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Abstract: This paper offers a test method for rheological behavior of mortars with different mobility and different composition, which are
used for execution of construction work. This method is based on investigation of the interaction between the valve ball and the mortar
under study and allows quick defining of experimental variables for any composition of building mortars. Certain rheological behavior
will permit to calculate the design parameters of machines for specific conditions of work performance – mixing (pre-operation), pressure
generation, pumping to the work site, workpiece surfacing.
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1. INTRODUCTION
Adoption of innovative mechanised technologies of finishing
works execution broadens application of hauling equipment
for mortar mixtures and tender mixes pipelining. For this purpose,
the usage of highly productive short-duration pulse mortar pumps
provides an opportunity to mechanize not only the supply
of constructional materials to working places, but also to execute
the main processing steps: mechanized plastering and decorative
coating in the process of finishing the walls; laying mortar mixtures
when sealing structural joints; mixture placing on the floor, dampproofing.
Best practices in operating mortar pumps when phasing
in mechanized technology points to further improvement of these
machinery through their reliability growth and by reducing energy
costs for repumping at the cost of flow fluctuation decrease and
volumetric losses in the fluid end of the mortar pump (Korobko
and Vasyliev, 2012).
User experience of mortar pumps lends credence to the fact,
that the level of mortar mixtures’ volumetric losses during repumping is pretty much conditioned upon the interaction between the
operating environment and mortar pump’s working members, that
are defined by their elastic characteristics. However, the deficiency of quantitative characteristics of elastic characteristics of mortar
mixtures with different composition and mobility adds complexity
to the development of effective ways of improving volume efficiency of the created new-generation mortar pumps. That’s why theoretical studies and field researches of mortar mixtures’ elastic
characteristics are sorely needed for the improvement of the ways
of mortar mixtures’ pipelining.
The major complications in the process of repumping mortar
mixtures are caused by their rheological characteristics. The
mortar mixture is structured thixotropic liquid, the main rheological
characteristics of which are structured viscosity and critical shear
stress. When lowering the mobility of the mortar to the technologically required magnitude (10…8 cm), these figures assume the

