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Abstract

With the advent of Self-Compacting Concrete (SCC) that flows freely, under the sole
influence of gravity, the wish for hassle-free and predictable castings even in complex
cases, spurged the simulation of concrete flow as a means to model and predict
concrete workability. To achieve complete and reliable form filling with smooth
surfaces of the concrete, the reinforced formwork geometry must be compatible with
the rheology of the fresh SCC. Predicting flow behavior in the formwork and linking
the required rheological parameters to flow tests performed on the site will ensure
an optimization of the casting process.

In this thesis, numerical simulation of concrete flow is investigated, using both dis-
crete as well as continuous approaches.

The discrete particle model here serves as a means to simulate details and phenomena
concerning aggregates modeled as individual objects. The here presented cases are
simulated with spherical particles. However, it is possible to make use of non-
spherical particles as well. Aggregate surface roughness, size and aspect ratio may
be modeles by particle friction, size and clumping several spheres into forming the
desired particle shape.

The continuous approach has been used to simulate large volumes of concrete. The
concrete is modeled as a homogeneous material, particular effects of aggregates,
such as blocking or segregation are not accounted for. Good correspondence was
achieved with a Bingham material model used to simulate concrete laboratory tests
(e.g. slump flow, L-box) and form filling. Flow of concrete in a particularly congested
section of a double-tee slab as well as two lifts of a multi-layered full scale wall casting
were simulated sucessfully.

A large scale quantitative analysis is performed rather smoothly with the continuous
approach. Smaller scale details and phenomena are better captured qualitatively
with the discrete particle approach. As computer speed and capacity constantly
evolves, simulation detail and sample volume will be allowed to increase.

A future merging of the homogeneous fluid model with the particle approach to form
particles in the fluid will feature the flow of concrete as the physical suspension that
it represents. One single ellipsoidal particle falling in a Newtonian fluid was studied
as a first step.

Key words: Self-Compacting Concrete, SCC, Fresh concrete flow, Numerical simu-
lation
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Sammanfattning

Med uppkomsten av självkompakterande betong (SKB) och dess möjligheter att
flyta ut under inverkan av endast gravitation uppstod ett behov av att kunna förut-
säga och kontrollera även mer komplicerade gjutningar. Numerisk simulering av
SKBs flöde kan kommma att utgöra ett kraftfullt verktyg för att optimera gjutpro-
cessen, ge möjlighet att förutsäga nödbvändig arbetbarhet och säkerställa kompati-
bilitet mellan den armerade formen och betongens reologi.

I föreliggande avhandling undersöks betongens flöde med både diskreta och kontin-
uumbaserade simuleringsmetoder.

Den diskreta partikelmodellen används för att simulera detaljer och fenomen hos
t.ex. ballast i betong. I de här presenterade simuleringarna används sfäriska par-
tiklar, men det är även möjligt att skapa ballastkorn av olika form. Ballastens
ytråhet och storlek kan modelleras med parametrar för friktion och storlek medan
sammanfogning av ett flertal partiklar kan ge ekvivalent form.

Den kontinuumbaserade ansatsen används för att simulera större flödesmängder.
Betongen modelleras som ett homogent material, eventuella effekter av ballastens
inverkan, till exempel blockering eller separation, ingår ej. God överensstämmelse
har uppnåtts med Binghams materialmodell som applicerats på några av SKBs
provningsmetoder (bl a flytsättmått och L-låda) liksom även för större gjutningar.
Formfyllnad av en hårt armerad sektion av ett STT-element, liksom två pumpade
betongleveranser till en hög vägg, har framgångsrikt simulerats.

En kvantitativ övergripande analys av betongflödet i formen kan göras med den
kontinuumbaserade ansatsen för att upptäcka zoner med eventuella svårigheter. En
högupplöst detaljstudie kompletterar sedan analysen på valda delar av och kring
dessa zoner för att fånga partikelfenomen kvalitativt med hjälv av den diskreta
modellen.

Då datorkapaciteten ökar kommer även större volymer med högre detaljrikedom att
kunna simuleras.

En framtida modell simulerar med stor sannolikhet partiklar i flöde, vilket till fullo
kan fånga betongens egenskaper som suspension. Som ett första steg på vägen har
en fallande ellipsoid i en newtonsk vätska simulerats.
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Chapter 1

Introduction

1.1 Background

Most certainly, Örjan Petersson was first to simulate SCC flow outside Japan, Pe-
tersson and Hakami (2001), Petersson (2003). This piece of work is a continuation
of his pioneer work. Simulation of SCC flow had preciously been conducted in Japan
in order to study blocking mechanisms, dynamic segregation and rheological param-
eters, also for shotcrete. Since the issue of blocking was to be studied thoroughly
when designing an SCC mix, simulation of SCC at CBI focused on blocking and
a discrete approach with the distinct element method was initialized. Slump flow,
J-ring and L-box were computed in order to study blocking and rheological param-
eters. As larger volumes are simulated, a continuous approach has been introduced
as a complement. It allows a larger picture to be modelled in order to find possible
form filling or blocking discrepancies, which can be further studied with a discrete
model for details.

1.1.1 Concrete

Concrete is one of our most common building materials, it consists of aggregates
binded by cement paste. The compressive strength of concrete is to a large extent
dependent on the water to cement ratio (w/c). Cement is a hydraulic binder, mean-
ing it hardens by a reaction with water to something that is not water soluble. The
smallest particles of the concrete paste are in the range of micrometers (or even
nanometers), the largest particles, the aggregates, are ranging several centimeters.
The types and proportions of the concrete constiuents not only influence concrete’s
hard properties, but also its fresh properties.

Historical Notes

The use of concrete or cementitious materials as building material is very old. In
ancient Egypt, mostly calcined impure gypsum was applied, whereas the Greeks and
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CHAPTER 1. INTRODUCTION

the Romans preferred calcined limestone, according to Neville (2000). As stated in
Bentur (2002), the oldest evidence of concrete is a concrete floor found in Yiftah El
actually dating back to the Galilee in Israel 7000 B.C. The strength of the material
has been tested to exceed 30 MPa, its microstructure is rather dense and it was
apparently manufactured from hydrated lime.

Later, sand and crushed stone, bricks or tiles were added. Since lime mortar does
not harden under water, the Romans mixed powdered lime and volcanic ash and
finely ground burnt clay tiles. Silica and alumina in the tiles and the ash combined
with the lime resulted in a binder that became known as pozzolanic cement. Its
name comes from the village Pozzuoli near Vesuvius, where the volcanic ash was
first found, Neville (2000).

The Romans also developed lightweight concrete by the use of pumice aggregates
obtained by crushing a porous volcanic rock. The Colloseum arches and the dome of
the Panthon where constructed with these materials. The art of making concretes
was essentially lost after the fall of the Roman Empire. The mixing of concrete
basically does not reemerge until the 17th and 18th century, Bentur (2002). Today,
concrete is the most widely used man-made material for housing, infrastructure and
civil engineering structures.

Computers and Simulation of Flow

From 1687 starting with the publication of Isaac Newton’s ’Principia’ until the
mid-1960s, fluid mechanics has relied on the two classical cases of pure experiment
and pure theory only. The synergistic combination of pioneering experiments and
theoretical analyses, often using simplified models of the flow, historically led to
many advances in the field of fluid mechanics. The first generation of computational
fluid dynamic solutions appeared during the 1950s and early 1960s, spurred by
the need to solve the high velocity, high-temperature re-entry body problem of an
intercontinental ballistic missile or of an atmospheric entry vehicle for orbital or
lunar return missions. Today, Computational Fluid Dynamics, CFD, supports and
complements both pure experiment and pure theory. With the advent of the high-
speed digital computer, numerical simulation of flow will remain a third dimension
in fluid dynamics, Wendt (1992).

Computer speed has been said to double every year, formally known as Moore’s law.
In 1965, Gordon Moore, co-founder of Intel, predicted the number of transistors per
square inch to double each year within a foreseeable future. This prediction has
slowed down a bit, with data density now doubling every 24 months. Most experts,
including Moore himself, expect this pace to hold for another two decades.

What is Self-Compacting Concrete, SCC

Self-Compacting Concrete, SCC, called Self-Consolidated Concrete in North Amer-
ica, is a concrete that is compacted solely under the influence of gravity. Its flow
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1.1. BACKGROUND

characteristics define the SCC workability, and just like there are different types and
families for conventional concrete, there are also many different kinds of SCC. Fresh
SCC may be described as a particle suspension, meaning particles distributed in a
liquid. The following three properties define the workability requirements for SCC:
(i) filling ability,
(ii) passing ability (ability to flow through confined openings without blocking) and
(iii) resistance to segregation
as can be found in Concrete Report No. 10(E) (2002).

History of SCC

In order to improve durability and reliability of concrete structures, and to enable
form filling even with complicated structural design details, Japanese researchers
came up with the concept of a new, self levelling concrete in the late 1980s. The
importace of the high deformability of the material, and the need for high segre-
gation resistance are two features that are amongst the most difficult to achieve,
since they are in general contradicting properties. By use of chemical admixtures,
a stable SCC prototype was developed in 1988. Ozawa, Maekawa and Okamura
called their newly invented concrete High Performance Concrete, to stress its high
filling capacity, Ozawa et al. (1992). SCC may save labor costs and injuries, it com-
pletely eliminates the consolidation noise of the vibration pokers and it may lead to
innovative construction systems. By 1996, SCC was being used for the anchorages
of Akashi-Kaikyo Bridge in Japan, the world’s longest suspension bridge. For this
particular task, an SCC with a maximum coarse aggregate size of 40 mm was devel-
oped and as much as 1900 m3 of concrete was placed in one single day, as described
by Okamura and Ozawa (1996). Construction time was shortened with a total of 6
months, 120 000 m3 SCC in all were cast.

