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Introduction to Injections
Improvement of the properties and mechanical behavior of soils can be carried out in-

situ by carrying out an appropriate injection program. Injection is defined as the process of 
injecting, under pressure, a fluid material to the required depth from the ground surface. 
The injection material, which is either a suspension of solid granules in water or a solution 
of chemicals, displaces soil pore water and sets or solidifies in a short time. Suspensions 
have lower cost and are harmless to the environment but cannot be injected into soils with 
gradations finer than coarse sands. Chemical solutions can be injected in fine sands or coarse 
silts but are more expensive and some of them pose a health and environmental hazard. 
Injections are generally aimed either at increasing the shear strength, density and stiffness 
of the soil or at reducing compressibility and permeability. The selection of the optimal 
suspension for the needs of a technical project must be the subject of thorough investigation 
and documentation and is primarily determined by its properties always combined with 
the specialized requirements of each application. The criteria, which advocate or not in 
the selection of an optimal suspension, are related to penetration, setting times, strength, 
stability, rheological properties, permeability, permanence, shrinkage, etc. Determining and 
documenting the properties of the suspensions is the first approach to choosing the best 
solution. The method of soil improvement with cement injections has been the subject of 
many research efforts [1-9].

Properties of suspensions

The selection of the optimal suspension for the needs of a technical project must be the 
subject of thorough investigation and documentation and is primarily determined by its 
properties always combined with the specialized requirements of each application. The criteria, 
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Abstract
Improvement of the properties and mechanical behavior of soils can be carried out in-situ by carrying 
out an appropriate injection program. Injection is defined as the process of injecting, under pressure, a 
fluid material to the required depth from the ground surface. The injection material, which is either a 
suspension of solid granules in water or a solution of chemicals, displaces soil pore water and sets or 
solidifies in a short time. The selection of the optimal suspension for the needs of a technical project must 
be the subject of thorough investigation and documentation and is primarily determined by its properties 
always combined with the specialized requirements of each application. The criteria, which advocate 
or not in the selection of an optimal suspension, are related to penetration, setting times, developing 
strength, stability, rheological properties, permeability, permanence, shrinkage, etc. In this work, the 
effect of the viscosity and more generally of the rheological properties of cement grouts on injectability is 
studied with the aim of improving soil formations.
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which advocate or not in the selection of an optimal suspension, 
are related to penetration, setting times, developing strength, 
stability, rheological properties, permeability, permanence, 
shrinkage, etc. Determining and documenting the properties of 
the suspensions is the first approach to choosing the best solution. 
However, the final choice presupposes the investigation of further 
influencing parameters such as reasons of economy and particular 
requirements of each technical project.

Rheological properties

It is now accepted that the rheological properties of a cement 
slurry significantly determine the success of a grout injection, 
particularly in those cases where no geometric constraints arise 
from the size relationship between soil voids and slurry solids. For 
this reason, it is considered necessary to determine the rheological 
characteristics of the suspensions during the design phase of an 
impregnation injection program, so that the optimal suspensions 
can be selected on a case-by-case basis. In general, determining the 
rheological behavior of a cement slurry is not an easy task, as there 
are many factors that interfere with it and have countervailing 
effects. In the following, information related to the effect of these 
factors on the rheological behavior of cement suspensions is given. 
First, however, it is deemed necessary to give a brief introduction 
to some rheology concepts in order to better understand the 
information given in this paragraph.

It is known that a fluid is deformed under the influence of a 
certain force, a phenomenon that is perceived by an observer as 
a flow. This force is called shear and its ratio with respect to the 
unit surface area of the fluid gives the shear stress, τ, (shear stress), 
which is what causes the flow. The ratio dv/dy is called the velocity 
gradient and is the measure of the speed with which the fluid is 
deformed due to the effect of a certain shear stress. For this reason, 
the velocity gradient is better known as shear rate or simply shear 
rate. The relationship between shear stress and shear strain rate 
is fundamental in the theory of fluid motion, as it is the one that 
primarily describes their rheological behavior.

