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1 INTRODUCTION

The PhD thesis aims to analyse the evolution of the physico-mechanical parameters of water-
bentonite-cement mixtures that form the basis for preparing injection suspensions, plastic
concretes, or other materials aimed at obstructing the ground water flow.

Considering the ternary nature of the mixture, the doctoral thesis proposes the barycentric
representation of its components (water-bentonite-cement). This diagram was used as a support
for representing the analysed physico-mechanical properties in an intuitive manner. Due to the
wide range of variation where necessary, normalized logarithmic representation of certain
parameters (such as viscosity and permeability) was utilized. By using the barycentric
representation, the statistical distribution of determination errors was highlighted, indicating
the reliability degree in the obtained parameters, taking into account the wide variation of the
analysed base values.

The variation of physico-mechanical parameters depending on the recipe constitutes important
starting information for designing cut-off walls, providing limits within which design
parameters can be selected, while also facilitating the preparation of quantity lists regarding
the binder and bentonite consultant.

2 STATE OF THE ART
2.1 Generalities

Cut-off walls are an alternative of embedded walls that began to be used around the 1970s in
the United States of America. Constructing these barriers involves excavating soil from
trenches and mixing it with binders or replacing it with filling material. Depending on the size
of the site, the most economical and practical way to excavate the trench is by using standard
excavators or long-reach excavators, capable of reaching depths of 20m. In cases where there
are limitations regarding available space, trench excavation can also utilize a clamshell bucket,
commonly used in constructing diaphragm walls. The most important characteristic of
bentonite barriers is their construction continuity: from start to finish, the excavation proceeds
in a continuous manner, thus ensuring the two main requirements related to waterproofing and
barrier size. [1]

Cut-off walls are used as means of controlling the ground water flow, both in clean
environments and in contaminated ones. Additionally, such structures can be used in the
construction or repair of earth dams. The mechanism of failure that can occur in earth dams is
constituted by the infiltration of underground water through the base of the embankment. In
this way, there is a deterioration in the values of shear parameters, causing the mass of earth to
slide. By creating a watertight screen down to a theoretically impermeable layer, the flow of
water that can cause the failure of the structure is stopped.
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Fig. 2.1: Representation of cut-off wall in the geotechnical structure [2]

Furthermore, such structures are used for rehabilitating aging geotechnical structures that have
exceeded their lifespan and require improvements to maintain their functionality. Cut-off walls
represent an economical and efficient method for remediating infiltrations or for sealing
contaminated sites. For the construction of barriers, depending on the geotechnical
requirements generated by the site, a wide range of materials can be used.

2.2 Plastic concrete

According to current European standards, plastic concrete is defined as a material with low
strength, low modulus of elasticity, capable of supporting larger strains than normal concrete.
Typically, a small amount of cement is introduced into the composition of this concrete, and a
high water-cement ratio is used. Additionally, the mixture may contain bentonite and/or other
materials such as fly ash and other additives. This type of concrete must be produced according
to special design specifications to meet the requirements of permeability, deformability, and
workability. For plastic concrete, there is no limitation on the water-cement ratio. [25]

The American standard defines plastic concrete as a variation of traditional concrete, in which
bentonite partially replaces cement. Plastic concrete was primarily developed for use in
constructing dikes or in soft soils, where higher deformability is required due to settlements or
bending, and where strength is not the primary design requirement. [10]

This type of material is also used in areas where seismic activity is present due to its capacity
to absorb tensile forces induced by ground movements. The use of this type of concrete involves
careful selection of the recipe in terms of the quantities of materials in the mix, their
characteristics, but also requires a rigorous laboratory testing program to determine the physico-
mechanical properties of the mixture and alternative solutions for optimizing the chosen
solution. Additionally, for execution control and verification of calculation hypotheses, in-situ
tests can be carried out to attest to the quality of the works.
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Plastic concrete cut-off walls can be constructed using technologies similar to those used for
constructing diaphragm walls. The trench is excavated using machinery equipped with heavy
rods at the end of which is a hydraulic clamshell bucket or through the use of hydro-excavators.
To ensure the stability of the trench walls, bentonite slurry is used, thereby preventing their
collapse. The next step involves pouring the plastic concrete. Concrete is poured using concrete
chutes, starting from the bottom of the trench, thus avoiding material segregation.

Plastic concrete is thus characterized by its ability to deform under load, which is advantageous
when ductility is required or when tensile forces generated by uneven loading along the wall or
seismic activity are estimated. Additionally, another advantage is the lower probability of
material yielding or cracking, which would result in increased permeability. [26]

Fig. 2.2: Representation of a cut-off wall made of plastic concrete [26]
2.2.1 Material mix

The recipe for this type of concrete is similar to that for traditional concrete. The additional
element is bentonite, which is added to improve both the permeability and ductility of the
screen. Depending on the specifications of each project, it is possible to vary the ratio between
the materials used in the mix. In addition to the basic materials (cement, bentonite, water, sand,
or gravel), additives can be used to improve the workability of the material or to delay its setting
time.

2.2.1.1 Cementul

Cement is a hydraulic binder, namely a finely ground inorganic material that, when mixed with
water, forms a paste that sets and hardens due to hydration reactions and processes, maintaining
its strength and stability even underwater after hardening. Properly dosed cement mixed with
aggregates and water should be capable of producing concrete or mortar that maintains its
workability for a sufficient period of time and, after well-defined periods, should achieve
specified strength levels. Cements are composed of various materials and are statistically
homogeneous in composition as a result of ensuring the quality of production and handling
processes. [27]
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2.2.1.2 Mineral aggregates
In order to obtain a suitable particle size distribution curve for the concrete recipe, the following
factors should be taken into account:
e Aggregate shape: Rounded aggregates are preferable over angular ones in terms of
concrete flow;
e Aggregate size: Larger aggregates offer high workability but increase the risk of
segregation;
e Proportion of fine material: Using a larger quantity of this type of material can result in
a more viscous mix and compromise concrete workability due to the need for a larger
volume of water, which, consequently, would require a higher dosage of additives [30]

Aggregates play a crucial role in the material mix for obtaining plastic concrete. By selecting
appropriate sizes, the tendency for concrete segregation can be reduced. The workability of the
material can be improved by using rounded aggregates sourced from river basins and by
limiting the aggregate size to 25.4mm (1 inch). The ratio between coarse and fine aggregates
has an impact on both the density and the strength of the wall. Typically, a 1:1 ratio is used.
[10]

The Austrian standard ONORM B4452 limits the maximum aggregate size to 22mm but notes
that the use of particles larger than 16mm is rare. Additionally, it is mentioned that special
attention must be given to the risk of segregation and deformability of plastic concrete when
the maximum aggregate size exceeds 8mm. The proportion of fine particles must be chosen to
ensure the workability of the material. [31] [2]. In reference papers there were used aggregates
with dimensions of 12 mm, [32], 4.75+9.50, 9.5+19.00mm [4] [33], up to 20.00mm. [34]

2.2.1.3 Bentonite

Bentonite is a term used for materials originating from natural clay and composed mainly of
the clay mineral called montmorillonite. [35] Bentonite refers to any material consisting of
minerals belonging to the smectite group, and its properties are dictated by this type of
minerals. The characteristics of the smectite mineral group are: high cation exchange capacity,
large specific surface area, high swelling potential, and reduced permeability. [36]

The most commonly encountered types of bentonites are sodium-based or calcium-based,
characterized by the type of external cation adsorbed on the clay particle surface during the
mineral formation process or, in the case of treated bentonite, during processing. Sodium
bentonite is used more frequently than calcium bentonite due to its superior swelling capacity
and reduced permeability. [37] [38]. Even though calcium bentonite has a lower swelling
capacity and higher permeability, some researchers have suggested that it may be more stable
than sodium bentonite when exposed to chemical compounds in fluids. [36].

