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Numerical simulation of dynamic segregation of self-consolidating concrete
(SCC) in T-box set-up
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Abstract. A CFD software was used to simulate free surface flow of SCC in the T-Box test. In total, seven simulations were
developed to study the effect of rheological parameters on the non-restricted flow performance of SCC in both horizontal and
vertical directions. Different suspending fluids having five plastic viscosity values between 10 and 50 Pa.s, three yield stress
values between 14 and 75 Pa, one density of 2500 kg/m?, and one shear elasticity modulus of 100 Pa were considered for
suspension of 178 spherical particles of 20-mm diameter and 2500 kg/m°density. The results of the simulations are found to
correlate well to changes in rheological parameters of the suspending fluid. Plastic viscosity was shown to be the most dominant
parameter affecting flowability and dynamic stability compared to the yield stress. A new approach was proposed to evaluate
performability of SCC based on a trade-off between flowability and dynamic stability.
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1. Introduction

Self-consolidating concrete (SCC) is a novel
construction material that is gaining market acceptance in
various applications. Higher fluidity characteristics of SCC
enable it to be used in some special applications, such as
densely reinforced sections. However, higher flowability of
SCC makes it more sensitive to segregation of coarse
particles during flow (i.e., dynamic segregation) and
thereafter at rest (i.e., static segregation) (ACI 237R-07,
Assaad et al. 2004, Khayat et al. 2004).

Dynamic segregation corresponds to the separation of
coarse aggregates from the mortar matrix during flow
(Thrane 2007). It can result in less aggregate content in top
layers of the cast concrete, which is called vertical dynamic
segregation. This type of segregation is more important in
the case of vertical applications, such as tremie concreting
and casting of tall wall and column elements. This can be
accelerated by gravitational induced and static segregation
(Leighton and Arcrivos 1987, Zhaosheng et al. 2007, Gunes
et al. 2008, Spangenberg et al. 2012a and 2012b, Liao et al.
2016). On the other hand, increasing horizontal flow
distance can result in less coarse aggregate content at flow
front, regardless of the effect of the obstacles and blocking
resistance. This is called horizontal dynamic segregation
which is more concerned in horizontal applications, such as
casting of long slabs, beams, and wall elements (Khayat and
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Mitchell 2009). Therefore, comparison between the
properties of SCC at each horizontal or vertical levels and
the casting point, i.e., the point where the concrete is
dropped into the formwork, can lead to evaluate the
dynamic stability of the mixtures on that level.

Accordingly, new experimental tests are developed,
including determination of coarse particle contents in
different horizontal and vertical sections of a channel (Shen
et al. 2009 and 2015a) and penetration depth which
measures the depth of the thickness of the cement
mortar/paste accumulated above the settled aggregates
(ASTM C1712-14 and Shen et al. 2014). For example, SCC
is allowed to flow in a channel and then the particle content
at the entrance and the end of the channel are compared to
determine the horizontal dynamic segregation (Shen et al.
2015b). Turgut et al. (2012) developed a modified L-Box
set-up to evaluate the dynamic segregation of SCC in
different locations in the horizontal channel. Sonebi et al.
(2007) proposed a settlement column segregation test which
comprises a small column of SCC being subjected to a
controlled jolting action followed by 5 minutes settlement
period. Accordingly, the segregation obtained by this set-up
is a combination of both dynamic and static segregation,
corresponding to the jolting action and the settlement
period, respectively.

The T-Box test which resembles the non-restricted flow
of the SCC by tilting motion of the box in different rotating
cycles  was  developed (Esmaeilkhanian 2011,
Esmaeilkhanian et al. 2014a). Displacement of the mass-
center of the concrete during rotation process can simulate
the motion of concrete in the formwork in vertical and
horizontal directions. Vertical and horizontal dynamic
segregation of SCC are then measured by determining the
penetration depths and coarse aggregate contents at two
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sides of the box, respectively. Esmaeilkhanian et al. (2014b)
evaluated experimentally the effect of mix design
parameters and rheological properties of SCC on the results
obtained by T-Box test. It was revealed that increasing yield
stress and plastic viscosity can result in higher dynamic
stability of SCC due to higher drag force exerted by the
mortar matrix on coarse aggregates. Consequently,
workability parameters of SCC have a significant effect on
its dynamic stability. For example, decreasing slump flow
from 700 to 640 mm and increasing V-Funnel flow time
from 5 to 25 s could result in increasing the dynamic
stability of SCC up to 38% to 50%. This is due to higher
plastic viscosity and yield stress of the mixture
(Esmaeilkhanian 2011, Esmaeilkhanian et al. 2014a and
2014b). It was also concluded that ensuring proper dynamic
segregation resistance is more stringent than static
segregation (Esmaeilkhanian et al. 2014b).

Disturbing the homogeneity of fresh SCC mixtures
results in negative effects on its structural performance and
durability in the hardened state. Therefore, there is a great
need to develop some theoretical tools to evaluate stability
of SCC during the casting process. Using these tools can
lead to assess the required conditions to ensure proper
dynamic stability and flowability. It must be noted that there
is always a trade-off between dynamic stability and
flowability of SCC that should be established given the
casting conditions (Khayat 1999). Numerical simulations of
flow of SCC can be considered as powerful tool to predict
flow performance of the mixture while taking into account
flow induced segregation (Roussel et al. 2007 and 2016,
Yammine et al. 2008). Recently, there is a great interest to
employ computational flow modeling to evaluate the
dynamic stability of SCC (Thrane 2007, Spangenberg et al.
2012a and 2012b, Roussel et al. 2016). Spangenberg et al.
(2012a and 2012b) studied different patterns of dynamic
segregation of SCC. The results showed that gravitational
particle segregation plays the dominant role in dynamic
segregation of the coarsest aggregates in both horizontal
and vertical directions during the casting process.

In this paper, a computational fluid dynamics (CFD)
software was employed to simulate free surface flow of
SCC in the T-Box test apparatus as a heterogeneous
suspension of coarse particles in a Bingham surrounding
fluid. The Navier-Stokes and conservation of mass
equations for incompressible materials are solved by the
volume of fluid (VOF) method (Hirt and Nichols 1981). In
total, 7 simulations were developed to study the effect of
rheological parameters of the suspending fluid on
flowability and non-restricted dynamic stability of SCC in
both horizontal and vertical directions. Modelled
suspensions consisted of the suspending fluid that
corresponds to the stable homogeneous portions of the SCC
mixture, which includes the fraction of the coarse and fine
aggregates that can flow in a homogeneous manner during
the casting process. Several suspending fluids with various
yield stress and plastic viscosity values were investigated.
The paper discusses the results of the numerical simulations
in terms of flow velocity, strain rate, Kinetic energy, flow
profiles, and particle distribution throughout the T-Box
channel (horizontal direction) and fluid depth (vertical
direction) following six tilting cycles of the T-Box test.

