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Abstract
The main problem in working with fresh concrete is the aggregate segregation during filling of formwork.
The segregation is strongly related to W/C (Water/Cement) ratio. The fresh concrete is usually considered as
a Non-Newtonian fluid since it is a mixture of aggregate, cement and water. The flow behavior of the fresh
concrete to W/C ratio plays a crucial role in the quality of the high performance concretes by affecting the
flow behaviour of the fresh concrete. The aggregates in the fresh concrete usually cause segregation in the
final product depending on the flow condition. In this study, the mechanism of segregation in such systems
was theoretically investigated. The mould filling of fresh concrete was numerically investigated and aggregates were considered as Lagrangian particles and segregation was identified from trajectories of such particles. It was found that the aggregates were trapped at the dead zones leading to segregation in the system.
The particle size and geometry of the mould was found to have significantly affect the segregation in the
system.
Keywords: Fresh Concrete, Flow Concrete, Aggregate Segregation, Mathematical Modelling, Particle Size
Distribution

1. Introduction
Fresh concrete is usually employed to obtain steel reinforced concrete structures. The parameters such as reinforcing steel, mould shape etc. prevent homogenous distribution of aggregates in the structure. Heterogeneous
distribution of aggregates also has detrimental effects on
the strength of concrete. The excess water in the fresh
concrete or higher fluidity is known to be main parameter, leading to segregation, sedimentation and instability
of concrete. According to Hoshino [1], due to an interactive action between adjacent solid particles in a dense
suspension, segregation of aggregate can lead to sedimentation of unhydrated cement grains and early hydration products in plastic concrete. Khayat and Guizani [2]
stated that sedimentation of fines, the segregation of aggregate, and upward migration of bleed water affected
surface settlement. Additionally, they stated that bleeding, segregation, and settlement could cause anisotropy
in the direction of casting and weaken the interface between the aggregate and cement paste, hence increasing
the tendency to develop micro cracking in such regions,
resulting a direct implication on permeability, durability,
and strength. Soshiroda [3], experimentally determined
Copyright © 2011 SciRes.

effects of W/C ratios on the fluidity of the concrete and
final segregation and found that segregation significantly
increased at higher W/C ratios. Experimental findings of
Khayat end Guizani [2] showed that regardless of water-to-cementitious material ratio, slump, casting height,
and mode of consolidation, the incorporation of a viscosity-modifying admixture significantly enhanced the resistance to bleeding, settlement, and segregation. Bois et al.
[4], investigating segregation from another point of view,
have put forwarded that when concerned with aggregate
segregation in a structure; in vertical position, coarse
aggregate is an important parameter of segregation and
for different coarse aggregate-to-cement ratios (Ca/C),
aggregate density significantly affects aggregate segregation in fresh concrete. Neville [5] has pointed out that
measuring segregation quantitatively is difficult though
some tests, prior to the placement of concrete, are an
indication of the potential of segregation. According to
him, several factors influence the segregation of concrete,
such as the grading of the mix, the method of handling of
the concrete, and the manner by which the concrete is
placed.
The aim of the concrete industry is to obtain a final
product with minimal segregation and high strength. To
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obtain a desired product, fresh concrete is needed to be
workable. The workability of fresh concrete depends on
a number of parameters such as water content, mixture
elements of the concrete, particle size and shape of aggregates etc. Thus, the workability of the fresh concrete
is strongly related to its rheological properties. Ferraris
[6] defined workability both qualitatively as the ease of
placement and quantitatively by rheological parameters.
Iwasaki [7] listed some of the major definitions of workability given by professional societies. Tattersall’s [8]
interpretation of workability is “the ability of concrete to
flow in mould or formwork perhaps through congested
reinforcement; the ability to be compacted to a minimum
volume, perhaps the ability to perform satisfactorily in
some transporting operations or placing processes and
may be other requirements as well”. Ritchie [9] emphasized on three features on the whole, in which one of
them is stability. The stability is linked to bleeding and
segregation. As a result, the segregation that has a reasonable importance in placing fresh concrete can be related and measured with physical factors.
According to Ferraris [6], concrete is really a concentrated suspension of solid particles (aggregates) in a viscous liquid (cement paste). It is obvious from the equations used in the literature that, at least two parameters
are needed to define the flow of the fresh concrete. In the
case of a concentrated suspension such as concrete, it has
been shown by Tattersall [8], and Struble and Uang [10]
that a yield stress exists. According to Tattersall [8], the
most common rheological parameters of the fresh concrete used to qualify workability, are the yield stress and
plastic viscosity as defined by the Bingham equation. de
Larrard et al. [11], found that in some cases, the
Herschel-Bulkley equation suited better to describe the
concrete flow. Herschel-Bulkley equation contains three
parameters, one of which does not represent a physical
entity. It has been shown by de Larrard et al. [11] that in
certain concretes, such as self-consolidating concretes,
this is the equation that best describes their behaviors.
However, the Bingham equation is commonly employed
in practice. As shown by Tattersal [8], the flow of real
concrete seems to follow this equation fairly well in most
cases. Recently, further researches have been conducted
both analytically and experimentally by Bilgil et al. [12],
Safawi et al. [13], Ng et al. [14], Li, [15], Leeman and
Winnefeld [16], Bentz [17], Roussel et al. [18], Patzák
and Bittnar [19], Bethmont et al. [20], Chidiac and
Mahmoodzadeh [21].
In this paper, placing of fresh concrete and final aggregate segregation were numerically investigated. The
scenario was that normal performance concretes with
different W/C ratios was filled from bottom of formwork
at different inlet velocities. A group of particles were
Copyright © 2011 SciRes.

