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Abstract 1il

ABSTRACT

Pumping is one of the most commonly used methods to transport self-consolidating concrete
(SCC). The prediction of pumping pressure drop is of particular interest to properly design the
pumping circuits for successful pumping process given the application on hand. This is necessary
to fulfil the targeted flow rate and ensure homogeneity of concrete during and after pumping,
respectively. During the pumping process, a thin layer of highly fluid fine mortar enriched with
high volume of cement paste and fine particles, namely lubrication layer (LL), is formed in vicinity
of the pipe walls. It is revealed in literature that concrete pumpability is significantly controlled by
the LL characteristics, in terms of thickness and flow properties, as well as the rheological
properties of the bulk concrete (BC). This study firstly aims to predict the pressure required to
pump SCC and to characterize the LL in large-scale pipelines using computational fluid dynamics
(CFD). Although the concrete pumping process seems conceptually simple, the challenge
underlying material physics is complex and covers a broad range of time and length scales. Another
challenge comes from the interaction between suspending fluid phase (mortar) and diversity of
particle sizes (aggregate) in concrete matrix, causing heterogeneous rheological behavior across
the pipe section, and formation of the LL. The main mechanisms of LL formation, including the
shear-induced particle migration (SIPM) and wall effects, were also simulated using multiphasic

simulation techniques, including discrete element method (DEM) and coupled CFD-DEM.

First, a comprehensive literature review on numerical methodologies used to model concrete pipe
flow as well as their advantages and disadvantages was presented. In addition, potential solutions
were introduced to predict concrete pipe flow given an application on hand in reasonable time and
precision. This study was conducted in two complementary phases. The Phase 1 included
developing computational models to predict the pressure loss in a full-scale concrete pumping
circuit, as a function of the pipes’ geometry, rheological properties of BC, and the LL
characteristics. Two novel tri-viscous models were developed to simulate the presence of the LL
and BC as a homogeneous fluid with variable rheological properties across the pipe, corresponding

to the BC and LL, using OpenForam software.

In the second phase, the main mechanisms of LL formation, including the wall effect and SIPM,
were simulated using DEM and coupled CFD-DEM approaches. The pipe flow of concrete was

simulated as a biphasic suspension to evaluate the coupled effect of characteristics of the suspended
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particles (i.e., granular skeleton) and the suspending cement paste/mortar matrix. The interaction
of the suspended particles and suspending fine mortar was simulated by considering the collision
of particles with different particle-size distributions (PSD) and concentrations (and pipe wall), as
well as the suspending fluid’s drag force. A multiscale soft-sphere discrete element method (DEM)
and its four-way CFD-DEM coupling were employed in Phase 2 to simulate the rheological
heterogeneity across the pipe and formation of the LL. Accordingly, the coupled effect of PSD,
concentration, and mean diameter of particles, as well as the rheological properties of the
suspending fluid and flow Reynolds number on wall effect, SIPM, and rheological heterogeneities
across the pipe was evaluated. The LL of the investigated mixtures were eventually characterized

in terms of the thickness and rheological properties.

Keywords: Computational fluid dynamics; Concrete pumping; Discrete element method;
Lubrication layer; Numerical simulation; Particle-size distribution; Plug flow; Pressure loss;

Rheology; Self-consolidating concrete; Shear-induced particle migration (SIPM).



Résume A

RESUME (en francais)

Le pompage est 1'une des méthodes les plus couramment utilisées pour transporter le béton auto-
placant (BAP). La prédiction de la baisse de pression de pompage est d'un intérét particulier pour
concevoir correctement les circuits de pompage et assurer un processus de pompage réussi compte
tenu de l'application en cours. Cela est nécessaire pour répondre aux exigences de coulage, y
compris le débit ciblé et 'homogénéité du béton respectivement pendant et apres le pompage. Cette
étude visait a prédire la pression requise pour pomper le BAP avec la caractérisation de la couche
de lubrification formée prés de la paroi du tuyau en utilisant des méthodes numériques. Bien que
le processus de pompage du béton semble conceptuellement simple, le défi sous-jacent de la
physique des matériaux est complexe et couvre une large gamme d'échelles de temps et de
longueurs. Un autre défi vient de l'interaction entre la phase fluide et la diversité des tailles de
particules dans le mélange de béton, ce qui résulte en différentes propriétés rhéologiques dans le

béton a travers la section du tuyau.

Cette ¢tude a été menée en deux phases différentes et complémentaires. La phase 1 avait pour
objectif principal de développer un modele de calcul pour comprendre le circuit de pompage du
béton en grandeur réelle. La perte de pression en fonction de la géométrie des tuyaux, des propriétés
rhéologiques du béton et des caractéristiques d'écoulement de la couche de lubrification sont
présentées et discutées. La méthode de dynamique des fluides computationnelle (CFD) a été
utilisée pour prédire la pompabilité du béton et évaluer 1'importance des parameétres d'influence, y
compris les caractéristiques de la phase en suspension (c'est-a-dire le squelette granulaire), les
propriétés rhéologiques de la matrice de pate de ciment/mortier en suspension et les nombres de
Reynolds de 1'écoulement et des particules solides. Deux nouveaux modeles ont été introduits pour
prédire la pompabilité des mélanges de béton et la caractérisation de la couche de lubrification et
des zones de bouchage. De plus, une revue complete de la littérature sur les méthodologies
numériques utilisées pour modéliser 1'écoulement des tuyaux en béton a été effectuée, avec une
comparaison des avantages et des inconvénients de ces différentes approches. En outre, des
solutions potentielles ont été présentées pour les méthodes numériques les plus efficaces et les plus

fiables pour prédire I'écoulement de béton dans des tuyaux.

Les modéles informatiques basés sur la méthode des ¢léments discrets (DEM) et le couplage CFD-

DEM ont été développés lors de la Phase 2. La migration de particules induite par cisaillement
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(SIPM), principal phénomeéne physique conduisant a la formation de la couche de lubrification, a
été également étudiée. En conséquence, l'effet couplé de la distribution de taille des particules
(PSD), de la concentration et du diametre moyen des particules en tant que parametres d'influence
sur la couche limite, le SIPM et les hétérogénéités rhéologiques a travers le tuyau ont été étudié.
Outre I'évaluation des parameétres d'influence sur la migration des particules, cette étude a plusieurs
échelles a permis de proposer une bonne estimation de I'épaisseur de la couche de lubrification

ainsi que des propriétés rhéologiques, y compris sa viscosité et son seuil d'écoulement.

Mots-clés : Pompage de béton; Perte de pression; Propriétés rhéologiques; Migration de particules

induite par cisaillement (SIPM); Modélisation numérique.
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CHAPTER 1. INTRODUCTION
1.1 Synopsis

Due to its higher flowability compared to conventional concrete, self-consolidating concrete (SCC)
is gaining market acceptance for various applications, including highrise building and pumping. In
Canada, the construction industry has extensively employed SCC (Self-Consolidating Concrete)
for the repair of numerous bridges and structures. This advanced concrete technology has proven
to be highly effective in patching and refacing tasks involving piers, abutment walls, deck soffits,
and girders (see Fig. 1.1). Its successful application in these areas has contributed to its widespread

adoption within the industry [1].

Fig. 1.1. The process of pouring SCC into forms for a full-depth precast bridge deck panel [1].

While it is generally anticipated that the use of SCC would result in lower pressure loss, there are
some situations where SCC led to higher pressure loss. It was shown in literature that the
pumpability of SCC can be affected by the availability of residual superplasticizer in the mixing
water. Lower yield stress and plastic viscosity of SCC can lead to higher risk of segregation. This
can result in pipe blockage and higher pumping pressure loss. On the other hand, larger portion of
SCC is sheared due to its lower rheological properties which required higher energy to be pumped

compared to conventional concrete. Therefore, in order to reach an accurate prediction of SCC
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behavior, it is essential to investigate the rheological variation of SCC through pumping process

2].

SCC can be considered as a multiphase mixture of aggregate suspended in a homogeneous and
highly-flowable cement paste/mortar matrix. The flow properties of SCC during pumping are thus
influenced by the characteristics of both solid (aggregate) and liquid (mortar) phases. Due to high
fluidity of the mortar matrix of SCC compared to that of conventional vibrated concrete (CVC).
Although, particle migration is an essential tool to make all types of concrete flowable, the
mechanism causing to aggregates movement is different in CVC and SCC. Wall effect and shear-
induced particle migration phenomena are the main reason in particle migration for CVC and SCC,
respectively. This can negatively affect the adequacy of rheological measurements for this highly-
flowable construction material [3—6]. In the case of CVC, high concentration of the granular
skeleton can limit the movement of particles toward the pipe center. On the other hand, high yield
stress of the CVC mixtures can limit the shear rare magnitude existing during the pipe flow. These
can limit the shear-induced particle migration for CVC. Therefore, the wall effect is the most
significant mechanism leading to formation of the LL for CVC. However, higher suspending paste
volume, lower concentration of aggregate, and typically low yield stress of SCC lead to higher
shear rate magnitudes and, consequently, higher possibility of shear-induced migration, resulting

to formation of the LL in vicinity of the pipe walls for SCC pumping.

Feys and Khayat [6] and Feys et al. [7] reported that due to the dynamic segregation and migration
of coarse aggregate during pumping process, a fine mortar layer is created in the highest shear-rate
zone located close to the pipe walls, namely the lubrication layer (LL). The characteristics of the
LL, in terms of thickness and rheology, were shown to significantly control the required pumping
pressure [7—10]. On the other hand, the coarse aggregate move towards the pipe center (low shear-
rate) until they reach their closest packing density (Fig. 1.2) which can alter the rheological
properties of pumped concrete across the pipe and affect the pumping pressure. However, in the
case of SCC whereby the bulk concrete (BC) is also sheared, concrete always tries to reach an
equilibrium between increasing the aggregate packing and the formation of the LL with different
characteristics (i.e., thickness and rheological properties). In order to better understanding the

mechanisms leading to the formation of the LL during pumping process, it is necessary to
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investigate the flow performance of SCC as a multiphase suspension of aggregate (fine and coarse
aggregate) in a non-Newtonian suspending fluid (cement paste or fine mortar) during pipe flow

(i.e., under shear and frictional stresses).

Several studies showed the significant effect of the characteristics of lubrication layer on
pumpability of concrete [4, 7-9]. For example, increasing the plastic viscosity and yield stress, and
reducing the thickness of the lubrication layer can result in higher pressure loss for a given pumping
distance [7]. However, due to the confined flow type during pumping and opaque nature of
concrete, it is difficult to extract the lubrication layer during or after pumping. For the first time,
Haustin et al [10] conducted a PulsaCoP set-up to measure rheology variation of concrete during
pumping process using an artificial transparent suspension. However, it is still hard to
experimentally determine the composition and measure the thickness and rheological properties of

the LL.

The lubrication layer corresponds to the region consisting in finer
particles (for example: particles with diameter less than 2mm)

Flow direction Pipe wall

Flow induced particle —— e e o a mm i e = e -
migration from higher

® 0 g0y e Vgri®
100e°0505 0250
Pugfow 1099 "0V 00 g0 ©0000g®

Pipe center

(b)

Fig. 1.2. Formation mmechanism of lubrication layer during pumping process: (a) migration of coarse
aggregate from high- to low-shear rate zones, and (b) different regime zones in a pumping tube.

Therefore, it is necessary to develop theoretical tools to allow simulating the mechanisms of LL

formation and predict its effect on pumpability of SCC. Several analytical methods were proposed
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in literature to predict concrete pumpability, including flow rate, pumping pressure, and pumpable
distance [9]. For example, Kaplan et al. [11] established a model to predict the pumping pressure
as a function of the geometry of the pipe and pumping flow rate, thickness and rheological

properties of the LL, and rheological properties of concrete pumped, as shown in Eq. 1.1:

2L / 3600MRK, 4m, 1" 3p 0 \ (12)
AP= R R N, o
P

where AP is the pressure drop (Pa), Q is the flow rate (m>/h), L is the pipe length (m), R is the pipe
diameter (m), k; is the non-dimensional filling coefficient of pump cylinders, 1o and to,1 are the

yield stresses of concrete and LL (Pa), respectively, i, is the concrete plastic viscosity (Pa s), and

. . . . Mo .
ni is the viscous constant (Pa s/m) of LL. It is worthy to mention that nu (n,, = e—p) is defined as
11

the plastic viscosity-to-thickness ratio of the LL, where 1, and e; denote the plastic viscosity and
thickness of the lubrication layer, respectively. Considering the challenging measurement of the
LL thickness using a slipper and interface rheometer, the viscous constant can characterize the LL.
This parameter can help to predict the pressure loss using analytical models, such as those of
Kaplan. However, unlike the standard rheological tests, it is not feasible to calculate the shear rate
magnitudes in an interface rheometer due to the unknown thickness of the LL. Additionally, there
are limitations in employing flow equations based on rheological properties and thickness of the
LL. In order to better control the pumping process, it is necessary to consider the viscous constant,

yield stress, viscosity, and thickness of both LL and bulk concrete [12].

As it can be observed in Fig. 1.3, there is a very good agreement between pressure loss calculated
using Kaplan et al. [11] model, and those experimentally measured by Khatib [13] for a large-scale

pipeline.
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Fig. 1.3. Comparison between pressure loss obtained using Kaplan et al. [11] model and experimental
measurement by Khatib [13].

However, these models only consider the rheological properties and thickness of the LL and BC
after the formation of slip layer. Therefore, the accuracy of these models is strongly dependent on
the adequacy of the initial assumptions of thickness and rheological properties of the BC and its
corresponding LL. The interface rheometers, namely tribometers, are usually used to estimate the
LL properties. However, due to lack of enough shear rate and pressure compared to real concrete
pipe flows, the tribometer results could not be realistic. Indeed, there is a distinction in aggregate
migration between tribometers and pipes. In a pipe, aggregates tend to move inward to a more
confined space, while in an interface rheometer, their movement is outwarded to a less confined
space. Therefore, the characteristics of the LL formed in an interface rheometer can differ from
those created in a pipe. The LL in an interface rheometer may be larger compared to that observed
in a pipe. The contrasting movement and confinement conditions give rise to variations in the

properties and behavior of the LL in the tribometers and realisic pipe flow [12].

Numerical simulations have been recently used [8,9,14] to predict the pumpability of concrete in
large-scale pipelines or different pipe segments. However, the previous numerical studies did not
consider the mechanism of formation of the LL, neither the shear-induced variation of rheological
properties of concrete across the pipe [8,9,14] for realistic PSDs of aggregate and mortar rheology.

Therefore, it is necessary to develop tools to accurately predict the pumping pressure in reasonable
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time for a given application on hand, characterize the LL, and understand the mechanism of

formation of the LL.

1.2 Research objectives

The main objectives of this study include developing numerical models to predict the concrete

pressure loss and simulate the heterogeneous concrete pipe flow behavior, including the

mechanism of formation of the LL in the vicinity of the pipe walls during pumping process. The

specific objectives include:

1)

2)

3)

4)

5)

Simulate the pumping behavior of 19 different SCC mixtures through a 30-m pumping circuit
(Fig. 1.4), experimentally measured by Khatib [14], including the prediction of the pumping
pressure loss in pipes with different diameter and under different flow rates;

Characterize the LL and plug zones using CFD tools for the pumping experiments carried out
by Khatib [14] (Fig. 1.4);

Develop new viscosity models to consider the rheological variations across the pipe for large-
scale pumping simulations using homogeneous-fluid numerical approach.

Develop numerical models to simulate the heterogeneous flow performance of concrete
suspension during pumping (i.e., under pressure, shear, and friction), including the shear-
induced particle migration of coarse aggregate towards the center of the pipe and formation of
the LL close to the pipe walls.

Evaluate the coupled effect of wide PSD and concentration of solid particles and rheological
properties of suspending mortar on pumping-induced heterogeneities across the pipe using

particle-based computational models.
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1: Pump
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8,12, 14, and 16: 90° elbow, 125-mm diameter
10: Horizontal section, 120-mm diameter pipes
12-16: Inclined part of the loop

Fig. 1.4. Schematics of the pumping circuit developed by Khatib [14].

In this study, two main approaches, including the homogenous and heterogenous analyses, are
carried out to simulate the SCC pipe flow behavior. Through the homogeneous-analysis phase, new
viscosity models are developed to consider the presence of the LL with different rheological
properties compared to the BC and reduce the calculation cost for large-scale pumping circuits.
Therefore, instead of considering two different fluids corresponding to the BC and LL, a single-
fluid approach, but with variable viscosity across the pipe, is employed. Furthermore, fitting with
the experimental data, the LLs of the carried-out experiments are characterized with higher
precision compared to the tribological measurements. Moreover, the plug flow zones are also
characterized using the simulation results. The coupled effect of rtheological properties of BC, LL,
and plug zone characterized using the simulation results on pumping pressure loss values of SCC

through a large-scale pumping circuit is evaluated with a minimized calculation time.

Through the heterogenous-analysis approach, pumped concrete is assumed as a diphasic
suspension of solid particles in a suspending fluid, corresponding to aggregate and mortar matrix,
respectively. Accordingly, the shear-induced particle migration of aggregate during concrete pipe
flow is simulated taking into account their collisions (and with pipe wall), in addition to the
interaction between the particles and the suspending mortar. The heterogenous phase aims to
simulate the mechanisms leading to the formation of the LL, considering the aggregate with wide

PSDs and concentrations, as well as suspending fluid with different rheological properties
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(Reynolds number). Therefore, multi-scale computational approaches, including DEM and 4-way
coupled CFD-DEM, are employed to highlight the effect of full consideration of the interaction
between the suspended aggregate and suspending mortar. The pumping-induced rheological
heterogeneity across the pipe is simulated using the particle-based computational approaches and

the LL is characterized in terms of thickness and rheological properties using the numerical results.
1.3 Scientific contribution and originality

The results of the homogenous study represent a step towards the understanding of the concrete
pipe flow behavior to reduce the cost of pumping process at large scale. Novel viscosity models
are proposed to accurately predict the pressure required to pump SCC with wide range of
rheological properties through different pipe diameters and under wide range of flow rates. The
proposed models lead to higher precision and significantly shorter calculation time to simulate
large-scale pumping experiments compared to existing numerical models. Moreover, they lead to
evaluate the characteristics of the LL, BC, and plug flow zones rather than tribological
measurements. On the other hand, the proposed numerical approach in the heterogenous-analysis
phase can be used as a comprehensive multi-scale model to understand the multiphasic phenomena,
including the formation of the LL, occurring during pipe flow for wide range of PSD and
concentration of particles and mortar rheology. The obtained results can help to improve the SCC
formulation protocol to facilitate pumping in complex projects. Although, it has been noted that a
few studies have been carried out to model the flow of concrete within pipes, however, none of the
previous research have specifically investigated the mechanisms leading to the formation of the LL
in concrete mixtures containing aggregate of varying sizes at the different length and time scales.
This novel investigation in the concrete field provides an innovative computational technique to
evaluate shear-induced particle migration and pumping-induced rheological heterogeneities

occurred during concrete pipe flow. This can lead to design successful pumping process.

The investigation extends on fully coupling continuum-discrete approach also allows to investigate
the effect of aggregate on suspending fluid flow, and vice-versa. The coupled effect of different
multiphasic parameters, such as mortar rheology, PSD, packing density, and concentration of

aggregate on the variation of radial heterogeneities of concrete pipe flow is investigated. The
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obtained results confirm the importance of full aggregate-mortar coupling approach to evaluate the
heterogeneous flow behavior of concrete flow in pipes. The LL is fully characterized in terms of
its rheological properties and thickness for typical concrete mixtures. This can lead to achieve
accurate and realistic prediction of the shear-induced rheological heterogeneities of concrete during

pumping process.

1.4 Outline of the thesis

This thesis is organized into eight chapters that are summarized, as follows:

Chapter 1 presents an overview of the project contexts and research problems, followed by the
objectives of the research activities carried out in this study. The major scientific contributions and

originality of this study are presented in this chapter as well.

Chapter 2 provides a comprehensive literature review on the topic. The advantages and
disadvantages of different analytical and numerical methods to simulate concrete pipe flow are
discussed. A practical guideline has been proposed to choose an appropriate computational
approach dependent on the pumping application in hand. The single fluid simulation, DEM, and
CFD-DEM coupling approach are also introduced and discussed along with their potential

challenges through a comprehensive state-of-the art on the concrete pumping simulation.

Chapter 3 presents a summary of the methodologies employed in this study, including the
continuum, discrete, and coupling continuum-discrete approaches. This chapter is an introduction

of the following chapters addressing the objectives mentioned in Chapter 1.

Chapter 4 presents a new tri-viscous model to simulate the pipe flow of various SCC and highly-
workable concrete mixtures, experimentally carried out by Khatib at the University of Sherbrooke,
developed using CFD. Two fluids and the novel tri-viscous approaches are applied to consider the
coupled effect of the LL characteristics, concrete rheology, pipe diameter, and pumping flow rate
on the pumping pressure loss. The tri-viscous model simulates the radial variation of rheological

properties of concrete, as a single fluid, across the pipe as a function of the radial distance to the
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pipe center. The LL and plug flow zones are characterized in terms of their radial position,

thickness, and rheological properties.

Chapter S extends the study on prediction of the pressure drop in large-scale pumping circuits
using CFD and single-fluid approach. A novel tri-viscous model is proposed to consider the radial
variation of rheological properties of pumped concrete as a function of the shear-rate magnitudes
across the pipe. The pressure drops of highly flow rate experiments carried out by Khatib [14] at
the University of Sherbrooke are well predicted using the novel shear-rate dependent viscosity
model. The LL and plug flow zones are characterized for high flow rate pumping experiments.
Furthermore, the shear-rate gradients occurred during concrete process are obtained to better
understand the concrete flow regime through pumping process. The coupled effect of the
characteristics of different pipe flow zones and critical shear rate on pumping pressure drop is

successfully evaluated.

Chapter 6 deals with the heterogeneity behavior of concrete pipe flow. The shear-induced particle
migration (SIPM) and wall effect phenomenon as the main mechanisms leading to the formation
of the LL are modelled using discrete element method (DEM). A soft-sphere DEM approach is
implemented to simulate the particle collisions (and pipe wall) and effect of suspending mortar on
particle motions to better understanding the mechanisms of LL formation in the vicinity of pipe
walls. Initially, the variation of particles concentration at different radial zones across the pipe for
nine typical concrete suspensions is evaluated over the simulation time. Secondly, the coupled
contribution of particle concentration and size distribution on radial heterogeneities across the pipe

is also investigated.

Chapter 7 extends the study on modeling the mechanism of the formation of the LL using a four-
way CFD-DEM coupling method to consider the effects of both suspending fluid on particles
motion and particles on suspending fluid flow. The coupling approach is proposed to provide more
realistic understanding of pumping-induced particle migration for concrete suspensions. The
coupled effect of PSD and concentration of particles, as well as the rheological properties of

suspension mortar, reflected by the Reynolds number, on the formation of LL and pumping flow



Chapter 1. Introduction 11

rate is evaluated. The radial rheological heterogeneities across the pipe are evaluated using the

numerical results.

The importance of considering the effect of particles on suspending fluid flow is highlighted by
comparing the results with those obtained using the 1-way DEM approach, as explained in Chapter

6.

Chapter 8 provides a summary of the main findings and concluding remarks of this study.

Furthermore, perspectives for future work are also presented in this chapter.

It is important to mention that Chapters 2, and 4-7 correspond to the five review and research papers
published or submitted for publication in highly impact factor scientific journals in the concrete
and construction fields. Chapter 2 provides a comprehensive review paper published in the ACI
Material Journal. This entitled “Computational investigation of concrete pipe flow: A critical
review”. Chapter 4 includes a scientific article published in Cement and Concrete Composites
journal. This article is entitled “Novel tri-viscous model to simulate pumping of flowable concrete
through characterization of lubrication layer and plug zones” published in 2022. Chapter 5
corresponds to the second scientific paper (Numerical simulation of flowable concrete pumping
using a novel shear-rate dependent tri-viscous mode) submitted to Cement and Concrete Research
journal. In Chapter 6, the published scientific article (Discrete-element modeling of shear-induced
particle migration during concrete pipe flow: Effect of size distribution and concentration of
aggregate on formation of lubrication layer) in Cement and Concrete Research Journal is presented.
Chapter 7 presented the paper entitled “Four-way CFD-DEM coupling to simulate concrete pipe
flow: Mechanism of formation of lubrication layer” submitted for possible publication in Cement

and Concrete Research Journal.
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Abstract

The prediction of concrete pumpability is of particular interest to properly design pumping circuits
and select suitable pumps for successful processing of concrete. A critical review of empirical,
analytical, and numerical models is carried out to predict concrete pumpability as a function of
pipeline geometry, rheological properties of the bulk concrete, and the characteristics of the
lubrication layer. The main mechanisms leading to the formation of the lubrication layer, including
the wall effect, Reynolds dilatancy, and shear-induced particle migration (SIPM), are discussed.
The main phenomenological models governing SIPM are formulated in terms of spatial variations
of particles’ interaction frequency and viscosity. In addition to the single-phase methodology, new
computational approaches on SIPM in pipe flow of solid/liquid suspensions are discussed. The
coupled CFD-DEM and SPH methods are recommended as the most precise and realistic

approaches to simulate concrete pipe flow compared to the DEM and single-phase modellings.

Keywords: discrete element method; lubrication layer; pumpability; Reynolds dilatancy; rheology;

shear-induced particle migration; smoothed particle hydrodynamics

2.1 Introduction

Concrete pumping is one the most frequently used construction methods to place concrete given
its significant ability to provide a continuous supply of material, higher casting rate, lower
construction cost, and ease of accessibilities on jobsites [1]. The flow properties of concrete
suspension in pipes are influenced by the characteristics of the solid and liquid phases of the
material. These include the volumetric content, morphology, and particle-size distribution of
granular skeleton and rheological properties of cement paste/mortar matrices. Due to the shear-
induced particle migration (SIPM) of coarse aggregate, a thin layer enriched with cement paste and
fine sand particles is created in the highest shear-rate zone located close to the pipe walls; this zone
is referred to as the lubrication layer (LL) [1-6]. The coarse aggregates move towards the pipe
center until they reach their highest packing density [2,3]. The resulting radial distribution of
aggregate can lead to nonuniform rheological behavior and, consequently, dissimilar flow velocity
and shear-rate profiles in different zones of the pipe section. Understanding these complex flow

behaviors of fresh concrete in pipes is therefore essential to avoid pumping failure risks, such as
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pipe blockage. Therefore, it is necessary to develop theoretical tools to predict the pumpability of
concrete given their rheological properties and compositions, as well as flow rate, pipe geometry,
and presence of bends and reducers. Moreover, investigating the heterogeneous mechanisms

inducing LL formation during pumping process is important.

Despite the use of concrete pumping for almost one century, it is only in the last couple of decades
that more scientific investigations were carried out on this topic [4,5]. Several analytical methods
were proposed to predict concrete pumpability in terms of pumping pressure, flow rate, pump
diameter, and pumping distance [5]. Computational tools were recently employed to
comprehensively investigate the complex multiphasic behavior of concrete under pumping

conditions [6].

In this study, a critical comprehensive review of empirical, analytical, and numerical methods to
predict concrete pumpability is presented. The main mechanisms leading to LL formation are
introduced. Furthermore, new analytical and computational studies on SIPM during pressure-
driven flow of solid/liquid suspensions are introduced. These models can predict concrete flow

behavior during pumping and simulate the formation of the LL.

2.2 Research significance

Comprehensive understanding of the mechanisms leading to the formation of the LL is necessary
to achieve successful pumping process. Analytical and numerical modelling of concrete pipe flow
using a single-phase material can lead to faster and reliable predictions. However, this methodology
is incapable to evaluate the heterogeneous flow behavior of concrete pipe flow. The proposed
approaches in this study allow to evaluate the SIPM in pipe flow, hence supporting the hypothesis
behind the formation of the LL. The coupled CFD-DEM and SPH methods that consider the
multiphasic interactions of aggregate and cement paste/fine mortar matrices are recommended to

predict pumpability.
2.3 Analytical investigation of concrete pipe flow

As reported by Browne and Bamforth [7], the stress transfer during the movement of concrete in
pipes depends on the cement paste content. When the paste content is sufficient, the shear stress

can take place in the cement paste and direct contact between aggregate particles and the pipe wall
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can be avoided. Therefore, the stress transfer is hydrodynamic in nature, and pressure in pipe can
linearly decrease (AP) with the pipe length (L). The required pumping pressure (P) increases
linearly with the flow rate (Q). A thin layer of cement paste or fine mortar, namely the LL, is
created at the interface with the pipe wall, which reduces the frictional interaction [8,9]. The AP-L
and P-Q relationships are dependent on the ability to form this LL.

The first attempt to establish an analytical relationship between the AP (Pa) and Q (m?/s) values as
a function of concrete yield stress 1o (Pa) and plastic viscosity y, (Pa.s) and pipe geometry, radius
R (m) and length L (m), was proposed using the Buckingham-Reiner equation [10] for pipe flow

of Bingham fluids. The analytical relationship is as follows:

__3AP*R* + 161y*L* — 87, LR*AP?
- 240P3, L 2.1

However, the use of Buckingham-Reiner equation for concrete pumping resulted in significant
overestimation of AP (2-10 times higher) compared to experimental values [1,9,11,12]. This is due
to the assumption that the concrete remains homogeneous during pumping, hence denying the
formation of the LL and neglecting its effect in Eq. 2.1. This discrepancy was corrected in the
analytical models proposed by Kaplan et al. [1,11]. These models predict AP in the cases where
the bulk concrete (BC) does not undergo any shear (plug flow in Eq. 2.2) and when both the LL
and some of the BC undergo some shearing during flow (Eq. 2.3).

2L Q Hp,LL
AP = —( X ——+ )
R \3600mR2k, ey, & oL (2.2)
__Q R R
ap _ 2L [ 3600mRK, ~ App oLt 3T Mot
R 1+ i N |J-p,LL eLL 0,LL (23)
4up €LL

where ki, To,L.L (Pa), up,LL (Pa.s), and eLr (m) are the filling coefficient of piston pumps’ cylinders,
yield stress, plastic viscosity, and thickness of the LL, respectively. Considering the linear increase
of shear stress in pipes, from zero at the central axis to its maximum value at the wall of the pipe,
when the maximum shear stress tw (Pa) (Eq. 2.4) is smaller than the yield stress of concrete (tw <
10), the BC is not sheared, and Eq. 2.2 applies. Otherwise (i.e., Tw > T0), AP (Pa) can be predicted
using Eq. 2.3 for partially sheared concrete in the pipe.
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AP.R
Tw= S <To (2.4

The radius of the un-sheared concrete zone, namely plug radius Rp (m), can be calculated, as

follows:

2'[0. L
Rp = = (2.5)

Assuming that the BC and LL behave as Bingham materials, the flow velocity profiles in different
zones of the pipe section, including LL, sheared concrete, and plug zones (Fig. 2.1), and,

consequently, the total flow rate can be evaluated, as follow [13]:

ViL = IJ:LL (M - TR — r)) forRy, <r<R (2.6)
Vsc = ﬁ(% — To (R — RLL)) + i <M —To(RyL — r)) forRp =T <Ry, 2.1
Vp = ﬁ <7APL(R24_RLL2) — To (R — RLL)) + i(M —To(ReL — RP)) for0 <r<Rp (2.8)
Q=2n ( Jo Viudr + [ Vsedr + [ vpdr) = H:i‘:TLL [31, AP, (R* — Ryp*) — 8to iy (RE —

2.9
RLLS) + 3Hp,LLAPL(RLL4 - RP4) - 8Tollp,LL(RLL3 - RP3)] 29)
where VL1, Vsc, and Vp are concrete flow velocity (m/s) at radial distance r (m) from the central
axis, located at the LL, sheared concrete zone, and plug zone, respectively. Moreover, APL (Pa/m)
= AP/L is the total pressure loss through a unit length of pipe. As shown in Fig. 1, the parameters
R, Rp, and RrL (m) correspond to the pipe radius, and the radial positions where the sheared

concrete and LL zones start, respectively.
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Fig. 2.1. Schematic representation of concrete pipe flow under pressure: velocity profiles and shear stress and
shear-rate distributions in different flow zones over pipe cross-section, including LL, sheared-concrete, and
plug flow zones [1,8,13]
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As expressed in Egs. 2.2-2.9, in addition to the rheological properties of the bulk concrete, the
thickness of the LL (ec. = R - Rir) and its rheological properties (to,LL and pp11) can significantly
influence the concrete pumpability. Rheological properties of concrete can be evaluated using
different types of rheometers [14]. However, precise evaluation of LL characteristics is also
necessary to predict concrete pumping characteristics. Due to the confined pipe-flow conditions, it
is quite complex to evaluate the thickness of LL and take a representative sample for rheological
measurements. Various experimental methods were employed to evaluate the thickness and
composition of LL, such as ultrasonic pulse velocimetry (UPV) [15,16] and image analysis of the
cut sections of hardened concrete in pipes [17]. However, the use of such methods can lead to more
complexities, such as sophisticated noisy data processing [15,16]. Furthermore, as reported in
literature, there is no uniform agreement on LL thickness, since it can vary between 1-10 mm for
different concrete types [17-20]. It is reported in literature that LL is generally composed of a fine

mortar with a maximum particle size of around 2 mm [21-23].

In order to evaluate the rheological properties of the LL, several frictional rheometers, referred to
also as tribometers, were developed [2,5]. Feys et al. [2] developed a new coaxial-cylinders
tribometer for highly workable concrete (HWC). The authors identified the radius and shear stress
of the plug and sheared concrete zones in order to evaluate more precisely the rheological
properties of the LL in terms of toLL and viscous constant. The viscous constant (L. = [p,LL/€LL)
is measured as an interdependent characteristic of the LL to its plastic viscosity and thickness.
Mechtcherine et al. [24] developed a sliding pipe rheometer, called Sliper, consisting of a fixed
pipe containing the concrete sample and a sliding pipe. The authors proposed an experimental
methodology to evaluate the rheological properties of LL created at the sliding pipe walls by

correlating the measured pressure and sliding velocity values.

The measured characteristics of the LL can be successfully integrated in the analytical models (Egs.
2.2-2.9) to predict the pumpability of different types of concrete in large-scale pipelines [1,13,24-
26]. The analytical models revealed that for a given flow rate, lower nrL values (i.e., lower pp 1 or
higher err) can lead to lower AP. However, due to the high shear-rate values in the LL zone, the
shear stress exceeds its yield value and, therefore, 1o,LL, having very small values on the order of 1

Pa, does not significantly affect concrete pumpability.
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It is important to note that the tribometer set-ups cannot guarantee an accurate simulation
measurement of the thickness and plastic viscosity of the LL during pipe flow. Due to the absence
of pressure and lower applied shear-rate in the tribometer, the flow conditions in a tribometer are
quite different than those in pipes. Moreover, the concrete sample is not sheared in the Sliper set-
up where only the sliding pipe moves on the interface. Thus, the measured shear stress and pressure
loss values are not representative of the pumping of HWC or self-consolidating concrete (SCC)

where the bulk concrete is mostly sheared.

According to the analytical models (Egs. 2.2,2.3), precise evaluation of thickness, and rheological
properties of the LL is highly important to accurate prediction of pressure loss. However, as
discussed earlier, the tribometer and Sliper set-ups cannot simulate the realistic pipe-flow
conditions leading to create the LL. In order to better understanding the flow behavior and
characterization of the LL, the main mechanisms leading to the formation of the LL during pipe

flow (i.e., pressure-driven shearing under confined condition) should be investigated.
2.4 Mechanisms leading to formation of LL during pumping

The main mechanisms leading the formation of the LL during pumping can be described by three

following phenomena:

2.4.1 Wall effect

During pipe flow, the aggregate cannot cross the pipe walls, and the radial displacements of
aggregate are limited. This reduces the concentration of coarse aggregate and creates a thin layer
of finer particles at the concrete-pipe interface. As reported by Vand [27] (Fig. 2.2), the minimum

thickness of this layer corresponds to the half of the maximum size of aggregate (i.e., Dmax/2).

Fig. 2.2. The wall effect on formation of LL [27].
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2.4.2 Reynolds dilatancy

The shear-induced volumetric change of granular dispersions is referred to as the Reynolds
dilatancy [28-30]. Due to Reynolds dilatancy, when a loosely-packed granular suspension is
subjected to shear flow, the granular system is compacted (Fig. 2.3), hence the solid concentration
and pore pressure increase [29]. The increase in the pore pressure can lead to displacement of the
suspending fluid from the voids. This can partially explain the mechanism of the LL formation
during concrete pumping [2]. Moreover, concrete always tends to find an equilibrium between
increasing the aggregate packing in the bulk concrete and forming of the LL close to the pipe walls
[2,3]. In the case of HWC and SCC mixtures, whereby the bulk concrete is also sheared, the

Reynolds dilatancy can prevent the maximum packing of aggregate.

Loosely-packed system

Shearing

Fig. 2.3. Shear-induced volumetric change of an assembly of particles: compaction from loosely-packed to
closely-packed arrangement, pushing out the suspending matrix from the voids [28-30].

Hosseinpoor et al. [30] investigated the volumetric changes of different SCC mixtures under shear
in a coaxial-cylinders tribometer (Fig. 4) using 3D-image analysis techniques. Due to Reynolds
dilatancy, the fine mortar portion of the concrete moves towards the highest shear-rate zone
(rotating cylinder in tribometer set-up) and creates the LL. The LL thickness in the tribometer set-
up is estimated using the ratio of the total shear-induced volumetric changes of the sample-to-the
surface area of the inner cylinder. This is estimated in the range of 0.1-0.9 mm for SCC [30].
However, these values are underestimated compared to those reported for pumping processes [17-
20]. This can be explained by the absence of pressure in tribological tests, despite the real pipe-
flow conditions. Indeed, the presence of pressure can increase the particle migration and,

consequently, the thickness of the LL compared to those created in tribological test set-ups.
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Fig. 2.4. Shear-induced volumetric change of an assembly of particles: compaction from loosely-packed to
closely-packed arrangement, pushing out the suspending matrix from the voids [28-30].

2.4.3 Shear-induced particle migration (SIPM)

When the pipe flow is well developed and equilibrium state is reached, the relative concentration
of solid particles located at the center of pipe increases but decreases in the vicinity of the pipe wall
compared to the homogeneous mixture before pumping. This is referred to the shear-induced
particle migration (SIPM) of coarse aggregate during pipe flow. SIPM leads to un-uniform
concentration of aggregate and, consequently, dissimilar rheological properties across the pipe
section. An investigation of the SIPM mechanisms of concrete in pipes is necessary to predict the

thickness and rheological characteristics of the LL.

Leighton et al. [31,32] proposed two phenomenological models to describe SIPM in heterogeneous
suspensions as a consequence of spatial variations in particles’ interaction frequency and effective
viscosity. Phillips et al. [33] modified these models to develop a diffusion equation describing the
evolution of particle concentration profiles in a pressure-driven pipe flow due to two following
phenomena:

2.4.3.1 Spatially varying particles’ interaction frequency

In a heterogeneous suspension subjected to shear, the particles irreversibly move from their original
streamline due to the interparticle collisions. According to Phillips et al. [33], the particles located
in more concentrated zone experience a higher frequency of collisions and can migrate towards the

lower collision frequency (i.e., lower concentration) and normal to their shear surface. As shown
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by Phillips et al. [33], the flux N, caused by the spatially varying interaction frequency of particles

can be expressed, as follows:

Ne = —Kca?(@2Vy + 9}Vo) (2.10)

where a (m) and ¢ are the radius and concentration of solid particles, respectively, y (s') is shear-
rate, and K, is a constant that should be identified using the experimental data fitting. The @?Vy
term emphasizes that even in the absence of any initial concentration gradient (i.e., initial
homogeneous distribution of particles: V@ = 0), the shear-rate gradient results in particle
migration from the higher (close to pipe walls) to lower shear-rate zones (pipe axis). Indeed, the
higher shear-rate values lead to higher number of interparticle interactions. Moreover, the second
term @yV implies that any gradient in particle concentrations (i.e., heterogeneous distribution:
Vo # 0) results in spatial variation in the frequency of interactions.