2. T-Box test set-up

The T-Box test set-up was developed to evaluate
dynamic stability of SCC (Esmaeilkhanian 2011,
Esmaeilkhanian et al. 2014a and 2014b). As can be
observed in Fig. 1, the proposed apparatus consists of a
rectangular channel measuring 1 m in long, 0.2 m in width,
and 0.4 m in height, hinged in the middle to a 140-mm
height support. The rotating motion of the box is limited by
another support beneath one end of the channel. An amount
of 16 L of SCC is cast in the channel which provides an
initial concrete thickness of 80 mm (Esmaeilkhanian 2011).
This test simulates the flow distance traveled by the
concrete (typically SCC) in the formwork using a tilting
motion of the box in given rotating cycles. Each single 2-s
flow cycle is reached when the channel rotates from the
initial horizontal position in the non-supported side till the
box touches the floor in 1-s half cycle (i.e., titling down),
and then moves back to the horizontal state in another 1 s
(i.e., tilting up) in a continuous motion. Consequently, as
the number of cycle increases, the coarse particles
accumulate gradually in the tilt down section, and at the
same time this results in formation of a layer of mortar in
the top surface of the concrete placed in the tilt up section.
Comparing the properties of the concrete in the tilt down
section to the one placed in the tilt up section in a given
number of tilting cycles can enable the evaluation of
dynamic stability of the investigated mixture. In this paper,
flow performance of various SCC mixtures are evaluated in
T-Box set-up using CFD.

3. Properties of modelled materials and T-Box test
procedure

The investigated SCC mixtures are considered as
suspensions of coarse particles in various suspending fluids.
The suspending fluid is assumed actually as the portion of
the concrete mixture that shows no segregation and keeps
homogeneous during flow. The parameters of the modeling
included five plastic viscosity values (10, 17, 25, 38, and 50
Pa.s), three yield stress values (14, 45, and 75 Pa), and a
density of 2500 kg/m® as well as one shear elasticity
modulus value of 100 Pa for the suspending fluids. The
shear elasticity modulus is the ratio of the shear stress to
shear strain in the elastic state of the suspending fluid.
Selected values of rheological parameters (i.e., plastic
viscosity of 10 to 50 Pa.s, and yield stress of 14 to 75 Pa)
correspond to rheological parameters of suspending fluids
that can ensure flowable SCC having risk of dynamic
segregation. This can allow the evaluation of the effect of
rheological parameters of the suspending fluid on dynamic
stability of SCC mixtures.

The virtual concrete suspensions included 178 spherical
particles of 20-mm diameter which corresponds to 4.7%
volumetric particle content. Indeed, it was assumed that the
finer coarse aggregate fraction that can remain in
homogeneous suspension in the SCC mixture during the
flow period makes up part of the suspending fluid.
Accordingly, the suspending fluid can be assumed as the
stable portion of the SCC mixture. It can be explained by
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Fig. 1 Schematics of T-Box set-up (Esmaeilkhanian 2011,
Esmaeilkhanian et al. 2014a, 2014b)

the fact that segregation and blocking do not occur for all
the aggregate particles, and that the finer aggregate potion
can remain uniform suspension during the flow in place of
stable SCC. It is important to note that, due to the limits in
calculation capacity of computers, tracking of the positions
of all the coarse aggregate particles (having typical contents
and sizes, ranging from 10% to 30% and 5 mm to 20 mm,
respectively) would have been impossible. On the other
hand, increasing the number of particles can lead to
decreasing the volume of suspending fluid (i.e.,
paste/mortar matrix in concrete mixture). According to
Esmaeilkhanian et al. (2014b), decreasing the paste volume
(i.e., increasing the solid fraction) can significantly decrease
the volumetric dynamic segregation indices. This can be
explained by the fact that decreasing the suspending fluid
portion results in less interstitial space for solid particles
(aggregate particles) to move and segregate. As stated in
Esmaeilkhanian et al. (2014b), and Philips et al. (1992),
when particle volume fraction approaches its maximum
value (i.e., paste volume reaches its minimum), the plastic
viscosity tends towards infinity making any further particle
migration virtually impossible. It was shown in Philips et
al. (1992) that for a flow through a cylinder, increasing
particle volume fraction decreased heterogeneities (i.e.,
dynamic segregation) across the cylinder section. The same
phenomenon occurred in the T-Box channel. When the
particle volume was increased, the particle distribution
along the T-Box remained uniform during the flow,
resulting in lower dynamic segregation.

It must also be noted that the effect of five values of
suspending fluid plastic viscosity (i.e., 10, 17, 25, 38, and
50 Pa.s) on the flow performance of suspensions is only
evaluated for the suspensions having the maximum
suspending fluid yield stress value of 75 Pa. On the other
hand, the effect of suspending fluid vyield stress on
flowability and dynamic stability of SCC is only evaluated
for the mixtures having the minimum plastic viscosity value
of 10 Pa.s.

In total, the first six flow cycles (i.e., t = 12 s) of the
tilting motion of the T-Box test was considered in model of
the investigated suspensions. As mentioned before, the
tilting of the apparatus starts from stationary horizontal state
att=0s, and also at the beginning of each flow cycle (i.e., t
= 2, 4, 6, 8, and 10 s) by tilting down the channel.
Therefore, the initial angular velocity at the beginning of
each flow cycle should set to be zero (w(t =0, 2, 4, 6, 8, and
10 s) = 0 rad/s). The tilting procedure is ended by a
horizontal position at t = 12 s by a tilting up motion (i.e.,
w(t =12 s) =0 rad/s). On the other hand, since the box edge
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Fig. 2 Angular velocity versus time for a single flow cycle

touches the floor slightly at the end of each first half of the
flowing cycles (i.e, t = 1, 3, 5, 7, 9, and 11 s), the
corresponding angular velocity of the tilting procedure is
assumed to be zero at these flow times. Considering the fact
that tilting pattern should be continuous, it also assumed
that angular velocity of the apparatus reaches maximum
values at first and third quarter flow cycles (i.e., t = 0.5, 1.5,
2.5,35,45,55,6.5, 75,85, 9.5, 10.5, and 11.5 s). On the
other hand, the apparatus should be rotated by a maximum
angle of a = tan}(140 mm/500 mm) = 0.273 rad (i.e.,
15.642 degree) in every half cycles. Therefore, assuming a
sinusoidal function pattern, the angular velocity of modeled
T-Box set-ups can be defined as a function of the flow time,
according to Eq. (1)

w(rad/s)=0.4288sin(xt) (1)

where w is the angular velocity of the apparatus as function
of flow time t, positive and negative values of w correspond
to tilting down and tilting up periods of flow, respectively. A
typical example of angular velocity values for a single flow
cycle is presented in Fig. 2.