introduced at the formwork inlet and segregation was
studied through the trajectories of these particles. The
particles were allowed to change momentum with continuous phase. The rheological properties of the fresh
concrete were obtained from Ferraris and de Larrard [22].
Range of operation parameters taken into consideration
are inlet velocity, initial solid fraction and formwork
geometry.

2. Problem Considered
The schematic sketch of the test problem, which consists
of the formwork-filling systems, is shown Figure 1. A
cylindrical formwork geometry which had a uniform
cross-section was considered. Wall shear stress and velocity distribution were kept homogenous by formwork
section being chosen as circle. Because rectangular or
square sections cause difficulties and constraints in calculations since secondary flows, different wall shear
stresses, and different velocity distributions occur especially in the corners of the formworks. The fresh concrete in plastic form enters from the bottom of the formwork and progressively rises in the formwork placing a
free surface. The radius of the formwork were chosen to
be 0.30 m. Fresh concrete which, has a density of 2400
kg/m3, was employed as the plastic form.

3. Formulation
A mathematical representation of the formwork filling
process requires solution of the equations governing the
conservation of mass, momentum along with constitutive
equation representing the slurry behavior and particle
dynamics. A group of particles was introduced at the
inlet of formwork and the particles were allowed to
change momentum with a continuous phase.

z

Formwork wall
r

inlet

Figure 1. Schematic sketch of test problem considered (cylindrical formwork).
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The governing equations for a filling formwork with
concrete of plastic form can be expressed in cylindrical
co-ordinates as:
Continuity equation

197

Table 1. The values used in calculating the viscosity of fresh
concrete (Ferraris and de Larrard, 1998).
Water/cement

Herchel-Bulkley

W/C

Yield (Pa)

a (Pasb)

b

0.421

1841

42

1.66

0.440

1115

93

1.53

0.460

901

50

1.61

0.553

1804

111

1.23

0.567
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86

1.33

0.581
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where v and w are the radial and axial velocities respectively, p is the static pressure. de Lerrard et al. [11] suggested to employ Herchel-Bulkley equation in order to
represent the rheological properties of the fresh concrete
due to its non-Newtonian behavior. This relates shear
stress to shear strain rate based on a power function;
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where,  is the shear stress,  is the shear strain rate imposed on the sample,  0 is the yield stress, a and b are
new characteristic parameters describing the rheological
behavior of concrete. In this case plastic viscosity can
not be calculated directly. By Ferraris et al. [23], the
yield stress was calculated by means of the HerchelBulkley equation, while the viscosity was calculated using the following equation;



3a b 1
 max
b2

(5)

where,  is the slope of the straight dotted line, max is the
maximum shear strain rate achieved in the test, a and b
are the parameters as calculated by the Herchel-Bulkley
equation. In calculating the viscosity of the fresh concrete, the values in Table 1 were used.

