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Abstract: The purpose of this review was to present clay–cement suspensions that are mainly used
in the construction and renovation of hydrotechnical facilities and flood protection. We present the
characteristics of clay–cement slurries that are used in waterproofing barriers. One of their significant
components are clays of different types and origins. Examples of kaolin-type and smectite-type clays,
which are associated minerals, as balanced components of suspensions are presented. As mentioned,
before the hydration process, barriers are suspended, and the main test methods are rheometric
measurements. Their rheological parameters, extremely important from the point of view of injection
mechanics, are shown. The higher the flow limit and faster the reconstruction of thixotropic structures,
the higher the energy input of the injection processes. After the hydration process, it is important
to form agglomerates and seal the barrier; therefore, we present a summary of the strength results,
filtration coefficients and microscopic images of the resulting structures. Additional properties of
such barriers in terms of limiting contaminant migration are indicated. One of the aspects affecting
the use of liquid slurries is their application methods; thus, a summary of low-energy slurry injection
methods is also presented.

Keywords: cement; clay; flowability; hydroinsulation barriers

1. Introduction

The construction and maintenance of hydraulic structures, mine workings and parts
of buildings require the use of barriers that limit the flow of ground and underground
water. The sealing slurries used in hydrotechnics are viscoplastic systems that are prepared
by introducing structuring (crosslinking) additives into clay suspensions. Cements and
a variety of chemical compounds are usually used as reactionary structuring additives.
Various fillers and modifiers are also introduced into slurries. Clay–cement grouts are
characterized by the fact that they behave as plastic bodies throughout the setting range
and do not form a crystalline structure, which is characteristic of, for example, concrete.
As a result, when bonding with the rock, conducting excavation shaft work or other
environmental phenomena, they do not disturb its structure. In addition, due to the time-
controlled formation of an internal structure with special rheological characteristics, sealing
slurries do not wash out of fractures, and the finely dispersed clay fractions contained in
them ensure their high tightness [1–4]. The most effective are clay slurries with a density of
1.2–1.23 g/cm3, containing cement at 8–10% wt or 90–120 kg/m3. Various substances and
chemical reactants, such as water glass and polyacrylates, as well as pozzolanic compounds
(metallurgical slags, ashes, etc.) can be used as rheology-modifying additives [5–9]. In
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particular, under groundwater conditions, water glass in the amount of 0.8–1.0% is usually
introduced as a structuring additive.

The technology for the preparation of sealing slurries includes three stages: the
preparation of a suitable clay slurry and the preparation of a cement slurry on its basis,
and the introduction of crosslinking additives [10–12]. Such a mixture is introduced
into the soil or other places requiring technical and construction intervention—mainly
hydraulic structures. Using clay–cement binders, programmable sealing systems can be
produced in the foundation of water, drainage and hydraulic engineering facilities, as
well as in the body and base of embankments that are used for flood control, agricultural
reservoirs, dikes and fishponds. These are so-called continuous antifiltration barriers in
flood control embankments. They are designed to seal existing engineering structures by
introducing a tight wall into their construction to restrict the flow of water through the
embankment [3,13,14].

Such barriers are made using various methods, usually by inserting a sealing material
through an opening made in the crown of the embankment in such a way that the resulting
screen running along the embankment reaches from top to bottom. Such a solution seals
the embankment in case the water level rises on the flood side while allowing water to flow
under the structure. Excellent sealing properties predispose clay–cement binders also for
purposes unrelated to hydraulic engineering but directly related to cutting off the flow of
groundwater, such as antifiltration elements protecting construction excavations from water
inflow and serving to insulate landfills with vertical sheet piling (such an element achieves
a filtration coefficient < 10−8 m/s). A special example of the use of clay–cement slurries is
their treatment as an immobilizer of hazardous substances. In the case of waterproofing
barriers made with soils contaminated with petroleum substances and metals, there is a
reasonable risk of these substances leaking into the surrounding soils and groundwater,
especially if the barrier is unsealed due to the fact of drying [15–18].

The purpose of this review was to demonstrate the applicability of clay–cement slurries
as a material for the manufacture of waterproofing membranes. Since in the rheological
and utilitarian aspects to date there is no sufficient description of the processes of formation
of the internal structure and liquefaction of waterproofing slurries (as opposed to typical
cement slurries), this paper tried to meet this requirement in quite some detail.

In particular, answers to the following questions are of interest:

1. How do the different types of clay affect the rheological properties of the grout? Does
fluidity have a direct bearing on the deep injection energy of the composite?

2. Can local and waste raw materials, especially those produced by open-pit mining
technology, be used to produce sealing clay–cement slurries?

3. How can the rheological properties, especially the thixotropic properties of clay
slurries with cementitious crosslinking components, be regulated?