values, where the advance of mortar mixture flow over the pipeline evokes rather strong resistance. Under such conditions the
process of filling the processing chamber with mortar mixture is
made difficult under the influence of pressure decrease from the
level 0.1 MPa. Service conditions of valve operation also decline,
what causes the delay of the valve closure and sometimes onstate “hanging” and dramatic reduction of pump volumetric efficiency (Korobko, 2016).
With allowance for this, taking into account the abovesaid peculiarities when developing and estimating service properties
of hauling equipment is an important task.
Construction mix as a service which is piped through pipelines, has a set of features that must be taken into account in the
design of mortar pumps, as well in their operation.
Mobility of construction mixtures can be increased by adding
fluidifiers into them. Highly mobile mixtures with the mobility
of 11-12 cm are used for spraying the first coat when plastering
surfaces in order to increase the cohesive resistance of the plastering coat with the brick masonry. Mixtures with mobility
of 8-9 cm are transferred through pipelines with difficulty; they are
hardly sucked into the sucking working chamber of the mortar
pump; valve balls may “hover” in them, what may cause failure
in the operation of mortar pumps. However, these mixtures allow
to lay on maximum-deep plaster layers during the minimum
amount of passes; furthermore, they bring less moisture into
building constructions.
The main processing characteristics of plasters:
 easy laying on, which is characterized by the mobility
of construction mixture, in other words – by the ability to flow
under the influence of its own weight or external forces;
 water fixation - the property to retain excess water in the
process of suction, thereby there are no water losses when
laying mortar mixture on the porous soil, as well as it
unscrambles insignificantly during the transportation
of mortars;
 compressive breaking strength of the mortar stone;
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 freeze-thaw durability, which is determined by the ability
of mortar mixture sample to withstand in a water-saturated
state of a certain number of cycles of alternate freezing
and thawing.
The slurry formulation comprises a significant number (up to
70% of volume) of dispersed hard phase. But such state
of solution is not stable. If the size or the direction of speed
changes due to the hard phase immiscibility or aggregation, there
arise deposits of solid particles, which increase the resistance to
flow advance and seal paravalvular blowholes. In addition, if the
pump stops for extended lengths of time, except immiscibility,
partial hardening of the pumped medium takes place, especially
on hydraulic binding agents. Consequently, routine breaks in the
work of pump require timeous flushing of cavities in the processing chamber and pipelines.
Density composition of solids drastically worsens operation
conditions of friction couples in the fluid end of the mortar pump –
seals, muff, piston and rod. Another disadvantage, that accelerates rubbing parts’ wear, is the presence in the solution of water,
which in combination with chemically-active cementing phases
causes corrosive action, in other words, it conditions erosion
corrosion and particulate erosion of the mortar pump’s parts.
Against this background, an important task is to take into account the mentioned peculiarities in estimating and developing the
service properties of hauling equipment.
When analyzing the influence of solution properties on the
pumping process, it is necessary to use their flow factor, which is
in the range of 5 ... 12 cm and characterizes the convenience of
transportation and mortar laying on workpiece surfaces. However,
this characteristic does not reveal the interaction between the
solution and pump components and can describe this process
only when building empirical statistic dependences.
In this regard, when developing new samples of mortar
pumps, it seems essential and important today to analyze the
method of scoring the properties of solutions in order to reveal the
mechanism of manifestation of these properties in the process of
conveyance by the mortar pump.
Rheological properties of solutions are determined by using
the viscometres of rotatory operation. The principle of operation
of these devices is based on the studying of relative rotational
motion of cylinders, between which the test medium is situated.
The usage of this method for building mortars is limited by the slot
width between the cylinders and is efficient only for very workable
plasters. The value of structured viscosity and shift voltage depend mainly on the flow rate (the intensity of structural links destruction). In different sources the represented data on the significance of the pointed out rheological properties have quite a broad
band, as they were received in different velocity (kinematic) conditions. In this regard, when developing a machine with specific
operating factors, it is necessary to do measuring operations on
the used solution in order to correct real value of thresholds,
which characterize rheological properties of the service (medium).
The required properties of the mortar are achieved by cementaggregate compatibility, namely by the amount of material by
weight or volume, which falls per 1 m3 of mortar mixture, or by the
ratio of each mortar’s component to the binder also by mass or
volume, at that the binder discharge is taken as a unit (Chen et
al., 2013; Kheradmand M. et al., 2014).
It should be noted that during pipeline transportation it is necessary to provide plasticity of mortar mixture and appropriate
convenience of pumping under pressure. The latter is peculiar to
such mixtures, that during transportation by the mortar pump do
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not form stagnation zones or sand seals in pressure hoses, and
are pumped as a continuous flow. These showings are determined by the mobility of the mixture and they are provided by
adjusting to the required condition in the mixer of the plastering
machine (Kim K.H. et al., 2012).
Further improvement of the facilities for mortar mixture supply
through pipelines and the development of rational parameters of
the structural components in the fluid end of the mortar pump with
minimal resistance to pumping under pressure require studying
the interaction of the working body and the valve assemblies with
the flow of the pumped medium. In order to get that done, again,
it is necessary to define rheological characteristics of the pumped
mortar mixture.
2. MEASURING TECHNIQUE FOR RHEOLOGICAL
PROPERTIES OF MORTAR MIXTURES
Flow behavior of mortar mixtures, which belong to structural
fluids (Almeida and Sichieri, 2007; Binici et al., 2012; GonzálezFonteboa and Martínez-Abella, 2008), can be characterized to the
fullest extent possible by the formula of Shvedov-Bingham
𝜏 = 𝜏0 + 𝜂 ⋅