3.1. Particle Physics
The evolution of the particle position Zp was determined
from the solution of the following equation proposed by
Mat et al. [24];
dZ p
(6)
 wp
dt
in which wp is the particle velocity vector, obtained from
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the following particle momentum equation:
mp

dw p
dt

 D p  w  w p   m p bg  V p p

(7)

where mp is the mass of particle, Dp is the drag function,
Vp is the volume of particle, p is the pressure, w is the
continuous phase velocity and bf is the buoyancy factor.
Drag function Dp can be expressed as (Fueyo et al.,
[25]);
Dp 

1
 p Ap CD    p
2

2

(8)

where Ap is the particle projected area and CD is the drag
coefficient. CD was calculated from a correlation by developed Clift et al. [26]:

CD 

24
0.42
1  0.15 Re0.687 
Re
1.425.104 Re1.16





(9)

where Re is a particle Reynolds number defined as;
Re 

w p  wc d p



(10)

where; ν is the kinematics viscosity of the continuous
phase and dp is the particle diameter.
The buoyancy factor is given as:


b f  1  c
 p






(11)
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3.2. Initial and Boundary Conditions

5. Result

The formwork was initially assumed to be filled with a
quiescent gas (air). The semi-solid slurry was allowed to
fill the formwork at t > 0. Only half of the formwork was
taken into considered due to the symmetry on the formwork axis. The formwork wall was assumed to be impermeable and a non-slip condition to be valid on the
wall. The initial and boundary conditions can be expressed mathematically as

Several factors could be investigated in a given fresh
concrete problem; however only the factors such as
formwork geometry, inlet velocity and solid fractions
were considered in this study. Seventy-five percent of the
inlet area was employed as the nozzle by which the concrete in plastic form entered the formwork in all cases.
The cases considered in this study were summarized in
Table 2.
The aggregate segregation varies depending on the
formwork filling velocity. In this study, the optimum
filling velocity of the fresh concrete to the mould was
taken as Vin = 0.8 m/s. As can be seen from Bilgil and
Yeşilyurt [30] the lower the percentage of segregation
the higher the inlet mould velocity is. It can be seen that
after Vin = 0.8 m/s inlet formwork velocity the percentage
of segregation falls dramatically. On the other hand, the
inlet velocity of Vin = 0.8 m/s is appropriate for concrete
discharge pump in practice.
Figure 2 shows the evolution of the slurry interface
and velocity profiles for the cylindrical formwork at time
spans of t = 0.1, 0.5 and 0.9 sec. for all Vin only half of
the formwork was illustrated due to the symmetry. It is
seen that slurry interface exhibits a jetting characteristics
which ingresses as filling progresses. The velocity profile is higher on the axis while lower at the formwork
walls.
Trajectories of the representative velocity of aggregate
particles in flow concrete were shown in Figure 3. Each
line in Figure 3 shows the orbit of one aggregate particle.
In Figure 3, the behaviors of the aggregate granules
during infilling into the mould with regard to different
W/C ratios were given as samples. It is seen that a portion of particles continuously attaches to the wall as the
filling progresses. With the concentration of concrete,
segregation starts before the mould is filled totally. That
phenomenon is partially expected in the practice as well.
But in the theoretical study, aggregate segregation was
observed to be higher in the low W/C ratios.
In Figure 4, the variation of aggregate segregation
compared to the mould height was studied. h represents
the height of the mould in this and subsequent figures.
The fractionation was quantified from the following relation:

t  o :    0

t > 0 at r  0 :

 

0
r r

(12)
(13)

at r  ro :     0

(14)

at z  0 :   Vin

(15)