4. Can clay–cement slurries significantly reduce the migration of contaminants?

2. Properties of Clays

The most widely used group of sealing materials are bentonite–cement mixtures. This
material is most often a mixture of bentonite, cement, water and fillers—most often fly ash
and ground blast furnace slag, sometimes other binding additives, such as lime meal, are
also used. The composition of the material is variable, and it is designed to reach a filtration
rate of 1·10−8 m/s and a compressive strength of 0.3 MPa after 28 days of maturation.
Since the composition of bentonite–cement slurries varies over a wide range, the resulting
filtration rate and strength results also vary widely. The proportions of the individual
components are 3–7% bentonite, 2–32% cement and 18–43% fillers. Such mixtures obtain
filtration coefficient values in the range of 1·10−9 to 3·10−8 m/s and uniaxial compressive
strengths at the level of 0.5–3.5 MPa [19–22]. Slag–alkaline systems are also used as sealing
and reinforcing slurries. This binder produced from ground blast-furnace slag has the
ability to set and harden, especially in aqueous environments, and its hydration products
are hydrated calcium silicates and aluminosilicates with high durability. It is characterized
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by high sulfate resistance and good strength parameters. Previous studies have shown that
sealing slurries based on a slag–alkali binder have compressive strengths of 10–38 MPa
and very good resistance to sulfate corrosion (shrinkage within 0.1–0.3) [23–26]. The basic
component of clay–cement slurries is clays, which give specific properties to viscoplastic
bodies. Since there is a whole range of clays with different degrees of crystallization, their
properties are variable. This is particularly important because in technological practice,
clays found in the area of the hydrotechnical work performed are usually used. For this
reason, the necessary information on the characteristics of the clay minerals are important.
It is generally known that clays do not dissolve in water, and when they are stirred, they
change to a colloidal state. Clay grains in suspension have a size from 2 to 100 µm. Due
to the packet structure, three groups of clay minerals are distinguished. Minerals with a
packet structure (octahedral layer to tetrahedral layer) of 1:1, 1:2 and mixed are shown in
Figure 1.
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Figure 1. Classification of clay minerals [27–29].

Representatives of these groups are kaolinites, smectites and chlorites. Not all clay
minerals have equal hydration and dispersion properties in aqueous environments [27–29].
Kaolinite and kaolinite-like minerals have a high degree of dispersibility and can achieve
good plasticity in aqueous environments. However, kaolinite lacks ion-exchange and
hydration properties [30]. Chlorites in some range can be characterized by the above
properties. In contrast, the minerals of the smectite group are characterized by all of the
above properties. The features of clay rocks depend not only on the size of the clay parti-
cles and their quantitative composition but also on their crystallographic structure. The
different crystallographic structures of clay minerals affect their different behavior in water
in the presence of cations, in particular the rheological properties [31–33]. The spontaneous
dispersion of clay particles is most common in smectites. Weak bonding between packets of
this mineral occurs between exchangeable cations. This bond depends mainly on the type
of exchangeable cation and does not interfere with the water penetration and their swelling,
as well as the formation of complex packets. The spontaneous swelling and disintegration
of the agglomerates into fine particles of minerals, which are included in sealing slurries,
cause the structure formulated in this way to strongly restrict groundwater flow. However,
sealing slurries based on clay with strong exchangeable properties are not long lasting.
Their properties change depending on the moisture content of the system [34]. The clays
included in clay–cement grouts are inert with respect to the various types of aggressive
groundwater. The most resistant structures in clay–cement slurries are obtained on the
basis of polymineral clays of the kaolinitic and chloritic types. Thanks to the specific char-
acteristics of these minerals, a suitable environment is created for crosslinking processes in
the slurries. When using clays for the preparation of sealing slurries, it is important to know
the granulometric, mineralogical and chemical compositions. The chemical composition
of clays determines their ability to form a homogeneous and dispersed suspension under
the action of water. The mineralogical composition can determine the nature of clays:
calcareous—with a small percent of limestone and calcium carbonate; sandy—with a high
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quartz content (80–90%). For sealing slurries, clay is recommended to contain the following
amounts of oxides: 63–69% SiO2; 19–29% (Al2O3 + Fe2O3); 1.6–2.6% MgO; and 0.28–3.29%
CaO [2]. The granulometric composition determines the suitability of the clay for sealing
slurries in terms of the rheological properties. The content of the sand and colloidal fraction
determines such important characteristics of the clay slurry as the static lateral deformation,
viscosity and stability. The literature shows that a sand fraction with a content of more
than 10% by weight negatively affects the process of internal structure formation. Large
and heavy sand particles, having a certain surface electric charge due to the fact of their
structure, can entrain charged clay particles behind them and sediment. It is generally
recommended that the clay fraction, with a particle size of 0.01–0.05 mm or smaller, should
be approximately 89%, and the sand content should not exceed 3–5% [35,36].

3. Cement Selection

Cement is one of the most important components of the sealing slurry, which deter-
mines its final mechanical strength. The selection of cement is made individually according
to the specific conditions of use of the sealing slurry and, in particular, according to the
chemical composition of the medium and groundwater. In the case of fresh or low min-
eralized groundwater, containing no more than 250–1000 mg/l of SO4

−2 ions, ordinary
Portland cement CEM I 32.5 or CEM I 42.5 can be used. At higher contents of these ions (up
to 2500–3500 mg/l), a sulfate-resistant cement, such as aluminous cement, is recommended.
In addition, in cases where natural brines contain magnesium salts that cause the corrosion
of Portland cements, burnt magnesite (Sorel cement or magnesia cement) is used. Studies
have shown that pozzolanic compounds can also provide beneficial results. The stages
of the hydration process are well represented by the calorimetric curve, on which they
become apparent in the form of changes in the rate of heat release. A diagram showing
the changes in the rate of heat release is shown in Figure 2. This curve shows that there
are five stages in the process of cement hydration. The first (I) stage, called preinduction
and characterized by a high rate of heat release, is short—it lasts a few minutes. This is
followed by a deceleration of the heat release in the second (II)stage, called induction. In
the next(III) stage, the rate of heat release increases again, associated with an increase in
the reaction rate. The fourth (IV) stage is characterized by a decrease in the rate of heat
release, associated with a decrease in the rate of hydration. The last (V) stage, called the low
reaction rate stage, continues until the end of the hydration process, which is considered to
be the 28th day [37,38]. Recent studies show that the effect of cement dispersion on matrix
permeability is important, especially if the particles are smaller than 5 µm. The complete
dispersion of fine particles improves packing and reduces the volume of voids between
particles [39,40]. The introduction of nanoparticle growth precursors (e.g., Fe(OH)3) leads
to a significant reduction in the permeability [41,42].
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The fastest reacting phase is tricalcium aluminate 3CaO · Al2O3 (C3A), which forms
ettringite in the presence of gypsum, followed by reacting alite (C3S) and ferrites and the
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slowest reacting belite (C2S). The hydration processes of the various phases involve changes
in the composition of the liquid phase and the formation of gel-like reaction products on
the surface of the cement grains. This, in turn, affects the course of the reactions of the other
phases [37,38,43].

