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1 INTRODUCTION

Most of the information presented within this research report was published at the conference
.22nd International Scientific Multdisciplinary Conference on Earth and Planetary Sciences
SGEM 20227, The article 1s entitled _ Water/CementBentonite Mixtures Property Testing 1n
the Presence of Standard Sand™

1.1 Studi anterioare

In the previous research report — “Laboratory study on the ratio between the plastic concrete
components there was conducted a testing program of water-cement-bentonite mixtures which
was purposed to analvse the relation between water-cement-bentonite and to establizh optimal
mixtures from the mass percentages pownt of view and also, from the material performance
standpoint. Also, during previous studies it was proposed a different approach regarding the
representation of the obtained results (compressive strength. permeability coefficient and
viscosity), these being presented on the surface of a ternary diagram on which the components
of the mixtures are expressed as mass percentages.

Sample Map
o

Waker 9]

Fig. 1.1: Possible mixtures presented on the surface of the ternary diagram

Starting from the study of the speciality literature. 1in order to analyse the relation between
water, cement and bentonite, there were manufactured 32 muxtures which were designed to
cover as vast as possible the entire surface of the ternary diagram. The values of the mass ratios
from previous papers which were documented for this paper are presented 1 Tab. 1.
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In the early stages of the laboratory study, it was observed that_ after removing the cast, because
of the lack of aggrepate, the samples developed cracks. For this reason; for the manufactuning
of the samples 1t was used standard sand, according to EN 196-1 — Methods of testing cement.
Part 1: Determination of strength. The ratio used was 1:1 with respect to the solid mass of the
muxture {mass of cement and bentonite).

Tab. 1: Ratio between components extracted from previous contributions

Water-cement | Water-bentonite Bentonite-cement
Paper reference : . :
ratio rafio ratio
Research report no. 2 1.25353.65 2.00=10.40 D.175+1325
Shepherd et al, 2020 [1] 3.30=10.00 - 010024
Fadaie et al. 2019 [2] 1.60-2 00 8.00=20.00 0=0.40
Pisheh eral. 2018 [3] 1.80 6.30=10.20 0.14-0.29
= e
DS Bepe “f[i‘:]““‘""n 20131 100-278 6.67-13.90 0.10+0.22
: = .
Hm‘:hb“gglﬂ - 2010 1.70-2.35 12.50+18.20 0.20~0.30
Bagheri et al, 2008 [12] 1 80260 13.00 0.14=0.23

Considering that an excesstve quantity of one of the components has a negative influence on
the obtained material the mass percentages were limited in the case of each component such
that feasible mixtures could be obtained. In this way, 1t was established a subdomain of the
temary diagram on which the parameters determined dunng the laboratory testing could be
represented (Fig: 1.2)

Full Range Ternary [iagram Studied Dériain Disigean

! T T
i ] g &
Wiater "]

Fig. 1.2: Restriction of the study domain
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The proposed testing program was composed of laboratory tests for the determination of the
following parameters:

*  Viscosity;

*  permeahlity coefficient;

* compressive strength

The sample manufactuning process was done in laboratorv conditions and mmplied the
realization of a dry mixture (cement, bentonite and sand), adding the necessary water quantity
and then, the mixture of all components until a homogeneous paste was obtained, without local
accumulation of material.

For the obtained samples 1t was necessary a 28-day period in order to assure the fact that the
material reached its strength and the hvdration and cementation bonds were established. After
this period the testing began.

The conclusions of the study were influenced by factors such as: the large spread of the domain
study (32 mixtures), the tests being done on one sample and also the time span necessary for
testing. Despate these factors, it could be concluded that:

1. There 1s the possibility to define an area of optimal mixtures on the proposed temary
diagram, considering also the fact that the mixtures were done with materials already
studied and tested;

The excesstve use of one of the components leads to unwanted phenomena such as

cracking or segregation. Also_ it was demonstrated that the predominant use of one

component 15 visible for sensitive percentage varations. A good example 15 the use of
bentonite which, after a certain threshold. does not contribute to the water retention
capacity, but has a negative influence on permeability and on compressive strength;

3. It s necessary the extension of the study. In order to have a sufficient reliability degres
on the testing program results, it 15 necessary to manufacture at least 3+3 samples of
each muxture;

4 Tt is necessary to establish a sufficient quantity of standard sand which should prevent
cracking and, also, to not influence the water-retamming and strength capacity of the
mixtures.