4. Numerical simulation and boundary conditions

In order to simulate flow performance of SCC in the T-
Box test apparatus, a CFD software (FLOW3D® ) was
employed. The basic equations of the conservation of mass
for incompressible materials and the Navier-Stokes
equations are solved by the Volume of Fluid (VOF) method
(Hirt and Nichols 1981). In total, 7 simulations were carried
out for a period of flow of 12 s (i.e., 6 flow cycles). Six
mesh blocks of 585,104 cubic cells with 5-mm size in the
X, Y, and Z directions were created to discretize the
geometry, solid elements, and suspension.

As presented in Fig. 3(a-1), the Dirichlet-Neumann
boundary conditions were applied based on the geometry of
the T-Box set-up; the velocity of the walls of the apparatus
was set to zero in Y direction. In the X and Z directions, the
velocity of the walls is governed by Eq. (1).

In order to simulate the motion of dynamic boundaries
(e.g., T-Box apparatus) and suspended particles in
heterogeneous suspensions, a General Moving Object
(GMO) technique was employed. A GMO consists in a rigid
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body subjected to physical motion, which is either
dynamically coupled with fluid flow or prescribed. It can
move with six degrees of freedom or rotate around a fixed
point or a fixed axis. The GMO model allows to have
multiple moving objects in one problem, and each moving
object can have any independently defined type of motion.
GMO components undergo a mixed motion, including
coupled translational and/or rotational  velocities.
Furthermore, a body-fixed reference system (body system)
defined for each moving object and the space reference
system (space system) are employed. At each time step, the
hydraulic force and torque due to pressure, gravitational,
and shear stresses are calculated, and equations of motion
are solved for the moving objects under the coupled motion
due to these forces. Area and volume fractions are
recalculated at each time step based on updated object
locations and orientations. Source terms are added in the
continuity and the VVOF transport equations to account for
the effect of moving objects to displace the fluid. The
tangential velocity of the moving boundaries is introduced
into shear stress terms in the momentum equation. An
implicit numerical method is employed to calculate in an
iterative manner, coupling of fluid flow and GMO motion
in each time steps using the force and velocity data from the
previous time step (FLOW3D® software user guide).

The GMO model was employed to incorporate and
allow rigid collision between spherical particles. The
collisions are assumed to be instantaneous and are allowed
to occur between moving rigid bodies (i.e., spherical
particles), and between rigid bodies and wall boundaries of
the computational domain. At each time step, once a
collision is detected, a set of impact equations are
integrated.

In this study, the collision between particle-particle and
particle-wall boundaries of the apparatus are assumed to be
perfectly elastic with a coefficient of restitution of 0.8. This
value was obtained based on experimental measurements
carried out using 20-mm diameter spherical glass beads
(having approximately same density as the modelled coarse
aggregate) on different surfaces, such as steel and Plexiglas
(similar to that one used for T-Box apparatus). These
measurements were carried out at the University of
Sherbrooke, using high speed camera. Friction at the
contact point is also taken into consideration during
collision. The friction boundary conditions between
particles, fluid, and the walls of the apparatus were
considered with a friction coefficient value of 0.4 according
to Coulomb’s law of friction (Vanhove and Djelal 2013).

The modelled fluids are considered as non-Newtonian
Bingham fluids using an elasto-viscoplastic model with
implicit time integration. Gravity stresses are calculated
using gravitational acceleration value of 9.81 m/s. In order
to consider particle-particle and particle-wall interactions, a
coefficient of restitution of 0.8 was applied for collision
physical model. The modelled flow is assumed to be
laminar flow type (RILEM 222-SCF). It is worthy to
mention that numerical simulations carried out on an i7-
2600 CPU 3.40 GHz processor required a total running time
between 124 and 592 hours. The running time depend
mostly on the plastic viscosity of the suspending fluid.
Indeed, the simulation of T-Box flow of higher viscous
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suspensions took more calculation time than less viscous
ones.

4.1 Sampling methods and anticipated results

In order to evaluate flowability of the modelled
suspensions, the results of the simulations are presented in
0.1-s time steps in forms of flow velocity, strain rate, kinetic
energy, displacement magnitudes, and flow profiles.
Dynamic stability properties of the suspensions in
horizontal direction are also calculated by measuring the
volumetric particle contents in five 20-cm long sections
through the T-Box horizontal channel that are illustrated in
Figs. 3(a-1) and 3(a-2). The number and position of the
particles, as well as the volume of the fluid in each section
are calculated at each flow cycle (i.e., 2-s periods). On the
other hand, dynamic stability of the suspensions in the
vertical direction is evaluated by comparing the volumetric
particle contents in three vertical layers (bottom, middle,
and top) at each flow cycle (i.e., 2-s periods). As presented
in Figs. 3(b-1) and 3(b-2), the thickness of both the bottom
and middle layers is 3 cm, and the remaining (Z > 6 cm)
corresponds to the top layer.

5. Results and discussions

5.1 Evaluation of flowability of modelled suspensions
in T-Box test set-up

In this section, the flowability of the modelled
suspensions with five suspending fluid viscosity values
corresponding to 10, 17, 25, 38, and 50 Pa.s, and the same
yield stress value of 75 Pa, are evaluated using numerical
simulation. Flow profile angles can be calculated at the end
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of each flow cycle using Eqg. (2).

Flow profile angle (deg) =tan™ H,—H, @)
L=Im

where H, and H; (Fig. 3(a-2)) are the flow profile depths at
the tilt down and tilt up sides of the T-Box at the end of
each flow cycle, respectively, and L =1 m is the channel
length. The results of flow profile angles at the end of each
cycle are presented in Fig. 4(a) for different plastic viscosity
values of suspending fluid. As can be observed in Fig. 4(a),
for a given viscosity, increasing the number of cycles can
result in higher flow profile angle till reach an equilibrium
value. Moreover, for a given flow cycle, increasing fluid
viscosity results in decreasing the flow profile angle due to
the less flowability of higher viscous mixtures. For
example, under 2 flow cycles, increasing suspending fluid
viscosity from 10 to 50 Pa.s can decrease the flow profile
angle from 8.0 to 5.0 degree. Furthermore, it is worthy to
mention that increasing the number of flow cycles can lead
to decrease the viscosity effect on the angle of flow profile.
For example, increasing plastic viscosity of suspending
fluid from 10 to 50 Pa.s can decrease the flow profile angle
from 5.7 to 2.5 degree (i.e., 56% reduction) and from 8.1 to
6.9 degree (i.e., 15% reduction) under 1 and 6 flow cycles,