The development of SCC in Sweden officially started in 1993 with a seminar at the
Swedish Cement and Concrete Research Institute, CBI, with contractors and pro-
ducers invited. A CBI mix-design model was developed and the first bridge entirely
cast with SCC was finished in January 1998, propably being the first outside Japan,
Billberg (1999). As of today, SCC is widely used and appreciated, especially for
tunnel linings of heavily reinforced structures, where conventional concrete would
not fill out the formwork. The precast industry has taken great advantage of the
possibilities given by casting with SCC. The hardened properties of SCC show evi-
dence of improved microstructure, this indicates an increase in density, strength and
durability, Skarendahl (2003).

1.1.2 Workability of Concrete

The concrete mix is designed to fit requirements in the hardened state: at the low-
est cost possible it has to satisfy standards with respect to surface, shape, strength,
durability, shrinkage and creep. There is not only a need for the constituents to
be of adequate quality and quantity, but also the concrete workability is of great
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CHAPTER 1. INTRODUCTION

importance. Workability may be defined as the amount of work necessary to achieve
full compaction, according to Neville (2000). The definition given in ACI (1994) is:
’that property of freshly mixed concrete or mortar which determines the ease and
homogeneity with which it can be mixed, placed, consolidated and finished’.
Qualitative words to describe concrete workability are e.g. concrete flowability,
compactability, stability, finishability, pumpability. These features may be quanti-
tatively measured in terms of consistency, mobility, vicsosity etc. As presented by
Tattersall and Banfill (1983), for any type of casting, it is always important to know
the minimum workability required to ensure:
(i) the concrete being satisfactory mixed and transported,
(ii) complete form filling, even in the presence of awkward sections and congested
reinforcement,
(iii) adequate compaction to expel excessive air voids and
(iv) good surface finish without honeycombing or numerous blowholes as well as the
capability of giving the concrete a nice finish.

1.1.3 Why Simulate the Flow of SCC

When SCC was first developed, the risk of blocking was a major concern and the need
to predict this risk emerged. Different models of blocking have been developed, were
simulation presents just one possible tool (see chapter 2.3 for a brief overview) to
model this phenomenon. By employment of a method based on distinct elements, it
is expected to model mixing, form filling and possible blocking problems. For larger
volumes, a continuous approach is to be used, to detect possible problem areas that
can be modeled in more detail. To take advantage of the full potential of SCC,
especially when planning complicated structures, simulation may serve as a tool in
the construction and formwork design as well as determining the desired rheological
parameters for the mix design of SCC.

1.2 Aim and Scope

Concrete has been numerically modelled homogeneoulsy using Computational Fluid
Dynamics, CFD, as well as heterogeneously, using the Distinct Element Method,
DEM. SCC test methods such as slump flow, J-ring and L-box have been simulated
with DEM with a user defined Bingham material model. Half scale as well as full
scale castings are modelled with CFD to get a broad picture of the form filling.

The original goal of the project has been to simulate full scale castings and to
develop tools to foresee possible problems related to incomplete form filling, such
as blocking and honeycombing. The computations are to be executed within a
reasonable amount of time (hours or maybe days, but not weeks). In order to
calibrate the models, simulated results are compared to laboratory tests.

Several attemps have been carried out to increase computer speed, e.g. paralliz-
ing computers, using new hardware and programming. Despite obvious progresses,
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1.3. LIMITATIONS

computer development has still not reached the point were full scale concreting can
be numerically simulated in detail. Consequently, the scope of this project has been
limited to the development of numerical models and to study a few important cases.
More accurate models including higher level of detail can be picked up in the future
as computer capacity increases.

Two types of modeling approaches for the simulation of flow are presented. The first
one is a particle model simulating the liquid phase between the particles with inter-
particle forces to mimic aggregates in a matrix. The second model is a homogeneous
approach with a flowing liquid obeying the laws of a Bingham material. Theory and
lab tests are compared with simulations. A full scale test is presented.

The long term goal is to break new grounds for an easy to use software system
that is accessible for the formwork designer, at the concrete plant as well as on the
building site, as an aiding tool for decisions on formwork design and concrete recipes
in terms of preventing blocking as well as a cross check to rheological parameters.

1.3 Limitations

The concrete considered for modelling is regarded as a Bingham material that does
not segregate.

The developed Bingham material model with mortar covered aggregates or mortar
only particles for DEM, models only spherical particles, which is a simplification of
reality. The homogeneous approach using CFD is a simplification as well.

Simulation of a connection between mix design and the rheology of concrete was not
done in this project.

As far as simulation of SCC test methods goes, they have been limited to the L-box,
J-ring and slump flow in order to calibrate the material models. Parts of full scale
castings have been simulated with CFD. A further bulk of full scale models can
be calibrated in the future. The particle model has not been employed for larger
volumes, computation time was found to be far too extensive.

5





Chapter 2

Theory

2.1 Mix Design

The mix design of coarse and fine aggregates in the concrete is important both for
the fresh and hardened concrete properties. Correct proportioning results in better
workability of the fresh concrete as well as increased durability for the hardened
concrete. About 1900 a Frenchman, Feret, was the first to state scientific princi-
ples for proportioning mortar. As can be read in Meininger (1982), he developed
relationships between the quantities of cement, air and water voids. In 1907, Fuller
and Thompson published their ’Laws of Proportioning Concrete’, including the well-
known ’Fuller Curve’ for aggregate grading of maximum density. Generally, a better
(but not necessarily denser) packing system of aggregates, is believed to result in a
concrete product of higher quality. Conventional concrete has a higher amount of
coarse aggregates than SCC. Included aggregates can be packed more densely, since
stiffness or ’jamming’ may be easily loosened up with a poker vibrator. If vibrating
too much, segregation of particles and water will occur. SCC is particularly sensi-
tive in that sense, since it is highly flowable. The paste and mortar content needs
to be higher for SCC, in order to keep aggregate particles apart to reduce friction
between them. Adequate packing and paste content will maximize workability as
well as durability.

Distance between Particles 

 
Figure 2.1: Particle paste layers
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CHAPTER 2. THEORY

Kennedy (1940) states that the consistency of concrete is related to two factors: the
consistency of the paste and the amount of excess paste between the particles (Fig-
ure 2.1). According to Andersen and Johansen (1993), an unsatisfactory gradation
of sand and coarse aggregate may lead to:
1. Segregation of the mortar from the coarse aggregates.
2. Bleeding of water below and around larger aggregates and on the surface of the
concrete.
3. Settling of aggregates, leaving paste on the top layer of the concrete.
4. Need of chemical admixtures in order to restore workability of the concrete.
5. Increased use of cement.
6. Insufficient air entrainment and air-void distribution.

For settling and segregation of aggregates to be avoided, the aggregates must be
sufficiently supported by the surrounding fluid. The buoyancy of the particle, FB,
and the particle flow resistance, FR must not exceed the particle weight, FW in order
to avoid settling. For a particle at rest in a fluid with yield stress, we get:

FR = πr2 · τ0

FB = ρf · g · (4/3)πr3

FW = ρs · g · (4/3)πr3

with r being the particle radius, ρf and ρs being the density of the fluid and the
solid particle respectively, g is the gravitational acceleration acting on the system.
The yield stress, τ0, defines the deformability of the surrounding fluid, in this case
the concrete, Wüstholz (2006). For a non-segregating SCC, the following criterion
is valid:

FW 6 FB + FR

This yields
ρs · g · (4/3)πr3 6 ρf · g · 4/3πr3 + πr2 · τ0

and results in
τ0 > (4/3)gr(ρs − ρf )

The risk of segregation decreases as τ0 holds a high value and as the density difference
between the particle and the surrounding fluid decreases. Since a high value of
τ0 results in less deformability, one should opt for as low (ρs − ρf ) as possible.
Micro particles floating in water that support small particles forming a mortar phase
holding even bigger aggregates. Obviously, an optimized grading of the aggregates
ensures proper workability.

Different optimization theories exist when deciding on grading curves for the con-
crete, there are packing theories, layer design procedures especially for SCC as well
as different blocking criteria.

8



2.1. MIX DESIGN

2.1.1 Mix Design of SCC

The original Japanese approach of mixing SCC, developed in the late 1980s, was
adapted in the 1990s by severeral countries in Europe, Sweden being one of them.

Constituents

Like any other concrete, SCC consists of cement, aggregates, sand and may hold
fly ash, silica fume, air entraining agents or other additives. To achieve the high
fluidity of the concrete, without causing segregation by adding water, so called super
plasticizers are employed. There are three generations of superplasticizers. The first
generation is Lignin based. The second generation is based on Melamine/Naphtalene
and the third generation plasticizers are polycarboxylates, Ljungkrantz et al. (1994).
Superplasticizers of the third generation are water soluble anionic polymers, that
are adsorbed onto cement particles. They decrease or suppress the interparticle
attraction and increase particle flow. An increased dosage leads to an increased flow
of the material. Superplasticizers work through a disperging mechanism or steric
hindrance. Steric hindrance is produced by water soluble polymers, attached to the
particle with one end, and elastically ’pushing off’ with their tail or mushroom like
end when approaching other particles.