[

Introdoction Pag 6din 27



Besearch Report aio. 3: Laboratory study on the inflnence of standard Eng. Cnztian-Stefan BARBU
sand added to the water-cement-bentonite mixture

Mot recammended

i 3
“‘::G'\ %  due to the sfterstion <,
S~ - afmechanteet propetites. M0 @
& induced by the figh comert 2
&  ofbeomonre )
5 2

o
X

‘Recommended

o

%-.

f [ e

a3 i3 &

Water [%]

Fig. 1.3: Boundanies of recommended water-bentonite-cement mixtures based on the test
results

1.2 Objectives

Starting from the information gathered duning the previous laboratory studies conducted for
this research. it was determined a surface on the ternary diagram on which there are represented
the muxtures with a satisfactory mechanical and hydraulical behaviour. In the first part of the
study, the research based on a ratio between the standard sand and solid {(mass of bentonite and
sand) part of 1:1.

In the third research report, the proposed objective 15 to determine the sufficient quantity of
standard sand to be used in mixtures which prevents the consequences of contraction and
hydration of the binder and also, 1t 1s sufficient to not mtervens on the mechamcal and
hvdraulical properties of the obtammed matertal In order to determine the influence of the
standard sand_ during this stage of the research were used 4 ratios of standard sand to solids,
starting from 0.5:1 10 4:1_

By using the ratio of 0.5:1_ the sand quantitv used in the first part of the study was halved. in
this way covering the inferior limit of sand quantity that could be used for mixture preparation.
Considering that in the precedent study the ratio used was of 1:1 and that on the surface of
some samples some cracking was noticed. 1t was supposed from the beginning that this ratio
will not be sufficient for reaching the proposed goals. On the other side_ the ratio of 4:1 involves
a large gquantity of standard sand which will have a considerable impact on the physical
parameters of the material
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Therefore, on the optimal surface of the ternary diagram there were selected eleven water-
cemeni-bentonite mixtures. For the chosen mixtures thers were prepared 4 samples, the latter
being differentiated by the ratio of standard sand to solids ratio: 0.5:1, 2-1, 3:1 a1 4:1 (Fig. 1.4).
Asadar, pe suprafata optunid a diagrame: ternare au fost alese unsprezece amestecur: apd-
ciment-bentonita realizate si in prima partea a studwlul. Pentru amestecurile alese au fost
confectionate 4 probe, acestea fiind difertte prin raportul nisip standardizat-parte solida utihizat:
05:1.2:1, 3:1 a1 4:1 (Fig. 1.4).

=

Water [%)]

Fig 1.4: Representation on the ternary diagram of the moctures used in Research report no. 3

2 MIXTURES OBTAINING PROCEDURE
2.1 AMlaterials
2.1.1  Srandard sand

For sample preparation there was used standard sand as it 1s defined 1n EN 196-1 — Methods of
testing cement. This matenial 15 a natural. stlicious sand made of round particles, having a

mmimum 98% silicium content. The grain size distribution of this material 1s presented m Tab.
%

Pentru confectionarea probelor a fost utilizat misip standardizat asa cum este defimt de
standardul EN 196-1 — Metode de incercari ale cimentunilor. Determinarea rezistentelor
mecamice. Acest matenial este un misip natural, silicios, alcatuit din particule rotunde, cu un

continut de sthem de mumm 98%. Distributia granulometrica a acestul material este prezentata
in Tab. 2.

Tab. 2: Grain size distnbution of standard sand [7]

Sgquare mesh size (mm) 2.00 ] 1.60
Cummulative sieve residue (%) | O TE5

.50 | 0.16 | 0.08
+5 | 875 | 99+1

Mixtures obtaining procedure Pag 8din 27
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According to the standard, the sand used in the mixture was dned at 105-110°C. mamntaining
a motsture content of maximum 0.2%.

Arzils Fr=f St Nuip ) Ssnd Premmy  Gravel
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Fig. 2.1: Grain size distribution of standard sand

If in the first part of the study a ratio between the standard sand and solids of 1:1 was emploved,
i1 order to reach the proposad goals for this testing stage there were proposed four other values
for the ratto: 0.3:1. 2:1, 3:1, 4:1. By using these sand quantities, 1t was studied the mixtures
behaviour under different agoregate masses and the evolution of the physical and mechamcal
parameters.