𝑑𝑉
𝑑𝑛

,

(1)

where: τ – is the shear stress, Pa; τ0 - is the critical shear stress,
after the achievement of which the liquid comes into motion, Pa;
dV
η – is the absolute viscosity coefficient Pas;
– is the velocity
dn
gradient in the cross flow direction.
The critical shear stress τ0 and the absolute viscosity coefficient η are the main rheological properties of the service under
consideration and determine the nature of the interaction between
mortar mixture flow with the elements of the fluid end of the mortar
pump.
The value of the indicated parameters varies over the residence time of the static fluid (at zero speed) and depends on
a number of factors (Cuia et al., 2015). This is, in particular, the
ratio of the mortar mixture ingredients, the quantity of water,
which is comprised into the mortar mixture, the flow rate of speed.
In addition, rheological characteristics depend on specific measurement conditions (Perrot et al., 2013).
This explains the wide disagreement in the values of the mentioned parameters τ0 and η, given in different literature sources
(Assaad and Daou, 2014; Reis et al., 2011). Therefore, in the
process of pumping the mortar mixture, it is necessary to define
the indicated parameters for mortar mixtures with fixed composition and specified mobility.
In view of this, the usage of traditional viscosity measurement
devices is obstructed, as far as in order to carry out measurements within the broad range of flow and different slurry formulation every time it is necessary to readjust the equipment with the
objective of ensuring proper measuring conditions.
In addition, these devices perform the viscosity measurement
at a certain speed of medium motion, so the obtained results can
be considered adequate only under certain conditions.
Volarovich viscosimeter is the most appropriate for the evaluation of rheological parameters of sand-lime mortars with different
mobility (Kockal, 2016). But it has a rather complex structure and
requires high accuracy of manufacturing and assembling of its
components.
Having regard to the above, we have proposed a test method
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for determining the rheological properties of mortar mixtures with
different mobility, which is the study of the interaction between
a metal ball and the test solution.
An example of a study of the interation between a spherical
body and the liquid is the Stokes problem of a slow static flowing
round the ball, in which the main influence is created by pressure
and friction forces, and inertial components are not taken into
account. A real example, closest to such a movement, is a slow
drop of the ball in very viscous liquid (Korobko B and Vasyliev,
2014), to which sand-lime mortar can also be relevant.
The solving of the Stokes problem, when the ball is flowed
round by structural liquid, the rheological behavior of which is
determined by Shvedov-Bingham’s law (1), takes the following
form:
 the normal stress pattern on the ball surface of radius r at
static relative motion of a ball and of the liquid at the velocity
of V0 is as follows
3

𝑉0 ⋅𝜂

2

𝑟

𝑝=− ⋅

⋅ 𝑐𝑜𝑠𝜑,

(2)

where: 𝜑 – is the central angle between the direction of the veloci⃗ 0 of flow and the normal to the concerned element of
ty vector 𝑉
the spherical surface of the ball;
 shear stresses, caused only by viscosity and velocity
gradients in the boundary layer, are spread on the surface of
the ball in this way:
3

𝑉0 ⋅𝜂

2

𝑟

𝜏𝜂 = ⋅

(3)

⋅ 𝑠𝑖𝑛𝜑,

and with a glance to the critical shear stress of the environment
𝜏0 (1)
3

𝑉0 ⋅𝜂

2

𝑟

𝜏𝜂 = 𝜏0 + ⋅

⋅ 𝑠𝑖𝑛𝜑.

(4)

Fig. 1. The scheme of interaction between the ball
and the flow of mortar mix

The first summand of the expression (7) is independent of the
structural solution viscosity η and the speed of ball’s movement.
It defines the component of the total force, which is necessary for
shifting the ball towards the mortar mix, which creates static resistance to its motion, caused by the presence of τ0 stress. The
second summand is determined by the traverse speed of the ball
V0 relative to the mortar mix.
Analyzing the expression (7), we can come to the conclusion,
that the determination of rheological parameters τ0 and η of the
mortar mix should be carried out in two stages.
At first it is necessary to define the force, at which there occurs the shift of the ball of radius r, which is in the mortar mix. This
allows you to calculate the value of τ0 , provided that at the beginning of the shift of the ball its speed through mortar mix becomes
zero. Then the expression (7) will be as follows Fτ = π2 r 2 τ0 ,
from which
𝜏0 =

𝐹𝜏
𝜋2 𝑟 2

(8)

.