0.47

0.46 - o

N
0.45 .
‘\ ¥y =-0.002x + 0.473

o\ R> = 0.98
0.43 - YN

0.44 -

0.42 + O,
0.41 N\

0.4 w

0.39 4 o)

Maximum overall flow displacement magnitude (m)

0.37

o 1I0 2I0 SI() 4I0 SI()
Suspending fluid plastic viscosity (Pa.s)
(a) Maximum overall flow displacement, versus suspending
fluid plastic viscosity
0.7

=
z =
< 0.6 \
=
= %
= Y
o 0.5 by
£ R y=2.93x00s
g 2 =
= ] N R*2=0.99
=3 ~
= >
- ¥
= '~
= 03 4 S~
= Te_
g “To
z 0.2 1
=
g
= 0.1 4
ol
=
0 : . . . .
0 10 20 30 40 50

Suspending fluid plastic viscosity (Pa.s)
(b) Maximum overall flow velocity versus suspending fluid
plastic viscosity
0.0

45

0.04 -

o
.
0.035 | X
\
A}
0.03 - .
\
‘\
0.025 -
® ¥y =031x"°°2
)
0.0z \ R*=0.98

energy magnitude (J/kg)

0.015 - O~

~
~
0.01 - -l o

Maximum overall flow mass-averaged kinetic

0.005 -

0 T T T T T
o 10 20 30 40 50

Suspending fluid plastic viscosity (Pa.s)
(c) Maximum overall flow mass-averaged kinetic energy
versus suspending fluid plastic viscosity

Fig. 5 Flowability properties versus suspending fluid plastic
viscosity

respectively. This can be explained by the dissipation of
initial flow energy in higher flow displacements obtained by
more flowing cycles (Fig. 4(b)). Indeed, in a constant
gravitational (i.e., constant density) and elastic (i.e.,
constant yield stress values) force conditions, when the flow
energy becomes less, the effect of viscous forces on free
surface flow profile shape of the mixtures also decreases.
Accordingly, the maximum values of flow mass-averaged
kinetic energy in each flow cycle are presented in Fig. 4(b).
As can be observed, flow kinetic energy is mostly
dissipated in the second flow cycle due to friction stresses
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and wall effect. After the second cycle, it reaches
equilibrium values for each suspension. These effects are
shown to be dominant in the case of lower viscosity values.
This proves that flow properties of the mixtures with less
suspending fluid viscosity are affected mostly by the initial
flow energy provided by the first tilting cycle, while for the
higher viscous mixtures the number of flow cycles (Eq. (1))
is the most dominant factor. For example, the maximum
flow mass-averaged kinetic energy magnitudes in the first
flow cycle decrease from 0.0396 to 0.0215 J/kg (i.e., 46%
dissipation) and from 0.0095 to 0.0087 J/kg (i.e., 8%
dissipation) in the second flow cycle for suspending fluid
plastic viscosity values of 10 and 50 Pa.s, respectively.

The results of the maximum overall values of flow
displacement, flow velocity, and mass-averaged kinetic
energy obtained for the investigated suspensions during the
test duration (i.e., t = 0 to 12 s) are presented in Fig. 5(a),
5(b), and 5(c), respectively. Suspensions with lower plastic
viscosity of the suspending fluid can exhibit higher
flowability. For example, increasing the plastic viscosity of
suspending fluid from 10 to 50 Pa.s resulted in decreasing
the maximum overall flow displacement, velocity, and
mass-averaged Kkinetic energy magnitudes from 0.460 to
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Fig. 7 Maximum typical inertia stress values in each flow
cycles for different values of suspending fluid viscosity

0.377 m (i.e., 18% decrease), 0.634 to 0.224 m/s (i.e., 65%
decrease), and 0.0396 to 0.0095 J/kg (i.e., 76% decrease),
respectively.

5.2 Evaluation of dynamic stability of suspensions in
the horizontal direction

In this section, horizontal dynamic stability of the
modeled suspensions with suspending fluid viscosity values
of 10, 17, 25, 38, and 50 Pa.s and yield stress value of 75 Pa
are evaluated using numerical simulations. Fluid volume
and particle contents in five horizontal sampling sections
(as presented in Fig. 3(a)) are calculated at the end of each
flow cycle. Accordingly, shear-induced dynamic
segregation of the mixtures in the horizontal direction can
be quantified for each flow cycle using the coefficient of
variation (COV) of particle contents in all the five
horizontal parts (Eq. (3)).

_ STANDARD DEVIATION of particlecontents (Paris1.2.3. 4. and 5) (3)
AVERAGE of particlecontents (Parts1.2.3.4.and 5)

COV (%)

As can be observed in Fig. 6(a), for a given suspending
fluid viscosity, increasing the number of flow cycles can
result in increasing the COV of particle contents in the five
horizontal samples, which indicates higher dynamic
segregation. This can be due to the increase in flow
displacement, which can lead to higher shear-induced
heterogeneity in the suspensions. On the other hand, within
a given number of flow cycles, the suspensions with higher
suspending fluid viscosity show less COV values than those
with less suspending fluid viscosity. It is also worthy to
mention that increasing the viscosity shows higher effect in
the case of less flow cycle numbers due to its effect on the
initial flow energy and inertial forces which are provided in
the first flow cycle. For example, as can be observed in Fig.
6(b), increasing the plastic viscosity of the suspending fluid
from 10 to 50 Pa.s resulted in decreasing the COV from
41% to 4% (i.e., 37% reduction) and from 52% to 33% (i.e.,
19% reduction) under 1 and 6 flow cycles, respectively,
with very good coefficient of correlation (R* > 0.96).

It can also be concluded from Fig. 6(b) that increasing
the number of flow cycles resulted in less effect on the
dynamic segregation of the mixtures with less plastic
viscosity value of suspending fluid. For example, increasing
the number of flow cycles from 1 to 6 resulted in increasing
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COV from 41% to 52% (i.e., 11% increase) and from 4% to
33% (i.e., 29% increase) for suspending fluid viscosity
values of 10 and 50 Pa.s, respectively. This can be due to
the less drag forces exerted on particles in the case of less
viscosity of suspending fluid. Consequently, less viscous
mixtures can mostly segregate dynamically in the initial
flow cycles (i.e., less flow distance traveled by the
suspension) which flow energy and inertia stresses are
significantly higher than those values in subsequent flow
cycles, and then reaches to an equilibrium value. The results
presented in Fig. 4(b) showed that the flow energy is more
dissipated after initial flow cycle in the case of less viscous
mixtures. Typical maximum values of inertial stress (I,ax(i))
in the flow cycle (i) can also be estimated using Eq. (4).

e (1) = Ve ) @

where p = 2500 kg/m? is the density of the suspension and
Vmax(i) is the maximum flow velocity magnitude in the flow
cycle i. It is worthy to mention that within a given flow
cycle i, suspensions exhibited their maximum flow velocity
(Vmax(i)) in the second quarter of the cycle (i) which refers
to the second half of the tilting down steps. Moreover, as
the plastic viscosity of suspending fluid increases, the
maximum flow velocity for a given number of flow cycle
(greater than 1) tends to be obtained mostly at the beginning
of the second quarter of that cycle where the angular
velocity is at its maximum value. For the less viscous
suspensions, this value was obtained mostly at the end of
the second quarter of the cycle which corresponds to the
end of the tilting down step.