By using standard sand, 1t was proposed the determination of itz influence on the strength and
permeability of the sample, even though it does not intervene om the mternal hydration
mechanisms. having a neglhigible activity 1n relation to water and to the other elements.

2.1.2 Cement and bentonire

The hydraulic binder used for manufacturing the samples 1s Portland cement with high initial
strength (20MPa). and with ultimate compressive strength of 42 3MPa (CEM 1A 42 .3R).

The use of sodium bentonite was emploved. which regularly is used for preparing the drilling
fluids. The calcium bentonite has the capacity to improve the viscosity of the drilling fluid
and has hydro insulating properties. According to the technical sheet offered by the
manufacturer, 1ts characteristics are presented in Tab. 3.
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Tab. 3: Characteristics of the bentonite used for sample manufacturing [§]

Characteristics Admissibility conditions
Color White-gray
Maximum grain size sieve D0 16mm —max. 15%
_ _ sieve ©0.063mm —max. 25%
Performance mun. 8mc/to
Moisture content max. 10%
 Free sand max. 10%

ph 9-10

The use of commeon, studied materials was emploved for the laboratory testing stage of the
study such that results could be significant, with the possibility of applyving them 1n current
execution situations.

2.1.2 Mix design

In the reference papers there were stated three methods of mix design for water-cement-
bentonite mixtures, presented in Fig. 2.2,

Method A involves preparing the bentonite slurry 24 hours before in order to allow the
hvdration of the material, later introducing the cement and the aggregates [1] [3] [6] [9].
Method C treats this 1ssue similarly, allowing a pre-hvdration stage of maximum 8 hours for
the bentonite slurrv. These procedures allows working simultaneously for obtaining the dry
mixtures made of cement and aggregates, afterwards allowing adding the latter to the hydrated

paste.

L Method 4 || Method B | | Method € |
Raw materials j Raw matenals Water | Bentonite
Water Bentonite "Femememmnﬂe[Grave]l Sand Bentonite slurry
v 24 pre-fydnstion v ¢ 3-Shpeiyémtion
Cement Water | FASC concrEte:
* + No pre-hvdmtion 'T‘
Water-cement bentowitemxtre | | Plastic concrete | Dry mixture
Sand Gravel Cement | Gravel l Sand

h
| Plastic concrete |
Fig. 2 2:- Mixing methods for obtaiming plastic concrete [1]

Method B proposes a simplified approach for mix design, wvolving creating mnitially the dry
muix, then adding the prescribed water quantity. Also, in reference papers 1t 1s mentioned that
because of different methods and different hvdration time, the results could differ function of
the mix design solution regarding the mechanical and hydraulical properties of the matenals.
This fact 1s attributed to the various hydration methods of the bentonite, which, m its turn
influences the hydration of the cement. [1]
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Contradictorily,_ 1n another study where samples were tested with and without pre-hvdration of
bentonite, the performances of the plastic concrete are not influenced by the staging of the
material obtaining process. Furthermore, 1t has been obszerved that after a sufficiently long
period, the differences between the properties of samples obtained with or without pre-
hydration become insignificant, thus rendering the obtatming procedure of the mixture
nsigmficant. [2]

Considering the applicability in real execution situations, methods A and C presented 1n Fig.
2.2 pose greater difficulty due to the time required for bentomite hvdration as well as due to the
impediment represented by the space required to maintain the bentonitic slurry under optimal
conditions. Therefore, the decision was made to use method B for preparing the mixture.

Int the first phase of sample fabrication, the materials used in the mixture were indirvidually
weighed. Subsequently, cement, bentonite, and standardized sand were mixed until uniformity,
forming the dry mixture. Water was gradually iniroduced into the mixture to prevent the
formation of local clusters of dry material Once the entire quantity of water was added, the
mixture was kneaded until a homogeneous material was obtained. Proper kneading of the
material is crucial for sample fabrication as it prevents the formation of local clusters of
unthvdrated material. which in turn can lead to segregation or undesired mechamical and
hvdraulic behaviours.

The matenal thus obtained was poured into cylindrical plastic moulds with a diameter of 30mm
and a height of 100mm, msulated at the bottom to prevent spilling. The shape and dimensions
of the moulds were chosen to facilitate testing the matenial in the triaxial compression
apparatus. Before pouring the material into the moulds, a thin film of o1l was applied to the
inner surface to facilitate removing the cast. (Fig. 2.3 and Fig. 2 4).