In the case of plastic concrete, the bentonite in the composition acts as a stabilizing agent and
prevents concrete segregation, creating a homogeneous mixture. The properties of bentonite
include plasticity and ion exchange capacity, which contribute to the uniform molecular
arrangement of the mixture, increasing plasticity and reducing permeability [39]. Bentonite has
a swelling potential of up to 300% after mixing with water, a property that makes saturated
bentonite usable in plastic concrete execution to eliminate the negative effects of high-water
absorption when using dry bentonite. [40]. To saturate bentonite, the water-bentonite ratio
should be at least 3, and saturation should be carried out at least 24 hours before producing
plastic concrete. The bentonite-water mixture should be made using special blades to ensure
complete saturation and paste homogeneity. [41].
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2.2.2 Mixing procedure

One of the methods of mixing the components of plastic concrete involves initially hydrating
the bentonite for a period of up to 24 hours. After this time, the cement is added, followed by
the aggregates. [2] [4] [5] [32]. Another procedure involves pre-hydrating the bentonite with a
portion of the water used in the mixture before introducing the other components. Additionally,
it's possible to hydrate the bentonite for a duration of 8 hours and then add a dry mixture of
aggregates and cement. The different mixing procedures result in differences in mechanical
properties as well as permeability coefficient values. The hydration of bentonite depends not
only on the type of bentonite but also on the method and equipment used in creating the
mixture. [2]

The mixture of materials can also be done under dry conditions, thus eliminating the need for
pre-hydration of the bentonite. This method presents two important aspects:

e Assoon as water is introduced into the mixture, the paste must be immediately mixed
to ensure hydration of the bentonite and homogeneity of the mixture;

e The quantity of dry bentonite must be carefully controlled and introduced slowly into
the mixture to allow sufficient time for water absorption. The entire quantity of
bentonite should not be added at once to avoid the formation of accumulations of
unsaturated material, which would lead to the creation of an inefficient material. [41]

The benefit of using dry bentonite lies in saving time and removing technological impediments,
as there is no longer a need for hydration and prior storage of bentonite slurry for up to 24
hours. As discovered in previous studies, the compressive and tensile strength of plastic
concrete remains the same regardless of whether the bentonite used has been hydrated or not.
Moreover, for longer maturity periods, the differences become negligible. However, slightly
higher permeability values have been recorded for plastic concrete where dry bentonite was
used. [41]

2.2.3 Laboratory testing for determining of physical and mechanical characteristics

The correct use of a material with the functions held by plastic concrete involves determining
a series of physical and mechanical parameters to ensure performance requirements during the
design phase. The properties of plastic concrete can be adapted according to site conditions and
structural requirements that need to be met.

2.2.3.1 Unconfined compression test

Characterizing plastic concrete can begin with unconfined compression testing. According to
concrete production standards, the water-cement ratio is an important factor in determining the
material class and thus the compressive strength: as the water-cement ratio decreases, an
increase in compressive strength is observed. [42]
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Fig. 2.3 presents the results of various research studies on uniaxial compression tests on
different recipes of plastic concrete, matured at 28 days. As known in the case of concretes, it
can be observed that with the increase in the water-cement ratio, there is a decrease in the
compressive strength of the material, although the influence of bentonite results in a
modification of the water availability in the mixture to hydrate the cement. In other words, the
compressive strength of plastic concrete decreases with the increase in the water-cement ratio,
but the overall behaviour is also governed by the quantity of bentonite.

2.2.3.2 Triaxial compression test

In the specialized literature, studies have been conducted including triaxial compression tests
on various recipes of plastic concrete. Triaxial compression tests aim to highlight the stress-
strain relationship under static conditions with certain applied stresses.

The tests made were of CU type (consolidated-undrained) [32] [33] or CD-type (consolidated-
drained) [43]. Prior to determining the failure parameters of the samples, they were saturated,
thus determining the coefficient of permeability. The samples used were prepared similarly to
soil samples: the samples had a height-to-diameter ratio equal to 2, were protected by a
membrane, and had porous stones at both ends. During the tests, both the applied stresses and
resulting deformations were measured, as well as the pore water pressure.

The influence of cell pressure on the tested specimens was observed. An increase in both the
modulus of elasticity and the compressive strength of the specimens was noted as the pressure
at which the test was conducted increased. [43]. Additionally, the failure mechanism of the
sample is influenced by the consolidation pressure. Specimens tested at low pressure exhibit
brittle behaviour at yield, while for higher consolidation pressures, the behaviour of the
specimens is ductile, with the material showing elongations up to 8-9% greater for failure
stresses. [33]
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Fig. 2.4: Rezultatele incercarii de compresiune triaxiala la diferite eforturi radiale [33]

Increasing the bentonite content, the peak and slope of the linear part of the stress-strain curve
become smaller. This is due to the role of bentonite in weakening the bonds formed between
cement particles and aggregates, also reducing the hydration rate of the cement in the sample.
Thus, the compressive strength and elastic modulus of the plastic concrete increase with the

amount of cement introduced into the mix or decrease depending on the amount of bentonite.
[43] [44]
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Fig. 2.5: Representation of the influence of bentonite content on mechanical behaviour

2.2.3.3 Hydraulic conductivity

The purpose of plastic concrete structures is to ensure the sealing of contaminated sites, stop
or divert groundwater flow, or remediate infiltrations at the level of dikes or earthen dams.
Thus, considering the functionalities of the structures, the characteristic of utmost importance
is constituted by the hydraulic behaviour of the material

The permeability of concrete is closely connected to the porosity of the material (the size and
distribution of pores) and the water-to-cement ratio used in the manufacturing of concrete.
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To meet specific requirements for ensuring impermeability, it's important to minimize the
water-to-cement ratio used in the mix while maintaining the concrete's consistency
requirements. In practice, to achieve a certain degree of concrete impermeability, control over
its strength class is also necessary, in correlation with minimizing the water-to-cement ratio as
much as possible. The water-to-cement ratio considered in the composition design must satisfy
the concrete's requirements regarding strength class, durability, and impermeability grade. [45]

The permeability of materials like plastic concrete is higher than that of traditional concrete. In
cases where a low modulus of elasticity and low permeability of the material are required,
satisfying both criteria are challenging. Due to the high values of the water-cement ratio, the
permeability of the mixes is high. The permeability coefficient values of plastic concrete range
between10-8+10-10m/s. [4] [9].