As can be observed in Fig. 7, for the suspending fluid
with lower plastic viscosity, inertia stress values decrease
significantly after the first flow cycle compared to those
with higher viscosity where the inertia stresses remain
comparable, regardless of the number of flow cycles. For
example, the maximum inertia stress in the first flow cycle
decreases from 1005 to 625 Pa (i.e., 38% decrease), and
from 125 to 121 Pa (i.e., 3% decrease) in the second flow
cycle for suspending fluid plastic viscosity values of 10 and
50 Pa.s, respectively.

Accordingly, higher viscous suspensions reach their
maximum dynamic segregation capacity after longer flow
cycles (i.e., longer flow distances). For example, as can be
observed in Fig. 6(a), 2, 3, and 4 flow cycles are required
for the mixtures with suspending fluid viscosity values of
17, 25, and 38 Pa.s, respectively to reach at least 90% of
their maximum dynamic segregation capacity which is
obtained after 6 flow cycles.

According to Esmaeilkhanian (2011), Esmaeilkhanian et
al. (2014a) and (2014b), comparison between the properties
of two horizontal samples located in tilt up and tilt down
sides of the T-Box can also be used as an evaluation index
for horizontal dynamic segregation of SCC. Therefore,
calculating fluid volume and particle content in two
horizontal sampling sections located at the tilt down (Part 5)
and tilt up (Part 1) sides of the T-Box channel, the
horizontal dynamic segregation index (H.D.S.l.) can be
defined for each flow cycle using Eq. (5).

Similar to the COV, as can be observed in Fig. 8(a), for
a given suspending fluid’s plastic viscosity, increasing the

number of flow cycles can result in increasing the H.D.S.I.
values. This can be explained by the fact that under higher
flow cycles, the mixture travels more distance in the
horizontal direction, which affects the homogeneity of the
suspensions. On the other hand, under a given number of
flow cycles, higher H.D.S.1. values were obtained for lower
suspending fluid plastic viscosity mixtures. This can be due
to the higher drag forces exerted on the particles in the case
of higher viscosity of suspending fluid which results in
maintaining more particles in the suspending fluid and
prevents them to segregate. Furthermore, increasing the
viscosity results in higher effect in the case of less number
of flow cycles due to the effect of viscosity on the initial
flow energy and inertial forces, which are provided in the
first flow cycle to drive the displacements of the particles.
For example, as can be observed in Fig. 8(b), increasing the
plastic viscosity of the suspending fluid from 10 to 50 Pa.s
can decrease the H.D.S.l. from 91% to 3% (i.e., 88%
reduction) and from 101% to 68% (i.e., 33% reduction)
after 1 and 6 flow cycles, respectively, with very good
coefficient of correlation (R? = 0.98).

As can be observed in Fig. 8(b), increasing the number
of flow cycles can have a higher effect on the horizontal
dynamic stability of the mixtures with higher suspending
fluid plastic viscosity. For example, increasing the number
of flow cycles from 1 to 6 increased the H.D.S.I. values
from 91% to 101% (i.e., 10% increase in horizontal
dynamic segregation) and from 3% to 68% (i.e., almost
65% more horizontal dynamic segregation) for suspending
fluid viscosity values of 10 and 50 Pa.s, respectively.
Indeed, lower viscous mixtures exhibit more dynamic
segregation during the first flow cycle (i.e., less flow
distance traveled by the suspension), and then they reach an
equilibrium value. This can be due to higher initial flow
energy (Fig. 4(b)) and inertial stresses (Fig. 7), as well as
less drag forces exerted on particles in the initial flow
cycles. However, in the case of higher viscous suspensions,
more flow cycles (which means higher flow distance) is
required to reach the maximum dynamic segregation
capacity. As can be observed in Fig. 8(a), the number of
flow cycles of 1, 2, 3, and 4 are required for the mixtures
with suspending fluid viscosity values of 10, 17, 25, and 38
Pa.s, respectively, to reach almost 90% of their maximum
capacity of horizontal dynamic segregation, which is
obtained after 6 flow cycles.

5.3 Tracking of particles

In order to validate the results of sections 5.1 and 5.2 the
maximum displacements of nine typical particles are
calculated for each mixture in a flow time when the mixture
reached its maximum flow displacement (i.e.,
tmaximum flow displacement). AS presented in Fig. 9, these typical
particles are located in three different vertical layers (i.e.,
top, middle, and bottom) and three different horizontal
sections (i.e., tilt down, middle, and tilt up). According to
the results presented in Fig. 5(a), for the flow times
corresponding to the maximum overall flow displacement

ti +5) — Parti @ti i
HDSIC% _ Particlecontent @ tiltdawn side(Part 5) - Particlecontent @tiltup side(PartD) 100% (5)

Initial mean particle content
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Fig. 9 Initial positions of nine representative 20-mm
diameter particles, colored in black

(i.., tmaximum flow displacement WHiCh were obtained as 3.4,
5.4, 9.4, 11.4 and 11.5 s for suspending fluid viscosity of
10, 17, 25, 38, and 50 Pa.s, respectively), displacements of
each of nine particles in the X, Y, and Z directions are
calculated. The maximum total displacement for each
particle can be calculated using Eq. (6), where Displ (i) is
the maximum total displacement of the particle i, and
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Fig. 10 The variation of the maximum displacement of
suspending fluid and typical particles located in three
horizontal sections (tilt up, middle, and tilt down) and three
vertical layers (a) top, (b) middle, and (c) bottom with the
plastic viscosity of suspending fluid

Displx(i), Disply(i), and Displ(i) are the displacements of
particle i in X, Y, and Z directions, respectively, for a period
of time from 0 to 1:maximum flow displacement-

The maximum displacement (Displm.x) Vvalues of the
particles placed at different initial horizontal and vertical
positions are compared to the maximum displacement of the
suspending fluid having different plastic viscosities in Figs.
10(a)-(c). According to the results presented in Fig. 10, for
suspending fluid viscosity ranging between 10 and 50 Pa.s,
all the typical particles placed in different locations
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exhibited lower displacements than the suspending fluid,
which means that the dynamic segregation happened
definitely in all locations of the suspension medium. For
example, in the case of suspending fluid (viscosity between
10 to 50 Pa.s), the maximum displacement varies between
0.377 and 0.460 m. However, in the case of the typical
particles, lower maximum displacement (from 0.055 to
0.348 m) is observed. This can be due to the frictional and
drag forces exerted on particles, and also to particle-particle
and particle-walls interactions which can lead to reducing
the capacity of suspending fluid to transport the particles.
However, in the case of particles located in the middle
horizontal section, more displacement is observed
compared to those located in tilt up and tilt down sections.
This can be due to lower interactions with side walls of the
T-Box. For example, particles located in the middle, tilt up,
and tilt down horizontal sections exhibit displacements
from 0.187 to 0.348 m, 0.101 to 0.270 m, and 0.055 to
0.086 m, respectively, regardless of their vertical locations.