Microscopic observations showed that already in the preinduction period, envelopes
of gel-like hydration products arise around the cement grains. After an hour, Aft-phase
rods appear. In the post-induction period of the reaction acceleration, a fibrous C-S-H phase
and a CH phase are formed. This is followed by the growth of the C-S-H phase, which
results in the fusion of the envelopes of adjacent grains. This is the so-called cohesion point,
coinciding with the maximum on the microcalorimetric curve. After approximately 5 h, a
free space begins to appear between the envelopes and the cement grains, which increases
during the period when the reaction rate decreases. At the end of this period, the C-S-H
phase begins to crystallize from the solution between the shells and the grains, filling the
free space. However, this process is slow, so there is a further expansion of the free space
around the grains. Depending on the size of the grains, there is either complete overgrowth
before the space is filled with the C-S-H phase (small grains 15 to 20 µm) and water-filled
voids are then formed, or the C-S-H phase fills the free space around the grain completely
and the further reaction proceeds as a topochemical process [44,45].

4. Properties of Additives

Another important factor is the type of slurry medium. Water, which accounts for
approximately 65% of the weight of the sealing slurry, should not have harmful impurities
that interfere with the peptization of the clay particles and the hydration of cement. Swamp
and industrial wastewater contaminated with acids, salts and oils; having a pH < 4; and
containing sulfates (above 0.27% in terms of SO4

−2 ions) cannot be used. Work on the
composition of sealing slurries based on clay slurries with cement additives have shown
that the rheological and structural–mechanical properties of grouts are mostly determined
by structure-shaping additives. As structure-shaping additives, water glass, soda ash,
trisodium orthophosphate, hydrolyzed polyacrylonitrile, and other organic and inorganic
substances selected taking into account the aggressiveness of the groundwater and the
properties of the main components (i.e., clay and cement) can be used. The introduction of
additives that shape the structure of the gel promotes an increase in the plastic strength at
the initial stage of the grout preparation and increases the final strength [2,46].

5. Flowability of Clay–Cement Binders

Sealing clay–cement suspensions belong to a group of rheologically unstable fluids,
as they exhibit a unique and irreversible change in their properties as a function of time
and shear rate due to the occurrence of chemical reactions [46]. An analysis of the internal
structure of clay–cement suspensions is not the same as an analysis of the structure formed
in cement slurries that do not contain clay minerals. It takes into account the reversible
phenomenon of gelation due to the coagulation of the water–clay suspension and the
phenomenon of the irreversible reaction of the cement hydration. The mechanisms of
formation of reversible and irreversible structure overlap and affect the shape of the flow
curves, as well as the viscosity hysteresis loops. An assessment of the internal structural
characteristics of clay–cement grouts should also take into account the phenomenon of
irreversible cement hydration and the action of crosslinking agents. The mechanisms of the
formation of the reversible structure (related to the presence of clay) and the irreversible
structure (related to chemical reactions) overlap. There is a lack of any information in
literature in this regard. The process of structure formation in the sealing leavens is
characterized by three stages associated with the various operations of preparation and
pumping into the water-bearing region (Figure 3).
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Dashed lines tangent to the course of viscosity changes. The intersection points of
these tangents mark the stages of structure formation. The red lines are the projection of
the intersection points on the X axis.

Stage I–Determines the time T1, which is characterized by a slight increase in the
slurry structure during the fluidization and stabilization of the clay suspension. During
this period, the correct amount of stiffness of the structure should determine the pumping
condition of the slurry, and time T1 corresponds to the period from the preparation and
transportation of the slurry to the completion of pouring.

Stage II–represents the time T2, in which there is a rapid increase in the stiffness of the
structure.

Stage III–the actual magnitude of the structure’s strength reaches the range, and the
material acquires waterproofing properties.

The process of the coagulation–crystalline crosslinking of the clay–cement grout in
the second stage and the highest desired strength in the third stage determines the range
of variation in the clay and cement content and the selection of appropriate liquefiers.
The internal structure of sealing slurries is a three-dimensional network with measurable
mechanical strength (i.e., stiffness). In the case of clay slurries, the occurrence of this
phenomenon is attributed to the free orientation of the dispersed grains and the formation
of very weak hydrogen bonds between them. The structure formed resembles that of a gel,
which can be destroyed by small movements. The rate of the structure’s decay depends on
the number of bonds that are destroyed, while the rate of structure reconstruction increases
as the number of bonds formed increases. At a certain point, a state of dynamic equilibrium
is reached in which the rate of structure reconstruction is equal to the rate of bond decay.
Figures 4 and 5 show the changes in the flow boundaries as a function of the cement
addition for kaolinite- and smectite-type clay-based binders [49,50].