Considering the low compressive strength and permeability coefficient values, plastic concrete
can be subjected to geotechnical tests. In Fig. 2.6 results from literature are presented
correlating permeability coefficient values with the compressive strength of plastic concrete.

The permeability coefficient of plastic concrete samples increases as the compressive strength
decreases. This phenomenon can be attributed to a higher porosity of the material, which
increases with the increase of the water-cement ratio, consequently reducing the compressive
strength. [2]
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Fig. 2.6: Variation of permeability coefficient function of the compressive strength of the
plastic concrete [2]
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3 THE ANALYSIS OF WATER-CEMENT-BENTONITE RATIO

In the reference papers, various authors have used varied ratios between the constituent
elements of the mixtures for specimen fabrication. These values formed the basis of the
current laboratory study. The study attempted to cover a wide range of variations in material
ratios while considering the significant influence that the quantity of bentonite has on
compressive strength and water retention capacity (as demonstrated in the current laboratory
study). Therefore, the proportion of bentonite used in plastic concrete mixtures was limited to
30%.

Tab. 1: Ratios between the materials of the mixtures, extracted from reference papers

Water-cement Water-bentonite Bentonite-cement
Reference papers . . i
ratio ratio ratio
This paper 1.25+3.65 2.00+10.40 0.175+1.25
Shepherd et al, 2020 [26] 3.30+10.00 - 0.10+0.24
Fadaie et al, 2019 [41] 1.60+2.00 8.00+20.00 0+0.40
Pisheh et al, 2018 [33] 1.80 6.30+10.20 0.14+0.29
US Dept. of Interior, . . .
2014 [10] 1.00+2.78 6.67+13.90 0.10+0.22
H'”Chber%grzft al, 2010 1.70+2.35 12.50+18.20 0.20-0.30
Bagheri et al, 2008 [4] 1.80+2.60 13.00 0.14+0.23

3.1 The objectives of the research

This study proposes a different approach regarding the evaluation of the physical-mechanical
properties (viscosity, permeability, compressive strength) of plastic concrete and the graphical
representation of the percentage proportions of the component materials. The representation of
the mixtures is done on a subdomain of a ternary diagram where the components are expressed
as percentages. The material properties (viscosity, permeability, and compressive strength) are
presented as nodes on a grid corresponding to possible mixtures.

The present study involves the fabrication and laboratory testing of 52 plastic concrete
specimens in a geotechnical laboratory. The behaviour of this material is primarily governed
by the relationship between the water-bentonite-cement content. To prevent cracking of the
material, standardized sand described in EN 196-1 - Methods of testing cement, was used in a
1:1 ratio with the solid part of the mixture (bentonite and cement).
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Fig. 3.1: Restrangerea domeniului de interes pentru realizarea studiului

3.2 Manufacturing of the samples and testing methods
3.2.1 Components of the mixture

For the preparation of the specimens, high early strength Portland cement was used, with a
compressive strength of 42.5 MPa (CEM IIA 42.5R). The cement used in specimen fabrication
was not admixed or enhanced for performance improvement. Sodic bentonite was used for
specimen fabrication, typically employed in drilling fluid preparation. Sodic bentonite has the
capacity to increase the viscosity of drilling fluid and possesses waterproofing properties.
According to the recommendations of the EN 196-1:2016 standard regarding cement testing
methods, standardized sand was used for specimen preparation.

Apart from this type of sand, aggregates of different nature or sizes were not used. The use of
sand was motivated by the attempt to prevent cracking of the specimens during the hydration
process of plastic concrete. In the recipe of each mixture, the sand-to-hydraulic binder ratio
(cement and bentonite) was 1:1. Although sand influences the overall behavior of plastic
concrete, the relationship between the quantity of sand and that of bentonite and cement is
bijective. Furthermore, in a 4D barycentric representation, due to linear variation, the quantity
of sand creates a plane.

3.2.2 Manufacturing the samples

Following the study of specialized literature, three options for obtaining the mixture of
components were identified. One of them, more commonly encountered, involves the pre-
hydration of bentonite 24 hours before adding the cement and aggregates. [2] [4] [5] [32].
Another possibility involves pre-hydrating the bentonite with a portion of the total amount of
water used in the mixture and then introducing the other components. The last option is mixing
the dry components (cement, bentonite, and sand) and then adding water.

According to a study, the performance of plastic concrete regarding permeability and
compressive strength is not affected by whether the bentonite was pre-hydrated or not.
Moreover, for longer periods of time after reaching material maturity, the differences become
negligible. [41]
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After weighing each component, the dry mixture was prepared so that the materials were evenly
distributed. In case the bentonite was not distributed throughout the entire mixture mass, there
was a possibility that, upon adding water, material accumulations could form, leading to the
creation of a heterogeneous mixture with concentrations of unhydrated zones. The uneven
distribution of the mixture affects both the specimen fabrication procedure (segregation zones
or cavities) and the material performance. Following the proper preparation of the solid
mixture, the required amount of water was added. Subsequently, the mixture was mixed until
a paste of uniform consistency was obtained. The resulting material was poured into cylindrical
plastic molds with a diameter of 50mm and a height of 100mm, suitable for the subsequent
testing of the material in the triaxial compression apparatus. Prior to pouring the material, a
thin layer of technical oil was applied inside the molds to facilitate easy demolding of the plastic
concrete. The testing program of the specimens commenced after 28 days from their
fabrication, allowing the manufactured material to reach its class.

For extreme values of each component, unfavourable behaviour was observed, indicating the
need to expand the range of values. Excessive bentonite content led to the production of a
crumbly material, while a higher quantity of cement reduced the workability of the mixture. A
high water content caused cracking of the specimens and sedimentation of aggregates, despite
ensuring a high workability of the material.

3.2.3 Viscosity

The determination of viscosity was performed immediately after pouring the plastic concrete
into cylindrical molds. This test was conducted using a rotational viscometer, specifically the
Haake Viscotester 7 Plus. The viscometer measures the resistance of the mixture to rotational
spindles, which can have different geometries (chosen based on the consistency of the tested
material). The resistance obtained dictates the viscosity of the mixture. Considering the tested
paste as a quasi-Newtonian fluid, the dynamic viscosity of the material is determined from the
slope of the shear stress-shear rate (t-y’) curve.

The fresh plastic concrete specimen was tested using the dynamic viscometer. Several spindle
rotation speeds were used during the test, ranging from 0.1 rpm to 100 rpm. The viscosity value
was chosen based on the measurement confidence level indicated by the apparatus. It was
preferred to use the values of the initial test steps due to the susceptibility of some specimens
to settling immediately after pouring into the cylindrical molds.