Displ,_, (i) =-/Displ, (i) + Displ, (i)? + Displ, (i)’ ()

Therefore, it can also be concluded that the particles
placed initially in the tilt down section exhibit the minimum
displacement values. This can be explained by the
accumulation of particles and formation of an internal
structure in the tilt down section, which is called lattice
effect (Korner et al. 2005, Man and van Mier 2011, Elia§
and Stang 2012). This can resist against more particle
displacement in the tilt down section.

As can be observed in Fig. 10, the viscosity of
suspending fluid did not show a significant effect on
displacement of the particles in the tilt down section. For
example, increasing the viscosity from 10 to 50 Pa.s
resulted in decreasing in the displacement of particles
located in the tilt down side from 0.072 to 0.055 m (i.e.,
0.017 m decrease), 0.086 to 0.061 m (i.e., 0.025 m
decrease), and 0.083 to 0.064 m (i.e., 0.019 m decrease) for
top, middle, and bottom initial vertical positions,
respectively. These decrements are negligible comparing to
particle diameters (i.e., 0.02 m). This is due to the lattice
effect and interaction between particles and side walls of
the T-Box which are more dominant than the effect of
viscosity of suspending fluid.

On the other hand, particles located in the top layer
show larger ranges of displacement than those placed in the
middle and bottom layers due to lower distance from the
flow surface, and accordingly, less friction and interaction
with surrounding fluid and solid walls. For example,
regardless of the initial horizontal positions, typical
particles located initially in the top, middle, and bottom
layers show displacements from 0.055 to 0.348 m, 0.061 to
0.304 m, and 0.064 to 0.226 m, respectively.

As can be observed, increasing the viscosity of
suspending fluid resulted in decreasing displacement of
particles that are mostly located in the middle and tilt up
horizontal sections of the top layer (i.e., Fig. 10(a)). For
example, increasing the viscosity from 10 to 50 Pa.s
decreases displacement of particles located in the tilt up and
middle sections of the top layer from 0.270 to 0.205 m (i.e.,
0.065 m decrease) and 0.348 to 0.296 m (i.e., 0.052 m

decrease), respectively.

However, as can be observed in Fig. 10, the viscosity of
suspending fluid has no significant effect on displacement
of particles located initially in bottom layer, which showed
the minimum displacements compared to other vertical
layers, especially for those placed in tilt up and tilt down
horizontal sections. For example, increasing viscosity of the
suspending fluid from 10 to 50 Pa.s decreases displacement
of particles which are located initially in the tilt up and tilt
down sections of the bottom layer from 0.125 to 0.112 m
(i.e., 0.013 m decrease), and 0.083 to 0.064 m (i.e., 0.019
m), respectively. These decrements are lower than diameters
of the particles (i.e., 0.02 m) and, therefore, can be
considered negligible. This can be due to the dominant
effect of friction, particle-particle, and particle-walls
interactions on flow performance of the suspension at two
bottom corners of the horizontal channel, due to lower
distance to the base-plate and side walls of the apparatus. It
can also be due to the lattice effect of the internal structure
of the particles settled down in the bottom layer. Migration
of particles towards the bottom layer is called vertical
dynamic segregation and will be discussed in the next
section.

5.4 Evaluation of dynamic stability of the suspensions
in the vertical direction

As observed in the previous section, the migration of
particles towards the bottom layer (i.e., vertical dynamic
segregation) has significant effect on displacement of
particles through the suspending fluid. In order to determine
in which flow depth there is more deformation that may
indicate a risk of dynamic segregation in the vertical
direction, the ratio of the maximum flow velocity to the
maximum strain rate is examined for all the investigated
mixtures and for the whole flow period (i.e., t =0 to 12 s)
(Fig. 11). The critical flow thickness of segregation (Neriticar)
may be approximated as follows (Eq. (7))

\Y,
hcritical = ﬂ (7)
max

where V. is the maximum velocity and v, iS the
corresponding maximum shear strain rate magnitude for
each time step. As can be observed in Fig. 11, the critical
flow thickness of segregation values (hgitica) are ranging
between 0.0066 and 0.0315 m. This means that particles
settle down mostly in a vertical layer located in
approximately 0.03-m thickness from the bottom of the
channel. It proves that the dimensions for the vertical
sampling layers, presented in Fig. 2(b), were properly
selected. Therefore, vertical dynamic segregation of the
investigated mixtures are evaluated in three vertical layers
of top, middle, and bottom, where the thickness of both
bottom and middle layers is 3 cm and the remaining (Z > 6
cm) corresponds to the top layer. Moreover, as can be
observed in Fig. 11, the darker data points corresponding to
the higher suspending fluid viscosity are more collected
close the minimum estimated boundary (i.e., hgiticar =
0.0066 m). On the other hand, data points representing the
lower viscosity (brighter data points) tend to the maximum
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boundary of hgiicar = 0.0315 m. Therefore, higher vertical
dynamic segregation is expected for suspensions with lower
suspending fluid viscosity values.

The vertical dynamic segregation index in flow cycle i
(i.e., V.D.S.I. (i)) can be defined as the ratio of the
difference between the particle content at the top and
bottom layers obtained in flow cycle i to the initial particle
content as follows

. Particlecontent @ bottomlayer (i) — Particle content (@ top laver (i
V.DSI(0) (%) = @ er (i) @toplayer(i)

Initial mean particle content <100 (8)

The V.D.S.1. values obtained for different flow cycles
are presented in Fig. 12 for the investigated mixtures. As
can be observed, in the first flow cycle, the mixtures with
lower suspending fluid viscosity of 10, 17, and 25 Pa.s
exhibited negative V.D.S.I. values of -23%, -18%, and -6%,
respectively, which means having more particle content in
the top layer than the bottom one (i.e., inverse vertical
dynamic segregation). This can be due to the fact that in the
case of lower viscosity, the effect of inertia and initial flow
energy on flow displacements of the particles are more
dominant than drag capacity of the suspending fluid. On the
other hand, as was observed earlier in Fig. 4(a), considering
the higher flow profile angles of less viscous suspensions in
the first flow cycle, particles tend to move more toward the
top layer rather than the bottom one. However, after
dissipation of the initial flow energy (Figs. 4(b) and 7),
increasing the number of flow cycles resulted in increasing
vertical dynamic segregation indices for lower viscosity
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values. For example, increasing the number of flow cycles
from 2 to 6 increases the V.D.S.I. values by 22%, 27%, and
16% for viscosity values of 10, 17, and 25 Pas,
respectively.