2.4.3.2 Spatially varying viscosity

The particle interactions can also be affected by the spatially varying apparent viscosity. Any
gradient in the particle concentrations can lead to variation of viscosity, described by the existing
models (i.e., Lapp(®)) [34]. Therefore, at the collision moment, the existing viscosity gradient leads
to different resistances against the movement of particles located in different viscosity zones. This
consequently results in different centers of rotation of the particles to be displaced from their initial
position, in the absence of any viscosity gradient, toward the higher viscosity. Therefore, the
particles are displaced towards the lower viscosity zones. The particle flux due to the spatial

variation of app was expressed by Philips et al. [33], as follows:

a® \du,
N, =—-K y<p2< )—ppV(p
h n Happ) @ (2.11)

. . . . . 5} 3}
where K, is a constant determined by experimental data fitting. For pipe flow, 5 Koo

U, <K
U, U, = U,(r,z), and p=p(z), where z and r are the direction of pumping flow and radial directions
related to pipe axis, respectively, u (m/s) is the velocity and p (Pa) is the pressure [35]. These
assumptions can simplify the conservation equations for steady and incompressible flow, as

follows:
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R

dp 10 du,

e (app 52) = 0and @ = 2n [ r.ugae (2.12)
0

Lam et al. [35] proposed the governing equation of SIPM for suspension pipe flow by combining

Egs. 2.10-2.12, as follows:

dp d(u )  _ |, auz> )
E+ e =V.|a KC(pV((pE + K, p%a

2 9z Viapp
(2.13)

Or app

The schematics of the elaborated SIPM mechanisms is presented in Fig. 5. Three main boundary
conditions can be considered for a pipe flow. These include no slip (u = 0) and no particle flux at

the pipe walls (r = R), and homogeneous distribution of particles at the pipe entrance (z = 0), as

follows:
u=0, forr=R
du, , 0uy Vitapy
[chpV <@¥)+Ku(p Wﬁpp .n=0, forr=R (2.14)
® = @, for0<r<Ratz=0

The relationship between the shear stress and shear-rate values in concrete can be expressed by an
appropriate rheological model (e.g., Bingham fluid). Moreover, the variation of viscosity and yield
stress values can be described as functions of aggregate concentration and rheological properties
of cement paste. The aggregate concentration can be evaluated during the pumping process using
the SIPM’s Eqgs. 2.13-2.14. As reported in [23], after a certain amount of time, an equilibrium is
achieved, and the concentration gradient of particles remains constant. The thickness and

rheological properties of the LL can then be evaluated at this state.
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Fig. 2.5. Schematics of SIPM mechanism, migration from (a) higher shear-rate zones to low shear-rate ones,
and (b) higher-concentration (higher viscosity) zones to low-concentration (lower viscosity) ones [31-33].
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2.5 Numerical investigation of concrete pipe flow

Due to the opaque nature of concrete, the visual identification of a threshold to accurately measure
the LL thickness during pumping is not reliable. Moreover, the alternative empirical methods, such
as tribometers, cannot fully simulate the flow conditions during pumping procedure, due to their
shear-rate limit and also lack of pressure [26]. Furthermore, due to assuming concrete as a single
fluid, evaluating the effect of the multiphasic mechanisms that can cause the formation of the LL
were neglected in the various analytical models (Egs. 2.2-2.9). The analytical models cannot
neither evaluate the effect of different pipeline segments, such as bends and reducers on concrete
flow behavior. Moreover, concrete is typically pumped by using double piston pumps. The
pulsation of pumping pressure showed significant effect on the SIPM and flow behavior of
suspensions during pumping [36-38]. Pressure pulsation can keep the concrete in a permanent
acceleration and deceleration (i.e., non-constant flow velocity), unlike the force equilibrium
assumption of the analytical models [38]. This can lead to an additional force exerted on concrete
in the pipe according to the 2" Newton’s law (i.e., ZF = m.dv/dt). The variable flow velocity can
alter the shear rate values. As explained earlier, this can thus affect the SIPM and Reynolds
dilatancy of pumped concrete, as the main mechanisms leading to formation of the LL, during
pulsating pumping flow. Snook et al. [36] reported the migration of particles toward the pipe center

for volume fractions larger than 10% (e.g., concrete) under an oscillatory pumping regime.

Furthermore, rheological properties of concrete are changed through the long pumping lines. Feys
et al. [39] reported that increasing pumping time and flow rate can substantially decrease the
concrete viscosity due to additional shearing, hence leading to additional dispersion of cement
particles. The air-void system also varies under pumping process, which can significantly change

the rheological properties of the pumped concrete [39].

However, these effects cannot be taken into consideration using the analytical models. In order to
provide more realistic prediction of concrete pipe flow, the computational techniques must be
employed to consider the physical interaction between the solid and liquid phases of concrete under

pipe-flow conditions.

Such tools are developed to describe the flow of concrete in a pipeline under pressure where
different materials can exist. Selection of an appropriate numerical methodology can lead to an

adequate prediction, given the pumping condition. The following section discusses recent
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numerical studies that have been carried out on concrete pumping. The advantages and
disadvantages of these numerical approaches are subsequently discussed in “Discussions and

Recommendations” section.
2.6 Numerical approaches to simulate concrete pipe flow

The computational modelling techniques to simulate the concrete pipe flow can be discussed in

four main categories, as follow:

2.6.1 Single-phase modelling

In this approach, concrete is assumed as a continuous medium, and its rheological properties
correspond to an equivalent single fluid, thus neglecting the presence of aggregate. Due to this
simplification, this approach is frequently used to simulate the concrete flow in large scale casting.
Several computational fluid dynamic (CFD) methods, such as Volume of Fluid (VOF) [40], were
employed to simulate the concrete flow as a single-phase [6]. The flow domain is initially
discretized in various mesh-cells, and then the incompressibility and no-slip boundary conditions
are applied.

2.6.1.1 Single-phase modelling schema

Fresh concrete flow as a single-phase was modelled using the mass and momentum conversation
equations for incompressible fluid, steady and laminar flow. The Navier-Stokes equations in the
discretized version of an integral representation were implemented as a constitutive equation to

evaluate the concrete flow as a single-phase [41,42], as follows:

6p+ 0 (o.u) = 0

at " ox P T (2.15)
2 oyl __ 9P 0 (0w Oy

ot P T oy (puw) = =55 ox; |"\ax T ox; (2.16)

where p (kg/m?), u (m/s), P (Pa), and u (Pa.s) are the concrete density, flow velocity, pressure, and
concrete viscosity, respectively. It is worthy to mention that at the right side, the negative term
represents the normal stresses and the last term refers to the shear stresses. The most frequent codes
used to simulate the fresh concrete as a single phase include OpenFOAM, ANSYS Fluent, and
FLOW-3D.
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2.6.1.2 Examples of single-phase modellings of concrete pumping

Various numerical studies carried out on single-phase modelling of concrete pumping are reported
in the literature [8,17,19,22,42-44]. Using single-phase approach, the computational domain of
pipe section is usually divided in two zones corresponding to the bulk concrete and LL zones. The
rheological properties of each zone are independently assigned using the rheological and
tribological measurements. The numerical predictions, established assuming either in the absence
or presence of different LL thicknesses, can be compared to the experimental pumping pressure
and flow velocity measurements in full-scale pipelines [8,17,22,42]. Moreover, the predicted LL
thicknesses can be compared to those measured using image analyses of the cut pipe sections [17].
The numerical results revealed that assuming a LL thickness of almost 2 mm (1.5-3.5 mm) led to
good agreements with the experimental AP measurements. However, neglecting the LL resulted in
significant overestimation and underestimation of pumping pressure [42,43] and flow rate [19],

respectively. This can highlight the significant effect of LL on concrete pumpability.

The most recent studies on single-phase modelling of concrete pumping were carried out in
Germany [8,22,43-44]. These include the experimental and numerical investigations of concrete
pipe flow in both laboratory and jobsite scales using a bi-viscous approach and the ANSY'S Fluent
software. The presence of LL was considered using a modified viscosity model. The studies
indicated that the rheological properties of the concrete vary according to the radial position of
each computational cell. Moreover, the employed bi-viscous approach was described by combining
the Newtonian and Bingham models. Accordingly, for shear-rates less than a critical value (y <
Yc), fresh concrete behaves as a Newtonian fluid with a higher initial viscosity (n~ = 100 Pa.s) than
the bulk concrete. On the other hand, when y > vy, the rheological properties of either the bulk
concrete or LL were allocated depending on the radial position of the mesh-cells. Several
assumptions were then considered for the LL thicknesses in the models based on either the
experimental tribometer and Sliper results, analytical solutions for pipe flow and tribometers, or
initial assumptions (2-8 mm) [8]. The LL thickness corresponding to the numerical simulations
with the best fit with the experimental measurements of pumping pressure was finally reported as
an optimized value. It is worthy to mention that the main finding regarding thickness of LL was
between 2 and 4 mm for highly flowable (such as SCC) and conventional vibrated concrete (CVC),
respectively [8].
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Nerella and Mechtcherine [43] established a numerical model to simulate the flow behavior of
various mixtures in the Sliper set-up. Secrieru et al. [44] simulated a small-scale pipeline of 36-
mm diameter and 3.4-m length using the bi-viscous approach. Secrieru et al. [8] also simulated the
pipe flow of different types of concrete in a 160-m pipeline, having 100- and 125-mm diameter,
bents, and reducers. The Sliper test was also numerically simulated assuming different LL
thicknesses (2-8 mm). The LL thicknesses resulted in the best agreement with the experimental
Sliper pressure values, including 4 mm for CVC (Fig. 2.6a) and 2 mm for SCC (Fig. 2.6b) mixtures,
were then applied in the numerical simulations of the full-scale pipelines. The numerical
simulations were found in good agreements with the pressure values and LL thicknesses, evaluated
using either the analytical models (Egs. 2.2-2.3) or experimental measurements (Figs. 2.6¢ and
2.6d).
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Fig. 2.6. Pressure (P)-flow rate (Q) graphs established for (a and b) calibration of the single-phase modelling
with respect to LL thickness based on Sliper results, as well as (¢ and d) comparison between different
experimental, analytical, and computational results obtained for full-scale pumping of CVC and SCC
mixtures (adapted from [8])
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2.6.2 Phenomenological multiphasic approach (PMA)

Few numerical investigations were carried out on concrete pumping using the phenomenological
multiphasic approach (PMA) [15,45-46]. In this approach, the fresh concrete is considered as a
suspension of fine and coarse aggregate in a suspending fluid (cement paste or mortar matrix).
These studies employed the SIPM governing equation (Eq. 2.13) to simulate the suspension pipe

flow. Assuming that the fresh concrete behaves according to the Bingham model, the apparent
viscosity in Eq. 2.13 can be expressed, as Wapp = Hp + %0 The plastic viscosity up and yield stress
19 of concrete are then defined as functions of the rheological properties of cement paste (pp-p and

T0-p), Volumetric fraction (¢), and packing density (¢m) of fine (FA) and coarse aggregate (CA)
[14,47-48], as follow:

Wp =(1_ ©ra )—T]*FA-q)m-FA (1_ Pca )‘ﬂ*CA-<Pm—CA

up—p Pm-FA Pm-ca (2.17)
To _ 1— @ga 1—-@ca
To—p RN N"paA-®Pm-FA __@ca N"ca-®m-CcA (2.18)
(1 <Pm—FA) (1 (pm—CA)

where " is the shape-dependent intrinsic viscosity of solid particles (e.g., n° = 2.5 for spheres).
Consequently, the concentration profiles of aggregate across the pipe sections can then be estimated
using the conservation equations for steady and incompressible pipe flow (Eq. 2.12), SIPM

governing equation (Eq. 2.13), and appropriate boundary conditions (Eq. 2.14).

Jo et al. [45], Chot et al. [15], and Choi [46] employed the same PMA methodology to simulate
the concrete pipe flow. A given length of pipe was modeled and discretized using quadrangular
mesh cells, with finer sizes close to the pipe wall (LL zone). The authors used Fluent software to
calculate the flow properties (i.e., pressure, velocity, shear-rate, etc.). Moreover, a subroutine
program was coded to solve the SIPM equations (Eqs. 2.13-2.14), assuming K¢ =0.3 and K, = 0.6
values, according to Phillips et al. [33]. Depending on the targeted multiphasic scale in numerical
simulations, the established codes considered the yield stress and plastic viscosity relationships
with solid dispersions (Egs. 2.17-2.18), as well as the shape and size characteristics of the solid

suspended particles to determine n° values.
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Jo et al. [45] carried out a parametric analysis to determine the effect of various influencing
parameters, such as coarse aggregate size, water-to-binder ratio, and pipe diameter, on LL
formation in a pipe model with 100-125-mm diameter and 1.5-m length. The authors assumed a
spherical shape of the particles by setting the intrinsic viscosity n° = 2.5 and ¢m = 0.60 values,
according to Ferraris and Brower [14]. Similarly, Choi et al. [15] and Choi [46] evaluated the effect
of shape and size of aggregate, respectively, on LL formation, velocity, and flow rate during
pumping process. The circularity of fine and coarse aggregate particles was evaluated using the
image analyses to estimate their intrinsic viscosity values using the empirical model proposed by
Szecsy [49]. Accordingly, the obtained " values of 3.5-6 were used in the PMA simulations for
different fine and coarse aggregate classes. For the experimental verification, 125-mm diameter
pipelines of 170-m and 1000-m length were employed by Choi et al. [15] and Choi [46],
respectively. UPV was also used to measure the velocity profile of concrete in the investigated
pipelines. A numerical pipe model of 10-m length and 125-mm diameter was established.
Considering the effect of particles morphology in estimating the rheological properties of
suspensions significantly enhanced the precision of the established simulations. PMA resulted in
accurate prediction of pumping pressures and velocity profiles compared to the experimental

measurements.

The numerical results revealed that PMA is capable to evaluate the radial variation of rheological
properties across the pipe section. According to the numerical PMA simulations, significantly
lower aggregate concentration and rheological properties, as well as higher velocity and shear-rate

values were obtained in a thin layer close to the pipe wall, referring to LL.

2.6.3 Discrete element method (DEM)

DEM was initially proposed for granular flow modellings [50,51]. In this approach, the problem is
generally discretized by circular or spherical particles in 2D and 3D models, respectively. The
interaction between the modelled particles and rheology of the suspending matrix are controlled
using appropriate constitutive relationships. Accordingly, the elastic, viscous, and frictional
components of particle-particle interactions are represented by virtual rheological elements
consisting of springs, dashpots, and sliders, respectively. The spring constant (shear elasticity
modulus “G”) corresponds to the elastic state. Once the forces exerted on the particle exceed the
yield stress 1o (threshold value) of the slider model, the plastic state of the flow is initiated with a

Up (plastic viscosity) constant displacement rate of the modelled dashpots (Fig. 2.7). The properties
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of the model material should then be calibrated using the experimental or theoretical algorithms
[52,53]. The force-displacement law is then used to update the contact force arising from the
relative motion at each contact. The motion law is again applied to the particles to update their
velocity and position. This is based on the resultant force and momentum arising from the contact
forces and gravity acting on the body. Numerical simulation of concrete flow using DEM led to
develop valuable information of the flow properties of suspension, such as tracking of aggregate
displacements, blocking, and segregation [52,53]. Moreover, DEM showed more accurate

predictions of final spread compared to single-phase CFD models [54].
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Fig. 2.7. Description of a visco-elastoplastic (Bingham) model by DEM method [52,53,55]

The motion of particles in DEM is controlled by the Newton’s second law; i.e., F = mX and M =
18, where % and 6 are the translational and angular acceleration vectors of a specific particle, m and
I stand for mass and momentum of inertia, and F and M are the total force and momentum vectors,
respectively. The F and M parameters correspond to the constitutive behavior at contact and
external body force, such as gravity [55]. The translational (%) and angular velocity () are
computed as the integration of the acceleration vectors over time. Similarly, the position and
orientation of particles can be updated using the updated velocity vectors. This information is then
used to evaluate the relationships between different contact entities, including the particles,
obstacles, and wall boundaries, and eventually calculate the contact forces by the constitutive
contact laws. Appropriate contact-models should be selected to describe the normal and shear
components of the contacts. As shown in Fig. 2.7, the Bingham model is frequently used to describe

the contact behavior.

Haustein et al. [37] employed DEM method by means of MercuryDPM software to simulate the

effect of particle-size distribution and Coulomb’s friction coefficient on the SIPM of bidisperse
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particles under pulsating pumping regime. The numerical results successfully revealed three
different regions across the pipe section of pulsating pumped granular flow with different solid
contents and rheological properties, including the bulk, boundary, and buffer layers. The particles
in the bulk layer at the pipe center were found to be near the random-close packing (high viscosity)
and long-lasting frictional contacts. On the contrary, the materials in the boundary layer were
shown to be sheared and thus loosened up (medium to high viscosity). Finally, the buffer layer
consists in lower concentration of loosened particles under shear (low viscosity) and shorter
interparticle frictional contacts. These layers correspond to the plug, sheared-concrete, and

lubrication layers formed during concrete pipe flow, respectively.

Zhan et al. [55] carried out a parametric study to evaluate the effect of various parameters
influencing the pumpability of concrete using DEM approach by means of PFC 5.0 code. The
authors used the linear parallel bond model to describe the contact between the aggregate and pipe
walls, consisting of pair of tensile and shear springs. The established aggregate-aggregate and
aggregate-wall interactions consist of linear contact, dashpot, and parallel components. It is worthy
to mention that all the defined parameters describing the contact-model are not equivalent to the
conventional macroscopic properties which can be experimentally measured. In order to determine
these contact parameters, a calibration process must be performed. Accordingly, some simple flow
cases can be simulated with an initial assumption of a given set of contact parameters. Using the
inverse analysis, the contact parameters are adjusted to achieve reasonable simulation results
compared to the experimental ones. Zhan et al. [55] optimized the contact-model parameters by
carrying out the slump-flow and V-Funnel tests. Then, they simulated the concrete flow in different
representative straight pipe and elbow segments of 1-m length and 100-200-mm diameter. For
example, under a pumping velocity = 0.3 m/s, pressure drop values of 0.035 and 0.012 MPa/m
were obtained for the vertical and horizontal pipe segments for 150-mm diameter pipelines,
respectively. The total pressure loss AP (MPa) of a full-scale pumping system was estimated as

follows:

APtotal ~0.035 x Hvertical +0.012 x Lhoﬁzomal (219)

where Hverticat and Lhnorizontat are the total pumping height and length of horizontal pipeline,
respectively, in meter. The pressure results of the established DEM simulations were reasonably

comparable to those measured at different well-known projects, such as Burj Khalifa (Hvertical =
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576 m and Lhorizontal = 83 m) and Shanghai (Hverticat = 582 m and Luorizontat = 150 m) towers [55].
Accordingly, Eq. (19) led to APota values of 21.15 and 22.17 MPa which are 23% higher and 5%
smaller than values reported for Burj Khalifa (17.1 MPa) and Shanghai (23.4 MPa) towers,

respectively.

2.6.4 Smoothed particle hydrodynamics (SPH)

Smoothed particle hydrodynamics (SPH) is an interpolation method to approximate values and
derivatives of continuous field quantities by using discrete sample points [56]. These are identified
as smoothed particles that carry concrete entities, including mass, position, and velocity. The
particles can also carry estimated physical field quantities, such as mass-density, pressure, etc. SPH
can approximate the derivatives of continuous fields using analytical differentiation on arbitrary-
located particles. Each particle occupies a fraction of the discretized space [56]. As can be observed
in Fig. 8, the SPH quantities are obtained as the weighted averages from the adjacent particles. The

integral interpolant of any quantity function fi(x) is defined over all the space Q, as follows:

K= i tWe =) (220)

where W is the weighting kernel function, and h is the smoothing distance, which determines the
interaction degree of a particle with its neighboring particles. Considering the conservation
equations and density calculation, the integration/differential formats are changed to summation
SPH discretized equations. For example, continuity equation can be changed to Eq. 21, where V

and p denote velocity and density, respectively.

%0 —pV.V = i _ —Pi Z,% (Vi = VIO Vi W (2.21)
j

Recently, there are several studies carried out on flow simulation of cement-based materials using

SPH method [57,58]. Although SPH showed a considerable potential to simulate the heterogeneous

phenomenon during concrete flow, the use of this method to simulate concrete pumping has been

quite limited. Martys et al. [59] simulated the pipe flow of spherical suspended particles in a power-

law rheology suspending fluid using SPH. The authors simulated the pipe flow of suspensions

containing different concentrations of 1-mm spherical particles in three different suspending fluids
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corresponding to Newtonian, shear-thinning, and shear-thickening types. The SPH simulations
revealed that the shear-thinning and shear-thickening suspending fluids showed more flattened
velocity profile than the Newtonian one. In the case of shear-thinning suspending fluid, a
significant effective slip was observed near the pipe wall, despite the no-slip boundary assumption.
This can be explained by the very high shear-rate values close to the wall, which leads to very low
viscosity in the case of shear-thinning fluids. Therefore, the particles can easily move near the wall
appearing as a slip effect. According to Martys et al. [59], in the case of concrete pumping and 3D
printing applications, the shear-thinning behavior of the suspending matrix of concrete can lead to
significantly facilitate the pumping process by providing higher flow velocity (flow rate) and lower

pumping pressure.
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Fig. 2.8. Schematics of a typical SPH particle and its adjacent particles [56]

Most recently, Tran-Duc et al. [60] employed the SPH approach to evaluate the effect of different
volumetric fractions (0-30%) and particle-size distributions of coarse aggregate (0.5, 8, 10, 16, and
20 mm) on pumpability of mortar and SCC. The mortar flow simulations showed identical flow
velocity profiles with those obtained using the analytical solutions. On the other hand, SPH
simulations revealed that, under a given pressure gradient (1.7 kPa/m), increasing the volumetric
fraction (up to 30%) and size of coarse aggregate (up to 20 mm) can lead to lower (up to 47%) and

higher (up to 24%) flow rates when pumping SCC, respectively.
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2.7 Discussions and recommendations

The main advantages and disadvantage of the numerical methods to simulate the concrete pipe

flow are discussed in this section.

2.7.1 Single-phase approach

In the case of single-phase approach, the calculation time is significantly reduced due to the absence
of aggregate. However, the results of this approach are significantly sensitive to the mesh settings.
Any small variation of the cells’ sizes can considerably affect the accuracy of the numerical
simulations to consider the shear conditions in different zones. A mesh-sensitivity analysis should
then be performed to validate the robustness of the numerical solutions. On the other hand, despite
the good agreements with the experimental measurements, the single-phase approach is not capable
to simulate pipe blockage and different multiphasic mechanisms of LL formation. This is due to
the fact that the fresh concrete is considered as a single phase without the presence of aggregate.
Other multiphasic approaches were thus proposed to simulate the heterogeneous flow behavior of
concrete in pipes [31-33,35].

2.7.2 Phenomenological multiphase approach (PMA)

PMA was shown to successfully simulate the main phenomena governing the shear-induced
particle migration (SIPM). PMA helped to understand why and in which conditions the aggregate
migrate from the higher to lower shear-rate zones of the pipe. In addition, the particle migration
from the zones of higher viscosity and solid concentration toward those with lower values was also
evaluated. The use of SIPM governing equation led to successfully simulate the equilibrium state
when the final concentration profile of aggregate was achieved and, hence, the thickness and

rheological properties of LL were estimated.

However, PMA is very dependent on appropriate assumption of the phenomenological constants
K. and K,. Moreover, the selection of the multiphasic scale of concrete suspension is debatable.
Accordingly, based on a chosen size threshold, fresh concrete can be considered as a suspension
of either fine and coarse aggregate in cement pastes, or coarser aggregate in fine mortars. The
choice of this threshold that identifies the suspended particles and suspending phase can
significantly affect the precision in predicting the solid concentrations of LL and bulk concrete.

Moreover, the accuracy and computational time of PMA models are considerably dependent on
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the size and number of the mesh-cells. The mesh-sensitivity should be thus evaluated to achieve
robust numerical results. Furthermore, the PMA models can only predict the equilibrium state,
hence the direct physical and hydrodynamic interactions between the aggregate and suspending
fluid cannot be quantitatively simulated. Furthermore, the physical evaluation of inertia, particles’
collisions, drag, surface tension, and surface roughness of aggregate and pipe cannot be considered
in PMA. The physical interactions between solid and liquid phases of fresh concrete can be

modelled using particle-based methodologies, such as DEM and SPH.
2.7.3 Discrete element method (DEM)

DEM showed a great potential to evaluate various heterogeneous phenomena during pumping, such
as blocking, by simulating the displacement, velocity, and forces of individual particles. A proper
assumption of aggregate grading or size thresholds to define the suspending and suspended phases
can help to simulate LL formation using DEM. However, from physical point of view, it is difficult
to define the direct contact between the modelled particles representing the suspending mortar and
coarse aggregate. The experimental evaluation of the contact parameters is also impossible. On the
other hand, simulating the motion of a huge number of particles in full-scale pipelines using DEM
is almost impossible because of the limitation of the commonly used CPUs to do it in a reasonable
calculation time. Furthermore, the complex secondary flows in the vicinity of wall and aggregate

cannot be modelled using DEM.

In order to take into consideration such phenomena and reduce the calculation time, it is
recommended to combine DEM with CFD analyses [61]. Accordingly, the influence of the
suspending fluid can be simulated using a CFD code. The dynamics of aggregate in the established
parallel DEM code can then be updated using the calculated hydrodynamic forces by means of the
CFD model [61]. This is called coupled CFD-DEM modelling [61]. A comprehensive review on
the basic method, progresses, and recent applications of CFD-DEM modelling approach is recently
given by Kieckhefen et al. [61].

Zhou et al. [62] simulated the vertical pumping of biphasic suspensions of ceramic particles in
water using CFD-DEM approach. The results were successfully validated by experimental
measurements on suspensions made with 2.7%-10% solid particles measuring 2.32-3.82 mm in
diameter that were pumped with different mass flow rates of 1.469 and 1.723 kg/s in a vertical pipe

measuring 30.6-mm diameter and 2.2-m length. According to the numerical simulation results,
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higher pressure drops were obtained with the increase in solid fraction. It was also revealed that
considering the lift force in the estimation of the pressure loss can indeed enhance the accuracy of
the numerical simulations. Accordingly, the simulations conducted with lift force led to prediction
errors of 0.8%-17.9%, 2.0%-41.0%, and 5.0%-35.9% for liquid velocity, solid concentration, and
solid velocity, respectively. The CFD-DEM simulations showed that the maximum particle
concentration and flow velocity are obtained in the pipe center, which gradually decline in radial
direction toward the wall. However, when the lift force is omitted, the tendency of the solid

particles toward the center axis could not be reproduced.

As an example for concrete pipe flow modelling, Tan et al. [63] successfully employed the coupled
CFD-DEM method to investigate the wear mechanism of the pipe elbows. The simulated elbow
consisted of 100-mm diameter pipes including a 1.6-m horizontal part, 0.6-m vertical part, and a
90° circular bend with almost 0.628-m length, 0.3, and 0.4-m inner and outer radii, respectively.
The concrete was modelled as a suspension of 25% cement paste (suspending fluid), 49% fine
aggregate (2 mm), and 26% coarse aggregate (15 mm). The kinematics and trajectory of the
particles impacting on the bended pipe were simulated to investigate the wear mechanism of the
elbow. Accordingly, the location of the maximum erosive wear damage in the elbow was
successfully found in agreement with that observed in actual pumping process. It was revealed that

rather other parts of pipeline, the wall of the elbow would suffer more severe friction.

Most recently, Jiang et al. [64] optimized the layout and structural parameters of conveying pipes
of pump truck using CFD-DEM simulations of concrete pipe flow through straight, inclined,
reducer, and bend pipe segments, as well as their combination. The optimization parameters
included the length and inclination of straight pipes, as well as the curvature radius and bending
angle of the bend segments. The yield stress and plastic viscosity values of the investigated concrete
mixtures ranged from 221.9 to 300.8 Pa and from 7.7 to 12.7 Pa.s, respectively. The authors
reported a 5.5% reduction in pressure loss of the optimized model compared to the initial layouts.
As expected, according to the numerical results, coarse aggregate was found more concentrated
near the pipe center. The average velocity of the coarse aggregate of the optimized model was

lower than that of the initial layout, hence improving the wear of the conveying pipes.
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2.7.4 Smoothed particle hydrodynamics (SPH) method

Simulating the interactions between the aggregate, suspending paste/mortar matrix, and pipe walls
using SPH can predict different heterogeneous mechanisms inducing LL formation. Considering
different interparticle forces in a SPH model can result in more realistic predictions compared to
DEM. However, the following challenges can be addressed to use SPH for modelling of concrete

pipe flow:

e The large number of particles in SPH simulation, especially in the case of large-scale
pipelines, can significantly increase the calculation time.

e A calibration step is essential to choose and optimize the appropriate weighting functions
W (Egs. 20-21).

e The optimization algorithms are required to discretize the suspending fluid, aggregate, and
pipe wall boundaries by the computational particles to achieve robust numerical solutions.
These optimizations can be expressed in terms of number, shape, diameter, size, spatial

distribution, and layers number of the modelled particles.

2.8 Overall recommendation

According to the critical review presented in this paper, a guideline can be offered to select the
appropriate computational method according to a given pumping application that needs to be
simulated. The guideline attempts to strike a balance between the quality of the calculated

information and complexity of the modeling and rapidity of calculation time.

e A relatively quick estimate of pressure-loss in large scale pipeline applications can be

achieved using the single-phase approach that can result in the lowest calculation time.

e In order to evaluate the LL characteristics in terms of thickness and rheological properties
in large scale pumping applications, the PMA approach is suggested to simulate the

aggregate concentration profiles across the pipe section in an equilibrium state.

e For the prediction of the heterogeneous flow phenomena in the vicinity of bend and reducer
segments, such as pipe blockage, which require shorter time intervals to simulate, the
particle-based methods are recommended. Such methods include the DEM and SPH

methods.
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The coupled CFD-DEM method is recommended as the most precise numerical approach
by considering the physical interactions between the aggregate, suspending matrix, and pipe
wall boundaries that lead to the formation of the LL, wear mechanisms of the piping wall,

and pipe blockage.

2.9 Conclusions

Simulating concrete pumpability is of particular interest to properly design the pumping circuits

for successful pumping process given the application on hand. In this paper, a comprehensive

review of empirical, analytical, and numerical methodologies that can be used to assess concrete

pumpability was presented. Different heterogeneous flow behaviors of concrete in pipes were

presented and analyzed. Based on the critical review presented herein, the following concluding

remarks can be drawn:

1)

2)

3)

4)

Numerical prediction tools can be successfully employed to overcome the complexities in
experimentally characterizing the LL, in terms of rheological properties and thickness,
during pumping.

The main mechanisms that can lead to the formation of the LL include the wall effect,
Reynolds dilatancy, and shear-induced particle migration (SIPM). Reynolds dilatancy can
partially explain the mechanism of LL formation. However, the absence of pressure leads
to underestimating the LL thickness induced by Reynolds dilatancy compared to real
pumping processes. Taking into consideration the main pipe flow conditions, including
pressure, shear, and pipe confinement, as well as the interaction between solid and liquid
phases of the concrete material, the SIPM can better be used to evaluate the LL formation
compared to the other two influencing mechanisms.

Two main phenomenological models governing SIPM were formulated in terms of spatial
variations of particles’ interaction frequency and suspension viscosity. The SIPM
governing equations were properly established to simulate the variation of aggregate
concentration through the pipe diameter and better predict the characteristics of the LL.
Unlike the analytical models, numerical simulations can consider the multiphasic
interactions of aggregate and cement paste/fine mortar matrices during pipe flow. Four
different numerical methods were employed to simulate concrete pumpability and LL

formation. This included single-phase, phenomenological multiphase (PMA), discrete
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element method (DEM), and smoothed particle hydrodynamic (SPH) approaches. The
single-phase modelling is the quickest approach to predict concrete pumpability in terms of
pressure loss and flow velocity profiles, but this approach is unable to simulate the
heterogeneous flow behavior of concrete pipe flow, including the formation of the LL.

5) Phenomenological multiphase approach can simulate the mechanisms of the LL formation
using the SIPM governing equation. However, this approach cannot directly evaluate the
physical interactions of aggregate and cement paste during pipe flow.

6) Simulating the interparticle interactions and displacements of individual particles, the DEM
showed a great potential to predict the heterogenous flow behavior of concrete in pipes.
However, it is difficult to experimentally characterize the physical contact parameters
between the modelled particles.

7) The DEM can require extensive computational time to simulate the flow in a full-scale
pipeline. The combination of DEM with CFD analyses was shown to enhance the accuracy
of prediction and reduce the calculation time.

8) The SPH resulted in more realistic and physically-meaningful consideration of the
interactions between the suspended particles, suspending fluid, and pipe wall, compared to
the DEM. The main challenges to simulate concrete pipe flow using SPH were addressed
in this study.

9) According to this critical review, a guideline was proposed to select appropriate numerical
methods to simulate concrete pumping. Accordingly, the coupled CFD-DEM approach is
recommended as the most precise and realistic computational approach to model concrete

flow in pipes.
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CHAPTER 3. METHODOLOGY

3.1 Introduction

Since the thesis follows an article-based structure, the methodology employed is detailed in
each chapter. However, in this chapter, the methodologies employed, the objectives of this
study, as well as the logic behind the selection of the numerical modeling algorithm are

presented.
3.2 Simulation approaches

In this study, the flow behavior of concrete during pumping process is modeled. Different
numerical methodologies were employed to evaluate the effect of rheological properties of
concrete, as well as the characteristics of the lubrication layer (e.g., thickness and tribological
properties) on the pumpability of SCC (i.e., pressure loss). Moreover, the mechanisms of the
formation of lubrication layer was modeled as a heterogeneous phenomenon. This study was

conducted in two main phases (See Fig. 3.1):

1. Phase 1 is focused on homogenous analysis of pipe flow of various highly-flowable
concrete mixtures in a large-scale pumping circuit. New tri-viscous models were
proposed to simulate concrete pipe flow as a single fluid with radially variable
rheological properties across the pipe, corresponding to the LL, BC, and the plug flow
zones. The CFD models were established to predict the pressure loss of the pumping
experiments. The LL and plug flow zones were characterized in terms of rheological
properties and thickness. The coupled effect of the characteristics of different radial
zones, flow rate, and pipe diameter on pumping pressure loss were investigated.

2. Phase 2 involves modeling the heterogeneous phenomenon leading to the formation of
the LL. The pipe flow of the concrete is simulated as a diphasic suspension of aggregate
with different PSDs and concentrations in suspending mortar matrix with different
rheological properties. The shear-induced particle migration and wall effect
phenomenon were modeled using particle-based methods, including DEM and coupled
CFD-DEM. The heterogeneous analyses were carried out in aggregate scales with wide
size distribution to facilitate the pumping procedure by better understanding the LL
formation mechanisms. Contribution of the key factors are highlighted to estimate the

heterogenous rheological behavior of concrete across the pipe.
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Fig. 3.1. Methodology of this study, including homogenous and heterogencous analyses of concrete pipe
flow.

3.2.1 Phase 1: Homogenous modeling of concrete flow

In this section, computational fluid dynamic (CFD) was applied to predict the pressure needed
to pump fluid concrete given the pumping circuit. The pipe flow of 22 highly-flowable concrete
mixtures with different rheological properties, including four highly-workable concrete (HWC)
and 18 SCC, through a 30-m circuit were considered (Fig. 1.2). The pipe flow behavior of the
investigated mixtures was simulated using CFD for two 10-m horizontal segments of the circuit
with different pipe diameters of 100 and 125 mm under different flow rates. The rheological
properties of the LL and reference mixtures were experimentally measured at the Université de
Sherbrooke (Canada) in 2013 [1]. The pumping measurements repeated either four, five, or six
times in 30-min intervals depending on the workability of mixtures and pump power. The
rheological properties and compositions of the investigated mixtures are presented in Table

3.1.

The concrete pipe flow was simulated as single or two fluids without considering the presence
of particles. The challenge was how to consider the presence of the LL with different
rheological properties compared to the BC. Due to the formation of the LL, three regions with
different rheological properties are developed in the pipe; one corresponding to the LL in
vicinity of the pipe wall, and second one corresponds to the sheared BC with greater rheological
properties than those of the LL, and the third refers to the plug flow zone in pipe center with
higher plastic viscosity and yield stress than those of BC and LL. In this phase, three different
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methodologies were developed based on two fluid and single fluid approaches to model the
radial variation in rheological properties of concrete across the pipe, which were explained in
detail in the following sections. By applying these proposed methodologies, three different
regions, including the plug flow, BC, and LL zones, can be distinguishable using the velocity
profiles obtained using the simulation results. The characteristics of different pipe flow zones

were also evaluated in terms of thickness and rheological properties.

The simulation results were validated with experimental values reported in Reference [2].
Several parameters, including the pumping pressure, flow rate, rheological, tribological, and
workability properties of the investigated mixtures were measured over time. The experiments
were carried out under different flow rate magnitudes ranging from 4 to 20 L/s. Detailed
information regarding the experimental set-up and measurement procedures can be found in

Ref. [1].

Table 3.1. Fresh density, rheological, and tribological properties of the investigated mixtures [3,4].

Mix Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
p (kg/m®) 2373 2391 2367 2381 - -
To.c (Pa) 188 146 330 518 - -
HWCI Up-c (Pa.s) 99 96 92 89 - -
To.L (Pa) 59 76 89 151 - -
N (Pa.s.m™) 2591 3549 2572 2563 - -
p (kg/m®) 2347 2374 2370 2369 - -
Toc (Pa) 99 119 128 239 - -
HWC2 Up-c (Pa.s) 86 89 87 99 - -
To.L (Pa) 38 96 89 88 - -
N (Pa.s.m™) 2682 3377 3396 2979 - -
p (kg/m®) 2360 2364 2373 2359 2363 -
To.c (Pa) 121 169 213 358 838 -
HWC3 Up-c (Pa.s) 56 55 65 59 56 -
To.L (Pa) 4 73 83 67 129 -
N (Pa.s.m™) 2117 1689 1464 2674 2680 -
p (kg/m®) 2340 2361 2362 2372 2359 -
Toc (Pa) 52 48 69 64 79 -
HWC4 Up-c (Pa.s) 62 62 60 57 57 -
To.L (Pa) 44 77 65 54 62 -
N (Pa.s.m™) 2607 1603 1576 2627 2007 -
p (kg/m®) 2424 2434 2435 2401 2380 -
Toc (Pa) 35 40 29 45 35 -
SCCl1 Up-c (Pa.s) 52 47 47 50 58 -
To.L (Pa) 29 20 29 13 72 -
N (Pa.s.m™) 2223 1714 1778 2023 2577 -
p (kg/m®) 2404 2398 2423 2343 2306 -
To.c (Pa) 37 35 30 86 381 -
SCC2 Up-c (Pa.s) 40 39 40 44 50 -
TorL (Pa) 0 46 51 76 105 -
N (Pa.s.m™) 1860 1627 1632 1729 3001 -
p (kg/m®) 2377 2370 2340 2384 - -
To-c (Pa) 23 48 92 138 - -
SCC3 Up-c (Pa.s) 37 35 40 40 - -
To.L (Pa) 18 51 39 69 - -

n (Pasm’) 1844 2058 1451 2399 - -
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Table 3.1. Continued

Mix Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
p (kg/m®) 2397 2438 2412 2442 2430 -
To-c (Pa) 59 32 48 68 47 -
SCC4 Up-c (Pa.s) 52 43 39 37 36 -
to.L (Pa) 39 38 24 31 16 -
N (Pa.s.m™) 1754 1570 1611 1388 2167 -
p (kg/m®) 2359 2367 2348 2307 2372 -
To-c (Pa) 27 20 15 11 10 -
SCC5 Up-c (Pa.s) 33 30 27 27 26 -
TorL (Pa) 0 4 4 11 0 -
N (Pa.s.m™) 700 381 402 414 995 -
p (kg/m®) 2407 2444 2395 2465 - -
Toc (Pa) 84 66 89 80 - -
SCC7 Up-c (Pa.s) 76 63 62 69 - -
to.LL (Pa) 19 49 35 49 - -
N (Pa.s.m™) 2330 2723 2567 1720 - -
p (kg/m3) 2451 2442 2371 2436 2424 -
To-c (Pa) 46 38 37 40 40 -
SCC8 Up-c (Pa.s) 55 63 61 59 57 -
oL (Pa) 0 9 17 24 52 -
N (Pa.s.m™) 2463 2027 1847 1776 2525 -
p (kg/m®) 2355 2350 2374 2387 - -
Toc (Pa) 38 28 19 19 - -
SCC9 Up-c (Pa.s) 29 29 27 27 - -
To.L (Pa) 18 7 7 18 - -
N (Pa.s.m™) 490 240 252 326 - -
p (kg/m®) 2255 2255 2265 2357 - -
To.c (Pa) 41 49 41 54 - -
SCC10 Up-c (Pa.s) 50 43 43 46 - -
toL (Pa) 24 2 4 18 - -
N (Pa.s.m™) 1247 1372 1427 1334 - -
p (kg/m®) 2335 2348 2335 2327 2325 -
To.c (Pa) 31 34 28 76 107 -
SCC11 Up-c (Pa.s) 33 30 31 35 46 -
TorL (Pa) 6 9 13 27 54 -
N (Pa.s.m™) 948 1279 1299 1024 3395 -
p (kg/m®) 2343 2338 2354 2315 - -
To.c (Pa) 90 120 255 652 - -
SCCI12 Up-c (Pa.s) 83 97 102 104 - -
toL (Pa) 70 121 93 171 - -
N (Pa.s.m™) 3714 4366 3279 2901 - -
p (kg/m®) 2215 2256 2247 2258 2288
To-c (Pa) 37 38 36 56 52 -
SCC13 Up-c (Pa.s) 46 40 41 39 41 -
TorL (Pa) 17 37 37 24 26 -
N (Pa.s.m™) 1424 1084 1083 729 1207 -
p (kg/m®) 2282 2279 2308 2315 - -
Toc (Pa) 25 27 20 19 - -
SCC14 tp-c (Pa.s) 38 28 29 32 - -
to1L (Pa) 37 19 21 10 - -
N (Pa.s.m™) 629 531 536 431 - -
p (kg/m®) 2361 2345 2371 2357 2358 -
To-c (Pa) 64 53 59 46 73 -
SCC15 Up-c (Pa.s) 57 49 48 48 46 -
to1L (Pa) 23 14 11 54 29 -
N (Pa.s.m™) 1543 1720 1713 1767 1368 -
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Table 3.1. Continued

Mix Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
p (kg/m®) 2346 2369 2386 2383 2365
Toc (Pa) 51 47 53 67 99
SCCl16 Up-c (Pa.s) 59 49 61 54 55
to.L (Pa) 1 36 38 8 42
N (Pa.s.m™) 2652 1913 1635 2118 1415
p (kg/m®) 2363 2366 2377 2373 2363
To-c (Pa) 30 25 41 48 58
SCC17 Up-c (Pa.s) 48 41 43 50 42
to1L (Pa) 12 49 34 24 8
N (Pa.s.m™) 1360 1539 1424 1484 2051 -
p (kg/m®) 2414 2411 2407 2389 2391 2391
To.c (Pa) 48 54 59 81 84 165
SCC18 Up-c (Pa.s) 65 65 67 73 69 88
to.LL (Pa) 11 39 35 17 11 37
N (Pa.s.m™) 2493 2456 2386 1728 1940 2753
p (kg/m’) 2419 2420 2425 2398 2424
Toc (Pa) 84 91 138 138 476
SCC19 Up-c (Pa.s) 149 129 145 164 192
To.L (Pa) 120 231 254 301 291

N (Pa.s.m™) 5365 7893 6668 6983 6003

The Reynolds number of the investigated mixtures in the pumping circuit is less than 10 and
the hydrodynamic entry length is less than 0.04. Therefore, the investigated pipe flows were
considered to be in laminar and fully developed flow regimes. Therefore, the simulations were

carried out in two dimensions and 1-m pipe length to reduce the calculation time.