Clay–cement slurries are a special case of a system in which the reversible processes
associated with the thixotropic behavior of clay minerals are overlaid with the irreversible
physical and chemical processes that accompany the cement hydration process. These
processes, which consist of changes in the composition of the solution and the formation of
solid reaction products, have a significant impact on the rheology of clay–cement slurries.
The process of cement hydration is a complex reaction during which there is an overlap of
influences, reacting with water to form Portland clinker. The process is a multistage one,
and the individual clinker phases maintain their own specific reaction rates [51–55]. Figure 6
shows the changes in the viscosity versus the shear rate for a smectite clay-based slurry.
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The measurements show a significant increase in the shear stress and apparent vis-
cosity of the slurries as the amount of cement increased. In all cases, the characteristic
inflection of the flow curves and the maxima of the values in the shear rate range from 5
to 15 s−1 can be seen. The successive increase in the cement share shifted the inflections
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towards lower shear rate values. For a cement share of 3%, the maximum of the shear
stress occurred at a shear rate of approximately 12.5 s−1, while for an addition of 20%, it
localized at a shear rate of approximately 8 s−1. At higher shear rates (i.e., >15 s−1), the
shear stresses stabilized (i.e., pseudoplastic flow). The maximum shear stress at the shear
rate condition (>0) was measured on specimens that remained at rest for 10 min after the
internal structure was completely destroyed. The tests were performed on a smectite clay
base (Figure 7).
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Studies have shown that the internal structure in resting slurries is formed very
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6. Properties of Hardened Slurry
6.1. Filtration Properties

The filtration coefficient was proposed by French researcher H. Darcy, who was the
first to address the phenomenon of filtration. Based on experiments on sand samples, he
found that the volumetric filtration flow rate (Q) is proportional to the hydraulic gradient
(∆h/l), the cross-section (F) through which filtration occurs and the filtration coefficient
(k). Based on these observations, he formulated a basic law of filtration, called Darcy’s law,
on which the dynamics of groundwater in porous environments is based when the flow is
laminar [56–58].

Given the above assumptions, the filtration coefficient can be expressed by the formula:

k =
Ql

∆hF
(1)

The filtration coefficient, which has a rate dimension, depends on both the properties of
the filter medium and the physical properties of the filter fluid, such as density, temperature
and viscosity. Based on the value of the filtration coefficient and the permeability, the
filtration capacity of the sealing slurry can be divided, determining its suitability. The
division of rock media according to their permeability is shown in Table 1 [59,60].
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Table 1. Classification of rocks according to filtration properties.

Permeability Filtration
Coefficient (m/s) Rock Examples

Very good >10−3
rubble, gravel, coarse-grained and even-grained
sands, massive rocks with a very dense network
of small gaps

Good 10−3–10−4

coarse-grained sands, slightly loamy sands,
mixed-grained and medium-grained sands,
poorly bonded coarse-grained sandstones,
massive rocks with a dense network of gaps

Average 10−4–10−5 fine-grained sands, evenly-grained sands, loess

Low 10−5–10−6 dusty and clay sands, silt, sandstones, massive
rocks with a rare network of fine cracks

Semi-permeable 10−6–10−8 clays, silt, siltstones, sandy clays

Impermeable <10−8 clays, clay shale, hard clay, clay marls, unbroken
massive rocks

The measurements of the filterability showed a very clear effect of changes in the
mineral composition of the tested binders on their filtration coefficient (Figure 8). Changes
in the amount of the individual components translated into clear differences in the filtration
properties. Changes in the proportion of the cement in the range of 3 to 20% changed the
filtration coefficient of the binders by four orders of magnitude. For the binders containing
3% cement, the filtration coefficient was 1.47 ± 0.8·10−7, while at 20% content, it was
4.4 ± 1·10−11 m/s.
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Figure 8. Effect of changing the amount of cement on the value of the filtration coefficient of binders.

6.2. Binder Strength

A clear successive increase in the mechanical compressive strength was found with
increasing the amount of cement in the binder. The values changed in the range from 55 kPa
to 1.3 MPa, with a cement content of 3 to 20%. The most pronounced changes occurred
with the samples corresponding to a cement percentage of 3% and 6%. In this case, an
increase in the cement share in the binder by 3% exerted an almost six-fold increase in the
mechanical strength. The changes in the mechanical strength of the samples as a function
of the cement content are shown in Figure 9.
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Figure 9. Effect of changes in the amount of cement on the mechanical strength of binder.

The aging time of the sealing binders successively increased the plastic strength. The
kinetics and extent of these changes over time varied, depending on the proportion of and
type of individual components. It has been shown that cement significantly increases the
plastic strength (80 times), especially in the first three days of maturation if the amount of
cement is greater than 15% (Figure 10). With smaller amounts of cement, the increase in
the plastic strength (10 times) was smoother and more uniform over the entire range of the
maturation studied. The dashed line illustrates the increase in plastic strength.
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6.3. Structure of Slurries on a Microscale

The microstructures of the low-vacuum suspensions during the initial stages of setting
are shown in Figures 11 and 12 [50]. For all sealing suspensions, the SEM microphotographs
confirm the tendency of the suspensions to form agglomerates at the initial stage of hydra-
tion, i.e., within an hour of mixing. These agglomerates, visible in the photographs, were
easily broken up when conducting the rheological measurements, with the kaolin-based
slurry showing the least tendency to agglomerate than the slurries with smectite clay added.
Such information is important in terms of assessing the ability of the slurry to inject into
and fill voids and cracks in the soil so as to effectively fill, strengthen or seal them.



Energies 2023, 16, 230 11 of 22

Energies 2023, 16, x FOR PEER REVIEW 11 of 23 
 

 

 
Figure 10. Changes in the plastic strength of specimens with different cement contents with an in-
creasing aging period. 

6.3. Structure of Slurries on a Microscale 
The microstructures of the low-vacuum suspensions during the initial stages of set-

ting are shown in Figures 11 and 12 [50]. For all sealing suspensions, the SEM micropho-
tographs confirm the tendency of the suspensions to form agglomerates at the initial stage 
of hydration, i.e., within an hour of mixing. These agglomerates, visible in the photo-
graphs, were easily broken up when conducting the rheological measurements, with the 
kaolin-based slurry showing the least tendency to agglomerate than the slurries with 
smectite clay added. Such information is important in terms of assessing the ability of the 
slurry to inject into and fill voids and cracks in the soil so as to effectively fill, strengthen 
or seal them. 