3.2.4 Permeability coefficient

The coefficient of permeability of the plastic concrete specimens was determined using the
constant gradient method in a triaxial compression apparatus. The coefficient of permeability
represents the ratio of the filtration velocity v to the hydraulic gradient under which the flow
occurs.

The permeability test using the constant gradient method is conducted by applying a water flow
through the specimen at a constant pressure. In the laboratory study, a constant pressure of 300
kPa was maintained in the cell, while water was introduced through the specimen against
gravity, from bottom to top, at a constant pressure of 280 kPa. During the test, the volume of
water introduced was continuously measured. The volume of water evacuated was recorded
using a digital volume controller.
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3.2.5 Compressive strength

The compressive strength of the tested material was determined in the same apparatus after
completing the permeability test. During this test, no additional pressures (e.g., radial pressure)
were applied to the specimen. The unconfined compressive strength was determined following
the guidelines of STAS 8942/6-72: Foundation soils - Uniaxial compression test of soils, and
EN 17892-7:2018 - Unconfined compression test.

According to STAS 8942/6-76, the unconfined compressive test consists of continuously
applying axial loading to the specimen to achieve:

e pc unconfined compressive strength;

e ¢, specific axial strain. [55]

The unconfined compressive strength test can be done in two ways:
e with constant speed and measuring the resulting stresses;
e with imposed efforts and measuring the resulting axial strains. [55]

3.3 Test results

The viscosity of the fresh material was measured using a rotational viscometer. The dynamic
viscosity of the mixture results from the slope of the T-y’ curve, assuming it is quasi-Newtonian.
The viscosity variation is significant, ranging from 0.68 to 401.87 Pa*s.. In Fig. 3.2 the
variation of viscosity across the studied range is presented. This representation can be used to
assess the workability of the mixture in its fresh state. It can be observed that by limiting the
viscosity to 5 Pas, segregation is prevented. The workability of concrete in its fresh state is
considered acceptable for values up to 100 Pas, although an ideal behaviour would be

characterized by approximately 50 Pa*s. To enhance workability, superplasticizer additives
can be introduced into the mixture.
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Fig. 3.2: Variation of viscosity on the study domain
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In Fig. 3.3 it is noted that the compressive strength of plastic concrete is negatively affected by
a bentonite content exceeding 17%, with the difference in values being at least double
compared to specimens with a higher cement content. Additionally, after conducting the tests,
this limit of bentonite content also dictated the yielding mechanism of the material, with
specimens containing more than 17% bentonite behaving similarly to soil, while the remaining
specimens exhibited behaviour similar to weak concrete.
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Fig. 3.3: Variation of the compressive strength on the study domain

In Fig. 3.4 depicting the variation of the permeability coefficient, the same limit of
approximately 17% bentonite content indicates a change in the hydraulic behaviour of plastic
concrete. On the graph, a decrease of up to 5 times in the value of the permeability coefficient
can be observed around this separation zone.
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Fig. 3.4: Permeability coefficient variation on the study domain
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By increasing the quantity of bentonite used in manufacturing the plastic concrete (points
marked with yellow in Fig. 3.5) generate a less inferior compressive strength (5 times weaker)
with respect to the samples in which the governing material is cement. On the other hand, the
viscosity reaches values up to 1.5 times higher than those measured for the other specimens.
The variation in compressive strength of this material has been documented in specialized
literature. [32] [34] [44], the existing information confirms the results obtained in the laboratory
study.
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Fig. 3.5: Test results — viscosity vs compressive strength

In Fig. 3.6 and Fig. 3.7 the variation of compressive strength is presented as a function of the
guantitative water-cement ratios and water-bentonite ratios, respectively. In both cases, the
influence of the third component on the material behaviour is highlighted. In Fig. 3.6 specimens
with a bentonite content exceeding 17.5% are marked in yellow, and the compressive strength
values are limited to approximately 200 kPa. This phenomenon is caused by the ability of
bentonite to weaken the cementitious bonds. In Fig. 3.7, samples dominated by the presence of
bentonite are characterized by a water-bentonite ratio of less than 4. Mixtures governed by the
presence of bentonite are grouped in both representations, suggesting its negative influence on
compressive strength.
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Fig. 3.6: Variation of compressive strength function of the water-cement ratio
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Besides generating a more viscous mixture, a larger quantity of bentonite equally negatively
impacts cementitious bonds. Thus, excessive use of bentonite affects the compressive strength
of plastic concrete. Moreover, excessive use of bentonite not only fails to reduce the material's
permeability coefficient but also affects it more drastically. This phenomenon arises from the
need for a larger quantity of water for bentonite hydration. Using a larger quantity of water
results in excessive porosity of plastic concrete. The variation of viscosity concerning water-
cement and water-bentonite ratios is presented in Fig. 3.8 and Fig. 3.9. These representations
highlight how the viscosity of the material in its fresh state is influenced by the water and

bentonite content of the mixture.
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3.4 Conclusion of the first testing stage

The laboratory study was influenced by factors such as the magnitude of the studied domain,
the large number of specimens tested, the duration of the testing periods, and the time interval
required for the plastic concrete specimens to reach maturity. For these reasons, only one
specimen was fabricated for each mixture. Consequently, there is a possibility that some results
may lack sufficient accuracy. Despite this, the results obtained in this initial laboratory study
allow for the narrowing down of the study domain (see Fig. 3.10). The specimens fabricated in
the second part of the research were chosen from the narrowed study domain presented in Fig.

3.10.
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Fig. 3.10: Restriction of the study domain based on the test results

4 THE STUDY OF STANDARDIZED SAND QUANTITY ADDED IN WATER-
CEMENT-BENTONITE MIXTURES

4.1 Objectives of the study

The objective set for the second laboratory study is to determine the sufficient quantity of
standardized sand in the mixture to prevent the consequences of shrinkage and hydration
phenomena of the binder, while simultaneously not affecting the mechanical properties and
water retention of the mixture. To determine the influence of the amount of sand on the mixture,
four standardized sand-to-solid ratios were used, ranging from 0.5:1 to 4:1. Using the 0.5:1
ratio, the amount of sand used in the first part of the study was halved, thus covering the lower
limit of the amount of sand that could be used for the mixture. Therefore, on the optimal surface
of the ternary diagram, eleven water-cement-bentonite mixtures were chosen, also made in the
first part of the study. For the selected mixtures, 4 specimens were fabricated, differing by the
standardized sand-to-solid ratio used: 0.5:1, 2:1, 3:1, and 4:1. (Fig. 4.1).

