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Abstract

The present thesis deals with numerical modelling of form filling with Self-Compacting
Concrete (SCC). SCC differs from conventional concrete by its increased fluidity, which
enables it to fill out the form work without any vibration. The benefits of casting with
SCC as compared to conventional concrete may be a decreased construction time and
a better working environment if the SCC is managed properly. However, also obstacles
may arise from casting with SCC such as issues related to robustness, form work pres-
sure, static segregation and flow induced aggregate migration, thus numerical modelling
of form filling with SCC includes a lot of topics. In this thesis it is chosen to focus on the
following three topics by the usage of Finite Difference Method (FDM) / Finite Volume
Method (FVM) based Computational Flyid Dynamics (CFD) models developed in both
FLOW-3D and MATLAB.

The first investigation focussed on the complications involved with modelling a yield
stress fluid with a bi-viscosity material model, which is a typical material model used
when capturing the non-Newtonian flow behaviour of SCC. The study was carried out
by comparing the numerical result and the yield stress based analytical solution of the
LCPC-box test. The comparison showed that a relatively good agreement was obtained
for both the FLOW-3D and MATLAB model. In addition, the study identified that the
agreement improved when the initial viscosity was increased, thus it was impossible for
the applied numerical models to be in full agreement with the analytical solution. Based
on the investigation it was also found that the LCPC-box test is a highly recommended
test to carry out in order to get a better understanding of the numerical settings’ impli-
cation for a given CFD solver.

Following this, two numerical approaches were developed to investigate their capability
of predicting gravity induced aggregate migration in SCC castings. The two FDM/FVM
based CFD models differentiated from each other by their aggregate representation, which
was a discrete approach (one way momentum coupling) for one of them and a scalar ap-
proach for the other. It was found that it was less complicated to implement criteria for
the model with the scalar aggregate representation. Subsequently, experimental results
from an SCC-like model fluid casting and a real SCC casting were compared with numer-
ical results from the model with the scalar aggregate representation and showed a good
agreement. In the case of the SCC though, it was found out that a coupling back from
the aggregates to the rheological parameters of the SCC was needed. The study showed
also an obstacle for the scalar approach which was the need of a parameter dictating the
viscosity of the surrounding fluid in which the aggregate settled. The parameter did not
seem to change when changing the casting velocity, but only a future study will show
how it changes with different mix compositions of the SCC and thereby finally judge the
potential of numerically predicting gravity induced aggregate migration with this scalar



approach.

Finally, a single objective genetic algorithm was coupled to the numerical model with
the scalar aggregate representation in order to investigate its applicability. Two studies
were carried out with the objective to obtain a homogeneous aggregate distribution in
a beam SCC casting. The primary difference between the two studies was the imple-
mentation of constraints that enabled more realistic and usable casting scenarios to be
found. In both studies non-trivial casting scenarios were obtained, which indicated that
the coupling between a numerical model capable of predicting gravity induced aggregate
migration and an optimization algorithm can be a useful tool. An obstacle for the nu-
merical model used in this study is the calculation time. In the case of evaluating a large
vertical casting it was found that the simulation most likely would be too time consuming
to finish the optimization study in a reasonable time, but that an algorithm which splits
the pressure and velocity calculation may give the necessary calculation speed up.



Resume

Denne afhandling omhandler numerisk modellering af formfyldning med Selv Kompak-
terende Beton (SKB). SKB er mere flydende end konventionel beton, hvilket ggr at den
fylder formen ud uden nogen form for vibration. Fordelene ved at stgbe med SKB i
forhold til konventionel beton er at konstruktionstiden kan reduceres og arbejdsmiljget
forbedres, hvis SKBen bliver korrekt behandlet. Forhindringer relateret til robusthed,
formtryk, statisk separation og separation under flydning kan dog ogsa opstd, nar der
stobes med SKB, og det betyder, at numerisk modellering af formfyldning med SKB i
realiteten dakker over mange emner. I denne athandling er der fokuseret pa tre af dem
ved hjelp af Finite Difference Method (FDM) / Finite Volume Method (FVM) baserede
Computational Fluid Dynamics (CFD) modeller udviklet i bade FLOW-3D og MATLAB.

Den forste underspgelse fokuserer pa de komplikationer der er knyttet til at modellere en
flydespaendings fluid med en bi-viskositets materiale model, som er den typiske materiale
model der benyttes til at simulere den ikke Newtonske flyde opfarsel af SKB. Studiet
blev udfert ved at sammenligne numeriske resultater med den flydespaendingsbaserede
analytiske lgsning for LCPC-box testen. Sammenligningen viste, at der kunne opnés en
relativ god overensstemmelse for bade FLOW-3D og MATLAB Modellen. Ydermere fandt
studiet, at overensstemmelsen blev forbedret nar begyndelses viskositeten, blev forgget,
hvilket derved umuliggjorde at de numeriske modeller kunne vaere i fuld overensstemmelse
med den analytiske lgsning. P& basis af undersggelsen kunne det ogsé konkluderes, at
det kan anbefales at udfsre denne test for at fa en bedre forstielse for hvilke numeriske
indstillinger, som virker for en given CFD lgser.

Derefter blev to numeriske metoder udviklet for at undersgge deres evne til at forudse
separation under fyldning i SKB stgbninger. De to FDM/FVM baserede CFD modeller
afviger fra hinanden via deres tilslags repraesentation, som var en diskret metode (envejs
momentum kobling) for den forste og en skalar metode for den anden. Det viste sig, at det
var mindst omfattende at implementere et maksimum tilslags krav og en tilbage kobling
fra tilslaget til de rheologiske parametre for modellen med skalar tilslags representationen.
Dernest blev eksperimentelle resultater fra en SKB lignende fluid stgbning og en rigtig
SKB stgbning sammenlignet med numeriske resultater fra modellen med skalar tilslags
repraesentation og sammenligningen viste en god overensstemmelse. For den rigtig SKB
stgbning blev det vist at det var ngdvendigt at anvende en tilbagekobling fra tilslaget til
de rheologiske parametre af SKB’en. Studiet viste ogsd en komplikation for den skalar
baserede metode, som var behovet for at anvende en parameter der dikterer viskositeten
af den omkringliggende fluid, hvori tilslaget flyder. Parameteren sendrede sig ikke med
stgbehastigheden, men kun et fremtidigt studie vil vise hvordan den sendrer sig med skif-
tende SKB blandinger og derved endeligt afggre potentialet for den numeriske model, der
regner pa seperation under flydning med skalar metoden.



Endeligt, blev en genetisk algoritme koblet med den numeriske model med skalartil-
slagsmetoden for at undersgge dens anvendelighed. To studier blev udfgrt med malsaet-
ningen om at opné en homogen tilslagsfordeling i en SKB bjalke stgbning. Den primaere
forskel mellem de to studier var implementeringen af restriktioner som gjorde de under-
sogte stobescenarier mere realistiske. I begge studier blev ikke-trivielle stgbe scenarier
fundet, der derved indikerede at koblingen mellem en numerisk model som kan forudse
separation under formfyldning og en optimeringsalgoritme kan vaere et brugbart redskab.
En udfordring for den numeriske model anvendt i dette studie er beregningstiden. Det
blev konkluderet, at det var for tidskraevende at simulere store vertikal stgbninger, men
at en algoritme som splittede tryk og hastighedsudregningen hgjst sandsynligt ville give
den forngdne forggelse af beregningshastigheden.

vi



Table of Contents

1 Introduction
1.1 Self-Compacting Concrete . . . . . . . . .. . .. ...
1.2 Numerical Methods for Modelling Flow of fresh concrete/SCC. . . . . . .
1.2.1 Homogeneous Approach . . . . . .. ... ... .. 0.
1.2.2 Discrete Approach . . . . . . .. ... ... ...
1.3 Objective . . . . . . . .
1.4 Structure of the Thesis . . . . . . . . .. ... .. ... ...

2 Theory
2.1 Governing Equations . . . . . . ... .. oo oo
2.1.1 Mass Conservation . . . . . . .. .. ...
2.1.2 Momentum Conservation . . ... ... ... ... .. .......
2.1.3 Pressure Equation . . .. ... ... ... ... ...
2.2 Rheological Models . . . . . . .. .. .. Lo
2.2.1 Bingham Material Model . . . . . .. ... ... 0oL
2.2.2 Bi-viscosity Material Model . . . . . . . ... ..o
2.2.3 Herschel-Bulkley Material Model . . . . .. ... ... ... .. ..
2.3 Aggregate Settling Equation . . . . . .. .. ..o o oL
2.3.1 Single Spherical Particle in Newtonian Fluid . . ... .. ... ..
2.3.2 Single Spherical Particle in non-Newtonian Fluid . . . .. ... ..
2.4 The Aggregate Volume Fraction’s Effect on Rheological Parameters . . . .

3 Modelling

3.1 FLOW-3D Models . . .. ... ... .. e
3.1.1 Solver . . . . ..
3.1.2  Free Surface Algorithm . . . .. ... ... ... ... ......
3.1.3 Settling Calculation . . ... ... ... ... ... ... ...
3.1.3.1 FLOW-3D Model #1 . . .. ... ... .. .. .....

3.1.3.2 FLOW-3D Model #2 . . .. ... ... .. .......

3.2 MATLAB Model . . . . . .. .
3.2.1 Solver . . . . . e
3.2.2  Free Surface Algorithm . . . .. ... ... ... ... ... ..
3.2.3 Settling Calculation . . ... ... ... .. ... ... .. ...
3.2.4 Rheological Parameter Calculation . . . . . ... ... ... .. ..

4 Single Fluid Analysis
4.1 LCPC-Box Test . . . . . . . o o s
4.2 Three Dimensional Analytical Solution . . . . . .. ... ... ... ....

OO R R e

o o

10

11
12
12
13
14
14
16
16

19
19
19
21
22
22
23
25
25
27
29
29

31
31
32

vii



7

4.3 2D Analytical Solution . . . . . . . . .. ...
4.4 FLOW-3D Model . . . .. . ..
4.4.1 Comparison with Analytical Solution . . . . . ... ... ... ...
4.4.2 Material Law and Convergence Test . . . . . ... ... ... ...
4.4.2.1 Mesh Density Analysis . . . . ... ... .........

4.4.2.2 Time Step Analysis . . . .. . ... ... .. ...

4.4.2.3 Initial Viscosity Analysis . . . . .. ... ... ... ...

4.5 MATLAB Model . . . . . . .. e
4.5.1 Comparison with Analytical Solution . . . . . . .. ... ... ...
4.5.2 Material Law and Convergence Test . . . . . ... ... ... ...
4.5.2.1 Mesh Density Analysis . . . . ... ... ... .. ...,

4.5.2.2 Time Step Analysis . . . . .. ... ... .. ...

4.5.2.3 Initial Viscosity Analysis . . . . .. ... ... ... ...

4.6 Remarks on LOPC-Box Test . . . . ... ... ... ... .. ......

Applications with Aggregate Migration

5.1 Discrete Aggregate Representation (FLOW-3D Model #1, Paper I) . . . .

5.2 Scalar Aggregate Representation . . . . . ... ... ... ... ... ...
5.2.1 Carbopol Test (FLOW-3D Model #2, Paper IT) . . . .. ... ..
5.2.2 SCC Test (MATLAB Model, Paper III) . . . ... ... ......

5.3 Optimization . . . . . . . . . e
5.3.1 Feasibility Study (FLOW-3D Model #2, Paper IV) . . . . ... ..
5.3.2 Case Study (MATLAB Model, Technical Report - IT) . . . .. ..

Summary of Appended Papers

6.1 Paper-T. . . . . .
6.2 Paper-1II . .. . . . . .
6.3 Paper-TIL. . . . . . . .. . . e
6.4 Paper-IV . . . . .
6.5 Technical Report -1 . . . . .. . .. ... .
6.6 Technical Report - II . . . . . . . .. . ..

Conclusion and Future Work

Bibliography

Appendixes

| =2 O a & »

viii

PAPER-I

PAPER-II

PAPER-III

PAPER-IV

TECHNICAL REPORT-I

TECHNICAL REPORT-II

41
41
44
44
48
95
96
60

65
65
65
66
66
66
66

69

71

75

77

87

99

135

145

167



Chapter 1

Introduction

This chapter presents an introduction to the thesis: Numerical simulation of form filling
with Self-Compacting Concrete (SCC). In order to understand what SCC is, how it
deviates from conventional concrete and which practical applications it is used for, a short
presentation of these topics are given in section 1.1. Afterwards, a short review of the
numerical methods previously used to model SCC in different applications are presented
in section 1.2, and this is naturally followed by the objective and numerical approach of
this thesis, in section 1.3. Finally, section 1.4 gives an overview of the structure of the
thesis by a brief description of each of the included chapters.

1.1 Self-Compacting Concrete

Today concrete is the most important construction and building material of the planet
with an estimated annual production in excess of 6 billion cubic metres (rilem.net, 2012).
Concrete is produced by sand, stones, water, cementitious binders, and in some cases fly
ash and silica fume. A reaction between the water and the binders enables the mixture to
harden into a stone like material. Chemical admixtures may as well be added to control
e.g. the workability, early strength development, and the air void distribution. Casting
of conventional concrete includes a placement and a vibration process. The vibration
process is performed to force the coarse aggregates into a closer configuration and to
avoid entrapped air. Thereby, it ensures the hardened concrete to meet its requirements
regarding material properties such as strength and durability (Neville, 1995).

According to Okamura and Ouchi (2003), in the 1980s the durability of the concrete
structures was of special interest in Japan, since the number of skilled workers able to
perform the adequate compaction by vibration were gradually decreasing. It was found
that a solution to the durability problem which was independent on construction work
was the usage of a new type of concrete called SCC. The SCC was capable of filling the
formwork fully under its own weight without any vibration compaction.

The primary difference between SCC and conventional concrete is the increased fluid-
ity, which today is obtained by the addition of a so called superplasticizer. The attractive
forces between cement particles in water are reduced by the addition of superplasticizers,
which act by a combination of electrostatic forces and steric hindrance (Houst et al.,
2008). The increased fluidity entails both benefits and obstacles.



The benefits of applying SCC instead of conventional concrete:

- The risk of getting non-filled zones, poor compaction, and inhomogeneous air void
structure is lower (Thrane, 2007).

- The number of workers needed for the casting process is reduced if the SCC is
managed properly. The workers no longer required for casting can perform other
production tasks instead of vibrating the concrete (Simonsson, 2011).

- The working environment improves, since the elimination of the vibration process
reduces the noise level and the need for lifting of heavy equipment (Simonsson,
2011). These prevention efforts are important in Denmark where thousands of
construction workers are injured every year (Spangenberg, 2010).

- The structural designs can be more geometrically challenging, since there is no need
for vibration in inaccessible areas of the form (Thrane, 2007).

The obstacles for applying SCC instead of conventional concrete:

- The increased workability may result in large formwork pressures in vertical appli-
cations (Billberg, 2003).

- SCC is more susceptible to static segregation than conventional concrete (Shen
et al., 2009). Static segregation is the physical phenomenon occurring when the
aggregates settle while the concrete is at rest.

- The dynamic segregation resistance is also an obstacle for SCC (Geiker, 2008).
Dynamic segregation is an expression which refers to when aggregates settle during
flow of the concrete. In the rest of the thesis this physical phenomenon is referred
to as "flow induced aggregate migration".

- The robustness is also a critical topic for SCC. The robustness in terms of SCC is
the insensitivity against fluctuations of the concrete components, mixing procedure
and transport conditions (Simonsson, 2011).

The practical applications SCC can be used for are similar to the ones of conventional
concrete, cf. Fig. 1.1. However, SCC is especially suitable for some casting applications
such as vertical casting (walls or columns) since workers are not forced to climb into the
form to perform the vibration process, which may be the case when using conventional
concrete (vosce.net, 2012). Even though the applications are the same and the benefits
of using SCC are many, the obstacles are still limiting the usage. According to Simon-
sson (2011), the market share of SCC in EU as a whole is less than 10%. In Denmark
specifically, the market share is approximately 25%, which is quite high as compared to
other countries like Sweden or France where it is about 10% and 3%, respectively. When
comparing the SCC market share in pre-cast production with the market share in in-situ
castings, the former is greater than the latter in most countries. One of the reasons for
that is the elimination of the transportation (less robustness issues’).



Figure 1.1: Different applications with SCC, courtesy of Bernt Kristiansen.



1.2 Numerical Methods for Modelling Flow of fresh
concrete/SCC

There are several different numerical methods which have been used for modelling of flow
of fresh concrete or SCC and in the next two subsections some of them are presented.
Undoubtedly, each one of them have advantages and drawbacks, however, these are not
presented and commented here, primarily because the most fair comparison would need
the programming know-how for each of the approaches. Nevertheless, this brief review
puts the numerical simulations presented in this thesis into perspective. As seen in the fol-
lowing, the numerical methods are divided into the categories; homogeneous approaches
and discrete approaches. The homogeneous approaches include methods where the fresh
concrete/SCC is considered as a homogeneous fluid, while the discrete approaches cover
methods where particles are included either for discretization purposes or for representa-
tion of aggregates.

1.2.1 Homogeneous Approach
Finite Element Method (FEM)

- The FEM typically uses weighted residual methods together with shape functions
to discretize a continuous flow problem. Thrane (2007) used the software FIDAP
which solves the Navier Stokes equations with a variant of FEM to simulate the
L-box test, but also to investigate flow patterns inside a full scale SCC casting of
a wall. Also, Dufour and Pijaudier-Cabot (2005) used the FEM with Lagrangian
integration points to model the L-box test.

Finite Difference Method (FDM) / Finite Volume Method (FVM)

- In classical FDM the methodology is to replace the derivatives with finite differences
found from typically Taylor series expansion, while in FVM the discretized equation
is obtained by integration over the volume it is valid for and applying linear schemes
for derivatives. With the right assumption it is often possible to reach the same final
discretized equation for both methods, therefore it is not always explicitly specified
in commercial software which method is used in a given case. Roussel (2006c)
developed numerical models to study multi-layer casting phenomena, to simulate
slump test (Roussel and Coussot, 2005), and to investigate the minimum fluidity
in a high strength concrete pre-cambered composite beam (Roussel et al., 2007b)
in the software FLOW-3D! which uses FDM/FVM. Recently, Vasilic et al. (2011)
studied flow of fresh concrete though steel bars with a porous medium analogy with
the software Fluent.

1.2.2 Discrete Approach
Discrete Element Method (DEM)

- According to Roussel et al. (2007a), the DEM includes the calculation of the contact
forces between solid particles and the motion of each particle by the usage of New-
ton’s second law. The DEM was originally developed for analysing the behaviour of
granular material, but has afterwards also been used to simulate different concrete

'FLOW-3D is a registered trademark of Flow Science



applications, e.g. Noor and Uomoto (1999) used the method to simulate rheologi-
cal tests for SCC, such as the slump flow, L1-box, U-box and V-funnel test. Also,
Gram and Silfwerbrand (2011) used the DEM to simulate different application for
instance investigation of blocking in SCC by modelling of the J-Ring.

Dissipative Particle Dynamics (DPD)

- The DPD captures the behaviour of non-Newtonian fluids by mesoscopic particles
which represent clusters of molecules. The total force acting on each particle is
obtained by a sum of the contributing forces from the surrounding particles. E.g.
when relating to SCC these particles represent the mortar, while several particles
"frozen" together represent individual aggregates. Martys and Ferraris (2002) used
this stochastic simulation technique to simulate SCC flow around reinforcement
bars, while Ferraris and Martys (2003) used it for investigating fresh concrete vis-
cosity in different rheometers.

Viscoplastic Suspension Element Method (VSEM)

- Mori and Tanigawa (1992) demonstrated the applicability of VSEM to simulate
the flow of fresh concrete with a three dimensional simulation of a model fluid in
a simple test set-up. In addition, two dimensional numerical models were used to
simulate the slump flow test, an L-type flow test, a vibrating box test, a casting into
a reinforced concrete beam form work (height-width cross section), and a casting
into a reinforced concrete wall form work (height-width cross section). The applied
numerical method calculated the suspending phase with rheological parameters of
mortar and the interaction between solid spherical particles (aggregates) with a
viscoplastic formulation.

Lattice Boltzmann Method (LBM)

- Recently, Skocek et al. (2011) developed a numerical model with the use of the
LBM to predict the casting process of SCC. The model considered the suspending
fluid with LBM which treats the fluid as individual molecules discretized by a set of
discrete particle distribution functions and provides rules for their mutual collisions
and propagation. The macroscopic quantities can then be computed as moments of
the distribution functions. The fluid-particle (aggregate) interaction was taken into
account by a force equilibrium which is derived based on the assumption that at the
intersection point of the fluid and the particle, they both have the same velocity.
In addition, sub-stepping within a time step and an additional force equilibrium
where constant forces in each sub-step are assumed, enable the model to consider
interaction between particles.

1.3 Objective

In the present thesis, the numerical models are based on the FDM/FVM and they basi-
cally include three investigations. In the first investigation the SCC is considered with
the homogeneous approach, while in the other two investigations the SCC is considered
as a suspension where the aggregates are represented either with a discrete or a continu-
ous (a scalar) representation. In the following the motivation and objective for the three
investigations are presented.



Even though several of numerical simulations of flow of fresh concrete/SCC have been suc-
cessively used to investigate different physical phenomena as seen in the previous section,
there are still several undiscovered topics left within the field of 'Numerical simulation of
flow of fresh concrete/SCC’, e.g. the complication involved with modelling a yield stress
material with a bi-viscosity material model. In addition, no ’official’ benchmark test for
validation of CFD-solvers with regards to flow of concrete/SCC exist. These two facts
lead to the objectives of the first investigation:

1.1 To analyse the difference between the numerical result of the LCPC-box test when
using the FDM /FVM together with a bi-viscosity material model and the analytical
solution of the LCPC-box test (Roussel, 2007), which is based on a yield stress
material.

1.2 To detect the sensitivity of the numerical result of the LCPC-box test by variation
of the mesh density, time step, and initial viscosity.

1.3 To discuss the LCPC-box test’s ability of being a benchmark test in the field of
numerical simulation of SCC flow.

The second investigation considers another still unresolved issue which is the numerical
prediction of flow induced aggregate migration in SCC form fillings. Flow induced ag-
gregate migration involves shear induced aggregate migration, gravity induced aggregate
migration and granular blocking, of which the gravity induced aggregate migration is the
dominating source of heterogeneities induced by flow in industrial castings. In this the-
sis the problem relating to gravity induced aggregate migration is tackled with a simple
numerical approach as compared to the fully coupled multi-phase flows. The objective of
this investigation is:

2 To evaluate the possibility of predicting gravity induced aggregate migration in
SCC form fillings both with the usage of an FDM/FVM based numerical model
coupled with a discrete aggregate representation (the aggregate ’feels’ the fluid,
but the fluid does not feel’ the aggregates) and the usage of an FDM/FVM based
numerical model coupled with a scalar aggregate representation.

As a note to this investigation it needs to be mentioned that this thesis includes three
numerical models. Two carried out in the commercial software FLOW-3D: one with a dis-
crete aggregate representation called FLOW-3D model #1 and one with a scalar aggregate
representation called FLOW-3D model #2. The third numerical model is programmed
in the technical computer language MATLAB? and it uses also the scalar aggregate rep-
resentation. The primary difference between FLOW-3D model #2 and the MATLAB
model is that the latter includes the aggregate volume fraction’s effect on the rheological
parameters. The main reason for developing a model in MATLAB which only differs
from the FLOW-3D model by taking one extra physical phenomenon into account is the
increased flexibility obtained when working with one’s own code.

MATLAB is a registered trademark of MathWorks



The last investigation is with regards to optimization of form filling with SCC. Numerical
models for a wide variety of other processes are coupled with optimization algorithms in
order to find best solutions or pattern recognition. Therefore, the objective of the third
investigation is:

3 To analyse the potential of coupling an optimization code with a numerical model
capable of predicting the gravity induced aggregate migration in SCC.

1.4 Structure of the Thesis

This thesis features seven chapters, four papers and two technical reports. The content
of the chapters is as follows:

Chapter 1: Introduction

- This chapter gives an introduction to the thesis, by first describing SCC and its
application. Afterwards, shortly reviewing the numerical models previously used to
analyse different fresh concrete/SCC applications and finally describing the objec-
tives of the three investigations included in this thesis.

Chapter 2: Theory

- The theory chapter presents all the equations the numerical models are based on:
The governing equations for the flow simulation, the expressions for the relevant ma-
terial models, the equations for an aggregate settling in a non-Newtonian fluid, and
also the relationships for the aggregate volume fraction’s effect on the rheological
parameters.

Chapter 3: Modelling

- In this chapter the solver, the formulation of the free surface, and the implemen-
tation of the settling calculation for the three FDM/FVM based numerical models
are presented. In addition, the implementation of the aggregates volume fraction’s
effect on the rheological parameters is described for the MATLAB model.

Chapter 4: Single Fluid Analysis

- This chapter includes the results of the first investigation of this thesis where the
numerical result and the analytical solution of the LCPC-box test are compared.
However, first the derivation of the analytical solutions for the LCPC-box in three
and two dimensions are presented. Then, the comparison is carried out both for
the FLOW-3D model and MATLAB model along with a mesh density, time step,
and initial viscosity analysis. Finally, the potential of the LCPC-box test being a
benchmark test for flow of SCC is discussed.

Chapter 5: Applications with Aggregate Migration

- In this chapter the investigation regarding developing a numerical model capable of
predicting the gravity induced aggregate migration is described, by presenting the
key numerical results in Paper - T (Spangenberg et al., 2010), Paper - 1T (Spangen-
berg et al., 2012b), and Paper - III (Spangenberg et al., 2012a). Afterwards, the
optimization investigation is presented by introducing the most important points
from Paper - IV (Spangenberg et al., 2011) and Technical Report - II.



Chapter 6: Summary of Appended Papers

- A short summary of the four appended papers and the two technical reports are
given in this chapter.

Chapter 7: Conclusion and Future Work

- The final chapter of the thesis sums up the conclusions of the three investigations
and presents a description of the future perspectives within the field of numeri-
cally predicted gravity induced aggregate migration and optimization of SCC form
fillings.



Chapter 2

Theory

This theory chapter presents the equations which the three numerical models are based on.
First, the governing equations for the flow simulation and the relevant material models are
presented. Afterwards, the equations for a simple aggregate (spherical particle) settling
in a non-Newtonian fluid is given and finally the relationships for the aggregate volume
fraction’s effect on the rheological parameters are described.

2.1 Governing Equations

The flow of SCC is non-Newtonian and the governing equations which have to be consid-
ered when capturing this flow behaviour for all simulations involved in the present thesis
are the mass conservation equation also known as the continuity equation and the momen-
tum conservation equations. In the following three sections, these governing equations
are presented and processed in order to obtain the final equations for the velocities and
pressure, which are the one actually solved by the CFD-solver. A more detailed descrip-
tion of the governing equations and their different processing procedures are described in
(Bingham et al., 2009) and (Hattel, 2005).

2.1.1 Mass Conservation

Conservation of mass means that the mass of a considered volume does not change in
time. Mathematically that can be written as:

d

— dQ) = 0. 2.1

i )’ (2.1)
Where t is the time, € is the volume, and p is the density. Applying Reynolds Transport
Theorem on Eqn. (2.1) yields:

/Q{ngraij(puj)} dQ =0 (2.2)

Where z; is the spatial component vector, j is the notation denoting the direction, and u;
is the velocity vector. Equ. (2.2) is the integral form of the mass conservation. However,
the volume size is arbitrary, therefore, the law must also hold point wise in the fluid.
Consequently, this leads to the mass conservation on differential form:

dp

0



Eqn. (2.3) can also be written as:

dp dp Ou,

pu— 2.4
ot " aw, TPy, 70 (24)

In literature it is shown that SCC can be treated as an incompressible fluid, cf. Gram
(2009) and Thrane (2007). This assumption is also applied for all simulations involved in
this thesis, meaning that the density of the fluid does not change in space and time. The
assumption makes Eqn. (2.4) simplify into the divergence of the velocities:

811,]‘
— =0 2.5

- (2.5)
Eqn. (2.5) is used to obtain the equations for the velocities in section 2.1.2 by simplifying
the momentum conservation equations and it is also used when deriving an equation for
the pressure in section 2.1.3.

2.1.2 Momentum Conservation

Conservation of momentum states that the rate of change of fluid momentum must be
balanced by the total force applied to the fluid. The total force is the sum of the contribu-
tions from the pressure, the viscous stresses and the gravitational force. The momentum
conservation equations thus express a force equilibrium:

pul dQ) = /Tijn]— ds +/ S; dQ (2.6)
dt s 0
Where S is the surface, T;; is the stress tensor, and S; is the gravitational force vector
(Si = [0,0,—pg]). Here, the notation ¢ typically denotes a scalar equation for each of
the three dimensions. The equations express conservation of momentum along each of
the coordinate directions. In order to obtain the momentum conservation equations on

differential form, Reynolds Transport Theorem is applied on the left hand side of Eqn.
(2.6), which yields:

d(pu;) O . _ o .

Furthermore, the divergence theorem is used to convert the stress term from a surface
integral into a volume integral:

9(pus) 9 . _ Tij
/Q{ 5 +axj(puzu])} dQ = 8:1:] dQ+/S dQ (2.8)

Finally, the same argument as in the previous section regarding the arbitrary volume is
used to transform the mass conservation equation from integral to differential form:

d(puy;) 0 0Ty
ot T o, U = 5y,

+5; (2.9)
The stress tensor includes the pressure and the viscous stresses:

2 Ouy ou; Ou;
T, = ; ! J 2.1
i = (p+ Pl )5 +“<axj+axi> (2.10)
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Where k£ = 1,2,3 and 0;; is the Kronecker delta function. Eqn. (2.10) simplifies into the
following when applying the statement that the divergence of the velocities is equal to
zero, see Eqn. (2.5):

Oou; Ou;
T;; = —pbij + < - + j>:—5~+7'~ 2.11
ij POi; — b axj O, PO ij ( )
Where the viscous stresses are:
aui 811,]'
= 2.12
TU " (8% + 8l‘l> ( )

The momentum conservation equations can now be rewritten into:

aui 0(ulu]) o ap 87’2']'
P ot +p 890]- N al‘l * 8SU]'

+S (2.13)

Eqns. (2.13) form the equations which after the discretization process allow for the
velocities to be obtained.

2.1.3 Pressure Equation

As mentioned in the previous section the momentum equations are a set of three equa-
tions. However, they involve four unknowns; three velocities (one for each dimension)
and the pressure. Therefore, it is of interest to find the pressure by another equation.
The procedure enabling the pressure to be found in the case of the MATLAB model is
presented in this section, whereas the procedure used for the FLOW-3D models is shortly
described in section 3.1.1. The pressure equation is found by taking the divergence of
the momentum equations and invoking continuity. Note that Eqns. (2.13) is divided by
p and that all the terms are moved to the left hand side.

0 <8ui Ou;uj 1%4_18]) lS')O

Ox; \ Ot Ox;j B pOx;  pOox; B 0

(2.14)

By assuming that the velocities are continuous functions of time the spatial and temporal
derivatives can be interchanged to eliminate the time derivative terms using the statement
that the divergence of the velocities are equal to zero, cf. (Bingham et al., 2009). Eqn.
(2.14) simplifies to the following:

0 8’LLZ'U]' 1 87—2']' 1 8p 1
_ = —25;) = 2.1
ox; ( Ox;j p Ox; + p Ox; pS 0 (2.15)

After the discretization process of Eqn. (2.15) it is possible to find the pressure.