The numerical simulations were carried out using OpenFOAM as an open-source software.
The FOAM stands for Open-Source Field Operation and Manipulation. OpenFoam is an object-
oriented software developed in C++ which benefits from a set of precompiled libraries which
are provided as source code. It allows the users to conveniently customize their library to create
their own model. Therefore, besides cost benefit, the time for coding is saved. Moreover, the

powerful libraries and solvers of OpenFoam allow to solve almost any CFD problem [4].

Regarding the abovementioned advantages, the behavior of pumped concrete can be modeled
by choosing proper solver and viscosity models in OpenFoam. Since none of the existing
viscosity models in OpenFoam can correctly take in to account the behavior of concrete in
pipes, three different viscosity models were developed and two of them were added to the
OpenFoam libraries. The first method was established based on two fluids, corresponding to
the LL and BC, while the second and the third ones were based on a single fluid flow with
radially variable rheological properties across the pipe. By implementing the developed
viscosity models, the effect of the LL on the pressure loss can be predicted. Therefore, the

presented CFD models can result in higher accuracy in comparison with the previous single-
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phase CFD models in literature. The explanation, advantages, and disadvantages of each model

were explained in the following sections.
3.2.1.1 Two-phase approach (Double-Bingham Model)

In this approach, two different Bingham fluid phases correspond to the BC and LL. The
interFoam, as one of the standard solvers for two incompressible and isothermal immiscible
fluids in OpenFoam, was used [5]. The two immiscible fluids were separated by introducing

the parameter o, namely the volume fraction which was explained in the following sections.

3.2.1.1.1 Governing equations of InterFoam

InterFoam solves following transport phase and Navier-Stokes equations using PISO algorithm
(Pressure-Implicit with Splitting of Operators) for pressure-velocity coupling and applying
volume of fluid (VOF) method to model the interface between two incompressible, isothermal,
and immiscible fluids. InterFoam uses a numerical technique namely finite volume method
(FVM) to solve the problems [5-9]. In FVM, the geometry is discretized in the first step to
finite volumes. This method transforms the partial differential equations into discrete algebraic
equations over finite volumes. By integrating the extracted differential equations over the
discretized elements, they are transformed into algebraic equations. The Governing equations

for interFoam solver are written, as follows [5,9]:

Continuity equation: V.u =0 3.1
Transport phase equation (interface): Z—‘: +V.(ua) =0 (3.2)
Momentum equation: % + V.(puu) = =Vp+ V.T + f; (3.3)

where u is the velocity and a represents the volume fraction, which equals 1 in the region of
the first phase, 0 in the region of second phase, and between 0 and 1 in the interface region
(Table 3.2). T implies the stress tensor which has two components, including turbulent and
viscous stress. The surface tension force is shown by f; and is obtained by Eq. 3.7. The pressure
can be decomposed into two terms including hydrostatic and dynamic pressure as presented in
Eq. 3.6, where g and x are gravitational acceleration and position vectors, respectively. Density
and viscosity are calculated according to the volume fraction of each phase, as shown in Egs.

3.4 and 3.5.
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p=oap; +(1—-a)p; (3.4)

p=ap + (1 —-au, (3.5)

Py =P — pgx (3.6)

f, = okVa (3.7)

k= v (% (3.8)
[V

where ¢ and k are surface tension constant and curvature, respectively. By substituting Eqgs.

3.4-3.6 and 8-7 to Eq. 3.3, this provides Eq. 3.9 [9].

d(pu)
ot

+ V.(puu) = =Vp,; + V.T — pg.x + gkVa (3.9)

Tracking interfaces between phases is usually one of the critical challenges to solve multi-
phase problems. For this purpose, VOF method is used in interFoam [10,11]. To avoid
numerical smearing of the interface, an interfacial compression flux term is added to the
equation. The VOF method captures the interface, by which the surface cannot be tracked as
by the techniques based on the interface tracking methods and the position of the surface is
estimated by a phase fraction function. This method assumes that a continuous velocity field
prevails along all the interfaces. This complies with the interface boundary conditions in the
physics of fluids which means that the relative velocity between phases is zero. In VOF method,
the additional transport equation Eq. 3.2 is added, which is solved simultaneously with Navier-
Stokes equation to obtain the volume fraction of one phase at each time step. This transport
equation is only solved in the interface region where there is a gradient in the phase fraction as
presented in Table 3.2. The volume fraction (a) varies between 0 and 1 at interface between

two phases[10]. While the volume fraction is either zero or one in the region of each phase.

Table 3.2. The variation of volume fraction parameter (o).

Volume fraction

Phase 1 a=1
Interface between two phases 0<a<1
Phase 2 a=0

Since the pressure term does not exist in the continuity equation, a suitable approach should be
implemented to solve the coupling between pressure and velocity. As mentioned earlier,

applying PISO procedure, the pressure-velocity coupling is solved in InterFoam. This method
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is established based on the predictor and corrector step. The pressure and flux at previous
iteration are used to approximate velocity field in the momentum equation, which is called
momentum predictor. Then, the pressure is calculated based on the predicted velocity. Next,
the new value flux is obtained using the calculated pressure. At the corrector stage, the velocity
field is corrected based on updated pressure and flux. More information about PISO algorithm

are explained in reference [12].

At the first step, initial value and boundary conditions should be set up for variables. Then the
solver starts to investigate the variables at new time step using their values at the pervious time
step. Following that, the predicted value of velocity based on the momentum predictor stage is
calculated. The PISO loop continues until the tolerance for pressure-velocity system is
satisfied. At this point, the updated values for velocity and pressure and conservative fluxes at
new time step are obtained. According to the updated values, all other equations in the system

are solved [12].

3.2.1.1.2 Geometry

The 2-D geometry of two-phase model of concrete pumping in the pipes with different
diameters was developed in OpenFoam using blockMesh with a total length of 1 m and width
values of 0.05 m and 0.0625 m. While the whole domain was divided into two blocks, the first
block corresponded to the bulk flow, and the second block corresponded to the initial thickness
of the LL, as presented in Fig. 3.2a. The initial value of a determined in the setFields dictionary,
divided the region in two domains corresponding to the volume fraction of each phase in each

domain.

3.2.1.1.3 Initial boundary conditions

The boundary conditions for velocity were fixed value at the inlet and zero-gradient at the
outlet for both phases, including BC and LL. Furthermore, for both phases, the pressure
boundary conditions were set to ZeroGradient at the inlet and a fixed value at the outlet for

both phases [13].

The recent experimental studies have primarily focused on the characterization of the LL and
have not taken into account the possibility of slippage in the interface rheometers [14]. The
assumption of a no-slip and symmetry boundary conditions were applied for walls and the

center axis of pipe, respectively [15,16] (Fig. 3.2).



Chapter 3. Methodology 57

The boundary conditions for a were similar to the velocity boundary conditions, i.e., fixed

value at the inlet and zero-gradient at the outlet.
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Fig. 3.2. (a) Pipe modelling and (b) boundary conditions for numerical simulations.

It is worthy to mention the InterFoam solver is a transient solver, meaning that the variables
evolve over time until reaching a stable state. To achieve stability and ensure a smooth interface
between the two phases, the thickness of the LL gradually increases over time to prevent
potential disturbances caused by sudden viscosity changes at the interface between the LL and
the bulk concrete. Therefore, the initial thickness should be less than 2 mm to reach about 2-
mm thickness in the steady state. Simulating different cases, it was found that the initial

thickness of around 0.5 mm enables us to reach appropriate results.

3.2.1.1.4 Viscosity model

In total, five different viscosity models are available in OpenFoam V6 to describe the
rheological behavior of modelled fluids, including Bird-Carreau, Cross-Power Law, Hershel-
Bulkley, Power-Law, and Newtonian models [13]. The interFoam solver enables us to consider

two different rheological models for both phases (i.e., BC and LL). In the two-phases approach,
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the Herschel-Bulkley (H-B) model was employed to describe the flow behavior of the BC and
LL. The H-B model consists of a power-law relationship between the shear stress (t) and shear

rate (y), considering a yield value (yield stress: 19), consistency (k), and pseudoplasticity (n)

indices, as follows:

T="1o +ky" (3.10)

However, by considering n = 1, Eq. 3.10 turns to the Bingham model (See Eq. 3.11 and Fig.
3.3), which is used in two-fluid approach to simulate the rheological behavior of the BC and

LL phases in interFoam.

T="To+ HpY (3.11)
To
Happ = v + Hp (3.12)

where L, is the plastic viscosity of the investigated fluid. The apparent viscosity (Lapp) 1S the

ratio of shear stress to shear rate, as presented in Eq 3.12.

E
E:_
&
=
W i Plastic
| viscosity
! B,
Yield Bingham
stress Model
Ty .. y
T=Tp+HY

Shear rate (y)
Fig. 3.3. Schematics of the Bingham rheological model.
The Bingham fluid can show two different behaviors depending on the value of applied shear
stress. When the magnitude of the applied shear stress is lower than the yield stress, the
deformation equals zero. This behavior means that the viscosity of flow approaches infinity
and this part of flow refers to the unsheared bulk flow. On the other hand, Bingham fluid
behaves as a Newtonian fluid with a plastic viscosity p, if the magnitude of the applied shear
stress is higher than the yield stress. Through the simulation, the modeling of unsheared bulk

flow having an infinity viscosity causes disconvergences of the solution. This problem is solved
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by using bi-viscous model which is a combination of both Newtonian and Bingham models

[16,17].

To prevent the aforementioned disconvergency, a critical value of shear rate (y,) was defined
in the Viscosity-Model class of OpenFOAM which its beyond (i.e., y>7_), the flow follows
the Bingham model of the investigated BC (Eq. 3.11). Moreover, for the shear rate values lower
than the critical value (i.e., y <7,), corresponding to the un-sheared zone, the fluid acts like a
Newtonian fluid with a relatively high viscosity of po, namely the artificial viscosity. Due to
the use of two different values of viscosity (o, |ip) to describe the flow behavior of concrete

across the pipe, this is referred to the bi-viscous model [17,18], which is schematically

presented in Fig. 3.4.
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Tp -7 g
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'
/i

}'zc Shear rate (y)
Fig. 3.4. Relationships between the shear stress and shear rate values in Bi-viscous rheological model
considering the critical shear rate (y,) and artificial viscosity (po) values.

In OpenFoam [13], the bi-viscous model was applied using a loop in a whole domain. The loop
allows to calculate the apparent viscosity for each cell using the Eq. 3.12, then the apparent
viscosity of each cell was updated according to the minimum value between the artificial and

calculated apparent viscosity, as written in Eq. 3.13.
o To
Happ = mln(uo'v + u) (313)

where [o and papp imply the artificial and updated apparent viscosity values, respectively.
Although po cannot be infinity, it should be large enough to capture the un-sheared zone of
Bingham fluid. For cells with shear rate lower than its critical value (y,), the magnitude of their
calculated apparent viscosities becomes higher than infinity viscosity, therefore, after the

comparison step in the loop, the updated apparent viscosity becomes equivalent to the value of
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artificial viscosity [13]. While for other points, the apparent viscosity was considered equal to
the calculated one. It avoids infinity value for apparent viscosity in points where the shear rate
is lower than the critical value. At this stage, the value of apparent viscosity for each cell is

updated [13].

3.2.1.1.5 Inputs for the Transport properties

The value for surface tension between two phases (o) and rheological parameters, including
the yield stress (10), artificial (po), and plastic viscosity (up) values, of each phase should be
defined by the user in the transport file of interFoam solver. The dimension of each variable
was determined by seven scalars between two brackets in which each scalar represents the

power of its base unit. Table 3.3 shows the basic unit of each number in the SI system [13].

Table 3.3. Definition of the units of different physical properties.

No. Property SI unit
1 Mass kilogram (kg)
2 Length meter (m)
3 Time second (s)
4 Temperature Kelvin (K)
5 Quantity mole (mol)
6 Current ampere (A)
7 Luminous intensity candela (cd)

For example, [0 1 -1 0 0 0 0] corresponds to m/s. It is worthy to mention that the magnitudes
and dimensions of parameters in OpenFOAM incompressible solvers, such as interFoam, are

scaled by the constant density of simulated fluid.

The interface rheometers allow to evaluate the yield stress and viscous constant of the LL. It is
important to note that the viscous constant represents both the viscosity and thickness of the
LL. However, it is experimentally impossible to measure these two parameters separately. This
causes a challenge to model its presence. Therefore, the viscosity of the LL can be calculated
indirectly by a pre-assumed thickness and its viscous constant. Assuming an initial thickness
of 2 mm, the viscosity of the LL has been calculated by multiplying the viscous constant,

obtained using the tribological measurement, by 0.002 m.

The applied algorithm in two-phase approach (double-Bingham model) is shown in Fig. 3.5.
As can be seen, the problem was solved based on a trial-and-error procedure. The error (g) is

defined by Eq. 3.14.
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e = |APsim_APexp| 314
APerp (3.14)

where APexp and APsim are the experimentally and numerically pressure drops, respectively.

When the difference between experimental and numerical pressure drop becomes smaller than
5% (e < 5%), the simulation stops. It is worthy to mention that reaching the simulation results
with physical meaning as well as the error less than 5% was not possible for all the cases. In
this case, by changing the values of the viscosity (vi1) of LL, infinity viscosity of the LL (vo-i)
and bulk concrete (vo-b), size of mesh in y direction (N), and initial LL thickness (e), an attempt

was done to achieve physically meaningful results with minimized error as well.

During the simulation, the LL thickness was increased as the interFoam is an unsteady solver.
At the end of pipe flow period, the final thickness of LL was considered. Next, the simulated
viscous constant values of the LL were calculated by dividing the LL viscosity to its final

thickness at the end of pipe flow period and compared with those obtained experimentally.

It is reported in literature that the LL characteristics significantly influence the concrete
pumpability [2,19, 20]. One of the important issues in the modeling of concrete pumping is to
apply proper viscosity models to properly simulate the radial variation in rheological properties
of concrete across the pipe, hence allowing to achieve accurate results. The proper viscosity
model should capture three different regions in the cross section of pipe, including the sheared
bulk flow, plug flow, and LL. In the double-Bingham approach which decomposes the whole
region in two different Bingham-models, all three regions can be modeled. Applying interFoam
solver with two H-B model in OpenFOAM enables us to define three different regions in the
cross section of the pipe. Accordingly, the effect of the LL characteristics on the pressure drop
of flow can be investigated. Also, the result of tribometer can be compared with the simulation
results which helps us to understand the different conditions of concrete flow through the real
pumping process and empirical tribology measurements. However, implementing the two-
phase solver needs more computational time comparing to the single-phase solver. In the
following section, the concrete flow was simulated using the single-fluid approach but with
variable viscosity across the pipe, implemented through adding new viscosity models in

OpenFoam called Tri-viscous.
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Fig. 3.5. Schematics of the algorithm applied for two-fluids approach (Double-Bingham model).
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3.2.1.2 Single-phase approach (Tri-viscous Model)

Herein, the flow of the investigated concrete mixtures with different rheological properties was
considered as a single fluid which experience a laminar and fully developed flow in the
pumping circuit with pipe’s diameters of 100 mm and 125 mm and under different flow rates,
as summarized in Table 3.1. To model the flow using the single-phase approach, simpleFoam
as a steady-state solver, was applied [13,20]. It solves the Navier—Stokes equations for
incompressible fluid, using SIMPLE (Semi-Implicit Method for Pressure Linked Equations)
algorithm to solve the pressure-velocity coupling. In SIMPLE technique, the discretized
momentum equations were solved using the initial values of pressure and velocity [22,23]. The
variables are corrected using the pressure correction equation and applying the under-relaxation
factor which plays an important role to reach stability and convergency, defined by the user in

the Control-Dict file [13,24].

3.2.1.2.1 Governing equations

In SimpleFoam, the continuity and momentum equations were solved for one-fluid at steady-
state. Due to constant density of incompressible fluids, the continuity and momentum equations

were written, as follow [21]:

Continuity equation: V.u = 0 (3.35)

Momentum equation: % + V.(puu) = =Vp+ V.T + f; (3.16)

where u and T represent the velocity and the stress tensor, respectively. The stress tensor is a
combination of turbulent and viscous stresses. As simpleFoam is made for incompressible
fluid, the Navier-Stokes equations’ parameters are divided by the density. Therefore, the input
values and dimensions for variables, such as viscosity and yield stress, should be divided by

the density value and its dimension.

3.2.1.2.2 Boundary conditions

The no-slip and symmetry conditions were considered for the wall and center axis of the pipe,
respectively. The inlet boundary conditions for velocity and pressure were fixed value and zero
gradient, respectively [13, 15, 16]. While, for the outlet boundary conditions, a constant value

for pressure and zero gradient for velocity were applied, as shown in Fig. 3.2.a.
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3.2.1.2.3 Tri-Viscous model

As explained earlier, the shear-induced particle migration and formation of the LL lead to radial
variations in the rheological properties of pumped concrete across the pipe [25]. The use of
single-fluid approach to simulate this behavior results in solving a single Navier-Stokes
equation, rather than two in the case of the two-fluid approach (double-Bingham model).
Moreover, there is no need to solve Eq. 3.2 to consider the interaction between the multi-phases
using “o” parameter. Using single-fluid approach results in lower calculation time and
computational costs comparing to double-Bingham approach. However, according to the
changes in properties of flow close to wall, a discontinuity in velocity of fluid at interface is

caused, and the continuity assumption should be checked [26].

In order to simulate these rheological variations using the single-fluid approach, the employed
model should allow to simulate the variations of the rheological parameters of concrete across
the pipe. These variations can be considered as functions of either the radial distances of each
cell (cell’s center point) to the center axis (i.e., y coordinate) or the shear-rate magnitudes
(i.e., 7). Since, the 5 existing viscosity models in OpenFOAM [13] are unable to consider the
variations in their rheological parameters (i.e., fixed value during simulation), new viscosity

models were then required to be established.

In order to develop a new model, a proper criterion should be selected to determine the
transition point in the rheological parameters from those of the BC (i.e., To and vp.p) to those
corresponding to the LL (i.e., to-nand ¥,_y;), in a single viscosity model. Accordingly, two new

approaches were proposed in this study to define these criteria, as follow:

Tri-Viscous model I: in this model, the rheological parameters of the modeled fluid vary as a
function of the radial distance to the center axis: A critical distance to the center axis (i.e.,
“Yeritical . coordinate) was thus selected which its beyond the viscosity model follows the
rheological parameters of the LL (i.e., to-n and vpu). On the other hand, the rheological

properties of the cells with y < yeritical coordinates correspond to the BC (i.e., to-b and vp.b).

Tri-Viscous model I1: In this model, the rheological parameters of the modelled fluid vary due

to the shear rate magnitudes: A critical value of shear rate (i.e., “y ) was defined which

critical

corresponds to the minimum shear rate value in the LL. Therefore, the shear rate values of each
cell in each time step were compared to this critical value. The Bingham yield stress and plastic

viscosity values of the cells with higher shear rates than y were then set to those of the LL

critical
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(i.e., To-n and vp1). On the other hand, the rheological parameters of the lower shear rate cells

(1., ¥ <V, i0q) COITEspond to those of the BC (i.e., to-b and vp.b).

3.2.1.2.4 Tri-Viscous model I: Radius-dependent viscosity

The first model was developed based on H-B viscosity model of OpenFoam and the criterion
corresponded to the radial position of the BC and LL in the pipe. Assuming the LL as a very
thin layer with a constant thickness formed near the pipe wall, if the cell center was located in
a distance less than the thickness of LL from the wall, the rheological behavior of the fluid in
the cell is governed by the LL properties. Otherwise, the viscosity behavior should follow the
BC’s properties. The concept of this model is schematically presented in Fig. 3.6.

Lubrication Layer 1 LL thickness (§) > Voo mmmmp To = Togand i, = [,

i i o Wi = i
The pipe radius (R) Else, I > 1o T Tp and
else o, > o w7, =0 and |1, = o (Hagp = Hp = Ho)

Y critical

Fig. 3.6. The separation between LL and bulk flow based on if-statement of Tri-Viscous model I.

This model predicts the variation of rheological properties of concrete by comparing the

vertical distance of each cell center (i.e., “y” coordinate) from the centerline of the pipe and the

critical distance (i.e., “yeritical” coordinate), which is calculated as

Yeritial = R- (3.14)
where R and § represent the radius of the pipe and thickness of the LL, respectively. For
example, assuming the formation of 2-mm LL in the pipe with 100-mm diameter, the ycritical 1S
set to 0.048 m. For each point, the y component is checked, and if it is smaller than 0.048 m,
the rheological properties of the cell correspond to those of the BC (i.e., tob and vp.b).

Otherwise, the rheological properties of LL (i.e., To-n and vp-1) are set to those cells.

For applying this model in OpenFoam, the H-B viscosity class was copied with adding if-

statement inside a loop which controls the y component of each cell, as presented in Fig. 3.7.
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Apply the sheared bulk-
concrete rheological properties

(Tp = g and p,=n, )

Apply the plug flow rheological
properties (t, = 0 and 1, = p,,, = 1)

Fig. 3.7. Schematics of if-statement applied in Tri-Viscous model I to separate between the LL and bulk
concrete.

The transport properties file of this model needs 8 parameters as inputs, including n, to-b, Vp-b,
Vo, To-ll, Vp-ll, VoI, and Yeritical. Where vo is the artificial viscosity of the un-sheared zone as
explained in the double-Bingham model, which was used to solve disconvergence problem
resulted from infinity viscosity of the un-sheared zone. As applying two plastic viscosities

corresponded to the BC and LL plus one artificial viscosity, it is called tri-viscous model.

The algorithm used to model concrete flow was shown in Fig. 3.8. To simulate concrete by this
approach, an initial assumption of LL thickness was required to calculate not only the plastic
viscosity of LL based on the tribometer data, but also the value of yeriticat Which depends on the

thickness of LL and the radius of pipe.
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Fig. 3.8. Schematics of the algorithm applied in the Tri-Viscous model 1.
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3.2.1.2.5 Tri-Viscous model II: Shear rate-dependent viscosity

In this model, the H-B viscosity model was chosen as the base class and the changes were
applied by adding the if-statement inside a loop to control the value of shear rate in each cell.
The threshold between the BC and LL zones was distinguished according to the shear-rate

values (Fig. 3.9). It means that the y was defined by the user and if the value of calculated

critical

shear rate in each cell is greater than the critical one, the rheological properties of the LL (i.e.,

To-1and vp-11) 1s set to the calculated cell.

As mentioned earlier, the shear-rate in the LL zone is higher than the one in the bulk flow
which means that the transition point can be defined by the minimum shear-rate in the LL or
the maximum shear-rate in the bulk flow. The point in which has a minimum value of shear-

rate in the LL represents the onset of bulk flow which indicates that increasing the y means

critical

the thinner LL. In other words, the LL thickness was calculated based on the value of y

critical”

The geometric schematic of this model can be drawn, as follows:

Y > Voo Tp = Tpgandjp, =y,
Else. L= T o andp, =

else  jlypy > {o e T, =0 and i, = g (Happ = Hyp = Ho)

Decreasing shear rate ()

X

Center axis
Fig. 3.9. The separation between LL and bulk flow based on if-statement of Tri-Viscous model II.

This model needs 8 parameters including n, To-b, Vp-b, Vo, To-ll, Vp-i1, Vo-11, and y as inputs

critical
which are defined by the user in the transport properties file. Similarly, to the pervious
approach, this approach is identified by three viscosities including two plastic viscosities of the
BC and LL, as well as the artificial viscosity, which was used to simulate the un-sheared zone.
Therefore, this method is called tri-viscous model, as shown schematically in Fig. 3.10. The
difference between these two methods is the criteria of the transition point from the LL and

BC.
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;;;;

To.

Yc_[) Ye-11 shear rate
Fig. 3.10. Shear-stress vs shear rate relationship in tri-viscous model I1.

As can be observed in Fig. 3.11, some initial assumption, such as critical shear rate (y_....)s

the mesh size in y direction (N), initial viscosity of LL (vii) and infinity viscosity (vo) were
varied to achieve the physically meaningful results with a minimum error, compared to the
experimental measurements. It is worthy to mention that in all these three models, the
parameter called “Try” was defined which prevents doing simulation for more than 10 times,

as can be seen in Figs. 3.6, 3.8, and 3.11.

In this study, after creating these new models, the library has been compiled with “wamke”
commend and added into the available viscosity model classes in OpenFoam. In order to
recognize these two new viscosity models with simpleFoam or other solvers of OpenFOAM,
the created library were added in Control-Dict file. Using OpenFOAM, these two models were
applied to consider the effect of LL on the pumping process. More detailed information about

how new libraries can be added in OpenFoam is provided in [27].

Applying these three models in Phase 1 of this study, the effect of rheological and tribological
properties on concrete pumpability was studied. Different pipe flow zones, including the LL,
sheared BC, and plug zone, were identified and characterized. The simulated LL characteristics
were compared to the experimental measurements obtained using the tribometer. After
highlighting the significance of the LL characteristics on concrete pumpability, the mechanism
of formation of LL were modeled in Phase 2. Accordingly, the concrete pipe flow, as a
heterogeneous suspension of aggregate and suspending mortar, has been simulated in the next

phase to simulate the main mechanisms leading to the formation of LL.
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Fig. 3.11. Schematics of tri-viscous model II.
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3.2.2 Phase 2: Heterogeneous modeling of concrete flow - Coupling fluid and solid

phases

In order to better understanding the concrete behavior during pumping and capture the mechanism
of particle migration and the formation of LL, the concrete flow was modelled as a biphasic
suspension of aggregate (solid phase) and mortar (liquid phase). The coupled effect of wide PSD
and concentration of particles, mortar rheology, and pipe flow regime (Reynolds number) on
pumping-induced rheological heterogeneities across the pipe has been evaluated using these
heterogeneous approaches. This phase was divided into two sub-phases, which are explained

below:

I.  DEM phase: The computations were conducted using the multiple time-step soft-sphere
DEM approach, which was described by Marshall [28]. A Cartesian grid was used for the
computations, and an interpolation scheme was used to detect interparticle and particle-
wall collisions using a level-set approach [29]. The DEM algorithm employed an efficient
multi-timescale approach that included fluid, particle, and collision timescales, each with
corresponding time steps, as shown in Fig. 3.14. The largest time step (ATr) was used for
the fluid motion and was also used to update lists of local particles. Particle motion was
described using the particle time step (ATp), during which collisions were detected.
Colliding particles were resolved using a smaller time step called the collision time step
(AT.). All variables were non-dimensionalized using the pipe radius R as a length scale and
mean fluid velocity U as a velocity scale. Time scales were non-dimensionalized using the
convection time R/U. Particles were randomly initialized in the pipe using a generator
function, and their positions were examined to avoid interparticle and particle-wall overlap
in the initial positions. The generator subroutine was iterated until the desired concentration
and PSD were achieved. (DEM). The schematics of algorithm applied in this sub-phase is
shown in Fig. 3.14

Coupled CFD-DEM: In this study, the four-way coupled CFD-DEM method refers to the
integration of two-way coupling between the fluid and particles in the DEM approach and the
Navier-Stokes equations in the CFD approach. The multiple time-step soft-sphere DEM

approach described earlier was used for particle motion and collisions, and the CFD solver was
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based on the finite volume method. The two approaches were coupled using a drag force model
based on the relative velocities between the fluid and particles, and the fluid velocity was
updated using the momentum equation that incorporates the effects of particle-particle and
particle-wall interactions, as well as the effect of the particles on the fluid motion and fluid
motion on particles dynamics. The schematics of algorithm applied in this sub-phase is

illustrated in Fig. 3.17.
3.2.2.1 Governing equation for aggregate phase

The particles advection and their interaction with the surrounding fluid, neighboring particles, and
pipe wall were computed using a soft-sphere DEM model, originally introduced by Marshall [28].
The particles were modelled as spherical particles with different sizes, randomly generated through
the pipe geometry in a descending order of particle size (i.e., larger particles were generated
earlier). Considering the mass (m), translational (v) and angular velocity (£2), and inertia (/) of

particles, their motions were evolved by conservation of linear and angular momentums [30, 28],

given by

dv
m, = FrtFe (3.58)
12 M M (3.19)

where Fr, Fc, Mr, and Mc imply the force and torques applied on particles from the suspending
fluid and those induced by the particle (or wall) collisions, respectively. The suspending fluid
mostly influences the particles advection by the drag force and viscous torque. It is worth
mentioning that the Magnus, virtual mass, and Basset forces were neglected in this study due to
low particle relaxation times caused by typically high viscosity of suspending matrix (mortar) in
concrete suspensions. The drag force was computed using Stokes expression [31]. It was defined
as a function of relative velocity between the particle (v) and fluid (uy) at the centroid of particles,
calculated by tri-linear interpolation from fluid velocity field at grid points [30, 28]. The crowding
effect of surrounding particles on suspending fluid’s drag force was applied as a correction factor

for defined by Di-Felice [31], given by

Fr=-3ndu(v-u)for (3.20)
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for=(1-¢)" (3.21)

where d, u, and ¢ are the particle diameter, fluid viscosity, and local particle concentration,
respectively, and S is a function of the particle Reynolds number Re, for a suspending fluid’s

kinematic viscosity v, defined as

0.65
p=27—-——r
Exp[[l.s—mz(zeep)] ] (3.22)
—u|d
Re, = [v—wld (3.63)

v

A conservative particle blob method, introduced by Marshall [32], was employed to calculate the
local concentration field. A 3D-Gaussian function (f) with a specific radius R, and amplitude 4,
was defined to distribute the particle volume onto the flow field [32]. The concentration at each

point was then obtained using the effect of neighboring blobs, given by

c(x,t)= YN 4, (x — x,,R,) (3.24)
2
X-X,R)=——F>¢
A ) 3R, Ep(';_f) (3.25)

n

The viscous torque My acting on a particle is caused by the frictional drag of the fluid and is given
by:

Mr=mud (; 0-9) (3.26)

where @ represents the vorticity of the fluid evaluated at the position of the particle's center. In
fluid flows where particles frequently collide with each other, the viscous torque exerted by the
fluid plays a crucial role. Particle collisions can lead to significant rotation due to frictional forces,

but this rotation is counteracted by the viscous torque imposed by the surrounding fluid.



Chapter 3. Methodology 74

3.2.2.2 Contact modeling

The interactions between particles during contact period can be categorized in four different types

including: normal, sliding, twisting, and rolling which are shown schematically in Figs. 3.12a-d,

respectively.

N

(@ (b) (©) (d)

Fig. 3.12. Schematics of different contact types between particles, including (a) normal, (b) sliding, (c)
twisting, and (d) rolling contacts [51].

In order to model the resistance of particles to the relative motions between two particles during
collision and contact, as presented in Fig. 3.12, many rheological models are available [29]. Some
of these models explain deformation and energy dissipation of particles using spring, damper and
slider. In this study, the collision between particles was modeled using a spring-dashpot-slider

system proposed by Cundall and Strack [33], schematically shown in Fig. 3.13.

Fig. 3.13. . Schematic of contact models for the collision of particles [28].

Tables 3.4 and 3.5 provide a summary of the parameters and formulations utilized for modeling

the contact forces and torques between two particles, 1 and j.
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Table 3.4. Parameters of the contact model used in the employed DEM model.

Parameters Symbol Formulation
Particle radius r r;and 7;
Vector from the particle centroid to the contact point r r;=rmand r;=-rn
Particle mass m m; and m;
Poisson’s ratio of particle o o; and g;
Shear modulus of particle G G;and G;
Centroid position of particle X X; and X;
Restitution coefficient e 0.1

. ) 11 1
Effective radius re ’”_e = ”_1 + ;j

. , 1 1-0? 1-0/
Effective elastic modulus E 5= —Ei + E

. 1l 2-0; 2-g
Effective shear modulus G G- G, + G,
Particle velocity at the contact surface Ve V.=V+Qxr
Normal overlap Oy ON=ri+r-|X;-Xj

Contact region radius a a*=r, 0y
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Table 3.5. Formulation of the contact forces and torques used in the DEM model.

Interaction Symbol  Formulation Direction Variables
4
ky = §E a(?)
Normal force i ky Oy = nyVen n=(X-x)/[x-x| nv=o/mky
a=12728 -4.2783e + 11.087¢ - 22.348¢° + 27.467¢* - 18.022¢° + 4.821¢°
VR = Vi - ch
¢ kr=8G a(f)
F} —ky <f Vg (@df) tg = Vs tg V5= Vg - (Vg.n)N
Sliding force fo ts=vs/ |vs]| nr=1nn
If |F}| > Fu; reset to FS
Fcn‘ Fn ¢ ’ ¢
t sy lFl =03
k aZ t 2
M, -Z f Qp(0)dr — —"T; 2 Qr=(2;-Q)n
Twisting torque 5 fo Q|24
Micrir 34 Fu If M, > M,.cis; reset to M,
L(ri—r
=—7(Q —Q.)Xn——- J !
v, =—7,(Q - Q) xn 5 (rj " ri) Vg
' v, R = R | F el
Rolling torque M, —kp <f \7) (‘L’)dt).tR — VL tg t; = i u = l—e
0 t R 2283w (K/m)*/*

wy: The relative velocity between two particles before the collision

K=3E[r,

Total torque exerted on particle i Mc r; Fs(nxts) + M,(tzxn) + M,.n - -
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Fig. 3.14. The schematic illustration of the DEM multiscale algorithm applied in this study.
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3.2.2.3 Governing equation for the mortar phase

The Navier-Stokes equations [27] were used to model the flow of the suspending mortar phase,

as follow:
a% (cvny) + 7 (crppr) =0 (3.27)
0 0 o, (ow ow 0 (3.28)

The variables uy, p, and prrepresent the velocity, pressure, and density of the suspending fluid,
respectively. "b" represents the body force, including the drag force that the particles exert on
the suspending fluid. ¢, denotes the volumetric fraction of the suspending fluid. In this particular
problem, it was assumed that the pressure term is constant across the pipe in the axial direction,
which is typical for fully-developed laminar flow. The flow was also assumed to be
axisymmetric, which means that the fluid velocity field depends only on the radius and time.
To make the equations non-dimensional, the pipe radius (Rpip.) and mean fluid velocity (uy)
were used as the length and velocity scales, respectively. The non-dimensional mass and

momentum equations are as follow:

0 0

G A (cyup =0 (3.29)
0 110  dur 4 (3.30)
a_t(cvuf) =TT a(l‘ CVE) b

where the suspending fluid Reynolds number Re is given by

_ PfDpipe
o =2 rive
u

R (3.31)

3.2.2.4 Splitting algorithm

Due to wide variety of particle sizes in concrete suspension (from 1 up to 20 mm), solid particles
may be larger than the fluid mesh cells. In order to reduce the noises, especially for fine fluid
mesh cells [34], it is important to calculate the volumetric fraction of particles, occupied in each
fluid cell. The volume of a spherical particle with radius 7,, located at distance |r| between its
centroid to the pipe center, and enclosed between two planes with distances a and b (a < b) to
the pipe center, corresponding to the inner and outer boundaries of a suspending fluid mesh

cell, respectively, can be estimated as follows:
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) — (b—|r\)3—(a—\r|)3]

V=mn [rpz(b —a 3

(3.32)

It is worth mentioning that for simplification, the curvature of the fluid meshes was not taken
into account and it was assumed that particles were enclosed between two straight surfaces. In
this study, the pipe geometry was discretized in 21 cylindrical meshes with identical length of
the pipe Lpipe, Where the inner and outer boundaries of the ir'™ mesh cell (ir starting from 0 to
20) are distanced by (ir - 0.5)4r and (ir + 0.5)4r to the pipe center (47 = Rpipe/20). Accordingly,
the 0" mesh cell refers to a cylindrical mesh of D,;»/20 in diameter centered at the pipe axis.
Also, the inner and outer radii of the 20" mesh cell measure 19.5Ripe/20 and Rpipe, respectively.
Considering the i7" and iris" cells, referring to the mesh cells which contain the points on
the particle surface with the shortest (|r| - 7,) and longest (|r| + ;) distances to the pipe center,
respectively, as shown in Fig. 3.15, the particle is split in total Ny times (Nipiir = i¥iast - i¥first)-
Therefore, four different scenarios can then happen depending on the size and location of the

particles within the fluid mesh cells, as follow:

Scenario A: if irs. = irus = ir, therefore the particle does not need to be split (Nguir = 0).

. . . 4
Therefore, the particle concentration in the i7" mesh cell equals gnrp3 .

Scenario B: The partial volume of the particle, enclosed in the i7" mesh cell can be estimated

by setting a = |r| - r, and b = (irfirs: + 0.5)4r in Eq. (3.32).

Scenario C: The partial volume of the particle, enclosed in each of the i7" mesh cell (irfis < ir

< irus)) can be estimated by setting a = (ir - 0.5)4r and b = (ir + 0.5)4r in Eq. (3.32).

Scenario D: The partial volume of the particle, enclosed in the i7" mesh cell can be estimated

by setting a = (irjusc - 0.5)4r and b = |r| + 7, in Eq. (3.32).

The abovementioned splitting scenario were examined for all the particles in each time step to
calculate the total concentration of particles and volumetric fraction of the suspending fluid (cv)
in each fluid mesh cell and solve the Navier-Stokes equations (Egs. (3.27)-(3.30)). Indeed, the
particles’ body force exerted on the volume of suspending fluid located in a given fluid cell

depends on the total splitting volumes of particles in that cell.
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Fig. 3.15. The schematics of splitting method used to calculate the local particle concentration.

3.2.2.5 Smoothing algorithm

The Fourier-spectral filtering [36,37] was used as the smoothing method to prevent the
instability of the results. The concentration field and body forces obtained using the DEM
model at each node of the fluid domain were smoothed using Fourier series at each fluid time
step [35,36]. The Fourier-series nodes were then extended double to create a period field. The
Fourier-series coefficients were then multiplied by a factor g, [37] which was calculated for
each Fourier node n, as presented in Eq. 3.33, to develop the Fourier-expansion of the

concentration field.

g =—-"— (3.33)
e

where Nr and Ny are the total number of Fourier nodes and an adjustable parameter,

respectively. It was assumed that Ny equals two times of Nr, as also did by Ghazi et al. [37]. An
example for the pipe flow of a highly concentrated suspension (40%) across a 100-mm diameter
pipe (Rpipe = 50 mm) is presented in Fig. 3.16. As shown for the original particle concentration
profile obtained from the splitting algorithm, namely “Raw data”, high frequency of noises can
be observed in a central zone close to the pipe center which can cause instabilities in the CFD

calculations. The concentration field was smoothed using two different Nr values of 10 and 20
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in the employed spectral-filter method. As can be observed in Fig. 3.16, the choose of Nr =20
led to higher precision compared to smoothing with 10 Fourier nodes, especially in the pipe
center and the vicinity of the pipe wall, which are important to characterize the plug flow and
LL, respectively. Therefore, in this study, the domain was divided into Nr = 20 Fourier nodes

through the employed spectral-filter method.

70

Particle concentration (%)

20 - —Raw data AN
40 ----Smooth data, Ny = 20 (R? = 0.896, RMSE = 3.7%)
------- Smooth data, Nz = 10 (R? = 0.658, RMSE = 5.8%)
':' L] L] L] L] L] L] L] L] L]

0 5 10 15 20 25 30 35 40 45 50
Radius (mm)

Fig. 3.16. Comparison between the smooth concertation profiles obtained using the spectral-filter method
with different Nr of 10 and 20 and those originally obtained from the splitting algorithm (Raw data).

3.2.2.6 Coupling CFD and DEM models

The overall coupled CFD-DEM algorithm is schematically illustrated in Fig. 4. As can be
observed, the coupling term between the particles and suspending fluid phases were firstly
computed in terms of the concentration fields and body forces using an internal DEM algorithm,
established as described earlier. Subsequently, the coupling term, calculated using the DEM
model in cartesian system, was transmitted to the polar coordinates through the interface
algorithm, established between the CFD and DEM solutions. The data were then smoothed
through the spectral-filter method and introduced to the CFD model. The Navier-Stokes

equations were then solved using the smooth data.
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Fig. 3.17. The schematic illustration of the multiscale coupled CFD-DEM algorithm applied in this study.
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3.2.2.7 Specifications of the concrete pipe-flow models

The concrete mixtures used in this phase consisted of one type of sand and three types of coarse
aggregate, each with different size ranges corresponding to CA1 (2.5-10 mm), CA2 (5-14 mm),
and CA3 (5-20 mm). The Canadian Standards Association has specific guidelines, outlined in
the CSA A23.1:19/CSA A23.2:19 standards, for the PSD of aggregate used in concrete. Table
3.6 shows these recommended limits for different classes of aggregate. To conform to these
limits, the cumulative passing percentages of the investigated aggregate models were selected
as the average of the minimum (min) and maximum (max) allowed limits for each standard-
sieve size, (CPP = (min + max)/2), which is shown in Table 3.7. The remaining volumetric
fractions of each type of sand and coarse aggregate on each sieve were then calculated and

presented in the Table 3.7.

Table 3.6. Grading limits for different classes of fine (sand) and coarse aggregate (CA1-3), recommended by
CSA A23.1:19/CSA A23.2:19 standard [37] in terms of the minimum (mir) and maximum (max) allowed
cumulative passing percentages (%) from each standard sieve.

. . Sand (0-5 mm) CA1l (2.5-10 mm) CA2 (5-14 mm) CA3 (5-20 mm)
Standard sieve size (mm) - - -

min max min max min max min max
28 - - 100 100
20 - - i i 100 100 85 100
14 100 100 90 100 50 90
10 100 100 85 100 45 75 25 60
5 95 100 10 30 0 15 0 10
25 80 100 0 10 0 5 0 5
1.25 50 90 0 5
0.630 25 65
0315 10 35 - - - -
0.160 2 10 i i
0.080 0 3

Table 3.7. PSDs of the modelled sand and coarse aggregate (CA1-3), in terms of CPP (vol.%) and RVF (vol.%)
on each standard sieve, conforming to the CSA A23.1:19/CSA A23.2:19 standard [37].