In Newtonian Fluids the two quantities are proportional to each 
other and are related through the constant µ, which is known as 
“absolute” or “dynamic” viscosity. According to ASCE, viscosity is 
defined as the internal force of fluids, which allows them to resist 
flow [10]. The mathematical expression of the above relationship 
is as follows:

. dv
dy

τ µ
 

=  
 

The value of the potential viscosity is determined 
experimentally by viscosity measurements, which are carried 
out using suitable instruments called viscometers. It can be seen 
that for each Newtonian fluid the value of the viscosity is unique 
and is independent of the value obtained by the rate of shear 
deformation during the experimental process. In contrast, in non-
Newtonian fluids the relationship between shear stress and shear 
strain rate is not constant but depends on the value of the shear 
strain rate. More specifically, when performing viscometry in a non-
Newtonian fluid the reading of the viscometer changes depending 
on the value of the shear strain rate with which the experiment is 

performed. The indication obtained in these cases corresponds to 
the so-called “viscosity effect”, which represents the behavior of a 
fluid at a specific shear rate. By taking a series of such apparent 
viscosity measurements a flow curve is produced by plotting shear 
stress as a function of shear rate. Curves of this type are called 
rheological and are extremely useful, as depending on their form 
fluids are classified into various rheological models, which are used 
to describe their rheological behavior.

Based on the type of rheological behavior they exhibit, 
depending on the rate of shear deformation they undergo, non-
Newtonian fluids are classified as pseudoplastic, dilatant or 
viscoplastic (or simply viscoplastic). Pseudoplastic fluids show 
a decrease in viscosity when the shear strain rate increases. This 
phenomenon can be likened to a “thinning” of the fluid and for this 
reason this behavior is called “shear thinning”. In contrast, swelling 
fluids exhibit an increase in viscosity with increasing shear rate and 
accordingly this rheological behavior is called “shear thickening”. 
Fluids are called viscoplastics, which under resting conditions 
behave as solids and can flow if subjected to a shear stress greater 
than a characteristic value called “coherence” or “yield stress”. 
Any viscoplastic fluid, once the value of the consistency it displays 
is exceeded, it is possible to behave either as pseudoplastic or as 
swelling or even as Newtonian. The simplest form of viscoplastic 
fluid is the “Bingham-type” fluid, which once in flow exhibits 
Newtonian behavior. The motion of Bingham type fluids is described 
mathematically by the following equation:

.o p
dvn
dy

τ τ
 

= +  
 

 The slope of this line with respect to the horizontal is equal 
to the plastic viscosity, np, while the cohesion, the, corresponds to 
the point of intersection of the line with the shear stress axis and is 
equal to the stress that must be overcome for the fluid to begin to 
flow. flows. The concept of plastic viscosity is very important as it is 
equivalent to the viscosity value that the Bingham type fluid would 
have if it behaved Newtonian, under the influence of the same shear 
strain rate. Finally, non-Newtonian fluids can be classified as either 
rheopectic or thixotropic, depending on how their rheological 
behavior changes as a function of shear time and under constant 
shear rate conditions. Fluids that show an increase in viscosity with 
an increase in shear time are considered rheopectic, while on the 
contrary, thixotropic fluids show a decrease in viscosity with an 
increase in shear time. In general, the Bingham-type fluid model is 
used to describe the rheological behavior of cement suspensions 
[11-13] as it is considered simplistic [14,15] but at the same time 
quite effective and particularly practical in field applications [14]. 
However, it is generally accepted that the behavior of cement 
suspensions is more complex, as viscosity tests have shown that 
the plastic viscosity does not remain constant, and the cohesion 
cannot be precisely defined [14]. In particular, it has been shown 
that cement slurries with low water-to-cement ratios (≤1:1) 
behave as viscoplastic fluids exhibiting pseudoplastic behavior 
after the initiation of flow [16-18]. Probably, in those cases where 
the concentration of solids is high, the use of the Herschel-Bulkley 
rheological model-mathematically described by the following 
equation-is a better choice for describing the rheological behavior 
[19].
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 Conversely, cement suspensions with high water-to-cement 
ratios (≥ 4:1) can be considered as Newtonian fluids, since the value 
of cohesion in this case takes very low values [12,20,21]. Regarding 
the characterization of the rheological behavior of cement 
suspensions as a function of time, it has been found that they can 
exhibit either thixotropic [16,17] or photocoagulation behavior 
[22]. This observation, however, applies to suspensions with low 
water-to-cement ratios (≤1:1), as it has been found that thinner 
suspensions do not change their viscosity as a function of shear 
time. In general, the use of thixotropic suspensions is preferred in 
cases of filling large voids, as it is desired that the viscosity remains 
low during turbulent flow but increases significantly when the 
suspension is at rest [12].