Fiz. 2.3: The aspect of a group of samples with the same water-cement-bentonite ratio after
removing the cast

Mixtures obtaining procedure Pag: 11 din 27
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Figz. 2 4: The aspect of a group of samples with the same water-cement-bentonite ratio after
removing the cast

On fresh specimens, immediately after casting, viscosity testing was performed to determine
the viscosity, while the tests conducted in the triaxial compression apparatus began at a
mumimum of 28 davs after casting.

Arccording to predictions based on the results of the first laboratory study_ on the surface of
specimens with a higher water content, combined with a sand-to-solid ratio of 0.3:1, the
appearance of shnnkage cracks was observed (Fig. 2.3). Despite the fact that a larger quantity
of water ensures better workability of the material_ these phenomena affect other properties.

Fig. 2.5: Samples affected by cracking

Mixtures obtaining procedure Pag: 12 din 27
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3  TESTING METHODS

The laboratory program involved testing forty-four samples of water-bentonite-cement
muxture, which were subjected to viscosity testing in the fresh state and. afier a minimum of
28 davs, to compression strength and penmeability testing in the triaxial compression apparatus.

Starting from eleven recipes from the optimal mixture zone determined in a previous study, an
additional 4 samples were developed for the same recipes. The difference lies in the
introduction of a different quantity of standardized sand to meet the condition tmposed by the
sand-to-solid mass ratio of 0.5:1. 2:1_3:1, and 4:1.

After removing the cast of the samples, before being introduced into the triaxial compression
apparatus, their outer faces were finished. The purpose of finishing 1s to remove excess material
that could cause eccentricities during compression testing.

31 Viscosity testing

Immediately after pouring the mixture into the cvlindrical moulds, viscosity determination was
performed. The equipment used consists of a rotational viscometer, the Haake Viscotester 7
Plus (Fig. 3.1). The apparatus allows for the mounting of various rotational spindles with
different geometries. chosen based on the consistency of the tested matenial By measunng the
resistance onthe spindles, the viscosity of the mixture 15 determined. Considering that the paste
iz subjected to testing as a quasi-Newtoman fluid, the dynamic viscosity of the material 13
derived from the slope of 17" curve.

Fig. 3.1: Viscosity testing of the matenial 1n fresh state
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Eng. Cnztian-Stefan BARBU

During the test, several rotational speeds of the viscometer spindle were used, ranging from 0.1
rpm to 100 rpm (Fig_ 3.2). The viscosity value was chosen based on the confidence level of the
measurement indicated by the apparatus. The use of the lower speed values was preferred due
to the susceptibility of some samples to matenal settling immediately after pouring into the

cylindrical moulds

Fig. 3.2: Sample before and after testing

12 Permeability coefficient

The permeability coefficient of the samples was determined mn the tnaxial compression
apparatus using the constant head permeameter method. The coefficient of permeability 1s the
ratio between the water velocity v and the hydraulic gradient under which the flow occurs,

namely:
v Ah Q x1
k =—, = ‘_'_,k =
] A X Ah
where,

v= water velocity;

1= hdyraulic gradient;

Q= water discharge;

A= sample sectional area. [10]

(1)

Testing methods
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The working procedure for conducting the test consisted of the following operations:

o finishing the top and bottom parts of the sample to obtain a smooth surface without
eccentricities:
weighing the sample and measunng 1ts diameter and height;
placing porous stonez at the ends of the sample and inserting 1t mto the elastic
membrane;
saturation of the water circulation lines 1n the tnaxial compression apparatus;
installing the specimen on the base of the tnaxial compression apparatus.
1solating the membrane at both ends of the sample using rubber o-rings;
Installing and secunng the cell, filling 1t with water;

The permeability test using the constant head permeameter method 1s carried out by applving
a water flow through the sample 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 sample,
from bottom to top. at a constant pressure of 280 kPa The volume of water introduced was
continuously measured durning the test. The volume of water evacuated was recorded using a
digital volume controller.

33 Compressive strength testing

The monoaxial compression strength of the tested matenal 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 sample. The monoaxial compression strength was
determuned following the gmdelines of STAS 8942/6-72: Foundation soil - Umiaxial

compression test of soils and EN 17892-7:2018 - Unconfined compression test.