 
Figure 11. SEM microphotographs of clay–cement slurry prepared on a smectite clay base with 10% 
cement addition [46]. 

Figure 11. SEM microphotographs of clay–cement slurry prepared on a smectite clay base with 10%
cement addition [46].

Energies 2023, 16, x FOR PEER REVIEW 12 of 23 
 

 

 
Figure 12. SEM microphotographs of clay–cement slurry prepared on a kaolinite clay base with 10% 
cement addition [46]. 

6.4. Reducing Migration of Pollutants 
Ground contamination can be divided into two groups; one includes inorganic con-

taminants, mainly heavy or amphoteric metals, and the other group consists of organic 
contaminants, mostly in the form of petroleum substances. One method of limiting their 
migration is the solidification method which seals the substance into a monolithic solid 
with high structural integrity. In carrying out this process, a chemical interaction between 
the solidifying reagents and impurities is not always necessary. Mechanically, the result-
ing waste is bound into a monolith, thus obtaining a more stable form. The purpose of this 
treatment is to reduce the mobility of the ground contamination and prevent its migration 
into the natural environment and, above all, into groundwater. Stabilization is used in 
technologies that reduce the waste’s hazard potential by converting contaminants into 
their least mobile or toxic form. Stabilization does not significantly affect the physical na-
ture and characteristics of the waste [61,62]. Previous studies indicate that clay–cement 
mixtures have very good immobilization properties for metal cations (heavy metals and 
transition metals) [63–65]. 

Despite effective inhibition, there is a risk that amphoteric metals in a strongly alka-
line solution may form compounds that are readily soluble in water. Relationships be-
tween highly alkaline clay–cement mixtures and the potential for the release of harmful 
metal cations into the environment have been observed [66–68]. Transition metals pro-
duce compounds that exhibit the strongest amphoteric properties. This property is very 
common for hydroxides of metals of medium electronegativity. The amphoteric property 
of a compound is related to the ability of each element to form anions and cations in aque-
ous solution. As an example, the chromium ion, Cr3+, in strongly acidic solution forms a 
salt, CrCl3 (in the presence of an abundance of chloride ions, it forms a complex ion). In 
weakly acidic and neutral solutions, the chromium ion precipitates in the form of a slightly 
soluble hydroxide, Cr(OH)3. In this form, chromium hydroxide in alkaline solution dis-
solves to form chromium ions [Cr(OH)4]- and tends to migrate into the environment 
[18,69–71]. A characteristic feature of clay–cement binders is that they behave like visco-
plastic liquids throughout the bonding area and do not form a rigid crystalline structure 
characteristic of concrete, for example. As a result, the combination of the linking phases 
contained in the material and the finely dispersed clay fractions provides high tightness 
and retention capacity.  

In the structure of clay cement mixtures, there are three possibilities for the immobi-
lization of ions: 
- Interlayer position in clays; 
- Intermolecular bonds in cement; 

Figure 12. SEM microphotographs of clay–cement slurry prepared on a kaolinite clay base with 10%
cement addition [46].

6.4. Reducing Migration of Pollutants

Ground contamination can be divided into two groups; one includes inorganic con-
taminants, mainly heavy or amphoteric metals, and the other group consists of organic
contaminants, mostly in the form of petroleum substances. One method of limiting their
migration is the solidification method which seals the substance into a monolithic solid
with high structural integrity. In carrying out this process, a chemical interaction between
the solidifying reagents and impurities is not always necessary. Mechanically, the resulting
waste is bound into a monolith, thus obtaining a more stable form. The purpose of this
treatment is to reduce the mobility of the ground contamination and prevent its migration
into the natural environment and, above all, into groundwater. Stabilization is used in
technologies that reduce the waste’s hazard potential by converting contaminants into their
least mobile or toxic form. Stabilization does not significantly affect the physical nature and
characteristics of the waste [61,62]. Previous studies indicate that clay–cement mixtures
have very good immobilization properties for metal cations (heavy metals and transition
metals) [63–65].

Despite effective inhibition, there is a risk that amphoteric metals in a strongly al-
kaline solution may form compounds that are readily soluble in water. Relationships
between highly alkaline clay–cement mixtures and the potential for the release of harmful
metal cations into the environment have been observed [66–68]. Transition metals pro-
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duce compounds that exhibit the strongest amphoteric properties. This property is very
common for hydroxides of metals of medium electronegativity. The amphoteric property
of a compound is related to the ability of each element to form anions and cations in
aqueous solution. As an example, the chromium ion, Cr3+, in strongly acidic solution
forms a salt, CrCl3 (in the presence of an abundance of chloride ions, it forms a complex
ion). In weakly acidic and neutral solutions, the chromium ion precipitates in the form
of a slightly soluble hydroxide, Cr(OH)3. In this form, chromium hydroxide in alkaline
solution dissolves to form chromium ions [Cr(OH)4]− and tends to migrate into the en-
vironment [18,69–71]. A characteristic feature of clay–cement binders is that they behave
like viscoplastic liquids throughout the bonding area and do not form a rigid crystalline
structure characteristic of concrete, for example. As a result, the combination of the linking
phases contained in the material and the finely dispersed clay fractions provides high
tightness and retention capacity.

In the structure of clay cement mixtures, there are three possibilities for the immobi-
lization of ions:

- Interlayer position in clays;
- Intermolecular bonds in cement;
- Formation of other structures.