As noted earlier, the basic rheological characteristics of cement 
suspensions are consistency and plastic viscosity. Cohesion 
is considered to play an important role in the injectability 
and penetrability of the grout, as it determines the distance a 
suspension can penetrate. This is because it defines the value of the 
impregnation pressure required to start flow and determines the 
penetration length at which the impregnation pressure equalizes, 
and flow stops. On the other hand, viscosity controls the rate of 
impregnation, and it depends on the behavior of the suspension 
when it is in a flow state [12,18,23]. Cohesion and viscosity values 
must be adjusted appropriately so that control is not lost, and 
the injection process is optimized [12]. The process of optimizing 
the rheological characteristics of cement suspensions is not 
particularly difficult, as there are several methods by which they 
can be controlled. These methods provide either the addition of 
certain components to the composition of the suspensions or the 
use of an appropriate type of cement or the change of the water-to-
cement ratio.

Pure cement slurries exhibit viscosities ranging from 5cP to 
100cP [24] and increased cohesion, indicating that, in general, 
improvement of their rheological characteristics is required. 
According to Gouvenot [25], in order to achieve satisfactory 
results in impregnation injections, suspensions with a viscosity no 
greater than 5cP should be used, while Kutzner [24] states that the 
consistency of suspensions should not exceed 50Pa in applications 
field. The most popular method of reducing the viscosity and 
consistency of cement suspensions is the use of super fluidizers 
[26,27]. In fact, the use of super fluidizers can lead to significant 
variations in the rheological model to which cement suspensions 
obey, as it is possible from viscoplastic fluids with pseudoplastic 
behavior during flow to be transformed into Newtonian fluids [28]. 
The range of reductions achieved in viscosity and consistency values 
depends on both content and type of super fluidizer [12,16,29,30]. 
Of course, an uncontrolled increase in the super fluidizer content 
can lead to a change in the behavior of the suspensions and bring 
about the opposite of the desired results. Also, incompatibility 
phenomena between cement types and some superplasticizers 
have been observed and for this reason, any formulations of 
superplasticizer suspensions should be checked by preliminary 
tests in the laboratory [29]. Many times, and especially in cases 

where it is desired to limit the penetration length, the combined 
use of super fluidizers with flow regulators (e.g., welan gum) is 
suggested, which causes an increase in consistency and viscosity 
[31]. In this way, the effect of the super fluidizers is balanced, the 
quality of the suspension is not altered and consistency and viscosity 
values closer to the desired ones can be obtained [30]. There are 
other chemical improvers that are used in cement suspension 
compositions, but for other reasons, which indirectly affect the 
rheological characteristics of the suspensions. Characteristically, 
the use of setting accelerators (e.g., calcium chloride, sodium 
silicate) is reported to cause an increase in viscosity [26,32]. while 
the use of Isopropyl Alcohol (IPA) as a retarding agent causes a 
drastic reduction in viscosity [16].

