPENDIX B

SPECIFIC GRAVITY DATA SHEETS

This section includes the specific gravity data sheets for sand material,
bentonite and bentonite/sand mixtures. Sand material, bentonite and
bentonite/sand mixtures possessing 5%, 10%, 15%, 20%, 22.5%, 25%
and 30% bentonite content were tested respectively for the determination
of specific gravity values. Table B1 gives the data sheet for sand
material. Table B2 gives the data sheet for bentonite material. Table B3
through Table B9 give data sheets for bentonite/sand mixtures.
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Table B1. Specific gravity test data sheet for sand material

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering Geology Laboratory |

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

Sand material

Sample No: 1
Location: Murat River, Turkey
Volume of Flask at 20 C (ml) 500 500 500 Date: 19.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2 (g) | 666.63 691.05 667.37
Weight of Dry Soil, W3 (g) 101.51 102.26 102.70
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.68 2.69 2.68
A 1 1 1
Gs (at20C)=Gs (at T C)*A 2.68 2.69 2.68
Temperature, T1 (C) A
18 1.00039
19 1.00020 Gs: 2.68
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B2. Specific gravity test data sheet for Na-bentonite material

Engineerin
MIDDLE EAST TECHNICAL UNIVERSITY GeologygLaboratgcl:)ry SPECIFIC GRAVITY TEST

Project Name: MSc Thesis

Description of Soils: Na-Bentonite

Sample No: 1

Location: Kalecik, Ankara

Volume of Flask at 20 C (ml) 1000 1000 1000 Date: 22.10.2006

TEST No: 1 2 3 Tested by: Mahir Ada

Volumetric Flask No: F3 F3 F3

Weight of Flask+Water filled to mark,W1 (g) 1227.66 1227.66 1227.66

Weight of Flask+soil+Water filled to mark,W2

| (9) 1291.40 1291.20 1292.12

Weight of Dry Soil, W3 (g) 100.11 99.76 101.54

Temperature of Test, T1 (C) 20 20 20

Gs (at T1) = W3/((W1+W3)-W2) 2.75 2.75 2.74

A 1 1 1

Gs (at20 C) = Gs (at T C)*A 2.75 2.75 2.74

Temperature, T1 (C) A

18 1.00039
19 1.00020 | Gs: | 2.75
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B3. Specific gravity test data sheet for % 5 Bentonite + % 95 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY Engineering SPECIFIC GRAVITY TEST
Geology Laboratory
Project Name: MSc Thesis

Description of Soils:

% 5 Bentonite + % 95 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 23.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
(9) 665.70 689.08 665.40
Weight of Dry Soil, W3 (g) 100.16 99.43 99.29
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.68 2.68 2.69
A 1 1 1
Gs (at20C)=Gs (at T C)*A 2.68 2.68 2.69
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.68
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B4. Specific gravity test data sheet for % 10 Bentonite + % 90 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering
Geology Laboratory

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

% 10 Bentonite + % 90 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 24.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
[ (9) 662.35 689.27 666.10
Weight of Dry Soil, W3 (g) 94.52 99.41 100.36
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.69 2.69 2.69
A 1 1 1
Gs (at20 C) = Gs (at T C)*A 2.69 2.69 2.69
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.69
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B5. Specific gravity test data sheet for % 15 Bentonite + % 85 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering
Geology Laboratory

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

% 15 Bentonite + % 85 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 24.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
[ (9) 663.08 686.13 663.56
Weight of Dry Soil, W3 (g) 95.72 94.56 96.43
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.69 2.69 2.69
A 1 1 1
Gs (at20C) = Gs (at T C)*A 2.69 2.69 2.69
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.69
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B6. Specific gravity test data sheet for % 20Bentonite + % 80 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering
Geology Laboratory

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

% 20 Bentonite + % 80 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 24.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
[ (9) 660.65 684.90 662.34
Weight of Dry Soil, W3 (g) 91.86 92.30 94.40
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.69 2.70 2.69
A 1 1 1
Gs (at20 C) = Gs (at T C)*A 2.69 2.70 2.69
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.69
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B7. Specific gravity test data sheet for % 22.5 Bentonite + % 77.5 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering
Geology Laboratory