The components of the force 𝐹 are defined as the sum of projections of elementary efforts, caused by the availability of normal
𝑝 and shear 𝜏 stresses on the surface of the ball (Fig. 1):

The value Fτ is defined as the difference between the external
force F0 , at which the ball shear occurs, and the buoyancy force
FA .
Then there are measured the speed V0 and the nature of
ball’s motion in the mortar mix under the action of constant external force F. After determination of the velocity V0 and the stress
τ0 on the basis of the expression (7) there is calculated the value
of the plastic solution viscosity η

𝐹 ′ = ∫ 𝜏𝑐𝑜𝑠[90° − (180° − 𝜑)]𝑑𝑆,

𝜂=

The forcing, which is a measure of the interaction between a
ball and structural liquid, consists of two components
(5)

𝐹 = 𝐹 ′ + 𝐹 ′′ .

𝐹−𝜋2 𝑟 2 𝜏0
6𝜋𝑉0 𝑟

𝑆

(9)

.

𝐹 ′′ = ∫𝑆 𝑝 cos(180° − 𝜑) 𝑑𝑆.

With allowance for the buoyancy force, the calculating formulae (8) and (9) ultimately will be of the following form:

Formula (5) after the conversion of expressions for 𝐹′ and 𝐹′′
will be of the following form

𝜏0 =

𝐹 = ∫𝑆 𝜏𝑠𝑖𝑛𝜑𝑑𝑆 − ∫𝑆 𝑝𝑐𝑜𝑠𝜑𝑑𝑆,

(6)

where: 𝑑𝑆 – is the area of the ball’s surface element,
𝑑𝑆 = 2𝜋𝑟 2 𝑠𝑖𝑛𝜑𝑑𝜑.
Having inserted the relations (2) and (4) into (6), we will get
the formula for determining the resistance force 𝐹, which occurs
when a ball of radius 𝑟 moves with respect to the mortar mix at
a speed of 𝑉0 :
3 𝑉0 𝜂

𝜋

𝐹 = ∫0 (𝜏0 + 
2
𝜋

3 𝑉0 𝜂

− ∫0 (− 
2

𝑟

𝑟

𝑠𝑖𝑛𝜑) 𝑠𝑖𝑛𝜑2𝜋𝑟 2 𝑠𝑖𝑛𝜑𝑑𝜑 −

𝑐𝑜𝑠𝜑) 𝑐𝑜𝑠𝜑2𝜋𝑟 2 𝑠𝑖𝑛𝜑𝑑𝜑,

𝐹 = 𝜋 2 𝑟 2 𝜏0 + 6𝜋𝑉0 𝑟𝜂.

(7)

𝜂=

4
3

𝐹0 − 𝜋𝑟 3 𝑔𝜌
𝜋2 𝑟 2

(10)

,

4
3

F− 𝜋𝑟 3 𝑔𝜌−𝜋2 𝑟 2 𝜏0
6π𝑉0 𝑟

,

(11)

where: ρ – is the density of the test solution, kg/m3, g – is the
gravitational acceleration, m/s2.
In order to study the interaction between the ball and the test
solution, we have used the apparatus (see Fig. 2), which consists
of a steel ball 1, rigidly connected with the steel rod 2. At the rod
there was located bearing plate 3 for the load of balance weights.
At determining the initial shift of the ball, on the end of the rod
there is placed a pointer against the corresponding scale mark,
situated on the bracket 4, which is connected to the blending
hopper. When investigating the ball’s motion pattern in the mortar
mix on the bracket 4, there is set a displacement pickup of inductive type 5.
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process is stationary in nature. One cell of the diagram in the
horizontal direction corresponds to 0.01 s. The analysis of the
diagram testifies that the full time of the ball’s release 𝑇 is equal
to 0.39 (segment 𝑇 = 39 mm), and the ball’s stationary motion 𝑡1
= 0.27 s (segment 𝑡1 = 27 mm). The ball’s depth of immersion is
determined based on the results of the movement sensor calibration (in the diagram 𝐿 = 323 mm, 𝑙1 , = 255 mm).
The study of the received diagram allows to determine the velocity of the ball in the mortar mix at the steady motion area acl
cording to the formula V0 = 1 and, using the relationship (11), to
t1