2.2 Rheological Models

Rheology is the science of the deformation and flow of matter and it is expressed with
relationships between stress and strain or/and stress and rates of strain, see (Bird et al.,
1987). The rheological behaviour of SCC is determined by a rheometer and it is typically
described with the Bingham or Herschel-Bulkley material model. The SCC involved in
this thesis though is described with rheological parameters from the Bingham material
model. However, since the numerical simulations based on "pure" CFD solvers are not
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capable of handling the Bingham material model, it is approximated with the bi-viscosity
model when treated numerically. In section 2.2.1, the Bingham material model is de-
scribed, while the bi-viscosity model as well as the reason for the approximation are
presented in section 2.2.2. The Herschel-Bulkley material model is as earlier mentioned
not used to describe the rheological behaviour of the SCC itself, but it is used in the
settling calculation in section 3.1.3. The Herschel-Bulkley material model is therefore
presented in this section together with the other material models.

2.2.1 Bingham Material Model

Mathematically the Bingham material model is described by the following expression in
the case of a one dimensional stress state:

=0 for 7 <
T=T1+pyy for 7> (2.16)

Where 7 is the strain rate, 7 is the shear stress, 7¢ is the yield shear stress, and p,, is the
plastic viscosity. Basically, fluids described by the Bingham material model start to flow
when the threshold value (the yield stress) is exceeded. As soon as this takes place, the
fluid flows according to the plastic viscosity and it stops again when the yield stress is no
longer exceeded. In Fig. 2.1 the Bingham material model is illustrated.

T

Hp
T0

: ¥

Figure 2.1: The relationship between the shear stress and the shear rate for the Bing-
ham material model, Gram (2009).

2.2.2 Bi-viscosity Material Model

In order to use a Bingham material model for a numerical simulation one would have
to program a solver capable of analysing one part of the domain as a solid and the
remaining part as a fluid. Such a solver is very extensive to program and the calculation
is computational heavy. Therefore, the flow of SCC is in most cases simulated with a
"pure" CFD solver. However, by doing so it is no longer possible to simulate a Bingham
material model, since the part of the domain which is supposed to be simulated as a solid
is now simulated as a fluid with an infinitely high viscosity. As a result of this choice, the
CFD solver encounters an insoluble problem when trying to handle the Bingham material
model which is the infinite high viscosities that occur when the shear rate approaches zero
(the part of the domain which is supposed to be simulated as a solid). Consequently, the
CFD solver is using a bi-viscosity material model to approximate the Bingham material
model. The approximation consists of introducing a very high initial viscosity pnst, see
Fig. 2.2, which is active for reference shear rates ¢/ below the threshold value %ef .

12



Bingham —
bi-viscosity —

Figure 2.2: The bi-viscosity model approximating the Bingham material model.

The initial viscosity enables the CFD solver to simulate the part of the domain, which is
supposed to be simulated as a solid, with a very high viscosity so that this part of the
domain almost does not move and at the same time the initial viscosity ensures that the
CFD solver does not encounter infinite high viscosities. The drawback from introducing
the initial viscosity is that the simulated material which in this case is SCC does not stop
flowing before being completely shear stress free. Therefore, it is necessary to introduce
a stop criterion into the CFD solver when using the bi-viscosity model in order for it
to be capable of mimicking a yield stress material such as SCC. The stop criterion is
presented in section 4.4. Mathematically the bi-viscosity material model is described by
the following expression:

7 = iyl for el < 766f

7 =y for Al > A0ef (2.17)

In Fig. 2.2 and Eqn. (2.17) the shear rates and shear stresses are described as reference
shear rates and reference shear stresses, respectively, because it is a material law which
is valid for a multi-dimensional stress state. The CFD solver couples to the material law
based on the Von Mises yield criterion:

) 3 . 1
=TT A = S (2.18)

2.2.3 Herschel-Bulkley Material Model

The Herschel-Bulkley material model is used as constitutive law when calculating the
settling of the aggregates, cf. section 3.1.3. Mathematically it can be expressed in the
case of a one dimensional stress state as:

=0 for 7 <7y
T =10+ KA" for 7> (2.19)

Where the quantity K and the exponent n are experimentally found. In Fig. 2.3 a sketch
of the Herschel-Bulkley material model is illustrated.
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Figure 2.3: The relationship between the shear stress and the shear rate for the
Herschel-Bulkley material model.

2.3 Aggregate Settling Equation

All three numerical models developed in this thesis apply a settling calculation which uses
an analytical solution for a single spherical particle settling in a non-Newtonian fluid to
predict the settling of the aggregates inside the SCC. Therefore, the analytical solution
is presented in this section, however, in order to understand the physics involved in the
solution the analytical solution for a single spherical particle settling in a Newtonian fluid
is described first.

2.3.1 Single Spherical Particle in Newtonian Fluid

The settling of a single spherical particle in an unbound Newtonian fluid is well under-
stood, cf. (Batchelor, 1967). When a single spherical particle is suspended at rest in
a Newtonian fluid, it experiences two opposing forces: the gravitational force F and
buoyancy force Fp, as seen in Fig. 2.4.

Surface

ha

/“\ hipsg
N

(h1 +71p)psg

" (h1 +2rp)prg

(a) (b)

Figure 2.4: [llustration of (a) forces and (b) pressure acting on a particle, at rest.

The gravitational force acting on the particle is given by

wd3gpp
6

4
Fo = mpg = Voppg = 377000 = (2:20)
Where my, V), pp, rp and d,, are the mass, the volume, density, radius and diameter of
the particle, respectively. It is the pressure difference between the upper and lower part
of the particle as shown in Fig. 2.4 that causes the upward acting force also known as the

buoyancy force. In order to obtain a mathematical expression for this buoyancy force,

14



the pressure P as a function of the angle 6 for a circle is first found, see Eqn. (2.21).
Note that 6 is 0 at the top of the circle and 7 at the bottom.

P(0) = —prgrpcos + (h1 +1p)prg (2.21)

The subscript f represents the surrounding fluid. In Eqn. (2.21) the pressure has the
direction towards the center of the circle. However, since it is the vertically acting pressure
that needs to be evaluated, the pressure is projected onto the vertical axis:

P.(0) = (—pygrpcost + (h1 +1p)psg) cos b (2.22)

The objective is a pressure expression for a sphere instead of a circle, therefore Eqn.
(2.22) is multiplied by the # dependent perimeter of a sphere:

P.(0) = (—prgrpcost + (h1 +rp)prg) cosf 27mr, sin 6 (2.23)

The buoyancy force is obtained by integration of Eqn. (2.23) from 0 to 7. Note that
when integrating over an arclength the Jacobi determinant is applied.

Fp = / P,(0) = / (—psgrpcos@ + (hi +1p)prg) cos O 2mrysin 6 rpdf
0 0
=

4

Fp = / P,(0) = —gﬂszfg =
0

wdygps

: (2.24)

The buoyancy force is negative due to the definition of the angle 6 and it is equal to the
magss times gravity of the fluid displaced by the particle exactly as Archimedes principle
states. A comparison between Eqn. (2.20) and (2.24) shows that if the density of the
particle and the fluid is equal, the resulting force is zero. However, if the density of the
particle is greater than the density of the fluid, there is a net downward force:

wdyg(pp — py)

Fo+ Fp = 5

(2.25)

When the particle starts to move downwards, an upwards drag force is introduced as
illustrated in Fig. 2.5.

Figure 2.5: Illustration of downward and drag force acting on particle
(en.wikipedia.org, 2012).

The drag force expression used in this study is based on Stokes law, which basically
expresses the frictional force acting on the interface between the fluid and the particle.
Stokes drag force is given by:

Fp = 3ndypusV?® (2.26)
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Where p ¢ is the viscosity of the fluid and V*® is the settling velocity of the particle. Stokes
law is valid for small Reynolds numbers only. When the Reynolds number is below 0.3
the flow is streamlined and if that is the case it is possible to set Eqn. (2.25) equal to Eqn.
(2.26) in order to obtain the settling velocity of a single spherical particle in a Newtonian
fluid. Note that the settling velocity in Eqn. (2.27) is the velocity arising when the drag,
buoyancy, and gravitational force are in equilibrium.

d? —
18/Lf

2.3.2 Single Spherical Particle in non-Newtonian Fluid

Three different analytical solutions for the settling velocity of a spherical particle in a
non-Newtonian yield stress fluid such as SCC are investigated in this study. In chapter
5, it is specified which analytical solution is used in each of the three numerical models
settling calculation.

Basically, all three analytical solutions are established by substituting the surrounding
fluid’s viscosity in Eqn. (2.27) with an alternative viscosity. The first analytical solution
seen in Eqn. (2.28) is based on the Bingham /bi-viscosity material model and substitutes
the viscosity with the plastic viscosity from Eqn. (2.16)/(2.17).

e — 49 (op = py) (2.28)
1811y
The second analytical solution is presented in (Roussel, 2006b) and (Shen et al., 2009).
The solution is seen in Eqn (2.30) and is also obtained considering a Bingham /bi-viscosity
material model, but instead of substituting the viscosity with the plastic viscosity, the
viscosity is substituted with the apparent viscosity papp:

70
Happ = 5 + Hp (2.29)

e — 49 (ep = pp)

2.30
18 pbapp ( )

The final analytical solution seen in Eqn. (2.32) is based on the Herschel-Bulkley material
model. It substitutes the viscosity with the tangential viscosity presented in Eqn. (2.31).
Note that Eqn. (2.31) is Eqn. (2.19) differentiated with respect to the shear rate.

Htan = nK(’Y)nil (231)
d? —
Vs = pgl(gztpf) (2.32)

2.4 The Aggregate Volume Fraction’s Effect on Rheological
Parameters

In the MATLAB model, the aggregate volume fraction’s effect on the rheological parame-
ters is taken into account. Unfortunately, no literature on the aggregate volume fractions’
effect on rheological parameters is available for a suspension with different sizes of ag-
gregates such as SCC. Therefore, the dependency is approximated with semi-empirical
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relationships based on studies with mono-sized particles. The semi-empirical relationship
describing the effect of the volume fraction of mono-sized particles on the yield stress
originates from (Chateau et al., 2008) and (Mahaut et al., 2008) and is seen in Eqn.
(2.33).

- ~2.56m
0(¢) _ \/(1 —¢) (1 - q;i) (2.33)

Where ¢ is the aggregate volume fraction and ¢,, is the dense packing fraction. In
Eqn. (2.34) the corresponding mono-sized particle volume fractions’ effect on the plastic
viscosity is shown, cf. (Krieger and Dougherty, 1959).

Np(¢) _ _ i —200m
pp(0) <1 ¢m> (2:34)
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Chapter 3

Modelling

This chapter presents first the solver, free surface, and implementation of the settling
calculation for the two FLOW-3D models. Afterwards, the three same topics are described
for the MATLAB model along with a presentation of the implementation of the aggregate
volume fraction’s effect on the rheological parameters.

3.1 FLOW-3D Models

FLOW-3D is a general-purpose computer program which can be executed in parallel.
Using input data, the user can select different physical options to represent a wide variety
of fluid flow phenomena. The program can be operated in several modes corresponding
to different limiting cases of the governing equations in section 2.1. The details for the
numerical methods used to model flow of SCC with FLOW-3D are described in the
following subsections.

3.1.1 Solver

The governing equations presented in section 2.1 are solved using the Finite Difference
Method (FDM) or Finite Volume Method (FVM) in FLOW-3D. The FLOW-3D manual
(www.flow3d.com, 2010) does not specify which method it uses when choosing a specific
solver, but in the present case it is most likely the FVM, since it handles non-constant
material parameters easier than the FDM. The SCC is modelled as a single incompress-
ible fluid, as mentioned in section 2.1.1. In FLOW-3D it is possible to specify how the
pressure and the viscous stress are supposed to be solved and for the FLOW-3D simu-
lations in this thesis the pressure and viscous stress are chosen to be solved implicitly
with the Generalized Minimum RESidual (GMRES) method. The GMRES is an itera-
tive solver which is highly accurate and efficient for a wide range of problems according
to (www.flow3d.com, 2010). The solver uses more memory than the Successive Over-
Relaxation (SOR) and Alternating Direction Implicit (ADI) method, but it possesses
good convergence, symmetry and speed properties. In (Yao, 2004) more details about
the GMRES solver are presented. As mentioned in section 2.1.3, FLOW-3D does not
solve the presented pressure equation, but it solves the pressure with the pressure change
equation in Eqn. (3.3). The derivation of the pressure change equation is carried out
in (Yao, 2004). The algorithm used by FLOW-3D to advance the solution through one
increment of time with the specified settings consists of the following steps. Note that t,
t + At, and * represent the old, new, and intermediate time level, respectively.
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1. The intermediate velocity fields u; are found explicitly by the use of the momentum
equations in section 2.1.2 on discretizised form. Eqn. (3.1) shows at which time
level the different terms are considered.

A N RCITaIl
aiL'j H 81’]' axl

2. The velocity fields at the new time level u§+m are found by solving one system

of equations with the GMRES solver. Note that the superscript At means the
difference between the values at time t and ¢ + At.

LA g Ouy Oy
P AL Op \M T o
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t
o + Si|TFA (3.1)
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(3.2)

3. The pressure change p’ is equal to p —pt and it is found by the pressure change
equation, which is solved as a system of equations with the GMRES solver:
ox; pt Oz?

(3.3)

4. The pressure at the new time level is updated based on the pressure change and
the pressure at the old time level.

5. The free-surface is updated based on the velocities at the new time level, see section
3.1.2.

6. The densities and viscosities are updated based on the new position of the free
surface and the velocities at the new time level.

- Additional steps for the settling calculation in FLOW-3D model #1

7. The position of the discrete spherical particles which represent the aggregates are
calculated, see section 3.1.3.1.

- Additional steps for the settling calculation in FLOW-3D model #2

7. The volume fraction scalar ¢ which represent the aggregates is advected based on
the velocities at the new time level, see section 3.1.3.2. The advection procedure
enables the volume fraction scalar to follow the streamlines of the global flow.

8. The settling of the volume fraction scalar is calculated based on the new position
of the free surface and the velocities at the new time level, see section 3.1.3.2.

Note that step #1 to 6 are the only steps taken into account when simulating the LCPC-
box test in section 4.4, since the gravity induced aggregate migration is not considered in
that study.

When modelling flow of SCC it is essential to treat the diffusive velocity terms implicitly,
since this prevents the time step to be limited by the diffusive explicit stability limit in
Eqn. (3.4). This limit is an approximate expression which is valid only for the limited
case of a uniform grid and constant material parameters. Nevertheless, the expression
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indicates that the critical diffusive time step Atp decreases when the viscosity increases,
cf. (Hattel, 2005).

pAx?
6

Atp < (3.4)
In Eqn. (3.5) the critical diffusive time step is calculated with typical values when the

fluid is affected by the initial viscosity of the bi-viscosity material model (Control Volume
(CV) size of 0.01m):

2500 kg/m?3 - (0.01 m)?

Atp < -
b 6 - 10 Pas

~4-1078%s (3.5)

A critical diffusive time step of 4 - 10™8 s means that it is necessary to use 2.5¢9 time steps
if a form filling takes 100s, which from a calculation time point of view is an unrealistic
amount of time steps. Therefore, it is crucial to treat the diffusive velocity terms implic-
itly.

In Eqn. (3.6) the convective explicit stability limit is shown. The FLOW-3D solver needs
to comply with this limitation in order not to obtain oscillating velocity fields, since it
considers the convective terms at the old time step. Treating the non-linear convective
terms at the old time step is a convenient way to linearise a non-linear problem, which
otherwise needs to be solved with a heavy iterative process. The stability condition states
that, at the convective limit, fluid cannot be fluxed by more than one cell per time-step.
Consequently, the higher the velocity, the lower the critical convective time step Atg, cf.
(Hattel, 2005).

Awi

Uj

Ate < MIN [

] (3.6)
The highest velocity experienced in an SCC casting is typically at the inlet and it is of

the order 1m/s. In that case the critical convective time step yields (CV size of 0.01 m):

0.01m
1m/s

Atc < MIN H

} =0.01s (3.7)

The order of magnitude calculations of the critical time step in Eqns. (3.5) and (3.7)
illustrate that the convective stability limit by far is not as critical as the diffusive one
when modelling flow of SCC. Therefore, from a stability view point it is not problematic
to consider the convective terms at the old time step as the FLOW-3D solver does.

3.1.2 Free Surface Algorithm

In FLOW-3D there are four different algorithms to track a sharp interface. The Volume
Of Fluid (VOF) advection algorithm used for all the FLOW-3D models involved in this
thesis is based on the donor-acceptor approach first introduced by (Hirt and Nichols,
1981). At this place it is appropriate to mention that C.W. Hirt is the founder of Flow
Science, which is the software company producing FLOW-3D. The used VOF method is
the default choice when modelling a single incompressible fluid. It tracks the free surface
based on the fluid fraction function F', which is defined to be equal to 1.0 in the fluid and
0.0 in the void surrounding the fluid. A value in between appears if a given cell contains
an interface between the fluid and the void region, as seen in Fig. 3.1.

21



0.00| 0.00]0.02]0.33
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Figure 3.1: Fluid fraction values for an arbitrary interface Kalland (2008).

Eqn. (3.8), from (Barkhudarov, 2004), describes the evolution of the free surface:

OF  d(atultAUFY)
Vy 5 + oz, =0 (3.8)
where V; and a; are the volume and area fractions describing the geometrical constraints
of the flow. The algorithm computes the volumetric fluxes by geometrically reconstructing
the interface using the values of the fluid fraction function at the old time step in and
around a given CV. By doing so, the numerical solution of Eqn. (3.8) is prevented from
unphysical distortion of the interface and preservation of its sharpness. Consequently, the
interface between fluid and void is no more than one cell wide. In addition, the algorithm
uses operator splitting, meaning, that it splits up the advection calculation, one for each
direction. According to (Barkhudarov, 2004), the evaluation of volume fluxes in a given
direction with the applied VOF advection algorithm is at least as high as that attributed
to the piecewise linear interface calculation (PLIC) method. In section 3.2.2, the PLIC
method is described in more detail.

3.1.3 Settling Calculation

As mentioned in chapter 1 two different numerical approaches are used to capture the
gravity induced aggregate migration with FLOW-3D. The approaches are described in
the next two subsections.

3.1.3.1 FLOW-3D Model #1

The first numerical method for capturing the gravity induced aggregate migration is a
discrete approach and it is applied in Paper - I (Spangenberg et al., 2010). In FLOW-3D
the model is called "Mass Particles" and it allows for multiple particles to be included
into the fluid simulation, (www.flow3d.com, 2010). The dynamics of each of the particles
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is described by:

duy 1 p
— = —— AP+ g+ KpB(u — up)|u — up|— 3.9
= - (= )= ) (3.9)

3 (24 6
= — |5 +—F—=—+04 3.10
P 4d <R6 14+ VRe ) (3.10)
Re - dplu—up| (3.11)
W

Where u, and p, are the velocity and the density of the particle, respectively, v and P
are velocity and pressure of the fluid, 8 is the drag coeflicient divided by the particle
mass and the quantity K is a drag force multiplier. For small Reynolds numbers the drag
force in Eqn. (3.10) approaches the Stokes analytical solution for a viscous laminar flow
around a sphere, cf. section 2.3.1.

3.1.3.2 FLOW-3D Model #2

The second numerical method for capturing the gravity induced aggregate migration
is a continuum approach and it is used in Paper - II (Spangenberg et al., 2012b) and
Paper - IV (Spangenberg et al., 2011). The migration is captured by an advection and
a settling calculation of the volume fraction scalar ¢, which respectively are performed
by a "standard" scalar advection solver in FLOW-3D and by a programmed subroutine.
The advection procedure is carried out by solving the transport equation in Eqn. (3.12)
and it allows the volume fraction scalar to follow the streamlines of the global flow.

d¢p  O(pu;)
E_‘_ 81‘,

=0 (3.12)

The advection is explicitly calculated by a split numerical scheme which is at least second-
order accurate. The explicitly updated advection introduces a time step limitation, which
is similar to the convective explicit stability limit in Eqn. (3.6). The equation for the
settling part of the volume fraction evaluation is derived based on a mass change consid-
eration; see Eqn. (3.13) and the illustration in Fig. 3.2.

OM,, . .
“ar :Min_Mou 1
o : (31

Where M), is the mass of the particles in the evaluated cell, and M;, and M, are the
mass fluxes in and out of the evaluated cell, respectively.
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o k-1

Figure 3.2: Mass fluzx illustration.

The mass and mass fluxes seen in Eqn. (3.13) can be rewritten to Eqn. (3.14) for a two
dimensional case with a structured mesh.

O(Frdrpa AzAy)
ot

= For10k410Vi 1 Az — FroppdVi Ax (3.14)

Where Az /Ay are the lengths of the CV in each direction. Note that only the settling in
the y-direction is considered, due to the fact that gravity is the driving force. Applying
the explicit Euler scheme on Eqn. (3.14) for the time derivative it is possible to obtain
Eqn. (3.15) which describes the volume fraction of the aggregates at the new time step.

At

. . ALF,
<Z52+At = Ok <1 - Vi Ay> + G+ Vi +

Ay Fo (3.15)
The expression for the settling velocity is described in section 2.3.2. The volume fraction
subroutine is as mentioned calculated with an explicit scheme which thereby introduces a
time step criterion for stability. The time step criterion automatically drops out of Eqn.
(3.15). The expression in the bracket of the first term on the right hand side does not
give any physical meaning if it has a negative value. Therefore, the time step criterion
can be written as seen in Eqn. (3.16).

Ay
At < — 1
<V (3.16)

In order to get an order of magnitude for the time step criterion in Eqn. (3.16) the follow-
ing values are used; a CV length of Ay = 0.01m, a diameter of the aggregates of 0.015 m,
a density difference between the aggregates and the surrounding fluid of 400 kg/m?, and
viscosity of the surrounding fluid of 10 Pas (which is a low assessment).

18- 0.0 m - 10 Pas 9. (3.17)

At < ~
(0.015m)? - 9.82m/s? - 400 kg/m?

The calculation of the critical time step in Eqn. (3.17) shows that it is more than the
critical convective stability limit in Eqn. (3.7).
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3.2 MATLAB Model

In the following subsections the numerical model developed in the technical computing
language MATLAB is described. The MATLAB model has a lot of similarities with
the FLOW-3D models, but some of the programmed numerical techniques deviate and
especially those are described in detail.

3.2.1 Solver

The two dimensional two-phase CFD-solver programmed in MATLAB solves the pressure
and the velocity equations presented in section 2.1. The discretization of the equations
is documented in the Technical Report #1. The discretization is carried out with the
Finite Volume Method (FVM) on a staggered grid. An illustration of a staggered grid,
where the velocities are calculated for the points lying on the faces of the pressure CVs, is
illustrated in Fig. 3.3. The staggered grid formulation is an elegant discretization method
whose benefits are e.g. elimination of checkerboard pressure fields, cf. (Patankar, 1980).

u-grid P-grid
, @ @ ? - -®- -0 -0
I
i i ® @ ] e o
! |
e | o | o | s
i i o @ @ e o
¢ e e
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® ® ® ® ®
® ® 4 L ]
® o ® e o
® ® 4 ®
® ® ®
I—O @ .—I @ ® ® ®
v-grid FD-grid

Figure 3.3: The staggered grid arrangement in two dimensions, (Bingham et al.,
2009).

The MATLAB solver is programmed to consider the pressure and viscous stresses implic-
itly, whereas the convective term is taken explicitly into account. The viscous stresses
are implicitly calculated as in the FLOW-3D models in order not to be limited by the
strict diffusive stability limit specified in Eqn. (3.4). The system of equations is solved
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by the direct solver in MATLAB and the algorithm advances the solution through one
increment of time by the following steps.

1. The new pressure and velocity fields are found by the pressure and momentum
equations in section 2.1 on discretizised form. They are solved in one system of
equations with MATLAB’s direct solver:

0 (Ou;|' 1 0 (. (0u  Ou At
Ox; \ Oz pt Ox; a Ox;  Ox;

t+At i ap
pt Ox;

1
ot

S,»\tJFAt) =0 (3.18)

upt et — uf e O(uiuy) |

At 8a:j
A
ap 1+ t+ o <Mt<am +8Uj>)
8xj altj al'L

83%
2. The free-surface is updated based on the velocities at the new time level, see section
3.2.2.

t+At
+ 5|1 A (3.19)

3. The densities are updated based on the new position of the free surface, see section
3.2.2.

4. The volume fraction scalar which represents the aggregates is advected based on the
velocities at the new time level, see section 3.2.3. The advection procedure enables
the volume fraction scalar to follow the streamlines of the global flow.

5. The viscosities are updated based on the new position of the free surface, the ve-
locities at the new time level and the volume fraction scalar.

[=n)

. The settling of the volume fraction scalar is calculated based on the new position
of the free surface and viscosities, see section 3.2.3.

Note that steps/effects related to the gravity induced aggregate migration are not taken
into account when simulating the LCPC-box test in section 4.5.

One difference between the FLOW-3D solver described in section 3.1.1 and the MAT-
LAB solver described here is that the first splits up the pressure and velocity calculation
and uses an iterative solver, while the latter solves the pressure and velocities together in
one system of equations with a direct solver. Especially for large domains it may be of
interest to use the FLOW-3D algorithm from a calculation time point of view, although
the more explicit nature of the algorithm may introduce a more strict time step criterion
as compared to the one for the MATLAB solver. Another difference between the two
solvers is that the MATLAB solver considers two phases; the SCC and the surrounding
air, whereas the FLOW-3D solver only considers one phase; the SCC. From a calculation
time point of view the latter mentioned method is beneficial, since it decreases the system
of equations, however, the implementation is also more complex, because it is necessary
to apply explicit pressure and velocity boundary conditions at the free surface.
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3.2.2 Free Surface Algorithm

The MATLAB model uses a VOF method much like the one used in FLOW-3D to track
the free surface. The implementation is carried out based on the work in Kalland (2008)
and it is shortly reviewed in this section. The fluid fraction function is used to distinguish
between the two phases. The function has a value of 1.0 for the SCC phase, 0.0 for the air
phase and a value in between if the given cell is containing an interface between the two
phases, see Fig. 3.1. The MATLAB solver uses the PLIC technique, which approximates
the interface as a straight line within a cell separating the two phases. In Fig. 3.4
the approximate interface is shown for the fluid fraction values in Fig. 3.1. The figure
illustrates how the discontinuous interface is a part of the PLIC technique.

N

x\‘/

N

<

Figure 3.4: Piecewise linear interface construction, (Kalland, 2008). Discontinuities
are marked with arrows.

The linear interface within each cell can be represented by the linear equation:
ar+by+c=0 (3.20)

where [a,b]” is the line’s unit normal vector pointing away from the SCC phase and c is
the distance from the line to the point p, which is defined as the center of the cell, see
Fig. 3.5.
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[a, b]T

Figure 3.5: The scalars for the line equation representing the linear interface,
(Kalland, 2008).

The MATLAB model uses the Efficient Least Squares Volume of fluid Interface Recon-
struction Algorithm (ELSVIRA) introduced by (Pilliod, 1992) to predict the normalized
normal and it has second order accuracy according to (Pilliod Jr. and Puckett, 2004) .
The steps involved in advancing the free surface through one increment of time is:

1. A 3x3 block of cells around the interface containing cell is used to find six unit
normal vectors, by applying the forward, backward and central difference schemes
on the column and row sums of the fluid fraction function.

2. The distance ¢ in Eqn. (3.20) is found for each of the six unit normal vectors, by
mathematical manipulation of the piecewise second degree polynomial describing
the volume fraction in a cell, cf. (Kalland, 2008).

3. The best unit normal vector and appurtenant distance ¢ is found by the lowest
Euclidean norm, see Eqn. (3.21). Where F is the fluid fraction of each of the nine
cells when extending the linear interface to the edges of the entire 3x3 block. An
illustration of the calculation is shown in Fig. 3.6.

3 3 3
E= (Z > (Fry - Fk,l)2> (3.21)

k=11=1

4. The donating/accepting regions for the x-direction advection are found based on
the horizontal velocities and the best unit normal vector and appurtenant distance
c.

5. The intermediate fluid fractions are found by advecting in the x-direction. The
advection is carried out based on the horizontal velocities, the donating/accepting
regions and the volume fraction in the old time step.

6. Steps #1-3 are redone.

7. The donating/accepting regions for the y-direction advection are found based on the
vertical velocities and the new best unit normal vector and appurtenant distance c.
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8. The fluid fractions in the new time step are found by advecting in the y-direction.
This advection is carried out based on the vertical velocities, the new donating/ac-
cepting regions and the fluid fractions in the intermediate time step.

9. The fluid fraction function is used to find the density and viscosity of all the cells
in the domain by linear interpolation:

p = pair(l - F) + pschv (322)
p = prair(1 = F) + prscc ' (3.23)

Note that in every second time step the order of the two advection directions are inter-
changed in order not to favour one direction.

0.91 .0.18 | 0.00 0:4410.11|0.00 Mﬁ 0.00

1.000.93 | 0.21 1.00 | 0.93 | 0.11 0.00 | 0.00 N.07

1.00 | 1.00 | 0.95 1.00 | 1.00 | 0.44 0.000.00 | 0.

A

! !
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0.00%]0.00*

= 0.67

Figure 3.6: An example of the Euclidean norm calculation for determination of the
best normalized normal and appurtenant distance ¢, (Kalland, 2008).

The time step limitation introduced by the explicit update of the free surface is similar
to the convective explicit stability limit in Eqn. (3.6) and the overall critical time step
does therefore not have to be decreased.

3.2.3 Settling Calculation

In the MATLAB model the settling calculation is implemented much similarly to the
implementation for the FLOW-3D model #2, see section 3.1.3.2. The migration of the
aggregates is also captured by a volume fraction and the evaluation is carried out with an
advection and a settling procedure. The advection calculation in the MATLAB model is as
for the FLOW-3D model #2 carried out with an operator splitting numerical scheme. This
technique is chosen, since the operators are also split in the free surface algorithm, which
therefore eases the advection calculation at the free surface, because the donate/accept
regions can be reused.

3.2.4 Rheological Parameter Calculation

The aggregate’s effect on the yield stress and plastic viscosity is implemented explicitly
based on Equns. (2.33) and (2.34). The only change in the equations are that they are
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made relative to the initial (homogeneous) volume fraction.

TO((b) _ \/(1 - ¢)(1 - ¢/¢max)_2’5¢mw (3.24)

70(Pini) /(1 = Gini) (1 = bini/ Pimaz) ~2mas

pp(@) (1= ¢/ Pmag) 200mer (3.25)

1y (Dini) (L — Gini/ Omaz)25%maz
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Chapter 4

Single Fluid Analysis

This chapter first describes the LCPC-box test together with the derivation of its three
and two dimensional analytical solution. Then, the chapter presents the results of the
first investigation of this thesis where the numerical result and the analytical solution of
the LCPC-box test are compared. The comparison is carried out both for the FLOW-3D
model and MATLAB model along with a mesh density, time step, and initial viscosity
analysis. Finally, the potential of the LCPC-box test being used as a benchmark test for
flow of SCC is discussed.

