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ABSTRACT: The objective of this review is to elucidate the rheological behavior of cement based 
grout. Rheology of grouts is a way of describing its properties without paying any attention to whether 
it is a homogenous grout or a mixture of grains in a grout. Cement grout based rheology is characterized 
by at least two parameters; yield stress and plastic viscosity. The rheological models are used to describe 
the relationship between shear stress and shear rate. The Newtonian fluids are true fluids that tend to 
exhibit constant viscosity at all shear rates. A non-Newtonian fluid is a fluid for which the relationship 
τ/γ′ is not a constant. Pseudo-plasticity or shear thinning is the most common type of time-independent 
and non-Newtonian fluid behavior observed. It is characterized by an apparent viscosity which decreases 
with an increasing shear rate. Many mathematical models for fluids behavior have been proposed to model 
the shear thinning characteristics. These models are based on curve fitting method that gives empirical 
relationships for the shear stress vs. shear rate curves. Some models are based on the statistical mechanics. 
The Bingham model does not give an exact description of the behavior of a cement based grout even if  
the geometry is defined, but there are other models and the selection of model should be done carefully 
based on the requirement.

eters of fluids much useful behavioral and predic-
tive information can be obtained. These include 
quality control, chemical, mechanical, and thermal 
treatments, effects of additives on the curing reac-
tion, and direct assessment of the process ability. 
Furthermore, the rheological measurements may 
also be used as an indicator of micro structural 
changes occurring in hydration of the cement-
based grout or the investigation of the effect of 
admixtures, and the development of cementitious 
systems that are easily pumped or placed (Struble 
and Ji, 2001).

Hånsson (1993) stated that the rheological 
behavior of a cement-based grout is difficult to 
define because of the concentration and charac-
teristics of the particles as well as the suspension 
medium. The rheological behavior is influenced by 
the chemical reactions in progress during the hydra-
tion of the cement and the thixotropy is dominant 
at short cycle times. The rheological models are 
used to describe the relationship between shear 
stress and shear rate. Syrjålå (1996) stated that 
there was no general rheological constitutive model 

1 INTRODUCTION

1.1 Rheology and viscosity of fluids

Rheology can be defined as the study of the change 
in the form and flow of the matter. The scope of 
rheology includes elasticity, viscosity, and plastic-
ity. Rheology of grouts is a way of describing its 
properties without paying any attention to whether 
it is a homogenous grout or a mixture of grains in a 
grout (Eklund, 2005). It is normally applied to fluid 
materials (or materials that exhibit a time depend-
ent response to stress). It can also be defined as 
the study of the flow of the grout flows, before the 
setting point is reached. This is crucial due to the 
fact that the grout must be placed by some kind of 
mechanical process like, pumping into the prepared 
forms. Cement grout based rheology is character-
ized by at least two parameters: yield stress and 
plastic viscosity. In a similar way, an elastic solid is 
characterized by two parameters: Young’s modulus 
and Poisson’s ratio (Bentz et al., 2006).

Brookfield Engineering Labs Inc. (2010a) 
emphasized that by measuring the rheology param-



322

available that time for non-newtonian fluids. Most 
commonly used time independent models in sus-
pension rheology are: Newton model, Bingham 
model, power law model, modified power law 
model, and Casson model.

Brookfield engineering labs inc. (2010a) defined 
that the viscosity is the measure of the internal 
friction of a fluid. This friction becomes apparent 
when a layer of fluid moves in relation to another. 
By increasing the friction, a greater amount of force 
is required to for this movement, which is called 
shear. The shearing occurs whenever the fluid is 
physically moved or distributed, as in pouring, 
spreading, spraying, mixing, etc. It should be men-
tioned that highly viscous fluids, therefore, require 
more force to move than less viscous materials.

Consider two parallel flat areas of fluid of the 
same size A which are separated by a distance dx 
(Fig. 1). If  the plates are moving in the same direc-
tion at different velocities V1 and V2, then the force 
required to maintain the speed is proportional to 
the difference in speed through the liquid, or the 
velocity gradient (Equation 1).