Standard sieve Sand (0-5 mm) CAL (2.5-10 mm) CA2 (5-14 mm) CA3 (5-20 mm)
size (mm) CPP (%) RVF(%) CPP (%) RVF (%) CPP (%) RVF(%) CPP(%)  RVF (%)
20 - 100 -

14 - i . 100 i 70 30

10 i 100 60 40 425 275

5 100 20 80 7.5 52.5 5 375
25 90 10 5 15 25 5 2.5 2.5
1.25 70 20 25 2.5

0.630 45 25

0.315 225 22.5 55 25 25
0.160 6 16.5 - « 1.2'5 mm) (< 2.5 mm) (<2.5mm)
0.080 1.5 45

Base - 1.5

Table 3.8 displays the fine and coarse aggregate models, which consist of five subclasses of

spherical particles, P1 (1 mm), P2 (3.5 mm), P3 (7.5 mm), P4 (12 mm), and P5 (17 mm), each
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representing a specific sieve-size range, including 0-2.5, 2.5-5, 5-10, 10-14, and 14-20 mm,
respectively. Table 3.9 shows the three different particle-size distributions (PSDs) of aggregate:
fine, medium, and coarse PSDs. These PSDs consist of different volumetric fractions of four
aggregate classes (sand and CA-3) and their corresponding five particle subclasses (P1-5), as

listed in Table 3.8.

Table 3.8. Proportionings of the modelled sand and coarse aggregate (CA1-3), in terms of volumetric fractions
(vol.%) of different particle subclasses of P1-5.

Particle subclasses Sand CAl CA2 CA3
Pl: 1 mm 90% 5% 2.5% 2.5%
P2: 3.5 mm 10% 15% 5% 2.5%

- 80% 52.5% 37.5%

P4: 12 mm - - 40% 27.5%

-
P5: 17 mm . - - - 30%

Table 3.9 . Proportioning of the investigated PSDs of aggregate, in terms of volumetric fractions (vol.%) of 4
aggregate classes (sand and CA1-3) and their corresponding 5 particle subclasses (P1-5) in unit volume of
aggregate.

PSD # Aggregate classes (vol.%) Particle subclasses (vol.%)

Sand CAl CA2 CA3 P1: 1 mm P2:3.5 mm P3: 7.5 mm P4: 12 mm P5: 1 7mm
Fine 40 30 20 10 38 10 38 11 3
Medium 25 25 25 25 25 8 43 17
Coarse 10 20 30 40 12 7 47 23 12

In this study, the pipe flow of nine different suspensions were analyzed. These suspensions
were made by combining three total particle concentrations (10%, 25%, and 40%) with three
different particle-size distributions, as shown in Table 3.9. The mixture ratios for each
suspension are presented in Table 3.10, which includes the total particle concentration, number
of each particle class (P1-5), total number of particles, average diameter (Duyg), packing density

(¢max), and relative-solid packing fraction (¢/@max).

The simulations were performed in a cylindrical pipe with a 100-mm diameter (Dpipe) or 50-
mm radius (R) and 500-mm length (Lpipe). The maximum allowed number of particles for the
simulation was set to 7max = 5 % 10° due to the computational limits of the employed code.
Therefore, the Lpipe values were adjusted for each suspension to avoid exceeding the 7,4, limit.
The suspensions are labeled FPSD, MPSD, CPSD, LC, MC, and HC labels in Table 3.10 which
correspond to the fine-, medium-, and coarse-PSDs, as well as low (10%), medium (25%), and

high (40%) concentrations of aggregate, respectively.
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Moreover, the virtual packing density (¢max) of a polydisperse mixture of of five particle
subclasses can be evaluated using the linear-packing model proposed by Stovall et al. [38] and

de Larrard [38]. The formula for this calculation is as follows:

.5 O,
D e = MING= = (3.34)
1-(—-a) Zj:% @i P — Z;:H.l by ?;

where a; = 3%, @;, ajj, and bj; are the highest packing density amongst all possible lattice packings

of spherical particles of all subclasses ‘i’ =1 to 5, volumetric content of subclass ‘j°, loosening
(Eq. (3.35)), and wall effects (Eq. (3.36)) for particles of subclass ‘i’ (diameter d;) due to the

influence of particles of subclass ‘j° (diameter d}), respectively.

( 4\ 02 (3.35)
J
a”:i 1_<1_d_1~> . d;>d,
0, d<d
d 1.50
1—({1—-=] , d: > d,
b= < dj> ’ (3.36)

0, d<d

Additionally, the mean diameter of particles (Duave-i) in each of the nine suspensions “i” (i = 1

to 9) was calculated by taking the volumetric-weighted arithmetic average of the diameters of

[I¥e4)

the corresponding particle subclasses “” (j =1 to 5), as

%-1(0:4) (3.37)

where @;; represents the volumetric concentration of particle subclass *j” in a given suspension



Chapter 3. Methodology

86

Table 3.10. Proportioning of the investigated suspensions, including total particle concentration (¢), number of each particle subclasses of P1-5, and total number

of particles (n), as well as the Davg, @Pmar, and 9/@pax of particles (e = 5 x 10°).

Model # PSD Concentration level o (%) Number of particles Dy (mm) Dmax A ﬁ
Pl: 1 mm P2:3.5 mm P3: 7.5 mm P4: 12 mm P5: 17 mm n D omax R

1-FPSD-LC Fine 286 875 1706 680 47 5 289 313 5.429 0.847 0.119 10.000
2-MPSD-LC Medium Low 10 187 500 1421 756 73 11 189 761 6.990 0.858 0.116 10.000
3-CPSD-LC Coarse 88125 1137 831 100 18 90 211 8.635 0.868 0.115 10.000
4-FPSD-MC Fine 495 720 2947 1175 81 8 499931 5.398 0.847 0.295 6.912
5-MPSD-MC Medium Medium 25 468 750 3553 1 889 183 29 474 404 7.030 0.857 0.292 10.000
6-CPSD-MC Coarse 220313 2 843 2078 250 46 225530 8.657 0.868 0.288 10.000
7-FPSD-HC Fine 495 720 2947 1175 81 8 499 931 5.398 0.847 0.473 4.320
8-MPSD-HC Medium High 40 494 025 3745 1991 193 30 499 984 7.016 0.857 0.466 6.587
9-CPSD-HC Coarse 352 500 4548 3324 399 73 360 844 8.646 0.868 0.461 10.000
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Abstract

In this study, computational fluid dynamics (CFD) was employed to simulate the pipe flow of 18
self-consolidating and four highly-workable concrete mixtures in a 30-m long pumping circuit.
Pressure loss (AP) in 100- and 125-mm diameter (DP) pipelines was measured under low (1.2-6.2
1/s) and high (8.1-16.4 1/s) flow rates (Q). The numerical simulation was successfully carried out
using a two-fluid model and a new variable-viscosity single-fluid approach, namely double-
Bingham and tri-viscous models, respectively. The radial variation of rheological properties of the
concrete across the pipe section, representing the plug flow, sheared concrete, and lubrication layer
(LL) zones was successfully simulated based on a total of 404 pipe flow experiments. The relative
LL viscous constant (nrL) values obtained using numerical simulations-to-those obtained
experimentally using a tribometer ranged between 30% to 200%. Moreover, the coupled effect of

the characteristics of different flow zones, DP, and Q on AP was evaluated.

Keywords: Concrete pumping; Lubrication layer; Numerical simulation; Plug flow; Pressure loss;

Rheology.

4.1 Analytical and empirical background of concrete pipe flow

Concrete pumping can significantly facilitate the casting process and shortens concrete
construction duration [1]. However, successful pumping operations require good understanding of
key parameters affecting concrete flowability and stability of concrete under pressure. The
prediction of pumping pressure is of particular interest to properly design the pumping circuits and
rheological properties of the concrete mixtures for successful pumping process given the
application on hand. This is necessary to fulfil the casting demand, including the targeted flow rate

and homogeneity of concrete during and after pumping, respectively [2-6].
4.1.1 Analytical models of concrete pipe flow

As reported by Browne and Bamforth [7], in the case of highly workable (HWC) and self-
consolidating concrete (SCC) characterized by relatively high content of paste compared to
conventional vibrated concrete (CVC), the cement paste is also subjected to the shear stress during

concrete pipe flow. Thus, direct contact between aggregate particles and the wall of the pipe is
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avoided. Therefore, the stress transfer is hydrodynamic, and the pressure decay (AP) is linear along
the pipe length (L). The required pumping pressure (P) increases linearly with the flow rate (Q).
Moreover, a micro-mortar thin layer, namely lubrication layer (LL), consisting of higher contents
of water, cement paste, and fine particles relative to the bulk concrete (BC), is formed close to the
pipe wall [3-6]. The main mechanisms of formation of the LL include the pipe-wall effect [8],
Reynolds dilatancy of concrete [9,10], and shear-induced migration of coarse aggregate towards
the central axis of the pipe [11,12]. These mechanisms were comprehensively discussed in Ref.
[13]. Due to its lower plastic viscosity and yield stress relative to BC, the LL is sheared and,
therefore, friction no longer governs the flow behavior of concrete in pipes [6,14]. The AP-L and
P-Q relationships are thus dependent on the ability to form the LL. On the other hand, formation
of LL results in nonuniform rheological behavior and, consequently, dissimilar flow velocity and
shear-rate profiles in different zones of the pipe section. Several theoretical tools were developed
during the last two decades to understand and predict such complex flow behavior of concrete in

pipes and ensure efficient design of the pumping set-ups [13,15,16].

Analytical models were established to predict concrete pressure loss as a function of the
rheological properties of concrete (i.e., yield stress To-c and plastic viscosity pp-c) and those of the
LL (to-LL and pp-LL), as well as pumping flow rate Q and geometry of the pipes (i.e., radius R and
length L) [1,17,18]. The Buckingham-Reiner equation [19] was initially proposed for pipe flow of
Bingham fluids. However, its application for concrete pipe flow led to considerable overestimation
(2 to 10 times higher) of pressure loss, due to neglecting the presence of the LL [1,14,18,20]. The
most well-known analytical model was then proposed by Kaplan et al. [1,17,18] to predict AP. The
proposed approaches considered two possible cases during concrete pipe flow, including: (1) when
the total shear takes place only at LL while BC is unsheared; and (2) when both LL and some of
BC undergo partial shearing during flow. The shear stress across the pipe section is assumed to
linearly increase from zero at pipe center to its maximum value at pipe walls. Establishing a force
equilibrium for a pressure-driven concrete pipe flow, the maximum shear stress at pipe walls can
be calculated as tw= (AP.R)/2L. According to Kaplan et al. [1,17,18], when tw is smaller than the
yield stress of concrete (tw < To-c), the BC is not sheared, and Eq. (4.1) applies (1st case). Otherwise
(i.e., Tw > To-c), AP can be predicted using Eq. (4.2) for partially sheared concrete in the pipe (2nd

case), as follows:
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where kr, To-LL, Up-LL, and err are the filling coefficient of the piston pumps’ cylinders, yield stress,
plastic viscosity, and thickness of the LL, respectively. It is worthy to mention that k; corresponds
to the fraction of the piston pumps’ cylinders filled by concrete at each pumping stroke and ranges
between 0 and 1. The radius of the un-sheared concrete zone (plug radius rpg) can then be

estimated, as follows:

2Tg_¢

Iplug = T 4.3)

where Ap = AP/L is the total pressure loss through a unit length of pipe. Assuming the Bingham
rheological model for BC and LL, the shear stress, flow velocity, and shear rate profiles in different
zones across the pipe section is schematically illustrated in Fig. 4.1. As shown in Fig. 4.1 and Eqgs.
(4.4) to (4.7), VLL, VSC, and VP are flow velocity at distance r from the pipe center, located at
the LL, sheared concrete zone, and plug zone, respectively, and Q is total flow rate, evaluated as

follow [21]:

1 (Ap(R? —r?)
VLL = - TO—LL(R - I') for Iy <r<R (44)
Hp-LL 4
1 [Ap(RZ-ry? 1 (A 2-r?
Vsc = il 4 ) To—L(R—rp) | + ploe ) _ To—c (T, = 1)
Hp-LL Hp—c 4 (4.5)

for rp]ug <rc< RLL

1 Ap(R%Z—rp 2 1 [ Ap(riL?-rpiug?)
Vp = < - To-1L(R— rLL)) T ( == To—c(rLL —~ Tpiug)

Up-LL 4 4

(4.6)
for0 <r <r_Plug
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R TLL I'Plug
Q =27 f VLL' dr + f Vsc. dr + f Vp. dr (47)
TLL TPlug 0

where rrr is the radius where LL starts (r.. = R - err). According to Egs. (4.1) to (4.7), the
rheological properties of pumped concrete and its corresponding LL, as well as LL thickness (eLr)
must be precisely estimated to achieve an accurate evaluation of concrete pumpability. Concrete
rheology can be measured using the existing rheometers [22]. However, due to confined condition
of concrete pipe flow, taking samples from the LL zone and characterization of LL in terms of its

thickness and rheological properties is practically problematic.

Pipe wall
s Lubrication layer > Ty i T
R e —y \
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Fig. 4.1.Velocity profiles, shear stress, and shear-rate distributions in different flow zones over pipe cross-
section, including LL, sheared-concrete, and plug flow zones [1,6,13,21].

4.1.2 Empirical evaluation of concrete tribology

Various empirical methods were employed to evaluate the LL thickness, such as image analysis
of the cut sections of hardened concrete in pipes [23] and ultrasonic pulse velocimetry (UPV)
[24,25]. However, the evaluated values using these methods are uncertain due to their technical
complexities, (e.g., noisy data processing). On the other hand, no uniform agreement was found

on LL thickness that it can vary between 1 to 10 mm for different types of concrete [24-29].

Frictional rheometers, including sliding rheometers and tribometers, were developed to simulate
the concrete flow in pipes and estimate the rheological properties of the LL formed at the interface
of concrete and the measuring unit. For instance, the Sliper was developed to measure the
rheological properties of the LL using a sliding pipe [30]. This was obtained by correlating
different measured pressure and sliding velocity values. It is worthy to mention that in the Sliper

set-up the pipe wall is moved, and the investigated concrete is stationary. Hence, the concrete in
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pipe section is not sheared and only plug and LL zones are formed. Therefore, the Sliper is not
quite representative for highly flowable mixtures, such as HWC and SCC, where the BC is mostly

sheared. Moreover, the thickness of the created LL cannot be directly evaluated.

On the other hand, rotational tribometers consist in coaxial-smooth cylinders which exert shear on
the concrete sample located at their gap to simulate the concrete flow across the pipes [1,31-33].
Most recently, Feys et al. [33] developed a coaxial-cylinders tribometer adapted for HWC and
SCC mixtures. The authors established a methodology to determine the plug radius and the shear
stresses at the sheared-BC and LL. Consequently, the created LL can be characterized in terms of
yield stress (to-LL) and viscous constant (nLL). The viscous constant is an interdependent property
of LL defined as its plastic viscosity-to-thickness ratio (L. = pp-Li/eLr). It is worth mentioning
that the tribometers cannot evaluate the thickness of LL, independent to their rheological
properties. By considering the LL characteristics, obtained using tribological measurements, in
analytical models, Kaplan et al. [1] showed good agreements with experimental pressure loss
values in large-scale concrete pipelines. However, tribometers cannot perfectly simulate the flow
conditions of concrete during pumping procedures. This is due to the absence of pressure and
significantly lower shear-rate values occurring during tribological tests compared to those in
concrete pipe flow. Hence, in terms of rheological properties and thickness, the characteristics of
the LL formed in tribometer cannot represent those formed at vicinity of the pipe walls during

concrete pumping.
4.1.3 Research significance of numerical simulation of concrete pipe flow

In addition to the straight horizontal pipes, a typical pipeline consists of different segments, such
as vertical and inclined straight pipes, as well as bends and reducers. The analytical models were
originally developed for horizontal straight pipes, thus they cannot evaluate the concrete
pumpability through such complementary geometries. Moreover, the concrete mixtures were
shown to be subjected to time- and shear-dependent variations of rheological properties [34-37]
and air-void system [37-39] during pumping process. As reported in literature [34-37], concrete
viscosity decreases after pumping due to increase in temperature and additional dispersion of
cement particles and superplasticizer action, induced by the additional shearing in pipes. The
proposed analytical solutions cannot consider these variations in rheological properties of both BC

and LL. This can negatively affect their precision to predict the concrete pumpability.
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As discussed above, the analytical and empirical methods cannot reflect the realistic pressure-
driven flow conditions of concrete in pipes. Computational techniques were then employed to
simulate the physical interactions between different solid and liquid phases of concrete and pipe
wall, as well as variation of concrete properties across the pipe (i.e., formation of LL, sheared BC,
and plug zones). They can also simulate the time- and shear-dependent changes in rheological
behavior of concrete, hence leading to more precise prediction of concrete pipe flow behavior. The
main computational methods to simulate the concrete flow during pumping process can be
classified in five different categories: phenomenological multiphasic approach (PMA); discrete
element modelling (DEM); smoothed particle hydrodynamics (SPH); coupled computational fluid
dynamics (CFD) and DEM approach (CFD-DEM); and single-phase modelling (SPM) using CFD

[13]. These numerical approaches are further discussed in the section below.
4.2 Numerical simulation of concrete pipe flow

The selection of an appropriate computational approach is essential to secure adequate prediction
of concrete pumpability, given the pumping conditions. A comprehensive review on the existing
computational approaches and their applications for numerical simulation of concrete pumping
was presented in Ref. [13]. The phenomenological multiphasic approach (PMA) is conducted by
the governing equations for shear-induced particle migration (SIPM) in pipes. These equations
were proposed by Lam et al. [11] based on diffusion equations describing the evolution of particle
concentration in a pressure-driven pipe flow. The diffusion equations were developed by Philips
et al. [40] due to spatially varying in both particles’ interaction frequency and viscosity. The PMA
was successfully employed to simulate the aggregate concentration across the pipe section at an
equilibrium state, hence evaluating the LL thickness and rheological properties for large-scale
pumping set-ups [24,41,42]. However, the accuracy of PMA simulations is highly dependent on
the selection of the phenomenological coefficients of employed diffusion equations, as well as the

shape-dependent intrinsic viscosity of the solid particles [13].

The particle-based methods, such as DEM [43,44] and SPH [45,46], were employed to take into
consideration the physical interaction of solid particles and suspending paste/mortar, which cannot
be directly simulated using the PMA. Using these approaches, concrete is simulated as
computational particles. The particle interactions and their contacts in DEM are modelled using

the virtual rheological elements, such as springs, dashpots, and sliders. On the other hand, the SPH
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quantities, including the physical interaction of the particles corresponding to the solid and liquid
phases, are obtained as the weighted averages from the adjacent particles. DEM showed a great
potential to simulate the heterogeneous phenomena during pumping, such as pipe blockage and
LL formation [44]. However, from a physical point of view, definition of the parameters describing
the virtual contact models in DEM to represent the characteristics of solid and liquid phases is
complicated [13]. Following an optimization process in terms of number, shape, diameter, size,
spatial distribution, and layers number of the modelled particles, as well as the selection of the
weighting functions, SPH led to more realistic consideration of solid-solid and solid-liquid
interaction forces compared to DEM. However, both DEM and SPH methods require extensive
computational time to simulate the concrete flow in full-scale pipelines. This has limited their
applications to simulate the heterogenous flow behavior in vicinity of small-scale segments, such

as bends and reducers which require shorter time intervals [13].

In the case of single-phase modelling (SPM) approach, concrete is simulated as a single fluid. The
rheological properties of concrete are considered as the main inputs of the model, neglecting the
presence of aggregate. Due to this simplification, SPM is recommended for simulation of concrete
pumpability for large-scale pumping set-ups. Several CFD methods, such as Finite Volume
Method (FVM), were used to solve the mass and momentum conversation equations for steady
and incompressible flow. Accordingly, the Navier-Stokes equations were implemented as a

constitutive equation to evaluate the concrete flow behavior as a single-phase in pipes [6,47,48],

as follow:

®+ 2 uy=0 438
at " ox P T (4.8)
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where p, u, P, and p are the concrete density, flow velocity, pressure, and concrete viscosity,
respectively. The negative and positive terms at the right side of Eq. (4.9) represent the normal and
tangential shear stresses, respectively. It is worthy to mention that the no-slip boundary condition
was assigned to the concrete-pipe wall interface in the employed SPM simulations of concrete

pumping in literature [6]. In order to consider the effect of LL presence, the simulation domain is
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divided in two zones, corresponding to the BC and LL and discretized in different mesh cells. The
rheological and tribological properties of the BC and LL measured using the rheometer and

tribometer set-ups, respectively, are then assigned to the mesh cells corresponding to each zone.

The most recent numerical investigations on concrete pumping employed a bi-viscous rheological
model by combining the Newtonian and Bingham models and using ANSYS Fluent software
[6,49-51]. A relatively high viscosity value (nn = 100 Pa.s) was selected for the Newtonian part

corresponding to very low shear rate values. This was assumed for computational purposes to

avoid zero-dominator in calculating the apparent viscosity (Happ = % =Hp + %0) in plug zone

where shear rate equals zero. Beyond a critical shear rate value, a Bingham model corresponding
to the yield stress and plastic viscosity values of the BC or LL is applied depending on the radial
position of the mesh cells. According to the literature, various LL thicknesses of 0 to 10 mm are
examined to evaluate the effect of LL on pressure loss of investigated mixtures in Sliper [50] as
well as small- [51] and large-scale [6] pipelines. The numerical simulations showing the best fit
with experimental measurements of the pressure loss values were reported as the most optimized
model. It is worth mentioning that a LL thickness of 2 and 4 mm was reported for HWC (e.g.,
SCC) and CVC, respectively [6].

Secrieru et al. [6] simulated a 160-m pipeline using the Sliper simulation results in terms of LL
thickness. Although good agreements were obtained between the numerical SPM results and
experimental pressure loss values, analytical models showed better accuracy for different types of
concrete mixtures comparing to the employed bi-viscous and SPM models [6]. This can be
explained by the errors occurred in the assumptions taken for the thickness and rheological
properties of LL, optimized by Sliper simulations. As explained earlier, concrete flow conditions
are significantly different through the Sliper and pipelines, especially for highly flowable concrete
mixtures. This can lead to different LL characteristics in sliper and concrete pipes. More precise
simulation of concrete pipe flow is thus required to consider the realistic concrete flow conditions

for more accurate evaluation of LL characteristics.

In this study, a new viscosity model, namely tri-viscous model, was proposed to consider the radial
variation of rheological properties of concrete in different flow zones across the pipe section,

including plug flow, sheared BC, and LL zones. The proposed tri-viscous model was employed to
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numerically simulate the pipe flow of different highly flowable mixtures, including 18 SCC and 4
HWC mixtures through a large-scale pumping circuit. The numerical models were validated using
the experimental measurements of pressure loss carried out at the Université de Sherbrooke in
Canada [3] and reported by Feys et al. [4] for different flow rates and pipe diameters. The results
of the numerical simulations determined using new two-fluids and variable viscosity single fluid
(tri-viscous) approaches are presented in terms of rheological properties and thickness of formed
LL and plug zone. The simulated LL characteristics are compared to those obtained using a coaxial
tribometer. The coupled effect of rheological properties of plug flow, BC, and LL, as well as flow
rate magnitude and pipe diameter on pumpability of highly flowable mixtures are then evaluated

using the numerical results.
4.3 Numerical simulation of concrete pipe flow

4.3.1 Pumping circuit

Khatib [3] carried out a comprehensive full-scale pumping investigation at the Université de
Sherbrooke (Canada). Various concrete mixtures were pumped using a 30-m long loop circuit. As
shown in Fig. 4.2, the main components of the circuit included two 11-m long straight horizontal
pipes with two different diameters of 100 and 125 mm, as well as a 180° bend. At the end of the
125-mm straight pipe section, the circuit was completed by some horizontal and vertical segments
to allow the discharge of the pumped concrete back to the pump’s reservoir, located at 1.5-m
superior elevation. The circuit was equipped with a piston-pump with a maximum discharge rate
and pressure limit of 90 m3/h and 6000 kPa, respectively This complementary segment was used

for sampling, calibration, and flow rate measurement purposes.

The horizontal straight pipes were instrumented with strain gauges near their beginning and end
(spanning distance of 10 m), as shown in Fig. 4.2, to measure the pressure loss under same flow
rate magnitude in pipes with different diameters. The concrete mixtures were pumped at four to
six 30-min intervals, namely pumping test cycles. In each test cycle, the pumping flow rate
decreased from its highest to minimum possible value at different steps for a given mixture
depending on flowability. A detailed description of the pumping circuit, instrumentation, and

calibration procedures is available in Ref. [3,4].
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4.3.2 Concrete properties

In total pumpability of 25 high strength concrete mixtures, including 3 CVC, 4 HWC, and 18 SCC
was investigated [3,4]. In the present study, the pumpability of only the HWC and SCC mixtures
are numerically investigated (i.e., 22 mixtures). The main mixture design parameters included the
initial slump flow, binder combination, water-to-binder ratio (w/b), paste volume, and sand-to-
total aggregate ratio. Accordingly, the investigated HWC and SCC mixtures were proportioned
with binder content of 558 to 681 kg/m3, w/b ranged between 0.23 and 0.35, and sand-to-total
aggregate ratio of 0.47 to 0.54. The workability, rheological, and tribological properties of the
investigated samples, taken from each test cycle, were measured using the slump flow, coaxial

rheometer, and tribometer set-ups, respectively.

125 m

Lay-out of circuit:

1: Pump

2 and 7: Reducer

3.5, 9. and 11: Pressure sensors and strain gauges
4: Horizontal section, 100-mm diameter pipes

6: 90° elbow, 100-mm diameter

8,12, 14, and 16: 90° elbow, 125-mm diameter
10: Horizontal section, 120-mm diameter pipes
12-16: Inclined part of the loop

Fig. 4.2. Schematic of the used loop circuit for pumping tests, adapted from [3,4].

An ICAR coaxial rheometer was used for rheological measurements. The rotating inner cylinder
consisted in a four-blade vane measuring 63.5-mm radius and 127-mm height. In order to avoid
slippage, the outer cylinder was equipped with 15 ribs located at 143-mm distance to the container
center. The shearing protocol consisted in 20-s pre-shearing at 0.6 rps speed followed by seven 5-
s stepwise decrements from 0.6 to 0.03 rps. It is worthy to mention that the maximum rotational
velocity of 0.6 rps corresponds to an approximately shear rate of 10 s-1 near the inner cylinder [4].
On the other hand, a coaxial interface rheometer, called tribometer, was employed to evaluate the
viscous constant and yield stress of the lubrication layer of the investigated mixtures [3,4,33]. The

tribometer consisted of a smooth rotating inner cylinder with 62.5-mm radius and 200 mm height
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along with an inversed-cone shaped at the bottom, as well as an outer cylindrical container with
118.5 mm radius [33]. The shearing protocol of the tribological tests consisted of a 30-s pre-
shearing of 0.9 rps rotational velocity of the inner cylinder, followed by ten 5-s stepwise
decrements rotational velocity from 0.9 to 0.01 rps. In order to evaluate the tribological properties
of the investigated mixtures after each test cycle, the corrections regarding the plug flow and
sheared-concrete zones within the tribometer’s gap was also considered [3,4]. This was carried out
using the rheological values of the investigated mixtures. The yield stress (to-LL) and viscous
constant (nrr) of the lubrication layer, formed in the tribometer set-up, were obtained by the
intercept and slope of the linear correlation of shear stress values at the inner cylinder of tribometer
to their corresponding linear velocity gradient (LVGLL) over the unknown thickness of the LL
(Eq. (4.10)). It is worth mentioning that the LVGLL values were calculated using the total
rotational velocity over the entire gap of the tribometer minus the contribution of sheared-concrete

zone.

T="ToLL + N X LVGLL (4.10)

It was reported by Khatib [3] and Feys et al. [4] that [CAR rheometer resulted in larger yield stress
and significantly lower plastic viscosity values compared to those measured by ConTec 5 coaxial
rheometer. It was revealed that application of rheological properties obtained by ICAR rheometer
can sometimes lead to physically impossible rheological values. For instance, lower viscosity
values obtained in ICAR led to an overestimation of the theoretical rotational velocity in the BC.
This resulted then in a rotational velocity in the LL in the opposite direction of the inner cylinder.
Accordingly, the rheological properties obtained from the ICAR rheometer were transformed to
estimated values obtained using the ConTec 5 rheometer, using a supplementary experimental
study that correlated the results of the ICAR and ConTec 5 set-ups [52,53]. The rheological and
tribological properties of the investigated mixtures evaluated for the samples taken from each

pumping test cycle are presented in Table 4.1.
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Table 4.1. Fresh density, rheological, and tribological properties of the investigated mixtures [3,4].

Mix Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
p (kg/m®) 2373 2391 2367 2381 - -
Toc (Pa) 188 146 330 518 - -
HWCl1 Up-c (Pa.s) 99 96 92 89 - -
to.L (Pa) 59 76 89 151 - -
N (Pa.s.m™) 2591 3549 2572 2563 - -
p (kg/m®) 2347 2374 2370 2369 - -
To.c (Pa) 99 119 128 239 - -
HWC2 Up-c (Pa.s) 86 89 87 99 - -
TorL (Pa) 38 96 89 88 - -
N (Pa.s.m™) 2682 3377 3396 2979 - -
p (kg/m®) 2360 2364 2373 2359 2363 -
To.c (Pa) 121 169 213 358 838 -
HWC3 Up-c (Pa.s) 56 55 65 59 56 -
to.L (Pa) 4 73 83 67 129 -
N (Pa.s.m™) 2117 1689 1464 2674 2680 -
p (kg/m®) 2340 2361 2362 2372 2359 -
Toc (Pa) 52 48 69 64 79 -
HWC4 Up-c (Pa.s) 62 62 60 57 57 -
TorL (Pa) 44 77 65 54 62 -
ML (Pa.s.m™) 2607 1603 1576 2627 2007 -
p (kg/m®) 2424 2434 2435 2401 2380 -
Toc (Pa) 35 40 29 45 35 -
SCCl1 Up-c (Pa.s) 52 47 47 50 58 -
to.L (Pa) 29 20 29 13 72 -
N (Pa.s.m™) 2223 1714 1778 2023 2577 -
p (kg/m®) 2404 2398 2423 2343 2306 -
Toc (Pa) 37 35 30 86 381 -
SCC2 Up-c (Pa.s) 40 39 40 44 50 -
TorL (Pa) 0 46 51 76 105 -
N (Pa.s.m™) 1860 1627 1632 1729 3001 -
p (kg/m®) 2377 2370 2340 2384 - -
Toc (Pa) 23 48 92 138 - -
SCC3 Up-c (Pa.s) 37 35 40 40 - -
toL (Pa) 18 51 39 69 - -
N (Pa.s.m™) 1844 2058 1451 2399 - -
p (kg/m3) 2397 2438 2412 2442 2430 -
Toc (Pa) 59 32 48 68 47 -
SCC4 Up-c (Pa.s) 52 43 39 37 36 -
TorL (Pa) 39 38 24 31 16 -
N (Pa.s.m™) 1754 1570 1611 1388 2167 -
p (kg/m®) 2359 2367 2348 2307 2372 -
To.c (Pa) 27 20 15 11 10 -
SCC5 tp-c (Pa.s) 33 30 27 27 26 -
to1L (Pa) 0 4 4 11 0 -
N (Pa.s.m™) 700 381 402 414 995 -
p (kg/m®) 2407 2444 2395 2465 - -
To.c (Pa) 84 66 89 80 - -
SCC7 Up-c (Pa.s) 76 63 62 69 - -
to1L (Pa) 19 49 35 49 - -
N (Pa.s.m™) 2330 2723 2567 1720 - -
To.LL (Pa) 120 231 254 301 291 -
N (Pa.s.m™) 5365 7893 6668 6983 6003 -
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Table 4.1. Continued

p (kg/m®) 2451 2442 2371 2436 2424
To-c (Pa) 46 38 37 40 40
SCC8 Up-c (Pa.s) 55 63 61 59 57
to.L (Pa) 0 9 17 24 52
N (Pa.s.m™) 2463 2027 1847 1776 2525
p (kg/m®) 2355 2350 2374 2387 -
To.c (Pa) 38 28 19 19 -
SCC9 Up-c (Pa.s) 29 29 27 27 -
7oL (Pa) 18 7 7 18 -
N (Pa.s.m™) 490 240 252 326 -
p (kg/m®) 2255 2255 2265 2357 -
Toc (Pa) 41 49 41 54 -
SCC10 Up-c (Pa.s) 50 43 43 46 -
to.L (Pa) 24 2 4 18 -
N (Pa.s.m™) 1247 1372 1427 1334 -
p (kg/m®) 2335 2348 2335 2327 2325
To.c (Pa) 31 34 28 76 107
SCC11 Up-c (Pa.s) 33 30 31 35 46
to.L (Pa) 6 9 13 27 54
N (Pa.s.m™) 948 1279 1299 1024 3395
p (kg/m®) 2343 2338 2354 2315 -
To-c (Pa) 90 120 255 652 -
SCC12 Up-c (Pa.s) 83 97 102 104 -
T (Pa) 70 121 93 171 -
N (Pa.s.m™) 3714 4366 3279 2901 -
p (kg/m®) 2215 2256 2247 2258 2288
To-c (Pa) 37 38 36 56 52
SCC13 Up-c (Pa.s) 46 40 41 39 41
T (Pa) 17 37 37 24 26
N (Pa.s.m™) 1424 1084 1083 729 1207
p (kg/m®) 2282 2279 2308 2315 -
To.c (Pa) 25 27 20 19 -
SCC14 Up-c (Pa.s) 38 28 29 32 -
toL (Pa) 37 19 21 10 -
N (Pa.s.m™) 629 531 536 431 -
p (kg/m®) 2361 2345 2371 2357 2358
To-c (Pa) 64 53 59 46 73
SCC15 Up-c (Pa.s) 57 49 48 48 46
Tour (Pa) 23 14 1 54 29
N (Pa.s.m™) 1543 1720 1713 1767 1368
p (kg/m®) 2346 2369 2386 2383 2365
To-c (Pa) 51 47 53 67 99
SCC16 Up-c (Pa.s) 59 49 61 54 55
to1L (Pa) 1 36 38 8 42
N (Pa.s.m™) 2652 1913 1635 2118 1415
p (kg/m®) 2363 2366 2377 2373 2363
To-c (Pa) 30 25 41 48 58
SCC17 Up-c (Pa.s) 48 41 43 50 42
to1L (Pa) 12 49 34 24 8
N (Pa.s.m™) 1360 1539 1424 1484 2051
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Table 4.1. Continued

p (kg/m?) 2414 2411 2407 2389 2391 2391
Toc (Pa) 48 54 59 81 34 165
SCCI8  ppc (Pas) 65 65 67 73 69 88
o (Pa) 11 39 35 17 11 37
n (Pasm) 2493 2456 2386 1728 1940 2753
p (kg/m’) 2419 2420 2425 2398 2424 -
Toc (Pa) 84 91 138 138 476 -
SCC19  ppc (Pa.s) 149 129 145 164 192 -
o1 (Pa) 120 231 254 301 291 -
ne (Pasm’) 5365 7893 6668 6983 6003 -

As explained earlier, each of the investigated mixtures underwent 4 to 6 pumping tests, each

included descending flow rates from its maximum to minimum possible values. For each pumping

test, the maximum and minimum pressure loss values per unit length (Ap: kPa/m) corresponding

to the maximum and minimum flow rates (Q: I/s), respectively, measured at both 100- and 125-

mm diameter pipes are summarized in Table 4.2.

Table 4.2. Maximum and minimum pressure loss (Ap: kPa/m) values and flow rates (Q: 1/s) for each concrete in Dp

= 100- and 125-mm diameter pipes and different pumping test cycles (1-6) [3,4].

Mix Dp (mm) Flow rate level Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

™ Max (Ap-Q) 115-9.2 143-11.4 154-13.7 150-13.0 - -

HWC Min (Ap-Q) 24.6-1.4 24.8-14 259-14  296-13 - -
125 Max (Ap-Q) 83.8-12.6 73.2-11.4 81.4-13.7 74.7-13.0 - -

Min (Ap-Q) 8.0-1.4 10.6-1.4 7.4-14 5.8-13 - -

100 Max (Ap-Q) 119-10.4 131-11.9 125-12.3 122-12.0 - -

HWC2 Min (Ap-Q) 20.4-1.4 21.7-14 22.2-14 24.9-1.4 - -
125 Max (Ap-Q) 48.9-10.4 57.8-11.9 53.2-12.3 55.4-12.0 - -

Min (Ap-Q) 39-14 4.2-1.4 4.0-1.4 5.1-1.4 - -

100 Max (Ap-Q) 92.0-10.2 125-14.1 102-13.0 91.9-11.8 125-14.4 -

HWCS Min (Ap-Q) 16.5-14 16.8-1.4 16.9-1.3 20.1-1.3 67.6-1.3 -
125 Max (Ap-Q) 34.2-10.2 48.7-14.1 36.7-13.0 32.3-11.8 46.8-14.1 -

Min (Ap-Q) 3.8-14 44-14 5.3-1.3 6.5-1.3 8.8-1.3 -

100 Max (Ap-Q) 80.6-8.8 111-14.0 92.5-13.8 91.3-14.2 91.2-14.6 -

— Min (Ap-Q) 20.3-1.5 17.3-1.5 17.8-1.8 14.5-13 15.2-1.3 -
125 Max (Ap-Q) 48.3-12.1 50.4-15.1 48.3-15.4 40.4-14.2 41.3-14.6 -

Min (Ap-Q) 6.7-1.5 5.7-1.5 59-1.8 4.8-1.3 5.0-1.3 -

100 Max (Ap-Q) 79.8-13.1 97.8-15.3 83.0-15.3 77.2-14.4 81.6-14.8 -

sccl Min (Ap-Q) 23.0-3.1 22.7-3.1 19.8-3.5 20.5-3.8 21.6-3.6 -
125 Max (Ap-Q) 44.3-13.1 51.6-15.3 40.8-15.3 38.9-14.4 42.6-14.8 -

Min (Ap-Q) 11.4-3.1 10.1-3.1 9.6-3.5 10.9-3.8 10.9-3.6 -

100 Max (Ap-Q) 45.5-10.9 42.1-10.7 46.9-12.8 41.2-10.6 49.4-10.6 -

— Min (Ap-Q) 20.7-4.6 19.8-4.9 19.3-4.9 19.0-3.9 26.0-3.1 -
125 Max (Ap-Q) 23.8-12.2 25.1-13.3 20.2-12.8 23.8-13.2 29.0-13.1 -

Min (Ap-Q) 8.2-4.6 8.6-4.9 7.7-4.9 7.8-3.9 12.1-3.1 -

100 Max (Ap-Q) 51.9-11.3 47.4-11.6 46.5-12.1 47.0-11.6 - -

SCC3 Min (Ap-Q) 20.0-4.0 19.5-4.6 19.1-4.4 19.6-3.3 - -
125 Max (Ap-Q) 27.5-13.7 21.0-12.8 19.2-13.5 21.0-13.9 - -

Min (Ap-Q) 7.3-4.0 6.9-4.6 7.2-4.4 7.7-33 - -
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Table 4.2. Continued

100 Max (Ap-Q)  69.7-12.1  57.4-119  49.6-122  43.6-11.7 43.4-11.8
scca Min (Ap-Q) 19.4-37 15.3-3.1 15238 13434 13.2:3.3
125 Max (Ap-Q)  40.6-12.1  36.0-11.9  32.9-13.2  259-11.7  30.8-13.1
Min (Ap-Q) 12.9-3.7 10.3-3.1 10.3-3.8 8.9-3.4 9.3-3.3
100 Max (Ap-Q)  31.0-11.9  29.4-12.9  25.6-13.5 228127 22.4-12.7
SCes Min (Ap-Q) 11.5-4.8 11.5-5.5 13.4-5.8 10.7-5.9 10.7-6.0
125 Max (Ap-Q) 19.8-11.9  209-14.1  19.5-145  174-13.9  15.2-12.7
Min (Ap-Q) 7.6-4.8 7.1-5.5 74-5.8 7.0-5.9 7.4-6.0
100 Max (Ap-Q) 121-120 99499  113-11.9  110-11.5 -
Min (Ap-Q) 24822  222-19  21.520 19.8-1.8 -
scer 125 Max (Ap-Q)  48.0-12.0  38.09.9  444-11.9  45.6-11.5 -
Min (Ap-Q) 8.7-2.2 8.0-1.9 8.0-2.0 8.0-1.8 -
100 Max (Ap-Q) 105-102  74.1-8.1 109-12.0  97.9-11.2  97.2-11.1
Min (Ap-Q) 21.1-2.1 2223 21625 21024 20423
Sces 125 Max (Ap-Q)  41.7-102  27.38.1  40.7-12.0  382-112  39.6-11.1
Min (Ap-Q) 8.4-2.1 8.4-2.3 7.8-2.5 8.0-2.4 8.4-2.3
100 Max (Ap-Q)  26.8-124  27.4-13.8  33.6-16.1  31.9-15.9 -
Min (Ap-Q) 10.8-5.6 10.5-6.0 11.2-62 10.5-6.1 .
SCCo 125 Max (Ap-Q) 12.6-141  11.8-13.8 114151  11.6-15.9 -
Min (Ap-Q) 5.1-5.6 5.4-6.0 5.3-6.2 54-6.1 -
100 Max (Ap-Q)  67.9-114  77.4-149  758-155  72.4-14.9 -
SCC10 Min (Ap-Q) 16.1-2.3 11.1-14 11.5-1.5 10.9-1.4 -
125 Max (Ap-Q)  38.5-114  44.7-149  44.9-155  43.3-14.9 -
Min (Ap-Q) 8.1-2.3 6.1-1.4 6.2-1.5 6.2-14 -
100 Max (Ap-Q)  51.9-12.0  49.7-12.4  40.9-10.9 44.811.6 483-114
scell Min (Ap-Q) 7.6-14 7.6-1.4 73-14 7.6-13 10.4-1.2
125 Max (Ap-Q)  25.8-12.0  29.9-13.7  222-12.1  245-11.6  27.7-11.4
Min (Ap-Q) 41-14 40-14 3.6-14 4713 57-1.2
100 Max (Ap-Q) 96.99.7  112-103  116-11.0  145-12.2 :
scel Min (Ap-Q) 16.8-1.4 19.5-14  21.7-13  293-13 -
125 Max (Ap-Q)  57.5-11.8  53.3-103  624-123  69.0-12.2 :
Min (Ap-Q) 8.7-1.4 94-14 10.9-1.3 15.2-1.3 .
100 Max (Ap-Q)  94.6-13.3  652-11.7  70.8-13.5  69.7-14.1  68.1-14.4
SCCL3 Min (Ap-Q) 12.1-1.6 11.1-1.8 10.8-1.8 9.9-1.9 10.6-1.7
125 Max (Ap-Q)  39.5-13.3  31.8-12.8  29.6-13.5 29.3-141 31.4-144
Min (Ap-Q) 16.4-6.4 44-18 47-18 2.5-1.9 3.9-1.7
100 Max (Ap-Q)  46.7-13.2  42.8-142  48.0-164  42.4-153 -
Min (Ap-Q) 13.0-3.0 12.0-3.3 11233 12.334 .
sccl4
s Max(Ap-Q) - - - : -
Min (Ap-Q) - - - - -
100 Max (Ap-Q)  61.7-10.8  84.5-14.5  77.5-143  71.7-142  65.9-147
SCCls Min (Ap-Q) 10.1-1.4 9.9-1.4 10.2-1.4 9.5-1.4 9.9-1.5
125 Max (Ap-Q)  56.5-143  50.2-14.5  42.6-143  424-142  40.2-14.7
Min (Ap-Q) 6.8-1.4 6.5-1.4 6.0-1.4 6.6-1.4 6.6-1.5
100 Max (Ap-Q)  80.1-11.2  783-122  81.1-129  88.2-142  87.8-146
SCC16 Min (Ap-Q) 13.0-1.7 10.6-1.4 103-14  102-14 10.5-1.4
125 Max (Ap-Q)  55.9-13.5  40.6-122  45.0-143  37.1-142  457-146
Min (Ap-Q) 7.5-1.7 6.0-1.4 6.5-1.4 59-14 49-14
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Table 4.2. Continued

Mix Dp (mm)  Flow rate level Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
100 Max (Ap-Q) 60.9-10.7 64.1-11.8 71.9-13.6 59.8-12.1 76.2-14.6
SCC17 Min (Ap-Q) 9.4-1.6 9.5-1.5 9.8-1.5 10.1-1.5 10.9-1.5
125 Max (Ap-Q) 30.4-10.7 38.1-14.0 35.4-14.9 31.3-13.4 32.3-14.6
Min (Ap-Q) 4.7-1.6 5.0-1.5 5.1-1.5 5.3-1.5 5.5-1.5 -
100 Max (Ap-Q) 88.3-94 80.0-10.5 99.9-13.7 92.3-13.0 93.6-13.0 96.7-13.1
SCCI8 Min (Ap-Q) 16.4-1.5 13.7-1.4 14.0-1.5 14.0-14 15.3-14 17.5-1.4
125 Max (Ap-Q) 44.6-11.2 32.4-10.5 36.4-13.7 35.4-13.0 35.5-13.0 36.4-13.1
Min (Ap-Q) 52-1.5 5.0-1.4 5.4-1.5 6.0-1.4 59-1.4 7.0-1.4
100 Max (Ap-Q) 220-9.5 209-9.7 193-9.9 202-9.7 223-9.6
SCC19 Min (Ap-Q) 33.8-14 34.3-1.4 33.8-1.3 37.4-1.3 47.6-1.3
125 Max (Ap-Q) 96.2-9.5 94.8-9.7 93.6-9.9 96.1-9.7 106-9.6
Min (Ap-Q) 10.9-14 12.9-1.4 14.7-1.3 17.0-1.3 23.0-1.3

4.4 New two-fluids and variable-viscosity single fluid (tri-viscous)
approaches to simulate the pipe flow of the investigated

mixtures

In this section, the computational fluid dynamic (CFD) method is applied to estimate the pressure
loss values of the pumped investigated mixtures presented earlier. The inputs of the CFD models
include the rheological characteristics of the LL and BC, experimentally measured at different
pumping cycle times (Table 4.1). The concrete is simulated as homogeneous material (i.e., without
taking into account the particles); however, the influence of LL was considered. This was applied
as initial inputs in the simulation. As explained earlier, due to formation of LL, two non-Newtonian
(Bingham) regions with different rheological properties appear in the pipe: one corresponding to
the surrounding LL and another one is the bulk flow with higher viscosity and yield stress values.
In the simulation set-up, two different methodologies are developed based on two-fluid and single-
fluid approaches to model viscosity behavior of concrete, which is explained in detail in the
following sections. By applying these proposed methodologies, not only three different regions,
including plug flow, sheared concrete, and LL, can be distinguishable in the velocity profile of
simulated model, but also the thickness and rheological properties of the LL and plug radius can

be evaluated.