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

% 22.5 Bentonite + % 77.5 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 25.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
[ (9) 665.26 689.36 664.54
Weight of Dry Soil, W3 (g) 99.10 99.36 97.71
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.69 2.70 2.70
A 1 1 1
Gs (at20 C) = Gs (at T C)*A 2.69 2.70 2.70
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.70
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B8. Specific gravity test data sheet for % 25 Bentonite + % 75 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering
Geology Laboratory

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

% 25 Bentonite + %75 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 26.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
[ (9) 664.53 688.76 665.10
Weight of Dry Soil, W3 (g) 97.85 98.20 98.75
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.70 2.71 2.70
A 1 1 1
Gs (at 20 C) = Gs (at T C)*A 2.70 2.71 2.70
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.70
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803
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Table B9. Specific gravity test data sheet for % 30 Bentonite + % 70 Sand mixture

MIDDLE EAST TECHNICAL UNIVERSITY

Engineering
Geology Laboratory

SPECIFIC GRAVITY TEST

Project Name:

MSc Thesis

Description of Soils:

% 30 Bentonite + %70 Sand Mixture

Sample No: 1
Location: Laboratory prepared
Volume of Flask at 20 C (ml) 500 500 500 Date: 27.10.2006
TEST No: 1 2 3 Tested by: Mahir Ada
Volumetric Flask No: F1 F2 F1
Weight of Flask+Water filled to mark,W1 (g) 602.98 626.78 602.98
Weight of Flask+soil+Water filled to mark,W2
[ (9) 663.46 689.26 664.28
Weight of Dry Soil, W3 (g) 96.13 99.29 97.05
Temperature of Test, T1 (C) 20 20 20
Gs (at T1) = W3/((W1+W3)-W2) 2.70 2.70 2.71
A 1 1 1
Gs (at20C) =Gs (at T C)*A 2.70 2.70 2.71
Temperature, T1 (C) A
18 1.00039
19 1.00020 | Gs: | 2.70
20 1.00000
22 0.99957
24 0.99909
26 0.99858
28 0.99803




APPENDIX C

STANDARD PROCTOR COMPACTION TEST DATA SHEETS

This section includes the standard Proctor compaction test data sheets
for bentonite/sand mixtures. Bentonite/sand mixtures possessing 5%,
10%, 15%, 20%, 22.5%, 25% and 30% bentonite/sand mixtures were
tested for the determination of dry density and water content
relationships. Laboratory conditions and dimensions of tested samples
are given in data sheets. Table C1 through Table C7 give standard
Proctor compaction test data sheets for 5%, 10%, 15%, 20%, 22.5%,
25% and 30% bentonite/sand mixtures.
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Table C1. Standard Proctor compaction test data sheets for 5% B/S mixture

Middle East Technical University Engineering Geology Lab Standard Proctor Compaction Test
Description of Soil | 5% Bentonite+ 95% Sand Mixture Location Date |01.11.2006
Weight of Tested .
Sample No 1 hammer 2.5 kg by Mahir Ada
Volume of
Mold(m3) 0.944 No. of Layers 3
No. of blows/layer 25 Gs 2.68
W. of W. of Mold + . . . . Moisture Dry Unit
. : W. of Moist Soil | Moist unit w., (W2- ; Yd
Test No. | Mold, W, Moist soil , W> 3 Contentw | Weight yd w (%)
ko) (ka) W2-W; (kg) W1)/V (kN/m?) (%) (kN/m3) (kN/m3)
1 5.300 7114 1.814 0.00192 10.85 17.00 12 19.89
2 5.300 7.157 1.857 0.00197 12.86 17.09 16 18.39
3 5.300 7.232 1.932 0.00205 14.55 17.52 18 17.73
4 5.300 7.282 1.982 0.00210 16.60 17.66 20 17.11
5 5.300 7.249 1.949 0.00206 18.38 17.10 24 15.99
6 5.300 7.186 1.886 0.00200 20.76 16.23
. Weight of Can Weight of can + Moisture o Yd
TestNo. | CanNo. | Weightof Can (9) | st soil (g) dry soil (g) content (%) W(%) | (kN/m3)
1 1 24.57 101.63 94.09 10.85 12 18.75
2 2 19.71 93.18 84.81 12.86 16 17.11
3 3 21.28 104.72 94.12 14.55 18 16.40
4 4 17.23 106.16 93.5 16.60 20 15.74
5 5 21.22 111.53 97.51 18.38 24 14.57
6 6 20.44 117.76 101.03 20.76
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Table C2. Standard Proctor compaction test data sheets for 10% B/S mixture