F/A = η dy/dx (1)

where η is the viscosity of the fluid.
The shear rate describes the shearing which the 

liquid experiences. In other words, the velocity gra-
dient, dy/dx, which is a measure of the change in 
speed at which the intermediate layers move with 
respect to each other is called the shear rate ( ɺγ ) and 
its unit of measure is the reciprocal second (s−1). 
The term F/A indicates the force per unit area and 
is the shearing action or shear stress (τ). The unit 
of measurement of shear stress is dynes per square 
centimeter (dynes/cm2) or Newton per square meter 
(N/m2). According to the above statement, viscos-
ity can be defined as shear stress over shear rate:

η τ γ/ ɺ  (2)

The most commonly used unit for viscosity is 
poise. A fluid with a shear stress of 1 dyne/cm2 
which produces a shear rate of 1 s−1, has viscosity 
of 1 poise or 100 centi-poise. In the SI system, the 

unit of measurement of viscosity is Pa⋅s or mPa⋅s. 
One Pa⋅s is equal to 10 poise, and the smaller unit 
is one mPa⋅s which is equal to 1 cpoise.

2 NEWTONIAN AND NON-NEWTONIAN 
FLUIDS

The Newtonian fluids are true fluids that tend to 
exhibit constant viscosity at all shear rates (Karol, 
2003; Krizek and Pepper, 2004). The relationship 
between the shear stress (τ) and the shear rate ( ɺγ ) 
is a straight line for the Newtonian fluids, and the 
viscosity of the fluid remains constant as the shear 
rate is varied (Fig. 2). Taylor (1997) showed that 
the fluids of simple and stable molecular structure 
generally obey the Newtonian law, like water and 
thin motor oils.

In practice, at a given temperature, the viscosity 
of a Newtonian fluid will remain constant regard-
less of which viscometer model, spindle or speed is 
used to measure it (Brookfield Engineering Labs 
Inc., 2010a).

A non-Newtonian fluid is a fluid for which the 
relationship τ/ ɺγ  is not a constant. In other words, 
when the shear rate is varied, the shear stress doesn’t 
vary in the same proportion (or even necessarily in 
the same direction). Thus, the variation of shear 
strength causes to change the viscosity of such flu-
ids. This is also called the “apparent viscosity” of 
the fluid. It is accurate only when the experimental 
parameters are provided and are also adhered to. 
Non-Newtonian fluids can be explained as fluids 
consisting of a mixture of molecules with different 
shapes and sizes. As they pass by each other, as hap-
pens during a flow, their size, shape, and cohesiveness 
will determine how much force is required to move 
them (Brookfield Engineering Labs Inc., 2010a).

Chhabra and Richardson (2008) defined the 
non-Newtonian fluid as one whose flow curve 
(shear stress versus shear rate) is either nonlinear 
or does not pass through the origin, i.e. where the 
apparent viscosity (ratio of shear stress to shear 
rate) is not constant at a given temperature and 
pressure but is dependent on the flow conditions 
such as flow geometry, shear rate, etc. Such materi-

Figure 1. The definition of viscosity (after Brookfield 
Engineering Labs Inc., 2010a). Figure 2. Newtonian fluids behaviour.
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als can be conveniently categorized into three gen-
eral classes:

1. Fluids, for which the rate of shear at any point 
can be determined only by the value of the shear 
stress at that point at that instant. These fluids 
are also known as purely viscous, time independ-
ent, inelastic or generalized Newtonian fluids.

2. Fluids, for which the relation between shear 
stress and shear rate depends on the duration 
of shearing and their kinematic history, in addi-
tion to the above conditions. These fluids are 
called time-dependent fluids.

3. Substances showing the characteristics of both, 
ideal fluids and elastic solids, and also showing 
partial elastic recovery after deformation are 
classified as visco-elastic fluids.

2.1 Psedo-plastic fluids

Pseudo-plasticity or shear-thinning is the most com-
mon type of time-independent and non-Newtonian 
fluid behavior observed. This is also characterized 
by an apparent viscosity that decreases with an 
increasing shear rate (Figure 3). Examples of the 
pseudo-plastic fluids are paints and emulsions.