For workability reasons, fine mineral, glass or slag powder is a common constituent
of SCC, called a filler. Fillers are traditionally defined as particles below the size of
0.125 mm, Ljungkrantz et al. (1994), however, nowadays fillers are defined as parti-
cles smaller than 0.063 mm, Swedish Standards Institute (2002). The filler is small
enough to fill the gaps between larger particles. According to Ozawa et al. (1992),
free water is stated to be one of the governing factors of the deformability and segre-
gation resistance of SCC. Free water is defined as the total water content subtracted
by the water retained by powder materials and sand respectively. The filler then
reduces the amount of free water and enhances stability of the mix (segregation
resistance). Segregation resistance may also be achieved by employing a viscosity
enhancing agent. The SCC mix is designed using filler, a viscosity enhancing agent
or a combination of both.

The Japanese Design Method

This mixing method is a cyclic feature optimization of the paste, mortar and last
the concrete phase. Powder is here defined as particles below 90 µm, sand is smaller
than 5 mm and the coarse aggregate is < 20 mm, Grünewald (2003), see Figure 2.2
for a flowchart of the optimization cycle.

According to Okamura and Ozawa (1994), the powder to water volume ratio is
to be kept equal to 1.0. Flow tests on paste show a linear relationship between the
flow and the volumetric w/p. The ratio at which the paste seizes to flow lies be-
tween 0.7 and 1.0, depending on powder grading, shape and reactivity. To be on the
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CHAPTER 2. THEORY

safe side, one could say, that powder confines an amount of water equivalent to its
own volume. Furthermore, the volume ratio of cement, sand and coarse aggregate
should be approximaterly 1:1.5:1.5, a further increase of the coarse aggregate would
give rise to problems related to blocking, which increases drastically if the densely
packed coarse aggregate volume exceeds 50% of the solid content. The volume of
particles larger than 90µm should be set to 40% of the total mortar volume.

Figure 2.2: Japanese Design Method, from Okamura and Ozawa (1994)

Trial mixing with slump flow and V-funnel tests determine the final w/p and the
dosage of superplasticizers. The amount of free water (total water volume subtracted
by the water confined by powder and sand) is proportional to the funnel velocity of
paste and mortar. As the free water increases, viscosity will decrease.

The CBI Mix Design Method

Similarly to the Japanese method, the mix design method developed at CBI sepa-
rates the optimization of the paste and the aggregates. A mimimum void volume
determined empirically from packing tests determines the minimum paste volume.
Based on work from Van Bui (1994) and Tangtermsirikul and Van Bui (1995), in
addition, a blocking criterion is introduced. Factors influencing blocking are iden-
tified as aggregate grading, clear spacing between rebars the the properties of the
liquid phase. Below shown in Figure 2.3, blocking is visualized for different gravel
to total aggregate ratios. The minimum void is plotted in the same graph, showing
different design criteria for crushed and naturally rounded gravel.
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Figure 2.3: Mix design model of blocking criterion and minimum void of aggregates,
x-axis showing the gravel to total aggregate ratio, Billberg (1999)

For heavily reinforced concrete structures, the blocking criterion will be the domi-
nant one when deciding on the mix. The mimimum volume of voids can be used to
determine the optimum gravel to total aggregate ratio.

2.1.2 Particle Shape

When considering the exessive paste required to make the concrete flowable, one
should take into account the shape of the particles. Coming from one and the same
quarry and passing the 16 mm sieve, the following aggregates are an example of
different shapes and sizes found. They may be elongated, crushed and flaky or
rounded. The aggregates shown in Figure 2.4 are natural aggregates delivered by
Jehanders, Bålsta, in Sweden:

 
 
 
 
 
 
 
 
 
  

Figure 2.4: Different shapes and sizes of aggregate passing the 16 mm sieve, origi-
nating from the same quarry

The textures vary from rough to smooth, the size can be approximately defined
using a ratio a:b:c of the thickness, hight and length of each aggregate (Figure 2.5).

11
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a b 

c

Figure 2.5: The ratio a:b:c may somewhat define the size of an aggregate

The aggregates shown in the photo (Figure 2.4) are of the following dimensions,
going from left to right always measuring the largest width, lentgh and hight (in
mm) 

15.2 : 19.7 : 31.9
16.5 : 20.2 : 26.1
14.0 : 16.1 : 41.4
12.3 : 14.3 : 43.0
14.2 : 17.8 : 21.2
10.1 : 16.0 : 29.8



Since the mesh of the sieve consists of squares, an extremely flaky particle mea-
suring a width of 22.6 mm could theoretically pass through, Figure 2.6.

 

[mm] 

16 
16

22.627

Figure 2.6: A particle will ’squeeze’ through the sieve opening with its best fit. A
flaky particle may well pass on the diagonal, resulting in aggregate slip-
ping through with a width larger than 16 mm. Elongated particles will
pass ’head first’, according to Fernlund et al. (2007)

In order to avoid interference with adjacent particles in case particles rotate during
concrete flow, according to theories by Lagerblad (2005), or in case of elongated
particles or fibres, the amount of excess paste should be adjusted, as visualized in
Figure 2.7.
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Particle Paste

Figure 2.7: The rotational volume of a particle needs to be considered when mixing
concrete. Excess paste will ensure that adjacent particles do not interfere
as shown by Westerholm (2006)

Particle size and shape to a large extent affect the mix design and workability of
the concrete. Both the relative viscosity as well as yield stress vary as the amount
of coarse aggregates (non-spherical with rougher texture) are varied, Geiker et al.
(2002)

2.2 Rheology

2.2.1 Rheological Model

As stated by Malkin (2006), rheology is the theory studying the properties of matter
determining its behaviour, its reaction to deformations and flow. Structure changes
of materials under the influece of applied forces result in deformations which can
be modeled as superpositions of viscous and elastic effects. It is useful to introduce
models into rheology. These are uni-dimensional models that correspond to rheo-
logical behaviour mathematically, see figure 2.14. They may consist of the following
analogies describing a material, here as mechanical models seen in Figure 2.8.

Spring Dashpot Slip

F F F

x v  

Figure 2.8: Diagrammatic representations of ideal rheological models, describing
elastic and plastic behaviour, as well as a slip function
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The spring function obeying Hooke’s Law gives the relation beween a force and a
deformation. As stated by Robert Hooke in 1678, ’The power of any spring is in the
same proportion with the tension thereof.’, Macosko (1994).
For a one-dimensional case we get: F = G · x
with F being the implied force, G the spring constant and x the extension/replacement
of the spring.

The dashpot, in a similar fashion, describes the relation between a force and the
velocity of the deformation, from Macosko (1994). Newton describes a viscous liquid
in ’Principia Mathematica’ by the following in 1687: ’The resistance which arises
from the lack of slipperiness originating in a fluid, other things being equal, is
proportional to the velocity by which the parts of the fluid are being separated from
each other.’ By ’resistance’ is meant the local stress and ’velocity by which the
parts of the fluid are being separated’ can be read as the velocity gradient or the
change of velocity. The proportionality between them is the viscosity, the ’lack of
slipperiness’. For a case of one dimension, this can be written as τ = ηγ̇.

The slip function simply keeps the magnitude of the force below a given threshold
value.

External forces acting upon a material may result in deformation, that can be either
elastic, as is the case of a spring (the deformation is completely recoverable when the
force is released) or plastic, as given by the dashpot, (deformation does not recover).

The shear flow of a Newton material such as water, honey or oil, may be visualized
as a dashpot, the stress being proportional to the shear rate, Figure 2.9:

Figure 2.9: A Newton material

The material moves according to the viscosity η of the dashpot. The stress to shear
rate ratio, the slope of the function, is the viscosity. The stopping criterion of the
flow for such a liquid is the surface tension.

Concrete and other concentrated suspensions are often modelled as a Bingham ma-
terial. It is a plastic material, showing little or no deformation up to a certain level
of stress. Above this yield stress, τ0, the material flows. These materials are called
viscoplastic or Bingham plastics after E.C. Bingham, who was the first to use this
description on paint in 1916, Macosko (1994). With τ and γ being the stress and
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shear of the material, respectively. We can now write:

τ = Gγ for τ < τ0

τ = τ0 + µγ̇ for τ ≥ τ0

The model can also be written as allowing no motion below the yield stress, which
is the form Bingham used in his original paper.

γ̇ = 0 for τ < τ0

τ = τ0 + µγ̇ for τ ≥ τ0

The yield stress defines the deformability of the concrete, which is one parameter
describing workability. As visualized by Roussel (2004), the shearing behaviour of a
Bingham material can be arranged by a dashpot, a spring and the slip function, see
Figure 2.10.