4.1 LCPC-Box Test

The LCPC-box test was invented by (Roussel, 2007) at Laboratoire Central des Ponts et
Chaussées (LCPC) in Paris, France (www.lcpc.fr), hence its name. The LCPC-box test
consists of pouring 61 of SCC into a mould and measuring the final height at the pouring
end and spread length of the concrete. The measurements together with the analytical
solution presented in section 4.2 enable for the yield stress to be found. The test is highly
applicable, since it is cheap, fast, and can be carried out at the construction site. In Fig.
4.1 the LCPC-box test is shown for an arbitrary SCC. The dimensions of the LCPC-box
are a length of 1.2m, a height of 0.15m, and a width of 0.2 m. The analytical solution has

end of the box, (Roussel, 2007).

a second functionality and this is that it can be used to compare with numerical results,
which is what it is used for in this chapter. The derivation of the analytical solution in
three and two dimensions is carried out in the following two subsections.
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4.2 Three Dimensional Analytical Solution

The derivation for the three dimensional analytical solution is based on (Nguyen et al.,
2006). The solution assumes that the stress tensor simplifies into a scalar shear stress
close to the walls and bottom. In addition, the flow stoppage takes place when the shear
stress equals the yield stress in these zones, meaning that the analytical solution is valid
for a yield stress material only. In Fig. 4.2 an elementary volume for which the differential
equation is based is illustrated.

B
o
_ A
dh D
| ] Jo T
lo
E H
dx |
Figure 4.2: An elementary volume in the sample at stoppage, inspired by (Nguyen
et al., 2006).

Eqn. (4.1) expresses the force equilibrium on the elementary volume on Fig. 4.2.

h? h + dh)?
<pgl02> - <P9l0( 5 ) > - (TOZde)EFGH
ABFE DCGH

— (270hdz) spypipeer =0- (4.1)

By conserving only first order terms:

dh h
h— = — 27— 4.2
rg da 70 70 o ( )

Eqn. (4.2) can be rewritten into the following:

dh h\ 1
h— = —(70+20—-)—=
dx lo/ pg
2h dh h\ 27
i (T R U
ly dx < * l0> pglo
W dho_ 2
1427 da pglo
2h 2h 27
- (4.3)
1+ 2% dx lo
The differential equation in Eqn. 4.4 appears when substituting A = 39%00 and u = % in
Eqn. (4.3):
u du 2A
el 4.4
1+ udx lo (4.4)
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Eqn. (4.4) is solved by the following mathematical operations. Note that C7, Co, and Cj

are arbitrary constants.

/ Y odu = /—de =
1+u lo
24
u—In(u+1)+C; = —l—x+C2:>
0
24
u—In(u+1)+C3 = =
0
2h 2h 24
——In{—+1]|]+C3 = ——2x=
lo lo lo
2
—h+l—01n —h—l—l —Z—OC'g = Az (4.5)
2 lo 2
The constant C3 is found by inserting = 0 when h = hg:
l() lO 2hO
005 = hg—2Im (2241 4.
203 ho 2n<lo+>$ (6)
2h 2h
C; = -2 4m (2241 (4.7)
lo lo
The solution to the differential equation in Eqn. (4.4) is therefore:
l 2h l 2h 2h
Az = —h+ 2 (=4+1)-2(-24m(224+1)) = (4.8)
2 lo 2 l() lO
lo 2h + g
Arx = hop—h——1 4.9
v 0 2 " <2h0 +l0> (4.9)

When assuming the final spread length L is shorter than the length of the box it is possible
to compute ho (hidden in ug) based on Eqn. (4.10), which expresses the total volume V'

of the sample.
ho 3 _9
V:lo/ zdh = - <ln(l+uo)+u0(uo)> (4.10)
0

4A 2
As hg is no longer unknown it is possible to obtain the final expression for x as a function
of h, by dividing by and substituting A.

l 2h+1
x= (o= i (#5%)) ot (4.11)
27’0

Also the final spread length can be found by inserting x = L when h = 0.

<h0 - %0 In (Zhé(z&-l())) pglO
L =
2’7’0

(4.12)

4.3 2D Analytical Solution

The differential equation in Eqn. (4.2) for the three dimensional case simplifies into Eqn.
(4.13) for the ideal two dimensional case where there is no influence from the front and
back lateral walls (lp — c0).

pgh— = —19 (4.13)

dzx
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Eqn. (4.13) is solved by the following mathematical operations.

/pgh dh = /—7‘0 dr = (4.14)
hQ
pg?—i—Cl = —T()x—i-CQ = (4.15)
h2
PIS = —1r +C3 = (4.16)
hz) = 2<—To;«’g+® (4.17)

Where the arbitrary constant C3 is found from the boundary condition h(L) = 0.

2(—7oL + C!
ML) = 0= 2(=moL +Cs) (4.18)
P9
Cs = 7oL (4.19)
The final expression for x as a function of A is given by:
h2
e=L-2 (4.20)
279
The spread length is found by inserting x = 0 when h = hyg.
2
L= P9 (4.21)
27’0
Since the area Ar is known, hg can be found:
ho ho h2 h2
vo_ Ar:/ :z:dh:/ PIT0 _PIT ) gy = (4.22)
lo 0 0 2’7’0 27’0
1
A\ 3
hy = (370 > (4.23)
P9

By Eqns. (4.20), (4.21), and (4.23) it is now possible to find the final shape for a given
yield stress.

4.4 FLOW-3D Model

The numerical model developed in FLOW-3D to simulate the LCPC-box test takes step
#1 to 6 as described in section 3.1.1 into account when executed. In the LCPC-box test
the SCC is slowly poured into the formwork as seen in Fig. 4.1. However, in the FLOW-
3D model the SCC is initially situated with the length 0.3 m and the height 0.1 m, see Fig.
4.3. The different initial positions of the SCC do not affect the final shape and spread
length, which are the objectives of the analysis, since the inertia forces are negligible.
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VAN

Figure 4.3: Initial condition for the FLOW-3D model.

In Fig. 4.3 the grey color represents the fluid and the black box illustrates the domain in
which the fluid flows. The boundary condition for all six boundaries is a wall condition
(no slip), meaning the velocity in the three directions are zero at the boundary. The mesh
used in this investigation is a structured uniform mesh. From a calculation time point of
view it could be of interest to use a graded mesh, for instance making the mesh finer at
the bottom of the flow domain, where the velocity gradients are the highest. However,
since one of the objectives of this investigation is to analysis different mesh densities’
effect on the results, it is chosen to use a structured uniform mesh with cubic CVs.

The analytical solution is as earlier mentioned based on a yield stress fluid, while the
material model used in the FLOW-3D model is a bi-viscosity material model as described
in section 2.2. The bi-viscosity material model is as earlier pointed out only capable of
approximating a yield stress fluid by simulating the part of the fluid domain which does
not flow with a very high initial viscosity. Consequently, with a bi-viscosity material
model the flow of the fluid does not stop before the whole fluid domain is shear stress
free. Therefore, it is necessary to terminate the simulation at some point in order to com-
pare it with the analytical solution. In this investigation the simulations are terminated
when the spread length of the analytical solution is obtained and the comparison consist
afterwards in comparing the final shape.

The numerical results presented in the next two subsections are obtained with an SCC
with a density of 2300kg/m3, a yield stress of 50 Pa, and a plastic viscosity of 50 Pas.

4.4.1 Comparison with Analytical Solution

In Fig. 4.4 the numerical result at the termination point is shown, when a CV length of
0.01 m, a maximum time step of 0.05s, and an initial viscosity of 1000 Pas are used.

AVAN

Figure 4.4: The numerical results at the termination point. The numerical model
used a CV length of 0.01 m, a mazimum time step of 0.05s, and an initial
viscosity of 1000 Pas.
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In order to compare the numerical results shown in Fig. 4.4 with the analytical solution
in Eqn. (4.11), one needs to extract the fluid fraction values in the x-z plane from the
middle of the LCPC-box. In Fig. 4.5 the two final shapes are compared.
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Figure 4.5: The final shape of the FLOW-8D result and analytical solution.

There is a fairly good agreement between the numerical result and the analytical solution,
cf. Fig. 4.5. At a spread length close to zero the numerical result lies a bit below the
analytical solution and at a spread length close to the final spread length the numerical
result lies a bit above the analytical solution. In the next subsection it is investigated if a
change in the mesh density, time step, or initial viscosity decreases the difference between
the two final shapes.

4.4.2 Material Law and Convergence Test

Three different analyses are carried out in this section; a mesh density analysis, a time
step analysis, and an initial viscosity analysis. These analyses are performed in order to
investigate the sensitivity of the numerical results and to understand which parameters are
decreasing the difference between the numerical result and the analytical solution. The
evaluation of the numerical results are conducted qualitatively by a visual comparison
between the final shapes.

4.4.2.1 Mesh Density Analysis

The final shape for three numerical results with different mesh densities and the analytical
solution are shown in Fig. 4.6. The three mesh densities are obtained with a CV length
of 0.02m, 0.01 m, and 0.005 m. In addition, it should be noted that the three simulations
are carried out with a maximum time step of 0.05s and an initial viscosity of 1000 Pas.
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Figure 4.6: The final shapes of the FLOW-3D results with different CV lengths and
the analytical solution.

The numerical result when using a CV length of 0.02 m seems to loose a bit of accuracy as
compared to the other two simulations, see Fig. 4.6. However, the two numerical results
with the highest mesh density are almost the same, which indicates that the solution is
already converged when using a CV length of 0.01 m. This is an interesting observation,
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since one would think that the numerical results would approach the analytical when
increasing the mesh density.

4.4.2.2 Time Step Analysis

The time step analysis is carried out with the maximum time steps; 0.05s, 0.01s, and
0.005s. In Fig. 4.7 the three numerical results with different time steps are shown together
with the analytical solution. The length of the CVs used in the three simulations is 0.01 m,
while the initial viscosity is 1000 Pas.
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Figure 4.7: The final shapes of the FLOW-3D results with different maximum time
steps and the analytical solution.

Fig 4.7 shows that the numerical results are already converged when a maximum time
step of 0.05s is used. Furthermore, it shows that the small bumps close to a spread length
of zero can be eliminated if the maximum time step is decreased, however, this increased
accuracy should be held up against the increased calculation time, which is half an hour
when using 0.05s and seven hours when using 0.005s. Finally, it should be mentioned
that decreasing the time step does not make the numerical result approach the analytical
solution.

4.4.2.3 Initial Viscosity Analysis

An initial viscosity of 100 Pas, 1000 Pas and 10 000 Pas are used in this analysis. In Fig.
4.8 the three numerical results with different initial viscosities are shown together with
the analytical solution. The three simulations are executed with a CV length of 0.01m
and a maximum time step of 0.05s.

0.07 — I

T
Analytical
0.06,." ) H
. 6 BT Num: i 100Pas
E 0.05 - Num: ftinie 1000Pas ||
 0.041- Num: fipni 10000PasH
.0 0.03 B
L
T 0.02 .
0.01F B
0 | I 1 I | I | I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Spread length [m]

Figure 4.8: The final shapes of the FLOW-8D results with different initial viscosities
and the analytical solution.

The numerical results approach the analytical solution when increasing the initial viscosity
from 100 Pas to 1000 Pas, see Fig. 4.8. However from 1000 Pas to 10000 Pas it is difficult
to see any difference. The calculation time of the simulation with an initial viscosity of
10000 Pas is 6 hours and a simulation with an even higher initial viscosity is therefore
not performed, since the calculation would be too long. The calculation time grows when
increasing the initial viscosity, because the maximum time step seems to be unaffected
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by this, while the calculation real time before reaching the final spread length where the
simulation is terminated, increases. The fact that the maximum time step stays more
or less the same may be due to the more explicit nature of the FLOW-3D algorithm as
compared to the one used in the MATLAB model.

4.5 MATLAB Model

The MATLAB model simulates the LCPC-box test by taking the relevant steps as de-
scribed in section 3.2.1 into account when executed. The geometry of the calculation
domain is a rectangle as shown in Fig. 4.9, where the initial position of the SCC is also
illustrated.
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Figure 4.9: Illustration of calculation domain and initial position of the SCC.

The boundary condition is as before for the FLOW-3D model a wall condition and also
here a structured uniform mesh is used. The numerical results produced by the MATLAB
model and presented in the next two subsections are obtained for an SCC with a density
of 2500kg/m3, a yield stress of 50 Pa, and a plastic viscosity of 50 Pas.

4.5.1 Comparison with Analytical Solution

A contour plot of the numerical result is shown in Fig 4.10 when using a CV length of
0.01 m, a time step of 0.01s, and an initial viscosity of 10000 Pas.
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Figure 4.10: A contour plot of the numerical solution.

The numerical result is shown together with the two dimensional analytical solution, see
Fig. 4.11.
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Figure 4.11: The final shapes of the MATLAB result and analytical solution.

In Fig. 4.11, the numerical result shows the same trends as the FLOW-3D model does
in section 4.4.1. The numerical result lies a bit below the analytical solution at a spread
length close to zero, while it is a bit above at a spread length close to the final spread
length.
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4.5.2 Material Law and Convergence Test

In the next three subsections, the MATLAB model is undertaking the same numerical
analyses as carried out for the FLOW-3D model in section 4.4.2. The evaluation of the
numerical results are still conducted qualitatively by a visual comparison between the
final shapes.

4.5.2.1 Mesh Density Analysis

The mesh density analysis is performed with the CV lengths; 0.02m, 0.01 m, and 0.005 m.
In Fig. 4.12 the numerical results and the analytical solution are shown. The time step
and initial viscosity used in the simulations are 0.01s and 10000 Pas, respectively.
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Figure 4.12: The final shapes of the MATLAB results with different CV lengths and
the analytical solution.

The numerical results are much similar to the ones in the mesh density analysis for the
FLOW-3D model in section 4.4.2.1. When using a CV length of 0.02m the accuracy of
the numerical result is not that good, see Fig. 4.12, but the numerical results seem to be
converged when using a CV length of 0.01 m.

4.5.2.2 Time Step Analysis

The final shape for the three numerical results with different time steps and the analytical
solution are shown in Fig. 4.13. The three different time steps are 0.1s, 0.01 s, and 0.001 s.
The simulations are using a CV length of 0.01 m and an initial viscosity of 10000 Pas.

0.07 T T T T T T I A I L I
| nalytica.
0.06 S Num: dt 0.1s
= 0.058 . ueuinininiis T * Num: dt 0.01s 1
= 0.04F T, - Num: dt 0.001s]]
| AT P
.20 0.03 Tt b
3 T,
T 0.02 .
0.01 - —
0 1 1 1 Il 1 | 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Spread length [m]

Figure 4.13: The final shapes of the MATLAB results with different time steps and
the analytical solution.

Fig. 4.13 shows that the numerical results are converged and that a decrease in time step
does not affect the numerical result to approach the analytical solution. Note that the
same is observed for the FLOW-3D model in section 4.4.2.2.

4.5.2.3 Initial Viscosity Analysis

The initial viscosity included in the analysis are 100 Pas, 10000 Pas and 1000 000 Pas.
The numerical results and the analytical solution are shown in Fig. 4.14. The CV length
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used in the simulations are 0.01 m, while the time step is programmed in such a manner
that the movement of the fluid through a CV can be maximum 30% of the cell. The
new time step criterion is introduced in order for the simulation with the highest initial
viscosity to finish in a reasonable time.
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Figure 4.14: The final shapes of the MATLAB results with different initial viscosities
and the analytical solution.
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The numerical result slightly approaches the analytical solution when the initial viscosity
is increased, see Fig. 4.14. This observation makes sense since the bi-viscosity material
model then acts more and more like a yield stress material. One reason why the same
pattern was not as pronounced in the initial viscosity analysis for the FLOW-3D model
in section 4.4.2.3 could be that a wider range of initial viscosities are used in this two
dimensional analysis. Bearing this observation in mind, one could then argue, why not use
an initial viscosity of for instance 10'Pas, however this numerical implementation runs
into problems when having an initial viscosity above 1000000 Pas. In general numerical
implementations often run into problems when using settings which go toward infinity.

4.6 Remarks on LCPC-Box Test

Based on the LCPC-box test it can be concluded that it is possible for both the FLOW-
3D and the MATLAB model to obtain a relative good agreement between the numerical
results and the analytical solution. In addition, this accuracy depends on the initial
viscosity and therefore it can also be concluded that it is impossible for the numerical
result to be in total agreement with the analytical solution, since it is impossible to
use an infinitely high initial viscosity. On this basis and since it is necessary to fit the
numerical results’ spread length to the one of the analytical solution, one could state,
that the analytical solution for the LCPC-box test cannot be used as a benchmark test
for simulating flow of SCC with a CFD code. However, there are three factors which
makes this test very useful and recommendable. Firstly, this test gives a very good
understanding of the bi-viscosity material model and the error which is introduced when
using it to mimic a yield stress fluid. Secondly, it gives an overview of which mesh density,
time step and initial viscosity are working for the specific CFD code. Thirdly, the flow
simulated in the LCPC-box test is much similar to the flows that the CFD code afterwards
should be used for e.g. casting of a beam, a wall or a slab.
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Chapter 5

Applications with Aggregate
Migration

In this chapter the investigation regarding developing a numerical model capable of pre-
dicting the gravity induced aggregate migration is described, by presenting the key nu-
merical results from Paper - I (Spangenberg et al., 2010), Paper - II (Spangenberg et al.,
2012b), and Paper - IIT (Spangenberg et al., 2012a). The papers are presented in in
chronological order and after each of them a discussion follows, which focuses on the
advantages and drawbacks of the applied numerical model. Afterwards, the optimiza-
tion investigation is presented by introducing the most important points from Paper -
IV (Spangenberg et al., 2011) and Technical Report - II. Also here a discussion follows,
which puts the studies into perspective.

As was pointed out earlier it is necessary to introduce a stop criterion when using the
bi-viscosity material model, cf. section 4.4. The simulations presented in this chapter
were terminated either at the end of the form filling or a couple of seconds later, since
this was assessed to be a reasonable and realistic stop criterion. In addition, it should
be mentioned that the numerical models used initial viscosities of approximately 10° Pas
in order to capture the yield stress behaviour of the SCC best possible during flow. The
FLOW-3D models used an increased initial viscosity in these investigations as compared
to the LCPC-box test due to the difference in stop criteria. In the previous investi-
gation the fact that the maximum time step stays the same, while the calculation real
time increased, when increasing the initial viscosity, resulted in a higher calculation time.
However, since the stop criterion in the present studies prevented the calculation real
time of increasing, it was possible to use higher initial viscosities without increasing the
calculation time.

5.1 Discrete Aggregate Representation (FLOW-3D Model #1,
Paper 1)

The FLOW-3D model with the discrete aggregate representation, which is described in
section 3.1.3.1, was used in the numerical study carried out in Paper - I (Spangenberg
et al., 2010). The model predicted the gravity induced aggregate migration in an SCC
beam casting and the final particle distribution was afterwards converted into property
maps using semi-empirical relationships. The simulation of the 3m long and 0.3 m thick
beam was carried out in two dimensions, thus the reinforcement and the effect from

41



lateral walls were assumed to be negligible. As a consequence of the study being purely
numerical, the material properties of the SCC were estimated. The global flow of the SCC
was modelled with a density of 2200kg/m3, a yield stress of 50 Pa, and a plastic viscosity
of 50Pas. The suspended aggregate was assumed to have a volume fraction of 0.64
when homogeneous, while the amount of aggregates considered being capable of settling
corresponded to the 25% coarsest aggregates. The coarsest aggregates were assumed to be
spherical with an average diameter of 15 mm and a density of 2700 kg/m?. The drag force
multiplier 8 in Eqn. (3.9) was in this study defined as 0.1 and it enabled the viscosity of
the surrounding fluid of the particles to be ten times lower than the viscosity of the global
SCC flow. Meaning, it was assumed that the particles were settling in a surrounding fluid
with viscosities of the order of mortar instead of SCC. As earlier mentioned the simulation
was carried out in two dimensions and therefore it was necessary to estimate a number
of aggregates going into the simulation which gave a good representation of the settling
pattern. In this case the number of aggregates was taken as the number of aggregates
which would give the correct volume fraction if they were cut through directly at the
middle of the spherical particle. Only one half of the beam was simulated since it had a
vertical symmetry line in the middle. In Fig. 5.1 the particle distribution in one half of
the beam at the end of the casting is shown.
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Figure 5.1: Particle distribution at the end of the casting. Only the right half of the
beam is showed. Vertical and horizontal distances are in (m), Paper - I
(Spangenberyg et al., 2010).

The model predicted a settling pattern where the coarsest aggregates could not flow to
the end of the mould, see Fig. 5.1. In addition, it was noted that there existed zones at
the bottom of the formwork where the total volume fraction of the aggregates exceeded
the assessed maximum packing fraction of 0.8. This error was introduced due to the fact
that the interactions between particles and between particles and walls were not taking
into account in this model. The particles therefore accumulated without any hindrances
at the bottom wall.

The aggregate distribution was afterwards converted to a total aggregate volume fraction
by adding the local volume fraction of the coarsest aggregates to the volume fraction of
the stable finer aggregates. The local volume fraction of the coarsest aggregates were
found by dividing the beam into areas of 0.1x0.1 m and evaluating the numbers of aggre-
gates inside each of them. In Fig. 5.2 the total aggregate volume fraction is shown. Note
that in the zones at the bottom of the formwork where the maximum packing fraction
of 0.8 was exceeded, the total aggregate volume fraction was set equal to the maximum
packing fraction.
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Figure 5.2: Total aggregate volume fraction map. Vertical and horizontal distances
are in (m), Paper - I (Spangenberg et al., 2010).

The total aggregate fraction together with the simple models proposed in (de Larrard
and Le Roy, 1992) and (de Larrard, 1999) allowed for the relative elastic modulus and
compressive strength to be found. The variation induced by segregation for both of the
properties were of the order of 10%. Another property variation this study shed some
light on was the relative drying shrinkage strain which varied up to 25%, as seen in Fig.
5.3. The property was obtained from the relation given in (Eguchi and Teranishi, 2005).
The reason why it is preferable not to have high variation of the drying shrinkage strain,
is because it potentially could lead to unwanted cracks which could lead to corrosion of
the reinforcement and thereby a decreased load carrying capacity.
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Figure 5.3: Relative drying shrinkage strain map. Vertical and horizontal distances
are in (m), Paper - I (Spangenberg et al., 2010).

Discussion

This study showed both a strength and some drawbacks for FLOW-3D model #1 when
using it to predict gravity induced aggregate migration. The strength of FLOW-3D model
#1 is that it is based on the available modules in FLOW-3D. A person who is familiar with
FLOW-3D can therefore relatively easy set up the model within a reasonable time. On
the other hand, the model has some clear drawbacks. First of all, as long as the model
is carried out in two dimensions one has to estimate how many aggregates should be
included in the simulation in order to give a good representation of the settling pattern.
This drawback though can be eliminated by simulating in three dimensions, however
then the calculation time increases. Another drawback is that since the model does not
consider every single aggregate fully coupled it is necessary to estimate the viscosity of
the surrounding fluid in which the aggregates settle. Finally, it is also a drawback for
this model that no interaction between the aggregates is taken into account, which in
this study lead to a situation where the volume fraction in some zones at the bottom of
the formwork exceeded the maximum packing fraction. Most likely it would be possible
in FLOW-3D to program a criterion saying that if the number of aggregates in a certain
region is higher than some specific number, then the aggregates should not be allowed

43



to enter this region. However, the question would then be how large the size of this
region is supposed to be. This drawback can either be solved with fully coupled particles
(aggregates) or by introducing a scalar which represents the aggregate volume fraction,
since the region in which the aggregates is not allowed to settle to implicitly lies in the
definition of the mesh, cf. FLOW-3D model #2 in section 3.1.3.2.

5.2 Scalar Aggregate Representation

The FLOW-3D model #2 and MATLAB model both use the scalar aggregate represen-
tation as described in sections 3.1.3.2 and 3.2.3, respectively. In the next two subsections
the FLOW-3D model is first used to investigate the settling pattern in an SCC-like model
fluid and afterwards the MATLAB model is used to study the same but in a real SCC.

5.2.1 Carbopol Test (FLOW-3D Model #2, Paper Il)

In Paper - IT (Spangenberg et al., 2012b) the FLOW-3D model #2 with the scalar aggre-
gate representation, cf. section 3.1.3.2, was used to investigate the settling pattern in an
SCC like model fluid. In the first part of the paper different physical phenomena leading
to flow induced aggregate migration were reviewed and with analytical expressions the
dominating phenomena were determined for various applications. In the case of casting
the gravity induced migration was found to be the leading factor, which thereby justified
that this was the physical phenomenon considered by FLOW-3D model #2.

The model fluid consisted of a transparent polymer with the name Carbopol Ultrez and
spherical glass beads, see Fig. 5.4. It was found that the behaviour of the carbopol
gel could either be fitted with a Bingham material model with a yield stress of 40 Pa
and a plastic viscosity of 1 Pas or with a Herschel Bulkley model with a yield stress of
40Pa, a K value of 15.8 Pas and an n value of 0.48. The Bingham model parameters
for the carbopol alone were approximated with the bi-viscosity model, cf. section 2.2.2,
in order to predict the global flow of the glass beads and carbopol mixture, whereas the
Herschel-Bulkley material model was used as one of the possibilities for description of the
surrounding fluid’s viscosity in which the glass beads settle. The volume fraction of the
glass beads used in the experiment was 10% and due to this relative low volume fraction,
the behaviour of the glass beads and carbopol mixture did not strongly differ from the
rheological behaviour of the carbopol alone and was therefore neglected in the numerical
simulations. A maximum volume fraction though was taken into account numerically by
preventing the particles from moving into a CV, in which the dense packing fraction of
spheres had already been reached (i.e. 64%). The density of the carbopol and the glass
beads were 1000kg/m? and 2500 kg/m?3, respectively. The experiment was performed
by slowly pouring 61 of the model fluid into a 0.2x0.2x0.6 m container at one end. The
container was made of transparent plexiglas, enabling visual observation of the flow front
propagation. The casting speed was approximately 0.11/s to minimize inertia effects, cf.
(Nguyen et al., 2006) and (Roussel, 2006a). At the end of the casting shown in Fig 5.5,
the model fluid was divided into 6 zones by insertion of metal plates, see Fig. 5.6. The
content of each zone was then washed and the volume fraction of glass beads in a given
zone was computed from the weight of the beads. The experiment was carried out with
glass beads with three different diameters; 2, 5 and 7 mm.
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Figure 5.4: Homogeneous carbopol gel and glass beads mizture at the end of the mizing
phase, Paper - II (Spangenberg et al., 2012b).

Figure 5.5: Model formwork filled with the model material, Paper - II (Spangenberg
et al., 2012b).

Figure 5.6: Zones separation in the model formwork before weighing of beads, Paper
- IT (Spangenberg et al., 2012b).

The measured glass bead volume fractions after the filling of the model formwork are
reported in Fig. 5.7 for the three glass bead diameters. The figure illustrates that some
particle migration was induced by the flow and that the model fluid became heterogeneous.
This heterogeneity was increasing with the diameter of the glass beads and with the
distance from the pouring point. After the flow propagation of 0.55 m, the volume fraction
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decreased respectively from 10% to 8%, 3% and 1% for the 2, 5 and 7mm beads. Close
to the pouring point, the particle volume fraction was increasing as settling particles
gathered at the bottom of the model formwork.

18%-

16%

-
N
2

N
3 ]
5 2
A A

%
2

3
32

Volume fraction (%)
2
]
]
|
!
]
1
1
1
!
OO
]
]
!
]
)—{}—H—é@!—(
i

]
2

o 5mm beads
A 7mm beads
- ———reférence mix design

o 2mm beads %

N
&2

—

o
°

10 20 30 40 50 60

o

Distance from the wall (cm)

Figure 5.7: Measured glass beads volume fractions as a function of the distance in the
model formwork, ref. Paper II (Spangenberg et al., 2012b).

In Fig. 5.8, the computed glass bead volume fraction as a function of the distance for three
different assumptions regarding the value of the viscosity of the surrounding carbopol gel
is plotted for the 5mm beads. The numerical simulation underestimated the particle
migration when the apparent viscosity was used as the viscosity of the surrounding fluid
in which the glass beads were settling. If the plastic viscosity was used the simulations
overestimated the particle migration, but the study showed that when using the tangential
viscosity obtained from the Herschel-Bulkley material model it was possible to get a
good agreement between the numerical result and the experiment. A good agreement
was also found when simulating the other glass bead sizes with the tangential viscosity,
see Fig. 5.9. These results suggested that the stresses generated by the weight of the
mixture fulfilled the von Mises flow criterion and thereby initiating the flow. The density
difference between the particles and the suspending fluid generated additional stresses in
the system. As the von Mises criterion was already fulfilled by the contributions from
the weight, these additional stresses only contributed to the viscous dissipation and did
not have to exceed the yield stress to generate a relative flow between the particles and
the gel. As a consequence, the settling process was the same as the one that would occur
in a zero yield stress fluid. Therefore, the only parameter of interest was the tangential
viscosity.
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Figure 5.8: Glass bead volume fraction as a function of distance for the 5 mm beads.
Comparison between experimental results and numerical simulations for
various assumptions for the viscosity of the suspending fluid. The yield
stress is 40 Pa, Paper - II (Spangenberg et al., 2012b).
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Figure 5.9: Glass bead volume fraction as a function of distance for the 2, 5 and
7 mm beads. Comparison between experimental results and numerical
simulations considering the tangential viscosity of the surrounding fluid,
Paper - II (Spangenberg et al., 2012b).

Discussion

A great advantage for FLOW-3D model #2 as compared to FLOW-3D model #1, with
regards to prediction of gravity induced aggregate migration, is that it is capable of in-
troducing a maximum volume fraction, which consequently means that it is not possible
to have regions in the formwork where the aggregate volume fraction exceeds the dense
packing fraction. Another strength of this model is that FLOW-3D allows for a scalar
to be advected and afterwards manipulated in a user defined way (in this case a settling
calculation), which definitely shortens the work load involved in implementing the scalar
aggregate representation. There exist two main difficulties when expanding the approach
proposed in this study to the case of real SCC. First, as the volume fraction of coarse
aggregates in SCC is not in the order of 10%, but in the order of 40%, the local rheological
properties need to depend on the local volume fraction of coarse aggregates. The prob-
lem of aggregates settling becomes therefore a coupled problem as it does not only create
heterogeneity in component proportions but also heterogeneities in local rheological prop-
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erties, which may in turn affect the global flow of the mixture and therefore aggregate
settling pattern. For the scalar aggregate representation approach it is possible to take
this dependency into account by implementing the equations in section 3.2.4, as done
for the MATLAB model. Second, although the behaviour of the suspending fluid can be
measured in the case of the model fluid used is this study, it is not the case for real SCC,
since it includes aggregates in all sizes up to a couple of centimetres. Therefore, with the
approach used in this study it is necessary to estimate the viscosity of the surrounding
fluid in which the aggregates settle. An estimated value can be obtained by the use of
experiments as seen in the study presented in the next subsection.