Middle East Technical University

Engineering Geology Laboratory

Standard Proctor Compaction Test

10% - 90% Bentonite-Sand

Description of Soil: Mi Location: Date: | 01,02,2006
ixture
Sample No: 1 ‘:‘Ve'ght of 2.5 kg Tested |\ hir ADA
ammer: by:
Volume of Mold: 0.944 No. of Layers 3
No. of blows/layer 25 Gs: 2.69
Weight of Weig_ht of .MOId * | Weight of Moist | Moist unit wei ht, Moisture Dry Unit
Test No. Mold,%N1 (kg) M°'s‘(:3)" Wo | o WaWs (kg) | (W2-W1)V (kN?ms) Content w (%) V(Vﬂﬁms‘)’d w (%) (ng:de)
1 5.300 7.136 1.836 0.00194 10.94 17.19 14 19.16
2 5.300 7.204 1.904 0.00202 13.00 17.50 16 18.44
3 5.300 7.262 1.962 0.00208 14.95 17.73 18 17.77
4 5.300 7.282 1.982 0.00210 17.01 17.60 20 17.15
5 5.300 7.225 1.925 0.00204 19.10 16.79 24 16.03
6 5.300 7.182 1.882 0.00199 21.24 16.13
. Weight of Can | Weight of can + dr Moisture
Test No. Can No. Weight of Can (g) +mo%st soil (g) ’ soil (g) Y content (%) w (%) (ng:de)

1 1 21.40 78.11 72.52 10.94 12 18.80
2 2 16.94 85.43 77.55 13.00 16 17.15
3 3 21.26 97.21 87.33 14.95 18 16.43
4 4 19.61 111.16 97.85 17.01 20 15.77
5 5 17.03 96.21 83.51 19.10 22 15.16
6 6 16.35 103.74 88.43 21.24
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Table C3. Standard Proctor compaction test data sheets for 15% B/S mixture

Middle East Technical University Engineering Geology Laboratory Standard Proctor Compaction Test

Description of Soil: 15% - SSWKAiE)S(?Srtgnlte-Sand Location: Date: 19.10.2006

Sample No: 1 Weight of hammer: 2.5kg Tested by: | Mahir ADA

Volume of Mold: 0.944 No. of Layers 3

No. of blows/layer 25 Gs: 2.69

Weight of Weiqht of .MOId * | Weight of Moist Moist unit weight, Moisture Dry_ Unit o
Test No. | .~ d,%N1 (ka) Moist soil , W, Soilng-W1 ka) | (W2-W1)V (kN?ms) Content w | Weight yq w (%) {I:g fem3)
(kg) (%) (kN/m3)
1 5.300 7.132 1.832 0.00194 11.39 17.09 14 19.16
2 5.300 7.224 1.924 0.00204 13.16 17.66 16 18.44
3 5.300 7.287 1.987 0.00210 15.05 17.94 18 17.77
4 5.300 7.278 1.978 0.00210 17.48 17.49 20 17.15
5 5.300 7.245 1.945 0.00206 18.86 17.00 25 15.77
6 5.300 7.212 1.912 0.00203 20.78 16.45
. Weight of Can Weight of can + dr Moisture

Test No. Can No. Weight of Can (g) +mo%st soil (g) N soil (g) Y content (%) w (%) {I:g/cm3)
1 1 24.56 89.21 82.60 11.39 12 18.80
2 2 19.7 90.06 81.88 13.16 14 17.94
3 3 21.26 96.85 86.96 15.05 16 17.15
4 4 17.21 98.18 86.13 17.48 18 16.43
5 5 21.2 99.16 86.79 18.86 24 14.60
6 6 20.43 100.63 86.83 20.78
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Table C4. Standard Proctor compaction test data sheets for 20% B/S mixture

Middle East Technical University

Engineering Geology

Standard Proctor Compaction Test

Laboratory
Description of Soil: CV°ZOBem:\JAr;Qt?;Z°80 Sand Location: Date: 19.10.2006
Sample No: 1 :""e'ght of 2.5 kg Tested |\ hir ADA
ammer: by:
Volume of Mold: 0.944 No. of Layers 3
No. of blows/layer 25 Gs: 2.69
Weight of Weiqht of .MOId * Weight_ of Moist unit weight, Moisture Dry Unit o d