According to 5TAS 8942/6-76, the umiaxial compression test involves the continuous
application of axial loading to the specimen in order to obtain:

* p.monoaxial compressive strength;

e g, axial strain [11][12]

The monoaxial compressive strength can be determined in two wavs:
o with constant axial strain rate and measuring the resulting stress;
» with applied stresses and measuring the resulting axial deformations [11] [12].

In the laboratory study, the monoaxial compression test was conducted with a constant axial
displacement rate of Imm/min and the maximum strain was limited t0 Emz=x=20%. During
testing, the deviator stress acting on the specimen was recorded during the test.
The calculation relation for axial compression strength 13 established in STAS E942/6-76:

Pe =2X0y (2)
where, cu— undrained cohesion. measured in N/mm?_ [11] [12]
After completing the tests, the samples were removed from the elastic membrane and weighed

to measure their final mass. Subsequently, they were placed 1n an oven for 24 hours to
determine the dry mass. With this data, the simple mndices of the matenial could be determined.
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In Fig. 3.3 and Fig. 3 4 samples belonging to the same grouping but with different sand-to-
solid ratios are presented. A transition in the wvielding mechanism of the matenial can be
observed. In the case of these types of specimens, whose behaviour 15 not govemned by the
cement in the mixture, starting from specimens with a sand-to-solid ratio of 0.3:1 up to
specimens with a ratio of 3:1, a vielding mechamism similar to that of soils (with a slip plane
at 45%) 15 obzerved. For the spectmen with a ratio of 4:1, yvielding by compression, typical of
weak concrete, was observed

Ratio 0.5:1

Fig. 3 3- Group of samples after testing
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Ratio 3:1
Fiz. 3 4- Group of samples after testing

In Fig. 3.5, mixtures with a sand-to-solid ratio of 0.3:1 are presented. governed by the quantity
of cement used. For these specimens, 1t can be observed that even for a reduced amount of
aggregate, the yvielding mechanism 1s influenced in this case by the amount of hydraulic binder,
with the yielding mechanism being specific to weak concrete, regardless of the amount of sand
introduced mnto the mixmre.

Ratio 0.53:1

Ratio 0.5:1

Fig. 3.5: Samples contaiming larger quantities of concrete after testing

Testing methods Pag: 17 din 27



Besearch Report aio. 3: Laboratory study on the inflnence of standard Eng. Cnztian-Stefan BARBU
sand added to the water-cement-bentonite mixture

4 LABORATORY TESTING RESULTS

In Fig. 4.1=Fig 4.3, variations of the parameters detenmined in the testing program
{permeability coefficient, compressive strength, and viscosity) are presented for each sand-to-
solid ratio used, namely 0.3:1, 2:1, 3:1, and 4:1. Specificallv. in the representations from Fig.
4 1b+=Fig 4.1d, the influence of a larger quantity of bentonite on the mixture 13 highlighted,
showing better hydraulic behaviour of the matenial regardless of the amount of standardized
sand used. Regarding the results obtained for the specimens using a sand-to-solid ratio of 0_3:1
(Fig. 4.1a). thev can be considered inconclusive. The small amount of sand used in
manufacturing these specimens 15 the cause of shrninkage phenomena, which in tum have
generated cracks in the specimens_ thus affecting the results of the laboratory tests. Considering
these aspects, 1t can be concluded that the sand-to-solid ratio of 0.3:1 18 mnsuffictent to ensure
both the integrity of the mixture and satisfactory hydraulic behaviouwr. Taking into account the
stability provided by the mixture and the fact that a larger quantity of standardized sand does
not influence the water retention capacity, 1t can be affirmed that the sand-to-solid ratio of 2:1
13 sufficient to achieve the purpose of fabricating the matenial.

o § - %
: G il
Vit %]
a.  Sand:solids 0.5:1
: o g
T 7
. | - §
5 2
k- o 4 L
Water [%]
c. Sand:solids 3:1 d. Sand:solids 4:1

Fig 4 1: Vanation of permeability coefficient on the study domain considering different sand
to solids ratios
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In Fig 4.2 the vanation of compressive strength across the study domain 1s presented. As
determuned 1n the previous study. compressive strength 15 a characteristic domnated by the
quantity of cement used 1 the mixture, with samples governed by this factor obtaining the
maximum values of the parameter. The use of a larger quantity of cement generates higher
compressive strengths.