Fig. 2. The device for measuring rheological characteristics
of the mortar mix

Measurements are performed in such a way. The ball 1 is
submerged into the freshly-mixed sand-lime mortar with the proportion of ingredients 1: 3 in such a way, so that it would be completely covered with the mortar. Balance weights are consistently
set on the bearing plate 3 in such a way, so that the difference in
load between them would be no more than 5 g. Keeping watch
over the pointer, we fix the shear couple of the ball. The magnitude of applied force 𝐹0 , which corresponds to the beginning of
shift, is defined as the sum of fare weight of a ball with a rod and
the weight of balance weights, established on the bottom. The
density of the mortar mix is determined by weighing the fixed
volume of the mortar. Then the critical shear stress 𝜏0 for the test
solution is determined from the formula (10). The mobility of the
mortar mix is measured by using the slump cone "StroyTsNIL".
When measuring the ball’s rate of descent in the test solution, the
load weighing 2.5 ... 3 times larger than 𝐹0 is set on the bearing
plate (this is necessary to ensure the sinking of the ball in the
mortar mix). The mortar mix is stirred in the slurry blender. Immediately after the shut-down of the stirring the ball 1 is sunk in such
a way, so that it would be completely covered by the mortar mix,
and it is held in this position. The self-recording instrument is
switched on and the ball is released.

calculate the value of the plastic viscosity of the test solution η.
The criterion which determines the process of hydrodynamic
interaction between a valve ball and the flow of mortar is Reynolds
criterion, which characterizes the effect of medium viscosity forces
while flowing round the ball. In estimating flow motion of viscous
medium in cylindrical space Reynolds criterion is as follows:
𝑅𝑒 =

𝑅𝑒 ∗ = 𝑅𝑒
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𝜌.

(12)

6𝜂𝑉0
6𝜂𝑉0 +𝜏0 2𝑟

(13)

.

Using the above mentioned methods, we have carried out
measurements by applying the sand-lime mortar with the composition 1:3 and with the medium mobility ranging from 8 to 12 cm.
The results of measurement are using a 40, 50 and 60 mm diameter steel ball are given in the Tab. 1.
Tab 1. The measuring results of rheological characteristics
of sand-lime mortar mixes with different mobility
Mobility, Density 𝜌,
[сm]
[kg/m3]

8

12

In Fig. 3 there is given a displacement diagram, showing the
movement of the ball 60 mm in diameter in the sand-lime mortar
with the composition 1: 3 and with the medium workability of 8 cm.
The chart shows that at a certain period of time the ball is
moving at a constant speed (points 2-3), that is, the interaction

𝜂

When investigating the medium motion, which has got structured viscosity, the generalized parameter of Reynolds ought to
be determined in the following way:

10

Fig. 3. The displacement diagram, showing the movement
of the ball 60 mm in diameter in the sand-lime mortar
with the composition 1:3 and with the medium workability of 8 cm

𝑉0 2𝑟

2100

2000

1900

𝜂,
𝑑,
𝜏 ,
𝑉0 ,
𝐹 , [N] 0 𝐹, [N]
𝑅𝑒 ∗
[mm] 0
[Pa]
[m/s] [Pas]
60

7.75 610.22 24.07 0.94 30.53 3.21

50

5.10 608.43 15.30 0.74 29.20 2.14

40

3.14 607.92 8.40

60

6.42 473.60 17.85 1.21 16.71 7.03

50

4.21 475.70 11.75 1.06 15.07 5.65

40

2.55 479.56 8.40

60

4.80 303.86 11.43 0.98 12.00 7.40

50

3.09 303.21 7.86

0.89 11.41 5.93

40

1.81 301.51 5.25

0.81 11.27 4.47

0.45 31.22 0.93

0.93 16.69 3.72

For checking the proper use of analytic consistent patterns,
the authors have sized up the actual magnitude of Reynolds
parameter, which is the criterion of the process’ temporal homogeneity. The calculation data of 𝑅𝑒 ∗ according to the formula (13)
for every dimension are listed in the table 1. This parameter value
in all dimensions does not exceed 𝑅𝑒 ∗ = 10, what offers an
opportunity to draw a conclusion about the accuracy of the developed methodology.
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3. CONCLUSIONS
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