£ 7 7 Ei T ¥ Ea
{:‘?\ &2 o
Water [%]
Fig. 4.1: Representation on the ternary diagram of mixtures used in the second stage of the
laboratory study
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4.2 Sample manufacturing and testing methods

The specimens were fabricated and tested in a manner similar to those made for the first part
of the laboratory study. In Fig. 4.2 specimens belonging to the same grouping but with different
standardized sand-to-solid ratios are presented. A transition of the yielding mechanism of the
material can be observed. In the case of these types of specimens, whose behaviour is not
governed by the cement in the mixture, a yielding mechanism similar to that of soils (with a
failure plane at a 45° angle) is observed from specimens with a sand-to-solid ratio of 0.5:1 to
specimens with a ratio of 3:1. For the specimen with a ratio of 4:1, failure by compression,
typical of weak concretes, was observed.
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Ratio 3:1
Fig. 4.2: Group of samples after testing

Ratio 4:1
4.3 Laboratory testing results

In Fig. 4.3+Fig. 4.5 the variations of the parameters determined in the testing program
(permeability coefficient, compressive strength, and viscosity) for each sand-to-solid ratio
used, namely 0.5:1, 2:1, 3:1, and 4:1, are presented. Particularly, in the representations from
Fig. 4.3b+Fig. 4.3d the influence of a higher amount of bentonite on the mixture is highlighted,
showing better hydraulic behaviour of the material, regardless of the amount of standardized
sand used. As for the results obtained for the specimens with a sand-to-solid ratio of 0.5:1 (Fig.
4.3a), these can be considered inconclusive. The small amount of sand used in the fabrication
of these specimens is the cause of shrinkage phenomena, which in turn resulted in cracks in the
specimens' bodies, thus affecting the results of the laboratory tests. Considering these aspects,
it can be concluded that the sand-to-solid ratio of 0.5:1 is insufficient to ensure both the
integrity of the mixture and satisfactory hydraulic behaviour. Taking into account the stability
provided to the mixture and the fact that a higher amount of standardized sand does not
influence the water retention capacity, it can be affirmed that the sand-to-solid ratio of 2:1 is
sufficient to achieve the purpose of fabricating the material.
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Fig. 4.3: Variation of the permeability coefficient function of the sand to solids ratio

In Fig. 4.4 the variation of compressive strength over the study domain is presented. As
determined in the previous study, compressive strength is a characteristic dominated by the
amount of cement used in the mixture, with specimens governed by it achieving maximum
parameter values. Using a larger amount of cement generates higher compressive strengths.

Additionally, it is noteworthy that the sand-to-solid ratio does not interfere with the value or
distribution of compressive strength. The similarity of the results is highlighted in graphs Fig.
4.4a+Fig. 4.4d. Thus, regarding the influence of the amount of standardized sand on
compressive strength, it can be stated that there is no lower limit to the sand-to-solid ratio.
However, in terms of the integrity and stability of the mixture, the ratio of 2:1 between sand
and solid part used in the mixture is considered sufficient.
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Fig. 4.4: Variation of the compressive strength function of the sand to solids ratio

Fig. 4.5 presents the variation of viscosity over the study domain. Viscosity is a characteristic
that helps describe the workability of the material in its fresh state. In the first part of the
laboratory study, it was demonstrated that this property is controlled by the amount of bentonite
and the amount of water introduced into the mixture. However, bentonite has the potential to
negatively affect properties such as compressive strength, and even permeability when used in
excess. It can be observed in Fig. 4.5a+d that for the same sand-to-solid ratio, a higher amount
of water reduces the viscosity, while larger amounts of water and bentonite help create a more
viscous paste. In the case of using a larger amount of standardized sand, an increase in extreme
viscosity values was also noted: from 31 to 154 Pas for minimum values, and from 448 to 1304
Pas for maximum values. Considering the variation in extreme values, it can be concluded that
sand influences the workability of the material in its fresh state. Taking into account these
aspects, the influence of standardized sand on the other analysed parameters, as well as
observations made during the preparation of the specimens, a sand-to-solid ratio of at least 2:1
provides the material with sufficient workability to be used in practice.
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Fig. 4.5: Variation of the viscosity function of the sand to solids ratio

In the case of compressive strength, it can be observed that for specimens governed by the
amount of cement, the coefficient of variation has a much lower value compared to specimens
dominated by water or bentonite. The fact that specimens with higher water or bentonite
content obtained a higher coefficient of variation indicates a greater spread of results under the
influence of using a different amount of standardized sand.

Regarding the coefficient of permeability, specimens with higher bentonite content exhibited
a lower variation in results regardless of the amount of standardized sand introduced into the
mixture, while specimens with a higher cement content exhibited the opposite trend. Taking
into account also the results presented in Fig. 4.3, he coefficient of variation of permeability is
influenced by the values obtained on specimens with a sand-to-solid ratio of 0.5:1. These values
have an atypical spread over the study domain due to contraction phenomena that led to cracks
in the specimens. This type of phenomenon was not observed in the case of specimens with
sand-to-solid ratios of 2:1, 3:1, or 4:1. In the case of the initially used ratio (Fig. 4.3a)
unexpected results were obtained, in the sense that reduced values of the coefficient of
permeability were obtained for specimens with a higher cement content. It is worth mentioning
that specimens with a higher cement content did not crack.
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5 ESTABLISHING THE PARAMETERS FOR MIXTURES WITH OPTIMAL
STANDARDIZED SAND-SOLIDS RATIO

5.1 Objectives of the laboratory study

Considering the restricted study area determined in the first part of the laboratory study and the
sand-to-solid ratio of 2:1 determined in the second part of the study, in the final stage, four
similar samples were manufactured and tested for each type of mixture. The objectives of this
final stage are as follows:
e determination of the monitored parameters from the beginning of the laboratory study;
e establishing the degree of confidence in the results obtained both in this final stage and
in the previous stages;
e determining the optimal proportions of materials to ensure satisfactory mechanical and
hydraulic behaviours.

5.2 Manufacturing of the samples and testing methods

In order to accurately evaluate and compare the characteristics of the mixtures from all research
stages, both for sample preparation and for determining physico-mechanical parameters, the
same base materials were used, and the work procedures were not modified. Thus, for each of
the eleven mixtures, 5 results were used for statistical processing of the parameters.

Due to the already established balance between the proportions of the component materials,
after removing the cast the samples, no defects such as cracks or segregations were observed.
Additionally, no samples exhibiting a friable behaviour, which could be caused by the
homogeneity of the final mixtures, were obtained.

5.3 Test results

The values represented on the graphs showing the variation of physico-mechanical parameters
over the study domain (Fig. 5.1, Fig. 5.2) were obtained by averaging the results from
laboratory tests. The coefficient of variation was calculated for each set of 4 samples, defined
as the ratio of the standard deviation to the mean of the obtained values.