It 1= also noteworthy that the sand-to-solid ratio does not interfere with the value or distribution
of compressive strength. The similarity of the results 1s emphasized in the graphs from Fig.
4 2a=Fig 4 2d Thus, regarding the mfluence of the guantity of standardized sand on
compressive strength, 1t can be stated that there 15 no lower limit for the sand-to-solid ratio.
However. in terms of the integrity and stability of the mixture, the ratio of 2:1 between sand
and the solid part used in the mixture 15 considerad sufficient.
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Fig. 4 2- Variation of compresstve strength on the study domain considenng different sand to
solids ratios
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The viscosity of the matenial in its fresh state was measured using a rotational viscometer. From
the slope of t-v', the dvnamic viscosity of the mixture 1s obtained, under the condition that 1t 1s
considerad quasi-Newtonian The variation of viscosity is sigmificant, ranging between 0.68 to
401.87 Pa*s. For this reason, in order to achieve a balanced color varnation, a normalized
loganthmic scale described by equation was used. (3) [13]:

In (n, ;e In ()
s b (m T, r],-})

norm(y;) = . (ﬂ.& . (i{&]_)
e |n{l'£?:;m)) . In (1E=:mo)

3

For plotting the graphs, Python 3 9.9 was used along with the libraries: numpy, matplothib,
mpltern, and ternary.

Fig. 4 3presents the vanation of viscosity over the study domain. Viscosity 15 a charactenstic
that helps describe the workability of the material in its fresh state. In the first part of the
laboratory study, 1t was demonstrated that this property 1s controlled by the amount of bentonite
and the amount of water mtroduced into the mixture. However, bentonite has the potential to
negatively affect properties such as compressive strength, and even permeability when used
EXCEsS.

Tt can be observed in Fig. 4 3a+d that for the same sand-to-solids ratio, a larger quantity of
water reduces the viscosity, while larger quantities of water and bentonite help create a more
viscous paste. In the case of using a larger quantity of standardized sand, an increase in extreme
viscostty values was also noted: from 31 to 154 Pa®s for mmmmum values, and from 448 to
1304 Pa*s for maximum values. Considering the variation of extreme wvalues, 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 analvsed parameters_as
well as observations during sample manufacturing, a sand-to-solids ratio of at least 2:1 provides
the matenal with sufficient workability to be used 1n practice.
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Fiz. 4 3- Varnation of viscosity on the study domain considering different sand to solids ratios

The reliability degree in the results obtained within the testing program was determined by
calculating the coefficient of variation. The representation of the results 15 given in the graphs
in Fig. 4.4 and Fig_ 4.5. The coefficient of vanation was determined as the ratio between the
standard deviation and the mean values of the results obtained from tests for each standardized
sand-to-solids ratio used. Thus, a low coefficient of varation indicates clustering of results
around the mean value for the analysed parameter. A high coefficient of variation indicates the
dispersion of results over a wider range of values.

Int the case of compressive strength_ it can be observed that for samples pnimarily governad by
the quantity of cement, the coefficient of vaniation 1s significantly lower compared to samples
dominated by water or bentonite. The fact that samples with higher water or bentonite content
yviclded a higher coefficient of variation indicates a greater spread of results under the influence
of using a different quantity of standardized sand.
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Regarding the permeability coefficient, for samples with higher bentonite content, a smaller
variation in results was determiuned regardless of the guantity of standardized sand introduced
iito the mixture, with the oppostte being true for samples with a higher cement content. Taking
into account also the results presented 1n Fig. 4.1, the coefficient of vanation of permeabality
1s mfluoenced by the values obtained on samples with a sand-to-solids ratio of 0.3:1. These
values have an atypical spread over the studied domain due to contraction phenomena that led
to cracks in the sample body. This type of phenomenon was not observed in the case of samples
with sand-to-solids ratios of 2:1, 3:1, or 4:1. In the case of the initially used ratio (Fiz. 4. 1a),
unexpected results were obtained. in the sense that reduced wvalues of the permeability
coefficient were obtained for samples with a higher cement content. It 1s worth mentioning that
the mixture samples with a higher cement content did not crack.
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0.15

s & 0§ & & &
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Fig. 4 4: The vanation coefficient for compressive strength
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Fiz. 4.5: The vanation coefficient for permeability coefficient
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Tab. 4: Laboratory testing results

~ Water | Bent. | Cem | Sand: b . . ¥ k ta 18
M o] | [ee] | [%6] |sokids | ™0 | ¢ | W€ | (kNim3] | [mis] | [mis] | [Pats)