According to the rheological properties of the investigated mixtures, pipe diameter, and applied
flow rates, the Reynolds number (Re = p.V.Dp/pp-c) in the pumping circuit is less than 10. On the
other hand, the hydrodynamic entry length (Le-Laminar = 0.05.Re.Dp) is less than 0.04. Therefore,
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the concrete pipe flow was considered as a laminar and fully developed flow type. The simulation
of pressure loss, which is constant along the length of the pipeline, can be carried out in two

dimensions using 1-m length pipe sections in order to reduce calculation time.

The numerical CFD simulations were carried out using OpenFOAM software [54]. OpenFOAM
is an object-oriented and open source software developed using C++ language, which benefits
from a set of precompiled libraries, provided as the source code. It allows users to conveniently
customize their library and create their own model. Therefore, in addition to being computational-
cost benefit, the time of the users for coding is saved. Powerful libraries and solvers of OpenFOAM
are available to facilitate solve CFD problems [55]. The behavior of pumping concrete can be
modelled by choosing proper solver and viscosity models in OpenFOAM. Since none of the
existing viscosity models in OpenFOAM can correctly take into account the behavior of concrete
in pipes, two new different viscosity models were developed and added to OpenFOAM’s libraries.
This includes two-fluids and single fluid flow models. By implementing the developed viscosity

models, the effect of LL and plug flow zones on the concrete pumping pressure can be predicted.
4.4.1 Two-fluids (Double-Bingham) approach

In the first approach, two different phases were considered corresponding to the BC and the LL.
The rheological behavior of each phase was described using the Bingham model. In order to
develop the two-fluids model, the interFoam, as one of the standard solvers of OpenFOAM for
two incompressible and isothermal immiscible fluids, was employed [56]. Two immiscible fluids
were separated by introducing a parameter o, namely the volume fraction, which is further

explained in the following sections.
4.4.1.1 Governing equation of interFoam

InterFoam solves the transport phase and Navier-Stokes equations using PISO (Pressure-Implicit
with Splitting of Operators) algorithm for pressure-velocity coupling and applying volume of fluid
(VOF) method to model the interface between two incompressible and isothermal immiscible
fluids. InterFoam uses the FVM method to solve the problems [56-60]. Employing FVM, the
geometry is discretized in the first step to finite volumes. This method transforms the partial

differential equations into discrete algebraic equations over finite volumes. By integrating the
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extracted differential equations over the discretized elements, they are transformed into algebraic

equations. The Governing equations for interFoam solver are considered, as follow [56-59].

Continuity equation: V.u = 0 (4.11)
Transport phase equation (interface): 3—(: +V.(ua) =0 (4.12)
Momentum equation: % +V.(puu) = -Vp+V.T+f; (4.13)

where u is velocity. Moreover, a represents the volume fraction which equals 1 in the region of
first phase, 0 in the region of the second phase, and between 0 and 1 in the interface region (Table

4.3).

Table 4.3. Variation of volume fraction parameter (o) with different phases

Phase Volumetric fraction parameter (o)
Fluid 1 a=1

Interface between two fluids 0<a<l

Fluid 2 a=1

The stress tensor T has two components, including turbulent and viscous stresses. The surface
tension force f; can be obtained using Eq. (4.14). The pressure can be decomposed into two terms,

including hydrostatic and dynamic pressures, as presented in Eq. (4.15).

Va

fs = ok.Va, where k. = —V. (IVaI

(4.34)
Py =P — pgx (4.15)

where g and x are gravitational acceleration and position vectors, respectively. Density and
viscosity are calculated according to the volume fraction of each phase, as shown in Egs. (16) and
(17):

p=ap;+(1—a)p, (4.16)
p=oap + (1 —-ap, (4.17)

where ¢ and k. are surface tension constant and curvature, respectively. By substituting Egs. (4.14-

4.17) to Eq. (4.13), the following Eq. (4.18) can be obtained [59]:
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d(pu
((; ) + V.(puu) = —=Vpg + V.T — pg.x + ok .V« (4.48)

Tracking of interfaces between phases are usually one of the critical challenges to solve multiphase
problems. For this purpose, VOF method [60] is used in the interFoam solver [61]. To avoid
numerical smearing of the interface, an interfacial compression flux term is added to the equation.
The VOF method captures the interface, by which the surface cannot be tracked as by the
techniques based on the interface tracking methods, the position of the surface is estimated by a
phase fraction function. This method assumes that a continuous velocity field prevails along all
the interfaces. This complies with the interface boundary conditions in the physics of fluids which
means that the relative velocity between two phases is zero. In VOF method, additional transport
equation Eq. (4.12) is added which is solved simultaneously with Navier-Stokes equation to obtain
the volume fraction of one phase at each time step. This transport equation is only solved in the
interface region where there is a gradient in the phase fraction, as presented in Table 4.3. The
volume fraction a varies between 0 and 1 at the interface between two phases [61], while the

volume fraction is either zero or one in the region of each phase.

Since pressure term does not exist in the continuity equation, a suitable approach should be
implemented to solve the coupling between pressure and velocity. As mentioned earlier, applying
the PISO algorithm, pressure-velocity coupling is solved in interFoam. This method is written
based on the predictor and corrector steps. Accordingly, the pressure and flux at previous iteration
are used to approximate velocity field in the momentum equation, which is called momentum
predictor. Then, the pressure is calculated based on the predicted velocity. Next, the new flux value
is obtained using the calculated pressure. At the corrector stage, the velocity field is corrected
based on updated pressure and flux. Further discussions about PISO algorithm are available in Ref.

[62].

At the first step, initial value and boundary conditions are set up for variables. Then the solver
starts to investigate the variables at new time step using their values at the pervious time step.
Subsequently, the predicted value of velocity is calculated based on the momentum predictor stage.
The PISO loop continues until the tolerance for pressure-velocity system is satisfied for a given

level of precision. At this point, the updated values for velocity and pressure, as well as
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conservative fluxes at new time step are obtained. According to the updated values, all other

equations in the system are solved [62].
4.4.1.2 Discretized geometry and initial and boundary conditions

The 2-D geometries of two-phase model of concrete flow in 100- and 125-m diameter and 1-m
length pipes were made in OpenFOAM. The domain was discretized in two mesh blocks,
corresponding to the BC and LL. As can be observed in Fig. 4.3a, the width of the mesh block
corresponding to the LL was selected as an initial thickness assumption of LL. It is worthy to
mention that applying transient solver (i.e., interFoam) makes changes in the thickness of LL by
time. Therefore, the initial thickness should be less than 2 mm to reach about 2-mm thickness in
the steady state. Simulating different cases, it was revealed that an initial thickness of around 0.5
mm enables us to achieve appropriate results. The initial values of o was then fixed to each mesh
block to divide the region in two domains corresponding to the volume fraction of each phase in

each domain.

The boundary conditions for velocity were selected as the fixed value at the inlet and zero-gradient
at outlet for both BC and LL phases. On the other hand, the boundary conditions for pressure were
zero gradient in inlet and fixed value in outlet for both phases [63]. The no-slip and symmetry
boundary conditions were applied for walls and center axis of the pipe, respectively [64,65] (Fig.
4.3b). The boundary conditions for a are similar to the velocity boundary conditions (i.e., fixed

value at the inlet and zero-gradient in outlet).
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____________ —_—

Zero Gradient for pressure: % =0, Symmetry Fixed value for pressure P = P,
Fix value for velocity: U = U, Zero Gradient for velocity L)

Wall p=0 Ax

(b)

Fig. 4.3. (a) Pipe modelling and (b) boundary conditions for numerical simulations.
4.4.1.3 Discretized geometry and initial and boundary conditions

In total, five different viscosity models are available in OpenFOAM V6 to describe the rheological
behavior of modelled fluids, including Bird-Carreau, Cross-Power Law, Hershel-Bulkley, Power-
Law, and Newtonian models. The interFoam solver enables us to consider two different
rheological models for both employed phases. In the two-phases approach, the Herschel-Bulkley
(H-B) model was employed to describe the flow behavior of BC and LL. The H-B model consists
in a power-law relationship between the shear stress T and shear rate y, where 19 is yield stress, k

is consistency factor, and n is pseudoplasticity index, as follows:

T=Ty+kxy" (4.59)
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For sole of simplicity, by considering n = 1, Eq. (4.19) turns to the Bingham model (Eq. (4.20) and
Fig. 4a), which is used in two-fluids approach to simulate the rheological behavior of the BC and

LL phases in the interFoam solver.
T oty XY (4.20)

where L, is the plastic viscosity of the investigated fluid. The apparent viscosity papp is calculated,
as follows:
T T
tapp =5 = 1 (421)

The Bingham fluid can show two different behaviors depending on the value of applied shear
stress. When the magnitude of the applied shear stress is lower than the yield stress and
deformation of fluid is zero, the apparent viscosity approaches infinity. This part of flow
corresponds to the unsheared bulk flow. On the other hand, the material behaves linearly as a
Bingham fluid with a plastic viscosity (up) if the magnitude of the applied shear stress is higher
than its yield stress. In the numerical modelling, the modeling of unsheared bulk flow causes
disconvergencies of the solution because of its infinity apparent viscosity. This problem was

solved using the bi-viscous model that consists in combining Newtonian and Bingham models

[66].

In order to prevent the aforementioned disconvergency, a critical value of shear rate (y.) was
defined in the Viscosity-Model class of OpenFOAM. For shear rate values lower than the critical
value (i.e., Y < Y.), corresponding to the un-sheared zone, the fluid acts like a Newtonian fluid
with a relatively high viscosity po, namely the artificial viscosity. Moreover, for shear rate values
higher than y. (i.e., Y = y.) the flow follows the Bingham model of the investigated fluid (Eq.
(20)). Due to the use of two different values of viscosity (Mo, |tp) to describe the flow behavior of
a Bingham fluid, this model is referred to as the bi-viscous model [66,67], which is schematically

presented in Fig. 4.4b.
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Fig. 4.4. Relationships between shear stress and shear rate values in (a) Bingham and (b) bi-viscous rheological
models, considering the critical shear rate (y.) and artificial viscosity (po) values [66,67].

In OpenFOAM, the bi-viscous model is applied using a loop in the whole discretized domain. The
loop enables to calculate the apparent viscosity for each cell based on the Eq. (21). The apparent
viscosity of each cell is then updated according to the minimum value between the artificial and

calculated apparent viscosities, as follows:

T
Mapp = min(uo;(’ + 1p) 4.22)

where po and papp represent the artificial and updated apparent viscosity values, respectively.
Although o cannot be infinity, it should be large enough to capture the unsheared zone of Bingham
fluid. For cells with shear rate lower than y., the magnitude of their calculated apparent viscosities
becomes higher than artificial viscosity. Therefore, after the comparison step in the loop, the

updated apparent viscosity equals the value of artificial viscosity (i.e., Happ(V < Yc) = Ho). For
other values the apparent viscosity can be calculated as papp (Vv = V) = %0 + Wp. Such approach
can avoid infinity apparent viscosity values in points which have shear rate lower than the critical
value. The value of apparent viscosity for each cell is then updated.

4.4.1.4 Inputs of transport properties

The value for surface tension between two phases ¢ and rheological properties, including to, Lo,
and L, of each phase should be defined as inputs of the transport file of interFoam solver. It is
worthy to mention that the magnitudes and dimensions of parameters in OpenFOAM

incompressible solvers, including interFoam, are scaled by the constant density of the investigated
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fluid. Therefore, the kinematic plastic and artificial viscosity values (v = p/p) of the investigated
fluids were used in the numerical models. As mentioned earlier, the viscosity of the LL is not
directly measured, but its viscous constant n.r. was experimentally measured by the tribometer. It
means that the plastic viscosity of LL depends on the thickness of the layer which causes a
challenge to model it. The plastic viscosity of LL can be estimated indirectly by multiplying its

assumed thickness eLL of 2 mm by the viscous constant 1.

As shown in the two-fluids model algorithm (Fig. 5), the problem is solved based on a trial-and-

error procedure. Accordingly, the simulation error € is defined, as follows:

e = Apsim - Apexp

X 100% 4.23
Apexp ’ (4.23)

where Apexp and Apsim are the experimental and numerical pressure drops, respectively. As
indicated in Fig. 4.5, once the difference between experimental and numerical pressure drops
becomes lower than 5%, (|e| < 5%), the simulation stops. It is worthy to mention that achieving
simulations with physically meaningful results and error less than 5% was not possible for all the
cases. In this situation, varying the LL viscosity (vp-rr), artificial viscosity of LL (vo-Lr) and BC
(vo-c), size of mesh in y direction (N), and initial LL thickness (eLL) was undertaken to obtain
physically meaningful results and minimum prediction error (|¢|). Therefore, the final result was
chosen based on the lubrication thickness that is able to correctly simulate the pipe flow case. It is
important to note that this procedure was done for a total of 404 pipe flow experiments, including
22 investigated concrete mixtures with different rheological properties (Table 4.1), pipe diameters,

and under low and high flow rates (Qmin and Qmax) carried out at 4 to 6 pumping tests (Table 4.2).

Since the interFoam is an unsteady solver, the thickness of LL is increased during the simulation
period till the end of simulation to achieve its eventual value erL. Subsequently, the simulated nr.
values, are then calculated by dividing the plastic viscosity values of LL (tp-LL = vp-LLXpLL) by
simulated thickness eLL and compared to the experimental ones. It is worthy to mention that same
density values were assumed for the BC and its corresponding LL, using the experimental data

reported in Ref. [3,4].
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Knowing the significant influence of the LL characteristics on concrete pumpability, one of the
important challenges to model concrete pipe flow is to apply an appropriate viscosity model. The
proper viscosity model should capture three different regions in the cross section of pipe, including
the plug flow, sheared-bulk flow, and LL. In the two-fluids approach, the three regions can be
modeled. Applying interFoam solver with two H-B model in OpenFOAM enabled defining three
different regions across the pipe section. The effect of LL on the pressure drop of flow can then be
investigated. Also, the result of tribometer was compared with the simulation results and provided
useful insight in understanding the LL characteristics. However, implementing of two-phase solver
needs more computational time comparing to a single-phase solver. Therefore, a new approach is
proposed to simulate the concrete pipe flow using single-fluid approach by adding a new viscosity

model in OpenFOAM called tri-viscous model, as discussed below.

Initial assumptions: .13 = (Nyr <2 mM)/pry
i | ConstantInput e o e e Frc=2 X Ve
(To.cs ¥pc» Todrs Pris Pc) FouL =2 X ¥ppp
e =0.5Smm
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» Try=Try+1 Try > 10 — Simulations
l Yes
End e | Choose the input data with: N=NS5
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4.4.2 Numerical simulation of concrete pipe flow using variable-viscosity single-

fluid approach (Tri-viscous model)

In this approach, the BC and LL are considered as a single fluid which experiences a laminar and
fully developed flow in the pumping circuit with different pipe diameters of 100 and 125 mm,
different flow rates, and rheological properties, as summarized in Tables 4.1 and 4.2. In order to
model the flow using the single-phase approach, simpleFoam, as a steady-state solver, was
employed [63,68,69]. The model solves the Navier-Stokes equations for incompressible fluid,
using SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm and the pressure-
velocity coupling. In SIMPLE technique, the discretized momentum equations are solved using
the initial values of pressure and velocity [68,69]. The variables are corrected using the pressure
correction equation and applying the under-relaxation factor. The selection of such factor plays an

important role to reach stability and convergency and is defined by the user [63,70].

4.4.2.1 Governing equations

In SimpleFoam, the continuity and momentum equations are solved for one-fluid at steady-state.
Due to constant density of incompressible fluids, the continuity and momentum equations are

considered, as follow [68]:

Continuity equation: V.u = 0 (4.24)

Momentum equation: V. (uu) = — %Vp + %V. T (4.25)

where u and T represent the velocity and the stress tensor, respectively. The stress tensor is
combined of turbulent and viscous stresses. As simpleFoam is made for incompressible fluid, the
variables in Navier-Stokes equations, such as viscosity and yield stress, should be divided by fresh

density of the investigated mixtures.
4.4.2.2 Boundary conditions

The no-slip and symmetry conditions are considered for the wall and center axis of the pipe,

respectively. The inlet boundary conditions for velocity and pressure are fixed values and zero
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gradient, respectively [63-65]. On the other hand, for the outlet boundary conditions, a constant

value for pressure and zero gradient for velocity were applied (Fig. 4.3).

4.4.2.3 Tri-viscous model

As explained earlier, due to shear-induced particle migration from higher to lower shear-rate zones,
a very thin layer of fine mortar, namely LL, is formed in the region close to the higher shear rate
zones (vicinity of pipe wall). This can lead to radial variations in the rheological properties of
pumped concrete across the pipe’s cross section [13,41]. The use of single-fluid approach to
simulate this behavior can result in solving a single Navier-Stokes equation, rather than two in the
case of two-fluids approach (double-Bingham model). Moreover, there is no need to solve Eq.
(4.12) to consider the interaction between the multi-phases using the parameter a. Using single-
fluid approach can lead to lower calculation time comparing to two-fluids modeling approach.
However, according to the changes in flow properties close to pipe wall, which causes a
discontinuity in velocity of fluid at pipe wall interface, the continuity assumption should be

checked [71].

In order to consider the presence of LL on concrete pumpability using the single-fluid approach,
the developed model should enable to simulate the radial variations of the rheological properties
of concrete across a given pipe’s cross section. These variations can be considered as functions of
the radial distances of each cell (cell’s center point) to the center axis (i.e., y coordinate). Taking
into account that the 5 existing viscosity models in OpenFOAM are unable to capture the variations
in their rheological parameters (i.e., fixed value during simulation), new viscosity model is

required to be developed.

In order to develop a new model, a proper criterion should be selected to determine the transition
point in the rheological parameters from those of the BC (i.e., to.c and pp-c) to those corresponding
to the LL (i.e., To-LL and pp-1) in a single viscosity model. In this study, a new approach is proposed
to consider the variation of the rheological parameters of the modelled fluid as a function of the
radial distance to the center axis. A critical distance to the center axis (i.€., Yeriticat cOOrdinate) is
thus selected, beyond which the viscosity model follows the rheological properties of the LL (i.e.,
To-LL and pp-r1). On the other hand, the rheological properties of the cells with y < yeritical coordinates

correspond to the BC (i.e., to-c and pp-c).
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This model is developed based on the H-B viscosity model of OpenFOAM and the criterion
corresponded to the geometric position of LL and BC in the pipe. Assuming the LL as a very thin
layer with a constant thickness formed near the pipe wall, if the cell center is located at a distance
less than the thickness of LL from the wall, the rheological behavior of the fluid in the cell can be
governed by the LL properties. On the other hand, the viscosity behavior should follow the BC

properties. The concept of this model is schematically presented in Fig. 4.6.

This model predicts the variation of rheological properties of concrete by comparing the vertical

distance of each cell’s center point (i.e., “y” coordinate) from the centerline of the pipe and the

critical distance (i.e., Yeritical coordinate) which is calculated, as follows:

Yeritical = R - CLL (426)

where R and erL represent the radius of the pipe and thickness of LL, respectively. For example,
assuming the formation of 2-mm LL in the 100-mm diameter pipe, the yeritical 1S set to 0.050 - 0.002
=0.048 m. For each point, the y coordinate is checked, if it is smaller than 0.048 m, the rheological
properties of the cell correspond to those of the BC (i.e., to-c and pp-c), otherwise, to the rheological
properties of the LL (i.e., to-LL and pp-Lr). The loop presented in Fig. 4.6 was thus added to the H-
B viscosity class of OpenFOAM to apply the proposed tri-viscous model.

Lubrication layer I LL thickness (e, )

Yeriticn = R = €1

Sheared-bulk concrete

ycriﬁcul

Pipe radius (R)

Plug flow y

Center axis X

Apply the lubrication layer
rheological properties

(Tg= Ty and p, =p, ;)

Apply the sheared bulk-
*| concrete rheological properties
(Tg =Toc and p, =, )

Apply the plug flow rheological
properties (t, = 0 and p, = Mapy = Ho)
Fig. 4.6. New proposed tri-viscous model, considering the radial variation of the rheological properties of

concrete across the pipe section.
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4.4.2.4 Inputs of the transport properties file

The transport properties file of this model needs eight input parameters, including n, to-c, Vp-c, Vo-
C, T0-LL, Up-LL, Vo-LL, and Veritical. The term vo.c is the artificial viscosity of the unsheared zone,
explained in two-fluids approach (double-Bingham model), introduced to solve disconvergence
problem resulted from infinity viscosity of unsheared zone. By applying two plastic viscosities of
the BC and LL in addition to the artificial viscosity results in this so-called tri-viscous model. The
algorithm used to model concrete pipe flow is presented in Fig. 4.7. In this approach, an initial
assumption of LL thickness (err) is required to calculate the plastic viscosity of the LL based on

the tribometer data as well as yeritical that depends on err and radius of the pipe.

| Assume an initial LL thickness (e;;) of 2 mm | | Import the rheological properties of bulk concrete I
x
* Yeritiean = R - €,
= Estimate the rheological properties of LL using tribological
measurements and e;; assumption

'I Update e;; assumption I

=|| Update the infinity viscosity | ,4_' Import the input variables in the developed CFD code |
!
I e ] o

Update mesh setting J | Run simpleFoam (Tri-viscous model) |

s I Check the continuum assumption in velocity profile |

Yes| Prediction error (g)?

Try=Try+1

e IfTry = 10 Yes

End

Fig. 4.7. Schematics of algorithm applied for variable-viscosity single-fluid approach (tri-viscous model).

It is worthy to mention that numerical simulations were carried out using an E5-1607 v2 CPU 3.00
GHz processor. The simulations of 1-m long pipelines required a total running time of 69 to 528 s
for two-fluids modelling approach and from 3 to 26 s for the single-fluid tri-viscous one. This
reveals the high proficiency of the proposed tri-viscous modelling approach to ensure efficient
calculation time/cost (more than 20 times lower calculation time) compared to the two-fluids

modelling approach. As elaborated earlier, this is due the possibility of solving a single Navier-
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Stokes equation in the tri-viscous approach instead of two and the possibility of neglecting

interface interaction between the BC and LL compared to the case of double-Bingham approach.
4.5 Results and discussion

The flow of the investigated HWC and SCC mixtures in pipes measuring 1-m length, 100- and
125-mm diameter, under different flow rate magnitudes (Qmin and Qmax in Table 4.2) and at
different pumping test cycles were simulated using the two-fluids and tri-viscous models. The total
pressure loss per length of the pipe (AP/L), velocity, shear rate, and apparent viscosity profiles
across the pipe cross section were investigated. Moreover, the final thickness and rheological
properties of the LLs, as well as the viscosity and radius of plug flow zones were evaluated for the
investigated mixtures using the numerical results. As mentioned earlier, a total of 404 pipe flow

experiments were simulated using each approach.
4.5.1 Prediction of pumping pressure-loss (AP/L) values

As shown in Fig. 4.8, the predicted pressure drop values using the numerical simulations are
comparable to the experimental results reported in the Ref. [3,4]. Both the two-fluids and single-
fluid tri-viscous approaches led to excellent prediction of pressure loss of the investigated mixtures
that were pumped through different pipe diameters and under different flow rates. The two-fluids
model led to slightly higher R2 and lower root-mean squared error (RMSE) values compared to
the single-fluid approach. On the other hand, the tri-viscous approach resulted in closer estimation
index to unity (i.e., 0.994) than the two-fluids model (estimation index of 0.976). Feys et al. [4]
analytically evaluated the pressure loss values using the Kaplan et al. model (Egs. (1) and (2)) and
compared them with the experimental measurements. The analytical results showed an estimation
index of 1.08 and R2 of 0.88. Comparing to the results presented in Fig. 4.8, the numerical
simulations led to higher accuracy in estimating the pressure loss values than analytical models,
reflecting closer estimation indices and R2 to unity, as well as lower RMSE values. This is due to
better estimation of the LL characteristics (thickness and plastic viscosity) compared to those
measured by a tribometer. Given the high precision of the single-fluid tri-viscous approach and
the significant lower calculation time and cost required with this approach, the pumpability of the

investigated mixtures are further analyzed using the tri-viscous approach.
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Fig. 4.8. Comparison between the experimental and simulated pressure loss values using (a) two-fluids and (b)
single-fluid tri-viscous models.

The prediction of the pressure loss obtained using the tri-viscous approach are presented in Fig.
4.9 for different pipe diameters and flow rates. The results indicate that using the tri-viscous
approach led to highly accurate prediction of pressure loss values. Higher R2 and lower RMSE
values were obtained for the simulations of 125-mm diameter pipe flow compared to 100-mm ones
(Figs. 4.9a and 4.9d). The lower RMSE values can be due to lower pressure values in the larger
pipe under a given flow rate (lower velocity). Moreover, closer estimation indices to unity were

obtained for maximum flow rates.
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4.5.2 Characterization of lubrication layer

The LL thickness was identified using the velocity profiles obtained from tri-viscous simulations
(Fig. 10a) across the pipe cross-section. Regarding the lower plastic viscosity of the LL in vicinity
of the pipe wall, the velocity profile shows different trends at the LL threshold. As shown in Fig.
10b, the LL radius corresponds to the zone that velocity profile shows significant changes in its
derivation relative to the radial distance to the pipe center. Two different trend lines were correlated
in the vicinity of the pipe wall to identify the exact radial position of the LL interface with the BC,
and consequently LL thickness.
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Fig. 4.10. Flow velocity profile across pipe sections with 100- and 125-mm diameters and (b) identification
of thickness of LL using velocity profile (example for pipe flow of SCC1 at test 1 and minimum flow rate).



Chapter 4. Novel tri-viscous model to simulate pumping of flowable 125
concrete through characterization of lubrication layer and plug zones

Estimating the LL thicknesses and using the viscosity found for the zone corresponding to the LL
in the tri-viscous simulations, the simulated n.. values were evaluated for each pumping test. As
illustrated in Fig. 4.11, the LL viscous constants obtained using the numerical tri-viscous
simulations were compared to the experimental ones measured using the tribometer. As can be
observed, the tri-viscous approach led to viscous constants ranging between 0.296 to 2.000 times
values compared to tribological results with a root-mean squared difference (RMSD) of 0.566 to
0.929 kPa.s/m. As shown earlier in Figs. 4.8 and 4.9, the use of such optimized nrr led to better

estimation of pumping pressure losses of the investigated mixtures compared to the analytical

models where the tribometer results were applied.

Moreover, the maximum variation relative to the tribological viscous constants were obtained for
100-mm diameter pipes and maximum flow rate (estimation index up to 2.000). It is also worth
mentioning that the minimum ranges of relative viscous constants compared to the tribometer
results were obtained for the 125-mm pipes and minimum flow rate (0.296-1.185 times). This can
correspond to lower and larger LL thicknesses created at 100- and 125-mm pipes, respectively,
compared to those formed in the tribometer. This can be due to higher and lower flow velocity
values in the 100- and 125-mm pipes, respectively. Accordingly, the LL thicknesses (eLr) obtained
for different pipe diameters and flow rates are compared in Fig. 4.12. As can be observed in Figs.
12a and 12b, under a given flow rate level, increasing the pipe diameter mostly led to form the
LLs with larger thicknesses. On the other hand, as shown in Figs. 4.12c and 4.12d, for a given pipe

diameter, pumping with a lower flow rate can mostly lead to a larger LL thickness.
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Fig. 4.11. Comparison between viscous constants obtained using the tri-viscous approach (ncr-sim) and
experimental tribological measurements (1L-exp) for 100-mm diameter pipe under (a) minimum and (b)
maximum flow rates, and 125-mm diameter pipe under (¢) minimum and (d) maximum flow rates.
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Frequency distribution of the obtained LL thicknesses for different pipe diameters and flow rate
magnitudes are presented in Fig. 4.13. As can be observed in Fig. 4.13a, in the case of the minimum
flow rates, the majority of the LL thicknesses for 100- and 125-mm diameter pipes ranges between
1.5 to 2 mm (80.2%) and 3 to 3.5 mm (63.3%), respectively. However, increasing the flow rate
(maximum flow rates) led to form LL with thicknesses ranging from 1.5 to 2 mm with major
frequencies for both 100-mm (85.4%) and 125-mm (63.3%) diameter pipes (Fig. 4.13b).
Moreover, as shown in Fig. 4.13c, the LL thicknesses formed in 100-mm diameter pipes had the

highest frequency for a thickness of 1.5 to 2 mm for both the minimum (80.2%) and maximum
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(85.4%) flow rates. On the other hand, the minimum and maximum flow rates resulted in higher
frequencies (63.3%) of LL thicknesses of 3 to 3.5 mm and 1.5 to 2 mm, respectively, in 125-mm
diameter pipe (Fig. 4.13d).

100 100
DDP=IG[!mm DDP=IBGmm
90 4 90
BD, =125mm BD,=125mm
80 - DP B 80 - DP
- 70 4 - T0 4
= =
b 60 - v 60
= 2
Z 50 - g 50 -
=) =
£ =1
= 40 = 40
30 A 30 A
20 1 20 -
10 1 10 -
0 0 = =
0-0.5 051 115 152 225 253 335 0-0.5 051 115 152 225 253 335
1L (Illlll] _Qmi.n erL [I:I.llll} _Qma:l:
100 100
00 | Iijin 00 | I:|Qm in
30 A .Qm:u' 30 A .Qm ax
~ 70 1 ~ 70 1
& =
5 60 - v 60
= =
g 504 g 50
= =
o @
= 40 = 40
30 - 30 A
20 - 20 -
10 4 10 4
0 — 0 N
0-05 051 115 152 225 253 335 0-0.5 051 1-15 152 225 253 335
erp (mm) - Dp=100 mm epp (mm) - Dp=125 mm

Fig. 4.13. Frequency of the LL thicknesses (err) obtained using the tri-viscous approach for 100- and 125-
mm diameter pipes under (a) minimum (Qmin) and (b) maximum (Qmax) flow rates, as well as maximum and
minimum flow rates at (¢) 100- and (d) 125-mm diameter pipes.

4.5.3 Characterization of plug zone

In addition to the LL, the plug zone shows different characteristics compared to the BC. As
explained earlier, this was considered in the proposed tri-viscous model. Accordingly, the

rheological behavior of plug zone is modelled as a Newtonian fluid with relatively higher viscosity
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(n0-Plug) compared to LL and BC zones. Therefore, the apparent viscosity profile across the pipe
section must show its maximum value (n0-Plug) through the plug zone. Accordingly, the apparent
viscosity papp(r) in a radial distance r from the pipe center was calculated in OpenFOAM, as

follows:

: To(1)
P—app(r) = min |Uo—plug » up(r) + Oy (4.27)

Hence, for very low shear rate values (= 0), whereby defined as the plug zone, papp(r) equals po-
plug. The radii of plug zones of the investigated pumped mixtures were identified using the apparent
viscosity profiles across the pipe cross section. As shown in Fig. 4.14, the apparent viscosity
radially varies across the pipe. The drop in the apparent viscosity from its maximum value

corresponds to the plug flow radius rpiyg.

The effect of pipe diameter and flow rate magnitudes on the plug radius are evaluated, as shown
in Fig. 4.15. For a given flow rate magnitude, increasing the pipe diameter resulted in larger plug
radius. On the other hand, for a given pipe diameter, decreasing flow rate led in greater pipe radius.
This can be explained by lower flow velocity, hence inducing lower shear rate in larger pipes.
Accordingly, the smallest plug radii up to 24.150 mm were obtained in the case of 100-mm
diameter pipe and the maximum flow rates. On the other hand, the largest plug radii up to 58.188

mm were obtained in 125-mm diameter pipe and the minimum flow rates.
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The effect of pipe geometry and flow rate on plug radius can be also revealed by its frequency
distribution. As shown in Figs. 4.16a and 16b for the minimum and maximum flow rates,
increasing the pipe diameter from 100 to 125 mm increased the plug radius with the maximum
frequency from 10-20 mm (45.8%) to 20-30 mm (41.8%) and from 0-10 mm (60.4%) to 10-20
mm (58.2%), respectively. On the other hand, as can be observed in Figs. 4.16c and 4.16d,

decreasing the flow rate from its maximum to minimum values resulted in increasing the plug
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radius with the maximum frequency from 0-10 mm (60.4%) to 10-20 mm (45.8%) and from 10-

20 mm (58.2%) to 20-30 mm (41.8%) created in 100- and 125-mm diameter pipes, respectively.

Furthermore, the maximum frequency distributions of 60.4% and 58.2% were obtained for plug

radii of 0-10 mm and 10-20 mm for the maximum flow rate values through the 100- and 125-mm

diameter pipes, respectively.
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4.5.4 Coupled effect of characteristics of plug flow, bulk concrete, and lubrication

layer zones, as well as pumping specifications on pressure loss of plug zone

The coupled effect of characteristics of different zones of pipe flow, including the plug flow, BC,
and LL, as well as pumping specifications, including pipe diameter and flow rate, on pressure
losses of the investigated mixtures were evaluated. The characteristics of different pipe flow zones

include:

(1) Plug flow zone: The viscosity p0-Plug (Pa.s) and radius rPlug (mm) of plug zone,
numerically obtained using the proposed tri-viscous model;

(i1) Sheared-concrete zone: The rheological properties of BC, including yield stress t0-C
(Pa) and plastic viscosity up-C (Pa.s), experimentally obtained using the rheological
measurements;

(i)  LL: The yield stress t0-LL (Pa) and viscous constant nLL (kPa.s/m) of the LL
evaluated wusing the tribological measurements and tri-viscous simulations,

respectively.

The experimental pumping pressure loss values of the investigated mixtures, AP/L (kPa/m), were
then correlated to the above characteristics (1, i1, and 1ii), as well as pipe diameter Dp (mm) and
flow rate magnitudes Q (I/s). The following pattern was firstly applied to evaluate the coupled
effect of the investigated parameters as product of effect of characteristics of different zones of

pipe flow, Q, and Dp:
AP/1, = Effect iy X @ X Dp’ + Ag (4.28)

where A1 and A; are the adjustment power indices for Q and Dp parameters, respectively, and A3
is an adjustment constant. On the other hand, the effect of different pipe flow zones (Effect,ii,iii)
was considered as a combination function of products of properties of different flow zones, as

follows:

A
Effect iy = [A4 X (uo_mg) 6] + [A7 X (To—c® X pp_c®)] + [Agg X Ay "0t X Az] - (4.29)

ASrPlug
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where A4 to Ai» are the adjustment factors and power indices corresponding to characteristics of
plug zone (A4 to As), BC (A7 to Ag) and LL (A1o to A12). Using the rheological properties of the
investigated mixtures (Table 4.1), as well as the characteristics of LL and plug zones, obtained
using the tri-viscous simulations, a Microsoft Excel Solver was developed to identify the
adjustment factors A to A1z leading the closest pressure loss (AP/L) values using Egs. (28) and
(29) to their corresponding experimental ones (Table 4.2). The developed solver then targeted to

2
o - - 404 | (AP — (AP i
minimize the sum of squared-simulation errors (Y27 [( / L)simi 2%/ expi] ) for in total 404

pipe flow experiments by identifying the best adjustment factors Aj to Ai2. The result of the
developed solver is then illustrated in Eq. (4.30).

The results of the established correlation Eq. (4.30) were compared to the experimental pressure
loss values in Fig. 4.17. As can be observed, using the tri-viscous simulations results, the measured
pressure loss values are in excellent agreement with the rheological characteristics of three
different zones formed across the pipe section and pumping specifications (R? 0f 0.982, low RSME
of 7.043 kPa/m, and estimation index of 0.982.). This can reflect higher accuracy of the established
correlation (Eq. (4.28)) to predict pressure loss compared to those obtained using the analytical
model proposed by Kaplan et al. (an estimation index of 1.08 and R? of 0.88), reported in Ref.

[3,4] for the same experimental database.