TestNo- | yoig. W, (kg) M°'St(lfg)" » Wa M°'§J1S(‘|:;)W2' (W2-WI)V (KNim®) | Content w (%) V(Vlf;l%ms‘;d w (%) kg/cma)
1 5.303 7.091 1.788 0.00189 9.17 17.01 14 19.16
2 5.303 7.185 1.882 0.00199 11.33 17.56 16 18.44
3 5.303 7.272 1.969 0.00209 13.62 18.00 18 17.77
4 5.303 7.275 1.972 0.00209 15.44 17.75 20 17.15
5 5.303 7.253 1.950 0.00207 17.53 17.24 24 16.03
6 5.303 7.214 1.911 0.00202 19.41 16.63

. Weight of Can | Weight of can + dr Moisture

Test No. Can No. Weight of Can (g) +mo?st soil (g) ’ soil (g) Y content (%) w (%) {I:g/cm3)
1 1 24.56 81.1 76.35 9.17 12 18.80
2 2 19.7 60.78 56.6 11.33 16 17.15
3 3 21.26 74.24 67.89 13.62 18 16.43
4 4 17.21 75.61 67.8 15.44 20 15.77
5 5 21.2 78.32 69.8 17.53 24 14.60
6 6 20.43 82.14 72.11 19.41
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Table C5. Standard Proctor compaction test data sheets for 22.5% B/S mixture

Middle East Technical University Engineering Geology Laboratory Standard Proctor Compaction Test

Description of Soil: 22.5% '77'5&‘;)(5]??0”“6'53”(’ Location: Date: 19.10.2006

sample No: :’:’e'ght of 2.5 kg Tested |\ pir ADA

ammer: by:
Volume of Mold: 0.944 No. of Layers
No. of blows/layer 25 Gs: 2.70
Weight of | Weight of Mold + |\t of Moist | Moist unit weight, | Moisture | Dry Unit . ’

Test No- | o1, W, (kg) M°'s‘(:;)" W | Soil W Wy (ko) | (W2WAW (kNim?) °°’EE,Z;“ w Xﬁ'/%:‘;)vd w (%) kg/cma)
1 5.300 7.095 1.795 0.00190 12.26 16.61 14 19.22
2 5.300 7.224 1.924 0.00204 14.17 17.51 16 18.49
3 5.300 7.298 1.998 0.00212 16.22 17.86 18 17.82
4 5.300 7.281 1.981 0.00210 18.63 17.35 20 17.19
5 5.300 7.228 1.928 0.00204 20.88 16.57 24 16.07
6 5.300 0.00 0.00

. Weight of Can | Weight of can + dr Moisture

Test No. Can No. Weight of Can (g) +mo%st soil (g) s soil (g) Y content (%) w (%) zlzg/cm3)
1 1 24.56 96.54 88.68 12.26 12 18.85
2 2 19.7 92.72 83.66 14.17 16 17.19
3 3 21.26 96.57 86.06 16.22 18 16.47
4 4 17.21 89.48 78.13 18.63 20 15.81
5 5 21.22 109.74 94.45 20.88 24 14.63
6 6 20 0 0 0.00
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Table C6. Standard Proctor compaction test data sheets for 25% B/S mixture