 
 
 
 
 
 

⋅γ

τ 

τ
 

⋅

0
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⋅γ
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τ 1 

 μ   pl 
 

⋅
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Figure 2.10: A Bingham material

The spring is very stiff (G = 106 for numerics), for the theoretical model, it is
infinately stiff. The threshold value of the slip function is at the level of the yield
stress. Once it ’breaks’, the material will move according to the (plastic) viscosity
of the dashpot. The slope of the function is the plastic viscosity. The stress to shear
rate ratio is called the apparent viscosity. The stopping criterion of the flow for such
a liquid is the yield stress.
Not used here but definately worth mentioning is the model of Hershel-Bulkley, also
used for concrete. Similar to the Bingham model, it describes the deformation of a
concentrated suspension, however, assuming non-linearity of the stress equation:

γ̇ = 0 for τ < τ0

τ = m+ µγ̇n for τ ≥ τ0

with m and n having to be determined experimentally.
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2.2.2 Prediction of Workability

So far, the apparent and the plastic viscosity was mentioned. As can be read in
Macosko (1994), Einstein studied the increase in viscosity adding to a Newtonian
fluid a perfect sphere, as discussed in his papers dating back to 1906 and 1911. For
an incrompressible Newtonian liquid subjected to creeping flow a density neutral
(ρf = ρs) particle increases viscosity by

η = ηf (1 + 2.5φ) (2.1)

This holds true for a sufficiently small particle volume fraction, φ, with no interaction
of particles. The value 2.5 accounts for particle shape characteristics, it is the so
called intrinsic viscosity [η] for spherical particles.
The relative viscosity ηr is defined as

ηr =
η

ηf

with subscript f being the fluid without particles. whereas the specific viscosity is

ηsp =
η − ηf
ηf

The intrinsic viscosity is written

[η] = lim
φ→0

ηsp
φ

Einstein’s equation, Equation 2.1 can now be rewritten as η = ηf (1 + [η]φ) or
ηsp = [η]φ. Also note that the particle radius does not affect the viscosity, as long as
the liquid volume is of an adequate amount. Analogously to the relative viscosity,
the relative yield stress can be defined as:

τ0,r =
τ0

τ0,f

In order to taylor both fresh and hardened concrete properties, a prediction of the
properties would be convenient before the actual mixing takes place. Prediction of
concrete workability is a useful tool for mix design of SCC. In the fresh state, it
is of particular interest to ensure good workability, eliminate the risk of blocking,
to ensure interaction of the concrete layers during casting and proper filling of the
formwork.

Years after Einstein’s definition of the relation for viscosities of dilute suspensions,
Mooney (1951) published a relation introducing a self crowding factor to account
for particle interactions of more concentrated suspensions. The crowding factor is
today commonly replaced by the maximum solid fraction:

φ

φmax
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Mooney’s relation is hence written

η = ηf · exp

 [η]φ

1−
φ

φmax

 (2.2)

Krieger and Dougherty’s relation states that, for any kind of particle shape, the
relation from Barnes et al. (1989)

η = ηf

(
1− φ

φmax

)−[η]·φmax

(2.3)

holds for concentrated suspensions. Particle asymmetry has a strong effect on the
intrinsic viscosity and maximum packing fraction, see Figure 2.11.

Figure 2.11: Different shaped particles at different levels of concentration in water
at a shear rate of 300 s−1,� spheres; � grains; • plates; ◦ rods; from
Clarke (1967)

From Barnes et al. (1989) empirical values for plates and rods are found:

plates: [η] = 3/10 · (axial ratio)

rods: [η] = 7/100 · (axial ratio)5/3

Both equation 2.2 and 2.3 reduce to Einstein’s equation for spherical particles in a
dilute suspension.
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Found in de Larrard (1999) originating from Ferraris and de Larrard (1998), a total of
78 mortars with and without superplasticizers were tested resulting in the following
relation for the plastic viscosity:

µpl = exp

[
26.75

(
φ

φmax
− 0.7448

)]

Stated by Oh et al. (1999), a relation for the relative plastic viscosity as well as
relative yield stress was established for SCC:

ηr = 0.0705Γ−1.69 + 1 τ0,r = 0.0525Γ−2.22 + 1

Hasholt et al. (2005) evaluated the work of Oh et al. (1999) and concluded, that after
accounting for the differences in rheometers used for paste, mortar and concrete, the
model did perform satisfactory using inverse calculations from concrete rheology
measurements.

2.3 Blocking

Is is necessary to distinguish between physical jamming of aggregates and blocking
of the concrete mix due to poor workability (incomplete form fillling).

Blocking may occur simply due to the fact that the aggregates are too large to pass
the obstruction. A high degree of coarse material may also lead to blocking. When
the coarse material is too high in relation to fine aggregates, jamming will occur
since the paste layer surrounding each particle will not be sufficiently thick. The
blocking is then visible as the forming of an arch between rebars or a narrow gap in
the formwork. This arch formed by several aggregates will block further aggregates
from passing.
Once blocking of aggregates can be ruled out as aggregate concentration and maxi-
mum aggregate size is under controll, the risk of incomplete form filling is governed
by Darcy’s Law, Thrane (2007):

Q =
k ·∆P
µ ·∆x

(2.4)

with Q being the flow rate of in this case the concrete, ∆P the pressure difference
before and after the ’filter’, which can be represented by the rebars , ∆x the thickness
of the filter and k its permeability. The flow rate Q decreases as more rebars are
to be passed (decreased k as permeability gets lower) and as the dynamic viscosity
µ increases. Blocking measured in the L-box may be due to eather blocking of
aggregates or blocking of the concrete mix due to high apparent viscosity.
There are several models to predict the possiblity of physical aggregate blocking,
a few of which are statistical simulations, analytical approaches or semi-empirical
methods.
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A so called aggregate blocking volume ratio is defined, nabi, which is plotted as a
function of the clear spacing c to particle equivalent diameter r, Daf ratio (as seen in
Figure 2.12). This blocking model developed by Van Bui (1994), in a quite efficient
way, simply takes into account the aggregate constitituents of the mix in relation to
the clear spacing.

Figure 2.12: Model of relative effect of aggregates on passing ability of SCC, Billberg
(1999)

The particle equivalent diameter is defined as:

Daf = Mi−1 + 3/4(Mi −Mi−1)

with M being the sieve dimension. The critical blocking volume shown above was
determined and recalculated from experiments, Billberg (1999), as well as experi-
ments on coarse aggregates performed by Van Bui (1994). The sum of all blocking
contributions from each fraction i, must be kept less than a value of 1: let (Va)i
denote the volume of aggregate of fraction i, and (Vb)i be the blocking volume of
this fraction, the risk of blocking is accumulated by each fraction according to:

n∑
i

(Va)i
(Vb)i

≤ 1

This semi-empirical model developed at CBI has the advantage of relating theory to
actual packing data of the particular aggregate used. Particular velocity or viscosity
of the concrete is not included in this model, it is a static way of determining
blocking.

Sometimes parameters related to concrete speed of flow are taken into account for
different blocking models, Thrane (2007), Noguchi et al. (1999). This type of ap-
proach is here defined as dynamic.
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There are also purely analytical (structural mechanics) models as for example given
by Bagi (2007), and different statistical models used for blocking prediction, Sonebi
et al. (2007) and Roussel et al. (2008).

Most importantly, granular jamming is a segregation of the mortar (that keeps on
flowing) and the aggregates (that by chance line up to form an arch in a congested
area). Concentration, maximum diameter, irregular shape and surface roughness
of the aggregate all contribute to an increased risk of blocking. Rheology and the
amount of paste as well as types of aggregates in the concrete all need to be com-
patible with the reinforced formwork geometry in order to avoid blocking.

2.4 Selected Analytical Solutions of Flow

Methods of simulation may be benchmarked in order to calibrate the model em-
ployed. One way of verifying the model is to compare it to an analytical solution.
Given flow without inertia effects, meaning viscous forces are dominant, the final
spread at flow stoppage is directly correlated to the yield stress of the material,
assuming that material density and volume are known.

Yield stress τ0 determines spread, whereas plastic viscosity µpl is a parameter related
to speed of flow. In this case, he slump flow diameter of the conventional flow test
for SCC with the Abram’s cone is considered. The diameter at flow stoppage SF is
chosen to verify the yield stress τ0 of the concrete according to Kokado et al. (1997),
and Roussel and Coussot (2005):

τ0 =
225ρgV 2

4π2(SF )5
(2.5)

with ρ being the density of the concrete, g the gravitational acceleration and V the
volume of concrete in the cone.

Another analytical case representing channel flow geometry is ppouring concrete
from a bucket into a prolonged type of L-box, removed of its column, which will
result in different spreads dependent on the yield stress τ0. Making use of the so
called LCPC-box with dimensions: height = 15 cm, width = 20 cm and length =
120 cm described and experimantally validated in Roussel (2007), 6 liters of concrete
are slowly poured (during 30 seconds) at one end of the box. Once the density and
final spread of the concrete are known, the yield stress can be determined, here
approximated for a 6 liter sample to be:

τ0 = c · ρ ·
(
l

l0

)
−2.767

with c = 2805.4 [m2/s2]
and l0 = 0.01 [m]

(2.6)

for 0.45 m ≤ l ≤ 1.20 m, where l is the final spread length in the box and ρ is the
material density [kg/m3].
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2.5 Numerical Methods

This section is restricted to the theory of the Distinct Element Method, and Compu-
tational Fluid Dynamics, CFD, which were employed to model mortar and concrete
flow by the author. For both types of numerical methods, it holds true that in the
system calculated,
i) energy is conserved,
ii) mass is conserved and
iii) Newton’s second law: F = m · a is applicable.
For an overall review of methods and research in the field of numerical simulation
of concrete flow, please see chapter 3 for a brief presentation of some previous work.