The results regarding compressive strength are presented in Fig. 5.1 highlighting the influence
of using a larger amount of cement in the mixtures, with the maximum values of compressive
strength obtained in samples dominated by this component. The average values of the
parameter vary from 138 to 1164 kPa, also emphasizing the significant difference between
using a cement part from 20 to 40% in the mix. These results confirm both the predictions made
the beginning of the work and the results obtained in the previous two laboratory studies.
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Fig. 5.1: Variation of compressive strength on the study domain

The average values of the coefficient of permeability vary between 7.46E-07 to 8.06E-08.
Higher values of the coefficient of permeability were obtained for samples with higher amounts
of bentonite or water, while samples with higher cement content exhibited better hydraulic
behaviour. These results can be attributed to physical phenomena during the preparation of the
samples, such as: cracking of the specimens due to excessive water content or, conversely,
insufficient water content to ensure proper hydration of the bentonite.
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Fig. 5.2: Distributia coeficientului de permeabilitate pe domeniul de studiu restrans
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5.4 Discussion on the results

In order to highlight the distribution of results and their confidence level, each parameter
determined in the laboratory studies was plotted against a representative mass ratio of the
water-cement-bentonite mixtures. The ratios used are: water-cement, bentonite-cement, and
water-bentonite.

The colours of the markers used on the graphs remained constant for all representations in this
subsection in an attempt to simplify visualization and tracking of the final results. For this
purpose, the following colour scheme was used:
e Green for results obtained from the third laboratory study;
e Blue for samples from the second study that correspond to those from the last one;
e Red for samples from the second study that do not correspond to those from the last
one.

Furthermore, considering the sufficient number of samples made in the third part of the study,
for these samples (marked in green), the ranges of variation of the parameters were also
represented.

5.4.1 Compressive strength

In the graphs presented in Fig. 5.3, Fig. 5.4 and Fig. 5.5 it is observed that for certain mixtures,
especially those with high compressive strength, the results between the second and third parts
of the study become similar. This indicates that samples whose behaviour is governed by the
amount of cement have a more stable character, and the dispersion of results is reduced.

On the other hand, samples with higher bentonite content show a greater dispersion, which may
indicate the negative influence of bentonite on the process of achieving the material class and
the induction of effects that cannot be controlled or quantified. The latter aspect is supported
by the large differences in compressive strength obtained on similar mixtures, illustrated by the
red and green markers. Compared to some samples from the second part of the study, values
up to 5 times higher were obtained.
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Fig. 5.5: Compressive strength plotted against water-bentonite ratio
5.4.2 Permeability coefficient

According to the graphs presented in Fig. 5.6, Fig. 5.7 and Fig. 5.8, the values of the
permeability coefficient fall within the same order of magnitude, 10-7m/s, regardless of the
mass percentages used in making the samples. The results obtained in the laboratory studies
confirm that the method of preparing and testing the samples was correct, despite the fact that
certain results differed for similar samples with the same water-cement and bentonite-cement
ratio. In almost all cases presented in the graphs, the values from the second part of the study
fall within the range of variation of the samples from the last part of the study.

Furthermore, the representations show that using a larger amount of water leads to higher
permeability of the resulting material, while for more stable samples with a higher amount of
cement, a higher degree of impermeability was obtained. Despite these differences, the values
fall within the same order of magnitude.
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Fig. 5.6: Permeability coefficient plotted against water-cement ratio
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Fig. 5.8: Permeability coefficient plotted against water-bentonite ratio
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5.4.3 Viscosity

The viscosity of the material in its fresh state was determined to establish the workability of
the material immediately after mixing and to assess its suitability for use. The results of the
laboratory studies compared to the characteristic component ratios are presented in Fig. 5.9,

Fig. 5.10 and Fig. 5.11.

Regarding this parameter, for a large part of the mixtures, the results were consistent from one
study to another. However, there were also several types of mixtures for which the results from
the second part of the study did not fall within the variation range determined in the last part.
This finding can be attributed to both errors in the preparation or testing of the samples and the
thixotropic nature of the material, which is stimulated by its mixing just before the test.
Additionally, these results that do not correspond to the variation range highlight the necessity

of understanding the material and testing it repeatedly before its use in practice.
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Fig. 5.11: Viscosity plotted against water-bentonite ratio

6 CONCLUSIONS AND ORIGINAL CONTRIBUTIONS

The PhD thesis addresses the topic of sealing material mixtures, presenting and documenting
aspects related to their composition, behaviour, and execution technology from the early stages
of knowledge and application.

The research presented in this work is based on a thorough study of specialized technical and
scientific literature, which has revealed the current state of knowledge. Information related to
the materials used (both their nature and methods of use), laboratory preparation and testing
methods of the mixtures obtained, as well as the execution technologies of these types of
structures, were extracted from the documentary research.

Regarding personal contributions, in the three phases of the study, 140 specimens of water-
bentonite-cement mixtures were fabricated and tested. For the study of their properties, in
addition to the well-defined methods for determining compressive strength and permeability
coefficient in testing standards, laboratory equipment providing repeatable results (viscometer)
was used to study the viscosity of the material in its fresh state.

Based on the ternary nature of the mixtures, the barycentric representation was proposed to
represent the three basic components (water, bentonite, cement). This representation was
maintained in various forms throughout the work and was used to represent the analysed
properties. Where necessary, in cases of wide variation domains, logarithmic representation of
parameters was also used. The statistical distribution of parameters and the confidence level of
the results were highlighted using the same representation.

In the paper, based on laboratory tests, the variation domains of the mass percentages for each
main component of the water-bentonite-cement mixture were narrowed down. From the first
stage, an approximate limit of 17.5% for the amount of bentonite used was defined to provide
the mixture with sufficient hydraulic and mechanical behaviour.

Throughout the research, it was demonstrated that samples with a higher content of bentonite
do not necessarily ensure better hydraulic behaviour. This fact was attributed to the interference
between the hydration processes of bentonite and cement. Calcium bentonite, requiring more
water to hydrate, can affect the hydration of cement, thus reducing compressive strength and
prolonging setting time. Especially in the first part of the laboratory research, when a wider
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range of variation was used for the composition of mixtures, segregation, cracking, or
contraction phenomena were observed. These aspects highlighted the effects of insufficient or
excessive amounts of water and the interference between the hydration phenomena of cement
and bentonite.

Additionally, as a result of compressive strength tests, two types of yield mechanisms were
observed, attributed according to the dominant component in the mixture. For samples
governed by the amount of bentonite, a mechanism similar to that of soils was noticed,
characterized by a yield plane inclined at approximately 45°, while for samples with a higher
cement content, a yield similar to that of weak concretes (brittle yield by compression) was
observed.

Another conclusion obtained from the tests was the establishment of the standardized sand-to-
solid ratio at a value of 2:1. This value was considered sufficient not to influence the physico-
mechanical parameters of the material and not to affect the structural integrity of the specimens
through contraindicated phenomena such as segregation or cracking. In the three stages of
research, the variation domain of the components was strongly limited, making it possible to
define barycentric diagrams to assist in the design of mixtures according to the desired
characteristics.
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Fig. 6.1: Barycentric computation model

It is important to use mixtures judiciously, considering that the addition of bentonite does not
always improve the desired physico-mechanical properties. The way materials are used, as well
as the mixing and composition procedures, have physical limits beyond which significant
improvements are unlikely.