In light of these facts, a fundamental understanding of the chemistry of clay–cement
mixtures remains an important issue. Ion exchange in clays depends on the crystal structure
of the mineral and the chemical composition of the solution in contact with the mineral. Ion
exchange in these minerals is a reversible chemical reaction that occurs between ions near
the mineral surface by unbalanced electrical charges in the mineral structure and ions in the
solution in contact with the mineral. Generally, the excess charge on the mineral is negative,
and it attracts cations from the solution to neutralize this charge. Chemical reactions in
ion exchange follow the law of mass action, but the reactions are limited by the number of
exchange sites on the mineral and by the binding strength of the exchange cations to the
mineral surface [72,73]. Each clay mineral has a range of exchangeable capacities due to the
differences in the structure and chemical composition. These ranges (in milliequivalents per
100 g) are for kaolinite 10–40 and for smectite 100–150 [74,75]. The available interlayer space
contains exchangeable cations and water molecules. With the introduction of different types
of cations, the interpacket space becomes inaccessible and the cations nonexchangeable.
In the position of exchangeable cations, zinc, lead or chromium can be substituted, with
small cations with a high charge being favored due to the fact of their charge and ionic
radius [76–78].

The second possibility through ion immobilization is intermolecular bonds in the
cement. The samples were mixed before the hydration process, so the phenomenon of
ion retention was considered with the nonhydrated phases. Of course, after mixing with
water and solidifying the samples, the clinker phases transformed into CSH gels, and the
actual immobilization already occurred in the hydrated minerals. Several clinker phases
could be identified, such as C3S allite, C2S belite, C4AF brownmillerite and C3A tricalcium
aluminate. In the cement clinker, allite was the dominant fraction (65%). The structure of
allite is very interesting—tricalcium silicate, C3S, has a structure with isolated [SiO4], which
are connected by polyhedral Ca-O. The approximate chemical formula is 3CaO-SiO2, but
in reality, the structure is different—allite shows complex polymorphism depending on the
impurities. Pure allite has a monoclinic structure, while the allite found in clinker is a solid
solution with a very defective structure. Oxygen atoms occur in two different coordination—
in Si thetraedres and in Ca-octaedres coordinated by sic calcium ions. Because of this,
cations can be substituted in the structure during the hydration process [79]. The effect of
individual ions on the structure of C3S has been widely studied in recent decades [80]. A
higher symmetry of the crystal is achieved without substituent ions by defining a quantity
called the structure differentiation factor, D, in which structural parameters, such as the
radius, electronegativity and the coordination number of the substituent ion with respect
to Ca2+, are considered. Table 2 shows the relationship between the chemical structure
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parameters of Pb2+, Zn2+ and Cr3+ ions and their substituents and the ability to destabilize
alite crystals. An absolute value of the D factor greater than or equal to 0.2 destabilized the
structure. The conclusion is that the structure of allite immobilizes amphoteric metals, but
lead can be dangerous to the stable structure.

D =
Z·∆x·(RCa2+ − R)

RCa2+
(2)

D—Structure different factor—related to calcium.
In the following formula:

Z—Ion charge:
∆x—Electronegativity difference between ions and calcium;
R—Ion radius;
RCa2+—Calcium cation radius.

Table 2. Parameters of ions with substitution pattern.

Pb2+ Zn2+ Cr3+

Ionic radius (pm) 132 74 64
Coordination number 4 4 6

Electronegativity 1.87 1.65 1.66
Substitution pattern Pb→Ca Zn→Ca Cr→Ca/Al

D factor −1.32 0.328 0,7

A third mechanism for ion retention in clay–cement materials is the formation of
insoluble silicate phases. Stempkowska [15] conducted an experiment to confirm the
possibility of the precipitation of some amphoteric metal cations in the form of insoluble
and stable salts in a strong alkaline solution. Sodium silicate was added to each solution of
soluble salts of the selected metal cations to observe whether a precipitate would form. The
experiment was conducted under the following conditions:

- Concentration of 20% of the following salts: PbNO3, ZnCl2 and CrCl3;
- Sodium silicate Mk = 2.5;
- Reagents in the ratio of 1:1.

To accelerate the rate of the reaction, the samples were placed in a laboratory dryer at
80 degrees Celsius. All samples formed an insoluble precipitate as follows:

- Lead (II) silicate monohydrate PbO·SiO2·H2O (white crystals);
- Zinc(II) silicate monohydrate ZnO·SiO2·H2O (blue gelatinous precipitate);
- Chromium (III) silicate monohydrate Cr2O3·SiO2·H2O (pale green crystals).

Additional validation of the formation of the insoluble chemical compounds was
obtained from the SEM images with EDS analysis (Figure 13). The micro-area from which
the analyses were performed is marked with the numbers 1 and 2. The EDS analysis
showed that the content of the transition metals significantly increased, while the content
of the polluting elements (Zn, Cr and Pb) decreased. These metals were immobilized in the
cement phases (long, fine crystals).

The environmental contamination by petroleum substances is one of the most im-
portant environmental problems. The penetration of inadequately treated refinery and
petrochemical wastewater into land, open water bodies or farmland, as well as accidents
involving petroleum products, can cause serious consequences due to the highly toxic and
carcinogenic nature of these substances. There are opportunities to use clay–cement binders
to reduce the migration of organic pollutants from heavily contaminated land. Stemp-
kowska et al. [18,21] conducted studies on the immobilization of petroleum substances in
clay–cement binders. The content of the bentonite-type clay in the samples was 40–80%,
with a cement content of 10 to 20% (Table 3). The rest of the material was soil contaminated
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with oil substances. For example, the distinction 40/10 means that the mixture contained
40% clay and 10% cement, and the rest was contaminated soil. It was proven that approxi-
mately 80% of aliphatic hydrocarbons remain in the binders and approximately 20% are
washed away. However, their content is always less than that allowed by the regulation of
the “Minister of Environment: On Soil Quality Standards and Earth Quality Standards”
(Journal of Laws, 02.165.1359), which is 15 mg/kg. The content of aromatic hydrocarbons in
the filtrates was less than the detection limit. The accumulation capacity of the binder in
all cases was very high. There were no risks caused by the possible migration of aromatic
hydrocarbons into groundwater and soils. The migration of contaminants strongly depends
on the filtration coefficient and the initial concentrations of the substances tested. Under
extremely unfavorable conditions, the spread of the analyzed pollutants could reach up to
6 m in a year.
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Figure 13. SEM and EDS analysis of the sample based on smectite clay [17].
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Table 3. Aliphatic hydrocarbon contents before and after the filtration process.