4. Numerical Method
The governing equations were solved numerically with a
fully implicit, finite domain scheme embodied in the
PHOENICS (Rosten and Spalding, [27]) code. PHOENICS is a general purpose CFD software that discritize
the Naiver-Stockes equation using a control volume
methodology. The code employs a staggered grid arrangement in which velocities are located at the forces of
tecontrol volume. The velocity pressure coupling is handled by a simple type algorithma [28]. Since the mold
filling operation involves a free surface or the interaction
of two distinct media (slurry and air) separated by
sharply deformed interfaces, the discretization of the
governing equation with a conventional upwind scheme
usually results in a false numerical diffusion, thus a van
Leer scheme (Van Leer, [29]) was employed to resolve
such property interface.
Due to the coupling between the transport equations
governing the continuous phase and particles, a threestep solution procedure was employed. In the first step,
the continuous-phase equations were solved assuming
that there was no particle. The next step followed the
integration of particle equations using the current value
of continuous phase velocity and calculation of the inter-phase sources. The continuous phase equations were
solved again including the particles in the last step. This
procedure was repeated until a converged solution was
obtained.
A hx30 grid system was employed in all computations.
This grid system and a uniform time step of 0.001 s were
found to be sufficiently refined for a numerically accurate result. A typical calculation requires approximately
2 hours of CPU time on a personal computer.
Copyright © 2011 SciRes.
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N

N0

(16)

where N0 is the total number of particles introduced at
the inlet and  N is the predicted sum of the all particles that reached the top of the mould. On the top end
of the formwork, the aggregate segregation is at its maximum value. This is the result of tapered mould walls that
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Table 2. Cases considered (Ferraris and de Larrard, 1998).
Composition (kg/m3)

Dry mixture mass (%)

Exp.
Num.

Gravel

Sand

Fine Sand

Cement

Gravel

Sand

Fine Sand

Cement

Batch Water

Free Water

W/C

1

40.6

26.2

8.1

25.1

851

549

170

527

231

222

0.421

2

40.6

26.2

8.1

25.1

843

543

169

522

239

230

0.440

3

40.6

26.2

8.1

25.1

834

537

167

517

247

238

0.460

4

45.0

29.0

9.0

17.0

957

617

191

362

210

200

0.553

5

45.0

29.0

9.0

17.0

952

614

190

360

214

204

0.567

6

45.0

29.0

9.0

17.0

947

611

189

358

218

208

0.581

7

45.0

29.0

9.0

17.0

943

607

189

356

222

212

0.595

8

45.0

29.0

9.0

17.0

938

604

188

354

226

216

0.610

9

22.5

46.2

14.3

17.0

460

944

293

347

240

231

0.666

10

22.5

46.2

14.3

17.0

455

934

290

344

248

239

0.696

11

22.5

46.2

14.3

17.0

450

925

287

340

256

247

0.727

12

48.0

30.9

9.6

11.4

1006

648

201

240

215

204

0.850

13

48.0

30.9

9.6

11.4

996

642

199

237

223

212

0.893

14

48.0

30.9

9.6

11.4

986

635
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235

231

220

0.936

t = 0.1 s

t = 0.5 s

t = 0.9 s

Figure 3. Aggregate particle trajectories for cylindrical
formwork.
(a)

(b)

0.0-0.15 m/s

0.16-0.45 m/s

(c)

0.46-0.80 m/s

Figure 2. Advance of the slurry interface and corresponding velocity profiles for cylindrical formwork (for W/C =
0.567).

prevent motion of the particles, and recirculation zones
that develop near the walls. That result, is the one expected in practice. In Figure 4, only values of maximum
and minimum W/C ratios and the ratios at which minimum segregation occurs were given since the table would
Copyright © 2011 SciRes.