2.5.1 The Distinct Element Method, DEM

The Distinct Element Method, DEM, models the movement and interaction of par-
ticles. It allows displacements and rotations of discrete bodies, that may attach or
detach from each other. This method was originally developed as a tool to perform
research of the behaviour of granular material. A fundamental assumption of the
method is that the material consists of separate discrete particles (not necessarily
spherical). Forces acting on each individual particle are computed according to rel-
evant physical laws. Then, physics are added up to find the total force acting on
the particles. An integration method is employed to compute new particle positions
from applied forces according to Newton’s laws of motion. The new positions are
used to compute the forces for the next time-step, looping until the simulation ends.
The displacements and rotations of the particles are calculated according to the
following governing equation

Fi = m(ẍi − gi) Mi = Ḣi

where Mi is the resultant moment acting on the particle and Ḣi is the the angular
momentum, comprised by the moment of inertia and the angular acceleration and
velocity of the particle. The translational motion of the center of mass of each
particle is described in terms of position xi, velocity ẋi and acceleration ẍi; the
rotational motion of each particle is described in terms of its angular velocity ωi
and its angular acceleration ω̇. These equations of motion are integrated using a
centered finite difference procedure. Velocities and angles are calculated halfway
through the time step at t ± ∆t/2, ∆ being the size of the step. Displacements,
accelerations, angular velocities, forces and moments are computed at the primary
intervals of t±∆t. The accelerations are calculated as

ẍ
(t)
i =

1

∆t
(ẋ

(t+∆t/2)
i − ẋ(t−∆t/2)

i )

ω̇
(t)
i =

1

∆t
(ω

(t+∆t/2)
i − ω(t−∆t/2)

i )
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Inserting the above expressions into the governing equations for particle displace-
ments and rotation we get:

ẋ
(t+∆t/2)
i = ẋ

(t−∆t/2)
i +

(
F

(t)
i

m
+ gi

)
·∆t

ω
(t+∆t/2)
i = ω

(t−∆t/2)
i +

(
M

(t)
i

I

)
·∆t

Finally the obtained velocities are updated according to:

x
(t+∆t)
i = x

(t)
i + ẋ

(t+∆t/2)
i ∆t

The Distinct Element Method is quite processor intense with long computer hours.
Another limit of the method is the number of particles used in the computation.
An alternative to calculating forces and movements on all the particles individually,
could be to calculate an average force on several particles and treat the material as
a continuum. Forces on a molecular level between particles that could be simulated
are for example the Coulomb force, Pauli repulsion and van der Waal’s force. In
macroscopic simulations, the following forces may be simulated: gravity, damped or
hard particle interactions, friction, cohesion and adhesion. The computational cost
increases as the particle-particle interaction is made more complex.

2.5.2 Computational Fluid Dynamics, CFD

Historically, fluid mechanics has relied on pure experiment or pure theory since
the publication of Sir Isaac Newton’s ’Principia’ in 1687. Today, since the 1950’s
and 60’s, Computational Fluid Dynamics, CFD, supports and complements both
experiment and theory, Wendt (1992). With the advent of the high-speed digital
computer and its constant evolving in speed and efficiency, numerical simulation of
flow is here to remain as the third dimension of fluid dynamics.

In fluid mechanics, usually the Reynold’s number (Re) is used to characterize the
type of flow. Flow may be creeping flow around e.g. a spherical object (Re << 1),
it may be laminar, transient or turbulent. The Reynold’s number must be equal for
two cases with the same dynamic similarity in which viscous effects are important,
Kundu and Cohen (2004), as is the case for SCC flow. The Reynold’s number is
defined as:

Re =
U · l
ν

where U is the characterstic velocity, ν is the kinematic viscosity and l is the char-
acterstic length.

Further, for incompressible fluids (such as concrete), as are liquids in general, with
fluid velocity vector denoted u:

∇ · u = 0
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the (tensorial formulation of) Navier-Stokes equation for viscous flow reduces to

ρ
Du

Dt
= −∇p+ ρg + µ∇2u

where pressure is denoted p. Navier-Stokes historically referred only to the govern-
ing momentum equations, but has today expanded to the meaning of the complete
system of governing equations: continuity, energy and momentum Wendt (1992).
To date, there is no general closed-form solution to the coupled system of govern-
ing equations. The non-linear Partial Differential Equations (PDEs) are very hard
to solve analytically, Wendt (1992). The PDEs may be discretized using several
methods, the Finite Volume technique and Finite Element Method being two of
them.

Finite Volumes

The Finite Volume technique presents and evaluates Partial Diffential Equations,
PDEs, as algebraic statements. PDEs are associated with problems involving func-
tions of several variables, such as fluid flow and elasticity. The values to be obtained
are calculated on a meshed geometry. Finite volume refers to a control volume rep-
resenting a reasonably large, finite region of the flow. The fundamental physical
principles are applied to the fluid inside the control volume, Wendt (1992). In this
piece of work, Volume of Fluid, VOF, method is employed as the interface tracking
method for a multiphase model. VOF (Hirt and Nichols (1981)) tracks the interface
using a phase indicator marker γ such that in a control volume, γ = 0 only phase
one is represented and γ = 1 only phase two is represented. 0 < γ < 1 represents
an interface in the control volume. The scalar γ is the volume fraction moving, the
fluid properties vary in space according to the volume fraction of each phase:

ρ = ρ1γ + ρ2(1− γ)

µ = µ1γ + µ2(1− γ)

Every cell holding a γ value carries a marker, such as a distinct color.

Finite Elements

The Finite Element Method, FEM, originated from the need for solving complex
elasticity and structural analysis problems in civil and aeronautical engineering.
The method is a numerical procedure for analyzing structures and continua. FE
procedures are used to analyze problems of stress analysis, but also of heat transfer,
fluid flow, lubrication, electric and magnetic fields etc. In FEM, a continuous domain
is discretized into a set of discrete sub-domains called elements, Cook et al. (1989).
FEM is a good choice for solving PDEs over complex domains.
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Chapter 3

Previous Work in the Field of
Concrete Simulation

Computer-aided simulations of cementitious material flow may complement experi-
ments and predictions in cases too complex to be covered by analytical solutions.

To the author’s knowledge, Tanigawa and coworkers in Japan were first to simulate
the slump of concrete as well as other concrete flow problems with their developed
finite element program in the 1980s, Tanigawa and Mori (1986). Viscoplastic Fi-
nite Element Method (VFEM) modelling a homogeneous continuum by Tanigawa
et al. (1989) and Viscoplastic Suspension Element Method (VSEM) modeling a non-
continuum by Odaka et al. (1993) were applied. The Bingham model for flow was
incorporated as a material model. In their work, it was found that for the same yield
value, the slumping velocity is inversely proportional to the plastic viscosity. They
also observed that the rate at which the slump cone was lifted had an effect on the
evolution of the slump, but little effect on the value of the final slump, Christensen
(1991). Christensen (1991) was able to enhance their slump flow simulation material
model using finite elements and the software FIDAP.

Also in Japan, distinct element simulation with separate particles was employed
for visualization of SCC (including shotcrete) by Noor and Uomoto (1999), Puri
and Uomoto (1999) as well as by researchers Chu and Machida. A so called Modi-
fied Distinct Element Method (MDEM) was developed, treating concrete as a two
phased material with mortar functioning as an outer binding layer and coarse ag-
gregate functioning as the kernel part of the spherical element, Chu and Machida
(1998). Team Chu and Machida (1996) simulated O75-funnel test with software
PFC, showing the build-up of granular arches (blocking) in the funnel during flow.
The dragging ball viscometer was simulated to obtain viscosity and yield stress pa-
rameters, Chu et al. (1997). Uomoto and colleagues employing software PFC2D,
later PFC3D, used two different types of elements to represent the aggregates and
the mortar phase separately. The mortar phase particles are given a so called equiva-
lent density, most likely balancing the total concrete density including voids between
particles so that the simulated concrete density becomes equal to the density of real
concrete. Packing of the particles into e.g. a V-funnel is usually done through filling
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the container by ’pouring’ the particles under the influence of gravity.

Similarly with the same software (PFC), a distinct element approach with both
spherical and non-sperical particles was used by Petersson at the Swedish Cement
and Concrete Research Institute (CBI). Separate mortar and aggregate particles of
different shapes and sizes and carrying different numerical features were chosen to
represent the concrete. L-box, J-ring and slump flow were simulated, Petersson and
Hakami (2001) and Petersson (2003), with blocking as well as non-blocking set-ups.

A different approach was taken by Martys at The National Institute of Standards
and Technology (NIST), visualizing fluid and clusters of molecules of fresh con-
crete with Dissipative Particle Dynamics (DPD) Martys and Ferraris (2002). The
method includes molecular dynamics with mesoscopic particles and was success-
fully validated for Couette flow (shear between two planes) and the no-slip Poiseille
flow (flow in a pipe). Interactions between particles conserve mass and momentum
and can be tailored to produce a hydrodynamic behavior, which is consistent with
Navier-Stokes equations. Effects of different particle shapes and size distributions
were studied. For spherical particles, blocking will not occur once the maximum
particle diameter is less than 1/5 of the bar spacing, Martys (2005).