Middle East Technical University

Engineering Geology Laboratory

Standard Proctor Compaction Test

Description of Soil: 25%Bentonite+75%Sand Mixture | Location: Date: 19.10.2006
Sample No: 1 :’l"e'ght of 2.5 kg Tested |\ hir ADA
ammer: by:
Volume of Mold: 0.944 No. of Layers 3
No. of blows/layer 25 Gs: 2.70
Test | Weightof | Weightof Mold [ Weight of | ygigt unit weigny, | Moisture —[Dry Unit oy N
old, W; | + Moist soil , W, | Moist Soil W,- 3 ontent w eight yq w (%
No. (kg) (kg) W, (kg) (W2-W1)/V (kN/m”) (%) (kN/m3) (kg/cm3)
1 5.300 7.053 1.753 0.00186 13.01 16.11 14 19.22
2 5.300 7.174 1.874 0.00199 14.22 17.04 16 18.49
3 5.300 7.255 1.955 0.00207 16.15 17.49 18 17.82
4 5.300 7.276 1.976 0.00209 18.16 17.37 20 17.19
5 5.300 7.215 1.915 0.00203 20.91 16.45 24 16.07
6 5.300 7.195 1.895 0.00201 22.75 16.04
Test Can No Weight of Can Wfr:?:its?fsgiili n Weight of can + Moisture W (%) Yd
No. ’ (9) (@) dry soil (g) content (%) (kg/cm3)
1 1 21.41 82.63 75.58 13.01 12 18.85
2 2 16.95 84.18 75.81 14.22 16 17.19
3 3 21.26 89.24 79.79 16.15 18 16.47
4 4 19.61 93.28 81.96 18.16 20 15.81
5 5 17.02 90 77.38 20.91 24 14.63
6 6 16.35 89.34 75.81 22.75
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Table C7. Standard Proctor compaction test data sheets for 30% B/S mixture

Middle East Technical University Engineering Geology Laboratory Standard Proctor Compaction Test
30% -%70 Bentonite- Sand
Description of Soil: Mixture Location: Date: | 19.10.2006
Weight of Tested
Sample No: 1 hammer: 2.5kg by: Mahir ADA
Volume of Mold: 0.944 No. of Layers 3
No. of blows/layer 25 Gs: 2.70
Weight of | Weight of Mold + |\ hs of Moist | Moist unit weight, | Moisture | Dry Unit . o
TestNo- | o1, Wi (kg) M°'s‘(lfg)" W | Soil WaWs (K) | (W2 WAV (knm) °°’ZE,Z;“ w V{f&%’:ﬁ" W | glom3)
1 5.300 7.043 1.743 0.00185 13.52 15.95 14 19.22
2 5.300 7.206 1.906 0.00202 16.04 17.06 16 18.49
3 5.300 7.258 1.958 0.00207 18.66 17.14 18 17.82
4 5.300 7.218 1.918 0.00203 21.21 16.44 22 16.61
5 5.300 7.167 1.867 0.00198 24.93 15.53 25 15.81
. Weight of Can | Weight of can + dr Moisture
Test No. Can No. Weight of Can (g) +mo%st soil (g) ’ soil (g) Y content (%) w (%) (ng:dm3)

1 1 24.56 102.63 93.33 13.52 12 18.85
2 2 19.7 96.6 85.97 16.04 16 17.19
3 3 21.26 111.32 97.16 18.66 18 16.47
4 4 17.21 100.88 86.24 21.21 20 15.81
5 5 21.2 109.4 91.8 24.93 24 14.63




APPENDIX D

FALLING HEAD HYDRAULIC CONDUCTIVITY TEST DATA SHEETS

This section includes the falling head hydraulic conductivity test data
sheets for bentonite/sand mixtures. Bentonite/sand mixtures possessing
20%, 22.5%, 25% and 30% bentonite content were tested for the
determination of their hydraulic conductivity values. Laboratory conditions
and dimensions of tested samples are given in data sheets. Table D1
through Table D4 give falling head hydraulic conductivity test data sheets
for 20%, 22.5%, 25% and 30% bentonite/sand mixtures.
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Table D1. Falling head hydraulic conductivity test data sheet for 20% B/S mixture

Middle East Technical University

Engineering Geology Laboratory

Falling Head Permeability Test

Project Name: MSc. Thesis Mold No. 1 Gold
Description of Soil: 20% B/S mixture
Sample No: 1
Diameter of Specimen, D (m) 0.101 Date: 28.05.2007
Area of Specimen, A (m°): 0.008012 Tested by: Mahir Ada
Length of Specimen, L (m) : 0.116
Diameter of Standpipe, d (m) 0.01
Area of Standpipe, a (m?) 0.00008
H T
Test No. h1 hz (cm) Diff:r?aice Dura?%n, t Temperature | Volume °3f Water k (m/s)
(cm) (cm) (sec) (9) (m%)
1 190 177 13 151236 25 0.001021018 5.33E-10
2 177 151 26 331254 25 0.002042035 5.45E-10
3 151 145 6 92000 25 0.000471239 5.01E-10
Average 5.26E-10
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Table D2. Falling head hydraulic conductivity test data sheet for 22.5% B/S mixture