However, in the case of suspending fluid having higher
relatively viscosity values (i.e., 38 and 50 Pa.s), the
mixtures did not show a significant vertical dynamic
segregation after several flow cycles. For example, the
V.D.S.1. values between -5% to +5% and -2% to +2% were
obtained for suspending fluid viscosity values of 38 and 50
Pa.s, respectively and, therefore, these mixtures can be
considered as dynamically stable mixtures in vertical
direction.

As presented in Fig. 13, the final values of vertical
dynamic segregation index after 6 flow cycles (i.e.,
V.D.S.l.sina) are correlated to the plastic viscosity of the
suspending fluids. As can be observed, increasing the
plastic viscosity of the suspending fluid from 10 to 50 Pa.s
can result in decreasing the vertical dynamic segregation
indices after 6 flow cycles (i.e., V.D.S.1.finy) by 35%, with a
high R® of 0.96. This can be due to increasing effect of
suspending fluid viscosity on drag forces exerted on the
particles, which can lead to decrease the particle settlements
towards the bottom layer.

5.5 Comparison between horizontal and dynamic
segregation indices (H.D.S.l. vs V.D.S.1.)

In order to assess the ability of T-Box test to evaluate
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dynamic stability of SCC in different directions, the
horizontal and vertical dynamic segregation indices after 6
flow cycles are compared for all the investigated
suspensions.

As can be observed in Fig. 14, under 6 flow cycles of T-
Box test, the investigated mixtures showed higher dynamic
segregation in the horizontal direction (68% < H.D.S.l.¢pg <
101%) than the vertical one (1% < V.D.S.l.fny < 36%).
Therefore, this set-up can be recommended for horizontal
applications, such as these of casting long wall, beam, and
slab elements, where the horizontal displacement is higher
than the vertical one.

5.6 Effect of yield stress of suspending fluid on flow
performance of suspensions in T-Box set-up

According to the results of the previous sections, the
maximum flowability and dynamic segregation in both
horizontal and vertical directions were obtained for the
suspending fluid with the lowest viscosity (10 Pa.s)
investigated in this study. In this section, the effect of three
different yield stress values of suspending fluid (i.e., 14, 45,
and 75 Pa) on flow performance of suspensions under 6
flow cycles (i.e., 12-s flow time) is studied only for the
mixtures with suspending fluid having a plastic viscosity of
10 Pa.s. The results of these simulations are summarized in
Table 1.

As can be observed in Table 1, for a given viscosity of
the suspending fluid (10 Pa.s), increasing the yield stress of
the suspending fluid can decrease both flowability and
dynamic segregation of suspensions in both horizontal and
vertical directions. For example, in the case of flowability
properties, increasing the yield stress of the suspending
fluid from 14 to 75 Pa can lead to 17%, 20%, 27%, and
36% decrease in the maximum magnitudes of flow
displacement, velocity, mass-averaged kinetic energy, and
strain rate of the suspensions, respectively. However, by
comparing to those flowability results presented in section
5.1, it can be concluded that the yield stress of suspending
fluid showed less effect on flowability of suspension in T-
Box test set-up than plastic viscosity. Increasing the
suspending fluid plastic viscosity can decrease flow
velocity and mass-averaged Kinetic energy magnitudes by
65% and 76%, respectively, which are almost three times
higher than those obtained due to the increase the yield
stress (i.e., 20% and 27%).

On the other hand, according to the results of the
numerical simulations presented in Table 1, increasing the
yield stress of suspending fluid from 14 to 75 Pa is showed
to reduce the maximum COV, H.D.S.1., and V.D.S.I. values
after 6 flow cycles by 15%, 12%, and 10% respectively.
However, comparing to the results presented in the sections
5.2 and 5.4, it can be concluded that the plastic viscosity of
suspending fluid has more significant effect on dynamic
segregation of the investigated suspensions in T-Box test
than the yield stress. Indeed, increasing the suspending fluid
plastic viscosity resulted in higher reduction in the
maximum values of COV, H.D.S.1., and V.D.S.I. by 19%,
33%, and 35% values, respectively, compared to those
obtained by the increase in yield stress (i.e., 15%, 12%, and
10% reduction, respectively). This can be due to the fact

Table 1 Flowability properties and dynamic segregation for
different yield stress values of the suspending fluid with
constant viscosity of 10 Pa.s (u, is the plastic viscosity and
7o IS the yield stress of the suspending fluid)

Rheological - . . .

pmpemg? of Flowability properties Dynamic segregation

suspending . . L Vertical
fluid Maximum  Maximum Maximum Horizontal direction direction

flow mass-  Maximum
flow flow - i i i
averaged  flow strain Maximum Maximum Maximum

u 1, displacement velocity . .- cov H.D.S.I. VDS
(P;S) (Pg) ™ ms) kmez;r/:kzn)ergy rate (1/s) %) ) %)
(Ea.(3) (Eq.(5) (Eq.(8)

14 0.554 0.794 0.0546 55.6 67 113 46
10 45 0.482 0.708 0.0462 42.6 59 108 45
75 0.460 0.634 0.0396 356 52 101 36
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versus the maximum magnitudes of (a) flow velocity and
(b) mass-averaged kinetic energy

that flow characteristics of suspensions were recorded when
the flowing mixture is under shear stress, which has already
overcame the yield stress. Therefore, these properties are
more influenced by the plastic viscosity than yield stress.

5.7 Proposed approach to evaluate “performability” of
suspensions

“Non-restricted dynamic performability” can be defined
as the ability of SCC to flow under its own weight through
every corner of the formwork while maintaining
homogeneity (i.e., uniform suspension of coarse particles),
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regardless of the presence of reinforcement bars. Therefore,
performability is a trade-off between flowability and
dynamic stability of SCC (Khayat 1999). Accordingly, the
maximum values of simulated dynamic segregation index in
both horizontal and vertical directions after 6 flow cycles in
T-Box test are correlated to the maximum flow velocity and
mass-averaged kinetic energy magnitudes obtained in the T-
Box test (Fig. 15).