This thesis focused exclusively on unaltered mixtures, but an important research direction
would be the contribution of additives (plasticizers, accelerators or retarders, etc.) to the
material properties. Although not necessarily recommended, the behaviour of mixtures with
other types of cement and bentonite should be studied, especially for temporary structures
where rapid behaviour is desired without the need for a long-life span for secondary chemical
reactions to occur (isomorphic substitutions, electrophoresis, etc.). This study should focus
particularly on rheological research.

6. Conclusions and original contributions Pag. 32 din 36



Summary of the PhD Thesis — Aspects regarding the design of cut-off walls Cristian-Stefan BARBU
BIBLIOGRAPHY

[1] A. L. Ressi di Cervia, "History of Slurry Wall Construction,” in Slurry Walls: Design,
Construction and Quality Control, Fredricksburg, American Society for Testing and
Materials, 1992, pp. 3-16.

[2] D. Alos-Shepherd, E. Kotan and F. Dehn, "Plastic Concrete for Cut-Off Walls - State-of-
the-Art Report,” Karlsruhe Institute of Technology, Karlsruhe, 2018.

[3] S. M. Opdyke and J. C. Evans, "Slag-Cement-Bentonite Slurry Walls,” Journal of
Geotechnical and Environmental Engineering, pp. 673-681, 2005.

[4] A. Bagheri, M. Alibabaie and M. Babaie, "Reduction in the Permeability of Plastic
Concrete for Cut-off Walls through Utilization of Silica Fume," Construction and
Building Materials, vol. I, no. 22, pp. 1247-1252, 2008.

[5] A. Bouazza, M. Manassero and N. Smith, "Cement-Bentonite Slurry Walls for Waste
Containment,” in 8th Australia New Zealand Conference on Geomechanics, Hobart,
1999.

[6] Comitee Europeen de Normalisation, EN 1538:2015-10 - Ausfuhrung von Arbeiten im
Spezialtiefbau - Schlitzwande (German Version), 2015.

[7] U.S. Bureau of Reclamation, "Cutoff Walls," in Design Standards No. 13: Embankment
Dam, U.S. Department of the Interior, 2014, pp. 16-47.

[8] D. Ruffing and J. Evans, "In Situ Evaluation of a Shallow Soil Bentonite Slurry Trench
Cutoff Wall," in 6th International Congress on Environmental Geotechnics, New Delhi,
2010.

[9] International Comssion on Large Dams, "Filling material for watertight cutoff walls,"
1985.

[10] U.S. Bureau of Reclamation, Design Standards No.13: Embankment Dam, Chapter 16:
Cutoff walls, U.S. Department of the Interior, 2014.

[11] C. R.Ryan and S. R. Day, "Soil-Bentonite Slurry Wall Specifications," in Conference on
Soil Mechanics & Geotechnical Engineering, Cambridge, 2003.

[12] C. Ryan and C. Spaulding, "Strength and Permeability of a Deep Soil Bentonite Slurry
Wall," in GeoCongress 2008, New Orleans, 2008.

[13] Geo-Solutions, "www.geo-solutions.com,” 2017. [Online]. Available: https://www.geo-
solutions.com/services/slurry-walls/soil-bentonite/. [Accessed 21 11 2021].

[14] D. D'Appolonia, "Soil Bentonite Slurry Trench Cutoffs,” Journal of the Goetechnical
Engineering Division, vol. 1, no. 614, 1980.

[15] R. McCandless and A. Bodocsi, "Investigation of Slurry Cutoff Wall Design and
Construction Methods for Containing Hazardous Wastes,” U.S. Environmental
Protection Agency, Ohio, 1987.

[16] J. Evans, "State-of-stress in Soil-Bentonite Slurry Trench Cutoff Walls," Geotechnical
Special Publication, vol. 46, pp. 1173-1193, 1995.

[17]J. Evans, H. Fang and I. Kugelman, "Containment of hazardous materials with soil-
bentonite slurry walls,” in Proceedings of 6th National Conference on Management of
Uncontrolled Hazardous Waste Sites, Washington, 1985.

[18] J. Evans, D. Ruffing and M. Malusis, "Prediction of Earth Pressures in Soil-Bentonite
Cutoff Walls," in GeoFlorida 2010: Advances in Analysis, Modeling & Design, 2010.

[19] G. Filz, "Consolidation stresses in soil-bentonite back-filled trenches,” in Proceedings of
Second International Congress of Environmental Geotehnics, Osaka, 1996.

BibliograPHY Pag. 33 din 36



Summary of the PhD Thesis — Aspects regarding the design of cut-off walls Cristian-Stefan BARBU

[20] D. Baxter, G. Filz, D. Bentler and R. Davidson, "Ground deformations adjacent to a soil-
bentonite cutoff wall,”" in Proceedings of GeoEngineering for Underground Facilities,
1999.

[21] G. W. Clough and J. M. Duncan, "Earth Pressures,” in Foundation Engineering
Handbook, 1991, pp. 223-235.

[22] J. Evans and D. Ruffing, "Design and Construction of an Experimental Soil-Bentonite
Cutoff Wall," in Geofrontiers, Orlando, 2017.

[23] J. Evans and D. Ruffing, "Stresses in Soil-Bentonite Slurry Trench Cutoff Wall," in ASCE
Geolnstitute Conference, Philadelphia, 2019.

[24] M. A. Malusis, J. Evans, R. Jacob and D. Ruffing, "Construction and Monitoring of an
Instrumented Soil-Bentonite Cutoff Wall: Field Research Case Study,” in Central
Pennsylvania Geotechnical Conference, Hershey, 2017.

[25] European Commitee for Standardization, EN 1538+A1, ASRO, 2015.

[26] D. A. Shepherd, E. Kotan and F. Dehn, "Plastic concrete for cut-off walls: A review,"
Construction and building materials, vol. 255, 2020.

[27] Asociatia de Standardizare din Romania, "SR EN 197-1: Ciment - Partea 1: Compozitie,
specificatii si criterii de conformitate ale cimenturilor uzuale," Asociatia de Standardizare
din Romania, 2011.

[28] N. Adam M, Properties of concrete, Harlow, 2011.

[29] B. Donald A, Specialty Construction Techniques for Dam and Levee Remediation, CRC
Press, 2012.

[30] European Federation of Foundation Contractors and Deep Foundations Institute, "Guide
to Tremie Concrete for Deep Foundations,” 2018.

[31] Osterreichises Normunginstitut, "ONORM B 4452 - Erd - und Grundbau - Dichtwande
in Untergrund,” 1998.

[32] S. D. Hinchberger, J. Weck and T. Newson, "Mechanical and hydraulic characterization
of plastic concrete for seepage cut-off walls,” Canadian Geotechnical Journal, vol. 47,
no. 4, pp. 461-471, 2010.