5.2.2 SCC Test (MATLAB Model, Paper IlI)

The MATLAB model with the scalar aggregate representation, see section 3.2, was used
to predict gravity induced aggregate migration in two SCC beam cast experiments, cf.
Paper - IIT (Spangenberg et al., 2012a). Two identical beams were cast with two different
casting rates. The dimensions of the beams were length 4m, width 0.2m, and height
0.3m, cf. Fig. 5.10. One beam was studied while the concrete was still fresh (low casting
rate) while the other was studied after hardening (high casting rate). The beam studied in
the hardened state was reinforced with two 8 mm bars for demoulding and transportation
purposes. The concrete was poured directly and continuously from the concrete truck at a
distance of approximately 0.3 m from one end of the beams. The pouring position did not
change during the filling process in order to have as simple a casting scenario as possible.
Consequently, the moulds were not fully filled and the filling process was stopped when
concrete reached the top of the formwork closest to the pouring zone, cf. Fig. 5.10. For
the lowest casting rate, the duration of the filling process was 160s corresponding to a
mass rate of concrete entering the formwork of 2.9 kg/s. For the highest casting rate, the
duration of the filling process was 60s corresponding to a mass rate of concrete entering
the formwork of 7.7 kg/s. For the beam cast at the low casting rate, the induced horizontal
heterogeneity was measured in the fresh state by measuring the aggregate content in the
nine sub-regions illustrated on the sketch in Fig 5.10. After casting, some custom-made
steel plates working as barriers were inserted in the concrete. The extracted fresh concrete
samples were washed and sieved and the amount of aggregates belonging to the fractions
6/11 mm and 11/16 mm were measured. The beam cast at the high casting rate was cut
in the middle of the nine sub-regions shown in Fig. 5.10 after setting. Image analysis
of the vertical sections allowed for the determination of the concentration of 11/16 mm
aggregates in three zones (upper, middle and lower zone) in each section. The thickness
of each zone was approximately one third of the height in the specific cut. The rheological
parameters for the SCC were obtained by the LCPC-box test and the T500. The yield
stress was approximately 40 Pa, while the plastic viscosity was approximately 100 Pas.
The dense packing fraction of the aggregates in the SCC was found to be 0.75. The SCC
was tested for its static segregation resistance by placing aggregates of different sizes on
top of a sample inside a bucket and showed no sign of static segregation.
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Figure 5.10: Beam geometry and casting, Paper - III (Spangenberg et al., 2012a).

Measurements of 6/11 mm and 11/16 mm aggregates volume fractions in fresh state by
sampling and sieving are presented in Fig. 5.11. These two granular classes were initially
present in the mix at the volume fractions of 17 and 16%, respectively. The measurements
suggested that only the coarsest aggregates in the mix did migrate during flow. Moreover,
as seen in the figure, there did not seem to be any segregation in the first two thirds of
the beam where the aggregate volume fraction was more or less equal to the reference
mix design volume fraction.
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Figure 5.11: Aggregate volume fraction measured in fresh state by sampling, washing
and sieving as a function of the distance from the pouring end, Paper -
IIT (Spangenberg et al., 2012a).

However, the image analysis of the hardened cut samples showed that things were in fact
more complex, cf. Fig. 5.12. Similarly to the measurements in fresh state, the total
coarsest aggregates’ volume fraction, after a plateau in the first two thirds of the beam,
decreased in the last third. This suggested that, in most of the beam, the total volume
fraction of aggregates in a vertical section was more or less equal to the reference mix
design volume fraction. However, when focusing on the upper, middle and lower zone
in each section, there existed a strong vertical heterogeneity in the sample as shown in
Fig. 5.12 where a multilayer material seemed to be created. In this figure, the average
value of the aggregates counting measurements in the first three meters of the beam are
plotted. These results suggest that, in the upper zone, there is no segregation. They
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moreover suggest that particle depletion from the middle zone results in an accumulation
of particles in the lower zone. A peak in the aggregate volume fraction in the bottom
zone was noted between 1 and 1.5m from the pouring end of the beam.
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Figure 5.12: The layered structure induced by segregation in the first three meters
of the beam. The dashed line corresponds to the reference mix design
volume fraction, Paper - III (Spangenberg et al., 2012a).

A thorough analysis with analytical expressions justifying the necessity of using numerical
tools to capture the migration patterns is presented in Paper - III (Spangenberg et al.,
2012a). In the numerical simulation the aggregate fractions from 6/11 mm and 11/16 mm
were considered in the settling calculation as spherical aggregates with a diameter of
8.5mm and 14 mm, respectively. However, since the simulated aggregate fraction with
the lowest diameter did only show a little or no segregation, as in the experiment (see
Fig. 5.11), this fraction is not plotted for the numerical results in the following. The im-
plementation of the viscosity of the surrounding fluid was carried out with the apparent
viscosity divided by a parameter a. The parameter « was the only fitted parameter of this
study. When « equalled 1, it meant that the surrounding fluid had the same behaviour
as the tested SCC, but when it was greater than 1 it meant that the surrounding fluid
had a lower particle volume fraction than the SCC itself.

The next step in this study focussed on the influence of the coupling between local
rheological properties and local particle concentration variations due to gravity induced
migration. In Fig. 5.13, the numerically predicted concentration profile along the beam
for the coarsest aggregates (i.e. the ones that are the most prone to migration) are plotted
both with and without the coupling when using o = 1.0. It could be seen that the peak in
aggregate volume fraction could not be simulated without the coupling. In addition, even
if o was varied, this peak could not be obtained. In Fig. 5.14 the local aggregates’ con-
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centration cartography at the end of the casting process are plotted. The figure showed
that both techniques predicted the formation of the multilayer structure as also observed
in the experiment. However, without any coupling, the settled aggregates were dragged
along with the flow and the peak in the settled aggregates concentration was located
around 3 m from the pouring point. As the viscosity and yield stress of the material were
not increasing with the local volume fraction, the zones where particles had migrated
were still able to flow and advance in the beam. When the coupling was implemented,
the settled aggregates did not flow anymore and the peak was located around 1 or 1.5m
from the pouring point as measured in the experiment. The viscosity and yield stress of
the material strongly increased in these zones as the volume fraction tends towards the
maximal packing fraction. These zones could not flow and a deposition zone was formed
in the first meter or meter and a half.
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Figure 5.13: Aggregates volume fraction as a function of the distance from the pouring
end of the beam for low casting speed. Experimental measurements and
numerical prediction with and without coupling, Paper - III (Spangenberg
et al., 2012a).
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Figure 5.14: Cartography of local aggregates volume fraction. (top) simulations
with no coupling implemented (bottom) simulations with coupling im-
plemented. Vertical and horizontal distances are in (m), Paper - III
(Spangenberyg et al., 2012a,).

Afterwards, an attempt was made to identify the best value for a. In order to reach the
best agreement with the measured horizontal coarse aggregates concentration profile, «
was fitted and the value of 1.45 was obtained. It was interesting to note that the value
of the local apparent viscosity of the fluid surrounding the settling aggregates seemed
to be 30% lower than the local apparent viscosity of the concrete. This suggests that
the particles were settling in a material slightly more fluid than the concrete itself. The
consequences of the gravity induced particle migration process were therefore not dictated
by the behaviour of the concrete itself or the behaviour of its constitutive cement paste
alone. Considering Eqns. (2.33) and (2.34), a value of 1.45 for o suggests that the
viscosity of the surrounding fluid corresponds to the viscosity of the concrete studied
here but depleted of its coarsest particles. The numerical simulations gave access to the
shear rate and coarse aggregates vertical profiles in the beam, cf. Fig. 5.15. It was
interesting to note that, contrarily to the case when no migration occurs in which the
shear rate is maximal at the bottom wall interface, here the shear rate reached its maximal
value at the deposition zone. This highly sheared zone had a lower apparent viscosity and
was subjected to a fast particle depletion, which further reduced its viscosity, amplifying
the gravity induced particle migration and turning it into a deposition process.
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Figure 5.15: (left) Shear rate profile at the centre of the beam (right) Ratio between
aggregates concentration and reference miz design concentration at the

centre of the beam, Paper - III (Spangenberg et al., 2012a).

In Fig. 5.16 the results of the simulation with @ = 1.45 for the two casting rates to-
gether with the experimental results are shown. Based on the figure it was concluded
that this simple numerical model with only one fitted parameter was able to predict the
influence of casting rate on gravity induced aggregate migration. It was moreover noticed
that increasing the casting rate decreased the magnitude of particle heterogeneities. Al-
though increasing casting velocity for shear thinning materials such as SCC reduces the
suspending fluid viscosity, it also decreases the time during which particles are migrating.
Both experimental and numerical results obtained in this work confirm the hypothesis in
Paper IT (Spangenberg et al., 2012b) on model materials, which suggested that it was the
time effect which dominated and that, therefore, increasing casting velocity decreased the

induced horizontal heterogeneity.
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Discussion

This study shows that the settling of aggregates in a material slightly more fluid than
concrete itself as well as the coupling back from the aggregates to the rheological param-
eters are two important phenomena which need to be taken into account. In the previous
study of the model fluid it was also found that the first of these two phenomena had to be
addressed and the effect was implemented by the use of the tangent viscosity. However,
in this study the tangent viscosity is not available and the effect is therefore taken into ac-
count via the o parameter. The implementation of the coupling back from the aggregates
to the rheological parameters is straightforward for the scalar aggregate representation,
however if this effect is supposed to be implemented for the discrete aggregate represen-
tation used in the FLOW-3D model #1 it would be much more comprehensive, since
the same difficulties as mentioned in section 5.1 are implied in converting the aggregate
distribution into a volume fraction map. The most important observations of this study
from a numerical point of view are that this rather simple model is capable of captur-
ing the first order effects of the gravity induced aggregate migration patterns in the two
beams and that it can be used to investigate the formation of the multilayer and deposit
zone. However, the obstacle with the scalar representation model is still the need of using
the a parameter, because even though this study showed that it was possible to predict
the settling pattern in two different beams with the use of the same a parameter, it is
still unknown how this parameter changes when changing the composition of the SCC.
This is the primary challenge if the numerical model with scalar aggregate representation
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is supposed to be used as prediction tool for SCC casting in the future. In addition,
to this discussion it should be mentioned that the a parameter never comes into play
if a fully coupled model is developed. However, most likely such a model experiences
other obstacles such as the cut of value for the size of the aggregates which are actually
modelled as an aggregate and modelled as being a part of the suspending fluid and the
determination of the rheological parameters of the suspending fluid. Moreover, the fully
coupled model needs to be carried out in three dimensions and is therefore undoubtedly
more computational heavy.

5.3 Optimization

In the two optimization studies included in this thesis, an evolutionary single objective ge-
netic algorithm (SOGA) was applied to optimize the aggregate distribution while casting
with SCC in order to get a uniform distribution of aggregates. In mathematical terms this
objective was defined as minimization of the standard deviation of the volume fraction
scalar at the end of the casting. Evolutionary algorithms (EAs) are non-deterministic
(stochastic) methods that mimic evolutionary principles, e.g. natural selection and the
survival of the fittest, to constitute their optimization strategy. They work with a set
of solutions (population) instead of a single point as in traditional (classical) methods
and this gives an opportunity to attack a complex problem (discontinuous, noisy, multi-
modal, etc.) in different directions allowing the algorithm to explore as well as exploit
the search space. This capability gives an advantage for having a more robust search
strategy compared to traditional mathematical programming algorithms. Since they do
not need any gradient information, they are very suitable for black-box (e.g. commercial
software) optimization applications, i.e. the coupling to FLOW-3D in one of the studies.

Only a relatively limited work is published for numerical optimization of casting pro-
cesses in general. One limiting factor is computational power which inhibits running
multiple simulations with high accuracy within reasonable time. Another is that only a
limited number of simulation software packages are coupled with optimization modules.
These limitations eventually determine what is in fact possible today and hence deter-
mine what the "state-of-the-art" is. One example of exploiting numerical simulation of
casting together with numerical optimization deals with increasing the casting yield via
riser optimization meanwhile reducing the porosity in a gravity sand-cast steel part, cf.
(Kotas et al., 2010).

SOGA is a single objective genetic algorithm (GA) which uses binary encoding for the
representation of the design variables. The initial population, represented by binary
strings of different lengths for each design variable, is composed of randomly distributed
solutions in the design space. The algorithm is based on several genetic operators: bi-
nary tournament selection, single-point crossover and uniform mutation, cf. (Goldberg,
1989). Moreover it is an elitist algorithm which means that the best solutions found so far
are preserved to accelerate convergence towards true or near optimum while still having
explorative search to avoid premature convergence. The binary tournament selection im-
plemented in SOGA is composed of two tournaments in which every individual compete
only once in each. The other genetic operators are implemented in a standard way, cf.
(Deb, 2001).
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5.3.1 Feasibility Study (FLOW-3D Model #2, Paper V)

The FLOW-3D model with the scalar aggregate representation was used to carry out an
optimization study, where the objective was to obtain a homogeneous aggregate distri-
bution in a beam casting, cf. ref Paper IV (Spangenberg et al., 2011). The study was
a feasibility study and used estimated material properties much similar to the ones used
in the study presented in section 5.1 (Paper I). The investigation was carried out on a
0.5m high and 3m long beam and was simulated in these two dimensions. The boundary
conditions for the simulations are shown in Fig. 5.17. The rheological parameters for the
simulated SCC was a yield stress of 50 Pa and a plastic viscosity of 50 Pas. The density of
the SCC was 2200 kg/m? and the density of the aggregates was 2700 kg/m3. The aggre-
gates considered for the settling calculation corresponded to the 25% coarsest particles
in the SCC. The coarsest aggregates were modelled as spheres with a diameter of 14 mm.
The volume fraction of the aggregates in the SCC was assumed to be 0.64 when it was
homogeneous and the maximum volume fraction allowed was modelled to be 0.8. In this
study the viscosity of the surrounding fluid in which the aggregates were settling, was
estimated to be 0.5 times the viscosity of the global flow.

The vertical position of the inlet was 0.4m from the bottom of the mould in all sim-
ulations, while its horizontal position was one of the three process parameters, which
were varied for the optimization investigation. The horizontal position of the inlet was
varied between 0.1 m and 1.5m (which was the middle of the beam). The second var-
ied process parameter was the inlet size and it was varied between 0.05m and 0.08 m.
The final process parameter was the mass rate and it was varied between 1.0kg/s and
1.66 kg /s, which corresponded to a filling duration between 20s and 35s.

IHorizontal position of the inlet

:—%:
l . .
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Figure 5.17: Boundary conditions, ref. Paper IV (Spangenberg et al., 2011).

The optimization procedure shown in Fig. 5.18 was executed from the MATLAB environ-
ment and it included a process integration of FLOW-3D and the optimization algorithm
SOGA. The optimization cycle was initiated by creating an initial population of 20 ran-
domly distributed set of design variables, i.e. the horizontal position and the size of the
inlet as well as the mass rate. The total number of generations was 10 and the probabil-
ities for the single point crossover and mutation operators were, 0.65 and 1/1i (li: total
string length). The design variables were updated by the optimization algorithm (i.e.
SOGA) and were provided as an input for the flow simulation. Then the volume fraction
scalar in each CV was saved at the end of the simulation. The standard deviation of the
volume fraction was afterwards calculated by the optimization algorithm and used as the
fitness of the design set to be minimized. This optimization cycle ran until the stopping
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criterion, i.e. the total number of generations, was reached.
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Figure 5.18: Flowchart of the optimization problem, ref. Paper IV (Spangenberg
et al., 2011).

The results obtained from the optimization study are seen in Fig. 5.19. The figure shows
the generations as a function of the standard deviation (fitness) for the best individual
and for the average of all individuals. The algorithm found an improved solution in the
third generation and the best solution in the fifth generation. The results showed that
the final casting solution improved with approximately 11% and 20% as compared to the
average of the first generation and the worst solution, respectively. The optimum process
parameters obtained were; a horizontal position of 0.88 m, an inlet size of 0.074 m, and
a mass rate of 1.66 kg/s. The study clearly showed that increasing the casting speed is
beneficial as also documented in section 5.2.2. Regarding the inlet size, the optimization
data showed that by increasing this a better solution could be obtained, if the same
horizontal position and mass rate were used. However, the improvement was negligible
as compared to the improvement of the solution when increasing the mass rate. Finally,
the optimization showed that a more homogeneous aggregate distribution was produced
when casting at 0.88 m as compared to casting in the middle.
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Figure 5.19: Generations as a function of the standard deviation for best individual
and average individuals, ref. Paper IV (Spangenberg et al., 2011).

In Fig. 5.20, the volume fraction is shown in the last time step of the simulation for both
the optimal solution (now referred to as beamgp) and for the simulation with the optimum
parameters for inlet size and mass rate, but with a horizontal inlet position in the middle
of the beam (now referred to as beampjqqre). Note, that the maximum contour limit in
Fig. 5.20 is 0.16 which corresponded to the homogeneous value in order to highlight the
areas where aggregates were immigrated from. The improvement by using beam,p; as
compared to beamp;qqie was approximately 3%. Even though this improvement is small
and difficult to detect in Fig. 5.20, it showed that despite the reduction in the number
of process parameters included in the optimization study and the simple geometry, the
complexity involved in the casting process resulted in a non trivial optimal design set.
However, Fig. 5.20 showed another important issue which was that beam,;qqie obtained a
zone where the aggregates were immigrated from on both sides of the inlet, while beam,p;
primarily obtained such zone on the side of the inlet where the longest flow distance to
the end of the mould was present. This issue opened the discussion whether the standard
deviation was a satisfactory criterion to evaluate the casting process of the beam, e.g.
it could be that the size of the immigrated zone was equally or more important for the
beam as compared to the standard deviation of the volume fraction. Actually, the best
possible criterion would be if the aggregate distribution was found based on a load case
scenario for the beam and then using that aggregate distribution as the optimal solution.
However, such a scenario was not included in this study (or other optimization studies in
this thesis).
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Figure 5.20: Volume fraction of coarse aggregates in the last step for beam,p; and
beamiqaie , ref. Paper IV (Spangenberg et al., 2011).

Finally, the study sheds a light on the robustness topic. The optimal process parameters
are accessed to be robust if a small deviation from them does not change the solution
critically, which was the case in this study, cf. ref. Paper IV (Spangenberg et al., 2011).
The robustness issue is especially important in optimization of SCC castings, since it is a
process carried out by humans. Therefore, it is of no interest to find an optimal solution
which is ruined if the hose is offset in the horizontal position by 0.91 m, instead of 0.88 m.

Discussion

The obvious drawback of this model is the usage of a viscosity multiplier of 0.5 which is
too low if compared to the value found in ref. Paper - III (Spangenberg et al., 2012a).
However, when discussing this study on the premise that it is a feasibility study, the model
has some very important advantages. First, the coupling between the optimization algo-
rithm and FLOW-3D is not too comprehensive to set up, both because FLOW-3D allows
to be executed in batch mode, but especially since the post processing part where only
some specific data should be delivered to the optimization algorithm is very intuitive in
FLOW-3D. Second, each simulation took only one hour, which is most likely the most
essential key to carry out an optimization study. The disadvantage of the need for a fast
simulation is that it can conflict with the numerical accuracy and the physics included in
the model. In this study the most important simplifications, when relating this to a real
beam casting were that only one inlet was used and particularly that it was necessary to
model the mould with a boundary at the top, which did not allow the SCC to overflow
the mould. In section 5.3.2 an investigation is presented where some of the disadvantages
of this study, such as only one inlet and no free surfaces at the top are attempted to be
solved.
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5.3.2 Case Study (MATLAB Model, Technical Report - Il)

In Technical Report - IT the MATLAB model with the scalar aggregate representation (cf.
section 3.2.3) was used together with SOGA to optimize a beam casting much similar to
the one presented in the previous section. However, four important differences between
these two studies were; the usage of a numerical model which included the aggregates
effect on the rheological parameters, the deployment of material properties from Paper -
ITI (Spangenberg et al., 2012a), the use of up to three inlets with varying filling durations
instead of one inlet, and also the addition of three constrains.

Fig 5.21 shows the geometry of the beam and as before due to computational speed
the aggregate distribution in the beam casting was predicted based on a two dimensional
simulation, thus the reinforcement is assumed to be arranged in such a way that it has
negligible effect on the settling pattern. In addition, it is assumed that the settling pat-
tern in two dimensions is representative for the settling pattern in three dimensions for
the beam. All the boundaries were modelled as walls with zero velocity at the surface;
however, since a mould is not closed in real life at the top, the upper boundary did not
come into play. The three inlets were placed at 0.5m, 1.5m, and 2.5m from the one end
of the beam and the width of the inlets were 0.1 m each, see Fig. 5.21.

The process parameters varied in this optimization study were the sequence in which
the inlets are filling and their individual filling duration. The total filling duration was
28.8 s for all of the simulations and the mass rate was kept constant. Three constraints
were taken into account in order to find realistic and usable casting scenarios. The first
constraint was a limitation on the free surface height of the SCC, because the yield stress
behavior makes the free surface differ from a horizontal straight line. Consequentially,
a casting scenario could occur where SCC would flow beyond the edge of the mould in
real life. The overflow of the mould was not taken into account in the numerical model,
but in order to prevent such a scenario the simulation was terminated if the free surface
of the SCC reached a height greater than 4 cm above the edge of the mould. The sec-
ond constraint was a limitation on the minimum height. A casting scenario where the
minimum height of the free surface at the end of the casting was less than 4 cm from the
mould edge was also prohibited. The third and final constraint was a minimum volume
fraction limitation. The volume fraction of the coarsest aggregates was not allowed to be
less than 10% anywhere at the end of the simulation.

The aggregate volume fraction considered to effect the rheological parameters was the
aggregates from 6 to 16 mm in Paper - III (Spangenberg et al., 2012a), whose volume
fraction corresponded to 0.33 when homogeneous. The aggregates allowed to settle in
this study were the aggregates from 11 to 16 mm only and they had a volume fraction of
0.16. This change was made in order to decrease the memory use and calculation time
of the simulation. The simulated aggregates were modelled as spheres with a diameter
of 14mm and the a parameter equalled 1.45 as found in Paper - III (Spangenberg et al.,
2012a).
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Figure 5.21: Inlet position and boundary conditions, Technical Report - II.

The flowchart for the optimization problem was much like the flowchart shown in Fig.
5.18. The primary difference is that the simulation is carried out with the MATLAB
model instead of the FLOW-3D model #2 as shown in the figure.

The numerical results of a form filling with one inlet (i.e. in the middle) are illustrated
in Fig. 5.22. The evolution of the casting process is shown at three different points.
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Figure 5.22: The evolution of the casting process, Technical Report - I1.

The objective and constraint results obtained for the case shown in Fig. 5.22 are presented
in Tab. 5.1 together with results from simulations carried out using two and three inlets.
The simulation with two inlets initiated the form filling with the middle inlet and finalized
with the left one. Each was active for 14.4s. The simulation with three inlets was also
initiated with the middle inlet and finalized with the right inlet. Each of them was filling
for 9.6s.

Model Std. dev. Min. Max. Min.

0] 0] Height Height
One Inlet 0.0156 0.1204 Ok 0.29
Two Inlets 0.0168 0.1216 Ok 0.28
Three Inlets 0.0154 0.1148 Ok 0.27

Table 5.1: Results from parameter study, Technical Report - II.

The brief parameter study shown in Tab. 5.1 clearly indicates the high non-linearity in-
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volved in the problem and therefore how difficult it is to predict the best casting technique,
e.g. one would expect that it is preferable to use two inlets as compared to one. However,
in this specific case the results show that the standard deviation was lower when using the
single inlet (the middle). In addition, the table shows that the standard deviation and
minimum aggregate volume fraction were not fully correlated. In order to understand
the correlation between the standard deviation and the minimum volume fraction a multi
objective optimization study could be carried out in which the minimum volume fraction
constraint was converted to an objective on its own. However, in this study the single
objective was kept and in Fig. 5.23 the results of this optimization analysis are shown.
The figure shows the standard deviation as a function of the generations for the best
individual and the average of all individuals. Note, that the infeasible solutions were not
taken into account when finding the average value.
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Figure 5.23: Generations as a function of the standard deviation for best individual
and average individuals, Technical Report - II.

Fig. 5.23 shows that the best solution improves five times within the ten generations and
ends up with the final result at the ninth generation. Most likely, it would be possible to
obtain a better solution if the number of generations and individuals in each generation
were increased. However, in order to run the optimization study within a reasonable
time, ten generations and ten individuals were used. The process parameters for the best
solution were; a casting initiation at the left inlet, followed by the middle inlet and final-
izing with the right inlet. The casting durations were 8.6s at the left inlet, 17.1s at the
middle inlet, and 3.1s at the right inlet. This casting scenario led to a standard deviation
of 0.0123, a minimum volume fraction of 0.13, an acceptable maximum height, and a
minimum height of 0.28 m. The best casting scenario obtained improved the standard
deviation with 20% and the minimum volume fraction with 13% as compared to using
three inlets with the same filling duration, cf. Tab. 5.1. Another interesting observation
was that the best solution was obtained when the third (the right) inlet is almost inactive,
which was also a non-intuitive pattern.
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Discussion

As mentioned in section 1.3 the MATLAB model was developed due to flexibility issues.
In the present study this is especially seen in the dynamic constraint handling, which
would be more cumbersome to handle in FLOW-3D. The constraints implemented in this
study enables the casting scenarios to be more realistic than the ones investigated in
section 5.3.1. However, the handling of the overflow of the mould can still be improved in
order to have even more realistic casting scenarios e.g. it could be implemented that a free
surface of 4 cm above the edge of the mould is accepted in the middle, where the thickness
of the beam may prevent the SCC from overflowing the mould, but not at the ends of
the mould where only the thickness of the mould prevents the SCC from overflowing. In
addition, the implementation of a filling stoppage could be implemented in order for the
SCC to be more levelled and thereby preventing it from overflowing. Another obstacle
arising if the MATLAB model coupled with the optimization algorithm is supposed to be
used as a predicting tool for SCC castings (other than the usage of the parameter «) is
the calculation time. In this study the calculation time was 1 hour for a 0.3x3 m beam,
which enabled all of the simulations to be finish in reasonable time of 4 days. However, if
for instance a large wall is the evaluated structural part, the calculation domain and time
would increase thus the optimization study would most likely be too time consuming.
This drawback could though be limited by e.g. only considering the most crucial part of
the wall or introducing some numerical improvements to speed up the model. This speed
up could be obtained by programming in C or Fortran or by splitting the pressure and
velocity calculation like the algorithm used in FLOW-3D.
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Chapter 6

Summary of Appended Papers

In this chapter a short summary of the four appended papers and the two technical
reports is given.

6.1 Paper - |

J. Spangenberg, N. Roussel, J. H. Hattel, J. Thorborg, M. R. Geiker, H. Stang, and J. Sko-
cek (2010). Prediction of the impact of flow-induced inhomogeneities in Self-Compacting
Concrete (SCC). In K. H. Khayat and D. Feys (Eds.), Design, Production and Placement
of Self-Consolidating Concrete: Proceedings of SCC2010, Montreal, Canada, September
26-29, 2010, Volume 1 of RILEM State of the Art Reports, pp. 209-215. Springer Nether-
lands.

In this paper, a numerical simulation with a discrete aggregate representation is used
to predict the flow induced aggregate migration in an SCC beam casting. A one way mo-
mentum coupling is used between the aggregates and the surrounding fluid in the model
developed in the CFD-software FLOW-3D. The final simulated aggregate distribution is
translated to a volume fraction map which afterwards together with semi-empirical rela-
tionships is converted to property maps for the hardened state SCC. The relative drying
shrinkage strain showed the highest variation.

6.2 Paper - Il

J. Spangenberg, N. Roussel, J. H. Hattel, H. Stang, J. Skocek, and M. R. Geiker (2012).
Flow induced particle migration in fresh concrete: Theoretical frame, numerical simula-
tions and experimental results on model fluids. Cement and Concrete Research 42 (4),
633-641.

This paper presents a review of the different physical phenomena leading to flow in-
duced aggregate migration and with analytical expressions it determines the dominating
phenomenon in various applications. In castings it is found that gravity induced migra-
tion is the leading factor. Subsequently, a FLOW-3D model considering gravity induced
migration is used to predict the settling pattern in three model fluid castings carried out
with different sizes of particles. The simulations are executed with a scalar particle rep-
resentation and shows a good agreement with the experiments when using a tangential
viscosity in the settling calculation.
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6.3 Paper - Il

J. Spangenberg, N. Roussel, J. H. Hattel, E. V. Sarmiento, G. Zirgulis and M. R. Geiker
(2012). Patterns of gravity induced aggregate migration during casting of fluid concretes,
Cement and Concrete Research, Accepted.

In this paper the migration patterns are measured in two experimental SCC beam cast-
ings with different casting rates. The measurements for the beam with the lowest casting
rate is carried out while the concrete is in its fresh state and it shows that primarily
the coarsest aggregates are prone to settling. The measurements for the other beam are
performed after the SCC is hardened and shows that a multi-layer structure appears in
the beam’s vertical direction. Then, a numerical model developed in MATLAB captures
the migration patterns in the horizontal and vertical directions of the beams with a scalar
aggregate representation and an estimated value for the viscosity of the surrounding fluid,
which is in between that of mortar and SCC scale. Finally, both experimental and nu-
merical results confirm that high concrete casting rates reduce the magnitude of gravity
induced particle migration.

6.4 Paper- IV

J. Spangenberg, C. Tutum, J. H. Hattel, N. Roussel, and M. R. Geiker (2011). Opti-
mization of casting process parameters for homogeneous aggregate distribution in self-

compacting concrete: A feasibility study. In Ewvolutionary Computation (CEC), 2011
IEEE Congress on, pp. 2163-2169.

This paper presents an optimization analysis of an SCC beam casting with respect to
obtaining a homogeneous aggregate distribution. The investigation is conducted with
a single objective genetic algorithm coupled with a FLOW-3D model with a scalar ag-
gregate representation. Despite limited process parameters included in the study, a non
trivial optimal solution is found. In addition, the paper discusses the importance of a
fast calculation and a robust optimal casting scenario.

6.5 Technical Report - |

J. Spangenberg and J. H. Hattel (2012). A CFD Solver for Simulation of Flow of Self
Compacting Concrete.

In this technical report, the discretization of the velocity and pressure equations for a
non-Newtonian CFD solver is presented together with the wall boundary condition.

6.6 Technical Report - I

J. Spangenberg, C. C. Tutum, and J. H. Hattel (2012). Optimization of Casting Process
Parameters for Homogeneous Aggregate Distribution in Self-Compacting Concrete: A
Case Study.

This technical report presents an optimization study similar to the one carried out in
Paper IV (Spangenberg et al., 2012b), however with modifications enabling the optimal
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casting scenario to be more realistic, e.g. constraints for the maximum and minimum
height of the SCC at the end of the casting are introduced as well as a constraint for the
minimum volume fraction of the coarsest aggregates. In addition, the possibility of using
up to three inlets is included in this study. The investigation shows that the optimization
algorithm improved the casting technique with 20%.
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Chapter 7

Conclusion and Future Work

In this chapter the conclusions of the three investigations are summed up and a descrip-
tion of the future perspectives within the field of numerically predicted gravity induced
aggregate migration and optimization of SCC form fillings is given.