Figure 4. Effects of Water/Cement (W/C) ratios on aggregate segregation.
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be too complicated all W/C ratios were shown in case.
As seen in Figure 4, aggregate segregation proved to
have been parallel along with the height of the formwork.
It may be thought that the distribution of particles of the
aggregate is denser, as the water will not be uniform in a
mixture where the quantity of water more. But in such a
mixture segregation came into being lesser than expected.
That case can be said to have sourced from the viscosity
of the mixture.
In Figure 5, the variation of aggregate segregation of
the fresh concrete were presented compared to the different W/C ratios. But in low W/C ratio, segregation
started to fall down and at the value of W/C 0.567 minimum segregation is obtained. On higher W/C ratios, segregation started to rise again. Again, on the level of
W/C of 0.666, 0.696 and 0.727 aggregate segregation
were observed to be at higher levels. It can be told that
this case sources from the lack of homogenous distribution of the granules in fresh concrete mixtures, or from
the possible experimental mistakes in determining viscosity values. As a result, the case where the segregation
is at its minimum in placing the fresh concrete is the one
in the mixture where W/C ratio is 0.567.
In Bilgil’s and Yeşilyurt’s [31] studies, fresh concrete
having the plastic consistency is relatively easy to be
processed. Additionally the most appropriate possible
concrete’s W/C ratio was observed to be between 0.50
and 0.65 and it was seen that with this ratio more resistible concrete could be obtained.
In Figure 6, variable viscosity values were given
compared to different W/C ratios. It is a known fact that
in the vicinity of the formwork walls, higher shear stress
would occur. In the parts where the shear stresses are
higher the viscosity values will decrease.
According to Murata and Kikukawa [32], the temperature of the mixture and viscosity of the concrete varies
in considerably small values, but are linear when compared to the W/C ratio. But in this study, the temperatures of the mixture and medium were neglected.
In Figure 7, the distribution of inlet velocity of the
fresh concrete during its filling into the form work was
given. As seen in the figure, the flow characteristic of the
fresh concrete has non-Newtonian characteristics additionally, when the inlet velocity was analyzed between
0.25 and 0.80, it was observed that velocity distributions
exhibited similar characteristics. Since the velocity distribution depends on the viscosity, and results in Figures
6 and 7 supports each other.

6. Conclusions and Discussion
Flow characteristics of fresh concrete exhibits
non-Newtonian behavior. The components that compose
Copyright © 2011 SciRes.
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Figure 5. Aggregate segregation in different ratios of W/C.

Figure 6. Viscosity values in different ratios of W/C.

Figure 7. Velocity distribution in different ratios of W/C.

concrete, and rheological characteristics of fresh concrete
have significant importance in investigating non-Newtonian behaviors and for workability of concrete. In
practice, workability of concrete is controlled by means
of slump value. But simply the yield stress can be determined if only the slump value is depended on. However,
in today’s advanced concrete technology, besides yield
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stress, it is frequently proposed that the viscosity should
also be taken into consideration in order to obtain high
performance concrete. For this reason, all rheological
characteristics and mixing parameters of concrete were
based on but the segregation of fresh concrete (or workability) was merely investigated from theoretical point
of view.
In practice, geometric shape of formworks are commonly rectangular or sequare section. Besides, steel
reinforcement exists in formworks when concrete is
freely poured from the upper part of the formwork, differing wall shear stresses and steel reinforcement that
block the aggregate particles make segregation inevitable.
To analyze such a system theoretically is considerably
hard since it implicates highly complex relationships. For
this reason, formwork geometry was designed to be circular and without reinforcement to minimize uncertainties and to make the system theoretically more analyzable. Meanwhile, though concrete is not injected from
bottom of formworks in today’s construction industry, in
this study, concrete was supposed to have been filled this
way to make the theoretical investigation easy.
The aim of the study is to emphasize the necessity of
viscosity for high performance concretes. Because viscosity, namely workability of concrete changes according to varying W/C ratios even if the amounts of components remain the same. It was determined that, for a
low W/C ratio of 0.421, and yield stress of 1841 Pa, viscosity would rise and segregation increase; and for a high
W/C ratio of 0.936 and yield stress of 1306 Pa, viscosity
and segregation would decrease. The minimum aggregate segregation has occurred at the W/C ratio of 0.567
and yield stress of 1599 Pa. In cases where the W/C ratios of the fresh concrete were 0.55 and 0.60, segregation
of aggregates was observed to have been lesser.
Yield stress varies dramatically between the ranges of
778-1841 Pa. However, it is difficult to interrelate segregation with this interval and it is assumed to be constant in practice. The most important result achieved by
this research is that viscosity should also be considered
in evaluating workability of concrete.
In practice, concrete is conveyed to upper elevations
by means of pump hoses circular in cross section. With
the method proposed in this study, the segregation that
may take place in the hose of pump can easily be examined. Furthermore, by applying the studied method in
precast production facilities, concretes of high compasity
and high performance characteristics can be produced.
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radius of formwork
time
radial velocity
inlet velocity
axial velocity
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shear rate
deformation tensor
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viscosity
density
shear stress
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