Brookfield Engineering Labs Inc. (2010a) empha-
sized that in pseudo plastic fluids, the moment the 
spindle is turned, the structure of molecules of the 
fluid will be temporarily changed. This will lead 
to the molecule formation orientated more paral-
lel to the spindle surface. Hence, the slowing down 
of the spindle rotation will decrease the change in 
the structure of the molecule. Faster the rotation of 
the spindle, the more the structure is destroyed; and 
the lesser of the structure of molecules will slide in 
together. Hence, the lower the viscosity will be.

2.2 Dilatant fluids

Dilatant fluids are similar to pseudo-plastic sys-
tems in that their apparent viscosity increases with 
increasing shear rate and they are time-independ-
ent fluids; thus these fluids are also called shear-
thickening fluids (Figure 4).

This type of fluid behavior is normally observed 
in concentrated suspensions; such as sand/water 
mixtures, slurries of clay, compounds of candy, 
china clay, titanium dioxide, and corn flour in 
water (Griskey et al., 1985; Metzner and Whit-
lock, 1958). Chhabra and Richardson (2008), and 
Goddard and Bashir (1990) explained this kind of 
fluid behavior as follows: the voids are minimum 
at rest and the liquid present in the suspension is 
sufficient to fill all the voids. At low shear rates, 
the liquid is able to lubricate the movement of each 
particle. Thus, the resulting stresses are therefore 
small. On the other hand, the material expands or 
dilates slightly at high shear rates so that there is no 
longer sufficient liquid to fill the increased voids. 
This prevents the direct solid–solid contacts result-
ing in increased friction and higher shear stresses 
(as shown schematically in Figure 5).

2.3 Viscoplastic (plastic fluids)

This type of fluid (which is time-independent) 
behaves as a solid under static conditions. As 
shown in Figure 6, a certain amount of stress must 
be applied to the fluid before any flow is induced, 
known as the yield stress (f′). Conversely, when the 
externally applied stress is smaller than the yield 
stress, such a material will deform elastically. Once 
the magnitude of the external stress has exceeded 
the value of the yield stress, the flow curve may be 
linear or non-linear but will not pass through the 
origin (Chhabra and Richardson, 2008; Uhlherr 
et al., 2005).

Figure 3. Pseudo-plastic fluids behaviour.

Figure 4. Dilatant fluids behavior.

Figure 5. Schematic representation of dilatant behavior 
(after, Chhabra and Richardson, 2008).
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However, the structure breaks down, at a stress 
level higher than f′, and the substance behaves like 
a viscous material, like Tomato ketchup.

2.4 Thixotropic fluids

In practice, apparent viscosity in some fluids may 
depend on the rate of shear and also the time for 
which the fluid has been subjected to shearing 
(Chhabra, 2010). The viscosities of time dependent 
fluids gradually decrease/increase as the internal 
structures present are progressively broken down 
or linked up. The rate of change of viscosity with 
time approaches zero or increases as the number of 
such structural linkages, capable of being broken 
down, reduce or increase; like bentonite-water sus-
pensions, red mud suspensions (waste stream from 
aluminum industry), cement paste, and crude oils 
(Chhabra, 2010; Chhabra and Richardson, 2008; 
Nguyen and Uhlherr, 1983).

Thixotropic fluid is a category of time-depended 
fluid. Nguyen and Uhlherr (1983) explained thixo-
tropic fluids as materials when sheared at a constant 
rate, their apparent viscosity (or the corresponding 
shear stress) decreases with the time of shearing 
(Figure 7 (a)), such as red mud suspension contain-
ing solids.

Figures 7 (b) and (c) show the hysteresis loops of 
thixotropic fluids. A hysteresis loop of thixotropic 
fluid can be defined as the flow curve obtained 
from an experiment in which if  the shear rate is 
gradually increased at a constant rate from zero 
to some maximum value and then decreased at the 
same rate to zero again. Chhabra (2010) concluded 
that the rate of increase or decrease of shear rate, 
the duration of shearing, and the past kinematic 
history of the sample will decide the shape, height, 
and the enclosed area of the hysteresis loop. The 
larger the enclosed area, stronger is the time-de-
pendent behavior of the materials. Thus, no hyster-
esis loop is observed for time-independent fluids, 
i.e. the enclosed area of the loop is zero. Struble 
and Ji (2001) observed the behavior of cement 
grout to be similar to thixotropic fluids and it is 
shown in Figure 8. The rheological parameters of 

grouts influence the course of the grouting. Eriks-
son (1998) illustrated different examples show-
ing how the viscosity and yield value changed 
the spreading of the grout in a defined geometry. 
Håkansson (1993) stated that the rheology changes 
in grouts depend on the w/c ratio and the specific 
surface of the grout.