LCPC-box test:

- The LCPC-box test study showed that a relative good agreement between the ana-
lytical solution and the numerical results could be obtained for both the FLOW-3D
and the MATLAB model. Furthermore, the study identified that the agreement
improved when the initial viscosity was increased. Consequently, it could also be
concluded that it is impossible for the applied numerical models to be in full agree-
ment with the analytical solution, since an infinitely high initial viscosity cannot be
handled by the CFD solver. Another drawback with the LCPC-box test is that it
is necessary to fit the numerical results’ spread length to the one of the analytical
solution. However, there are definitely also advantages with the LCPC-box test
e.g. it gives a good understanding of the bi-viscosity material model and the error
introduced when using it to mimic a yield stress fluid. The test pinpoints which
mesh density, time step and initial viscosity are working for the specific CFD code
and finally the flow involved in the LCPC-box test is very similar to the flows that
the CFD code afterwards should be used for e.g. casting of a beam, a wall or a slab.
Based on the pros and cons of the LCPC-box test it can be concluded that the test
should be used with some caution for the reasons stated above when validating an
FDM/FVM based CFD solver with a bi-viscosity model, but it is a highly recom-
mended test to carry out in order to get a better understanding of the numerical
settings working for the CFD solver.

Numerical prediction of gravity induced aggregate migration:

- This investigation showed that it was possible for the MATLAB model with the
scalar aggregate representation and the coupling back from the aggregates to the
rheological parameters to obtain the same horizontal and vertical migration pattern
as observed in two beam castings. Moreover, the numerical simulations suggested
that the viscosity of the fluid surrounding the migrating particles is of the same
order as the viscosity of the equivalent concrete without the migrating particles
and confirmed that high concrete casting rates reduce the magnitude of gravity
induced particle migration. In addition, the investigation showed that in order for
FLOW-3D model #1 with the discrete representation to be capable of predicting
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settling patterns like the MATLAB model, quite a lot of additional programming
would be necessary e.g. converting the aggregate distribution into a volume fraction
map, introducing a maximum fraction criterion, and including the coupling back
from the aggregates to the rheological parameters. However, in the case of FLOW-
3D model #2 only the latter needs to be implemented, which would not be too
comprehensive. The study showed also a downside to the MATLAB model which
was the need of the parameter . The a parameter did not seem to change when
changing the casting velocity, which is definitely an important observation for the
applicability of this approach, but only a future study will show how it changes with
different mix compositions of the SCC. In such a study it would be very interesting
to correlate the o parameter to the rheological parameters of the SCC. As a result,
if this correlation describes an applicable relationship, then this not too complex
and calculation expensive approach is ready to be used by the industry. However,
if not, then the more computational heavy, fully coupled three dimensional model
with aggregates in a suspending fluid may be inevitable when numerical predicting
gravity induced aggregate migration in SCC.

Optimization:
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- Both the feasibility and case study showed that the best solutions found by the
optimization algorithm was non-trivial casting scenarios, even though the design
variables involved in the optimization process were limited. This fact clearly stated
that the coupling between a numerical model capable of predicting gravity induced
aggregate migration and an optimization algorithm can be a useful tool. However,
one constraint for this being a tool used in the industry in the future is the depen-
dency on an applicable relationship between the o parameter and the rheological
parameters of SCC. In the case where this is not possible and the fully coupled
three dimensional model with aggregates in a suspending fluid is needed to predict
the gravity induced aggregate migration, the coupling to an optimization algorithm
is most likely not relevant, since the calculation time of such model is too time
consuming (at present). Finally, the study showed that the calculation time was
1 hour for a 0.3x3m beam, however if for instance a large vertical casting was
evaluated instead, which is where SCC has an edge as compared to conventional
concrete, then the calculation most likely would be too time consuming to finish the
optimization study in a reasonable time. Two future implementations which may
solve this problem by speeding up the calculation are i) to split the pressure and
velocity calculation like the algorithm used in FLOW-3D or ii) reprogramming the
CFD solver in C or Fortran.
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Abstract. SCC is nowadays a worldwide used construction madteHowever,
heterogeneities induced by casting may lead tcatians of local properties and
hence to a potential decrease of the structuressl loarrying capacity. The
heterogeneities in SCC are primarily caused byicsttd dynamic segregation.
The present paper reports property maps for a tees®d on particle distributions
at the end of casting derived from numerical flomdations. A finite volume
based numerical model is used to predict partididutions at the end of casting,
which are then converted into property maps usexgi€mpirical relations from
literature.

I ntroduction

The ideal mix design of a SCC is located somewhmrveen two opposite

objectives. On one hand, the SCC has to be asdhibssible to ensure that it will
fill the formwork under its own weight. On the othieand, it has to be a stable
mixture as flow in such a confined zone as a regdd formwork may cause the
components of the material to separate during rasfiherefore, a compromise
between fluidity and stability has to be reachete Tavailable method in the
traditional toolbox of the civil engineer is to twarious mix designs and, for each
of them, cast the real size element and choosmdst suitable mixture (if there is
one). This is expensive, time consuming and doegumarantee that an answer will
be obtained. However, in the last twenty years, nienerical tools of non-
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Newtonian fluid dynamics have allowed for the nuicedrsimulations of casting
processes and, for a very low cost in time and motie identification of the
minimum needed fluidity [1]. Mori and Tanigawa [2ifst demonstrated the
applicability of Viscoplastic Divided Element MetthdVDEM) to simulate the
flow of concrete in a reinforced beam section amelfilling of a reinforced wall
whereas Kitaojet al.[3] confirmed the applicability of 2D VDEM to sirtate the
flow of fresh concrete cast into a formwork. Thesuks of a form filling
experiment in a vertical wall have also been compavith the corresponding 3D
simulation [4]. The results show good correlatioithwespect to detection of the
free surface location, dead zones and particlespalimerical simulations were
recently also applied to an industrial casting afeay high strength concrete pre-
cambered composite beam by Roussehl. [5]. The results of the simulations
carried out for various values of the rheologicalgmeters helped to determine the
value of the minimum fluidity needed to cast theneknt. In most applications, a
satisfactory agreement was found between the peetland the actual global flow
of the material within the formwork. It can theredde expected that, in the future,
computational modeling of flow will become a praaeti tool allowing for the
simulation of either total form filling as describabove or detailed flow behavior
such as particle migration or fiber orientation.e¥& methods could then be
gathered in order to create a casting process eagiy toolbox and bring
rheology from the laboratory to the field.

The present paper shows a glimpse at this fututibusyrating how it is possible to
extract a map of properties in the hardened sthta structural element from
numerical simulations of casting processes coupli¢idl numerical simulations of
the segregation of the coarsest particles. Initeegdart of this paper, we describe
the numerical techniques and assumptions needesintolate the segregation
phenomenon during casting of SCC. In the secont] werpresent maps of coarse
aggregates distribution through and at the entiethsting process. Finally, using
simple semi-empirical correlations from literatume deduct from these results
maps of local properties or local phenomena sudlastic modulus, compressive
strength and drying shrinkage.

Numerical simulations description

Most numerical simulations of concrete flows ineldture consist in either
considering a homogeneous fluid implicitly contaiparticles or taking explicitly
into account the presence of the particles usimgefample Discrete Element
Methods (DEM). The homogeneous approach is easiegnplement but is valid
only when the smallest characteristic dimensiothefflow (size of the mould or
spacing between bars) is high compared to the cfizbe largest particles (five
times larger for example in [6]). In this paper, wil assume that these conditions
are fulfilled and use a homogeneous approach tuleaé the velocity field. As
accepted in literature, a Bingham model is, in tdse, an acceptable rheological
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model to describe the concrete rheological beha¥mm this velocity field, we
then calculate the trajectories of the particlegaNng, a one-way momentum
coupling is applied such that the fluid affects plagticles but not vice versa.

The computational fluid dynamics (CFD) code Flow3[x®is used here to solve
the Navier Stokes equations. FLOW3D® is a geneungbpse computer program
with many capabilities. Using input data, the usan select different physical
options to represent a wide variety of fluid flolvgmomena. The program can be
operated in several modes corresponding to diffdneniting cases of the general
Navier Stokes equations. More details about theanizal methods used to model
flow of concrete with FLOW3D® can be found in [8Ye consider in this paper an
SCC with a yield stress of 50 Pa and a plasticogitg of 50 Pa s. These are
common orders of magnitude for standard SCC inihgusonstruction that may
be prone to segregation during casting. We moreowasider in this paper that
concrete can be considered by a two phases appasacgid particles suspended
in a continuous phase. The suspended particlesdesad here correspond to the
25% coarsest particles in the material. The voldraetion of these particles is
assumed to be in the order of 15-20% in practice @n be associated to a
characteristics average diameter of 15mm. By dgmgwe assume that the 75%
finest aggregate particles are sufficiently smalbe stable and do not segregate
during flow. We moreover assume that the viscositthe continuous phase is 10
times lower than the viscosity of the SCC. Thimisigreement with the orders of
magnitudes of viscosities of standard materialsftbe construction field (cement
paste 0.5-1Pa., mortar 5-10Pa.s and concrete 9Bal§)0 In the following, we
either assume that a) the particles have the samsitd as the suspending fluid
(2200kg/ni) when we show results for which no segregatioruczor b) have a
density of 2700kg/m3 when we focus on segregatiming casting. It has to be
noted that, in the following simulations, all irdetions between particles are
neglected and that the rheological parameters efctincrete do not vary due to
local volume fraction changes. The only thing tisasimulated is gravity and the
hydrodynamic effects of the fluid on the movingtide. We simulate the casting
of a 3m long and 30cm thick beam. The casting peitdcated at the center of the
beam and the material is assumed to be homogemhds antry point. We neglect
the presence of any steel bars and perform thelatilen in 2D, and therefore also
neglecting the influence of the lateral walls. Weo0se the casting rate so that the
front velocity is of the order of 30cm/s.

Particledistributions

The casting process simulations are illustrate#ign 1 at successive time steps.
Through the casting, the density difference betwd#encoarse particle and the
continuous phase is at the origin governed by ® stogration of the particles
towards the bottom of the formwork. This migratie slowed down by the
viscosity of the continuous phase but is not fpitgvented. In the case of the SCC
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studied here the results are within the frame ofamsumptions.
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Figure 1.Particle distribution through the casting proc€asly the right half of
the beam is shown. Vertical and horizontal distarare in (m).

It can be noted that there exist zones at the imotid the formwork where the
volume fraction of the coarse aggregates is predidb be higher than the
maximum volume fraction at the end of casting. ™asarce of error is due to the
fact that we do not take into account any intecanti between particles and
between particles and walls. The particles theeefaccumulate without any
hindrances at the bottom wall.

In Fig. 2 we plot the total aggregates (sand ar@ejy volume fraction at the end
of casting. In order to obtain this value, we ald kocal volume fraction of the
coarsest particles to the volume fraction of treblgt finer aggregates. The top
figure in Fig. 2 represents the case of particlaging the same density as the
continuous phase. While a homogeneous distributfdhe particles is expected in
this case at the end of casting, we see in thisdigome heterogeneities. These are
due to the sampling and particles counting methmtita the random generation of
particles at the flow inlet. These “natural” hetgpeaeities are of the order £0.03
(5%) compared to the homogeneous concrete witlggregate volume fraction of
0.64. The bottom figure in Fig. 2 shows the hetermities in the beam at the end
of casting in the case of particles with a density2700kg/ni in a continuous
phase with a density of 2200kg/nin this case, these heterogeneities are of the
order of £0.20 (25%). These are five times higher than theerbgeneities
associated with the counting and sampling techni@eeause of the stacking of



Flow induced heterogeneities in SCC
5

the coarsest particles at the bottom of the forrhwdescribed above, there exist
zones at the bottom of the formwork where the tatmregates volume fraction is
predicted to be higher than the maximum volume ackraction at the end of
casting. In the zones where this happens, we cengid-ig. 2 and in the following
sections that the volume fraction of the partidiegshese zones is equal to the
maximum packing fraction of the order of 0.8.

0.3

Figure 2Aggregate volume fraction map. (top) “homogenealistribution of
particles (homogeneous aggregate volume fractiOrbi$) (bottom) segregated
particles. Vertical and horizontal distances ar@mii

Property maps

In Fig. 3 and Fig. 4 we plot the maps of the re&glastic modulus.¢. the ratio
between the local elastic modulus and the elasbdutus of the homogenous
reference concrete) and the relative compressrength (.e. the ratio between the
local compressive strength and the compressivengttieof the homogenous
reference concrete) extracted from the bottom &gar Fig. 2 using the simple
models proposed in [9] and [10]. The variationsuiced by segregation are of the
order of 10% for these two properties.

90 92 94 96 98 100 102 104 106 108
T T T
I

| S 1%

I T
0 0.5 1 15

Figure 3.Relative elastic modulus map. Vertical and hortabdistances are in

(m).
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Figure 4.Relative compressive strength map. Vertical andzbatal distances are
in (M).

In Fig. 5 we plot the map of the relative dryingiskage straini(e. the ratio
between the local drying shrinkage strain and thygnd shrinkage strain of the
homogenous reference concrete) using the relati@ngn [11]. The variations are
of the order of 25% and could induce a strong cotredon of shrinkage in
specific zones of the beam, which could in turruitelsome cracking.

80 85 90 95 100 105 110 115 120
T T T %
I L o

0 0.5 1 15

Figure 5.Relative drying shrinkage strain map. Vertical &wdizontal distances
are in (m).

Conclusion

We have shown in this paper how it is possible 2@ a CFD calculation of the
casting process coupled with numerical modelinthefsegregation of the coarsest
particles to produce a map of properties in thedéraed state of a structural
element. We have plotted maps of local properties ghenomena such as elastic
modulus, compressive strength and drying shrinlstiggn for a beam filled with
SCC, using simple semi-empirical correlations fiderature.
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In this paper, we describe and compare the various physical phenomena which potentially lead to flow in-
duced particle migration in concrete. We show that, in the case of industrial casting of concrete, gravity in-
duced particle migration dominates all other potential sources of heterogeneities induced by flow. We
then show, from comparisons between experiments using model materials, dimensional analysis and numer-
ical simulations, that, from a quantitative point of view, the viscous drag force, which prevents particles from
migrating during a casting process, shall neither be computed from the apparent viscosity nor from the plas-
tic viscosity of the suspending phase but from its tangential viscosity. Finally, the transfer of this type of nu-
merical prediction tool to real concrete is discussed.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

At the scale of a structural element such as a beam or a slab, concrete
is a heterogeneous material. This is even more so the case if constitutive
aggregates get segregated during the flow induced by casting processes
or if they settle when concrete is at rest before setting.

In the traditional industrial description of self compacting con-
crete property requirements, the so-called “resistance to dynamic
segregation” is often distinguished from the “resistance to static seg-
regation”. The first one is associated with flow induced particle mi-
gration originating from various phenomena whereas the second
one is only associated with the aggregate settling process due to the
density difference between the components when the material is at
rest before or after casting.

Static segregation has been the topic of several papers [1-4]. These
papers either deal with the measurement or the prediction of this
phenomenon. They show that yield stress and thixotropy seem to dic-
tate static segregation for a given granular skeleton.

Dynamic segregation (i.e. flow induced particle migration) has
however been far less studied. Depending on the considered concrete
flow, different phenomena can dominate and dictate particle migra-
tion within the material.

In this paper, we first describe and compare the various physical
phenomena which potentially lead to flow induced particle migration.

* Corresponding author at: [FSTTAR, 158, Bd. Lefebvre, 75732 Paris Cedex 15, France.
Tel. +33 140435285.

0008-8846/% - see front matter © 2012 Elsevier Ltd. All rights reserved.
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We compare their influence on the local aggregates volume fraction to
the geometrically induced particle heterogeneity due to wall effect.
We show for instance that shear induced particle migration and wall ef-
fect dominate in pumping processes whereas, in the case of industrial
casting of concrete, gravity induced heterogeneity dominates over all
other potential sources of heterogeneities induced by flow.

In the second part, we compare experimental measurements of flow
induced particle migration, dimensional analysis and numerical simula-
tions. We conclude on the value of the viscosity that has to be consid-
ered when studying particle migration during a casting process.

Moreover, based on the aforementioned results, it is found that it
is possible to numerically predict gravity induced particle migration
in the case of the casting of a model material, designed to mimic
self compacting concrete.

Finally, the transfer of this type of numerical prediction tool to real
concrete is discussed.

2. Flow induced particle migration

In this section, the consequences of the physical phenomena at the
origin of flow induced particle migration on local aggregates volume
fraction are compared. Although we do not deal with detailed proces-
sing problems, we provide here general orders of magnitude. Three
main types of flow induced particle migration are identified:

* Shear induced particle migration
* Gravity induced particle migration
 Granular blocking
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For each particle migration phenomenon, the maximum induced
local particle volume fraction variation and the characteristic time
of this migration are estimated. Then, in order to estimate the global
effect at the scale of the concrete flow, we ponder the local volume
fraction variation by the size of the zone where the particle migration
is expected to occur. We moreover compare the consequences of the
above phenomena with particle heterogeneity induced by the wall
effect.

2.1. Flow description

In the types of flow considered here, the smallest dimension will
be denoted the thickness H. The flows can be industrial casting pro-
cesses (the thickness is then the smallest dimension of the element
to be cast), pumping flows (the thickness is then the radius of the
pipe) or flows within rheometers or acceptance tests such as slump
or slump flow test. The characteristic flow time is denoted Ty In the
case of a transient flow, this could be, for instance, the duration of
the flow from flow start to stop. In the case of a steady state flow
such as pumping, it could be the time spent by the concrete in the
pumping pipe. The flow characteristic length (i.e. the propagation
length in transient flows or the largest flow dimension in steady
state flows) is denoted L. In the case of casting, this could, for in-
stance, correspond to the length or the half length of a beam depend-
ing on the casting process. In the case of pumping, this could
correspond to the length of the pipe. In these flows, the material
flows at an average velocity V and is subjected to an average shear
rate y. The quantities y, V,L, H and Tyare linked through the following
dimensional relations: Tr=L/V and y = V/H.

2.2. Shear induced particle migration

Particle collisions in highly sheared and/or highly concentrated
zones force particles to migrate from these zones. This effect is coun-
terbalanced by the local increase in the suspension viscosity resulting
from this migration. Shear induced particle migration finds therefore
its origin in the competition between gradients in particle collision
frequency and gradients in viscosity of the suspension.

Leighton and Acrivos [5] and Phillips et al. [6] modeled the com-
plex diffusion process associated with shear induced particle migra-
tion. The diffusion coefficient D may be written as D=D(¢)ya? [7,8]
where ¢ is the solid volume fraction, y the shear rate, a the size of
the particles and D(¢) a dimensionless diffusion coefficient propor-
tional to the power two of the volume fraction D(¢)ecdh? [9]. Note
here the power two of the particle diameter appearing in the value
of the diffusion coefficient showing that coarse particles are the
most prone to shear induced migration.

Shear induced particle migration is often strongly localized in
highly sheared zones at interfaces. It can therefore strongly affect
flow by creating lubricating layers such as the ones observed during
concrete pumping processes [10-13] or during rheometric testing
on concrete or mortars [14]. Recent and detailed numerical simula-
tions of shear induced particle migration were carried out in the
case of pumping [15]. The results showed that shear induced particle
migration is indeed inducing the slippage layer of several mm at the
interface between the material and the pipe during pumping process-
es. In this zone, not only the coarsest particles are migrating but also
sand grains.

Shear induced particle migration reaches equilibrium because of
the increase in viscosity of the zones where particles are migrating
to. It can then be expected that shear induced migration shall stop be-
fore the local particle volume fraction is high enough to reach the so-
called random loose packing (i.e. the lowest volume fraction value
allowing for a percolated network of contacts between particles). It
was shown recently that this random loose packing can be estimated

from the value of the maximum packing fraction ¢, of the particles
and is of the order of 0.8¢,, [16-18].

As a consequence, it can be expected that the highest variation in
particle volume fraction due to shear induced particle migration after
an infinite time shall be lower than:

~oes) 1)

A7 — o1

where ¢y is the mix design particle volume fraction.

Let us now consider the characteristic time associated to shear in-
duced particle migration. Most experimental studies show that the
particle volume fraction profile reaches a steady state after a certain
critical deformation <y, of the suspension [6,9,19-21]. Recent results
[9] have however shown, using MRI measurements, that, in the case
of concentrated suspensions, this critical deformation seems to be
one order of magnitude lower than expected. This peculiar effect
was attributed to a local shear thickening of the material, which en-
hances particle migration [9]. It can be estimated from the above
studies that the critical deformation, above which steady state is
reached, in the case of concrete or mortars shall be of the order of
Y.=H?/10a?¢?. Shear induced particle migration shall therefore
reach its full extent after a characteristic shear induced particle mi-
gration time TE"" of the order of:

shear _ H2
¢ 10a2¢2y

2.3. Gravity induced particle migration

We will only deal here with the case of materials which are stable
at rest [1,2] and focus on the particle migration induced by gravity
when concrete is flowing and/or being cast [22]. It can however be
reminded here that, in order to produce a concrete, which stays ho-
mogeneous at rest, the constitutive cement paste or mortar must ei-
ther have a sufficient yield stress [1,2,23] or sufficient thixotropic
structuration rate to quickly build up a structure able to support the
coarsest particles [24,25].

When the material flows, the stress generated by gravity in the
mixture is higher than the yield stress of the material. This means
that any additional stress, such as the one generated by a density dif-
ference between an aggregate and the surrounding mixture, could in-
duce a local flow around the aggregate even if this additional stress
itself is lower than the yield stress.

Gravity induced particle migration during casting results therefore
from the competition between the difference in density of the mix-
ture components that force them to separate and the viscous drag
of the flowing suspending fluid that slows down the phenomenon.
Contrarily to shear induced particle migration, it is not a diffusion
process but an advection process. The force induced by the density
difference can be written as Fgraviey = gApma®/6, where Ap is the den-
sity difference between the aggregates and the suspending phase.
Viscous drag can be computed, as a first approximation, from Stoke's
law for dilute spheres in Newtonian fluids, Fy;scous = 3mLpaVs, where
is the viscosity of the suspending phase and V; is the relative settling
velocity of the aggregate in the suspending fluid. This relative veloci-
ty, in the case of aggregates heavier than the suspending fluid is a ver-
tical settling velocity and can be written as V= gApa?/18u,. This
approach neglects any effect of the yield stress of the surrounding
fluid. It also neglects any other non Newtonian features. This aspect
will however be discussed further in this paper.

As in the previous section, it can be expected that gravity induced
particle migration shall stop before the local particle volume fraction
reaches the so-called random loose packing. As a consequence, the
highest variation in particle volume fraction due to gravity induced
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particle migration is the same as the one due to shear induced particle

migration:
_ P
0'8¢m> )

Ad)gravity _ Ad)shear _ d)O (1

The characteristic time associated to this process is however very
different. Being an advection process, it can be estimated as:

Tgravityz H - 18ugH
c =

Vs ghpa®’

(4)

It is worth noting that the coarsest aggregates are once again most
prone to a fast migration because of the power two of the particle di-
ameter appearing in Eq. (4).

2.4. Granular blocking induced heterogeneities

We will not deal much here with this type of flow induced hetero-
geneity as we assume that, in proper industrial castings with properly
mix designed materials, the size of the coarsest particles is compatible
with the gap between reinforcement bars within the element to be
cast [26-30] or with the thickness of the flow.

It should also be kept in mind here that the granular blocking phe-
nomenon is of a probabilistic nature. The probability of granular
blocking increases with the number of particles crossing the obsta-
cles, their volume fraction and the ratio between the diameter of
the particles and the gap between the obstacles. As long as it is not
coupled with another source of flow induced particle migration,
which could increase the local particle volume fraction at the vicinity
of the obstacles, this phenomenon seems to only depend on geomet-
rical considerations and not depend on the rheology of the suspend-
ing fluid.

Finally, it shall be kept in mind that this type of particle migration
shall dominate all others when they occur as they are able to concen-
trate particle up to and above the loose packing fraction in the vicinity
of the obstacles. They may also prevent the proper filling of the form-
work [31-33].

2.5. Heterogeneity in particle distribution induced by the wall effect

Variations in local particle volume fraction may also be induced by
the presence of walls. This phenomenon is not induced by flow but,
because of simple geometrical considerations, it is not possible to
find the center of a particle of diameter a at a distance from a wall
lower than a/2 [34]. Because of this wall effect, there exists therefore
some heterogeneity at the vicinity of any solid interface within the
flow.

Thus, in a plane parallel to the wall, the coarse particle volume
fraction will be the sum of contributions from all coarse particles
with centers within a/2 of the plane. If the plane is at a short distance
6 from the wall compared to the size of the particles, the particle vol-
ume fraction at the plane is small since there are relatively few parti-
cles with centers within a distance a/2 of the plane (only those with
centers between a/2 and a/2+6 can contribute). As the plane is
moved further from the wall, more and more particles can contribute
to the coarse particle volume fraction. The coarse particle volume
fraction therefore increases from the wall. At a distance a, none of
the suspension within a/2 of the considered plane is devoid of coarse
particle centers. The coarse particle volume fraction reaches then its
bulk value. The coarse particle volume fraction increases therefore
from zero at the wall to the bulk volume fraction at a distance a. Its
average value in the depleted zone can be estimated as half the bulk
volume fraction ¢q/2.

This phenomenon however only concerns interface zones, the
characteristic thickness of which is, as shown above, of the order of

a and therefore smaller than the characteristic size of the concrete el-
ement to be cast. At the scale of the concrete flow of thickness H, the
variation in coarse particle volume fraction due to wall effect shall
therefore only be of the order:

Ad)wal!effectg % ) 5)

2.6. Induced heterogeneities during concrete casting or testing

As it was shown in the previous sections, most particle volume
fraction variations induced by flow are increasing functions of the di-
ameter of the particles and are therefore stronger at the scale of the
coarsest aggregates. We choose here to focus on this fraction of the
granular skeleton. As concrete contains in average 60 to 80% aggre-
gates and as at least half of them by volume are coarse aggregates,
we will therefore focus in the following on particles with a diameter
of the order of 1 cm and a mix design volume fraction of approxi-
mately 40%.

We consider here the case (i) of the slump test for conventional
concretes, (ii) of the slump flow test for self compacting concretes,
(iii) of a typical concrete rheometer test and (iv) of typical casting
and pumping processes. The quantities ¢, a and Ap are respectively
considered as being around 40%, 0.01 m and 500 kg/m>. The consid-
ered values for T, H, L and V are gathered in Table 1.

The typical value of the viscosity of the so-called suspending fluid
is far more delicate to identify. The orders of magnitude of viscosities
of cementitious suspensions at typical industrial shear rates are 0.1-
1 Pas for cement pastes, 1-10 Pa s for mortars and 10-100 Pa s for
concretes [18,35]. If we consider that the suspending phase for the
coarsest aggregates shall locate somewhere between the mortar
scale and the concrete scale itself, we can consider (=10 Pa s as an
order of magnitude.

In Table 2, the expected variations in coarse aggregates volume
fraction are computed by considering that the fastest phenomenon
(i.e. the one with the shortest characteristic time) occurs first. Its
magnitude is proportional (and also limited) to the maximum parti-
cle volume concentration variation induced by this phenomenon
and also proportional to the ratio between the duration of the flow
and the characteristic time of the phenomenon. In the case of hetero-
geneities induced by the wall effect, we, of course, consider that it is
instantaneous and occurs prior to other induced particle migration.

It can be concluded from Table 2 that, although shear induced par-
ticle migration and wall effect dominate during pumping processes,
gravity induced particle migration dominates during typical industri-
al concrete casting processes.

The results in Table 2 moreover show that, although slump in the
case of conventional concrete is only weakly affected by flow induced
particle migration, slump flow for self compacting concrete is affected
by both a potential gravity induced particle migration and wall ef-
fects. Because of these effects, there is no generally applicable correla-
tion (i.e. independent of the concrete tested) between the slump flow
value and yield stress as shown in [36].

Finally, the results in Table 2 show that shear induced and gravity
induced particle migration shall affect the results obtained with

Table 1
Parameters describing typical concrete flows and the model casting studied in this
paper.

Flow L (m) T; (s) H (m) V (m/s)
Slump 0.2 2 0.15 0.1
Slump flow 0.4 4 0.05 0.1
Rheometer - 60 0.1 0.5
Casting 5 50 0.2 0.1
Pumping 100 100 0.05 1
Model casting 0.6 90 0.055 0.007
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Table 2
Origins and magnitude of average particles volume fraction variations due to flow induced particles migration in typical concrete flows and in the model casting studied in this
paper.
Flow Shear induced heterogeneities Gravity induced heterogeneities Wall effect induced heterogeneities
Slump Neglectable Neglectable 1-2%
Slump flow Of the order of 1% Of the order of 1% 3-5%
Rheometer 3-5% 1-2% 1-2%
Casting Neglectable 5-10% Of the order of 1%
Pumping 3-5% Neglectable 3-5%
Model casting (beads diameter =2 mm) Neglectable 1% Neglectable
Model casting (beads diameter =5 mm) Neglectable 5% Neglectable
Model casting (beads diameter =7 mm) Neglectable 7% Of the order of 1%

concrete rheometers. These phenomena, which depend on the exact
geometry of the rheometer, may be at the origin of the discrepancy
between the available concrete rheometers [37,38] as shown by re-
cent MRI measurements on model mortars [14].

3. Experimental measurements

We have shown, in the previous section, that gravity induced par-
ticle migration dominates during typical industrial concrete casting
processes. In order to reproduce this phenomenon in the laboratory,
a combination of a model material and a model formwork able to
mimic the casting of self compacting concrete is developed in this
section.

3.1. Materials

We prepare our model concrete with a polymer gel and glass
beads at a volume fraction of 10%, which aims at mimicking the be-
havior of a fluid (but transparent) concrete [39].

The polymer used in this work is Carbopol Ultrez (manufacturer
Noveon), a transparent material that disperses faster than other con-
ventional grades. Carbopol is used here at a volume fraction of 0.3%.

The dehydrated Carbopol powder is first slowly added to distilled
water through a fine metal mesh using a variable speed mixer. The
solution is then neutralized by a sodium hydroxide solution at 18%.
A mixing period of 6 h follows this neutralization phase. Finally, the
products are conserved at 25 °C for 2 days. The prepared carbopol
suspension can then be diluted in distilled water in order to produce
mixtures with yield stresses between 15 and 125 Pa. Before use, air
bubbles are removed by a slow manual shearing. Because of the low
polymer concentration, the density of the carbopol gel is very close
to the density of water.

The Carbopol suspension used in this study is not thixotropic as
shown by the superposition of measurements obtained for increasing
and decreasing shear rate ramps in Fig. 1. We use a HAAKE ViscoTester
VT550 equipped with coaxial cylinders, the inner cylinder of diameter
18.9 mm being in rotation whereas the outer cylinder of diameter
20.5 mm remains fixed. Both surfaces of the cylinders are covered
with sand paper in order to avoid wall slip. The modified gap width is
identified using a reference Newtonian oil. The behavior of the carbopol
gel can either be fitted with a Bingham model (7 = 7o + ) mixture
with a yield stress 7 of 40 Pa and a plastic viscosity t, of 1 Pa s or fitted
with a Herschel Bulkley model (7 = 7 + Ky") with a yield stress 7o of
40 Pa, K=15.8 Pas and n=0.48.