According to the established correlation, higher rheological properties of plug, sheared concrete,
and LL zones, as well as higher flow rate and smaller pipe diameter can result in higher pressure
loss values. Regarding the obtained adjustment factors in Eq. (4.28), the rheological properties of
the concrete and LL showed more dominant effect on pressure loss values compared to the plug
flow characteristics (viscosity and radius). Moreover, among the rheological parameters, the
plastic viscosity of BC and viscous constant of LL showed more significant effect on pumping
pressure than yield stresses. On the other hand, the pipe diameter can significantly influence the
pumping pressure than flow rate magnitudes. According to the obtained adjustment factors, the
most influencing factors to control the pumping pressure loss in (descending) order of importance

are pipe diameter, plastic viscosity of concrete, and flow rate.
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4.6 Conclusions

The pumping experiments reported in Ref. [3,4] were successfully simulated in this study. In total
18 SCC and 4 HWC mixtures were pumped through a 30-m pipeline circuit of diameters 100 and
125 mm, under low and high flow rates with 4 to 6 pumping cycles per concrete conducted at 30-
min intervals (404 pipe flow experiments). The measured rheological and tribological properties
of the investigated mixtures were considered. Two different numerical approaches were
established and applied to simulate the 404 pipe flow cases using diverse SCC and HWC mixtures
that were pumped at various flow rates [3,4] to achieve the lowest difference with experimental
pressure loss measurements. Due to inability of the tribometers to perfectly represent the concrete
pipe flow conditions, the optimized numerical models were exploited to characterize the LL and
plug flow zones across the pipe sections, in terms of thickness and rheological properties. Such
analysis is quite novel and has not been done before. According to the numerical results presented

in this paper, the main concluding remarks can be summarized as follow:

e Two new modelling approaches, including two-fluids (double-Bingham) and variable-
viscosity single-fluid (tri-viscous) models were proposed to simulate the concrete flow
behavior across the pipes. New viscosity models were added to the OpenFOAM code library
to consider the presence of different flow zones across the pipe section, including plug flow,
sheared concrete, and LL with different radial positions to the pipe center and variable
rheological properties. The proposed approaches led to significantly higher accuracy in
predicting pressure losses compared to the analytical Kaplan et al. model.

e Using the two-fluids approach, the concrete flow in pipes were modeled as two different
Bingham fluids, corresponding to the LL and BC (Double-Bingham model). The two-fluids
approach resulted in highly precise prediction of pressure loss values. However, this
approach requires relatively high calculation times (69 to 528 s using a 3.00 GHz CPU) due

to consideration of LL and BC interface tracking and simulating multiphases flow.

e The tri-viscous approach was proposed to simulate radial variation of rheological properties
across the pipe cross section as a single fluid. The use of single-fluid approach required to
solve a single Navier-Stokes equation and neglect the interaction between different flow
zones. This led to highly accurate predictions of pressure loss and more than 20 times shorter

calculation time (3 to 26 s using a 3.00 GHz CPU) compared to the two-fluids approach.
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e The tri-viscous approach was successfully employed to characterize different pipe flow
zones, including thickness and viscous constant of LL, as well as the viscosity and radius of
plug flow zone, which cannot be evaluated using the empirical and analytical tools.

e The simulated viscous constants, obtained using the tri-viscous approach, ranged between
30% to 200% values relative to those of the tribological measurements. The maximum and
minimum variations relative to the tribological viscous constants were obtained for pumping
tests with maximum and minimum flow rates in 100- and 125-mm diameter pipes,
respectively. Increasing the pipe diameter and decreasing the flow rate magnitude led mostly
to form LLs with larger thicknesses.

e Frequency distribution of the simulated LL thicknesses revealed that under low flow rate,
the majority of the LL thicknesses for the 100- and 125-mm diameter pipes were between
1.5 to 2 mm (80.2%) and 3 to 3.5 mm (63.3%), respectively. On the other hand, increasing
the flow rate resulted in LL thicknesses of 1.5 to 2 mm with greatest frequencies in both the
100-mm (85.4%) and 125-mm (63.3%) diameter pipes.

e The plug flow zone were successfully characterized in terms of viscosity and radius using
the simulated apparent viscosity profiles across the pipe cross section. Increasing the pipe
diameter and decreasing flow rate resulted in larger plug radius. Accordingly, increasing the
pipe diameter from 100 to 125 mm increased the plug radius with the maximum frequency
from 10-20 mm to 20-30 mm and from 0-10 mm to 10-20 mm under low and high flow rates,
respectively. On the other hand, decreasing the flow rate (Qmax to Qmin) resulted in increasing
the plug radius with the maximum frequency from 0-10 mm to 10-20 mm and from 10-20

mm to 20-30 mm created in the 100- and 125-mm diameter pipes, respectively.

® The coupled effect of the characteristics of plug flow, sheared concrete, and LLs zones
obtained using the tri-viscous simulations, on pumping pressure loss was evaluated. The
established correlation exhibited higher accuracy to predict the pumping pressure drop,
compared to the Kaplan et al. model, reflected by higher R? (0.98 vs. 0.88) and closer
estimation index (0.98 vs. 1.08) to unity. According to the established correlation, the
increase in rheological properties of the plug, sheared concrete, and LL zones, as well as
higher flow rate and smaller pipe diameter can increase the pumping pressure loss. The

plastic viscosity of concrete and viscous constant of the LL showed the most dominant effect
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on pressure loss compared to the viscosity and radius of the plug flow. Moreover, in the case
of pumping specifications, the pressure loss is more controlled by pipe diameter rather than

flow rate magnitudes.
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Abstract

In this study, a novel shear-rate dependent tri-viscous model was proposed to simulate pipe flow
of flowable concrete and characterize the lubrication layer (LL) and plug zones. The rheological
properties of the various concrete materials across the simulated pipes are shown to vary depending
on shear rate. The proposed model enabled successful prediction of pressure drop (AP) at 1-m pipe
length measured for nearly 180 pumping experiments carried out using 22 flowable concrete
mixtures pumped at flow rates of 8.1-16.4 /s across 100- and 125-mm diameter pipes. The critical
shear rates of 80-430 s, maximum flow velocities of 0.8-2.4 m/s, and Reynolds numbers of 1.4-
18.8 were successfully evaluated. The simulated LL-viscous constants ranged between 0.4-7.1
times those obtained using the tribometer. The simulated plug radii and LL thicknesses varied
between 0-43.4 and 0.4-2.9 mm, respectively. The critical shear rate was revealed as the most

dominant factor affecting the AP.

Keywords: Concrete pumping; Lubrication layer; Numerical simulation; Rheology; Shear rate.

5.1 Introduction

During concrete pumping process, a thin layer of fine mortar, namely lubrication layer (LL), is
formed in vicinity of the pipe wall [1-4]. Because of its relatively higher volume of water and
cement paste, the LL is more fluid than the bulk concrete (BC). This can thus facilitate
displacement of concrete through the pipelines and accelerate the construction process [5,6].
Moreover, the formation of LL with lower viscosity and larger thickness can lead to lower pumping
pressure (P). The significant effect of LL on concrete pumpability was reported in various
analytical models describing the pumping flow rate (Q) - pressure drop (AP) relationship [5,7-9].
Kaplan et al. [5,7,8] developed analytical models for two general pipe-flow conditions, including

plug flow and partially sheared BC. When the maximum shear stress at pipe walls (radius R and

X

length L in Fig. 5.1), 1, = %, 1s below the yield stress of concrete (tw < to-c), BC remains totally

unsheared and displaces with a uniform velocity across the pipe section. In this case, the pressure
decay through a unit length of pipe (Ap = AP/L) is proportional to the flow rate (Q), plastic
viscosity (Up-Lr) and yield stress (to-.r) of LL, and inversely proportional to the pipe radius (R),

filling coefficient of piston pumps’ cylinders (k;), and LL thickness (eLr). On the other hand, when
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2xLxtg.c

BC is partially sheared along a radius greater than , increasing the plastic viscosity (Up-c)

and yield stress (to-c) of the BC can significantly increase Ap. More recently, Kwon et al. [10]
proposed an analytical Ap-Q relationship that considers the radius of the plug-flow zone (RP) and
LL thickness (err). In order to ensure better precision of these analytical models, it is essential to
accurately characterize the rheological and geometrical properties of all different flow zones,

including LL, BC, and plug flow.
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Fig. 5.1. Characteristics of pressure-driven flow field of concrete, including shear stress, shear rate, and velocity
profiles in plug-flow, sheared-concrete, and LL zones [4,5,11,12].

As reported in literature [13], the shear stress and shear-rate (y ) gradient across the pipe are mainly
responsible of radial variation of rheological properties of concrete and formation of the LL in pipe
flow. Philips et al. [ 14] reported that the shear-rate gradient across the pipe section (Fig. 5.1) causes
the migration of solid particles from the high-shear rate zone (vicinity of pipe walls) to the lower-
shear rate zone closer to the pipe center, hence leading to dissimilar rheological properties across
the pipe section [13]. Accordingly, the LL zone has a lower viscosity than the sheared BC and
plug-flow zones (Fig. 5.1). This can alter the velocity and shear-rate profiles in different radial
zones [15]. As illustrated in Fig. 5.1, the pipe radius where velocity and shear rate profiles change
from uniform to non-constant and from zero to non-zero, respectively, corresponds to the plug
radius (RP). Moreover, the radius where a rapid change is observed in shear-rate and velocity
gradients corresponds to the pipe radius where the LL starts (RLL). The LL thickness can then be
calculated as follows: e = R - Rir [15]. In the case of highly-flowable concrete, a large fraction
of concrete (LL and sheared BC) is exposed to high shear rates for long period during the pumping
process. Shear rates can be on the order of several 10 s for the BC and several 100 s for the LL
[15]. This can result in better dispersion of cement and fine particles and an increase in concrete

temperature. Consequently, lower viscosity is expected during extended pumping distances [15-
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19]. On the other hand, it was reported that depending on the availability of dispersing admixtures
in the mixing water to cover the surface of fine particles, the yield stress can decrease, remain
constant or increase during pumping [15,20]. Furthermore, high shear rate can lead to major
changes in air-void system [21-26] which can subsequently alter the rheological properties of the
pumped concrete. All these pumping-induced rheological changes are amplified in presence of
higher shear-rate gradients. This can emphasize the significance of determination of shear-rate

gradient across the pipes to allow better prediction of the concrete pumpability.

In order to evaluate the yield stress (to.LL) and viscous constant (nip) of the LL, interface
rheometers, namely tribometers, are used. The shearing of concrete through pipes are simulated
between the coaxial rotating-smooth inner cylinder and fixed cylindrical container of the
tribometer [5,27-29]. It is worthy to mention that nrr is an interdependent parameter defined as

Horr .
=) where er1, cannot be directly measured
eLL

the ratio of plastic viscosity-to-thickness of LL (nLL =

in tribometers. Tribometers cannot realistically simulate the concrete pipe flow fields due to the
absence of pressure and relatively low applied shear rate. In fact, the LL is exposed to higher shear
rates (up to several 100 s™) compared to the capacity of existing tribometers (< 10 s'). Therefore,
the LL and plug-flow zones formed in tribometers are not representative for actual values during
actual pumping [13,30]. Therefore, the use of tribological results as input parameters in analytical
models can affect the degree of prediction of pressure loss [13,30]. Furthermore, analytical models
do not consider pumping-induced changes in rheological properties of pumped concrete and their

effect on the LL.

Numerical simulations can then be employed as alternative tools to characterize different pipe flow
zones and accurately predict the concrete pumpability [13,31]. Contrary to analytical models, the
physical interaction between coarse aggregate, suspending mortar, and pipe walls can be evaluated
using numerical solutions. Depending on the scale of the given pipe flow in hand and intended
properties to evaluate, various computational techniques were developed [13]. In order to simulate
large-scale pumping experiments in a reasonable calculation time, the single-phase modeling
approach is frequently used [13]. In this approach, the presence of particles is neglected, the flow
domain is discretized in different mesh cells, and the rheological properties of the BC and LL are
assigned to their corresponding cells as homogeneous and continuous fluids. The mass and

momentum conversation equations are then solved for a steady and incompressible concrete pipe
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flow, considering the no-slip boundary condition for the concrete-pipe wall interface [4]. The
Navier-Stokes equations were then applied as the constitutive equations [4,32,33]. From a
rheological point of view, the Bingham model is usually employed to describe the rheological
behavior of different pipe-flow zones using a bi-viscous approach [4,34-38]. The bi-viscous model
consists of the combination of both Newtonian and Bingham models, corresponding to shear rates
lower and higher than a critical value, respectively. For computational purposes, a relatively high
viscosity value (u0) is assigned to the Newtonian part to avoid zero dominator to calculate the
apparent viscosity (uapp = % =K, +%0 ) for the plug-flow zone. An initial assumption of LL
thickness (generally between 0 to 10 mm) is required when a bi-viscous approach is employed.
Accordingly, given the radial position of the cell, the yield stress and plastic viscosity of the BC
or LL are employed [4,34-38]. Recently, contrary to the bi-viscous simulations, Tavangar et al.
[30] modelled concrete as a single fluid with radially-variable rheological properties across the
pipe’s section, corresponding to the LL, sheared-BC, and plug-flow zones. Although the proposed
model accurately predicted pressure drop values (Ap), the simulated err values were found very
limited to two short ranges of either 1-2 mm or 2.5-3.5 mm for an extensive number of 404 pipe
flow cases of wide ranges of concrete workability, flow rate, and pipe diameter values [30]. This
can be explained by the high dependency of the single-phase modelling approach on the initial eLL
assumptions and mesh settings, which were initially comparable for all the simulations (initial eLL
= 2 mm). Moreover, it is worth mentioning that single-phase pumping simulations in literature

cannot evaluate the shear-rate gradients subjected to concrete during pumping process.

In this study, a new shear-rate dependent tri-viscous model is proposed to simulate the pipe flow
of flowable concrete. In this model, the rheological properties of concrete across the pipe vary with
shear-rate magnitudes calculated in each computational cell, hence avoiding grid sensitivity and
coordination dependency of former single-phase simulations. Moreover, the proposed model can
provide useful information about the shear rate magnitudes to study the shear-induced changes in
concrete properties during pumping, which can be more significant for flowable concrete.
Pumping experiments of 18 self-consolidating (SCC) and four highly workable concrete (HWC)
mixtures through a 30-m long pumping circuit were simulated. The numerical simulations were
validated using the experimental Ap measurements carried out at the Université de Sherbrooke

(Canada) and reported by Feys et al. [2]. The simulated flow fields were measured in terms of
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velocity, Reynolds number, shear rate, and apparent viscosity of concrete. Moreover, rheological
properties and thickness of LL, sheared-BC, and plug-flow zones were characterized. The
simulated LL characteristics were compared to those evaluated using a coaxial tribometer.
Furthermore, the coupled effect of rheological properties of different pipe flow zones, shear rate,

flow rate, and pipe diameter on pumping pressure loss was evaluated.

5.2 Pumping experiments

A large-scale pumping study was carried out at the Université de Sherbrooke (Canada) using a 30-
m long loop circuit [1,2]. As shown in Fig. 5.2, the circuit consisted in two straight horizontal
pipes measuring 100 and 125 mm in diameter with a number of bends and reducers. Pressure loss
values were measured using strain gauges installed at 10-m intervals. A total of 18 SCC and four
HWC mixtures were used in the pumping campaign. The mixtures were pumped at four to six 30-
min intervals, namely pumping test cycles, under different flow rates depending on the flowability
level of the concrete at that time. The rheological and tribological properties were evaluated in
terms of yield stress (to-c and 7o-LL), plastic viscosity (Lp-c), and viscous constant (nLL) using a
coaxial-cylinders rheometer and a specially designed tribometer, respectively [1,2]. The
rheological and tribological characteristics and the corresponding pressure decay per unit length

(Ap) measured in pipes with different diameters (Dp) and flow rates (Q) are presented in Table 5.1.
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125m
] E S Horizontal 100-mm diameter pipe
c 10 m
v | R

Horizontal 125-mm diameter pipe

Lay-out of circuit:
R: Reducers
S: Pressure sensors and strain gauges
E: 90° elbows (100- and 125-mm diameter)
¥: Vertical 125-mm diameter pipe
Fig. 5.2. Schematic of the used loop circuit for pumping tests, adapted from [3,4].

Table 5.1. Fresh density, rheological and tribological properties, pressure loss (Ap: kPa/m), and flow rates (Q: 1/s) for 22 pumped concrete mixtures in Dp = 100-
and 125-mm diameter pipes and different pumping test cycles (1-6) [2].

Mix Properties Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
Fresh density p (kg/m®) 2340-2373 2361-2391 2362-2373 2359-2381 2359-2363 -
To.c (Pa) 52-188 48-169 69-330 64-518 79-838 -
Concrete rheology
Up-c (Pa.s) 56-99 55-96 60-92 57-99 56-57 -
. To-LL (Pa) 4-59 73-96 65-89 54-151 62-129
. LL properties
4 HWC mixtures: HWC1-4 Nue (Pa.s/m) 2117-2682 1603-3549 1464-3396  2563-2979  2007-2680 -
QIls) Dp =100 mm 8.8-10.4 11.4-14.1 12.3-13.8 11.8-14.2 14.4-14.6 -
s Dp =125 mm 10.2-12.6 11.4-15.1 12.3-15.4 11.8-14.2 14.1-14.6 -
Dp =100 mm 80.6-119 111-143 92.5-154 91.3-150 91.2-125 -
Ap (kPa/m)
Dp =125 mm 34.2-83.8 48.7-73.2 36.7-81.4 32.3-74.7 41.3-46.8 -
Fresh density p (kg/m®) 2215-2451 2255-2444  2247-2435 2258-2465 2288-2430 2391
To.c (Pa) 23-90 20-120 15-255 11-652 10-476 165
Concrete rheology
Up-c (Pa.s) 29-149 28-129 27-145 27-164 26-192 88
. Tor (Pa) 0-120 2-231 4-254 8-301 0-291 37
. LL properties
18 SCC mixtures: SCCI-5 and SCC7-19 Nee (Pa.s/m) 490-5365 240-7893 252-6668 326-6983 995-6003 2753
Q) Dp =100 mm 9.4-13.3 8.1-15.3 9.9-16.4 9.7-15.9 9.6-14.8 13.1
Dp =125 mm 9.5-14.3 27.4-209 25.6-193 9.7-15.9 9.6-14.8 13.1
Dp =100 mm 26.8-220 8.1-15.3 9.9-15.5 22.8-202 22.4-223 96.7
Ap (kPa/m)

Dp =125 mm 12.6-96.2 11.8-94.8 11.4-93.6 11.6-96.1 15.2-106 36.4
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5.3 Numerical simulation using shear-rate dependent tri-viscous

model

In this study, computational fluid dynamic (CFD) was employed to simulate the investigated
pumping experiments using a single-phase modeling approach. Concrete was assumed as a single
fluid with variable rheological properties across the pipe section, namely LL, sheared-BC, and
plug-flow zones. The measured rheological and tribological properties of the investigated mixtures
tested at different flow rates (Table 5.1) were used as the initial input of the numerical simulation.
As reported by Tavangar et al. [30], according to the estimated Reynolds number (Re = p.V.Dp/p.
c) and hydrodynamic entry length (Le-Laminar = 0.05.Re.Dp) values, the entire pipe flow experiments
can be considered as laminar and fully developed flow type. Therefore, a 2D simulation was

carried out for 1-m pipe length to reduce the calculation time.

A numerical algorithm was then proposed to achieve the best fit with the experimental pressure
loss values presented in Table 5.1. The OpenFOAM software [39] was used as an open-source
code to introduce a new viscosity model, considering the radial variation of concrete across the
pipe section, and carry out the proposed numerical algorithm. A steady-single fluid solver in
OpenFOAM, namely simpleFoam [40-42], was employed to solve the Navier-Stokes equations
for incompressible fluid using the SIMPLE (Semi-Implicit Method for Pressure Linked Equations)
technique [41,42]. This technique can solve pressure-velocity coupling [41,42] using an iterative
algorithm where the boundary conditions are set to allow the computation of velocity and pressure
gradients. The discretized momentum equations are then solved to compute the intermediate
velocity field. Subsequently, the (uncorrected) mass fluxes are computed. The pressure-correction
equation is then solved to update the pressure field and boundary pressure corrections. Once the
face mass fluxes are corrected, the velocity in each cell is corrected using the gradient of pressure

corrections. The density is then updated due to pressure change [41,42].

5.3.1 Governing equations

Due to the incompressibility condition (i.e., constant density), the continuity and momentum

equations in simpleFoam were considered, as follows [41]:

Continuity equation: V.u = 0 5.1
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Momentum equation : V. (uu) = — i Vp + iV.T (5.2)

where u and T represent the velocity and the stress tensor, respectively. It is worth mentioning that
the variables in simpleFoam, including viscosity and yield stress, should be divided by the fresh
density of the investigated mixtures to be implied in such incompressible fluid solver. It is worthy
to mention that an equal density of the reference mixtures was assumed for different pipe-flow

zones.
5.3.2 Boundary Conditions

The boundary conditions of the performed numerical simulations are illustrated in Fig. 5.3. A fixed
value and zero gradient were applied for flow velocity as the inlet and outlet boundary conditions,
respectively. In the case of pressure, the boundary conditions included the zero gradient at the inlet
and constant value at the outlet. Moreover, no-slip and symmetry conditions were considered for

the pipe wall and center axis, respectively [30].

Pipe wall
No slip: U=0
Fixed velocity value: Zero gradient for velocity:
U=v, ou _
Center axis e
S e
Zero gradient for pressure: e
ap 0 : Fixed value for pressure: -
res P=P,
Noslip: U=0

Pipe wall

Fig. 5.3. Boundary conditions in performed numerical simulations.
5.3.3 Shear-rate dependent tri-viscous model

In this study, unlike the coordination-dependent bi-viscous pumping simulations in literature
[4,34-38], the rheological properties of the concrete across the pipe are allowed to vary with shear-
rate magnitude in each cell. Hence, different flow zones were identified based on their
corresponding shear-rate values. Accordingly, a critical shear rate y.;; is defined corresponding
to the shear rate at the interface of the sheared-BC and LL (i.e., the minimum shear rate value in

the LL or the maximum shear rate that the sheared-BC can experience). Therefore, shear rate
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values of each cell at each time step are compared to this critical value. This method is referred to

as the shear-rate dependent tri-viscous model with the tri-viscous term defined as follow:

(i) Bingham yield stress and plastic viscosity of LL (i.e., To-.L and pp-11) are set to the cells with

higher shear rates than y 1 ;

(i1) the rheological parameters of the lower shear-rate cells (i.e., y < Y. 1) correspond to those of

the BC (i.e., To-c and pp-c);

(ii1) the proposed tri-viscous model is developed based on the Herschel-Bulkley (H-B) viscosity
model of OpenFOAM and the criterion corresponded to the shear rate of each computational cell.
The loop presented in Fig. 4 was added to the H-B viscosity class of OpenFOAM to apply the
proposed tri-viscous model. It is worthy to mention that any Bingham fluid in OpenFOAM,
corresponding to different pipe flow zones, consists in an artificial viscosity (o) in addition to its
main parameters (i.e., yield stress to and plastic viscosity L), as discussed earlier in introduction.
The apparent viscosity for each cell is then calculated based on Eq. (5.3). The apparent viscosity
(uapp) of each cell is then updated according to the minimum value between the artificial and

calculated apparent viscosities, as follows:

. To
Mopp = mm(po,v + pp) (5.3)

The artificial viscosity ([o) should be large enough to capture the unsheared zones (t < to) where
the shear rate y is lower than its critical value y.. The magnitude of the calculated apparent

viscosities (%O + ],Lp) in the sheared and unsheared zones thus becomes smaller and larger than their

Lo, respectively. According to Eq. (5.3), the updated papp of the unsheared zones (i.e., plug-flow

zone) equals po. However, for other points, the papp is updated as was initially calculated (i.e., 170 +

K-
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Fig. 5.4. Schematics of the proposed shear-rate dependent tri-viscous model considering radial variation of
rheological properties of concrete across pipe section.

5.3.4 Numerical implementation of tri-viscous model layer

An algorithm was developed to implement the proposed shear-rate dependent tri-viscous model in
the numerical simulations. As can be observed in Fig. 5.3, the inputs of the transport properties
file of the numerical models included the rheological properties of BC (to-c and pp-c) and yield
stress of LL (to-LL), presented in Table 5.1, as well as an initial assumption of the critical shear rate
(Ye11) and artificial viscosity (po-c). The initial plastic viscosity of LL considered in the model
was indirectly estimated by means of an initial e assumption of 2 mm multiplied by the
experimental nrL values presented in Table 5.1. Due to abrupt radial changes in rheological
parameters of concrete across the pipe, the continuum condition should be checked in each loop
to confirm that the maximum velocity is obtained at the pipe center (Vmax = Vr=0). According to
the numerical algorithm presented in Fig. 5.3, different modelling assumptions were updated in
maximum 10 trials, targeting a minimum prediction error € of 5% relative to the experimental

pressure drops, as defined in Eq. (5.4):

Apgm — AP
g= —— Pl y100% (5.4)
APy
p
where Apexp and Apsim are the experimental and simulated pressure loss values, respectively. It is
worth mentioning that the numerical simulations were carried out on an E5-1607 v2 CPU 3.00
GHz processor. The tri-viscous simulations required a total calculation time ranging from 14 to

300 s which is relatively shorter than the running times for two-fluid modelling simulations (69 to
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528 s), carried out on the same processor [30]. As discussed earlier, this is due to solving a single
Navier-Stokes equation in the proposed single-phase approach rather than two and neglecting the

interaction between the two fluids (LL and BC) in double-fluid approach.

Assume an initial critical shear rate y._y;, of 150 s~ Import the rheological properties of bulk concrete
and artificial viscosity p, of 100 Pa.s (To.c & 1, ) and yield stress of LL (7. ,)
!

Estimate the plastic viscosity of LL (p, 1) using tribological
measurements (1);;) and e, ; assumption (an initial value of 2 mm)

—'I Update e;; assumption

Update p, assumption I——-l Import the input variables in the developed CFD code |

]
'| Update mesh setting E:' Run simpleFoam (Tri-viscous model) I
|

{ Check the continuum assumption in velocity profile I

Update y._p, assumption

No

Yes | Prediction error £?

No
|Try=Try+1I Ife<5%

Yes

Yes

If Try = 10

Fig. 5.5. The algorithm applied to implement the proposed shear-rate dependent tri-viscous model in the
numerical simulations.

5.4 Results and discussions

The pumping experiments of the investigated flowable mixtures in reference [2], carried out in
different pumping test cycles and under different flow rates (Table 5.1), were simulated through
the 100- and 125-mm diameter pipes using the proposed tri-viscous approach. First, the numerical
predictions were validated by the experimental values of pressure loss per unit length of pipe
(AP/L). The investigated pipe flow fields were then characterized in terms of flow velocity,
Reynolds number, and shear rate. Moreover, using the obtained apparent viscosity and flow
velocity profiles across the pipe section, different pipe flow zones, including LL and plug flow,
were characterized in terms of rheological properties and thickness. The coupled effect of shear
rate, rtheological properties of different pipe flow zones, flow rate, and pipe diameter on pumping

pressure loss was finally evaluated:
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5.4.1 Prediction of pumping pressure-loss

As can be observed in Fig. 5.6a, the predicted pressure loss values using the proposed tri-viscous
model are in very good agreement with the experimental measurements (Table 5.1), reflected by
a R? of 0.997 and estimation index of 1.011, close to unity, as well as a low root-mean square-
error (RMSE) of 4.377 kPa/m. Comparing to the analytical predictions made by Kaplan et al.
models and reported by Feys et al. [2] (estimation index of 1.08 and R? of 0.88), the proposed tri-
viscous simulations led to more precise predictions. It is worthy to mention that the analytical
predictions were carried out using the LL viscous constants measured by tribological
measurements. The higher accuracy of the numerical simulations can be explained by the more
realistic estimation of the thickness and rheological properties of LL rather than those obtained by
means of the tribometer. This is due to consideration of shear-rate dependency of rheological
variation of pumped concrete across the pipe in the proposed tri-viscous model. As can be observed
in Figs. 5.6b and 5.6¢, the numerical simulations showed slightly higher accuracy for larger pipe.
This was reflected by an estimation index of 0.993 closer to unity and lower RMSE of 3.615 kPa/m
for 125-mm pipe rather than 1.015 and 4.998 kPa/m, respectively, for 100 mm one. The lower
RMSE values can be explained by lower pressure loss values through the larger pipe under a given

flow rate:
5.4.2 Characterization of the investigated pipe flow fields

5.4.2.1 Flow velocity

For a given pipe diameter, flow velocity decreases from the central axis towards pipe wall.
Therefore, the maximum (Vmax) and zero velocity magnitudes are obtained at the central axis (r
= 0) and vicinity of the pipe wall, respectively (Fig. 5.1). According to the numerical simulations,
Vmax values ranged from 1.2 to 2.4 m/s (with maximum frequency of 29% for 1.7 + 0.1 m/s) and
0.8 to 1.6 m/s (with maximum frequency of 36% for 1.3 = 0.1 m/s) for the 100- and 125-mm
diameter pipes, respectively. Moreover, as shown in Fig. 5.1, sudden changes were observed at
velocity gradients across the pipe radius, which is due to the radial variation of rheological
properties of concrete during pumping. Accordingly, low, medium, and significant changes in

velocity gradient correspond to the plug-flow, sheared BC, and LL zones, respectively.
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Fig. 5.6. Comparison between the simulated pressure loss values using the proposed shear-rate dependent tri-viscous model and experimentally measured
values (Table 5.1), (b) 100-mm diameter pipes, and (¢) 125-mm diameter pipes.
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5.4.2.2 Flow Reynolds number
The Reynolds number (Re) is defined as the ratio of inertial-to-viscous forces within a fluid, which

is subjected to relative internal movement due to different fluid velocities [43]. For pipe flow, the

Re is generally defined by Re = @, as a function of density (p), velocity (V), and viscosity

(w) of the fluid and pipe diameter (Dp). When viscous forces are dominant, the flow tends to be
laminar (Re < 2000) and is characterized by smooth and constant fluid motions [44]. In the case of
concrete pipe flow, Re is low, and concrete pipe flow can be safely assumed laminar. However,
due to low plastic viscosity of the of highly-flowable concrete mixtures, determining the possible
range of Re for high-flow rate pumping processes, such as those investigated in this study, can
reflect important information to predict the possible flow instabilities (e.g., particle migration,
blockage, and wearing pipe walls). This can help other numerical modeling developers (e.g., DEM

or CFD-DEM experts) to anticipate appropriate measures and settings to build up flow simulations

more realistically for low-viscosity and high-flow rate simulations.

The Re of the investigated pumping experiments ranged from 1.8 to 18.8 (with the maximum
frequency of 25% for 11 + 1) and from 1.4 to 13.7 (with the maximum frequency of 22% for 7 +
1) for the 100- and 125-mm diameter pipes, respectively. For a given pumping test cycle and
concrete mixture, the Re corresponding to the pipe flows through the smaller pipe (Dp = 100 mm)
are 13.7% higher than those obtained for the larger one (Dp = 125 mm). This is due to higher flow

velocity in smaller pipes under a given flow rate.

5.4.2.3 Critical shear rate

Regarding the significant pumping-induced changes in concrete properties, it is of particular
interest to determine the shear rate magnitudes that concrete may experience during pumping
process but cannot be reproduced using the tribological experiments. Accordingly, the critical shear
rates (V.. 1) of the optimized simulations leading to the best fits with experimental pressure loss
values were investigated. According to the numerical results, the investigated mixtures were
subjected to critical shear rates ranged from 160 to 430 s and 80 to 400 s with maximum
frequencies of 36% % 1% for the V.11 values of 275 £25 s and 175 = 25 s™! at the interface of the
sheared BC and LL in the 100- and 125-mm diameter pipes, respectively. The obtained y. ;1 values
are much higher than those obtained in through the coaxial-cylinders tribometer (< 10 s™). This

can emphasis the significant dissimilarity between the flow conditions through tribological
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measurements and real-scale pipe flows. The LLs formed in tribometer cannot represent those
formed in vicinity of pipe walls. The critical shear rates obtained in 100-mm diameter pipe were
found to be 30% higher than those occurred in 125-mm diameter pipe. This can be due to higher

velocity in smaller pipes compared to the larger ones under a given flow rate, hence leading to

higher radial-velocity gradient in the vicinity of smaller pipes’ walls.

5.4.3 Characterization of lubrication_layer

As elaborated earlier in section 4.2.1, due to the variation of rheological properties of concrete
across the pipe, a sudden change is expected in radial velocity gradient at the LL-BC interface.
Indeed, lower plastic viscosity of LL relative to the sheared-BC can lead to a sudden increase in
velocity derivation relative to the radial distance from the pipe center. The LL thickness can thus
be identified using the velocity profiles across the pipe (Fig. 5.7a). Accordingly, as shown in Fig.
5.7a, the exact radial position of the beginning of the LL zone corresponds to the point where a
slight increase in the radial distance to the pipe center led to the highest difference in the slopes of

tangent lines of the velocity profile.

The viscous constants of the simulated LLs (nrr) were then evaluated by dividing the LL viscosity
(Up-LL) to the LL thicknesses (eLr), both obtained using the shear-rate dependent tri-viscous
simulations. As can be observed in Figs. 5.7b and 5.7c, the ratios of the simulated ncL values in
100- and 125-mm pipes-to-their corresponding tribological values ranged from 0.702 to 7.143 and
0.381 to 4.571, respectively. As shown earlier in Fig. 5.6, considering the shear-rate effect in the
proposed tri-viscous model, the numerical simulations led to better predictions of pressure loss
values rather than the analytical models where the experimental n. values were applied [2]. Hence,
it can be concluded that the numerical simulations led to better characterization of the formed LL
during the investigated pumping experiments compared to those experimentally evaluated in the

coaxial-cylinders tribometer.
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Fig. 5.7. (a) Identification of LL thickness using the velocity profile (example for pipe flow of SCC7 mixture at
test 3), comparison between viscous constants (1.r) obtained using numerical simulations and experimental
tribological measurements for (b) 100- and (¢) 125-mm diameter pipes, and (d) frequency distribution of LL

thicknesses (err) obtained using the proposed shear-rate dependent tri-viscous model for 100- and 125-mm
diameter pipes.
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Furthermore, as can be observed in Fig. 5.7d, the obtained LL thicknesses using the numerical
simulations ranged from 0.4 to 2.9 mm which is in agreement with those reported in literature for
highly flowable concrete mixtures (1-4 mm) [4,30,45]. On the other hand, the LL thicknesses
obtained using the proposed shear-rate dependent tri-viscous model resulted in a wider distribution
compared to those obtained using the radially variable tri-viscous approach [30]. In fact,
considering the shear rate magnitudes as the determining criterion for rheological variation across
the pipe, rather than the radial position in the tri-viscous model [30], led to less grid sensitivity and
coordination dependency of simulated LL thicknesses. As can be seen in Fig. 5.7d, the majority of
the LL thicknesses for 100- and 125-mm diameter pipes ranged from 2 to 2.5 mm (34%) and from
1 to 1.5 mm (30%), respectively.

5.4.4 Characterization of plug-flow zone

As discussed earlier, the plug-flow zone in the proposed tri-viscous model was simulated using a
Newtonian model with relatively higher viscosity than the sheared-BC and LL (po-prug > Hp-c and
up-Lr). Therefore, the apparent viscosity profile across the pipe shows its maximum value ([app-max)
at the plug-flow zone, corresponding to very low shear rates (y =~ 0). Regarding the assumed
Newtonian behavior of the plug flow in the proposed model, the papp-max Values are expected to be
constant across the plug-flow zone and equal to po-pug. Accordingly, as shown in Fig. 5.8a, by
increasing the radial distance to the pipe center, the point where the apparent viscosity profile

suddenly drops from its maximum value can correspond to the plug radius (rpiug).

According to the numerical results, the rpig values obtained for 100- and 125-mm diameter pipes
ranged from 0 to 24.7 and 43.4 mm, respectively. Larger plug-flow zones obtained across the larger
pipes can be due to lower flow velocity in larger pipes under a given flow rate magnitude. Indeed,
under lower flow velocities, smaller portion of concrete is potentially subjected to shear, hence
leading to larger plug radius. As can be observed in Fig. 5.8b, the majority of the plug radii in both
pipe sizes ranged from 10 to 20 mm (50.5% for Dp = 100 mm and 55.1% for Dp = 125 mm).
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Fig. 5.8. (a) Apparent viscosity profile across pipe’s sections and identification of plug radius rpiug (an example
for pipe flow SCC7 mixture at test 3) and (b) frequency distribution of rpig values in different pipe diameters
obtained using the proposed shear-rate dependent tri-viscous model.

5.4.5 Coupled effect of shear rate, rheology of different pipe-flow zones, and

pipeline specifications on pressure loss

Different pipe flow zones were characterized in terms of theological properties and radial positions.
Accordingly, the viscosity po-piug (Pa.s) and radius rpg (mm) of plug-flow zones were numerically
evaluated using the proposed tri-viscous model. The yield stress to.c (Pa) and plastic viscosity Lip-
c (Pa.s) of sheared-BC were experimentally measured using the concrete rheometer (Table 5.1).
The LLs of the investigated pumping experiments were characterized in terms of the yield stress
t0-.L (Pa), measured using the coaxial-cylinder tribometer (Table 5.1). On the other hand, the

critical shear rate y.; and viscous constant it (kPa.s/m) were evaluated using the proposed tri-
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viscous model. Also, the pipeline specifications include the flow rate Q (I/s) and pipe diameter Dp
(mm) (Table 5.1). The coupled effect of characteristics of different flow zones, including Effectr,
Effectsheared-Bc, and Effectpiug-flow zone, and pumping specifications (Q and Dp) on pumping pressure
loss are evaluated in this section. The experimental AP/L (kPa/m) values were then correlated to

the effect of different pipe-flow zones, Q (I/s), and Dp (mm), as follows:
AP/ L = (EffeCtPlug—ﬂow zone + EffeCtSheared—BC + EffeCtLL) X QA1 X DPA2 + A3 (5.5)

where A1, A2, and A3 are the adjustment power indices for Q and DP parameters and an adjustment
constant, respectively. Moreover, the effect of characteristics of different pipe flow zones were

considered, as follow:

Ho-prug) ¢
EffeCtPlug-ﬂow zone — A4 X (Ff’luui) (5.6)
Effectghearcd-Bc = A7 X (TO-CA8 X Hp_cA9) (.7)
EffectLL = AIO X AHTO'LL X nLLAl2 X YC—LLAB (58)

where A4 to A1z are the adjustment factors and power indices corresponding to the characteristics
of plug-flow zone (A4 to As), sheared-BC (A7 to Av), and LL (Ao to A13). A Microsoft Excel
Solver was developed based on Egs. (5) to (8) to identify the adjustment factors A to A3 allowing
the best fit with experimental pressure loss (AP/L) values (Table 5.1). The results of the developed

solver are then presented in Eq. (5.9).

0.7484

1)
AP/ — _ " OPlug T0.c 0.9993
/; = [39863.4 ( 5 6%%) +742202(0.9996%¢ x pu_09%%)
Plug-flow zone Sheared-bulk concrete zone

(5.9)

Q0.3454
+17.1(1.0053%4L x 02253y M) [ x (W) — 8.464
P

Lubrication-layer zone - —
Pumping specifications

As can be observed in Fig. 5.9, the experimental pressure drop values are well correlated to the
characteristics of the three different flow zones formed across the pipe section and critical shear
rate obtained using the proposed model, flow rate, and pipe diameter. The high precision of the

derived correlation had an R? and estimation index of 0.988 and low RMSE of 8.489 kPa/m. The
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correlation led to more precise pressure-drop prediction compared to the analytical prediction
proposed by Kaplan et al. [5,7,8], where the tribological measurements were applied (estimation
index of 1.08 and R? of 0.88) [2]. This is due to consideration of shear-rate effect and plug-flow
zone in the proposed tri-viscous model, hence leading to better optimization of the characteristics
of different pipe flow zones compared to the experimental characterization of LL using the coaxial-

cylinders tribometer.
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Fig. 5.9. Comparison between experimental (Table 1) and theoretical pressure loss AP/L (kPa/m) values
obtained using Eq. (5-9).

According to the established Eq. (5.9), pressure drop increased with the rheological properties of
the plug-flow, sheared-BC, and LL zones, as well as the higher flow rate and critical shear rate,
and smaller pipe diameter. Regarding the obtained power indices, for a given flow rate and pipe
diameter, the critical shear-rate in LL showed the most dominant effect on pressure loss rather than
the rheological properties of different pipe flow zones. Moreover, the viscosity values of the
sheared-BC and plug-flow zones are found to be the most effective rheological properties on

pumping pressure loss, rather than the nrL. However, the viscous constant of LL was found more
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effective on pressure decay rather than its yield stress. On the other hand, Eq. (5.9) revealed that

the pumping pressure is more controlled by the pipe diameter rather than the pumping flow rate.

5.5 Conclusions

In this study, a novel shear-rate dependent tri-viscous model was proposed to simulate the shear-
induced radial variations of rheological properties of pumped concrete. The proposed model was
employed to simulate 182 pumping experiments carried out using 22 highly flowable concrete
mixtures, reported in references [1,2]. The numerical simulations were successfully carried out
using OpenFOAM software to predict the pressure loss values for 1-m pipe length to reduce the
calculation time. According to the simulation results presented in this study, the following

conclusions are warranted:

e The proposed shear-rate dependent tri-viscous model led to considerably lower calculation

time (14 to 300 s) compared to the two-fluid approach (69 to 528 s).

® The proposed tri-viscous model successfully characterized different pipe flow zones (LL,
sheared-BC, and plug flow zones) in terms of rheological properties and thicknesses, which
could not be achieved using the empirical measurements and analytical models. By
considering the shear-rate effect, the numerical simulations led to higher precision of

pressure-drop prediction compared to the analytical model proposed by Kaplan et al [5].

® Under 8.1-16.4 I/s flow rates, the simulated maximum flow velocity (Vmax), Reynolds
number (Re), and critical shear rate (y. ;) values of the investigated mixtures ranged
between 0.8-2.4 m/s, 1.4-18.8, and 80-430 s!, respectively. The investigated mixtures
exhibited 44% higher Vmax, 14% higher Re, and 30% higher y. values for flow through a

100-mm diameter pipe compared to 125-mm diameter pipe.

® Compared to tribological measurements, the simulated viscous constant (nrL) values
obtained for the 100- and 125-mm diameter pipes had 0.7 to 7.1 and 0.4 to 4.6 higher values,
respectively. The simulated LL thicknesses using the proposed tri-viscous model varied
between 0.4 and 2.9 mm for both pipe diameters. Plug radii up to 25 and 43 mm were
obtained for the 100- and 125-mm diameter pipes, respectively. The majority of the plug radii

in both pipe sizes ranged from 10 to 20 mm.
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® The coupled effect of critical shear rate, rheological properties and thickness of different

pipe-flow zones, flow rate, and pipe diameter on pumping pressure loss was successfully
evaluated using a power-law correlation. This resulted in higher precision of pressure-drop
prediction compared to the analytical Kaplan et al. model [5]. The Y. showed the most
dominant effect on pressure drop rather than the rheological characteristics and thickness of
different pipe flow zones. Among the various rheological properties, pressure loss is shown
to be more influenced by viscosities of the sheared-BC and plug-flow zones rather than that

of the viscous constant of the LL.
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Abstract

The paper seeks to better understand the particulate mechanics giving rise to the lubrication layer
(LL) in flows with wide particle-size distributions (PSD) typical of concrete pumping applications.
The study uses a soft-sphere discrete element method (DEM) to simulate the shear-induced particle
migration (SIPM) mechanism of formation of the LL. To provide realistic understanding of SIPM
and rheological heterogeneity of concrete, three wide PSDs (fine, medium, and coarse) and three
different concentrations (10%-40%) of five spherical-particle subclasses (1-17 mm diameter) were
investigated. The radial evolution of concentration and particle distribution was simulated over
time and the LL formation was successfully simulated. The predicted LL thicknesses compared
well with experimental values. The coupled effect of PSD, concentration, and mean diameter of
particles on wall effect, SIPM, and rheological heterogeneities across the pipe was evaluated.
Higher rheological heterogeneity across the pipe was obtained for higher concentration and coarser

particle size distributions.