;...
=
L
P
ot
=
LA

325 | 050 | 286 154|054 1184 | 394E-07 192 | 448213

2 30 Y75 [32.% | 200 | 286 | 154 | D54 1590 3 TO0E-67 | 2328 | 460021
13 50 175|325 | 300 | 286 154|054 1818 1ME-07 | 1626 | 744.G622
14 | s0 | 175|325 | 300 |28 | 154|054 | 1057 | 1.74E-07 | 169.8 | 840.005
21 35 173 [ 275 | 030 |-3.14 |'2.00 | 64 10.48 536E-07 | 1050 | 253.008

2z 55 i3 22795 | 200 |34 | 244 | D64 1309 3.06E-07 | 1446 | 540016
23 35 175 | 295 | 300 | 314 | 200 | 064 16:71 3.55E-07 | 1074 | 214808

24 | 55 | 175 | 275 | 400 |3.14[200|064 | 1818 |1.68E-07 | 102 | 1308.04 |
31 6235 175 20 050 [ 337|315 | 088 233 3.03E-07 246 192 006
32 | 625 | 175 | 20 | 200 |357)313|088| 1209 |S510E-07| 615 | 200406
33 62.5 17:5 20 300 | 357|513 | 088 1480 T20E-07 | 990 134404
34 | 625 175 20 400 | 357]313 | 0:88 | 1408 |BO6E-OF7 | 711 | 154803 |
41 55 125 | 325 | G50 | 440 ) 1659 | 038 10.63 S 82E-07 | 1593 130
42 | 55 | 125|325 | 200 [440|160)|038| 1477 |333E07 | 1212 | 31921 |
43 55 125 (3253 | 3.00 | 440 1.69 | D38 17.63 2.IBE-OT7 | 125.7 310

44| 55 | 125 325 | 400 1440169038 | 1878 |296E-07 | 160 | 31501 |
51 &0 125 [ 275 | 050 | 4B0 | 218 | 045 868 873EG7 | D80 50,7015
32 60 Y25 (7% | 200 480|218 | 045 14 5% I23E-6T | 1317 | 114.003

53 | 60 | 125 | 275 | 3.00 | 480|218 |045| 1656 |3.90E-07| 813 | 270.008
54| s0 | 125 [ 275 | 400 [480[218|045| 1774 |408E-07| 807 | 250208
61 | 65 | 125 |225| 0350 [520|289|056| 820 |418E-07| 849 | 357011
2| 85 | 125 | 225 2.00 |520|289|056| 1326 |S51TE07| 576 | 22.8007
63 | 65 | 125 |225| 300 [520)280 |036| 1538 |634E-07 | 525 | 73.9224

SR i

i SR S iy~ Aot Sl —

64 | 65 | 125 | 225| 400 [520|289 | 056 | 1665 |395E-07| 513 | 254408
71| s0 | 10 | 40 | os0 |soo|125|025| 1221 | 121E-06 | 10239 | 211206
72| so | 10 | 40 | 200 |So0|125|025| 1641 |209E-07 | 1025.7 | 280.308 |
3| s0 | 10 | 40 | 3.00 [500[125]025| 1725 |286E-07 | 1003 | 219.607 |
74| 50 | 10 | 40 | 400 |S00|125|025| 1907 |436E-08 | 10242 | 258.008
81 60 | 10 | 30 | 030 | 660 200|033] 958 |3590E-07 | 214 | 474014
2| 60 | 10 | 30 | 200 [600|200|033| 1533 |230E-07| 2757 | 140404
83| 60 | 10 | 30 | 300 |600)|200|033| 1732 |343E-07 | 200.7 | 213.606 |
84 | &0 10 | 30 | 400 |600|200|033| 1368 |330E-07 | 1983 | 228007
91| 70 | 10 | 20 | 050 [7.00|350[050) 1915 |680E-07 | 57 | 33.201
92 | 70 | 10 | 20 | 200 [700|350|050| 1403 |698E-07 | 504 | 356011
83 | 70 | 10 | 20 | 300 | 7.00]350 030] 1474 |G6E89E-07| 414 |
o4 | 70 | 10 | 20 | 400 |700|350|050| 1686 |664E07| 687 | 163.605
101|525 | 75 | 40 | 050 |700|131|019| 1206 |7.12E.67 10215 | 31441
102 | 525 | 75 | 40 | 200 |700)131|019| 1620 |3.50E-07| 8781 | 172805