Sample
Aliphatic Hydrocarbon

Content before Filtration
(mg/kg)

Aliphatic Hydrocarbons
Content in the Filtrate

(mg/l)

Accumulation of Impurities
in the Binder

(%)

40/10 27.78 5.415 80.507
40/15 28.12 5.180 81.579
40/20 25.87 4.670 81.948
50/10 22.76 3.169 86.076
50/15 23.29 4.470 80.911
50/20 21.17 4.903 76.840
60/10 18.09 5.010 72.305
60/15 18.20 3.698 79.681
60/20 17.61 3.475 80.607
70/10 14.59 3.326 77.203
70/15 14.45 3.321 77.017
70/20 13.02 2.159 83.417
80/10 9.91 2.514 74.631
80/15 9.34 2.403 74.272
80/20 8.87 3.930 55.693

7. Low-Energy Injection Methods

The use of clay–cement binders as water-flow-restricting elements in hydrological
and hydraulic engineering structures requires the use of appropriate methods. Injection
methods are particularly recommended, because they require lower energy inputs than
traditional excavation. Using injection methods, the substrate is strengthened quickly and
noninvasively. The advantages of these methods include:

- Fast working time of a few days, not months;
- No need to lay out specialized working platforms;
- No damage or changes in the soil bearing capacity caused by excavation [45,81–83].

Depending on the needs, it becomes necessary to make a continuous antifilter curtain
or only to fill the gaps created during the operation of the structure. Each of the following
technologies, in simple terms, consists of injecting a suitable grout into the soil to improve
its properties. In the case of the construction of an impermeable antifiltration barrier,
clay–cement binders can be injected into the soil using the vibration-injected slit barrier
method or deep soil mixing. In cases where the binder is only used to fill existing cracks
and fissures in the structure, a low-pressure injection method can be used.

7.1. Vibration-Injected Slit Barrier Method

This method involves the construction of a slotted aperture, using the I-beam sinking
method, through a vibratory hammer suspended from the mast of a self-propelled piling
rig (Figure 14). The hydraulic vibro hammer is driven into the body of the shaft with the
assistance of vibration and pressure from a machine moving along the crown of the shaft.
The penetration to the target depth is carried out from a preprepared technological trench in
the axis of the screen (approximately 40 cm wide and 40 cm deep), which during injection
is filled with the surplus sealant used to make the screen. As the I-profile is pulled upward,
the free space is filled with a sealing material that also penetrates into the pore space of the
surrounding soil.

The machine moves along the axis of the screen, making individual parts so that the
next one hooks into the one already made. This is because the continuity of the shutter
must be maintained. A column of I-beam profile has a width of 0.5–0.8 m. The pumping of
slurry into the resulting gap is carried out through nozzles at a pressure of 0.8–1.5 MPa.
The barrier after hardening is characterized by a thickness of 8 to 23 cm.
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7.2. Deep Soil Mixing Method

The construction of an antifiltration screen by the method of deep soil mixing involves
drilling overlapping columns in the axis of the embankment, carried out with the help of a
specialized drilling rig and an stirrer, which mixes the supplied clay–cement binder with
the soil, located on the shaft (Figure 15). The stirrer, in the form of a spiral drilling tip, with
a special shape is screwed into the soil.
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Figure 15. Making a column using the deep soil mixing method (by Łukasz Wójcik).

Plunging the drill is combined with feeding the finished binder. After reaching the
target depth, this is the actual plunge-mixing phase, which involves feeding the binder and
pulling the mixer upward. Mixer speeds and pull-up rates are selected according to the
type of soil. Usually, it is approximately 60 revolutions per minute, and 2–3 mixing cycles
are performed. After the entire column is completed, additional mixing is performed in
the vertical direction by rapidly plunging and pulling up the mixer. First, in the axis of the
waterproofing screen, the columns of the first series are built, spaced from each other so
that the columns of the second or subsequent series, when completed, overlap with them
and with each other. The binder is fed through nozzles located in the bottom of the drill;
the feeding pressures are 0.8–1.5 MPa.
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7.3. Low-Pressure Injection Method

Low-pressure injection involves pressing the binder through a predrilled hole (Figure 16).
Under the influence of the applied pressure, existing voids or cracks are penetrated by the
fresh grout, with the result that it is possible to seal a section of an embankment or other
structure without the need for a continuous barrier. At the same time, the penetrating binder
pushes the soil in the immediate vicinity of the penetrated cavity, which can lead to the
strengthening of the areas immediately adjacent to the filled void. An additional advantage of
the method in question is that it can be used wherever; for various reasons, it is impossible to
make an additional partition. The binder injection pressure is approximately 2–3 bar.
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8. Recommendations for the Application of Clay–Cement Binders

The nature of the processes of structure formation and the properties of the structures
formed in the clay–cement slurry depend on the proportion of the clay fractions and
cement. When developing the optimal formulation, it is necessary to adapt to specific
hydrogeological conditions and the type of work. The increase in the proportion of cement
improves the filtration properties and significantly increases the mechanical strength. On
the other hand, it causes a marked increase in viscosity, which makes it more difficult to
pump the clay–cement slurry and degrades its ability to penetrate cracks. It also causes a
decrease in the plasticity and an increase in the manufacturing costs. An increase in the
proportion of clay minerals significantly reduces the value of the filtration coefficient and
causes an increase in the mechanical strength while maintaining the plastic deformability.
However, it causes an increase in the viscosity and, thus, also makes the slurry more
difficult to pump.