Fresh concrete flow in the viscometer has been studied in detail by J. Wallevik
using a conglomeration and deconglomeration algorithm, Hattori and Izumi (1990),
to model viscoplastic fluid, also by introducing a continuum particle that holds
a collection of particles in matrix. The thixotropic behavior of the mortar phase
is related to coagulation, dispersion and re-coagulation of particles. The original
Hattori-Izumi theory was modified to include for example yield stress, Wallevik
(2003).

More recently, even larger volumes of concrete are simulated, such as a full-scale
SCC wall casting using the Galerkin Finite Element formulation of the Navier-
Stokes equations by Thrane (2007). Test methods and full scale castings of walls
with and without reinforcement were simulated with the software FIDAP. Patterns
of simulated particle paths were used to show concrete flow.

At Aachen University, Modigell, Vasilic, Brameshuber and Uebachs modelled con-
crete in the L-box as a two-phase suspension: continuous liquid matrix and a dis-
perse, solid phase. In the momentum equation, the interaction between solid and
liquid phase is modeled by Darcy’s law, Modigell et al. (2007).

The Disitinct Element Method (DEM) with its possible bonded particle approach
is used by Shyshko and Mechtcherine to model fresh concrete that transients into
its hardened state, Shyshko and Mechtcherine (2006). Slump flow with and without
fibers have been modeled in PFC2D, a clear alignment of the fibers can be seen for
extruded fiber reinforced concrete, Mechtcherine and Shyshko (2008).

A finite element method with Lagrangian integration points (FEMLIP) was used by
Dufour and Pijaudier-Cabot (2005). The method actually allows the simulation of a
heterogenous material made of mortar and aggregate, Roussel et al. (2007). Laure,
Silva, Coupez and Toussaint are introducing equations of Jeffrey’s orbits, Jeffrey
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(1922), to govern fiber orientation in the flowing concrete, Laure et al. (2007).

Numerical simulation may be verified by either experimental values or analytical
solutions. An analytical solution to obtain a yield stress value for concrete from
slump flow diameter at flow stoppage was presented by Kokado, Hosoda, Miyagawa
and Fuji, Kokado et al. (1997). The slump flow was simulated as well, Kokado et al.
(2000). The analytical solution for yield stress and slump flow was also presented
by Roussel and Coussot (2005). Roussel has also linked yield stress to spread length
using a channel flow equation and testing the concrete in a long and narrow so called
LCPC-box, Roussel (2007).
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Chapter 4

Experimental Study

4.1 Laboratory

In the fresh concrete laboratory, the following methods were used to determine
workability of paste, mortar and concrete: Camflow, ConTec-4, slump flow with
Abram’s cone, J-ring, L-box, LCPC-box and Thixometer. They are briefly
described in the following paragraphs.

 

Figure 4.1: Camflow equipment with Haegermann cone used for slump flow measure-
ments, from Gram and Piiparinen (2005)
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The so called Camflow (Figure 4.1) registers (Haegermann) cone slump flow spread
versus time and stores the information in a computer for detailed evaluation. This
equipment was used for paste and mortar as well as for High Performance Concrete,
HPC with all aggregates smaller than 2 mm. An example of Camflow results com-
pared to simulation are found in article II. Details on the Camflow can be found in
Cementa Research (2004).

Concrete rheology was measured with a ConTec-4 SCC, ConTec viscometers, Fig-
ure 4.2, and evaluated according to the Bingham model.

 

Figure 4.2: ConTec-4 SCC viscometer used for rheological evaluation of Bingham
parameters

The particular velocity profile of the outer cylinder for the shearing sequence used
during measurements are thouroughy described by e.g. Westerholm (2006). The fol-
lowing SCC test methods were performed, videotaped and simulated, a more precise
precedure of the methods is described by the European Committee for Standardiza-
tion (November 2007).
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Slump flow test with the Abram’s cone:

 

300 mm 

100 mm 

200 mm 

Figure 4.3: The Abram’s cone is placed on a levelled metal base-plate

The filled Abram’s cone is lifted to let the concrete spread under the influence of
gravity. Speed of flow was recorded, as well as the final slump flow diameter.

J-ring
For blocking tests, the J-ring (φ = 300 mm) may be placed outside the Abram’s
cone before lift, in order to measure how well the concrete passes rebars. 18 mm
thick rebars are symmetrically placed on the ring (their number can be 16, 18 or
even 22), the height of the concrete is measured before and after the rebars, speed
of flow as well as final slump flow diameter was recorded.

The L-box was tested and simulated without rebars (Figure 4.4). A moveable gate
divides the vertical column and the horizontal section. After filling the vertical
section with concrete (height = 600 mm, width = 200 mm, depth = 100 mm) the
gate is opened for the concrete to flow into the horizontal section. The flow is
generated by the static weight of the fresh concrete in the column. Flow speed was
recorded and simulated.
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100 mm 

600 mm 

200 mm 

700 mm 

Figure 4.4: A hardwood L-box in the lab with its three removeable rebars mounted

The reader may also refer to for example De Schutter et al. (2008) for more details
on the SCC test methods.

The LCPC-box with dimensions height = 150 mm, width = 200 mm and length
= 1200 mm described and experimentally validated by Roussel (2007), 6 liters of
concrete are slowly poured (during 30 seconds) at one end of the box. Once the
density and final spread of the concrete are known, the yield stress can be determined
according to Equation 2.6, see Figure 4.5.

 

Figure 4.5: Hardwood LCPC-box with a convenient transparent front

The reader is referred to Roussel (2007) for more information on the LCPC-box.
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The Thixometer used for article IV consists of a box-like container 300 x 300 x 300
[mm] equipped with a four bladed vane (diameter = 100 mm and height = 100 mm),
Concrete Report No. 10(E) (2002). A mathematical statement for the correlation of
maximum torque Tm and yield stress is set to be a linear relation between maximum
torque and yield stress according to:

τ0 = a Tm + b

with a = 53.96 [m−3]
and b = 18.3 [Pa]

(4.1)

and calibrated for the particular thixometer setup employed, constant a relating
geometrically (for vane diameter = 100 mm and height = 100 mm) and b serving
as the ’mechanical’ constant. Slump flow measurements on the building site (and
the thereof obtained yield stress according to Equation 2.5) are correlated to the
maximum torque according to Figure 4.6.

 
 
 
 
 
 
 
 
 
 

Thixometer
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Figure 4.6: Calibration of the Thixometer

Zero yield stress could have been expected once Tm measurement is not recording
a value, just as is the case for shear stress to torque measurements on hardened
concrete, Silfwerbrand (2003). However, with as low values as for fresh concrete, a
certain mechanical friction in the apparatus must be accounted for, an intercept is
added to τ0.
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4.2 Simulation

4.2.1 PFC

PFC3D by Itasca Consulting Group, Inc. (https://www.itascacg.com), models
movement and interaction of spherical particles by the Distinct Element Method. It
is designed to be an efficient tool to model complicated problems in solid mechan-
ics and granular flow. Particles may attach to one another through bonds (hard
or soft). Particles may also be clumped together, forming unbreakable so called
super-particles to form arbitrary shapes as shown in Figure 4.7.

 

Figure 4.7: Forming so called super-particles with unbreakable bonds to the left,
regular particle bonds can break once stress/strain exceeds their strength,
to the right

A special COMMAND language embedded in so called PFC FISH functions is used
to generate particles, walls, initiate velocities, define bonds, etc. For the specific
Bingham model used here, a User Defined Model (UDM) was implemented. While
the original code of the software remains opaque, the user may access C++ pointers
to modifiable PFC functions for friction, bonds, contact forces and velocities as well
as particle positions. This allows the creation of e.g. packing algorithms and contact
models.

In order to obtain an adequately loose packing, the particles are generated at random
positions within a predefined area. Under the influence of gravity, the particles can
be guided to their container through a funnel or similar, Petersson and Hakami
(2001). In case of a sample with monosized spheres, careful packing could result in
crystallization of the particle collection, giving a structure that will not flow. Best
results are obtained with different particle sizes, the size should differ at least
±25 %.

No straightforward connection between the rheological parameters of the modeled
material and the inter particle forces was found. Some correlation between values
of the slip function and the dashpot could be observed. Most of the material char-
acterstics is determined by the shape of the non-linear spring function governing
particle to particle contacts in the normal direction, presented in articles I and II
(Figure 4.8).
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4.2. SIMULATION

 

Figure 4.8: Non-linear spring function governing particle to particle interaction in
the normal direction

A steeper slope of the spring constant (higher inter-particle forces) results in a
smaller slump flow.

A qualitative analysis of the simulated slump seen in Figure 4.9 gives at hand that
the particle distribution seems equal to the particle distribution of slumps seen in
the lab.