103 | 525 A 40 300 | T.60)131)6.19 17.58 [ 233E-07 | 10236 | 288.000
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Nr. “'n_ter Bent. | Cem | Sand: wib | wie | wic I k €a B
[%8] [%8] | [*®] | seolids [EN/m3] [m/s] [ms] [Pa*®s]
14| o523 73 | 40 400 | 700|131 | 0.19 | 1867 | 129E-07 | 10221 | 174.005 |
Ar) 55 | 73 | 375 ) 050 | 733147020 1124 | 395E-07 | 9752 | 60.4018 |
112 | 33 75 |375 | 200 [733147|020| 1607 |321E07 | 964.1 |169.205 |
11.3 35 7.5 | 375 | 300 | 733|147 l 0.20 | 1734 |234E-07 | 9933 | 420.613 |
114 | 33 I3 |[375 | 400 [735 )| 147 | 0.20 1837 | 303E-0Q7 | 9978 | 322381

5 CONCLUSIONS

The objective of this laboratory study was to determine the sufficient quantity of standardized
sand used in the preparation of water-cement-bentomite mixtures that would not influence the
water retention properties and mechanical characteristics of the resulting matenal
Additionally, the goal was to avoid the occurrence of contraction cracks that would result from
an msuffictent amount of aggregate. For this purpose, 44 samples were fabricated and subjected
to specific tests in the geotechnical laboratory.

The samples were prepared based on the results obtammed 1n a study that was part of Research
Report No. 2. Starting from the optimal zone determined earlier, 11 types of water-bentonite-
cement mixtures were selected, with different standardized sand-to-solids ratios: 0.5:1. 2:1.
3:1. and 4:1. After completing the laboratory study, certain conclusions could be drawn.

As presented m Fig. 4.1, the hydraulic behaviour of the mixtures s improved by using a larger
quantity of bentonite. Using a standardized sand-to-solids ratio greater than 1:1 15
recommended as 1t prevents the occurrence of cracks in the sample Additionally, using a ratio
greater than 2:1 1s unjustified as standardized sand does not influence the water retention
capacity, and 1t does not interfere with the hydration process of the binder 1n the mix.

Analysing the coefficient of vanation of permeability (see Fig 4.3), 1t 1s noted that regardless
of the guantity of sand introduced into the mix, bentonite provides comsistency regarding
permeability, resulting in the lowest values of this parameter. For samples primarily influenced
by the quantity of cement, there is inconsistency in the results; however, these still have lower
values.

The results regarding the compressive strength of the mixtures, presented in Fig 4.2, confirm
that the standardized sand does not influence the mechanical characteristics of the mixture. The
graphs show that this property is governed by the quantity of cement in the mix, with a higher
amount of cement resulting m higher compressive strengths. Additionally, analysing the
compressive strength values for each sand-to-solids ratio reveals that the aggregate does not
influence the magnitude of this parameter.

The spread of the coefficient of variation of compressive strength indicates that, regardless of
the quantity of sand used, samples with a higher amount of cement vielded consistent values
of this parameter, while on the opposite end, for samples with a higher amount of bentonite or
water, the variation of this parameter was significantly higher.
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Analysing the graphs presented in Fig. 4 3. 1t can be concluded that using a larger quantity of
standardized sand generates higher viscosity values, thereby reducing the workability of the
mixture. Another factor contributing to the improvement of this parameter 1s the quantity of
bentonite and water, while cement does not contribute 1n this regard. Considenng the viscosity
variation values on the four graphs. 1t can be concluded that viscosity values for the sand-to-
solids ratio of 2:1 provide sufficient workability of the mixture for proper implementation.

Therefore, considering the results obtained in the present laboratory study and the undesirable
effects induced by an insufficient quantity of sand_ 1t can be concludad that a standardized sand-
to-solids ratio of 2:1 1s sufficient to enhance the muxtures towards their superior characteristics,
while not influencing their mechanical and hydraulic behaviour and maintaiming the integnity
of the samples after removing the cast. Additionallv, considenng factors such as the duration
for the matenal to cure, the lengthy testing time, and the large number of samples requiring
testing, starting from the 2:1 ratio. four samples will be fabricated for each type of mixture
{from the eleven in the optimal zone). ensuning a higher level of reliability on the results
through a statistical processing approach.
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