[33] Y. P. Pisheh and S. M. M. M. Hosseini, "Experimental Investigation of Mechanical
Behavior of Plastic Concrete in Cutoff Walls," Journal of Materials in Civil Engineering,
2018.

[34] P. Zhang, "Mechanical Properties of Plastic Concrete Containing Bentonite,” Research
Journal of Applied Sciences, Engineering and Technology, vol. 5, no. 4, pp. 1317-1322,
2013.

[35] D. D. Eisenhour and R. K. Brown, "Bentonite and its Impact on Modern Life," Elements,
vol. V, no. 2, pp. 83-88, 2009.

[36] M. H. Gleason, D. E. Daniel and G. R. Eykholt, "Calcium and Sodium Bentonite for
Hydraulic Containment Applications,” Journal of Geotechnical and Geoenvironmental
Engineering, vol. 123, no. 5, pp. 438-445, 1997.

[37] G. R. Alther, "The Role of Bentonite in Soil Sealing Applications," Bulletin of the
Association of Engineering Geologists, vol. XIX, no. 4, pp. 401-409, 1982.

[38] A. E. Reschke and M. D. Haug, "The Physico-Chemical Properties of Bentonites and the
Performance of Sand-Bentonite Mixtures," 1991.

[39] F. Dolder, U. Mader, A. Jenni and N. Schwendener, "Experimental characterization of
cement-bentonite interaction using core infiltration techniques and 4D computed
tomography,” Physics and Chemistry of the Earth, Parts A/B/C, Vols. 707-71, pp. 104-
113, 2014.

BibliograPHY Pag. 34 din 36



Summary of the PhD Thesis — Aspects regarding the design of cut-off walls Cristian-Stefan BARBU

[40] T. Sugiyama and Y. Tsuji, "Use of a Migration Technique to Study Alteration of
Compacted Sand-Bentonite Mixture in Contact with Concrete," Physics and Chemistry
of the Earth Parts A/B/C, vol. 32, no. 2, pp. 276-284, 2008.

[41] M. A. Fadaie, M. Nekooei and P. Javadi, "Effect of Dry and Saturated Bentonite on
Plastic Concrete," KSCE Journal of Civil Engineering, vol. 23, no. 8, pp. 3431-3442,
20109.

[42] Ministerul Dezvoltarii, Lucrarilor Publice si Locuintelor, NE012-1:2007 - Cod de
practica pentru executarea lucrarilor din beton armat si precomprimat - Producerea
betonului, Bucuresti: Ministerul Dezvoltarii, Lucrarilor Publice si Locuintelor, 2007.

[43] A. Mahboubi and A. Ajorloo, "Experimental study of the mechanical behavior of plastic
concrete in triaxial compression,” Cement and Concrete Research, vol. 35, no. 1, pp. 412-
419, 2005.

[44] S. Kazemian, S. Ghareh and L. Torkanloo, "Investigation of Plastic Concrete Bentonite
Changes on Its Physical Properties,” Procedia Engineering, vol. 145, no. 1, pp. 1081-
1087, 2016.

[45] HeidelbergCement Romania S.A, Minighid de proiectare a compozitiilor de beton uzual
cu cimenturi Carpatcement CEM I, CEM II/A-S si CEM II/A-LL, Bucuresti, 2017.

[46] Comitetul European de Standardizare, SR EN 12390-8 - incercare pe beton intirit. Partea
8: Adancimea de patrundere a apei sub presiune, Bucuresti: Asociatia de Standardizare
din Romania, 20009.

[47] A. Pashazadeh, N. Ganjian and M. Khosravi, "Estimating An Appropiate Plastic
Concrete Mixing Design for Cutoff Walls to Control Leakage Under the Earthen Dam,"
2009.

[48] J. Evans, M. Ororbia, J. Gutelius, D. Ruffing, L. Barlow and M. Malusis, "Soil-bentonite
slurry trench cutoff wall lateral deformations, consolidation, stress transfer and hydraulic
conductivity,” in Coupled Phenomena in Environmental Geotechnics (CPEG2), Leeds,
2017.

[49] F. Mathieu, J.-F. Mosser, N. Utter and S. Darson-Balleur, "Deep Soil Mixing with
Geomix Method: Influence of Dispersion in UCS Values on Design Calculations,” in
Proceedings of the Fourth International Conference on Grouting and Deep Mixing, New
Orleans, 2012.

[50] Bachy Soletanche, "bacsol.co.uk,” Bachy Soletanche, 2017. [Online]. Available:
https://www.bacsol.co.uk/solution/cut-off-walls/. [Accessed 20 July 2020].

[51] Menard Canada, "menardcanada.ca,” Soletanche Bachy, 2017. [Online]. Available:
https://menardcanada.ca/ground-improvement-solutions/trenchmix/. [Accessed 20 July
2020].

[52] Bega Minerale S.A, "www.begaminerale.ro,” 2021. [Online]. Available:
https://begaminerale.ro/wp-content/uploads/2021/02/FT-3-Bentonita-macinata-activata-
pentru-foraje.pdf. [Accessed 12 2021].

[53] European Comittee of Standardization, "EN 196-1:2016: Method of testing cement - Part
1: Determination of Strength,” European Commitee of Standardization, 2016.

[54] European Comittee of Standardization, "Geotechnical Investigation and testing -
Laboratory testing of soil. Part 11: Permeability tests,” European Comittee of
Standardization, 2014.

[55] Asociatia de Standardizare din Roménia, "STAS 8942/6-75: Teren de fundare -
Incercarea pamanturilor la compresiune monoaxiala," Asociatia de Standardizare din
Romania, 1976.

BibliograPHY Pag. 35 din 36



Summary of the PhD Thesis — Aspects regarding the design of cut-off walls Cristian-Stefan BARBU

[56] E. K. Zavadkas and Z. Turskis, "A new logarithmic normalization method in games
theory," Informatica, vol. 19, no. 2, pp. 303-314, 2008.

[57] P. F. Banfill, "Rheology of Fresh Cement and Concrete,” Materials Science, vol.
DOI:10.4324/9780203473290, pp. 61-130, 1991.

[58] C. Ryan and S. Day, "Soil-Cement-Bentonite Slurry Walls," in Deep Foundations, 2002,
pp. 713-727.

[59] C. R. Ryan and S. R. Day, "www.geo-solutions.com,” 01 03 2017. [Online]. Available:
https://www.geo-solutions.com/wp-
content/uploads/2017/03/14_Soil_Bentonite_Slurry_Wall_Specifications.pdf.
[Accessed 21 02 2021].

[60] Institutul National de Cercetare-Dezvoltare in Constructii si Economia Constructiilor,
"Cod de practicd pentru executarea lucrdrilor din beton, beton armat si beton
precomprimat, Partea | - Producerea betonului, NE012-1:2007," Ministerul Dezvoltarii,
Lucrarilor Publice si Locuintelor, 2007.

BibliograPHY Pag. 36 din 36