The Bingham model parameters for the carbopol alone are used
further in this work for the prediction of the global flow of the glass
beads and carbopol mixture in the model formwork. Because of the
low volume fraction of the glass beads, the behavior of the glass
beads and carbopol mixture does not strongly differ from the rheo-
logical behavior of the carbopol alone. It can indeed be expected
from the theoretical work of Chateau et al. [40,41] that the yield stress
of the mixture shall be around 1.09 times the yield stress of the

carbopol whereas its plastic viscosity shall be around 1.3 times the
plastic viscosity of the carbopol. Because of these low fluctuations of
the rheological parameters with the local concentration of glass
beads, the influence of flow induced heterogeneities on local rheolog-
ical properties and on the global flow of the mixture will be neglected
in the following.

Both Bingham and Herschel Bulkley model parameters will be
alternatively used to model the gravity induced particle migration
in the last part of this paper. Results obtained with the two models
will be compared and discussed.

The glass beads used here are SiLibeads® (Type M, Sigmund Linder
GmbH). Three diameters are used (2, 5 and 7 mm). The density of the
glass beads is 2500 kg/m?>. In order to ensure that these particles behave
as rough aggregates, they were first roughened by abrasion and then
cleaned by ultrasound in water (Cf. Fig. 2). To prepare the mixtures,
the glass beads are slowly added to the carbopol gel and gently stirred
manually until a homogenous material is obtained (Cf. Fig. 3).

3.2. Model formwork

The experimental setup used in this study is shown in Fig. 4 [39].
The setup consists of a 20 x 20 x 60 cm container made of transparent
Plexiglas, enabling observation of the flow front of the poured fluid.
Approximately 6 1 of the carbopol containing a 10% volume fraction
of glass beads are slowly poured at one side of the form. The pouring
speed is roughly 0.1 1/s to avoid any inertia effect [33,42]. We checked
that final shape did not depend on pouring rate in this range and we
kept the pouring height constant for each test. When the flow stops,
image analysis allows for the recording of the final shape of the mate-
rial. The material is then divided into 6 zones by insertion of metal
plates (Cf. Fig. 5). The content of each zone is washed and the volume
fraction of glass beads in a given zone is computed from the weight of
the beads.
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Fig. 1. Flow curve of the carbopol gel.
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Fig. 2. Surface of the glass beads after abrasion treatment.

4. Numerical simulations
4.1. Prediction of the global flow of the mixture

There exist various numerical techniques allowing for the simula-
tion of the flow of cementitious suspensions [43]. In this paper, a sim-
ple and time efficient numerical technique is introduced in order to
capture gravity induced particle migration.

Basically, the numerical technique consists in combining the com-
putation of both the global flow of the carbopol and glass beads mix-
ture and, in parallel, the evolution of the local volume fraction of
beads. The global flow of the mixture is computed by solving the
mass conservation (continuity) equation together with the momen-
tum conservation equations.

In addition, the constitutive behavior of the fluid (carbopol and
glass beads mixture) is described with a Bingham material model
(see the above section) in which the fluid is at rest when the von
Mises stress is below the yield stress and flows according to the plas-
tic viscosity when the von Mises stress is larger than the yield stress.
In the numerical formulation, this is approximated with the so-called
bi-viscosity model in which the initial viscosity pi,; which is used
below the yield stress (expressed in terms of the threshold shear
rate) is very high as compared to the plastic viscosity p, which is
used above the yield stress, i.e.:

Tref _ ) :uinit'yref ) '_yref<7'0 (6)
1Y 70 = eV ¥ 2

2 e\ 1.
where (TrEf) =3TyTy Ty = O0y—6;0k/3 and <7r2f) =3V

Fig. 3. Homogeneous carbopol gel and glass beads mixture at the end of the mixing
phase.

It should be noted here that the threshold value for this imple-
mentation is expressed in terms of the threshold strain rate, which re-
lates to yield stress the following way:

To

_ o 7
Hini @

Yo
When the flow is dominated by shear stress 7 and shear rate v,

and the initial viscosity is infinitely large, the equations shown
above simplify to the Bingham scalar model:

T=To+MyY when 727 (8)

The above numerical technique is implemented in the Computa-
tional Fluid Dynamics (CFD) code Flow3D®, which is a general pur-
pose software capable of modelling different fluid flow and heat
transfer problems. This software allows the user to program subrou-
tines which take into account specific physical phenomena.

4.2. Prediction of the gravity induced particle migration

The evolution of the particle volume fraction is computed by an
advection and a settling calculation. The advection makes the volume
fraction follow the streamlines of the global flow, while the settling
calculation captures the actual settling of the beads. The settling cal-
culation is derived from a mass conservation of the particles:

%—‘f+ div<¢> V) =0 ©)

where ¢ is the local particle volume fraction and V is the local particle
velocity.

In the settling problem studied here, the local particle velocity is a
vertical downward settling velocity Vi, which can be derived from
Stokes law (Cf. Section 2.3).

v _ _8T4p
S 18y,

(10)

Fig. 4. Model formwork filled with the model material.
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Fig. 5. Zones separation in the model formwork before beads weighting.

where a is the diameter of the glass beads, Ap is the density difference
between the carbopol gel and the glass beads and 1 is the local vis-
cosity of the gel around the particle.

As the surrounding fluid is non Newtonian, the question of the
nature of the scalar value of this local viscosity arises. The problem
is highly three dimensional meaning that several components of the
stress tensor may be different from zero. When the components of
the stress tensor due to gravity fulfill the von Mises flow criterion,
the mixture is flowing. The density difference between the particles
and the suspending fluid generates additional stresses in the system.
These are combined with the existing stresses at the origin of the
global flow of the mixture. Two options can then be considered for
the local viscosity of the surrounding fluid. It could either be equal to
the apparent viscosity of the material at a shear rate imposed by the
flow of the mixture or, as the von Mises criterion is already fulfilled
by other components of the stress tensor, to the tangential viscosity
(Cf. Fig. 6). In the case of a Bingham fluid model for the suspending
fluid, this would be equivalent to considering the plastic viscosity.
The gel used in this work can however be described either by a
Bingham model for the sake of simplicity or, for a better fit, by a
Herschel Bulkley model (Cf. Section 3.1). In the following, we will test
the consequences of choosing as an input for the settling numerical
simulation the plastic viscosity from the Bingham model, the apparent
viscosity from the Herschel Bulkley model or the tangential viscosity
from the Herschel Bulkley model (Cf. Fig. 6).

Shear stress

- n-1
Tangential viscosity £, = RKy"

Apparent viscosity

— 7 = -1
Happ = ?P+KJ’

Shear rate

Fig. 6. Apparent and tangential viscosities for a suspending fluid behaving as a Herschel
Bulkley material.

Moreover, it can be stressed here once more that, in the simulations
carried out in this work, as the influence of the local volume fraction on
the local rheology is very low in this range of low volume fractions (see
Section 3.1), there is no coupling between the local volume fraction of
the glass beads and the rheological behavior of the mixture. Finally, a
boundary condition at the bottom of the formwork is implemented to
prevent the particles from leaving the computation zone. Additionally,
particles are numerically prevented from moving into a cell, in which
the dense packing fraction of spheres has already been reached (i.e.
64%).

It can be noted that, in the case of the higher particle volume
fractions of real concretes, the above approach would be clearly in-
appropriate. Particle migration would create a heterogeneous ma-
terial, in which local viscosity fluctuations due to this migration
could play a dominant role in the segregation process. It can be
expected that, from a numerical point of view, either advanced
discrete methods [44,45] or continuum methods integrating a cou-
pling between local particle volume fraction and drag force [22]
would be necessary.

5. Result analysis and discussion
5.1. General description of the experimental results

The measured glass bead volume fractions after the filling of the
model formwork are reported in Fig. 7 for the three glass bead diam-
eters. We can first see in this figure that some particle migration is in-
duced by the flow and that the material becomes heterogeneous. This
heterogeneity is increasing with the diameter of the glass beads and
with the distance from the pouring point. After a flow propagation
of 0.6 m, the volume fraction decreases respectively from 10% to 8%,
3% and 1% for the 2, 5 and 7 mm beads. Close to the pouring point,
the particle volume fraction is increasing as settling particles gather
at the bottom of the model formwork (Cf. Fig. 8).

5.2. Origin of the flow induced particle migration in the model casting

We apply here to our experiments the results from Section 2.6
considering a flow length L of 0.6 m and a flow thickness H of
0.055 m. The initial glass beads concentration ¢ is 10%. The density
difference Ap is 1500 kg/m? and the beads diameter a varies between
2 and 7 mm. The flow duration is of the order of 90 s and the flow ve-
locity is therefore of the order of 1 cm/s. The shear rate shall then be
of the order of 0.1 s~ . iy may either take the value of the tangent vis-
cosity (around 50 Pa s, Cf. Fig. 1 and Fig. 6) or the apparent viscosity
(around 450 Pa s, Cf. Fig. 1 and Fig. 6).
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Fig. 7. Measured glass beads volume fractions as a function of the distance in the model
formwork.
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Fig. 8. Glass beads layer at the bottom of the model formwork at the vicinity of the pouring point (7 mm beads).

It can be shown using the relations in Section 2.6 that both shear
induced migration and wall effect induced migration are neglectable
(Cf. Table 2). This means that, in our experiment as in the casting of
fluid concretes, gravity induced heterogeneity dominates all other
potential sources of migration. The variations in glass beads volume
fraction induced by gravity are then predicted dimensionally to be
of the order of 2, 5 and 7% for the glass beads with diameters of 2, 5
and 7 mm if the tangent viscosity is considered and shall respectively
be of the order of 0.5, 1 and 2% for the glass beads with diameters of 2,
5 and 7 mm if the apparent viscosity is considered. We can conclude
from these estimations that considering the apparent viscosity of the
gel results in a strong underestimation of the induced heterogeneity.
It can moreover be noted that using the tangential viscosity results in
a rather good prediction of the induced migration after 60 cm propa-
gation of the material despite the simplicity of the approaches devel-
oped in Section 2.

5.3. Comparison between numerical simulations and experimental
results

In Fig. 9, the computed glass beads volume fraction as a function
of the distance for three different assumptions on the value of the
viscosity of the surrounding carbopol gel is plotted for the 5 mm
beads. If we consider for the surrounding fluid the apparent viscosity,
numerical simulations underestimate particle migration. If we con-
sider an approximate constant plastic viscosity from the data in
Fig. 1, then simulations overestimate the particle migration. It is
only when the tangential viscosity is used in the calculation that we
obtain a good agreement between simulations and experiments.

This result suggests that the stresses generated by the weight of
the mixture fulfill the von Mises flow criterion and are at the origin
of the flow. The density difference between the particles and the sus-
pending fluid generates additional stresses in the system. These are
combined with the existing stresses at the origin of the global flow
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Fig. 9. Glass beads volume fraction as a function of distance for the 5 mm beads. Com-
parison between experimental results and numerical simulations for various assump-
tions for the viscosity of the suspending fluid. The yield stress is 40 Pa.

of the mixture. As the von Mises criterion is already fulfilled by
other components of the stress tensor, these additional stresses only
contribute to the viscous dissipation and do not have to overcome
the yield stress to generate a relative flow between the particles
and the gel. As a consequence, the settling process is the same as
the one that would occur in a zero yield stress fluid. The only param-
eter of interest is therefore the tangential viscosity.

We compare in Fig. 10 the numerical predictions based on the tan-
gential viscosity and the experimental results for the various glass
bead sizes. The overall agreement is satisfactory especially if we
bear in mind the simplifying assumptions on which the numerical
model is built.

6. Relevance of results to real concretes

There exist two main difficulties when expanding the approach
proposed here to the case of real concretes.

First, as the volume fraction of coarse aggregates in concrete is far
higher than 10% (it is of the order of 40%), the local rheological prop-
erties shall depend on the local volume fraction of coarse aggregates.
The problem of particle settling becomes therefore a strongly coupled
problem as it does not only create heterogeneity in component pro-
portions but also heterogeneities in local rheological properties,
which may in turn affect the global flow of the mixture and therefore
particle settling (Cf. Section 4.2).

Second, although the behavior of the suspending fluid can be mea-
sured in the case of the model material used here, it is not the case for
real concrete. It can be expected that the rheological properties to be
taken into account shall be between the concrete scale and the mortar
scale. Also, the behavior shall be shear thinning as for the carbopol
used here. It is however difficult to identify this behavior apart except
by using an inverse analysis of a real life flow induced segregation
case. As this behavior shall strongly depend on mix design, this type
of approach shall only give data for the specific case studied.
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Fig. 10. Glass beads volume fraction as a function of distance for the 2, 5 and 7 mm

beads. Comparison between experimental results and numerical simulations consider-
ing the tangential viscosity of the surrounding fluid.
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We have shown in this paper that the tangential viscosity of the
suspending fluid is dictating particle settling. It shall also be the
case for real concretes no matter the rheological behavior of the sus-
pending fluid to be considered. The characteristic time of gravity in-
duced segregation (Eq. (4)) then becomes:

Tgravitygﬂ _ 18711(’5/"711-1. (11)
V gApa?

The dimensionless ratio between the duration of the casting pro-
cess Trand the above characteristic time gives an idea of the magni-
tude of the gravity induced segregation for a given process and
element to be cast. It scales with the casting velocity as:

L. =~V (12)
T‘%'ravzty

As n shall always be positive, it can therefore be expected that,
from a practical point of view, the magnitude of gravity induced seg-
regation shall decrease for fast casting processes. Though intuitively
correct, this result has however still to be validated at the scale of
concrete. It could indeed be affected by the thixotropic nature of con-
crete: at high flow rates, the structural break down of the cement
paste could lower the tangential viscosity and enhance gravity in-
duced segregation.

7. Conclusions

In this paper, we have described and compared the various phys-
ical phenomena which potentially lead to flow induced particle mi-
gration in concrete. It was shown that shear induced particle
migration and wall effect induced particle migration dominate in
the pumping process whereas, in the case of industrial casting of con-
crete, gravity induced particle migration dominates all other potential
sources of heterogeneities induced by flow.

In the second part, we have shown, from comparisons between
experiments using model materials, dimensional analysis and numer-
ical simulations, that, from a quantitative point of view, the viscous
drag force, which prevents particles from migrating during a casting
process, shall neither be computed from the apparent viscosity nor
from plastic viscosity of the suspending phase but from its tangential
viscosity.

We have moreover shown that it is possible to numerically predict
flow induced particle migration during casting of a model material,
which was designed to mimic self compacting concrete.

Finally, the transfer of this type of numerical prediction tool to real
concrete was discussed.
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1. Introduction

Self-consolidating concrete (SCC) is characterized by a high fluidity allowing for the easy
filling of formwork without compaction but sufficient stability to ensure uniform suspension
of solid particles during placement. Stability requires that the material is at least stable at rest
(i.e. not flowing). This implies that the constitutive cement paste yield stress is sufficient to
resist the density difference between coarse aggregates and suspending matrix [1, 2].

This criterion is not sufficient to ensure mixture homogeneity during placement. It has indeed
been shown recently [3, 4] that a concrete, which is stable at rest, can be unstable during flow.
Several phenomena such as shear or gravity induced migration can lead to heterogeneities in
the aggregates’ local volume fraction in the hardened structural element [4]. Gravity induced
particle migration was shown to dominate during casting of structural elements [4]. When the
material flows, the stress generated by gravity in the mixture is higher than the concrete yield
stress. This means that any additional stress, such as the one generated by a density difference
between an aggregate and the surrounding mixture, could induce a local flow around the
aggregate even if this additional stress itself is lower than the yield stress [4].

One could then expect that, as the yield stress is exceeded gravity induced particle migration
shall be similar to the one measured in Newtonian fluids. However, because of the non
Newtonian nature of concrete and because of the typical flow typology during casting, gravity
induced particle migration is far more complex. In the present work, the casting of two
identical beams at two different casting rates is studied. The self compacting concrete studied
here was stable at rest. However, we measured in the beam some gravity induced particle
migration during casting. This migration resulted in a decrease of the coarsest aggregates’

volume fraction as a function of the distance from the pouring point but it also lead to a
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puzzling vertical multilayer structure. This phenomenon is analyzed and discussed with the

use of simple physical analysis and numerical simulations.

2. Materials and Protocols

2.1. Materials

The concrete used in this study was produced at a local concrete producer in Norway. It is
typical of Northern Europe Self Compacting Concrete production with a relatively high
content of high quality aggregates and a viscosity agent. Its mix proportions are given in Tab.
1. The particle size distribution for both sand and gravel are shown in Fig. 1. The dense
packing fraction of the two aggregate fractions was measured using the method developed at
the Danish Technological Institute [5]. The 4C packing software also developed at the Danish
Technological Institute was then used to compute a dense packing fraction of 0.75 for the
combination of the two fractions [6]. A retardation agent was used in order to allow for

enough time for the experimental work to be carried out.

2.2.Casting process

Two identical beams were cast with the concrete described above at two different casting
rates. The dimensions of the beams were length 4 m, width 0.2 m, and height 0.3 m (Cf. Fig.
2). One beam was studied while the concrete was still fresh (low casting rate) while the other
was studied after hardening (high casting rate). The beam studied in the hardened state was
reinforced with two 8 mm bars for demoulding and transportation purposes. The concrete was
poured directly and continuously from the concrete truck at a distance of approximately 0.3 m
from one end of the beams. The pouring position did not change during the filling process in
order to have as simple a casting scenario as possible. Consequently, the moulds were not

fully filled and the filling process was stopped when concrete reached the top of the formwork
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closest to the pouring zone (Cf. Fig. 2). For the lowest casting rate, the duration of the filling
process was 160 s corresponding to a mass rate of concrete entering the formwork of 2.9 kg/s.
For the highest casting rate, the duration of the filling process was 60 s corresponding to a
mass rate of concrete entering the formwork of 7.7 kg/s.

For the beam cast at the low casting rate, the induced horizontal heterogeneity was measured
in the fresh state by measuring the aggregate content in the nine sub-regions illustrated on the
sketch in Fig 2. After casting, some custom-made steel plates working as barriers were
inserted in the concrete. The extracted fresh concrete samples were washed and sieved and the
amount of aggregates belonging to the fractions 6/11 mm and 11/16 mm were measured.

The beam cast at the high casting rate was cut in the middle of the nine sub-regions shown in
Fig. 2 after setting. Image analysis of the vertical sections allowed for the determination of the
concentration of 11/16 mm aggregates in three zones (upper, middle and lower zone) in each
section. The thickness of each zone was approximately one third of the height in the specific

cut.

2.3.Fresh properties measurements

Measurement of fresh properties of concrete is a delicate issue. Large scale rheometers
dedicated to concrete have been developed in the last decades (BTRheom [7], BML [8] or
two-point test [9]) but, even if these apparatus represent a big step forward in the field of
concrete science, there still exists a discrepancy between the various concrete rheometers, [10,
11]. The apparatus give the same rheological classification of materials, but they do not give
the same absolute values of the rheological parameters. It was recently suggested that this
discrepancy finds its origin in the shear induced particle migration that occurs in these

confined high shear rates flows [12]. We therefore choose in the following to use a simple
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industrial test, which allows for a computation of approximate values for the rheological

parameters of the material.

2.3.1. LCPC box test

The yield stress of the studied concrete was measured using the LCPC box test [13-15]. This
test requires the same amount of concrete to be tested as the slump flow test, but fulfils the
minimum thickness condition allowing for an analytical relation between the test result and
the yield stress of the tested material. The analysis of the test takes into account the shear
stress at the lateral walls and at the bottom wall of the box to predict the shape at stoppage of
a given volume of a yield stress fluid flowing slowly enough for any inertia effects to be
negligible. The excellent agreement of this method with other experimental measurements
was demonstrated in the case of limestone powder suspensions [14]. In the present study, a

slump flow test was also carried out in parallel.

2.3.2. TS500 measurements

The plastic viscosity of the studied concrete was roughly estimated from T500 measurements.
It 1s interesting to note here that, although the final thickness of the sample in a slump flow
test is too small compared to the size of the coarsest particles to get any quantitative
information on yield stress when flow stops [13-15], the thickness of the sample is roughly in
the order of several cm when the spread reaches 500 mm. As a consequence, it is possible to
compute an approximate value of the plastic viscosity from this measurement.

We first assume that the lifting of the cone and the phase during which the material slumps
under a mainly tensile strain rate state [16] do not last more than a few tenths of second. After
this initial phase, the ratio between the radius of the sample and its thickness becomes high

enough to assume that shear stresses dominate the stress tensor [16].
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In this regime, the shear rate may be approximated as y =V /h where V is the horizontal
velocity, the average value of which is 0.25/7},,, where T, is the measured flow time to
reach a spread diameter of 500 mm (i.e. a spread radius of 0.25 m). % is the thickness of the
sample that we approximate here as Vol/ 7r(0.25)2 assuming a flat cylindrical shape of the

sample. Vol is the volume of the sample and is of the order of 6 litres. As a consequence, 4
and y are respectively in the order of 3 cm and between 2 and 20 s-1 for 7}, values between
0.5 and 5 s. These values are in agreement with numerical simulations of slump test and

slump flow test [17]. The stress generated by gravity is in the order of 7 = pgh, where p is

the density of the concrete. The plastic viscosity can then be estimated as p, = (T -7, )/ y or

U, = 4(pgh -7, )hT500 = 0.12(0.3,0—2'0 )TSOO. The yield stress value can be measured by the

LCPC box test described above. It shall be noted that this relation should not hold for very
low plastic viscosity concretes, for which inertia effects start to play a role [16] or for high
plastic viscosity concretes for which the duration of the initial slumping phase can be longer

than a few tenths of seconds.

2.3.3. Static segregation
The concrete was tested for its static segregation resistance by placing aggregates of different
sizes on top of a sample inside a bucket. In parallel, a visual evaluation of stability was

carried out.

3. Experimental results

3.1. Fresh properties measurements

The obtained measurements are presented in Tab. 2.
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3.2. Heterogeneities measurements

First, it can be noted that, for the two beams, coarse aggregates were visible at the surface of
the concrete suggesting that no segregation occurred during casting. The numbers of visible
coarse grains however dropped in the last third of the beam.

Measurements of 6-11 mm and 11-16 mm aggregates volume fractions in fresh state by
sampling and sieving are presented in Fig. 3. These two granular classes are initially present
in the mix at the volume fractions of 17 and 16 %, respectively. Our measurements suggest
that only the coarsest grains in the mix do migrate during flow. Moreover, as seen in Fig.3,
there does not seem to be any segregation in the first two thirds of the beam where the
aggregate volume fraction is more or less equal to the reference mix design volume fraction.
However, the image analysis of the hardened cut samples shows that things are in fact more
complex. Similarly to the measurements in fresh state, the total coarsest aggregate volume
fraction, after a plateau in the first two thirds of the beam, decreases in the last third, Fig. 3.
This suggests that, in most of the beam, the total volume fraction of aggregates in a vertical
section is more or less equal to the reference mix design volume fraction. However, when
focusing on the upper, middle and lower zone in each section, there exists a strong vertical
heterogeneity in the sample as shown in Fig. 4 where a multilayer material seems to have
been created. In this figure, the average value of the aggregates counting measurements in the
first three meters of the beam are plotted. These results suggest that, in the upper zone, there
is no segregation. They moreover suggest that particle depletion from the middle zone results
in an accumulation of particles in the lower zone. A peak in the aggregates volume fraction in

the bottom zone was noted between 1 and 1.5m from the pouring point.

4. Analysis and discussion
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4.1. Particle migration regime
In this section, the consequences of the physical phenomena resulting in particle distribution
heterogeneities are compared in the case of the beams studied here. It has to be kept in mind
that variations in the local particle volume fraction will always be induced by the presence of
walls or more generally interfaces. This phenomenon is not induced by flow but, because of
simple geometrical considerations, it is not possible to find the centre of a particle of diameter

a at a distance from a wall lower than a/2 [18]. Because of this wall effect, there exists

some heterogeneity at the vicinity of any solid interface. In the case of a beam such as the
ones studied in this paper, this effect shall be constant along the beam and cannot therefore
explain any decrease in particle volume fractions along the beam. When there are no steel
bars and therefore no granular blocking [19-25], two other types of flow induced particle
migration may occur as identified in [4]: shear induced particle migration and gravity induced
particle migration.

Shear induced particle migration

Shear induced particle migration finds its origin in the competition between gradients in
particle collision frequency and gradients in the viscosity of the suspension.

It was shown in [4] that shear induced particle migration shall reach its full extent after a

characteristic shear induced particle migration time 7" in the order of:

2
shear __ H

-7 1
¢ 104’4,y D

The thickness H of the beam is in the order of 0.3 m. In the beam, the material flows at an

average casting velocity V' and is subjected to an average shear rate y with y=V/H . ¢, is
the mix design particle volume fraction or initial particle volume fraction of size a. In the
case of the beams studied here, the characteristic shear induced particle migration time 7.

is of the order of several thousands seconds for the coarsest particles. This is far higher than
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the duration of the casting process. As a consequence, the migration measured in Fig. 3 can
not result from this physical phenomenon.

Gravity induced particle migration

When the material flows, the stress generated by gravity in some zones of the mixture is
higher than the yield stress of the material. This means that any additional stress, such as the
one generated by a density difference between an aggregate and the surrounding mixture,
could induce a local flow around the aggregate even if this additional stress itself is lower
than the yield stress [4].

It was shown in [4] that the highest variation in particle volume fraction due to gravity
induced particle migration is of the same order as the one due to shear induced particle
migration. The characteristic time associated with this process is however very different and
can be estimated as:

]—vcgravity ~ l&l’l—sl—g (2)
gApa

Ap 1s the density difference between the aggregates and the suspending phase. x, is the

apparent viscosity of the suspending phase (i.e. the ratio between shear stress and shear rate).
The typical value of the viscosity of the so-called suspending fluid is delicate to identify. If
we consider as in [4] that the suspending phase for the coarsest aggregates shall locate
somewhere between the mortar scale and the concrete scale itself, we can consider x, = 10
Pa.s as an order of magnitude.

In the case of the beams studied here, the characteristic gravity induced particle migration
time 75" is respectively in the order of 50 seconds for the 11-16 mm particles and 200
seconds for the 6-11 mm particles. These values are of the same order as the duration of the
casting process. This suggests that the migration measured in Fig. 3 results from this physical

phenomenon. The relative values of the 7" for the two sizes of particles moreover suggest
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that the magnitude of gravity induced migration should decrease by a factor 4 between the 11-
16mm and the 6-11 mm aggregates. This is approximately the case for the results shown in
Fig. 3 where the 11-16 mm and the 6-11 mm aggregate volume fractions decrease by 20 and

65 %, respectively.

4.2. Influence of flow typology on gravity induced particle migration

In the previous section, it was shown that gravity induced particle migration can explain the
heterogeneities shown in Fig. 3. However, the influence of the non-Newtonian behaviour of
the material was not taken into account into the above simple dimensionless approach. All the
material was assumed to be sheared and the apparent viscosity of the suspending phase was
assumed to be constant through the casting process.

However, during the casting process, only a part of the material is sheared. There exist zones
where the stress stays lower than the yield stress and zones where the stress exceeds the yield
stress and flow occurs. It is possible to consider that there exist two laminar regimes during
the horizontal casting of a fluid concrete. In the first transient regime (Cf. Fig. 5), the material
is propagating mostly horizontally in the formwork until it reaches the opposite end of the

inlet. The propagation length L(t) increases from zero to the length of the beam. In the

second regime (Cf. Fig. 6), the material has reached the opposite wall. The velocity is still
mostly horizontal but, as the boundary conditions are only slightly changing in this regime,
the flow can be approximated as a steady flow.

Because of stress equilibrium, in both regimes, the stress increases linearly from zero at the
free surface to a maximum value at the bottom interface. This means that there shall exist a
zone just below the free surface where the material is not sheared and flows as a plug (Cf. Fig.
5 and 6). In this zone, the material behaves like a solid (i.e. the stress is below the yield stress)

and its apparent viscosity shall be infinite. If the material is a stable material from a static
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segregation point of view (i.e. at rest, the aggregates do not settle), no gravity induced
migration shall occur. As a consequence, there shall exist an upper layer where the aggregate
volume fraction stays equal to the initial or mix design volume fraction.

Below this layer, the material is sheared and particles can settle through this fluid material.

They settle with a settling velocity V., which depends on the suspending fluid’s apparent

viscosity, the diameter of the particles considered and the density difference between
surrounding fluid and particles. The particles deposit at the bottom of the formwork where
they pile up to the so-called random loose packing (i.e. the lowest volume fraction value
allowing for a percolated network of contacts between particles) [4]. We suggest that it is
these coupled phenomena (i.e. upper plug flow layer where no gravity induced migration
occurs, intermediate sheared layer that gets depleted from particles and lower layer where the
particles gets accumulated) which give rise to the vertical multi-layer structure measured
above and shown in Fig. 4.

In the first regime (Cf. Fig. 5), at a time ¢ after the beginning of the casting process, the
aggregates volume fraction in the sheared zone above the deposit has decreased. The residual

volume fraction at a position x from the casting point (0 < x < L(t)) writes ¢, (1 —V.x/H ?VH)
where H_ and V), are respectively the thickness of the sheared zone and the horizontal

velocity. Similarly, the volume fraction of deposited particles can be written as

¢0(1+VS(L(1)—X)/HSVH). This suggests that, in this regime, the concentration profile

decreases with the distance from the casting point. There is moreover a competition between
settling velocity and casting velocity, which shall dictate the magnitude of the induced
horizontal heterogeneity. It has to be kept in mind that, according to [4], increasing casting
velocity for shear thinning materials such as concrete shall reduce the suspending fluid’s
viscosity while decreasing the time during which particles are migrating. The experimental

results obtained in [4] on model materials seem to suggest that it is this last effect which
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dominates and that, therefore, increasing casting velocity shall decrease the induced
horizontal heterogeneity.

In the second regime (Cf. Fig. 6), the particle depletion rate from the sheared layer and the
deposition rate in the lower layer are constant along the beam. The residual volume fraction in

the sheared layer writes ¢,(1—V,H(¢t)/HV,) where V, is the vertical filling velocity.
Similarly, the volume fraction of deposited particles can be written as ¢0(1+ V.H (t)/ H J/V).

This suggests that the concentration profile along the beam shall be constant. The only gravity
induced heterogeneity shall be vertical and corresponds to the multi-layer structure. This
vertical heterogeneity shall increase with time. Here again, there is a competition between
settling velocity and casting velocity, which shall dictate the magnitude of the induced
vertical heterogeneity.

For a fluid concrete such as SCC and a beam of limited length, it is possible to assume that
the first regime in Fig. 5 will be short and that its contribution to the final concentration
profile shall be neglectable. We can therefore expect to get a constant concentration profile
along the beam. This is indeed what we measure in the first two thirds of the beam as shown
in Fig. 3. However, a drop in concentration and a drop in the number of visible aggregates at
the surface of the concrete were measured in the last third of the beam. We can therefore
expect that something else is affecting the concentration profile.