 
 
 
 
 
 
 
 
 
 
 

Figure 4.9: Final spread of slump flow simulation, top view
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4.2.2 OpenFOAM

The OpenFOAM (Field Operation And Manipulation) code is an object-oriented
numerical simulation toolkit for continuum mechanics written in C++, released by
OpenCFD Ltd and available for free (https://www.opencfd.co.uk). It is a large CFD
library with different types of solvers running on Linux or Unix Operating Systems.
This finite volume solver with polyhedral mesh support calculates the mass and
momentum equations in their discretized form, which guarantees the conservation
of fluxes through the control volume. The code is transparent and may be altered
and enhanced with add-ons by the user.

The fluid simulated represents a homogeneous material, in this case the concrete.
Effects of particles in the concrete are not accounted for here.

The concrete is assumed to behave as a Bingham material during shear. To fit the
Navier-Stokes equations, the apparent viscosity η is written as:

η =
τ0

γ̇
+ µpl (4.2)

The speed of flow is governed by the plastic viscosity µpl, whereas the shape of
the material at flow stoppage is determined by the yield stress τ0, given that iner-
tia effects can be neglected for the flow. As defined in most rheology books, e.g.
Goldstein (1996), the shear rate is

γ̇ =
√

2D : D (4.3)

with D being the tensor of rate of deformation:

D =
1

2
(L+ LT ) (4.4)

In this case, L represents the velocity gradient tensor of the flowing material. Equa-
tions (4.2), (4.3) and (4.4) define the incompressible non-Newtonian viscosity model
for the simulations of laminar flow.

The material model is verified and compared to analytical solutions (according to
Equation 2.5 and Equation 2.6) for both the slump flow and the LCPC-box for two
different levels of yield stress as seen in Figure 4.10.
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Figure 4.10: Material model calibrated for two different geometries [cm]: the slump
flow (radius vs height) and the LCPC box (length vs height)

At flow stoppage the numerical model and the analytical solution differ no more
than 3 %, as described in articles III and IV.

Solver for Two-Phase Flow

Similar to the filling process with PFC3D, the concrete may be filled from the top
(Figure 4.11), just as in real life. OpenFOAM solvers are always 3D. A 2D case can
be created employing empty boundaries. The solver used for ’free surface flow’ of
concrete called interFoam is specifically tailored for incompressible (liquid) interface
tracking of laminar fluid flow. The VOF method described in section 2.5.2 is actually
not a free surface method, but a two fluid approach.

The standard finite volume discretization selected is Gaussian integration with a lin-
ear upwind interpolation scheme. A so called PISO (Pressure Implicit with Splitting
Operators) algorithm is employed for the calculations. It is based on the assumption
that the momentum discretization may be safely frozen through a series of pressure
correctors, which is true only at small time-steps. For this reason, this algorithm
is sensitive to mesh quality. To ensure convergence of certain PDEs used by Open-
FOAM, the so called Courant number, Co, should be below 1 at all times. It is
defined as

Co =
∆t|u|
∆x

(4.5)

where ∆t is the time step, |u| is the magnitude of the velocity through the element
and ∆x is the size of the element in the direction of the velocity. Since the flow
varies across the domain, Co < 1 must be ensured everywhere, OpenFOAM (2008).
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Figure 4.11: Meshed geometry for tee described in article IV showing the filling pro-
cedure

The mesh shown in Figure 4.11 was checked for skewness by the OpenFOAM soft-
ware before running the case. The geometry shown was discretized in 2 x 4480
elements.

Solver for Multiphase Flow

The solver used for more than two-phase flow is called multiphaseInterFoam and
lacks the stability that has been implemented into interFoam. Careful time-stepping
and meshing is advised in order to obtain numerical convergence. Several layers of
fluid were simulated with a small amount of water dripping from a height of 120
mm onto one or two 5 mm layers of (lightweight) concrete, ρ = 2000 kg/m3. The
effect of different viscosities of the simulated concretes can be seen in Figure 4.12.
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4.2. SIMULATION

 

Figure 4.12: Multiphase flow simulation captured at t = 0.2 s for three different
cases - left: water dripping on hardened concrete, middle picture: fresh
concrete, and to the right: two layers of fresh concrete

Despite the fact that volume and properties of the dripping water are the same in
all three cases, water drops look peculiarly different in case 2 and 3 if compared to
the drops from case 1 hitting the hardended concrete. This is believed to be due
to the fact that the multiphase solver does not fully handle time-dependence. Since
the model described and used in article IV is not viscosity based and is unsensitive
to time-dependence, results are still adequate.

The wall described in article IV is 12600 mm wide, 270 mm thick and was cast
about 6 m high. Since just the first two lifts have been simulated, the measures of
the numerical domain are smaller with height = 3000 mm, width = 12600 mm and
thickness = 270 mm and discretized to 7200 elements. The concrete inlet was kept
close to the concrete surface and placed 3000 mm from the left corner of the wall.

4.2.3 femLego

Falling of a cylinder in an incrompressible Newtonian liquid (oil) was simulated
with an in-house software from the Mechanics Department at The Royal Institute
of Technology (KTH) in Stockholm, called femLego, Amberg et al. (1999). Finite
Element Method was employed in 2D with a uniform quadratic mesh with 91 x
451 nodes. This FEM application is based on a discretization method which is of
first order in time and space. The mesh is uniform and could not be subducted to
changes locally. Hence, to improve the accuracy of the computations, a streamline
diffusion was introduced. Streamline diffusion has the same idea as artificial viscos-
ity, which smears out (diffuses) the large gradient, thus giving a smooth solution,
Wendt (1992). Keeping in mind that the method is of the first order, the value of
the iteration step in the computations was kept quite low, ∆ = 10−4.
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Figure 4.13: Simulation of a falling cylinder

An object immersed in liquid is being dropped from zero velocity to free fall (Figure
4.13), eventually reaching its so called terminal velocity, which can clearly be iden-
tified in the simulations. The computations also show that the terminal verlocity
depends on the diameter of the object. Simulation of object in liquid with the same
non-dimensional density function

f(ρ) =
ρs − ρf
ρf

(4.6)

and shape shows that a larger cylinder falls faster than a small one. A comparison of
the terminal verlocity obtained with cylinders of non-dimensional diameters d = 0.5
and d = 0.25 is shown in Figure 4.14.
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Figure 4.14: Different terminal velocity of two cylinders with different diameters,
clearly showing a lower terminal velocity for the smaller particle

Also, it was shown that elliptical cylinders of the same size that were dropped at
different angles quickly align their long axis of the ellipse with the direction of flow,
and all quickly reach the same terminal velocity corresponding to the cross section of
their frontal area, with a characteristic length corresponding to the smallest diameter
of the ellipse.
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Chapter 5

Resume of Articles

5.1 Article I

Computer-Aided Modelling and Simulation of Self-Compacting Concrete
Flow

The flow behavior of SCC is currently being investigated as an ongoing PhD project.
This paper presents a development of the Distinct Element Method using the com-
mercial software PFC3D to model the flow of SCC. A good correspondence was
obtained between the laboratory test and numerical result for the slump flow test.

A particle based method including particle contact forces defining the rheological
behavior of the modeled concrete is briefly presented and the double-layered particle
(soft paste layered coating a hard aggregate kernel) is introduced. The Bingham
contact model is described in terms of mechanical tools: a spring, dashpot and slip
function. The force dependency of particle size is stated. Particle size distribution
was selected in accordance with the actual sieve curve and paste content, which
further improves the results of the numerical simulation.

5.2 Article II

Computer Simulation of SCC Flow

Starting in 1993, Sweden was, inspired by Japanese research in the concrete field, the
first European country to develop the revolutionary material called Self Compacting
Concrete (SCC). The Swedish Cement and Concrete Research Institute (CBI) was
one of the pioneer research environments on SCC in Europe; for instance the first
European bridges were cast in Sweden in 1998. Furthermore, an SCC flow simulation
project was started in 2000 at CBI. The used particle based software is called Particle
Flow Code (PFC) and is based on the Distinct Element Method (DEM).

The theory behind the Distinct Element Method is further presented, contact forces
and conglommerated super particles used to obtain non-spherical objects are ex-
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plained. Further, a case of a small cone slump flow simulation is shown and com-
pared to measurements from a test with Camflow. Segregation phenomenon is noted
behind rebars of L-box during flow. A higher concentration of large particles could
be noticed behind the rebars.

5.3 Article III

Numerical Simulation of Fresh SCC Flow - Applications

Numerical simulation of Self-Compacting Concrete (SCC) flow shows great potential
and rapid development turning into a powerful tool for prediction of SCC form filling.
Numerical simulation is also of interest when it comes to modelling small scale
material phenomenology. This paper presents three different applications useful for
modelling different phenomena on different scales: (i) Particles, each representing
an aggregate in the concrete. (ii) Fluid, modelling concrete as a homogeneous liquid
and (iii) Particle in Fluid, studying details of flow. The methods are compared and
evaluated in order to give the reader a quick guidance into the world of possibilities
that open up with numerical simulation.

The particle and homogeneous fluid method are compared to an actual slump flow
lab test. Both methods perform well, however, spread propagation of the fluid model
deviates from the experimental values, as spread slows down after a correct value of
t500 was obtained. The final slump flow of the fluid model obtained at flow stoppage
has proven itself to be correct. Depending on the case to be studied, the simulation
method should be chosen accordingly. The fluid model gives a correct overview on
a larger modeling scale whereas particle models can be employed for a higher level
of detail.