The use of certain additives causes undesirable effects 
regarding the rheological characteristics of cement suspensions. 
It is considered known that cement-bentonite suspensions behave 
as Bingham-type fluids [33]. It has been found that the presence 
of bentonite causes an increase in cohesion and less in viscosity 
[5,14] while at the same time it induces thixotropic behavior in 
cement suspensions [26,34]. For this reason, bentonite should 
be used as an improving rheological agent only in those cases 
where it is desired to limit the permeability of suspensions [33]. 
In Italy, with the production of MISTRA suspensions, a significant 
reduction of the negative effects caused by the use of bentonite on 
the rheological behavior of the suspensions has been achieved [21]. 
Cement slurries containing fly ash, silica fume and natural pozzolan 
exhibit similar behavior [29,35]. In fact, the presence of silica fume 
in cement suspensions is reported to induce thixotropic behavior 
characteristics in the suspensions [36].

This effect of additives on the rheological characteristics of 
cement suspensions is attributed to the fact that these are fine-
grained materials with a grain size smaller than that of cement 
grains. This has the effect of increasing the specific surface area of 
the solids within the suspensions which leads to the capture of a 
greater amount of water reducing that remaining available for the 
flow of the suspension. This phenomenon takes on even greater 
dimensions in those cases where a finer cement than common 
cement is used as the basis of the suspension [11,29]. which is due 
to the greater reactivity of the cements. in relation to pozzolans. In 
general, it has been observed that increasing the specific surface 
area of cement leads to the preparation of suspensions with 
significantly higher values of cohesion and viscosity [26,37,38]. 
For this reason, during the preparation of fine-grained cements, 
the use of super fluidizers is considered imperative [14,38] while 
the use of bentonite should be avoided [14]. In addition, it has 
been shown that the type of cement plays an important role in 
the rheological characteristics of the suspensions. In particular, 
suspensions based on fine slag cements show significantly lower 
viscosity and cohesion values than corresponding Portland cement 
suspensions of comparable fineness, which is a consequence 
of the low reactivity of the slag [16]. In fact, suspensions of fine-
grained slag cements show a lower viscosity and cohesion than 
suspensions of ordinary Portland cements. This difference in 
viscosity values is more significant at lower water-to-cement ratios 
(≤1:1) and decreases considerably at higher W/C ratios [3,29]. The 
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effect on the magnitude of viscosity and consistency of cement 
suspensions caused by the W/C ratio is significant. Increased W/C 
ratios provide greater amounts of water available for suspension 
flow, which translates into suspensions as a reduced viscosity and 
consistency value, as documented by many research efforts [13]. 
These decreases are more evident at lower W/C ratios (≤ 2:1) and 
appear to display an exponential form [16,39]. Conversely, at high 
ratios (W/C ≥ 4:1) the variations in viscosity due to a change in the 
W/C ratio can be considered negligible. This is attributed to the fact 
that at high W/C ratios the cement grains are separated quite well 
so that the contacts between them - which could affect the viscosity 
are few [13,29]. Mixing time has a similar effect on the consistency 
of suspensions, but only in cases where the W/C ratio is low enough 
[39].

1. Discussion

Based on the available literature, the following conclusions can 
be advanced:

a. The rheological properties of a cement slurry significantly 
determine the success of a grout injection, particularly in 
those cases where no geometric constraints arise from the size 
relationship between soil voids and slurry solids.

b. The Bingham-type fluid model is used to describe the 
rheological behavior of cement suspensions.

c. The behavior of cement suspensions is complex, as viscosity 
tests have shown that the plastic viscosity does not remain 
constant, and the consistency cannot be precisely defined.

d. In cases where the concentration of solids is high, using the 
Herschel-Bulkley rheological model is a better choice to 
describe the rheological behavior.

e. Cement slurries with high water-to-cement ratios (≥ 4:1) can 
be considered as Newtonian fluids, since the value of cohesion 
in this case takes very low values.

f. Regarding the characterization of the rheological behavior of 
cement suspensions as a function of time, it has been found 
that they can exhibit either thixotropic or reocoagulation 
behavior.

g. The use of thixotropic suspensions is preferred in cases of 
filling large voids, as it is desired that the viscosity remains 
low during turbulent flow but increases significantly when the 
suspension is at rest.

h. Viscosity controls the rate of impregnation and on this depends 
on the behavior of the suspension when it is in a flow state.
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