Middle East Technical University

Engineering Geology Laboratory

Falling Head Permeability Test

Project Name: MSc. Thesis Mold No. 1 Silver
Description of Soil: 22.5 % B/S mixture
Sample No: 1
Diameter of Specimen, D (m) 0.101 Date: 28.05.2007
Area of Specimen, A (m°): 0.008012 Tested by: Mahir Ada
Length of Specimen, L (m) : 0.116
Diameter of Standpipe, d (m) 0.01
Area of Standpipe, a (m%) 0.00008
Head .
Test No. (:r:1) hs (cm) Dif;i::?ce Testt I(J:;:)tlon, Temp(uca:r)ature Volum(en:)a; Water k (m/s)
1 190 173 17 256223 25 0.001335177 4.16E-10
2 173 141 32 552156 25 0.002513274 4.21E-10
3 141 134.5 6.5 123155 25 0.000510509 4.36E-10
Average 4.24E-10
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Table D3. Falling head hydraulic conductivity test data sheet for 25% B/S mixture

Middle East Technical University

Engineering Geology Laboratory

Falling Head Permeability Test

Project Name: MSc. Thesis Mold No. 4 Gold
Description of Soil: 25% B/S mixture
Sample No: 1
Diameter of Specimen, D (m) 0.101 Date: 03.06.2007
Area of Specimen, A (m°): 0.008012 Tested by: Mahir Ada
Length of Specimen, L (m) : 0.116
Diameter of Standpipe, d (m) 0.01
Area of Standpipe, a (m?) 0.00008
Head .
Test No. (::1) ha (cm) Dif:zﬁ)nce Testt I(J:;:)tlon, Temrzcca:r)ature Volum(en:)a; Water k (ms)
1 190 172.3 17.7 325698 25 0.001390155 3.41E-10
2 172.3 124 48.3 991424 25 0.003793473 3.77E-10
3 124 110 14 385455 25 0.001099557 3.53E-10
Average 3.57E-10
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Table D4. Falling head hydraulic conductivity test data sheet for 30% B/S mixture

Middle East Technical University

Engineering Geology Laboratory

Falling Head Permeability Test

Project Name: MSc. Thesis Mold No. 3 Silver
Description of Soil: 30% B/S mixture
Sample No: 1
Diameter of Specimen, D (m) 0.101 Date: 03.06.2007
Area of Specimen, A (m°): 0.008012 Tested by: Mahir Ada
Length of Specimen, L (m) : 0.116
Diameter of Standpipe, d (m) 0.01
Area of Standpipe, a (m°) 0.00008
Head .
Test No. (::1) ha (cm) Dif:zﬁ)nce Testt I()su;:)tlon, Temp(uér)ature Volum(en:)a; Water k (ms)
1 190 179 11 458648 25 0.000863938 1.48E-10
179 156 23 941313 25 0.001806416 1.66E-10
3 156 151 5 262080 25 0.000392699 1.41E-10
Average 1.52E-10




APPENDIX E

SWELLING PRESSURE TEST DATA SHEETS

This section includes the swelling pressure test data sheets for
bentonite/sand mixtures. Bentonite/sand mixtures possessing 20%,
22.5%, 25% and 30% bentonite content were tested for the determination
of swelling pressures. Laboratory conditions and dimensions of tested
samples are given in data sheets. Table E1 through Table E4 give
swelling pressure test data sheets for 20%, 22.5%, 25% and 30%
bentonite/sand mixtures.
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Table E1. Swelling pressure test data sheet for 20% B/S mixture

METU

Engineering Geology Laboratory

| 1-D Swelling Pressure Test

Project Name Ms Thesis Date 06.06.2007
ggﬁc"pm" of 20% B/S Mixture Tested by Mahir Ada
Diameter (mm) 63.5 Dry mass of sample (gr) 610.82
Height (mm) 19 (l\g?)ss of specimen after swelling 635.8
Mass of Ring (gr) 490.81 Load (kg) 5.6
Mass of ring + .
sample (gr) 633.08 Swelling Presure (kPa) 17.34

t (min) Wt Dial gauge reading

0 0 300
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Table E2. Swelling pressure test data sheet for 22.5% B/S mixture