5.4 Article IV

Linking Numerical Simulation of Self-Compacting Concrete Flow to on-
Site Castings

There is still room for improvement before the construction sector will be able to
take even better advantage of Self-Compacting Concrete, SCC. This paper shows one
way of modeling concrete flow by numerical simulation with Computational Fluid
Dynamics (CFD). Computer-aided numerical simulation of concrete flow is a young
science, developing into a powerful tool for prediction of SCC casting. Modeling
fresh concrete flow contributes to a structure of higher quality and optimized casting
procedures. The presented model is compared to an analytical case showing an
accurate agreement. Further, the same material flow model for concrete simulated
as a Bingham material is also applied to full scale tests. A section of a precast
double-tee slab and the form filling of a full-scale wall casting were studied. The
correspondence between numerical and measured values is promising.
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5.4. ARTICLE IV

The test methods presented (Thixometer, LCPC-box) link concrete workability to
an actual level of yield stress, τ0. This parameter is used for form filling simulations.
The described method may also be employed reversely. Parameters obtained by
prediction of form filling simulations can be confirmed when including one or both
test for the delivered concrete. This will ensure a certain workability of the concrete
and help improve form filling quality on the worksite.
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Chapter 6

Results and Discussion

6.1 Scaling of Physical Features and Simulation

Cementitious fluids consist of a wide range of particle sizes, from nanometers to
sometimes several centimeters. It is a suspension of particles that may differ a
factor of 107 in size. Naturally, these particles exhibit different types of behaviour
according to their physical and chemical features.

Particles in the microscale, zooming into the smallest particles and even taking a
closer look at atoms, are subjected to Brownian motion and colloidal forces created
by van der Waals attraction and electrostatic repulsion. The qualities of the mi-
croscale are to a large extent dependent on these forces, which need to be taken into
account when modeling the microscale.

The macroscale, however, zooms out of the suspension to a view where just one
homogeneous fluid is perceptible. This gives us the overall picture of the fluid. It is
worth noting, however, that even for homogeneous deformation at the macroscopic
scale, at the atomic level this deformation is highly inhomogeneous. A macroscopic
model from an atomistic perspective is not realistic with computer power available
to date, Barrat and de Pablo (2007).

Modelling in the mesoscale includes taking into account impact of particles sur-
rounded by fluid. It is intended to bridge the gap between microscale and macro-
scale and is a field of constant development.

The here presented models are in the mesoscale and macroscale.

As for the different scalings, there is no straightforward way to transpose the scales,
they are model independent from one another. When it comes to sample size and
the objects included in it, good care must be taken to model a volume large enough
to be representative for the particles included and the scale that it represents.

The same holds true for the amount of particles when simulating with DEM. An
insufficient amount of particles will influence for example slump flow behaviour.
The ideal case would be the diameter of ten particles fitting the thinnest layer of

47



CHAPTER 6. RESULTS AND DISCUSSION

concrete. However, computer systems available today put an absolute limit on the
amount of particles used in PFC to no more than one million.

To save computation time and cutting down on the number of particles, the mortar
layered aggregate particle was introduced, with a soft coating hiding a hard ker-
nel. This model allows for larger volumes of non-segregating SCC to be simulated.
However, it is not suitable to simulate aggregate jamming or segregation of the
concrete.

A larger bulk of concrete could be computed by moving the ’cutting-line’ of the
mortar and aggregate phase. However, there is a limit to when this approach is no
longer correlating to the actual case.

Separate mortar and aggregate particles allow for e.g. blocking to be modeled.
Perfectly rounded particles with little or no friction may show blocking behavoir (see
Figure 6.1), but do rarely (if at all) form granular arches, which is why particle shape
and friction (surface roughness) are important parameters, just as the maximum
particle size, concentration and distribution are.

 
 
 

 

Figure 6.1: DEM particle simulation showing the height difference of the concrete
before and after passing the rebars

6.2 Comparisons between Lab Tests and Simula-
tions

A comparison of DEM and CFD simulations to an actual video-recorded slump flow
is shown in Figure 6.2.

The particle approach (DEM) shows good correlation with the experiment.

The homogeneous approach (CFD) proves itself to a quantitatively correct solution
of the final shape of flow. It is also the useful choice for larger volumes to be
computed.

Figure 6.2 shows a comparison between the slump flow simulation with DEM as
well as CFD (τ0 = 30 Pa and µpl = 72 Pa·s) respectively. There is good correlation
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Figure 6.2: Slump flow propagation of a concrete with measured τ0 = 30 Pa and
µpl = 71 Pa·s

between data from the video recorded slump flow measured in the lab and the
simulation with DEM. The slump flow simulated with CFD however, shows a correct
t500 value (time to SF = 500 mm), but comes to flow stoppage before the correct
slump flow diameter has been reached. This is in complete accordance with the fact
that yield stress was measured after slump loss had already taken place. Despite
lowering the yield stress for the simulation to a value corresponding to slump flow
diameter SF = 0.69 m (τ0 = 24.42 Pa), an equivalent time versus spreading curve
shape could not be achieved for the full duration of flow. However, a correct slump
flow diameter approximately equal to the analytical value is achieved after a long
time at flow stoppage (>> 7 s).

Despite this, CFD simulated flow velocities in the ’normal range’ for concrete during
casting (represented by L-box tests in the lab) are correlating quite nicely to the
actual measured time range taken from zero velocity at the time of gate opening
until the point were the end of the box has been reached (t600). Figure 6.3 shows a
comparison of 18 different types of concrete and their simulated counterparts.

The mix designs of the different types of concrete was varied for aggregate type and
maximum size, paste content and type of cement.
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Figure 6.3: L-box tests compared to simulated values of t600 for 18 different types of
concrete

The t600 values obtained in the laboratory are generally somewhat higher than their
simulated counterparts, using τ0, µpl and ρ as input parameters for the calculations,
according to table 6.1. This is easily explained by the fact that, despite always aim-
ing for a swift pulling of the gate of the L-box, a certain delay should in some cases
be noticeable, compared to the gate in the simulation that dissappears instanta-
neously. The overall correspondence of CFD is quite satisfactory, the quantitatively
correct obtained values for flow stoppage are also very promising.

Both methods perform well within their range of model. Detailing and phenomenol-
ogy can be captured with a particle approach, an overall picture of the flow is well
given by the fluid approach. As stated by Geiker et al. (2005), homogeneous fluid
simulations combined with particle flow approach specified for details in constrained
areas will provide an optimal tool at low computational costs.
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Mix No. τ0 [Pa] µpl [Pa·s] ρ [kg/m3] LAB: t600 [s] SIM: t600 [s]
1 53.03 23.94 2305 2.0 1.74
2 29.85 40.46 2338 2.65 2.72
3 13.28 43.25 2338 2.8 2.76
4 43.09 40.81 2331 2.8 2.92
5 47.16 31.0 2331 2.1 2.2
6 19.0 27.96 2344 2.5 1.76
7 19.66 34.83 2344 2.4 2.26
8 99.87 11.02 2317 0.88 0.86
9 16.59 18.31 2327 1.6 1.06
10 77.96 26.48 2327 2.85 2.18
11 93.63 15.23 2305 1.3 1.28
12 17.49 21.47 2333 2.4 1.3
13 28.83 26.24 2333 2.4 1.7
14 20.56 23.38 2327 1.5 1.46
15 23.53 29.51 2328 1.45 1.9
16 82.56 42.32 2328 3.6 3.66
17 43.41 18.57 2242 2.7 1.26
18 94.8 31.5 2242 4.3 3.14

Table 6.1: The 18 different types of concrete that were tested and simulated
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Conclusions and Future Research

The original assumption that it would be possible to numerically simulate the flow
of Self-Compacting Concrete (SCC) still holds. A conclusion that can be drawn is
the importance of scaling and choice of method when selecting a model.

There is still to come a universal material model that fully covers all the phenomena
that play an important role during flow and casting of SCC. Different simulation
models are good for explaining and predicting different phenomena.

SCC test methods (e.g. slump flow, J-ring, L-box) were performed and recorded in
the laboratory before the simulation. Flow of concrete in a particlularly congested
section of a double-tee slab as well as two lifts of a multi-layered full scale wall
casting were successfully modelled.

A particle approach (DEM) will be able to explain phenomenology of forces acting on
spherical or non-spherical aggregates during mixing, packing or flowing. DEM also
allows a qualitatively correct simulation of blocking and the formation of granular
arches in congested areas, given particle shape and friction is included in the model.
This method is most adequate in the study of details and phenomenology.

A homogeneous approach (CFD) is more computer efficient. It may serve to model
large volumes of concrete flow as well as incomplete form filling (however, no segrega-
tion or forming of granular arches) due to poor compatability between the geometry
of the formwork and the rheology of the concrete. It may well serve as a powerful
tool guide in the beforehand selection of formwork and rheological parameters of the
concrete for an optimized match.

CFD may be employed for a large scale simulation to obtain an overview on possible
problem areas, which could then readily be modeled in detail with DEM. An easy
accessible toolkit to use before casting and as feedback for quality control of the
concrete delivered to the work site is a long term goal.

As computer speed and capacity develop, merging the two described approaches,
particle and fluid, will form a new dimension in simulation of suspension flow. This
is most likely the path taken in the future. A simple case of one single particle in
fluid was studied as a first small step.
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