A comparison of the measurements of the filtration coefficients of noncohesive soils,
for building the embankment body, with that of the filtration coefficients of the antifiltration
barriers showed a significant reduction in their values. Table 4 shows the changes in the
filtration coefficient depending on which method was used to make the screen. The sands
building the embankment body were characterized by filtration coefficients ranging from
2.9·10−5 to 6.0·10−6 m/s. In contrast, the filtration coefficients for the screens ranged from
6.84·10−8 to 6.00·10−9 m/s, depending on the injection method. This gave a reduction in
the measured parameter of at least two ranges of magnitude.
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Table 4. Results of the filtration coefficient tests in the field conditions.

Filtration Coefficient (m/s)
Method by which the Screen

Was MadeEmbankment before
Making the Screen

Embankment after Making
the Screen

2.9·10−5–6.0·10−6
6.0·10−10 Vibration-injected
4.0·10−8 Deep soil mixing
7.5·10−10 Low-pressure injection

In conclusion, it should be noted that clay–cement grouts used for reinforcing dikes
should meet the following criteria:

- Rheological properties that allow pumping over long distances;
- Ability to penetrate cracks and voids;
- Setting in a relatively short time;
- Low filterability—filtration coefficient < 1·10−8 m/s;
- Mechanical strength > 300 kPa.

The recipes of clay–cement binders are protected by patent reservations [84–86]. Ex-
amples of completed barriers are shown in Figure 17.
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9. Summary

This review shows that the introduction of clay into cement in the production of
insulation barriers results in a sustainable material with promising properties.

Clay–cement sealants are viscoplastic systems. Their characteristic feature is that they
behave like plastic bodies practically throughout the entire setting range (1–28 days). As
a result, stabilizing binders did not disturb the layout of their surrounding environment.
In addition, due to the prolonged initial interval of structure formation, they do not
leach out of fractures and karstic underground water joints, and the fine-dispersed clay
fractions they contain ensure their high tightness. The formation of the internal structure
of binders can be controlled by both the amount of cement and finely dispersed clay
minerals and the amount of modifiers of the hydration process. Studies have shown, in
agreement with the mechanics of dispersed systems, that bodies with different mechanical
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strengths and plasticity can interpenetrate each other, in the original liquid environment,
by two fundamentally different routes: condensed or crystalline crosslinking or reversible
internal structures.

Measurements of the viscoelastic properties of clay–cement suspensions are useful for
evaluating their application properties as well as providing new insight into the elucidation
of cement hydration kinetics. They make it possible to estimate whether the initial stage
(i.e., immediately after mixing the clay–cement slurry) is dominated by reversible processes
(related to the presence of clay minerals) or irreversible processes (related to the cement
hydration reaction taking place).

A distinguishing feature of the tested clay–cement binders is the reduction of water
infiltration. The filtration coefficient of these materials is below the value of 1·10−8 m/s,
as a result, they can be treated as impermeable barriers. This property, combined with
a not very high mechanical strength (uniaxial compressive strength of 0.5 to 1.5 MPa),
qualifies them for use wherever the main factor determining the suitability of the grout is
waterproofing and susceptibility to deformation.

An important feature of clay–cement binders is their ability to limit the migration of
contaminants. After the hydration process, these mixtures form flexible and impermeable
structures, which can be used as barriers that immobilize the spread of contaminants.
Tests have shown that in the case of amphoteric metals, almost 100% accumulation of
contaminants in the structure of clay–cement slurries is possible. In the case of impurities
of organic origin, approximately 80% of the total aliphatic hydrocarbons remain in the
binders and approximately 20% are washed away. The content of aromatic hydrocarbons
in the filtrates is below the detection limit.
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cement binder with increased resistance to excessive loss of moisture PL 238570 B1 Granted 7 June 2021. Available online:
http://patenty.bg.agh.edu.pl/pelneteksty/PL238570B1.pdf (accessed on 1 July 2019).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1130/0016-7606(1959)70[749:IEICAO]2.0.CO;2
http://doi.org/10.1016/B978-012656446-4/50006-2
http://doi.org/10.1073/pnas.1908086116
http://doi.org/10.1016/j.cemconres.2015.05.018
http://www.nbi.com.pl/assets/NBI-pdf/2015/6_63_2015/full/nb_63_web.pdf
http://www.nbi.com.pl/assets/NBI-pdf/2015/6_63_2015/full/nb_63_web.pdf
http://doi.org/10.1088/1757-899X/245/2/022019
http://doi.org/10.1088/1757-899X/1105/1/012110
http://patenty.bg.agh.edu.pl/pelneteksty/PL386030A1.pdf
http://patenty.bg.agh.edu.pl/pelneteksty/PL229788B1.pdf
http://patenty.bg.agh.edu.pl/pelneteksty/PL229788B1.pdf
http://patenty.bg.agh.edu.pl/pelneteksty/PL238570B1.pdf

	Introduction 
	Properties of Clays 
	Cement Selection 
	Properties of Additives 
	Flowability of Clay–Cement Binders 
	Properties of Hardened Slurry 
	Filtration Properties 
	Binder Strength 
	Structure of Slurries on a Microscale 
	Reducing Migration of Pollutants 

	Low-Energy Injection Methods 
	Vibration-Injected Slit Barrier Method 
	Deep Soil Mixing Method 
	Low-Pressure Injection Method 

	Recommendations for the Application of Clay–Cement Binders 
	Summary 
	References