METU Engineering Geology Laboratory | 1-D Swelling Pressure Test
Project Name Ms Thesis Date 07.06.2007
ggﬁc"pm" of 22.5% B/S Mixture Tested by Mahir Ada
Diameter (mm) 63.5 Dry mass of sample (gr) 614.58
Height (mm) 19 (l\g?)ss of specimen after swelling 636.57
Mass of Ring (gr) 516.78 Load (kg) 6.4
Mass of ring + .
sample (gr) 631.9 Swelling Presure (kPa) 19.82

t ( min) vt | Dial gauge reading

0

0 500
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Table E3. Swelling pressure test data sheet for 25% B/S mixture

0

0 400

METU Engineering Geology Laboratory | 1-D Swelling Pressure Test
Project Name Ms Thesis Date 08.06.2007
ggﬁc"pm" of 25% B/S Mixture Tested by Mahir Ada
Diameter (mm) 63.5 Dry mass of sample (gr) 614.52
Height (mm) 19 (l\g?)ss of specimen after swelling 63511
Mass of Ring (gr) 516.78 Load (kg) 8.4
Mass of ring + .
sample (gr) 632.34 Swelling Presure (kPa) 26.01

t ( min) vt | Dial gauge reading
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Table E4. Swelling pressure test data sheet for 30% B/S mixture

METU Engineering Geology Laboratory | 1-D Swelling Pressure Test
Project Name Ms Thesis Date 11.06.2007
ggﬁc"pm" of 30% B/S Mixture Tested by Mahir Ada
Diameter (mm) 63.5 Dry mass of sample (gr) 609.60
Height (mm) 19 (l\g?)ss of specimen after swelling 633.16
Mass of Ring (gr) 515.14 Load (kg) 12
Mass of ring + .
sample (gr) 628.15 Swelling Presure (kPa) 37.16

t ( min) vt | Dial gauge reading

0

0 500




APPENDIX F

UNCONFINED COMPRESSIVE STRENGTH TEST DATA PLOTS

This section includes the unconfined compressive strength test data plots
for bentonite/sand mixtures. Bentonite/sand mixtures possessing 15%,
20%, 22.5%, 25% and 30% bentonite content were tested for the
determination of their unconfined compressive strength values and
Young’'s modulus values. Stress-strain curves were plotted to determine
their unconfined compressive strengths and Young’s moduli. Figure F1
through Figure F5 give stress-strain plots of 15%, 20%, 22.5%, 25% and
30% bentonite/sand mixtures.
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Axial Stress vs. Axial Strain
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Figure F1. Stress-strain plot for 15% bentonite-sand mixture
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Axial Stress vs. Axial Strain

====20% B/S Mix l:

Stress (kPa)
8

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Axial Strain ( %)

oNnAO®ON

o
=3
S

18.00 20.00

Figure F2. Stress-strain plot for 20% bentonite-sand mixture
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Axial Stress vs. Axial Strain

=== 22 5% B/S Mix ':

Stress (kPa)
&
™~
N

ONADEON P

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Axial Strain ( %)

18.00 20.00

Figure F3. Stress-strain plot for 22.5% bentonite-sand mixture




°[0]3

Axial Stres vs. Axial Strain

g W femtm=25% B/S Mix |1
il "N
v~ 4 N,
W,
% J v
rad
.l
T
3 ::f
0
8 f
& i
0 T T T T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

Axial Strain (%)

Figure F4. Stress-strain plot for 25% bentonite-sand mixture
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Axial Stress vs. Axial Strain
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Figure F5. Stress-strain plot for 30% bentonite-sand mixture




APPENDIX G

DIRECT SHEAR TEST DATA PLOTS

This section includes the direct shear test data plots for bentonite/sand
mixtures. Bentonite/sand mixtures possessing 22.5%, 25% and 30%
bentonite content were tested for the determination of their shear strength
parameters. Each mixture was tested for 3 different normal stresses and
a plot of shear stress versus horizontal displacement is drawn to
determine peak shear stresses for each normal stresses. Figure Gf
through Figure G3 give shear stress versus horizontal displacement data
plots for 22.5%, 25% and 30% bentonite/sand mixtures.
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Figure G1. Direct shear test plot for 22.5% B/S mixture
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Shear Stress vs Horizontal Displacement
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Figure G2. Direct shear test plot for 25% B/S mixture
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Shear Stress vs Horizontal Displacement
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Figure G3. Direct shear test data sheet for 30% B/S mixture