In the previous analysis, we did not take into account the fact that particle migration induces
not only a heterogeneous solid content field but also affects local rheological properties. The
zones depleted from the coarsest particles become more fluid whereas the zones where coarse
particles accumulate display higher yield stress and viscosity. Such a complex coupling
between particle migration and local rheological properties prevents the use of any simple

analysis of the global flow pattern. In the next section, we use numerical simulations to go
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one step further in the understanding of the patterns of gravity induced particle migration

during flow of fluid concretes.

5. Numerical model

In this section, the numerical simulation tools used to model gravity induced segregation in
this work are described. The strategy is to choose the simplest models available in literature in
order to minimize the number of parameters to be fitted.

A two dimensional computational fluid dynamics (CFD) code used to simulate the flow
induced particle migration in this study was developed in the technical computing language
MATLAB and was based on the methodology presented in [4]. The particle migration is

modeled by taking the following three physical phenomena into account.

1. The global free surface non-Newtonian SCC flow
2. The gravity induced aggregate migration
3. The effect of local aggregate volume fraction on local rheological parameters

Each of the physical phenomena and their numerical implementation are shortly reviewed in

the following three sections.

5.1. The global non-Newtonian SCC flow

The SCC flow behaviour is non-Newtonian and the numerical model captures it by solving
the continuity equation together with the momentum equations. The Finite Volume Method
(FVM) was used to discretize the governing equations in order to compute pressure and
velocity fields on a staggered grid, Cf. [26]. The pressure and viscous stresses are computed

implicitly with a direct solver while the non-linearity represented by the convective terms in
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the momentum equations is updated explicitly. The free surface is also updated explicitly and
is tracked using the Volume Of Fluid (VOF) method [27, 28].

The Bingham material model is typically the constitutive law used to describe the flow
behaviour of SCC [29]. However, a numerical flow model cannot handle the exact Bingham
material model due to infinitely high apparent viscosities in the zones where shear rate
approaches zero. Therefore, the Bingham material model is approximated here with the bi-

viscosity material model [4].

5.2. Gravity induced particle migration
The aggregate migration is computed through an advection and a settling calculation. The

settling procedure is carried out by solving Eq. (3).

o¢ _
o +V(gr)=0 (3

Where V, is the settling velocity vector. This settling velocity is computed using Eq. (4),

N

which evaluates how gravity, buoyancy and Stokes drag force affect a spherical particle
(aggregate).

2
- 18y,

Where a is the diameter of the aggregate, Ap is the density difference between the
aggregates and the surrounding material, and g, is the local surrounding viscosity of the

suspending fluid. The value of this viscosity is investigated further in this paper. In addition, it
should be noted that aggregates were numerically prevented from settling out of the domain
and into a cell, in which the packing fraction of aggregates had already reached the measured

dense packing fraction of 0.75.
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5.3. Local rheological parameters and local volume fraction

In this work, the rheological parameters’ dependency on the aggregate volume fraction is
approximated from simple but well documented analytical relationships for mono-sized
spherical particles. The yield stress’ dependency on the local aggregate volume fraction is

based on Chateau et al. [30, 31]:

Gpea2) e

where ¢, is the dense packing fraction of the mono-sized spherical particles. The plastic

viscosity’s dependency on the local aggregate volume fraction is based on Krieger and

Dougherty [32] as follows:

ﬂp((/ﬁ):( 4 jmm ;
4 (6)

The local surrounding viscosity used in the computation of the local settling velocity is

expressed as a function of the local apparent viscosity of the surrounding concrete.

i =é(yp(¢)+%J )

Where 7, is the local second invariant of the strain rate tensor and « 1s a scalar that shall be

equal or higher than 1. « is the only fitted parameter in this study. When « equals 1, the
surrounding fluid has the same behaviour as the tested concrete. It can however be expected

that, as the surrounding fluid has a lower particle volume fraction than the concrete itself, &

shall be higher than 1.

5.4. Simulations results
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We first focus on the influence of the coupling between local rheological properties and local
particle concentration variations due to gravity induced migration. We first choose ¢ =1 asa
first approximation. We plot in Fig. 7 the concentration profile along the beam for the
coarsest particles (i.e. the ones that are the most prone to migration). It can be seen that the
peak in aggregates volume fraction around 1 or 1.5 m can not be simulated. This holds true
even if the value of « is varied.

We moreover plot in Fig. 8 the local aggregates concentration cartography at the end of the
casting process. We see that both techniques predict the formation of the multilayer structure
measured above. However, without any coupling, the settled aggregates are dragged along
with the flow and the peak in settled aggregates concentration is located around 3 m from the
pouring point. As the viscosity and yield stress of the material are not increasing with the
local volume fraction, the zones where particles have migrated are still able to flow and
advance in the beam. When coupling is implemented, the settled aggregates do not flow
anymore and the peak is located around 1 or 1.5 m from the pouring point as measured in the
experiment. The viscosity and yield stress of the material strongly increase in these zones as
the volume fraction tends towards the maximal packing fraction. These zones can not flow
and a deposition zone is formed in the first meter or meter and a half.

We now try to identify the best value for « . To do so, we fit & in order to reach the best
agreement with the measured horizontal coarse aggregates concentration profile. A value of
1.45 is obtained. It is interesting to note that the value of the local apparent viscosity of the
fluid surrounding the settling aggregates seems to be 30 % lower than the local apparent
viscosity of the concrete. This suggests that the particles are settling in a material slightly
more fluid than the concrete itself. The consequences of the gravity induced particle
migration process are therefore not dictated by the behaviour of the concrete itself or the

behaviour of its constitutive cement paste alone. Considering Eq. (5) and (6), a value of 1.45
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for o suggests that the viscosity of the surrounding fluid corresponds to the viscosity of the
concrete studied here but depleted of its coarsest particles. As a consequence, it could be
expected that simultaneously decreasing the amount of coarse particles and increasing the
amount of sand shall reduce the magnitude of gravity induced particle migration.

The numerical simulations give access to the shear rate and the coarse aggregates vertical
profiles in the beam (Cf. Fig. 9). It is interesting to note that, contrarily to the case when no
migration occurs in which the shear rate is maximal at the bottom wall interface, here the
shear rate reaches its maximal value at the top of the deposition zone. This highly sheared
zone has a lower apparent viscosity and is submitted to a fast particle depletion, which further
reduces its viscosity, amplifying the gravity induced particle migration and turning it into a
deposition process.

We now compare in Fig. 10 the results of the simulation with ¢ = 1.45 for the two casting
rates studied here. We focus only on the coarsest particles (11-16 mm). We conclude that the
simple numerical tool with only one fitted parameter used in this work is able to predict the
influence of casting rate on gravity induced particle migration. It is moreover worth noting
that increasing casting rate decreases the magnitude of particle heterogeneities. Although
increasing casting velocity for shear thinning materials such as concrete shall reduce the
suspending fluid viscosity, it also decreases the time during which particles are migrating.
Both experimental and numerical results obtained in this work confirm the experimental
results obtained in [4] on model materials, which suggest that it is the time effect which
dominates and hence increasing casting velocity shall decrease the induced horizontal

heterogeneity.
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7. Conclusion

We have shown in this paper that gravity induced particle migration is mostly affecting the
coarsest particles’ concentration in concrete. It results in two types of heterogeneities in the
final concrete element: the particle volume fraction decreases with the horizontal distance
from the pouring point and a vertical multi-layer structure appears in the material.

We have moreover suggested from using numerical simulations that the viscosity of the fluid
surrounding the migrating particles is of the same order as the viscosity of the equivalent
concrete without the migrating particles. Finally, our experimental and numerical results
confirm that high concrete casting rates reduce the magnitude of gravity induced particle

migration.
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Table(s)
Click here to download Table(s): Table 1.doc

Components kg/m3
Norcem Standard FA 278.3
Free water 178.2
Sand 0/8 mm 1035.7
Gravel 8/16 mm 847.4
Air entraining agent 1.81
High range water reducing admixture 2.56
Retardation agent 0.28
Viscosity agent 2.09
Density 2346

Tablel. Mix proportions of the concrete studied in this paper.



Table(s)
Click here to download Table(s): Table 2.doc

Slump flow T500 LCPC Box Yield stress Plastic viscosity

650mm 14s 72 cm 40 £20 Pa 100 £20 Pa.s

Table 2. Fresh properties measurements
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Figure 1. Particle size distribution for the sand and gravel used in this paper.
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Figure 2. Beam geometry and casting.
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Figure 3. Aggregate volume fraction measured in fresh state by sampling, washing and sieving as a

function of the distance from the pouring point.
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Abstract—The use of self-compacting concrete (SCC) as a

construction material has been getting more attentin from the
industry. Its application area varies from standard structural
elements in bridges and skyscrapers to modern ardeicture
having geometrical challenges. However, heterogeties induced
during the casting process may lead to variations folocal
mechanical properties and hence to a potential deease in load
carrying capacity of the structure. This paper pregnts a
methodology for optimization of SCC casting aimingat having a
homogeneous aggregate distribution; a beam has beersed as
geometric example. The aggregate distribution is piicted by a
numerical flow model coupled with a user defined Vome
fraction subroutine. The process parameters in casig with SCC
in general are horizontal and vertical positions,movement, as
well as the size of the inlet, and the duration ofhe filling etc.,
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however since this work is the initial feasibilitystudy in this field,
only three process parameters are considered. Despi the
reduction in the number of process parameters, theomplexity
involved in the considered casting process resulis a non trivial
optimal design set.

Keywords-component;  Self-Compacting  Concrete,
simulation, Simulation based optimization, Genetic algorithms.

Flow

l. INTRODUCTION

Structural concrete elements compose a large anioatit
structures worldwide. In addition, almost one temiththem are
in Europe carried out with SCC and the number dseiasing
every year. SCC consists of aggregates bound bgrepaste



and differs from original concrete by an additidnaospecial
form of super-plasticizer which increases the flyidbf the

fresh concrete. The higher fluidity allows SCC iib dut the

formwork under its own weight; thus SCC does najuine

external compaction (e.g. vibration) as conventiaumcrete.
However, the drawback of using SCC is also its éidhuidity

which decreases its segregation resistance, i etbeds an
inhomogeneous aggregate distribution may be inddceihg

casting. This situation may lead to variations afcal

mechanical properties and consequently a potetgiaease in
the load carrying capacity of the structure. Faleptal use in
design and planning, a numerical simulation apgrosz
predict the distribution of aggregates, which isidel to be
homogeneous, was demonstrated in [1]. Previousignemnical

simulations were used to identify the minimum antooh

fluidity needed to ensure proper filling [2, 3]. rEhermore,
Thrane et al. [4] illustrated how numerical simidat can be
used to detect free surface, dead zones and partths.

Literature shows that no coupling between optindraand
numerical simulations of SCC flow have been carread
before. In addition, only a limited work is publesh for
optimization of manufacturing processes in genef@he
limiting factor is computational power which inhibirunning
multiple simulations with high accuracy within reasble
time. Another is that only a limited number of slation
software packages are coupled with optimization utex]
These limitations eventually determine what isdotfpossible
today and hence determine what the “state-of-tlieisarSome
examples of exploiting numerical simulation togethwth
numerical optimization have resulted in, for ins&n (i)
reducing the residual stresses
component together with a simultaneous improvenadérihe
production efficiency (e.g. higher welding speed)ciase of
friction stir welding [5-6], (ii) increasing the sting yield via
riser optimization meanwhile reducing the porogitya gravity
sand-cast steel part [7] or (iii) optimizing theeafistry of bulk
metallic glasses for improved thermal stability. [8hese are
some of the very limited number of already analyzramples
among many potential real world optimization proide in
manufacturing.

Figure 1:Example of form filling with SCCform [15]

in a welded medianic

mass rate, inlet size and inlet position are sotghthieve the
goal mentioned above using an evolutionary optitiina
algorithm, i.e. a single-objective genetic algarti{SOGA).
First, the numerical flow model is presented aleritlp a brief
overview of the governing equations and the assiompt
needed to simulate the segregation phenomena decaisting
of SCC. Following this, the optimization procediseagiven in
more detail together with some aspects of proagsgiation.
Next, the results of the optimization study aresprged and a
discussion on sensitivity and robustness of themgptsolution
with respect to operation conditions is providethahy, the
conclusion gives guidelines and future perspectiveshis
rapidly growing application field.

. NUMERICAL MODEL

A. Theory and Governing Equations

Dynamic segregation during casting of SCC is a liigh
non-linear problem which is governed by several giem
physical phenomena among which the numerical model
presented in the present work takes the followhrge major
effects into account:

1. The global non-Newtonian flow of SCC.
2. The interaction between mattiand the large aggregates.
3. The interaction between the aggregates.

The global non-Newtonian flow is captured by sodvthe
continuity equation given in Eqn. (1) together withe
momentum equations given in Egn. (2).

dp
at

a : : dp
3 (pw) + div(puu) = div(p grad u) — I + B, +V, )

+div(pu) =0 (1)

wherep is the density of the SCQ,is the velocityt is the
time, p is the pressurd, is the x-direction body force per unit
volume, andV, stands for the viscous terms that are in addition
to those expressed lajv(u grad u) The material model used
when solving the two equations is a Bingham madteniadel
which is an acceptable rheological model to descttiie non-
Newtonian flow behavior of SCC. Mathematically the
Bingham material model is described by the expoessi Eqn.
(3) and (4).

y=0
T =70+ Wy

for T <1 3

for =) (4)

wherey- is the shear strain rateis the shear stresg,is the
yield shear stress, andy is the plastic viscosity. Fluids
simulated by the Bingham material model are assumetirt
to move when the yield stress is exceeded. As smothis
takes place, the fluid flows according to the ptastscosity
and it stops again when the yield stress is nodoegceeded.
In Fig. 2 the Bingham material model is illustrated

The objective of this paper is to optimize process

parameters in SCC casting (see Fig. 1) to minirdigeamic
segregation, in other words to obtain the most cumif
distribution of aggregates. More specifically, tbleoices of

! Matrix = cement paste and aggregates which asetes 8mm (in this
case).
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Figure 2:Bingham material mod

The interaction between the matrix and the larggexgptes
is captured by solving the expression for theiggtttelocity of
a spherical particle (aggregate) in a non-Newtofiidd (SCC)
given in Eqgn. (5).

s = P90 —p)
18114, C

(5)

whered is the diameter of the aggregaids the gravityp,
is the density of the aggregajey, is the apparent viscosity,
and C is the drag force multiplier. The settling velgcit
describes the relative velocity between the aggeegad the
SCC and it is a result of the force equilibriumviEgn the
gravity, buoyancy and stokes drag force. The cagdietween
the aggregate and the SCC lies within the appafisnbsity,
which is obtained when solving the global flow. Téwupling

whereM, is the mass of the aggregates in the evaluatéd cel

M;. andMour are the mass fluxes in and out of the evaluated
cell, respectively. By the use of the explicit Euseheme it is
possible to derive Eqn. (7) which describes theiwa fraction

of the aggregates in the new time step. Note tlogt E7) is
valid for the two dimensional case on a structed.

At VOF,,,
A}7 L’O}%

At+t

t N At t N
;7 T =i\ 1w )+ 0 Ui

“Ay (7)

VOF is the volume of fluidy is the volume fraction of
aggregates andx/4y are the lengths of the control volume in
each direction. This numerical technique was védidan [10]
where a good correlation between experimental tesfl a
SCC like suspension (carbopol and glass beads) thad
numerical predictions were found.

The investigation is carried out on a 0.5 m higkd &m
long beam and is simulated in these two dimensisimge it
speeds up the calculation and still gives the steeds as
observed for a three dimensional simulation. Theseh 2D
assumption also implies the reinforcement bars imitie
beam basically cannot be modeled. The length amchéight
of the control volumes are 0.01 m which gives altof 15000
control volumes. The modeled boundary conditiores \aall
(zero velocity) at the left, right and bottom boand(see Fig.

is a one way momentum coupling, which means that th3) The symmetry boundary condition is used orfiiet, back

aggregate 'feels’ the SCC but not vice versa. Tiag dorce

multiplier is included in Egn. (5) in order to takdéo account
that locally the aggregate experiences a viscositych is

lower than the viscosity of the global flow; in shcase 10
times lower. The reason for selecting this valuhé SCC has
a plastic viscosity and a yield stress of the o&@100 Pa.s
and 50-100 Pa, respectively, while the same prigseftr the
matrix are of the order 5-10 Pa.s and 5-10 Pa.

The interaction between the aggregates is
qualitatively taken into account in this numericabdel. It is
known that the interaction between aggregates ptswthem
from settling. However, exactly how much it preventries
from mixture to mixture. Therefore, it is assumeat this
investigation that the aggregate interaction effdw@nges the
drag force multiplier from being 0.1, due to thedtiglobal
viscosity effect, to 0.5.

B. Implementation of Model in Flow3D

The global non-Newtonian flow of SCC is calculalbsdthe
commercial Computational Fluid Dynamics (CFD) saifite
Flow3D [9]. The software solves Eqn. (1) and (2)the use of
the Finite Volume Method (FVM) coupled with the \date of
Fluid (VOF) method. In addition, the Generalizedniium
Residual Solver (GMRES) is used to solve the pressnd the
velocities implicitly. Furthermore, a user definggbroutine is
developed in Flow3D to capture the interaction leetw the
aggregates and the SCC. The subroutine evaluatetume
fraction scalar and the settling of this volumecfien scalar is
derived based on a mass change consideration dnita f
volume grid, see Eqn. (6).

oM,
at

= Ml’n - Mout (6)

MOTI€Front and Back:

and top boundary. The symmetry boundary is usékeabp of
the beam to ensure that a segregation layer isreated.
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Figure 3: Boundary conditio

The modeled plastic viscosity and vyield stress tloe
Bingham material model are 50 Pa.s and 50 Pa, ctieplg.
The density of the SCC is 2200 kd/end the density of the
aggregates is 2700 kgimThe aggregates considered for the
dynamic segregation calculation correspond to tHhed6 2
coarsest particles in the material. The volumetifvacof these
particles is estimated to be in the order of 15-28%ractice
and can be associated to a characteristic averagetér of 14
mm. By doing so, it is assumed that the 75% filmegregate
particles are sufficiently small to be stable anchdt segregate
during flow.

The vertical position of the inlet is 0.4 m frometbottom
of the mould in all simulations, while its horizahposition is
one of the three process parameters, which is drdde the
optimization investigation. The horizontal positiohthe inlet
is varied between 0.1 m and 1.5 m (which is thedieidbf the
beam). The second varied process parameter imkbiesize



and it is varied between 0.05 m and 0.08 m, whihan
reasonable interval for a casting of a beam with biefore

mentioned dimensions. The final process parametirei mass

rate and it is varied between 1.0 kg/s and 1.66,kghich
correspond to a filling duration between 20 s aBds3These
process parameters are only a few of the parameteich

potentially could be optimized when casting with GGC

Despite, the limited process parameters, an opimiz is still
required, since conflicting physical behavior takésce when
varying each of the considered process parameterdrance
hinders the solution to be predicted on forehand., BEhe
conflicting physical behavior when varying the maage is
that a high mass rate generates a low apparerasitigand
thereby a high settling velocity in a large regiminthe flow
domain, however the duration in which the settliakes place

is short as compared to when using a low mass rat

Analogous, a low mass rate generates a high appaseosity
and thereby a low settling velocity in a small cegof the flow
domain, however the duration in which the settliaes place
is long as compared to when using a high mass rate.

e . 1 Ney N2
Minimize: \/(nw_l) Zi=1(vfmcri - vfmc)

. kg
1.00 <11 < 1.66 (?)

(8)

0.1 < X0 < 1.5 (M)

0.05 <w <0.08(m)

Evolutionary algorithms (EAs) are non-deterministic
(stochastic) methods that mimic evolutionary prifes, e.g.
natural selection and the survival of the fittast,constitute
their optimization strategy. They work with a sétsolutions
(population) instead of a single point as in triadial (classical)
methods and this gives an opportunity to attackomptex
‘f)'roblem (discontinuous, noisy, multi-modal, eta)different
directions allowing the algorithm to explore as vasd exploit
the search space. This capability gives an advarftaghaving
a more robust search strategy compared to tradition
mathematical programming algorithms. Since theyaibneed

When optimizing SCC flows by numerical simulation any gradient information, they are very suitable fack-box

within a reasonable time frame some compromiseardaty
grid and/or maximum number of iterations for thévers are
inevitable, if a super computer is not used. Irs thliudy the
maximum number of iterations are compromised, wiktile
number of grid point reflects the amount used whewery
accurate simulation is carried out. The maximum loemof
iterations is decreased from 9999 (normally usea@utior) to
100 and by doing so some accuracy is lost. Thexefois of
great importance to carry out a test case whereatiaracy
loss is measured between the simulations with itjie dnd low
maximum number of iterations. In this study an aacw loss
of approximately 1% was observed. However, thisuesy
loss should be weighed against the purpose ofitingation as
well as the decreased calculation time. So sinisesthidy is a
feasibility study and its primary target is to aapt trends
rather than full accuracy, it was chosen to actieptaccuracy
loss. In addition, it should be mentioned that thimice
decreased the calculation time from 4 hours to51+ours
depending on the mass rate used for the partisintaration.

I1l.  OPTIMIZATION METHODOLOGY

A. Optimization Algorithm

(e.g. commercial software) optimization applicasipas in this
specific case as well, i.e. coupling with Flow3D.

SOGA is a generic single objective genetic alganif{GA)
which uses binary encoding for the representatfdhedesign
variables. The initial population, represented aky strings
of different lengths for each design variable, @nposed of
randomly distributed solutions in the design spagée
algorithm is based on several genetic operatorsari
tournament selection, single-point crossover andfoxm
mutation. Moreover it is an elitist algorithm whiaeans that
the best solutions found so far are preserved tela@te
convergence towards true or near optimum whilé IstiVing
explorative search to avoid premature convergeiieary
tournament selection implemented in SOGA is compasfe
two tournaments in which every individual compeidyance
in each. The other genetic operators are implerdemtea
standard way [11]. SOGA has actually been conveirech
MNSGA-II (MATLAB implementation of NSGA-II [12] thiais
a similar replication of the original algorithm [}3vhich has
been successfully applied elsewhere [14]. Therefomn-
dominated sorting and crowding distance operatogether
with simulated binary crossover and polynomial rtiata

In this paper an evolutionary single objective giene operators (built for real coded GAs) have been rerdo
algorithm (SOGA) is applied to optimize the aggtega g Qptimization Procedure and Process Integration

distribution while casting with SCC in order to geuniform
distribution of aggregates, in mathematical terns ta
minimize the standard deviation of the volume f@attscalar
at the end of the process.

The optimization procedure (see Fig. 4), which udels a
process integration of the Flow3D software and the
optimization algorithm SOGA was handled by using
MATLAB. The optimization cycle was initiated by eng an
initial population of 20 randomly distributed set design
variables, i.e. the horizontal position and the sifthe inlet as
well as the mass rate. The total number of gemmaraitivas 10.
The probabilities for the single point crossoved anutation
operators were, 0.65 andy1{;: total string length). The
parametric input file for simulating the SCC flovasvexecuted
in batch mode. Integration of Flow3D and the optmtion
algorithm was done in MATLAB environment.
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Figure 4: Flowchart of the optimization problem

The design variables we¢ updated by the optimizatic
algorithm (i.e. SOGA) and were provided as an ifputthe
flow simulation. Then the volume fraction scalar éach
control volume was saved at the end of the simaatihe
standard deviation of the volume fraction was afteds
calculated by the optimization algorithm and used tiae
fitness of the design set to be minimized. Thismijzation
cycle ran until the stopping criterion, i.e. théatonumber of
generations, wi reache.

IV. RESULTS ANDDISCUSSIONS

The results obtained from the optimization study seen in
Fig. 5. The figure shows the generations as functb the
standard deviation (fitness) for the best individasad for the
average of all individuals.

Fig. 5 shows that the algorithm found an improveldtson
in the third generation and that the best soluti@s found in
the fifth generation. Furthermore, Fig. 5 showd tha casting
is carried out corresponding to the average of fingt
generation an improvement of approximately 11% ban
obtained. In addition, the optimization data shadwat if a
casting is carried with process parameters sinilahe worst

solution an improvement of approximately 20% can be

obtained.

Minimization of the Standard Deviation of the Volume Fraction Scalar
0.027 T T T T T T T T
: Average Fitness of the Population
Best Individual Fitness

00265 N\ i

Fitness

(11727 U ORI

0024 e

0.0235 i
1 2 3 4 5 ) 7 ) 9 10

Generations

Figure 5: Generations as function of the standaxdgadion for
best individual and average individuals.

The optimum process parameters obtained for theaklct
case were; a horizontal position of 0.88 m, antisiee of
0.074 m, and a mass rate of 1.66 kg/s. This ingctitat even
tough conflicting physical behavior takes place wivarying
the mass rate; the optimization clearly states tathighest
possible mass rate is preferable for the given lprob
Regarding the inlet size, the optimization datawshthat by
increasing the inlet size results in a better smhytif the same
horizontal position and mass rate is used. Howetee,
improvement is negligible as compared to the impnoent of
the solution when increasing the mass rate. Finalhe

optimization shows that a more homogenously aggeega

distribution is obtained when casting at 0.88 nc@®pared to
casting in the middle. In Fig 6, the volume frantis shown in
the last time step of the simulation for both thiroal solution
(now referred to as begg and for the simulation with the
optimum parameters for inlet size and mass ratewith a
horizontal inlet position in the middle of the beamow
referred to as beagaqe). Note, that the maximum contour limit
in Fig. 6 is 0.16 which corresponds to the homogeasevalue
in order to enhance the areas where aggregatésaigrated
from.

0.1249 0.1337 0.1424 0.1512 0.1600
05 -
0.0 |
0.0 3.0
05 -
0.0 |
00 06 12 18 24 30

Figure 6: Volume fractic of coarse aggrega: in the last ste|
for beang,; and beamgiqgie



The improvement by using begi as compared to

of 0.88 m. On the contrary if a small deviation nfrahe

beam,qae 1S approximately 3%, but this improvement is optimal process parameter changes the solutioicadht it is

difficult to detect in Fig. 6. However, Fig. 6 shewhe
important issue which is that beggg, obtains a zone where
the aggregates are immigrated from on both sidekeofnlet,

preferable to use a process parameter which is muimest.
The robustness issue is especially important iimigpation of
SCC castings, since it is a process carried ouhidoypans.

while bearg,; primarily obtains such zone on the side of theMeaning, that it is a human being which for instaholds the

inlet where the longest flow distance to the enthefmould is
present. This issue opens the discussion abobeiktandard
deviation is a satisfactory criterion to evaluake tcasting
process of the beam, e.g. it could be that the siz¢he

immigrated zone is equally or more important faz beam as
compared to the standard deviation of the voluraetifsn. In

such case, where conflicting objectives are presemulti-

objective optimization problem formulation and hena

relevant efficient algorithm would be of interest tse.

Nevertheless in this investigation the evaluat®rmarried out
based on the standard deviation of the volumeifractnd the
optimization showed that from that perspectivesipieferable
to have a flow distance of 0.88 m and 2.12 m aspeawed to
two flow distances of 1.5 m. In order to investey#itis further
it was chosen to carry out another optimization netibe inlets
horizontal position and the inlet size was variecthe same
interval as for the previous study, while the made now was
fixed to its maximum value of 1.66 kg/s. In Figthe standard
deviation is plotted for all the combinations cédéted in the
study. Note that 10 generation with 20 individuasagain
used.
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Figure 7: Standard deviation as function of horiabposition
and inlet size.

The new optimization data shows that it is possitd
obtain a solution which is slightly better than thee found in
the first optimization study. The new begnis approximately
4% better than beaqe The reason why this solution is not
found in the first optimization study is probablyedthe limited
number of individuals in the generations. This ¢adiés that if
an optimization study of a more industrial SCC icastis
carried out and it is not only trends which are obgective as
in this feasibility study, it would be necessaryus®e more than
20 individuals and 10 generations. This staten®eispecially
valid if more than three process parameters amstigated.

Fig. 7 illustrates a very important topic withintimpization
of SCC castings, which is that a robust solutionvésy
important. In Fig. 7 it is seen that the solutiares not change
critically if the horizontal position is 0.91 m 6t81 m instead

hose from where the SCC flows into the mould. Theees it is
of no interest to find an optimal solution whichrisned if the
hose is offset in the horizontal position by 0.9linstead of
0.88 m.

V. CONCLUSION

In this paper it was shown that evolutionary altjonis can
be a very useful tool for optimizing of casting gess
parameters for SCC. For the actual case, thiskitigsistudy
showed that within the considered interval of theeé
investigated process parameters, the most homogenou
aggregate distribution is obtained when using theimum
mass rate. In addition, the trend regarding the afzhe inlet is
that a small improvement of the solution is obtdirikit is
increased and the two other process parameterdixam
Finally, the study showed that if the position bétinlet is
fixed during the entire casting process, a more dgenous
aggregate distribution is obtained if its horizérgasition is
0.88 m from either end of the beam instead of érttiddle of
the beam.

The potential in optimization of SCC properties via
evolutionary algorithms is extensive; it could bensidered
used both as a design and a planning tool. Onbeofuture
challenges would be to investigate more procesanpeters (as
compared to 3 presented in this particular worlg, earying
the horizontal position of the inlet during the toag process
and the time spent at each of these horizontaltiposi
Another perspective would be to introduce an aoloi
objective which could be the minimization of theesiof the
region from where the particles are immigrated. iAgdecond
or third objective into the optimization problemdeneral can
provide a deeper understanding of the process wialeng
more criteria to evaluate each design, and moretngemwould
eventually serve for vital knowledge discovery. diiy it
should be mentioned that it would also be intengsfirst to
optimize the mechanical properties of the beam ifiezgrated
modeling approach in which a flow simulation, prtitig the
aggregate distribution, is coupled with a solid hatcs model
relating this distribution to local mechanical peojes) thus
leading to a desired aggregate distribution and tiee this as
the objective for the SCC casting optimization psxinstead
of having a homogenous distribution as objective.
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Chapter 1

Introduction

In this technical report it is described how to develop a two dimensional non-Newtonian
Computational Fluid Dynamics (CFD) solver for an incompressible fluid, such as Self
Compacting Concrete (SCC). The CFD solver is solving the mass conservation (continu-
ity) equation together with the momentum equations with the use of the Finite Volume
Method (FVM) and the staggered grid formulation.

The technical report is divided into three parts. The first part gives an overview of
the governing equations, while the second part describes the discretization of them. Fi-

nally, the third part presents the wall boundary condition.

The content of this technical report is based on [1], [2], and [3].






Chapter 2

Governing Equations

The flow of SCC is non-Newtonian and in order to describe this, one has to consider the
mass conservation equation also known as the continuity equation as well as the momen-
tum conservation equations. In the following three sections, these governing equations
are presented and processed in order to obtain the final equations for the velocities and
pressure, which are actually solved by the CFD-solver.