As can be observed in Fig. 15, the investigated
suspensions exhibited the maximum values of flow velocity,
mass-averaged Kinetic energy, H.D.S.I., and V.D.S.I. indices
ranging from 0.224 to 0.794 m/s, 0.0095 to 0.0546 J/Kkg,
68% to 113%, and 1% to 46%, respectively. It is worthy to
mention that the maximum dynamic segregation indices
(H.D.S.I. and V.D.S.l. after 6 flow cycles) are well
correlated to flowability measurements (i.e., maximum flow
velocity and kinetic energy) having correlation coefficients
(R?) higher than 0.96. As can also be observed, increasing
flowability of the suspension can reduce its dynamic
stability. For example, increasing the maximum flow
velocity and mass-averaged Kinetic energy obtained for the
investigated mixtures by 254% and 475%, respectively,
resulted in increasing the maximum values of horizontal
and vertical dynamic segregation indices (obtained after 6
flow cycles), by almost 45% (i.e., increasing H.D.S.I. and
V.D.S.I. indices from 68% and 1% to 113% and 46%,
respectively).

According to the results presented in Fig. 15, three
different zones of performability can be defined. This
classification corresponds to the three H.D.S.l. ranges of
66%-83%, 83%-100%, and 100%-117% and V.D.S.I. ranges
of 0%-17%, 17%-34%, and 34%-51%. These values are
obtained after 6 flow cycles. The trade-off between
flowability and dynamic stability properties can be
observed in these three performability zones, as follows:

Performability zone 1: This zone corresponds to the
suspensions which showed a low level of flowability (i.e.,
the ranges of maximum velocity and mass-averaged kinetic
energy of 0.2 to 0.4 m/s, and 0 to 0.019 J/kg, respectively),
but a high level of dynamic stability (maximum H.D.S.I.
and V.D.S.I. indices in the ranges of 66% to 83% and 0% to
17%, respectively).

Performability zone 2: This zone consists of the
suspensions which showed a medium level of flowability
(i.e., maximum velocity and mass-averaged Kinetic energy
of 0.4 to 0.6 m/s, and 0.019 to 0.038 J/kg, respectively). In
this zone, the mixtures also exhibited a medium level of
dynamic stability (maximum H.D.S.I. and V.D.S.I. indices
in the ranges of 83% to 100% and 17% to 34%,
respectively).

Performability zone 3: This zone includes the
suspensions which showed a high level of flowability (i.e.,
maximum velocity and mass-averaged Kinetic energy of 0.6
to 0.8 m/s, and 0.038 to 0.057 J/kg, respectively), but a low
level of dynamic stability having the maximum H.D.S.I.
and V.D.S.I. indices in the ranges of 100% to 117% and
34% to 51%, respectively.

According to the results presented in Fig. 15, a general
classification based on the relationship between
performability and rheological parameters of the suspending
fluid can be established, as follows:

Zone 1: This zone includes mixtures with suspending
fluids with high yield stress values (75 Pa) and medium to
high plastic viscosity values (25 to 50 Pa.s).

Zone 2: This zone includes mixtures made of
suspending fluids having high yield stress values (75 Pa)
and low plastic viscosity values (17 Pa.s).

Zone 3: This zone consists of the suspensions containing
the suspending fluid with low to high yield stress values (14
to 75 Pa) and very low plastic viscosity values (10 Pa.s).

6. Conclusions

In this paper, a CFD software was used to evaluate the
effect of rheological properties on non-restricted flowability
and dynamic stability of SCC using a T-Box test set-up. The
numerical results are in qualitative agreement with those
obtained experimentally by Esmaeilkhanian et al.
(Esmaeilkhanian 2011, Esmaeilkhanian et al. 2014a and
2014b). Various suspending fluids, representing the stable
and homogeneous portion of concrete, with plastic
viscosity, yield stress, and density values of 10 to 50 Pa.s,
14 to 75 Pa, and 2500 kg/m® respectively, were
investigated. The modelled suspensions consisted of 178
spherical particles in total, with 20-mm diameter (i.e., 4.7%
volumetric content) and the same density as the suspending
fluid has. Dynamic stability of the suspensions in the T-Box
test were evaluated using calculated particle contents of five
different horizontal sections and three different vertical
sampling layers for different flow cycles. The main
concluding remarks are as follows:

* Increasing plastic viscosity of the suspending fluid
from 10 to 50 Pa.s can lead to a decrease of the maximum
flow displacement, velocity, mass-averaged kinetic energy,
and horizontal and vertical dynamic segregation indices by
18%, 65%, 76%, 33%, and 35%, respectively. These
reductions are higher than those obtained by increasing the
yield stress of the suspending fluid from 14 to 75 Pa (i.e.,
17%, 20%, 27%, 12%, and 10%, respectively).

* Increasing the number of flow cycles has more
dominant effect on flowability and horizontal dynamic
segregation of SCC in the T-Box test set-up for more
viscous suspending fluids, while, flow properties of the
mixtures with less suspending fluid viscosity are mostly
affected by the initial flow energy provided by the first
tilting cycle. Indeed, the mixtures with lower viscosity of
suspending fluid mostly segregate dynamically in the initial
flow cycles (i.e., less flow distance traveled by the
suspension), while for higher viscous suspensions, more
flow cycles are required to reach the maximum dynamic
segregation capacity.

« Simulations revealed that the particles located in the
middle horizontal section and top vertical layer exhibited
the maximum displacements. On the other hand, the
minimum ranges of displacements were obtained for the
particles located in the tilt down horizontal section and
bottom vertical layer. No significant effect of the plastic
viscosity on the displacements of these particles can be
observed. This can be due to the more dominant effect of
frictional stresses and lattice effect of segregated particles in
these sections compared to the plastic viscosity of
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suspending fluid.

» Higher dynamic segregation in horizontal direction
(H.D.S.1. values ranging from 68% to 101%) was obtained
compared to vertical direction (V.D.S.I. values ranging
between 1% and 36%) in the T-Box test set-up.

* A new definition and approach were proposed to
classify the suspensions based on “non-restricted dynamic
performability”. This is based on a trade-off between
flowability and dynamic stability in both the vertical and
horizontal directions.  Accordingly, the investigated
mixtures were classified in three zones of performability:
Zone 1 corresponds to low flowable, but high dynamically
stable mixtures. Zone 2 corresponds to medium flowable
and medium dynamically stable mixtures. On the other
hand, zone 3 consists of high flowable, but low dynamically
stable mixtures. This classification can be used as a
practical tool to choose a proper combination of rheological
parameters of the suspending fluid (mortar or stable and
homogeneous portion of concrete mixture) to achieve the
required flowability and dynamic stability demands in
casting process. The rheology of suspending fluid can be
modified by decreasing the water to powder material ratio
and/or adding higher content of viscosity modifying agent.
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