Keywords: Concrete pumping; Discrete element method; Lubrication layer; Particle-size

distribution; Shear-induced particle migration.

6.1 Introduction

Concrete pumping is a widespread technique to continuously transport large amounts of material
long distances [1,2]. However, pumped concrete is reported to experience major changes in its
rheological properties and homogeneity under applied pressure and shear [3-7]. One such change
is the formation of a thin layer of highly flowable mortar in the vicinity of the pipe wall, called the
lubrication layer (LL). Simultaneous with the LL formation, a higher concentration of aggregate
in the pipe center can result in higher yield stress values, which increases the risk of plug flow.
Such rheological heterogeneity across the pipe mainly governs the concrete pumpability. The
mechanisms behind such multiphasic behavior of concrete pipe flow need to be investigated to
avoid pumping damage, optimize the characteristics of different phases, and ensure successful
pumpability [8]. However, the opaque nature of fresh concrete, wide particle-size distribution
(PSD) of aggregate (from several pm to several mm), and non-Newtonian behavior of suspending
cement paste/mortar matrix bring numerous complexities to both experimental and theoretical

investigations of the pressure-driven concrete flow behavior.
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When the concrete pipe flow is fully developed, the relative concentration of aggregate gradually
increases from the vicinity of the pipe wall towards the pipe center. This gradient in particle size
is caused by the mechanism of shear-induced particle migration (SIPM) [8]. SIPM is an
irreversible phenomenon occurring under a non-uniform shear-rate profile which leads the
particles to migrate in the perpendicular direction to the shear plane. The variation of the particle
concentration and size profiles caused by SIPM impacts the flow field, leading to radial viscosity
variation of the flowing suspension. This phenomenon was firstly recognized by Karnis et al. [9],
who reported that the flow velocity profile of suspensions becomes blunter by increasing the size
or concentration of solid particles. It was observed that the blunted velocity profile forms due to
the migration of particles from higher to lower shear-rate zones [10-12]. Various rheological and
phenomenological models were proposed to describe the SIPM mechanism [13-17], using the mass
conservation and particle momentum equations [14] to derive approximate diffusion equations for
particle motion [15-17]. The shear-induced diffusion model (SIDM) explains the particle diffusion
in terms of collision and viscosity fluxes. It was revealed that SIPM is significantly controlled by
the size and concentration of particles and flow shear rate [11,15-17]. The simulated shear-induced
variations in local concentrations across the pipe using SIDM confirmed the radial variation of
rheological properties of concrete, hence leading to formation of the LL and plug zones [18-21].
It was confirmed that the characteristics of LL can significantly affect the pumpability of concrete
[1,8,22-24]. Therefore, to better control the concrete pumpability under a given flow rate (shearing
condition), the effect of concentration and PSD of aggregate on formation of LL should be

investigated.

For concrete pumping applications, typical values of the LL thickness of 1-10 mm have been
reported [19,25-28]. The LL has been observed to consist of low concentrations of aggregate finer
than 2 mm and high concentration of cement paste [29-31]. In order to better predict the
pumpability of concrete, it is of particular importance to accurately characterize the LL in terms
of its thickness, composition (e.g., content and size distribution of solid content), and rheological
properties through the experimental procedures and theoretical simulations of its multiphasic
mechanism of formation. The LL has been characterized using various experimental techniques

[8,24]. These include digital image processing (DIP) of hardened concrete in pipe cross sections
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[32] and ultrasonic pulse velocimetry (UPV) [19,25] to estimate the LL thickness. Frictional
rheometers, including sliding rheometers [33] and rotational tribometers [1,29,34,35], have been
employed to evaluate the rheological properties of the LL. However, measurements with these
approaches suffer from loss of precision due to the technical complexities of DIP and UPV
methods, as well as the absence of pressure and significantly lower shear rate values (< 10 s-1)
encountered in frictional rheometers compared to those of real concrete pipe flows (several 100 s-
1) [8]. Recently, numerical modeling has been increasingly employed as an alternative to directly
simulate the mechanism of formation of the LL, to characterize the LL, and to predict concrete

pumpability [8].

Both continuum and discrete numerical approaches have been used in the literature to simulate
fresh concrete flow [8,36,37]. In the continuum approach, neglecting the presence of aggregate,
concrete is mostly modelled as one or two homogeneous fluids (single-phase approach)
corresponding to the bulk concrete (BC) and the LL with different rheological properties [30,38-
41]. This approach requires significantly lower calculation time for modeling the large-scale
pipelines than does the discrete approach [8]. However, the single-phase approach cannot directly
simulate the particle-particle, particle-pipe wall, and fluid-particle interactions governing the
SIPM mechanism leading to formation of the LL [8]. For these purposes, discrete computational
methods that simulate motion of individual particles, such as discrete-element method (DEM) [42-

46], are required [8].

DEM is a Lagrangian approach that is widely used in granular-flow modeling [47] to understand
the fundamental phenomena occurring at the particle level, including segregation and blocking
[48]. Regarding the wide range of concentration and size of aggregate in concrete matrix, DEM
can be a suitable approach to consider the interactions between the particles and simulate the SIPM
during concrete pipe flow [8,42-46]. Cao et al. [43] simulated the concrete pumping pressure in
90° bends using a soft-sphere DEM approach. The coarse aggregate (10-40 mm) and mortar (10-
20 mm) were modeled using spherical particles. The viscous behavior of concrete and interparticle
contacts were modeled using a viscous damping model and a linear model was used to approximate
normal elastic rebound. The DEM simulations revealed that increasing the coarse aggregate

content (10% to 70%) led to higher pumping pressure. Haustein et al. [44] used a soft-sphere DEM
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approach to simulate the effect of spherical-particle contacts on SIPM of a dry, bidisperse granular
mixture under pulsating pumping without taking into account any suspending fluid and
hydrodynamics. The numerical simulations revealed that the particles located close to the central
axis exhibited high packing density. On the other hand, the packing density of the particles exposed
to shear was loosened in vicinity of the pipe wall. Although an initial framework was established
to understand the mechanism of formation of the LL, the investigated particle sizes (0.5 and 1 mm)
and neglected effect of the suspending fluid on the particles, such as the particle drag force, limited
the extent that the results are representative of typical concrete mixtures. More recently, Zhan et
al. [45] and Hoe et al. [46] employed a soft-sphere DEM to predict the pumping pressure loss of
various self-consolidating concrete mixtures. Zhan et al. [45] simulated the coarse aggregate of 5-
60 mm having a Gaussian PSD using a clumping approach to represent the small spheres. Hoe et
al. [46] considered a size range of 6-16 mm for coarse aggregate while the mortar matrix was
modelled using uniform 4-mm particles. The presence of the mortar phase was taken into account
by optimizing the interparticle and particle-boundary contact-model parameters. According to the
numerical simulations, the pressure loss significantly increased for mixtures containing larger size
and higher content of coarse aggregate [45,46]. However, the mechanism of formation of the LL
was not studied. The use of Gaussian PSD for coarse aggregate [45] and uniform 4-mm particles
for mortar matrix [46] is also not representative of the typical aggregate PSDs used to proportion

concrete mixtures [49].

While the SIPM mechanism has been well studied for uniform size particles [11-14], the
mechanics of this phenomenon are not well understood for particles with a distribution of different
sizes. The objective of this study is to further understanding of the LL formation mechanism for
particle distributions typical of concrete pipe flow, attempting to a provide more realistic
understanding of the pumping-induced migration of particles and rheological heterogeneity across
the pipe. The current paper used simulations performed with a multiple time-scale soft-sphere
DEM approach [50] in a fully-developed concrete pipe flow within a section of cylindrical pipe,
taking into account particle collisions with each other and with the pipe wall as well as forces and
torques on the particles from the suspending fluid. Particle size distributions and concentration

values were selected to be representative of fine and coarse aggregate and realistically characterize
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the radial heterogeneity of particles leading to formation of LL during concrete pumping processes.
The computational model has been widely used in the literature to simulate flows with modest
particle size variation [51-55], but it has not been previously used for flows with very large particle
size differences. The concrete particulate distribution in the current paper consisted of a wide range
of fine and coarse aggregate of 1-, 3.5-, 7.5-, 12-, and 17-mm diameter particles, corresponding to
aggregate retained between different ASTM standard sieves. Distribution of particles across the
pipe cross section was investigated at different radial zones during the pipe-flow period. Different
measures were proposed to evaluate the rheological heterogeneities across the pipe. Finally, the
coupled effect of PSD and concentration of particles on the pipe-wall effect and pumping-induced
heterogeneities of the investigated mixtures was evaluated. The fluid drag force on the particle
motion was accounted for including particle crowding and inertia effects [56]. However, it is worth
mentioning that the simplification was made to fix the suspending fluid rheology, so that the effect
of particle heterogeneity on the suspending fluid flow, the time dependency of rheological
properties and thixotropic behavior of the suspending fluid, and the pumping-induced changes in

air-void system were not taken into account.

6.2 Numerical Methodology

6.2.1 Governing equations

The translational and rotational motions of particles were governed by conservation of linear and
angular momentum, given.
dv

mEZFF“‘Fc (6.1)

122 =Mp+ Mc (6.2)

where m, v, I, and Q are the mass, velocity, inertia, and angular velocity of a particle, respectively.
Here, Fr and Mr denote the force and torque on a particle from the surrounded fluid, respectively.

The collision-induced forces and torques on a particle are denoted by Fc and Mc, respectively.
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6.2.1.1 Fluid forces and torques

The dominant fluid force acting on particles is the drag force, which is given for isolated particles
at low particle Reynolds number by Stokes' law. In the presence of surrounding particles, a
correction factor is typically applied, which is known as the particle crowding effect [56]. The

correction factor fDF was calculated using the Di Felice [57] correlation, giving the drag force as

Fr=-3n d,u (V - llf)fDF (63)

for=(1-¢)” (6.4)

where y is the fluid viscosity and d is the particle diameter. The velocity of the fluid at the particle
centroid location, uy, is obtained by tri-linear interpolation from the grid covering the fluid flow.
The correction factor /pr depends on the £ index and local concentration c(x,f). The f index was

defined as a function of the particle Reynolds number (Re,) [57], as follows

0.65
p=27 - ———y
[1.5-In(Rep)] 6.5
Bxp 4} (65)
v —ugdd
Rep = Q (66)

v

where v is the kinematic viscosity of the suspending fluid. The local concentration was computed
using a concentration-blob method to provide a smooth concentration field [58]. In this approach,
the particle volume was distributed onto the flow field using a 3D Gaussian function with a specific
radius R, and amplitude A4,. The concentration at a given point was estimated by summing over

the contributions of the nearby concentration blobs, as

C(Xat) = 21]1\;1 Anf(x - Xn'Rn) (67)
where f(x - X, , R,) was chosen to have the Gaussian form

2
3n R,,3 Exp(lxz’;’glz) (68)

n

AX - X4,Ry) =

The other important effect of the fluid on the particles is the viscous torque Mp, given
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Mr=mud (; 0-9) (6.9)

where o is the fluid vorticity evaluated at the particle centroid position. This torque is particularly
important in flows with frequent particle collisions. Collisions of particles often result in
substantial particle rotation due to frictional effects, which are damped by the viscous torque

imposed by the fluid.
6.2.1.2 Collision forces and_torques

The interactions between particles during the contact period can be categorized into four different
types, including normal collision, sliding, twisting, and rolling contacts, which are schematically

shown in Fig. 6.1.

o

(@ (b) () (d)
Fig. 6.1. Schematics of different contact types between particles, including (a) normal, (b) sliding, (¢) twisting,
and (d) rolling contacts [50].

;o
1

As shown in Fig. 6.2, the contact forces between two collided particles “i”” and *j” of radii ri and
1) centroid positions at xi and Xxj , respectively, were decomposed in normal and tangential
directions, as follows:

cij — c,ij

299
1

where F;; and F,; are contact forces between particles and “5” in normal and tangential

directions, respectively, and the normal direction “n” was given by

n=(X; - X)) / [x; - Xi (6.14)
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(@) (b)

Fig. 6.2. Schematic illustration of (a) normal (F7) and tangential (F ) interparticle-contact forces and (b) two
particles during the collision period.

The interparticle-contact forces are associated with the elastic deformation of particles and energy
losses during collision. Various contact models are available to simulate the resistance of particles
against the relative motion during collision [56]. In this study, the collision between particles was

modeled using a spring-dashpot-slider system proposed by Cundall and Strack [47], schematically
shown in Fig. 6.3.

(a) (b)

Fig. 6.3. Schematics of spring-dashpot-slider contact model [50].

The normal elastic force between contacted particles was modeled computed using the Hertz

model [59], as follows:

cj =kyoy= —K oy (6.12)
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ne

where F.j;

is normal elastic-contact force between particles “i” and “4”. The elastic (knv) and

stiffness coefficients (K) were calculated as

ky = gEa(t) (6.13)
K=1E.[r, (6.14)

where “0x” and “a” are normal overlap and contact region radius, respectively, calculated by

5N:I"l'+l/_']~-|Xi-Xj| (615)

a’>=r.0n (6.16)

Here, r. and FE are the effective particle radius and elastic modulus, respectively. Assuming elastic

moduli, £; and Ej, and Poisson’s ratios, o; and g, for the two colliding particles “i” and “/”, the

effective particle radius (7.), elastic modulus (£), and shear modulus (G) were defined by

L.l + : 6.57

r, v (6.57)

1 1-¢? 1-0/

7= E + £ for rppyg < T <Ry (6.68)

1 2-g 4 2—uo0
The damping contact force in the normal direction between two colliding particles “i” and “j” was
modeled as

F24 = —p,vpn (6.20)

where 7y 1s the damping coefficient. The relative velocity vz of the two particles at the contact

surface can be written as
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VR = Vi - Vg (6.21)

where v.; and v, are the particle velocities at the contact surface, which can be obtained using the
centroid velocities (v; and v;), vectors from the particle centroids to the contact point (r; = 7;n and

r; = -7/n), and rotation rates (£2; and ;) as

Vei = Vi + L X1 (6.22)

V=Vt & X1 (6.23)
There are a number of different models available for computation of the normal damping
coefficient, which were summarized in [56]. For the current work, we used the simple model
proposed by Tsuji et al. [60] which gives a constant restitution coefficient. In this model, Tsuji et

al. [60] expresses the normal damping coefficient as a function of the normal stiffness kv and

restitution coefficient e as

NN = o\/m ky (6.24)

where a is a 6"-degree polynomial function of the restitution coefficient given by [50]

a=12728 - 4.2783¢ + 11.087¢* - 22.348¢° + 27.467¢* - 18.022¢° + 4.821¢° (6.25)

The contact sliding force in the tangential direction F;, caused by the virtual spring and dashpot,

were considered as the first and second terms on the right side of the following equation

t
Fj = _kT <J Vg (f)d§> . tS - 7’]TVS. tS (626)
to

where kr and #r are tangential stiffness and dissipation coefficients, respectively. The dissipation
coefficients for both normal and tangential directions are typically assumed to be identical, such
that, 7= 5. Using the expression presented by Mindlin [61], the tangential spring coefficient was

calculated as
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kr=8G a(f) (6.27)

The relative velocity of particles at the contact surface in the tangential direction is given by

Vs = Vg - (VR.II)II (628)

The unit vector in the slip direction tS can then be defined as

ts = Vs/ |Vs| (629)

It was assumed that slipping motion between two particles starts when the magnitude of F} exceeds
a critical value. If the evaluated force from Eq. (6.26) is greater than the critical value, then F; is
set equal to the critical force; otherwise, it will be equal to the force obtained using Eq. (6.26).
According to Amonton’s law, this critical value (Fe) depends on the normal force magnitude F,

and the friction coefficient uras

Ferit =Uur |Fn| (630)

where the friction coefficient is set equal to 0.3 in this study. Twisting torque is also exerted on
the particles (Fig. 6.1c) due to the existence of a relative rotational rate between two colliding

particles. The relative rotational rate is given by:

Qr=(Q:-Q)n (6.31)

Using an approach similar to that employed for sliding friction, the twisting torque (M) was

calculated in [50] as

2 ra k 2t 2
M= 5 J F,()dr = —TTa f .QT(r)dr—%.QT (6.32)
0 t

The particles start spinning if the calculated torque (M;) is higher than the critical value (Mi.cri),

derived as
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2
ZaF,, (6.33)

Mt—crit = 3

For any M, greater than M,...i1, the exerting twisting torque on the particles equals

Mt = 'M—crit -QT/|-QT| (634)
As shown in Fig. 6.1d, in addition to twisting and sliding, there is a rolling motion exerted on the
contacted particles. The rolling resistance is a function of the rolling velocity (v.), which was

defined by Bagi and Kuhn [62] as

L=
v, = —re(ﬂi - Qj) Xn-— 2 e Vg (6.35)
The rolling torque (M), exerted on the particles in the direction of tp = %, is then given by
L
t
M, = _kR <f vr (T)dT) . tR - ﬂRVL. tR (636)
1)

where kg is the rolling spring coefficient and #r is the rolling damping coefficient, defined by

HR = UR |Fne| (637)

where ur is the rolling coefficient. An expression for rolling coefficient is derived by Brilliantov

and Pdschel [63] based on the viscoelastic particle response to deformation as

l1—e
2283wl (K/m)2/

g (6.38)
where wy 1s the relative velocity between two particles before the collision and e is the normal
restitution coefficient. Combining the various effects discussed above, the total torque exerted on

[
l

the particle “7” with radius 7; consists of the sliding, rolling (M), and twisting (M) torques, which

can be combined to write

Mec = r; Fs(nxts) + My(tzxn) + M..n (6.39)
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It is worth mentioning that normal force does not apply any torque on the particles due to its

direction along with the center line of the particles.

6.2.2 Numerical solution method

The numerical computations were performed using the multiple time-step soft-sphere DEM
approach described by Marshall [50]. The computations were performed on a Cartesian grid, and
a level-set approach was used to detect the interparticle and particle-wall collisions using an
interpolation scheme [56]. The DEM algorithm consists of an efficient multi-timescale approach
including fluid, particle, and collision timescales with corresponding time steps on each scale, as
illustrated in the block diagram in Fig. 6.4. The fluid timescale occurs at the largest time step (A7y),
which is used to describe the fluid motion and update lists of local particles. Particles were
advected using the particle time step (A7)), during which particles that experience collisions were
detected. Particles were advected using a second-order implicit algorithm described in [50]. The
motion of the colliding particles was resolved using a smaller time step, called collision time step
(AT¢). Variables were non-dimensionalized using the pipe radius R as a length scale and mean fluid
velocity U as a velocity scale. Time scales were non-dimensionalized by the convection time R/U.
The simulations were carried out for a cylindrical pipe of 100 mm diameter (Dpipe) and 500 mm
length (Lpipe). The values of various non-dimensional parameters used in the simulations are
summarized in Table 6.1. Particles were initialized in the pipe using a random number generator
function. Particle locations were examined to avoid interparticle and particle-wall overlap in the
initial positions. The generator subroutine was iterated until the desired concentration and PSD
were achieved. Details on PSD used in the simulations are given in Section 3.1. The maximum
total number of particles was set to #uq = 5 X 10° due to the memory limitations of the employed
code. This is worth mentioning that this study concerned the simulation of a fully-developed flow
in the pipe, not at its entrance. Therefore, it has been assumed that the simulated segment of the
pipe is sufficiently far enough from the entrance where flow is fully developed and can be

simulated in a laminar flow regime.

The discrete element method on which this study is based has become widely used in the fluid

dynamics literature. The original paper (Ref. [50]) has multiple references in Google Scholar,
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many of which are from papers by a wide variety of authors who used the method for various
applications. This discrete element method was also the basis of a monograph, available in Ref.
[56], on discrete element method, which provides more detailed discussions and extensions of the

model.

Table 6.1. Applied dimensionless-DEM and -CFD parameters in numerical simulations.

Simulation parameters Assumption

Coefficient of restitution (e) 0.10

Fluid time step (A7) 0.01

Fluid time step/Particle time step (A7;/ AT,) 20

Particle time step/collision time step (A7, / AT.) 40

Suspending-fluid flow Reynolds number (Re) 500

Suspending-fluid velocity (uy) A parabolic-laminar flow velocity profile uy= 1 - ()* + z2)

Pipe length (Lpipe) 10
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Fig. 6.4. The schematic illustration of the multiscale algorithm applied in this study.
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6.3 Specifications of the concrete pipe-flow models

6.3.1 Proportioning of the modeled suspensions

In this study, the model concrete mixtures consisted of sand (0-5 mm) and three different classes
of coarse aggregate CA1 (2.5-10 mm), CA2 (5-14 mm), and CA3 (5-20 mm). The Canadian
Standards Association (CSA)'s standard for concrete materials (CSA A23.1:19/CSA A23.2:19)
recommended specific limits for the particle-size distribution (PSD) of each class of aggregate to
use in concrete (Table 6.2) [64].

Table 6.2. Grading limits for different classes of fine (sand) and coarse aggregate (CA1-3), recommended by CSA
A23.1:19/CSA A23.2:19 standard [64] in terms of the minimum (min) and maximum (max) allowed cumulative
passing percentages (%) from each standard sieve.

Sand (0-5 mm) CA1 (2.5-10 mm) CA2 (5-14 mm) CA3 (5-20 mm)

Standard sieve size (mm)

min max min max min max min max
28 - - 100 100
20 - - ) i 100 100 85 100
14 100 100 90 100 50 90
10 100 100 85 100 45 75 25 60
5 95 100 10 30 0 15 0 10
2.5 80 100 0 10 0 5 0 5
1.25 50 90 0 5
0.630 25 65
0315 10 35
0.160 2 10
0.080 0 3

As shown in Table 6.3, in order to conform to the recommended CSA limits, the cumulative
passing percentages (CPP in vol.%) of the investigated classes of aggregate models were selected
as the average of the minimum (min) and maximum (max) allowed limits for each standard-sieve
size (CPP = (min + max)/2). Accordingly, the remaining volumetric fractions (RVF in vol.%) of
each class of sand and coarse aggregate on each sieve were calculated and presented in Table 6.3.
As shown in Table 6.4, the modelled fine and coarse aggregate consisted of dispersions of five
different subclasses of spherical particles P1 (1 mm), P2 (3.5 mm), P3 (7.5 mm), P4 (12 mm), and
PS5 (17 mm), representing the sieve-size ranges of 0-2.5, 2.5-5, 5-10, 10-14, and 14-20 mm,
respectively. Subsequently, As presented in Table 6.5, three different PSDs of aggregate, namely
fine, medium, and coarse PSDs, were considered as three dispersions of different volumetric
fractions of four aggregate classes of sand and CA-3, as well as their corresponding five particle

subclasses of P1-5 (Table 6.4).
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Table 6.3. PSDs of the modelled sand and coarse aggregate (CA1-3), in terms of CPP (vol.%) and RVF (vol.%) on
each standard sieve, conforming to the CSA A23.1:19/CSA A23.2:19 standard [64].

Standard sieve Sand (0-5 mm) CAI (2.5-10 mm) CA2 (5-14 mm) CA3 (5-20 mm)

size (mm) CPP (%) RVF(%)  CPP (%) RVF (%) CPP (%) RVF (%) CPP (%) RVF (%)

20 - 100 -

14 - i - 100 i 70 30

10 i 100 60 40 42.5 27.5

5 100 20 80 75 52.5 5 37.5

25 90 10 5 15 25 5 2.5 25

1.25 70 20 2.5 2.5

0.630 45 25

0.315 22.5 225 2.5 2.5

0.160 6 16.5 - 25 ) (< 2.5 mm) ) (< 2.5 mm)
(< 1.25 mm)

0.080 1.5 45

Base - 1.5

Table 6.4. Proportioning of the modelled sand and coarse aggregate (CA1-3), in terms of volumetric fractions
(vol.%) of P1-5 subclasses.

Pl: 1 mm P2: 3.5 mm P3: 7.5 mm P4: 12 mm P5: 17 mm
Particle
subclasses . - .
Sand 90.0% 10.0% - - -
CAl 5.0% 15.0% 80.0% - -
CA2 2.5% 5.0% 52.5% 40.0% -
CA3 2.5% 2.5% 37.5% 27.5% 30.0%

Table 6.5. Proportioning of the investigated PSDs of aggregate, in terms of volumetric fractions (vol.%) of 4 aggregate

classes (sand and CA1-3) and their corresponding 5 particle subclasses (P1-5) in unit volume of aggregate

PSD # Aggregate classes (vol.%) Particle subclasses (vol.%)

Sand CAl CA2 CA3 P1: 1 mm P2:3.5 mm P3:7.5 mm P4: 12 mm P5: 17 mm
Fine 40 30 20 10 38 10 38 11 3
Medium 25 25 25 25 25 8 43 17 8
Coarse 10 20 30 40 12 7 47 23 12

In this study, the pipe flow of in total nine different suspensions, consisted of three total particle
concentrations (¢) of 10% (low), 25% (medium), and 40% (high), and three different PSDs (Table
5) were investigated. The proportioning of the investigated suspensions are presented in Table 6.6,
in terms of total particle concentration (¢), number of each particle classes of P1-5, and total
number of particles (n), as well as the average diameter (D), packing density (@max), and relative-
solid packing fraction (¢/pmax) of particles in each suspension. The simulations were carried out

for a cylindrical pipe of 100-mm diameter (Dpipe) or 50-mm radius (R) and 500-mm length (Lpipe).
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The investigated suspensions were entitled by FPSD, MPSD, CPSD, LC, MC, and HC labels in
Table 6.6 which correspond to the fine-, medium-, and coarse-PSDs, as well as low (10%), medium

(25%), and high (40%) concentrations of aggregate, respectively.

Table 6.6. Proportioning of the investigated suspensions, including total particle concentration (¢), number of each
particle subclasses of P1-5, and total number of particles (n), as well as the Dy, and @max of particles (e = 5 %
10%).

Concentration Number of particles Doye Lpipe

Model # PSD level Pl P2 P3_ P4 Ps " (mm) ¥ R

1-FPSD-LC Fine Low 286875 1706 680 47 5 289313 5.429 0.847 10.000
2-MPSD-LC Medium (0= 10%) 187500 1421 756 73 11 189761 6.990 0.858 10.000
3-CPSD-LC Coarse ¢ ° 88125 1137 831 100 18 90211 8.635 0.868 10.000
4-FPSD-MC Fine Medium 495720 2947 1175 81 8 499931 5.398 0.847 6.912
5-MPSD-MC Medium (0 = 25%) 468750 3553 1889 183 29 474404 7.030 0.857 10.000
6-CPSD-MC Coarse ¢ ° 220313 2843 2078 250 46 225530 8.657 0.868 10.000
7-FPSD-HC Fine High 495720 2947 1175 81 8 499931 5.398 0.847 4.320

494025 3745 1991 193 30 499984 7.016 0.857 6.587
352500 4548 3324 399 73 360844 8.646 0.868 10.000

8-MPSD-HC Medium

9-CPSD-HC Coarse (p = 40%)

Moreover, the virtual packing density (¢max) of a polydisperse mixture of five particle subclasses

were calculated using the linear-packing model proposed by Stovall et al. [65] and de Larrard [66],

as follow:
0 = min % (6.40)
max ~ i=1 i— :
1-(-a) Zj:% A 2_15=i+1 bij ¢,
where, a; = 3%, j, aij, and b;; are the highest packing density amongst all possible lattice packings

of spherical particles of all subclasses ‘i’ = 1 to 5, volumetric content of subclass °j°, loosening
(Eq. (6.41)), and wall effects (Eq. (6.42)) for particles of subclass ‘i’ (diameter d;) due to the

influence of particles of subclass ‘j° (diameter d}), respectively.

d. 1.02
J
ay={ |1~ <1 - d_,) , di>d (6.41)
0, d<d
d 1.50
1-(1—-=] , d: > d,
by = < dj> j (6.42)
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Furthermore, the mean diameter of particles (Davg-i) in a given suspension “i” (i = 1 to 9) was
calculated using the volumetric-weighted arithmetic average of diameter of their corresponding

€C Y

particles of subclasses “/” (j =1 to 5), as

5510, )
Daygi = "=t 6.43
& Z;:l (ﬂﬁ ( )

where @;; 1s the volumetric concentration of particle subclass “/” in a given suspension “i
6.3.2 Evaluation of the radial particle migrations

In order to evaluate the pumping-induced particle migration of the investigated suspensions across
the pipe (pipe radius R = Dpjpe /2 = 50 mm), four different radial zones of Z1, Z2, Z3, and 74,
corresponding to the radial ranges of 0-0.5R, 0.5R-0.75R, 0.75R-0.875R, and 0.875R-R,
respectively, were defined (Fig. 6.5). The bulk concrete (BC) and lubrication layer (LL) zones
were taken to correspond to the radial ranges 0-0.875R (i.e., Z1-3) and 0.875R-R (i.e., Z4),
respectively. Accordingly, the concentration of each of the particle subclasses P1-5 and the total
particle concentrations were calculated in each zone (Z1-4, BC, and LL) for the whole
computational time period (¢ = 0 - 20). Using the calculated volume of each of particle subclass
P1-5 and also the total volume of particles in each zone, the packing density (@max-i) and mean
diameter of particles (Davg-i) in each zone (i = 1 to 4) were calculated using Eqgs. (40) to (43),

respectively, at a given time (¢ = 0 - 20). The measures described in the following subsections are

then proposed to evaluate the radial SIPM of the investigated suspensions across the pipe.
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Zone 4
Zone 3

Zone 2

Fig. 6.5. Radial zones Z1, Z2, Z3, and Z4, corresponding to the radial ranges of 0-0.5R, 0.5R-0.75R, 0.75R-
0.875R, and 0.875R-R, respectively, as well as the bulk concrete BC (Z1-3: 0-0.875R) and lubrication layer
LL (Z4: 0.875R-R).

6.3.2.1 Radial heterogeneity of the investigated pipe flows
The radial heterogeneity of the investigated pipe flows was evaluated using the coefficient of

variation of particle concentrations (¢) in different radial zones Z1-4 (COV(p)z1-4), as follows:
_ a(9); 4

COV(¢)ZI-4 = m X 100% (644)

where o(¢)z1-4 and Avg(p)zi4 are the standard deviation and average of the total particle
concentrations in zones Z1-4, respectively
6.3.2.2 Shear-induced particle migration (SIPM)

The calculated heterogeneity at a given pipe flow time step (t) is caused by the wall effect (WE)
induced by the pipe walls and SIPM. The individual effect of SIPM was thus evaluated using the
variation of COV values calculated at time t (using Eq. (6.44)), relative to their initial values (at t

=0), as follows:

ACOV(t)21.4 = COV(t)21_4 - COV(t = 0)21_4 (645)
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6.3.2.3 Wall effect (WE)

During pipe flow, the radial displacements of the aggregate are limited due to presence of the pipe
walls. The coarser fraction of aggregate cannot fit very close to the pipe walls, thus leaving room
for formation of a thin layer of finer particles near the walls. This can lead to an initial
heterogeneity in radial distribution of particles, as measured by the particle concentration profile,
PSD, and packing density, across the pipe and, consequently, partial formation of the LL even
prior being subjected to any shear and SIPM (at ¢ = 0). This is namely called the pipe wall effect
(WE) [8]. In this study, the wall-effect index (WEI) was evaluated by the ratio of the difference

p(t=0)

— d LL
(amax(t:O))BC Zl-3) an

between the initial relative solid-packing fraction of particles in BC ((

((W—=O_)) ) zones (at £ = 0) to that of the reference mixture (( £ ) ), as follows.
Omar(=0/ 1 74 max/ Ref

( 9(1=0) ) _( 9(t=0) )
Pmax(=0) BC Pmax(t=0)

( )
Pmax/ Ref

WEI (%) = LL % 100% (6.46)

The ¢ and @ma values of the reference mixtures were calculated as the total concentration and
packing density of the particles in the whole pipe domain (0-R), respectively, as shown in Table
6.6.

6.3.2.4 Rheological heterogeneity of the investigated pipe flows

The yield stress 79(p) and plastic viscosity u,(¢) of the suspensions of the investigated mixtures in
the different radial zones, relative to those of the suspending fluid (i.e., 70(0) and 1,(0)), were
calculated as functions of concentrations (¢;) and packing density (@max-i) of the spherical particles
in the reference mixtures (whole pipe domain) and given radial zone i using the models proposed
by Chateau et al. [67] (Eq. (6.47)) and Krieger and Dougherty [68] (Eq. (6.48)), respectively, as

follows:

gomax—i

T, (goi) 9, 250 max-i
i = T‘; 0 j (1-9) (1 ——) (6.47)
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() O\ e
_t =<1__<"z ) (6.48)
®

max-i

The radial heterogeneity of the rheological properties of the suspensions across the pipe was then
evaluated using the ratio of the difference between the final relative rheological properties,
including yield stress (z¢-) and plastic viscosity (u,-r), in BC and LL zones at the end of flow period

(t = 20), to those of the reference mixture, as follows:

Yield stress-heterogeneity index YSHI (%) = w X 100% (6.49)
0-r-Ref

Yield stress-heterogeneity index YSHI (%) = w X 100% (6.50)
0-r-Ref

6.4 Results and discussion

The simulation results are discussed in terms of the evolution of concentration of each of particle
subclasses, as well as the total concentration and mean diameter of particles in different radial
zones as a function of time. The radial heterogeneity of the investigated pipe flows was then
evaluated in terms of evolution of the COV(¢)z14 values, reflecting the WE and SIPM effects. The
rheological properties of the BC and LL zones of the investigated suspensions across the pipe were
evaluated at the end of the pipe flow computations (¢ = 20). The coupled effects of the PSD,
volumetric content, and packing density of the aggregate on the wall effect and rheological

heterogeneity of the investigated suspensions were finally evaluated.
6.4.1 Evolution of particle concentration across the pipe

Three examples of the evolution of the volumetric concentration of different particle subclasses
P1-5 in different radial zones Z1-4 are presented in Fig. 6.6 for suspensions #1-FPSD-LC, #5-
MPSD-MC, and #9-CPSD-HC. Results for the all the suspensions examined are available in Figs.
A1-A3 in the Appendix. The different runs and locations within the flow domain are indicated in
the figure by a label denoted as ZiPj, where i and j are numbers that denote the zone (Z1-Z4) and
particle size (P1-P4) subclass, respectively. As expected, results for the larger particles exhibit

more noise than those for smaller particles due to the lower number of larger particles, where even



Chapter 6. Discrete-element modeling of shear-induced particle migration during zones 196
concrete pipe flow: Effect of size distribution and concentration of aggregate on formation of
lubrication layer

a slight displacement of large particles between different zones can significantly change their local

concentrations.

In the case of Z4 (0.875R-R), corresponding to the LL, only the concentration of the finest particle
P1 (1 mm) increased over time while concentration decreased for the larger particles (P2-5). This
observation is consistent with migration of finer particles towards the pipe walls and formation of
the LL, whereas larger particles migrate to adjacent zones in the inner sections of the pipe flow.
Moreover, the concentration of the finest particle P1 always decreased in Z3, which is the closest
to the LL. The concentration of P1 in Z2 significantly decreased in the case of suspensions
proportioned with low concentration 10% (Fig. 6.6-top and Fig. 6.A1 in appendix) while no major
changes were observed for Z2P1 values for medium- (Fig. 6.6-middle and Fig. 6.A2 in appendix)
and high-concentration (Fig. 6.6-bottom and Fig. 6.A3 in appendix) suspensions. This can confirm
that the finest particles (P1: 1 mm) in Z3 mostly migrated to Z4 (LL) in the vicinity of the pipe
wall. Indeed, due to higher number of interparticle collisions in central zones, caused by higher
velocity and particle concentrations, P1 particles in Z3 could not easily move to Z2 and were

mostly pushed into zone Z4 (LL).

The concentrations of all particle subclasses, regardless of their sizes, increased in the central zone
Z1 (0-0.5R), which straddles the pipe center. This concentration increase is consistent with the
gradual increase in particle packing density in the central zones over time due to migration of
particles towards the central axis. However, more significant increases in particle concentration in
Z1 were observed for the larger particle sizes P2-P5 than for the finest particle size (P1). This led
to development of a coarser PSD in the pipe center at the end of the computation relative to the

reference suspension and the other zones Z2-4.

As can be observed, the concentration of both P2 (3.5 mm) and P3 (7.5 mm) particles in Z2 (0.5R-
0.75R) mostly increased over time. On the other hand, contrary to the medium- (MC = 25% in Fig.
6-middle and Fig. 6.A2 in appendix) and high- (HC = 40% in Fig. 6-bottom and Fig. 6.A3 in
appendix) concentration suspensions, the concentrations of P2 and P3 increased and decreased in
Z3 for low-concentration suspensions (LC = 10% Fig. 6.6-top and Fig. 6.A1 in appendix),
respectively. Moreover, the concentration of P4 (12 mm) increased in the central zone Z1 while

decreased in Z3 nearby the LL (Z4). However, no specific trend was observed for P4
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concentrations in Z2. Furthermore, higher concentrations of the coarsest particle P5S (17 mm) were
mostly obtained in the central zones Z1 and Z2 rather than Z3 and Z4 for almost all of the
investigated suspensions, excluding the #7-FPSD-HC suspension (Fig. 6.A3 in appendix). This
confirms the increase in the compacity of relatively large particles P4 and P5 in the central zone

7.1 rather than other radial zones Z3 and Z4.
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6.4.2 Radial variation of the total concentration and PSD of particles

The radial variation of the total concentration of particles over time across the radial zones Z1-4 is
presented in Fig. 6.7 for different suspensions. As can be observed for all the suspensions,
comparable initial particle concentrations (at t = 0) were observed across the BC (Z1-3: 0-0.875R).
However, despite the random generation of particles across the pipe in the beginning of the pipe
flow (t = 0), the lowest initial particle concentration was obtained at the LL (Z4), rather the BC
(Z1-3) and reference mixtures. This can be attributed to the effect of pipe wall on distribution of
nearby particles. Moreover, the lowest total concentration was obtained in the zone Z4 over time

(t > 0), hence confirming the formation of the LL in vicinity of the pipe wall presented.

In the case of the LC (10%) suspensions, the total concentration of particles gradually decreased
from the central zone (Z1) towards the LL zone (Z4). The total concentration of particles in Z1 of
the LC suspensions more significantly increased over time than those in Z2. However, the particle
concentrations of outer zones Z3-4 decreased over time. These observations confirm the scenario
in which there is an overall migration of particles from the high shear-rate zones (Z3-4) towards
the low shear-rate central zones (Z1-2). Furthermore, the ascending and descending rates of
particle concentrations in Z1 and Z3-4, respectively, increased for coarser PSD. Accordingly,
among the three LC suspensions, the highest and lowest particle concentrations at the end of the
computation were respectively obtained in zones Z1 (17.2%) and Z4 (2.0%) of the #3-CPSD-LC

suspension, proportioned with the coarse PSD.

In the case of MC (25%) suspensions, #4-FPSD-MC mixture with fine PSD exhibited comparable
concentrations in zones Z1-3, with slightly higher value in the central zone Z1 at the end of pipe-
flow period. For coarser PSDs, the particle concentration at LL (Z4) decreased and variations in
the final concentrations across the BC (Z1-2 vs. Z3) increased over time. Accordingly, the highest
variations across the BC (Z1-3) and the lowest concentration in LL of the MC suspensions was
obtained for #6-CPSD-MC (pz1 = 36.1%, ¢z2 = 29.1%, ¢z3 = 26.7%, and @z4.LL = 6.4% at t = 20).
These observations are consistent with the conclusion that for a given particle concentration,

coarser PSD can lead to higher SIPM.
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Fig. 6.7. Total concentrations of particles in four different radial zones Z1 to Z4 over time.

For HC (40%) suspensions, unlike the LC and MC cases, the highest concentration was obtained

in Z3 (0.75R-0.875R), but not in the central zones Z1-2. This can be attributed to the employed

one-way fluid-particle coupling simplification which neglected the effect of particles on the

suspending fluid dynamics. A fully fluid-particle coupling approach (4-way CFD-DEM coupling)

is then recommended for high concentration of particles (¢ > 40%) to achieve more precise SIPM

simulations. However, higher concentrations were still obtained in the central zone Z1 rather than

Z2. On the other hand, the particle concentration of the Z3 and Z4 (LL) zones of the HC

suspensions significantly increased and decreased, respectively, for coarser PSD of particles.
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The radial variations of the mean diameter of particles (Davg-i, i = 1 to 4) in zones Z1-4 of the
investigated suspensions over time are presented in Fig. 6.8. The Dy, in a given radial zone i was
calculated using the volumetric-weighted arithmetic average of diameter of its corresponding dj-

diameter particles of subclass j ( = 1 to 5 in Table 6.4), as follows:

D= =1 ("’ﬁ df) (6.51)
avg-i 0,

where ¢;; and ¢; = Zf=1 @, are the volumetric concentration of particle subclass j (Figs. A1-A3 in
appendix) and total particle concentration (Fig. 6.7) in the radial zone i. As can be observed in Fig.
6.8, for a given particle concentration, greater D, values were obtained in different radial zones

Z1-4 of the suspensions of coarser PSD, as could be expected.