2.1 Mass Conservation

Conservation of mass means that the mass of a considered volume does not change in
time. Mathematically that can be written as:

d

7 p dQ=0 (2.1)

Where t is the time, € is the volume, and p is the density. Applying Reynolds Transport
Theorem on Eqn. (2.1) yields:

/{gj 8‘9 (puj)} dQ =0 (2.2)

Where z; is the spatial component vector, j is the notation denoting the direction, and u;
is the velocity vector. Equn. (2.2) is the integral form of the mass conservation. However,
the volume size is arbitrary, therefore, the law must also hold point wise in the fluid.
Consequently, this leads to the mass conservation on differential form:

dp

0
E‘FT(P uj) =0 (2.3)

Eqn. (2.3) can also be written as:

Op 0

o Ou;
ot dx;

e 0 (2.4)

L
In literature it is shown that SCC can be treated as an incompressible fluid, cf. [4] and
[5]. This assumption is also applied for this CFD solver, meaning that the density of the
fluid does not change in space and time. The assumption makes Eqn. (2.4) simplify into
the divergence of the velocities:

Guj

7 2.
o =0 (2.5)



Eqgn. (2.5) is used to obtain the equations for the velocities in section 2.2 by simplifying
the momentum conservation equations and it is also used when deriving an equation for
the pressure in section 2.3.

2.2 Momentum Conservation

Conservation of momentum states that the rate of change of fluid momentum must be
balanced by the total force applied to the fluid. The total force is the sum of the contribu-
tions from the pressure, the viscous stresses and the gravitational force. The momentum
conservation equations expresses a force equilibrium:

dt puz ds) = /Tijnj ds —l—/ S; dS) (2.6)
S Q

Where S is the surface, Tij is the stress tensor, and .S; is the gravitational force vector
(Si = 10,0, —pg]). The notation i denotes a scalar equation for each of the three dimen-
sions. The equations express conservation of momentum along each of the coordinate
directions. In order to obtain the momentum conservation equations on differential form,
the Reynolds Transport Theorem is applied on the left hand side of Eqn. (2.6), which

yields:
d(pu; 0 (o)
/ { <p: ) + —xj (puiuj)} d§) = /sz‘jnj s +/ Sid (2.7)

Furthermore, the divergence theorem is used to convert the stress term from a surface
integral into a volume integral:

9(pui) 9 . _ Tij
/Q{ 5 —i—axj(puzuj)} dQ = 895] dQ—i—/S dQ (2.8)

Finally, the same argument as in the previous section regarding the arbitrary volume is
used to transform the mass conservation equation from integral to differential form:

d(puy) 0 8Tw

[l S; 2.9
The stress tensor includes the pressure and the viscous stresses:
2 Ouy ou;  Ou;
T.. — 8 J 2.10
E <p+ 3" 02, ) e <8x] +axi> (2.10)

Where k = 1,2,3 and 0;; is the Kronecker delta function. Eqn. (2.10) simplifies into the
following when applying the statement that the divergence of the velocities is equal to
zero, see Eqn. (2.5):

ou;  Ou;
Tij = —pdij + p (6 ; + 8;vj> = —pdij + Tij (2.11)
Where the viscous stresses are:
8ui Ouj
i = 2.12
u(ﬁxﬁaxi) (2.12)
The momentum conservation equations can now be rewritten into:
aui 8(uzuj) ap asz
=—— Si 2.13
"ot TP o 0w, | oz; (2.13)

Eqgns. (2.13) form the equations which after the discretization process allow for the
velocities to be obtained.



2.3 Pressure Equation

As mentioned in the previous section the momentum equations are a set of three equations.
However, they involve four unknowns; three velocities (one for each dimension) and the
pressure. Therefore, it is of interest to find the pressure by another equation. The
pressure equation is found by taking the divergence of the momentum equations and
invoking continuity. Note that Eqn. (2.13) is divided by p and that all the terms are
moved to the left hand side.

0 (E)uz 8u,»uj . 187’@' + 1 ap 15) -0

— — - = 2.14
Ox; \ Ot Ox;j pOx; pOx; p (2.14)

By assuming that the velocities are continuous functions of time the spatial and temporal
derivatives can be interchanged to eliminate the time derivative terms using the statement
that the divergence of the velocities are equal to zero, cf. [2]. Eqn. (2.14) simplifies to
the following:

0 6uiuj 1 6737 1 6]0 1
—— - ——2 4 - —=5; ] =0. 2.1
ox; ( Ox;j p 0x; * p Ox; pS 0 (2.15)

After the discretization process of Eqn. (2.15) it is possible to find the pressure.






Chapter 3

Discretization

The discretization of the governing equations is carried out in two dimensions and it is
not shown for either an implicit or an explicit solver therefore only the discretization of
the time derivative term is shown with respect to time. The discretization carried out in
order to obtain the velocity equation is only illustrated for one direction.

3.1 Pressure Equation

Eqn. (2.15) is rearranged to:

0 1 8p o 0 _auiu]— }8717 1 )
Ox; (p 8@) Oz ( Oz, * p Ox; * pSZ> (3-1)

Integrating Eqn. (3.1) over the volume yields:

o0 (10p 0 ouu;  10m; 1
- dQ = ———L - 4 =G, )dD 3.2
fyom Gae) o= [om (FTt+ S+ 55) (2
Converting the volume integrals in Eqn. (3.2) to surface integrals:
“ 1 8]) > / N ( 8uin 1 aTij 1 >
n; | — ds = n; | — + - + =S5; | dS 3.3
/S <,0 ox; g Ox;j pOx; p (33)

The stencil used to discretize the pressure equation is shown in Fig. 3.1. The left column
and bottom row are ghost cells and therefore the discretization is carried out for p(33) in
order not to be effected by any pressure boundaries. Note that the pressure, density and
viscosities are obtained from the center of the control volumes which are represented by
parentheses on the figure.



U3 U392 133 U34
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@1) U9 22) a9 l{fg;g ( )"31-24

Figure 3.1: The stencil used for discretization of the pressure equation.

The pressure term is discretized as follows:

. [10p 10p|° 10p|"
A — P Ay 2P A 4
/sn (paxz-)ds pox|, y+p«9ys v (3:4)
where
1 e
2 D(3,4) — P(3,3) Ay — 2 P(3,3) — P(3,2) Ay

P3,4) T P(3,3) Ax P3,3) T P(32) Ax

;g;’ Az = (3.6)
2 P(3) “PB3) A 2 P(3.3) ~ P(23) 5

P@43) T P3,3) Ay P3,3) T P(2,3) Ay



The convection terms are discretized as follows (an upwind scheme is used):

ovv |"
~ oy SA:E (3.7)
(3.8)
(3.9)

dujuj Ouu | Ouw |° Ovu
(- ds = — T Ay — T Ay - D
/Sn<8xj> 8xwy 8ywy ox |,
where
duu | Uy —u3y  uy — ui
_Quul Uz T uzy Uy U3 ) A
ox |, =7 < Az Az Y
JOuvl"
Y |, -
_((wsatvss)uss  (vas +up)usy  ((vss +usp)usz (v +umJum )\ |
2Ay 2Ay 2Ay 2Ay Y
Avu |"
L) RN
oz |, v
_((uas +uss)vss  (waz +usp)vsy  ((uss + uzs)ves  (usz +us)vaa |\ \
2Ax 2Ax 2Ax 2Ax
_Owv nAg;:_ Vi3 — V3 V33— Ui Ax
y |, Ay Ay

(3.11)
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The diffusion terms are discretized as follows:

R 1 8 8ul 8uj .
oo ooy (55, + 522)) ) 5= 5

10 ou 10 ou Ov ¢
poz (“Zax> fw;a*y <“ (aﬁa)) Ay

w

10 ov Ou 10 ov
ar (0 (G ) )| o+ oy (25, )| &
where
10 ou\ |°

1 1 ( 5 _ o33 — U32>
0.5 ( (3 4) + p(3 3)) A M(BA) AZL‘ N(373) ASC

05(P(33 + @3

2)
% <“(a” ))
1

(3.14)
1 <M(3 3) T H(3,4) T 1(4,3) T 44 <U43 —Us3 | V34— U33>
0.5 (p(374) + ,0(373)) Ay 4 Ay Al‘
 33) T B T AE3) T A4 [(uss — u2s 4 oa U2
4 Ay Az
_< 1 1 <M(3,2) + H(3,3) T H(4,2) T H(4,3) <U42 I v32>
0.5 (ps,3) + P3.2)) AY 4 Ay Az
C RE2) T AE3) T Re2) T RAE3) (use —u2 | U3 — U2
4 Ay + Az Ay
10 av
- 3.15
p Oz ( ( )) (31
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< 1 1 (M(3,3) T H(3,4) T H(2,3) T H(2,4) <v24 — 23 | Uss — U23>
0.5 (,0(373) + p(273)) Ax 4 Ax Ay
O HE2) T E3) T HEe2) T Re3) (V23 — Uz | U2 — U2
4 Ax + Ay Av
10 81}
i Axr = 3.16
p Oy < 3y> (310

0.5 (pa3) + P(33)) Dy

1 1 <M 21}33 — V93 p 21)23 — v13> Ax
- ~ 33) 2 A T HE3)ET AT
0.5 (p(3.3) + Pr2,3)) Ay B Ay BT Ay

1 1 21)43 — Us3 27133 — V23
H(4,3) 7Ay H(3,3) 7Ay




The gravity term is discretized as follows:

1
/ﬁi <Sz> dS = gy
S p

3.2 Velocity Equations

n

Az (3.17)

S

Eqn. (2.13) is rearranged:

ou; O(ujuj) 10p 1071 1
S S ~S;. 1
ot Ox; p Ox; + p Ox;j + pS (3.18)

The stencil used for the discretization of the velocity equation is shown in Fig. 3.2. The
left column and bottom row are ghost cells and therefore the discretization is carried out
for uss in order not to be effected by any boundaries.

"z A1 "l 142 "f '43 "f '44

4,1) e (4,2) e (4.3) g (4
(4, )’U-41 (4, )u.4-_>_ (4_3)”“ (4_4),“_44

"’f ’31 "’f /32 'f '33 ‘f '34

(3,1) ome (3,2) o (3,3) e (3,4) e
Uusq D) 33 3y

"'t-‘m "‘t-‘zz '!‘39, ‘Ql

2.1 2,2 2.3 (2,4)
Q) -2 (25 e L

"'i 11 "'i 12 "'t 13 "‘l 14

(L1 oo (1,2) oo (1,3) oo (1.4) e
11 u12 w3 14

Figure 3.2: The stencil used for discretization of the velocity equations.

The discretization is only carried out in the u direction, which makes Eqns. (3.18) turn
into:

ou 0w O(w) 10p 10 ou 10 ou 0Ov

11



Integrating Eqn. (3.19) over the volume yields:

The time derivative term is discretized as follows:

ou t+ AL t

u —Uu
——dQ = 33 33ALA 3.21
o Ot Al 2y (3.21)

The convection terms are discretized as follows (an upwind scheme is used):

/Q (_ag)) 40 — /s” <_8gf)> 48 = —ult, Ay = —(u2y — ulp) Ay (3.22)

/Q (—85;;;’)> 0 = /Sn <—a(8“y“)> ds = (3.23)

Az = — ((U34 +v33)ugs  (va4 + 1123)1623) Au

2 2

The pressure term is discretized as follows:

18p> /A < 18p> 1
—~—1dQ= [ a(--]dS= — -plSAy= 3.24
/Q< pOx s pox P | 29

2
- P -D Ay
P(3.4) T P(3,3)( (3:4) )

The diffusion terms are discretized as follows:

10 ou 10 ou 1 ou\ |°
/Q<pax (N &U)) /Sn<p3:c (u 830)) S p(u 89:) Ay (3.25)
1 U34 — U33 U3z — U32
H(3,4) 22— — (3, 2>Ay
0.5 (p3,4) + P(3.3)) < GO Az BT Ax
10 ou Ov
- o O = 2
/gz(pé’y <M<3y+6w>>>d (3:20)
10 ou Ov
) [—— — 4+ — s =
/s (pay <M<3y 9 )))
1 ou Ov "
(e a)) | 2o
1 (,U(3,3) + H3.4) T H(4,3) T H(4,4) <U43 — U33 n Va4 — U33>
0.5 (p3.4) + P(3.3)) 4 Ay Az
M3 T IEa) T He3) 24 U3z —u23 | V24 — V23
1 Ay | Az A
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Chapter 4

Boundary Conditions

The boundary condition presented in this technical report is the wall boundary condition
(no slip).

4.1 Pressure

The pressure boundary condition can be expressed as:

P

aa—m =0, on a vertical wall (4.1)
P

% = 0, on a horizontal wall (4.2)
Y

In order to understand the implementation on discretized form e.g. consider the pressure
term in Eqn. (3.3). When integrating this term one obtains contributions from east, west,
south, and north as seen in Eqns. (3.5) and (3.6). However, now let’s assume that the
considered control volume lies at the left boundary. In that case the west contribution
would vanish and that may be implemented with a ghost cell e.g. p(32) = p33) in Eqn.
(3.5).

4.2 \Velocity

The wall condition is implemented by introducing zero velocity in both directions (2D) on
the boundary. The zero velocity in the normal direction is straight forwardly implemented.
The zero velocity in the tangential direction may also be implemented with a ghost cell,
cf. Fig 4.1 and Eqn. (4.3). In Fig. 4.1 the horizontal velocity inside the domain and in
the ghostcells are shown.

-1 = domain

> 111 <= ghostcells

Figure 4.1: Illustration of velocities in the domain and ghostcells.
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Realizing that the velocity in the midpoint between u; by us should be zero and expressing
u1 by us, then enables the tangential velocity to be implemented:

Ul = —Ug (4.3)

14
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Chapter 1

Abstract

Self-compacting concrete (SCC) is a common construction material of which applications
cover from classical house building to super structures (e.g. skyscrapers). SCC costs
less than conventional concrete in many application areas, such as beam or wall castings,
under the assumption of avoidance of heterogeneities during the casting process. This
technical report illustrates how the applied casting technique, i.e. scheduling of the inlets
(order and active durations of the inlets), for an SCC beam can be optimized in order
to increase the homogeneity of the aggregate distribution while maintaining a smooth
geometry of the casted beam at the end of the process. The optimization algorithm, i.e.
constrained single objective genetic algorithm (SOGA), is coupled with a two dimensional
computational fluid dynamics (CFD) model, which predicts the aggregate distribution.
The process parameters included in the optimization are the number of inlets which varies
from one to three and the filling duration of each of the inlets. In this case study the
optimization algorithm improved the casting technique with 20%.






Chapter 2

Introduction

Conventional concrete consists of cement, water, aggregates and possibly micro silica, fly
ash as well as different chemical agents as air and retarder. SCC consists of the same
ingredients, however a special form of super-plasticizer is also added to increase the fluid-
ity. The advantage of the higher fluidity is the cancellation of the vibration process, since
SCC fills out the formwork under its own weight. On the other hand, the disadvantage
is that the SCC gets more prone to dynamic segregation during the casting, which may
lead to a heterogeneous aggregate distribution and the worst case scenario; a decreased
load carrying capacity of the structural element. Lately, numerical models have been de-
veloped to predict the aggregate distribution in order to produce a tool for planning and
design of SCC castings. Estimation of particle paths based on numerical obtained flow
fields were illustrated in [1], while discrete particle paths inside a non-Newtonian fluid
were demonstrated in [2]. Another study showed how a CFD model coupled with a scalar
based particle evaluation could capture the main trends of the aggregate distribution in a
casting with an SCC like suspension fluid, see [3|. In addition, recently a slightly modified
version of the numerical model in [4] was found to be capable of capturing the aggregate
distribution in a real SCC casting of a beam.

In the present technical report the latter mentioned numerical model is coupled with
a single objective genetic algorithm, whose aim is to obtain the most uniform distribu-
tion of aggregates. This technical report is a case study illustrating how an optimization
algorithm can improve the homogeneity of the aggregate distribution by rescheduling the
casting technique. The study is a follow up to the feasibility study carried out in [5]
and the three primary differences between the two studies are the use of the modified
numerical model, the use of up to three inlets with varying filling durations instead of
one inlet, and also the addition of three constrains.

The technical report presents first the numerical method used to calculate the non-
Newtonian flow behaviour of the SCC and the flow induced migration of the aggregates.
Next, the optimization algorithm is described together with the constraint handling proce-
dure. Afterwards, the results of the optimization are presented together with a discussion
of the best casting technique obtained. Finally, the conclusion sums up the study and
describes future perspectives in this application field.






Chapter 3

Numerical Model

3.1 Theory and Governing Equations

Dealing with dynamic segregation in a suspension fluid like SCC is a multi physical
problem. The numerical model captures the highly non-linear phenomena by taking the
following three effects into account:

1. The global non-Newtonian flow of SCC.
2. The interaction between matrix' and the large aggregates.
3. The interaction between the aggregates.

The global non-Newtonian flow is captured by solving the continuity equation given in
Eqn. (3.1) together with the momentum equations given in Eqn. (3.2).

ap 0 B
a + 7013 (p’LL]) =0 (31)
d(pus;) 0 0T 4
5 + oz, (puju;) = Dz, +5; (3.2)

where p is the density of the SCC, u is the velocity vector, ¢ is the time, x is the spatial
components, j is the notation direction, T is the stress tensor which includes the pressure
and the viscous stresses, ¢ is the notation denoting a scalar equation for each of the three
dimensions, and S is the gravitational force. The bi-viscosity material model in Eqns.
(3.3) and (3.4) is used as constitutive law to solve Eqns. (3.1) and (3.2).

7 = iy for el < 40¢7 (3.3)
7_T'ef =10+ Mp;yT'Ef for ,'yref > %*ef (34)

Where 77¢f is reference shear stress, in 1S the initial viscosity, "y’"ef is the reference shear
rate, "ygef is the shifting reference shear rate between the two equations, 7y is the yield
stress, and f, is the plastic viscosity. In Eqns. (3.3) and (3.4) the shear rates and shear
stresses are described as reference shear rates and reference shear stresses, respectively,
because it is a material law which is valid for a multi-dimensional stress state. The CFD
solver couples to the material law based on the Von Mises yield criterion:

1

yref = 5 YisYis (3.5)

'"Matrix = cement paste and aggregates which are less than 11mm (in this case).




A sketch of the bi-viscosity model is shown in Fig. 3.1.

Tref

Hp
T0
Minit

,-)/ref

ol

Figure 3.1: The bi-viscosity material model.

The interaction between the matrix and the large aggregates is captured by solving a
settling velocity expression based on evaluating how gravity, buoyancy and Stokes drag
force affect a spherical particle (aggregate). The settling velocity V*® in Eqn. (3.6)
describes the relative velocity between the aggregate and the SCC.

_ dag(pa—pyp)
18tapp

Ve (3.6)
Where d, is the diameter of the aggregate, g is the gravity, p, is the density of the
aggregate, « is a parameter found to be equal to 1.45 in [4] (for this particularly SCC),
and fiqpp is the apparent viscosity. The apparent viscosity is the actual viscosity applied
in the CFD solver and it is expressed in Eqns. (3.7) and (3.8) for the bi-viscosity shown
in Eqns. (3.3) and (3.4). This connection between the global flow and the aggregates
forms the first of two momentum couplings between the SCC and the aggregates.

P = gy for 37 < 45! (3.7)
70 . .
pPr = Trer T for 47 > 45¢/ (3.8)

The second momentum coupling is carried out by the local aggregate volume fraction’s
effect on the rheological parameters. The yield stress and plastic viscosity’s dependency
of the local aggregate volume fraction is based on Chateau et al. [6] and Krieger et
al. [7], see Fig 3.2. The aggregate volume fraction considered to effect the rheological
parameters are the aggregates from 6 to 16 mm in [4], whose volume fraction corresponds
to 0.33 when homogeneous. The aggregates allowed to settle in the numerical simulations
though are only the aggregates from 11 to 16 mm and they have a volume fraction of
0.16. This change is made in order to decrease memory use and the calculation time of
the simulation. The simulated aggregates are modelled as spheres with a diameter of
14 mm.
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Figure 3.2: The bi-viscosity material model.

The other material properties used in this study are similar to the ones found in [4].
The bi-viscosity rheological parameters are a yield stress of 40 Pa and a plastic viscosity
of 100 Pas. The density of the SCC is 2346 kg/m3 and the density of the aggregates is
2712kg/m3.

The interaction between the aggregates is more qualitatively taken into account in this nu-
merical model. The considered aggregates are prevented from reaching a volume fraction
higher than the maximum volume fraction of 0.39.

3.2 Implementation of Model in Matlab

The global non-Newtonian flow of SCC is calculated by a CFD-solver developed in Matlab.
The CFD-solver uses the Finite Volume Method (FVM) to find the pressure and velocity
field on a staggered grid and the Volume Of Fluid (VOF) method to track the free surface.
The pressure and viscous stresses are calculated implicitly with a direct solver, while the
convective terms in the momentum equations and the free surface are updated explicitly.
The migration of the aggregates is captured by an advection and settling calculation. The
advection procedure is carried out by solving the transport equation in Eqn. (3.9).

% + V(ou;) =0 (3.9)
Where ¢ is the volume fraction of the aggregates. The settling calculation is performed
with the discretized equation in Eqn. (3.10), which is based on a mass conservation on
a finite volume grid. Note that Eqn. (3.10) is only valid for a two dimensional case on a
structured grid.
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Where F' is the volume of fluid, Az/Ay are the lengths of the control volume in each
direction, and k is the notation denoting the cell number in the vertical direction.



The optimization algorithm is applied on a casting of a 0.3m high and 3m long beam.
Due to computational speed the aggregate distribution in the beam casting is predicted
based on a two dimensional simulation, thus the reinforcement is assumed to be arranged
in such a way that it has negligible effect on the dynamic segregation pattern. The length
and height of each control volume is 0.02 m and the number of used control volumes varies
between 3000 and 3600 depending on the casting technique. The calculation time for each
simulation is approximately 1 hour. All the boundaries are modelled as walls with zero
velocity at the surface; however, since the mould is not closed in real life at the top, the
upper boundary does not come into play. The three inlets are placed at 0.5m, 1.5m, and
2.5m from the one end of the beam and the width of the inlets are 0.1 m each, see Fig.
3.3.

Width of the inlet
0.lm_v 4
%' : ; -4-0.34m
N | I | 1 1 1 1 1.
... I____I___\iVall I____I_ ______ I____l____ ;-0.26111

03m| JWall €—— (No-slip condition) =————>> Wall

Figure 3.3: Inlet position and boundary condition.

The process parameters varied in this optimization study are the sequence of which the
inlets are filling and their individual filling duration. The total filling duration is 28.8s
for all of the simulation and the mass rate is kept constant. Three constraints are taken
into account in order to find realistic and usable casting scenarios. The first constraint
is a limitation on the free surface height of the SCC, because the yield stress behavior
makes the free surface differ from a horizontal straight line. Consequentially, a casting
scenario could occur where SCC would flow beyond the edge of the mould in real life.
The overflow of the mould is not taken into account in the numerical model, but in order
to prevent such a scenario the simulation is terminated if the free surface of the SCC
reaches a height greater than 4 cm above the edge of the mould. The second constraint
is a limitation on the minimum height. A casting scenario where the minimum height of
the free surface at the end of the casting is less than 4 cm from the mould edge is also
prohibited. The third and final constraint is a minimum volume fraction limitation. The
volume fraction of the coarsest aggregates is not allowed to be less than 10% anywhere
at the end of the simulation.



Chapter 4

Optimization Methodology

4.1 Optimization Algorithm

In this technical report an evolutionary single objective genetic algorithm (SOGA) is ap-
plied to solve the constrained optimization problem given in the following. The objective
is to get a uniform distribution of aggregates which is subject to the constraints: (a)
the maximum height of the material that is poured into the mould (this is a dynamic
constraint and it is checked every time step of the casting simulation. The simulation
is stopped if it is violated and a flag is put to that particular design or individual to
state that it is an infeasible solution), (b) the minimum value for the volume fraction
should be higher than 0.10 (this is a static constraint), (c) the minimum height of the
material poured should be higher than 0.26 m as indicated in Fig. 3.3. In mathematical
terms, this optimization problem can be written as minimization of the standard devia-
tion of the volume fraction scalar (¢) at the end of the process, which is subjected to the
aforementioned process specific constraints, see Eqn. (4.1).

Minimize : ! > (¢—9)?
(ev) i=1
(¢:) > 0.10 (4.1)
subjected to : hpin > 0.26
himaz < 0.34

Genetic algorithms (GAs), as a popular class of nature inspired optimization algorithms,
are stochastic methods that mimic evolutionary principles, e.g. natural selection and
the survival of the fittest, to constitute their search procedure. As opposed to classical
algorithms (e.g. mathematical programming algorithms), they work with a set of solu-
tions (population) instead of a single point and this gives them a robust search capability
to explore a complex landscape (discontinuous, noisy, multi-modal, multi-funnel, etc.).
The combination of different operators adjust the weighting between exploration and ex-
ploitation of different parts of the search space. Since they do not need any gradient
information, they are very much suitable for black-box (e.g. commercial software) opti-
mization applications as well as implicit function evaluations where the dependence of the
response explored is not an explicit function of the design variables as in this particular
case presented [8].



SOGA is a generic constrained single objective genetic algorithm (GA) which uses bi-
nary encoding for the representation of the design variables. The initial population,
represented by binary strings of different lengths for each design variable, is composed
of randomly distributed solutions in the design space. The algorithm is based on several
genetic operators: constrained binary tournament selection [9], twopoint crossover and
uniform mutation. Moreover it is an elitist algorithm which means that the best solutions
found so far are preserved to accelerate convergence towards true or near optimum while
still having explorative search to avoid premature convergence. Elitism is implemented in
a way that both parent and children populations are combined to form a mixed population
(before selection) at the end of the reproduction operations and this gives an opportunity
to build the next generation from the best of the two populations. Constrained Binary
tournament selection implemented in SOGA is composed of two tournaments in which
every individual compete only once in each. The other genetic operators are implemented
in a standard way [9]. SOGA has actually been converted from mNSGA-II (MATLAB
implementation of NSGA-IT [10] that is a similar replication of the original algorithm [11])
which has been successfully applied elsewhere [12]|. Therefore, non-dominated sorting and
crowding distance operators together with simulated binary crossover and polynomial mu-
tation operators (built for real coded GAs) have been removed.

4.2 Optimization Procedure and Process Integration

The flowchart of the optimization procedure is shown in Fig. 4.1, which includes a process
integration of the 2-D CFD code developed in MATLAB and the optimization algorithm
SOGA which is also implemented in MATLAB. The optimization cycle was initiated by
creating an initial population of 10 randomly distributed set of design variables, i.e. the
number and order of the inlets as well as the filling duration for each (i.e. active ones).
The size of the population could be argued. This is because the computation time of
each function evaluation is approximately 1 hour using 12 cores (Intel Xeon CPU, 12
cores, X5690 @3.47 GHz), hence calculation cost is too high to use a larger population,
consequently getting a better solution as compared to the initial design is aimed to be
satisfactory. The total number of generations was 10. The probabilities for the single
point crossover and mutation operators were, 0.65 and 1/1i (li: total string length). The
number and the order of the inlets were represented with the floating values rounded
integers of 1 or 2 for the first bit, and the next bit (representing the next inlet) 2 or 1
correspondingly.
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Figure 4.1: Flowchart of the optimization problem.

As mentioned in the previous section, the maximum height constraint is checked at every
time step of the simulation and the simulation is stopped (indicating the design is infea-
sible and the total constraint violation is assigned an infinitely big number to make that
design disappear in the selection procedure) if the constraint is violated.

11






Chapter 5

Results and Discussions

The numerical results of a form filling with one inlet (i.e. middle) are illustrated in Fig.
5.1. The evolution of the casting process is shown at three different times.

Dar 7
0er 7
0.1

0.3
0.z
0.1

0.5 1 1.5 g 2.5

Figure 5.1: The evolution of the casting process.

The objective and constraint results obtained for the case shown in Fig. 5.1 are presented
in Tab. 5.1 together with results from simulations carried out using two and three inlets.
The simulation carried out with two inlets initiated the form filling with the middle inlet
and finalized with the left one. Each is active for 14.4 s. The simulation with three inlets
is also initiated with the middle inlet and finalized with the right inlet. Each of them is
filling for 9.6 s.

Model Std. dev. Min. Max. Min.

0] 0] Height Height
One Inlet 0.0156 0.1204 Ok 0.29
Two Inlets 0.0168 0.1216 Ok 0.28
Three Inlets 0.0154 0.1148 Ok 0.27

Table 5.1: Table with results from parameter study.

The brief parameter study shown in Tab. 5.1 clearly indicates the high non-linearity in-
volved in the process and therefore how difficult it is to predict the best casting technique,
e.g. one would expect that it is preferable to use two inlets as compared to one. However,
in this specific case the results show that the standard deviation is lower when using the
single inlet (the middle). In addition, the table shows that the standard deviation and
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minimum aggregate volume fraction are not fully correlated. In order to understand the
correlation between the standard deviation and the minimum volume fraction a multi
objective optimization study could be carried out in which the minimum volume fraction
constraint is converted to an objective on its own. However, in this study the single objec-
tive is kept and in Fig. 5.2 the results of this optimization analysis are shown. The figure
shows the standard deviation as a function of the generations for the best individual and
the average of all individuals. Note, that the infeasible solutions are not being taking into
account when finding the average value.

Minimization of the Fitness
001 8 T T T T T T T T
Best Individual Fitness
Average Fitness of the Population

0.017 4

0.016

0.015

Fitness

0.014

0.013

i i i i i

2 3 4 5 6 7 8 9 10
Generations

0.012 ! !
1

Figure 5.2: Generations as a function of the standard deviation for best individual
and average individuals.

Fig. 5.2 shows that the best solution improves five times within the ten generations and
ends up with the final result at the ninth generation. Most likely, it is possible to obtain
a better solution if the number of generations and individuals in each generations are
increase. However, in order to run the optimization study within a reasonable time, ten
generations and ten individuals are used in this study. The process parameters for the best
solution are; a casting initiation at the left inlet, followed by the middle inlet and finalizing
with the right inlet. The casting durations are 8.6s at the left inlet, 17.1s at the middle
inlet, and 3.1s at the right inlet. This casting scenario leads to a standard deviation
of 0.0123, a minimum volume fraction of 0.13, an acceptable maximum height, and a
minimum height of 0.28 m. The best casting scenario obtained improves the standard
deviation with 20% and the minimum volume fraction with 13% as compared to using
three inlets with the same filling duration, cf. Tab. 5.1. Another interesting observation
is that the best solution is obtained when the third (the right) inlet is almost inactive,
which is also a non-intuitively pattern.
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Chapter 6

Conclusion

In this technical report it was shown that a GA can be an excellent tool for improv-
ing the technique used when casting with SCC. In this specific case it was shown that
an improvement of 20% could be obtained by changing the sequence and filling dura-
tion of the inlets. Furthermore, the investigation showed that the standard deviation
and minimum volume fraction is not fully correlated and it could therefore be of interest
to carry out a multiple objective optimization study to understand the correlation further.

For future work it would be interesting to investigate how the best solution changes
depending on the height of the mould. However, as the height of the mould increases,
the calculation domain (i.e. therefore calculation time) increases as well. Hence, it would
be beneficial to apply a suitable metamodeling technique (e.g. Kriging, Artificial Neural
Network or Response Surface Modeling) to reduce the number of "real" function evalua-
tions. Another way to reduce the total computational time of the optimization study is
to parallelize the optimization algorithm, SOGA, by distributing the individuals of each
generation into a cluster of nodes.
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