2.5 Rheopexy or negative thixotropy fluids

The second category of time-depended fluids is rhe-
opexy or negative thixotropy fluids. The fluids for 
which their apparent viscosities increase with time 
of shearing are said to display rheopexy or negative 
thixotropy (Figure 9). Figures 9 (b) and (c) show the 
hysteresis loops of rheopexy fluids. In these cases, 
they are inverted, as compared with thixotropic flu-
ids. In this type of fluid, the structure builds up by 
shear is applied and will break down when the mate-
rial is at rest. In other words, in contrast to thixotropic 
fluids, the external shear encourages the build-up of 
structure in this case (Chhabra, 2010; Chhabra and 
Richardson, 2008). Both thixotropy and rheopexy 
behavior, Brookfield Engineering Labs Inc. (2010a) 
emphasized, can occur together with any of the pre-
viously mentioned flow behaviors.

Freundlich and Juliusburger (1935), Keller and 
Keller Jr (1990), Pradipasena and Rha (1977), Steg 
and Katz (1965), and Tanner (2000) have reported 
similar behavior of rheopexy fluids with suspen-
sions of aqueous gypsum paste, saturated poly-
ester, protein solutions, coal-water slurries, and 
ammonium oleate and colloidal suspensions of 
vanadium pentoxide.

Figure 6. Plastic fluids behaviour.

Figure 7. Thixotropic fluids behaviour.
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3 MATHEMATICAL MODELS FOR FLUID 
BEHAVIOR

A review of the literature shows a number of 
mathematical models have been proposed for the 
behavior of the fluid to model the shear-thinning 
characteristics. Many of these methods attempt at 
curve fitting, giving empirical relationships for the 
shear stress or apparent viscosity-shear rate curves; 
while, other methods are based on the theory in the 
statistical mechanics (Bird et al., 1987; Chhabra 
and Richardson, 2008).

As mentioned earlier, non-Newtonian fluids 
show a nonlinear stress-rate relationship which 
can be represented using an equation. However, 
the coefficients of a model, in some cases, can be 
used to predict the behavior of a fluid under the 
conditions of use. On the other hand, linear rela-
tionship is shown by Newtonian fluids which can 
be defined by a proportional response in the shear 
stress for a corresponding change in the shear rate 
(Brookfield Engineering Labs Inc., 2010a). Some 
of the more widely used models include Newton, 
Bingham, Casson, NCA/CMA Casson, Power 
Law, and Herschel Bulkley and their descriptions 
are shown in Table 1.

The grouts behavior has been modeled with 
Bingham model by Wallner (1976), Håkansson 
(1993), and Amadei and Savage (2001). Håkansson 
(1993) stated, “The Bingham model does not give 
an exact description of the behavior of a cement 
based grout even if  the geometry is defined but 
laboratory tests show that the deviation is small”.

4 CONCLUSIONS

Cement grout based rheology is characterized by 
at least two parameters: yield stress and plastic 
viscosity. The rheological measurements may be 
used as an indicator of  micro structural changes 
occurring in hydration of  the cement-based grout 

or the investigation of  the effect of  admixtures, 
and the development of  cementitious systems. The 
rheological models are used to describe the rela-
tionship between shear stress and shear rate. The 
behavior of  cement-sodium silicate system grout 
with kaolinite was investigated with the Bingham 
model using Brookfield viscometer. The Bing-
ham model does not give an exact description of 
the behavior of  a cement based grout even if  the 
geometry is defined. However, careful considera-
tion should be taken by any perspective researcher 
to choose the rheometric model to characterize 
the cement grout.
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