As shown in Fig. 6.8, despite the random generation of particles across the pipe, smaller initial
Davg values in the beginning of the pipe flow computation were obtained in the LL zone (Z4)
rather than the BC (Z1-3). This can be explained due to the wall effect, as similarly indicated
earlier for low initial concentration of particles in the LL zone (Fig. 6.7). In addition, for the whole
pipe-flow period, the smallest mean diameter of particles was obtained in the LL zone compared
to BC, following by a consistent decrease over time. This observation confirms the migration of
larger particles from the high shear-rate zone (Z4: LL) towards the lower shear-rate central zones
(Z1-3: BC), which are then replaced in the high shear-rate zone by the finer particles. Hence, the
LL is formed in the vicinity of the pipe walls, consisting of relatively finer particles compared to
the BC. The final Davg values of 1.4-2.2, 1.7-2.7, and 2.4-2.8 mm were obtained in the LL zones
of the LC, MC, and HC suspensions, respectively, at the end of the computation. These values are
in good agreement with literature, where a maximum size of aggregate of up to 2.5 mm was

generally reported for the fine particles in the LL extracted from the pumping experiments [8,25].
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Fig. 6.8. Variation of mean diameter (D) of particles in four different radial zones Z1 to Z4 over time.

As can be observed in Fig. 6.8, in the case of all the LC suspensions (#1-3), as well as the MC and
HC suspensions of medium and coarse PSDs (#5-6 and #8-9), greater D, values were obtained
in the lower-shear rate central zones Z1-2 rather than the relatively higher shear rate zone Z3.
Despite the slight increase in the Dayg values of zones Z1-2, the mean diameter of particles in the
zone Z3 of the LC suspensions experienced a consistent decrease over time. However, lower
differences were observed between the D, of the Z3 and central zones Z1-2 by increasing the

particle concentration in the MC and HC suspensions of MPSD and CPSD (#5-6 and #8-9).
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Furthermore, in the case of suspension model #4, proportioned with medium concentration (25%)
of fine PSD of particles, comparable D, values were obtained across the BC zone (i.e., Z1-3)
over time. However, Z3 exhibited higher D.,, values compared to the central zones Z1-2 for
suspension #7, proportioned with high concentration (40%) of fine PSD of particles (Fig. 8). This
can be due to limitations of the one-way fluid-particle coupling approach for high concentration

cases.
6.4.3 Radial heterogeneity of the investigated pipe flows

As described in Eq. (6.44), the radial heterogeneity of the investigated pipe flows was evaluated
using the coefficient of variation of particle concentration (¢) in different radial zones Z1-4
(COV(p)Z1-4), which is presented in Fig. 6.9. As mentioned earlier, the overall radial
heterogeneities are the consequences of the coupled effect of the presence of the pipe walls (WE)
and shear-induced particle migration (SIPM). As can be observed in Fig. 6.9, the radial
heterogeneity of the investigated suspensions increased over time. For a given concentration, the
suspensions proportioned with coarser PSD of particles exhibited higher radial heterogeneities
over time, corresponding to higher WE and SIPM contribution. Moreover, increasing the
concentration of particles resulted in lower radial heterogeneities across the pipe. Accordingly, by
increasing the particle concentration from 10% (LC) to 40% (HC), the COV(p)Z1-4 values
deceased from 44.4% to 24.6%, 55.8% to 38.1%, and 69.8% to 49.1% for fine, medium, and coarse
PSDs of particles, respectively.

The observed heterogeneities of the investigated pipe flows are well conformed with the spatially

varying particles’ interaction frequency described by Phillips et al. [17], as follows

Ncollision = _Keapz(wzv)} + gﬂyv@) (652)

where Ncouision 18 collision flux, a, and ¢ are radius and concentration of particles, y represents the
shear rate, and K. is a shape-dependent factor [17]. Indeed, in a heterogeneous suspension
subjected to shear, the particles irreversibly move from their original streamline due to the

interparticle collisions.
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According to Phillips et al. [17], the particles located in more concentrated zone experience a
higher frequency of collisions and can migrate towards the lower collision frequency (i.e., lower
concentration and shear rate) and normal to their shear plane. As shown in Eq. (6.52), the flux
Neoliision, caused by the spatially varying interaction frequency of particles, is dependent on the
mean radius and concentration of solid particles, and shear rate. According to Eq. (6.52), for a
given particle concentration (¢) and shear-rate gradient (Vy), the induced heterogeneity is
dependent on the particle size (ap,). Accordingly, higher radial heterogeneity is expected for the
coarser PSD of particles (i.e., higher “a,”). Moreover, as shown in Eq. (6.52), the term “@’Vj”
emphasizes that the shear-rate gradient (Vy) results in particle migration from the higher (close to
pipe walls) to lower shear-rate zones (pipe axis). Indeed, the higher shear-rate values lead to higher
number of collisions. On the other hand, as reflected by the term “pjVep”, any gradient in the
particle concentrations (i.e., heterogeneous distribution: V¢ # 0) results in spatial variation in the
frequency of interactions. As can be observed in Fig. 6.9 for different particle concentrations, the
coarse-PSD suspensions exhibited higher initial heterogeneities in the beginning of the flow
period, reflected by higher COV(p)z14 values at ¢+ = 0. This can explain the higher radial
heterogeneities obtained for coarser-PSD suspensions due to their higher initial gradients in

particle concentrations (V¢) across the pipe.
6.4.3.1 Shear-induced particle migration (SIPM)

As described in Eq. (6.45), by distinguishing from the wall effect (WE), the effect of SIPM on
radial heterogeneity of the investigated suspensions was evaluated using the ACOV(t)Z1-4 values
and presented in Fig. 6.10. As can be observed, for a given particle concentration, suspensions
with coarser PSDs experienced higher SIPM, reflected by higher ACOVZ1-4 values at the end of
the pipe-flow period (t = 20). In the case of suspensions proportioned with fine PSD of particles,
increasing the total particles’ concentrations from 10% to 25% and 40% decreased the final
ACOVZI1-4 values (at t = 20) from 20.9% to 13.3% and 9.9%, respectively. However, the
minimum and maximum SIPMs of both the medium- and coarse-PSD suspensions, reflected by
the lowest and highest ACOVZ1-4 (t = 20) values, were obtained for the medium (MC = 25%) and

low (LC = 10%) concentrations of particles, respectively.
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Furthermore, the LC (10%) suspensions experienced a decrease in their ACOV7z1.4 values at their
initial 5%-10% periods of the pipe flow (r = 0 to 1 or 2), referred to an initial shear-induced re-
homogenization of particles in the beginning of the pipe flow. Lower variations in ACOVz1.4 values

can refer to achieve an equilibrium state in SIPM at longer flow times.
6.4.3.2 Rheological heterogeneity of the investigated pipe flows

The yield stress and plastic viscosity of the investigated suspensions relative to those of the
suspending fluid were calculated as functions of their corresponding concentration (¢ = 10%, 25%,
and 40%) and packing density (pma) values of the particles (Table 6.6) using Eqgs. (47) and (48)
and are shown in Figs. 11a and 12a, respectively. As can be observed, the relative yield stress and
plastic viscosity values of the modeled concrete mixtures were mostly governed by their
corresponding particle concentration (¢). However, for a given ¢, coarser PSD of particles led to
slightly lower rheological properties, due to their higher gm. values (i.e., lower ¢/@nq: values).
Accordingly, the minimum and maximum yield stress and plastic viscosity values were obtained
for the #3-CPSD-LC and #7-FPSD-HC suspensions proportioned with low (10%) and high (40%)
concentrations of coarse and fine PSDs of particles, respectively. The yield stress and plastic
viscosity of the investigated concrete models ranged from 1.08 to 1.52 and 1.30 to 3.88 relative to

the suspending fluid, respectively.

Considering the concentration of each particle subclass (P1-5) and total particle concentrations
(Figs. 6-7 and A1-A3 in appendix), packing density of particles located in each of the BC (Z1-3)
and LL (Z4) zones at the end of the computation was calculated using Egs. (40) - (42). The yield
stress and plastic viscosity values of the BC and LL zones of the investigated suspensions, relative
to those of the suspending fluid were then evaluated using Eqs. (47) and (48) and presented in
Figs. 11b-c and 12b-c, respectively. As can be observed, higher yield stress and plastic viscosity
were obtained for both the BC and LL zones of the suspensions proportioned with higher particle

concentrations.

On the other hand, the PSD of particles showed opposite effects on the rheological properties of
the BC and LL zones. As can be observed in Figs. 11b and 12b, higher yield stress and plastic
viscosity values were obtained for the BC zones of the suspensions proportioned with coarser PSD.

However, as shown in Figs. 11c and 12c, the LL for coarser-PSD suspensions exhibited lower
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plastic viscosity and yield stress values. Accordingly, among all the investigated suspensions, the
pipe flow of the suspension model #9-CPSD-HC resulted in the most-stiff BC (i.e., the highest 7.
Bc and y,-pc values) but, on the other hand, the most-flowable LL (the lowest 7p.L.L and pp-LL values)
zones. According to Eq. (6.52), this can be attributed to the highest pumping-induced particle
migration from the high-shear rate zones (pipe walls) towards the low-shear rate zones (pipe
center), obtained for higher concentration (more interparticle collisions) and larger sizes of
particles. The yield stress and plastic viscosity of the BC zones ranged from 1.10 to 1.75 and 1.37
to 5.95, respectively, relative to those of the suspending fluid. On the other hand, the yield stress
and plastic viscosity of the LLs of the investigated suspensions’ pipe flows ranged from 1.02 to

1.27 and 1.05 to 2.16, respectively, relative to those of the suspending fluid.

As shown in Figs. 11d-e and 14d-e, the pumping process led to a radial rheological heterogeneity
across the pipe where higher and lower rheological properties were obtained in the BC and LL
zones compared to the reference mixture, respectively. As shown in section 3.2.4 and Eqgs. (6-49)
and (50), this was evaluated using the ratio of the difference between the final rheological
properties of the BC and LL zones (at ¢ = 20)-to-those of the reference mixture. These include the
yield stress- (YSHI) and viscosity-heterogeneity indices (VHI). As can be observed in Figs. 13a
and 13b, increasing both the concentration and size of particles resulted in higher radial
heterogeneity in both yield stress and viscosity values. Accordingly, the minimum and maximum
rheological heterogeneities across the pipe were obtained for the suspension models #1-FPSD-LC
and #9-CPSD-HC, proportioned with low (LC = 10%) and high (HC = 40%) concentrations of
fine (FPSD) and coarse (CPSD) PSDs of particles, respectively.

As can be observed in Fig. 6.13c, the investigated pipe flows led to almost 2.85 times higher radial
heterogeneity in the viscosity values compared to those obtained for the yield stresses. According
to the obtained results, the YSHI and VHI indices ranged from 6.0% to 42.9% and 19.2% to
120.3%, respectively.
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6.4.4 Coupled effect of particles’ characteristics on the pumping-induced

heterogeneities

As shown in the previous sections, the pumping process caused radial heterogeneities in
concentration, PSD, and packing density of particles across the pipe. These were induced due
to the effect of the pipe wall (WE) on initial distribution of particles and shear-induced
migration of particles (SIPM) over time. As described in Egs. (6.46) to (6.50), several measures
were proposed to evaluate the radial heterogeneities induced by the WE and SIPM. As can be
observed in Fig. 6.14, the coupled effect of particles’ characteristics, including the
concentration (@), packing density (@max), and PSD (Day), on the radial heterogeneity indices
was evaluated. The investigated heterogeneity indices include the initial heterogeneity of
particles due to the pipe wall effect, reflected by WEI values (Eq. (6.46)), as well as the radial
yield stress- (YSHI in Eq. (6.49)) and viscosity-heterogeneity indices (VHI in Eq. (6.50)), shown

in Figs. 14a, 14b, and 14c, respectively.

As can be observed in Fig. 6.14, all the proposed heterogeneity measures are in excellent
agreement with mean diameter (D) and relative-solid packing fraction (¢/@max) of particles of
the investigated suspensions (R? of 0.999 and low root-mean square-error, RMSE). As
presented in Fig. 6.14a, the pipe walls showed more influence (WEI) on the initial heterogeneity
of the suspensions proportioned with lower concentration (¢) and higher packing density (i.e.,
lower ¢/¢max) and coarser PSD (i.e., higher D) of particles in the beginning of the
computation. According to the established correlation in Fig. 6.14a, the Daye and ¢/@max of
particles are more effective on the WEI values in presence of lower concentration of particles
with higher packing density (i.e., lower ¢/pma) and coarser PSD (i.e., higher Dayg) of particles,

respectively.

Moreover, as shown in Figs. 14b and 14c¢, higher concentration and lower packing density (i.e.,
higher ¢/@ma) and coarser PSD (i.e., higher D) of particles resulted in higher radial
heterogeneity indices across the pipe. According to the established correlations, the Day, and
@/pmax of particles showed more influences on the radial rheological heterogeneities of the
suspensions proportioned with higher concentration of particles with lower packing density

(i.e., higher ¢/@max) and coarser PSD (i.e., higher D..) of particles, respectively.
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6.5 Validation of the LL thickness estimations

The LL generally refers to a thin layer of a highly flowable micro-mortar enriched with higher
content of cement paste and fine sand and containing no fraction of coarse particles. The
determination of LL thickness depends on how the LL is practically defined. For instance, the
LL is sometimes defined using a maximum particle-size threshold that the LL can contain,
which is typically finer than 2 mm according to the literature [8,25]. Accordingly, the thickness

of any fraction of concrete in the vicinity of the pipe wall that only contains particles of a size
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finer than the selected threshold can be referred to the LL thickness. This definition is
practically applied to measure the LL thickness by digital image processing (DIP) of the cut
sections of hardened concrete in pipes [32]. Using DIP techniques, the LL thickness
corresponds to the zone where no particle coarser than the selected threshold can be detected in
vicinity of the pipe walls. On the other hand, the LL thickness can be also defined as the zone
in the vicinity of the pipe wall which contains lower volumetric content of aggregate than a
certain threshold. This concept is practically used for ultrasonic pulse velocimetry (UPV)
techniques applied on pipelines [19,25] where the LL thickness is deduced by detecting an
abrupt drop in velocity profile next to the wall, corresponding to a sudden drop in particle
concentration in the LL zone. In order to validate the results of the carried-out simulations, the
real LL thicknesses of the simulated pipe flow was evaluated at the final time step (z = 20)

according to both abovementioned concepts, as follows:

(1) Image analysis technique: A snapshot of the pipe cross section was captured at the
middle of the pipe length for all the investigated mixtures using the post-processing
results. A quarter of the captured snapshots were investigated using image analysis
to evaluate the LL thickness, corresponding to the maximum thickness in vicinity
of the pipe wall where no particles larger than P1 (1 mm) can be observed. As shown
in Fig. 6.15, the finest particles P1 (1 mm) and larger particles P2-5 were colored in
black and white, respectively, for easier differentiation. As can be observed in Fig.
6.15, the evaluated LL thicknesses of the investigated pipe flows ranged from 1.2 to
3.3 mm, which is in general accordance with experimentally observed values using
the DIP technique (1-3 mm).

(ii) Concentration profile: The simulated concentration profiles of the investigated pipe
flows were extracted for the zone 0.5R-R (25-50 mm) at each 1-mm distance. As
shown in Fig. 6.16, the LL thickness has then been referred to the thickness of the
zone in vicinity of the pipe wall where an abrupt drop is observed in the
concentration-profile trend. As can be observed in Fig. 6.16, the estimated LL
thicknesses of the investigated pipe flows using the concentration profiles ranged
from 4 to 10 mm which is in good accordance with the typical values reported in
literature (1-10 mm). Compared to the image analysis approach results, the

concentration profiles led to larger estimation of the LL thicknesses.
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Fig. 6.15. Estimation of LL thicknesses of (a) #1-FPSD-LC, (b) #2-MPSD-LC, (¢) #3-CPSD-LC, (d) #4-
FPSD-MC, (e) #5-MPSD-MC, (f) #6-CPSD-MC, (g) #7-FPSD-HC, (h) #8-MPSD-HC, and (i) #9-CPSD-HC

mixtures using image-analysis technique.
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were well validated in terms of the LL thickness estimations compared to the typical values

reported in literature for actual concrete pumping experiments.

6.6 Limitations and perspectives

The employed DEM approach showed a great potential to simulate the SIPM mechanism and

WE leading to formation of LL during concrete pipe flow, covering wide ranges of

concentrations and PSDs of aggregate. However, the numerical solution approach used was not

without its limitations. Below we list some of these limitations, with a view toward further

development and applications of the approach for concrete pipe flow simulation: The employed
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DEM approach showed a great potential to simulate the SIPM mechanism and WE leading to
formation of LL during concrete pipe flow, covering wide ranges of concentrations and PSDs
of aggregate. However, the numerical solution approach used was not without its limitations.
Below we list some of these limitations, with a view toward further development and

applications of the approach for concrete pipe flow simulation.

e Although the employed soft-sphere approach was able to successfully resolve the particle
collisions, the numerical stiffness imposed by the soft-sphere approach limited the
number of particles that could be used and the simulation time step. These restrictions
can be used with use of a hard-sphere DEM approach, in which the particle collisions are
not resolved by the computations. However, since the hard-sphere approach restricts the
flow to binary particle collisions, its utility is limited for higher values of the particle
concentration. This is particularly true for broad PSDs, for which simultaneous collisions
of multiple particles are common.

e The simplification was made by considering a spherical form for all the particles. This
assumption significantly facilitated the configuration of the interparticle contacts and
particle momentum. The use of realistic morphology of the irregularly shaped particles

can lead to provide more realistic simulations; however, it would also significantly slow
down the computation time.

e This initial study assumed one-way couple fluid-particle interaction, which becomes
increasingly inappropriate as the particle concentration increases. This approach was able
to successfully predict a constant decrease in the particle concentration from the central
zone Z1 (0-0.5R) to the LL (Z4: 0.875R-R) for the LC (10%) and MC (25%) suspensions.
However, neglecting the effect of particles on the suspending fluid flow also led to a non-
physical effect on the simulated distribution of particles for HC (40%) suspensions where
the highest concentration of particles was unexpectedly obtained in Z3 (0.75R-0-0.875R).
A fully fluid-particle coupling approach (4-way CFD-DEM) is recommended for

pumping simulation of high-concentration concrete suspensions.

e [t was reported in the literature that pumped concrete mixtures experience multiple time-
and shear-dependent variations of rheological properties [3,6,7]. These include a
reduction in concrete viscosity after pumping due to pumping-induced increases in
temperature and additional dispersion of cement particles and superplasticizer action [6].

Moreover, high shear rates and pressure exerted on pumped concrete mixtures can lead
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to major changes in air-void system [3,4,6,7,69] which can subsequently alter their
rheological properties. These pumping-induced variations in rheological properties of the
suspending paste/mortar matrix were neglected in the current simulations to specifically
concentrate on simulation of the SIPM phenomenon during concrete pipe flow as a
diphasic suspension. While taking into account the presence of the third material’s phase,
1.e., air bubbles, as well as time- , temperature-, and shear-dependency of the suspending-
fluid rheology can lead to achieve more realistic simulation of the concrete pipe flow, this

can add significant complexities to the numerical model and significantly extend

computational time and memory requirements.

6.7 Conclusions

In this study, the pipe-wall effect (WE), shear-induced particle migration (SIPM), and the

mechanism of formation of the lubrication layer (LL) during concrete pumping were simulated

using a multiple time-step soft-sphere DEM approach. In total, nine diphasic concrete

suspensions, containing a wide range of spherical particle subclasses of 1 to 17 mm, were

investigated. The effect of concentration (10% to 40%) and PSD (fine, medium, and coarse) of

aggregate on radial heterogeneities across the pipe was evaluated. The concentration of particles

of different particle subclasses was assessed at four different radial zones over the pipe-flow

period. The bulk concrete (BC) and LL zones were characterized at the end of the pipe-flow

period. According to the numerical results, the following conclusions can be drawn.

® The numerical simulations successfully simulated the migration of finer particles (1
mm) towards the pipe walls and formation of the LL. The lowest concentration and
smallest mean diameter (D.¢) of particles were obtained in the outer radial zone Z4,
hence confirming the formation of the LL in the vicinity of the pipe wall. The mean

diameter of particles in the simulated LLs ranged between 1.4 to 2.8 mm.

The volumetric concentrations of all particle subclasses gradually increased in the
central zone (Z1) over time, leading to higher packing of particles in the pipe center.
This was observed more for the larger particles (3.5-17 mm) than for the finest particle
size (1 mm), leading to relatively coarser PSD in the pipe center compared to the outer
radial zones and the reference mixture.

For a given particle concentration, coarser PSD of particles led to higher rates of particle

migration across the pipe. Moreover, in the case of the low- (LC = 10%) and medium-
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(MC =25%) concentration suspensions, the total concentration of particles continuously
decreased from the pipe center towards the LL zone. The high-concentration (HC =
40%) suspensions showed the highest particle concentration in Z3 (0.75R-0.875R),
followed by the central zones Z1 and Z2 (0-0.75R). Therefore, a fully fluid-particle
coupling approach (4-way CFD-DEM) is recommended for more accurate simulation
of the highly concentrated suspension pipe flows.

e For a given particle concentration, a larger mean diameter of particles (Davg) was
obtained across the pipe for the coarser-PSD suspensions. Moreover, for all the
investigated suspensions, comparable Davg values were obtained in the central three-
quarters of the pipe (0-0.75R). Comparison between the Davg values confirmed the
migration of larger particles from the higher-shear rate zones (0.75R-R) towards the
central lower-shear rate zones (0-0.75R).

e The suspensions proportioned with lower concentration and coarser PSD of particles
exhibited higher COV of particle concentrations in different radial zones over time. For
a given concentration, suspensions with coarser PSDs experienced higher SIPM. In the
case of fine-PSD suspensions, higher particle concentrations led to lower SIPM.

e The yield stress of the BC and LL zones at the end of flow period ranged from 1.10 to
1.75 and 1.02 to 1.27, relative to the suspending fluid, respectively. The relative plastic
viscosity of the BC and LL zones to the suspending fluid ranged between 1.37-5.95 and
1.05-2.16, respectively. The highest rheological heterogeneity across the pipe was

obtained for the highest concentration and coarsest PSD of particles.

e Different measures were proposed to evaluate the pumping-induced heterogeneity of
the investigated suspensions across the pipes in terms of the wall effect (WEI), yield
stress- (YSHI) and viscosity-heterogeneity indices (VHI). The proposed WEI, YSHI, and
VHI indices were found to be in very good agreement with mean diameter (Davg) and

relative-solid packing fraction (¢/@max) of particle.

® Higher wall effect was obtained for the suspensions proportioned with lower
concentration and higher packing density (i.e., lower ¢/@m.) and coarser PSD of
particles. On the other hand, higher concentration and lower packing density (i.e., higher
o/pmax), and coarser PSD of particles resulted in higher rheological heterogeneity across

the pipe.
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e The estimated LL thicknesses of the investigated pipe flows, using the image analysis
of post-processing of the pipe cross sections (1.2-3.3 mm) and concentration profiles
(4-10 mm), were well validated compared to values typically reported in the literature

for actual concrete pumping experiments.
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APPENDIX A

The evolution of the volumetric concentration of different particle subclasses P1-5 in different radial

zones Z1-4 are presented in Figs. A1-A3 for LC (10%), MC (25%), and HC (40%) suspensions.
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APPENDIX B

Repeatability of the carried-out simulation

In this study, for each of the investigated mixtures, given the concentration and PSD of particles
(Table 6.6), the particles were produced using a random number generator function in a
descending order of size (i.e., larger particles were generated earlier). Given a definite
environment, the used random function generates a defined sequence of random numbers. The
subroutine keeps an internal state, which is the source of random numbers. Once the random
function is called, it changes the internal state and generates a new random number. It means,
starting from a particular state, the same sequence of random numbers are generated, i.e., given
the number of particles to be generated, the random generator produces exactly the same values
(i.e., coordinates in our case). This reproducibility is useful to reproduce the same results in
simulation, when another variable is investigated, such as suspending fluid rheology or flow

rate magnitude, etc.

The repeatability of the model due to the initial distribution of particles was evaluated using an
additional seed to the particle numbers added to the present random generator. Therefore, the
generated coordinates are different by the original values used in the carried-out model while
keeping the same PSD and concentration, depending on the new seed which is computer
time/date in this case. The modified random generator was applied for two additional cases for
#3-CPSD-LC mixture, as the suspension showing the highest SIPM among all the investigated
mixtures, reflected by the highest COV(¢)z1-4 value over time (Fig. 6.9a). The results of the
total particles’ concentrations in different radial zones Z1-4 are presented in Fig. 6.B1.a. As can
be observed, all the particle generation trials showed comparable trends and values. Moreover,
as shown in Fig. 6.B1.b, negligible differences were found between the COV(p)z1-4 values
obtained for the original generation of particles (Trial #1) and two additional random
generations #2 and #3, reflected by low root-mean squared-errors (RMSE) of 2.2% and 3.5%,

respectively.
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Moreover, the repeatability of the employed approach due to variation of the selected fluid time
step (47y) was assessed for the same mixture #3-CPSD-LC. Two additional 47y of 0.008 and
0.012 were applied in addition to that of the original carried-out model (4770f0.01). As can be
observed in Fig. 6.B2.a, very similar concentration values and trends were obtained at different
radial zones Z1-4 over time for all three different applied 47y values. Accordingly, as shown in
Fig. 6.B2.b, low RMSEs of 1.6% and 2.1% were obtained for the COV(p)zi4 values
corresponding to 477 of 0.008 and 0.012 compared to those of the original model (477 0f 0.01).
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Abstract

This study introduced a four-way CFD-DEM coupling approach to simulate the shear-induced
particle migration (SIPM) mechanism leading to formation of the lubrication layer (LL) during
concrete pumping. The CFD-DEM simulations considered the coupled effect of concentration
(10%-40%) and wide size distribution (1-17 mm) of aggregate and rheology of the mortar for
forces between the suspending matrix and the particles (and vice versa), as well as force
transmission directly between particles (and the pipe wall). The formation of the LL was
successfully simulated through a more realistic understanding the SIPM mechanism and
rheological evaluation across the pipe with comparable calculation times compared to the one-way
coupled DEM approach, especially for high concentrations. The simulated LL thicknesses of 0.8-
2.7 mm compared well with experimental values. The flow rate and rheological heterogeneity of
pumped concrete, and rheology of the LL, were found mostly controlled by the granular-skeleton

characteristics rather than the suspending-matrix rheology.

Keywords: Coupled CFD-DEM; Concrete pumping; Lubrication layer, Particle-size distribution;
Rheology; Shear-induced particle migration.

7.1 Introduction

Pumped concrete is subjected to a set of complex flow behaviors as it passes through pipelines,
originated from its multiphasic nature. These flow behaviors include the effect of the pipe wall to
reduce the aggregate concentration near its interface with concrete (called the wall effect (WE))
and shear-induced particle migration (SIPM) of aggregate towards the pipe center [1,2]. Due to
the WE, the particles’ radial displacements are limited, hence lowering the packing of aggregate
close to the pipe wall [3]. The SIPM, occurring under a non-uniform shear-rate profile, refers to
the irreversible migration of aggregate in the perpendicular direction to the shear plane from higher
shear-rate zones near the concrete-pipe wall interface to lower shear-rate zones near the pipe center
[1,2,4-7]. Accordingly, the WE and SIPM phenomena lead to formation of a thin layer of highly
flowable mortar in the vicinity of the pipe wall, which is termed the lubrication layer (LL). The
LL consists of a micro-mortar with relatively high volume of cement paste and fine particles (<2

mm) compared to the bulk concrete (BC) [1,8-13]. On the other hand, the coarser aggregates
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migrate to the central axis of the pipe, tending to achieve their highest packing arrangement, and
consequently increase the local yield stress and risk of plug flow [14-16]. Such shear-induced
rheological heterogeneity across the pipe can significantly influence the pumpability of concrete
[1,2,10,11]. Various analytical models revealed that the relationship between the pumping pressure
loss and flow rate is governed not only by the rheology of the bulk concrete, but also significantly
by the plug radius and rheological properties and thickness of the LL [17-19]. Therefore, to better
predict the concrete pumpability, it is essential to understand the multiphasic mechanisms
governing the flow behavior of concrete in pipes. This can lead to evaluate the shear-induced

rheological heterogeneities during concrete pumping process more precisely [1,2].

Due to its confined condition, characterization of the heterogeneities occurring during concrete
pipe flow is problematic [1]. The LL characteristics can be empirically evaluated using indirect
measurements, such as visual identification of the LL thickness using digital image processing
(DIP) of hardened concrete in pipe cross-sections at the end of the pumping process [20], or use
of frictional rheometers (tribometers) to evaluate the rheological properties of the LL for a given
concrete mixture [9,21,22]. However, due to wide diversity of particle sizes and the opaque nature
of the concrete matrix, the identification of a threshold to accurately measure the LL thickness
using DIP is not reliable [1]. On the other hand, the use of interface tribometers does not account
for pressure applied during the measurements and involves lower shear rate values compared to
those exerted on concrete through actual pumping operations [1,23]. Therefore, tribometers cannot
allow a full characterization of the flow conditions during the pumping procedure. Numerical
modeling has gained special attention for the evaluation and prediction of concrete pumpability
over the last decade [1,23,24]. Although the single-phase modeling approach showed high
potential to predict the pressure loss for large-scale pipelines [1,12,24-26], it relies on a wide range
of assumptions for simulating the development of heterogeneous behavior of concrete flow in
pipes. Discrete simulation approaches, utilizing fundamental models of particle interactions with
the flow and with each other, can be employed as an alternative to simulate the SIPM during

pumping processes [1,24].

The discrete element method (DEM) is a well-known particle-based discrete modeling approach,
which has seen widespread use for simulating a wide range of particulate flows [1,27,28].

Momentum conservation of both translational and angular particle motions is applied including
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effects of both interparticle and particle-wall collisions as well as particle-fluid interactions. The
elastic, viscous, and frictional components of particle interactions are represented in DEM by
means of virtual spring, dashpot, and slider elements, respectively [1]. DEM can help to understand
the heterogeneous phenomena during concrete flow including blockage and segregation by means
of tracking of aggregate displacement [1,28]. DEM is thus used increasingly to simulate concrete
pipe flow, accounting for the presence of solid particles, as a contrast to the single-phase modeling
approach [1,29-32]. DEM has been mostly used to predict the concrete pumping pressure
[28,30,31]. Due to computational limitations, realistic assumptions were generally not made for
particle-size distribution (PSD) and concentration of aggregate in previous DEM simulations;
nevertheless, the simulated pressure loss values in horizontal pipe [30-31] and bend [28] segments

were found to be in reasonable agreement with experimental results.

A few previous studies have attempted to simulate the SIPM during pipe flow using DEM.
Haustein et al. [29] simulated the pumping-induced particle migration of a dry granular mixture
using soft-sphere DEM. The shear-induced rheological heterogeneity across the pipe was
successfully simulated, identifying three different radial regions across the pipe by descending
particle concentration towards the pipe wall. However, the simulated mixtures were far from
conditions typically experienced in concrete pumping applications due to the very fine particle size
used (0.5- and 1-mm diameter particles) and the neglect of the effect of the suspending matrix on
the particles. Most recently, Tavangar et al. [32] successfully simulated the LL formation
mechanism using a soft-sphere DEM model by accounting the particle-particle-pipe wall
interactions and taking into account the suspending fluid drag force on particles, but with one-way
interaction between the particles and suspending fluid. The investigated particles consisted of wide
PSDs and concentrations (10%-40%) of five particle subclasses of 1-17 mm to be representative
for typical concrete mixtures. The authors [32] reported the predicted LL thickness ranged from
1.2 to 3.3 mm which is in general agreement to those reported in literature for typical concrete
pumping experiments (1 to 3 mm) [1,11-13,26]. Furthermore, a constant decrease in the particle
concentration from the pipe center to the LL zone was successfully obtained for the low- (10%)
and medium- (25%) concentration suspensions. However, in the case of high-concentration (40%)
mixtures, the highest concentration of particles was not obtained in the central zone, which

contradicts the expected SIPM behavior in concrete pipe flow. This anomalous result was
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explained by the neglect of the effect of particle forcing on the fluid flow, which at sufficiently

high concentrations can have a significant impact on the fluid velocity distribution.

A fully fluid-particle coupled approach is thus recommended for concrete pumping simulation at
high concentrations. In order to evaluate the effect of particles on the suspending fluid flow, the
Navier-Stokes equations can be solved simultaneously with the DEM equations for the particle
motion using an appropriate computational fluid dynamics (CFD) model that accounts for the
effective body force exerted by the particles on the fluid. The particle displacement in the DEM
code is updated using the calculated hydrodynamic force in the CFD model in addition to the
interparticle contact forces calculated at the collision period, yielding the fully-coupled, or four-
way coupled, CFD-DEM approach [1,33-37]. Tan et al. [33] employed a CFD-DEM coupling
approach to simulate concrete flow through different 90° elbow segments. The model concrete
suspensions contained 25% cement paste (suspending fluid), 49% fine aggregate, and 26% coarse
aggregate. The fine and coarse aggregate were modeled using single-size spherical particles of 2-
and 15-mm diameter, respectively. Good agreement was obtained between the numerical
simulations and location of the maximum erosive wear damages in the elbows, although the single-
size assumptions for fine and coarse aggregate are not representative of the typical continuous
PSDs used in concrete mixtures [38]. Zhou et al. [34] successfully employed the coupled CFD-
DEM approach to simulate the SIPM in vertical pipe flow of diphasic suspension of 2.7%-10%
concentrations of ceramic particles measuring 2.32 to 3.82 mm in diameter in water. However, the
investigated size range and low concentration of particles, as well as rheology of the suspending
fluid (water) cannot be representative of concrete mixtures. Most recently, Jiang et al. [36,37]
optimized the spatial attitude of pump truck boom conveying pipes, including various straight
horizontal and vertical pipes and bending segments, to minimize the pressure loss using a CFD-
DEM coupling approach. Continuous PSDs of coarse aggregate of 5-20 [36] and 5-10 mm [37]
were modeled as clumps of spherical particles, which does not yield accurate simulations of
particle collisions. The numerical simulations led to reduction of pumping pressure loss values by
5.5% [36] and 2.6% [37]. However, the formation of the LL was not investigated, while its
presence in the CFD code was taken into account as a secondary fluid phase [37] from the
beginning of the flow, in addition to the mortar matrix [36]. The LL characteristics remained

unchanged in terms of rheological properties, particle concentration, and thickness.
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SIPM in heterogeneous suspensions has been described due to spatial variations in particle
collision frequency and effective viscosity of the suspension. According to Phillips et al. [39], the
particle fluxes leading to SIPM mainly depend on the particle-size distribution (PSD) and
concentration of suspended particles, flow shear rate, and local viscosity heterogeneity of a given
suspension across the pipe. The flow velocity profile of suspensions becomes blunter due to the
migration of particles from higher to lower shear-rate zones depending on the size and
concentration of solid particles [4,6,39]. The particle displacements in a flowing suspension are
controlled by various forces, including inertia, interparticle collisions forces, and contact friction,
as well as the drag forces exerted from the surrounding fluid. On the other hand, the suspending
fluid flow field is influenced by the shear force, pumping pressure, and body forces exerted by the
suspended particles, depending on the rheological properties of the suspending fluid, as well as the
PSD and concentration of particles. Thus, it is important to take into account the coupled effect of
the abovementioned factors while simulating the multiphasic flow behavior of concrete pipe flow
by means of a given particle-based modeling approach. A four-way CFD-DEM approach can be
used to account for such coupled effective factors for forces between the suspending fluid and the
particles (and vice versa) as well as force transmission directly between particles (and pipe wall)

via particle collisions [40].

The objective of this study is to simulate the effect of four-way particle-fluid interaction on the
shear-induced mechanism of formation of the LL during concrete pipe flow and its characterization
in terms of rheological properties and thickness. The SIPM mechanism was simulated for a fully-
developed concrete pipe flow within a cylindrical pipe considering wide particle distributions
typical of concrete pipe flow. A multiple time-scale four-way CFD-DEM coupling approach was
developed to evaluate the coupled effect of the PSD and concentration of aggregate and rheology
of the suspending mortar on shear-induced heterogeneities during concrete pipe flow. The particle
motion was resolved through a soft-sphere DEM model [32,41] taking into account the particle-
particle-wall collisions, as well as the forces and torques on the particles exerted by the surrounding
fluid. The Stokes drag expression, considering the crowding and inertia effects of neighboring
particles [42], as well as the effect of the suspending fluid viscoelastic behavior on particle drag
force was taken into account [43]. A splitting algorithm following by a Fourier-spectral filter [44]

was applied on the results of the DEM model in terms of the body forces and concentration field
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of the particles [45]. The smoothed data were then translated to a CFD model to simulate the
suspending fluid flow field using the Navier-Stokes equations. The evolution of five different
spherical particles with diameters ranging from 1 to 17 mm were calculated across four radial
zones of a 100-mm cylindrical pipe. Suspensions of 10%-40% concentration and with fine,
medium, and coarse PSDs of particles, and flow Reynolds numbers of 100 and 500 were simulated.
The SIPM and pumping-induced rheological heterogeneities as well as the rheological properties
and thickness of the LL were evaluated at the end of the computational period. The simulation
results were compared to those of a one-way coupled DEM approach [32,41] to highlight the

significance of the full fluid-particle coupling as a function of PSD and particle concentration.

7.2 Computational methodology

In this study, a four-way coupled CFD-DEM method was applied to simulate the SIPM during
concrete pipe flow using a multiple time-step soft-sphere DEM approach coupled to a Navier-
Stokes CFD code for fully-developed, axisymmetric pipe flow [32,41]. The governing equations
of the mathematical model are described in Section 2.1, and the numerical method used to solve

these equations is discussed in Section 2.2.

7.2.1 Governing equations of mathematical model

7.2.1.1 Governing equations for the particles

The particle transport and their interaction with the surrounding fluid, neighboring particles, and
pipe wall were computed using a soft-sphere DEM model [41]. The particles were modeled as
elastic spheres with different mass (m), translational (v) and angular velocity (), and inertia (I).

Particle transport was evolved via the linear and angular momentum conservation equations, as

follows.

v
m=—=Fr+Fc (7.1)
12 =My + Mc (7.2)

where Fr and Mr denote the force and torque applied on particles from the suspending fluid and
Fc and Mc denote force and torque from particle collisions with the wall or with other particles.

The suspending fluid mostly influences particle advection by the drag force and viscous torque.
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Other forces, such as the Magnus, virtual mass, and Basset forces, were neglected in this study due
to low particle relaxation times caused by typically high viscosity of suspending matrix (mortar)
in concrete suspensions [46]. The drag force was computed using a modified form of the Stokes

expression, given by

Fr=-3ndu(v-u)fcfifre (7.3)

where d, u, and c are the particle diameter, fluid viscosity, and local particle concentration,
respectively. Expression (3) contains three correction factors to account for deviation from Stokes
law due to particle crowding (fc), particle inertia (f7), and fluid viscoelastic response (fy). The

crowding correction factor is given by Di Felice [42] as:

fe=(-¢) (7.4)

where £ is a function of the particle Reynolds number Re,, defined as:

I 0.65
p=21 Exp [I.S—In(Rep)]z] (1.5)
2
|v—ugd (7.6)
Re, = —1—

v
and v is the kinematic viscosity of the suspending fluid. The inertia correction factor is given by

Schiller and Naumann [47] as:

— 0.68
fi=1+0.15Re,* %’ (7.7)

which is valid for particle Reynolds numbers up to about 800. The viscoelastic correction factor
account the effect of suspending fluid elasticity for a flow with small Stokes number. As discussed
by Chhabra et al. [43], the drag correction due to fluid viscoelasticity is a function of the

Weissenberg number We, defined by:
We = @A (7.8)

where A and r are the relaxation time and particle radius, respectively. In this study, the A values

ranged from 0.3 to 100 ms were chosen from the experimental results reported by Fourmentin et
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al. [48] for cementitious materials. Chhabra et al. [43] showed that for flows with We higher than
1, it is necessary to consider a correction for drag coefficient. The correction factor fVE was
obtained using a fitted function presented in Fig. 7.1 to the We data reported by Chhabra et al.
[43], as follows:

Jre=0.87 - 0.13 tanh[2.48 log(We)] (7.9

1.05

1.00 R? = 0.980

0.95 - RMSE = 0.015

k 0.90 4

0.85 -
0.80 4 © Chhabra et al. [43]

0.75 1 —Fitted Eq. (9)
']-7'] L] L] L L L
0.0001  0.001 0.01 0.1 1 10 100

We
Fig. 7.1. Correction factor fyz versus We number, fitting Eq. (7.9) to the reported data by Chhabra et al. [43].

The viscous torque Mr exerted on particles from the suspending fluid is given by [32,41]:
1
Mr=mud’ (0 - Q) (7.20)

where o is the vorticity of the surrounding fluid at the particle location. The contact force and
torques exerted on particles due to interaction between neighbouring particles were modeled using
the classical Hertz [49] collision theory for normal collisions and the spring-dashpot-slider model
proposed by Cundall and Strack [50] for sliding resistance, with analogous expressions for twisting
and rolling resistance [51]. The parameters and formulations used to model the contact forces and

torques between two particles i and j are summarized in Tables 7.1 and 7.2.
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Table 7.1. Parameters of the contact model used in the employed DEM model.

Parameters Symbol Formulation
Particle radius r r;and r;
Vector from the particle centroid to the contact point r r;=rmand r;=-rn
Particle mass m m; and m;
Poisson’s ratio of particle o o; and g;
Shear modulus of particle G G;and G;
Centroid position of particle X X; and X;
Restitution coefficient e 0.1
1 1 1
Effective radius Te —=—+4-
re 1T
, , 1 1-0? 1-0/
Effective elastic modulus E 7= E i
. 1l 2-0; 2-g
Effective shear modulus G G- G, + G,
Particle velocity at the contact surface Ve Ve=V+Qxr
Normal overlap Oy On=ri+7i- X - X
Contact region radius a a=r.dy
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Table 7.2. Formulation of the contact forces and torques used in the DEM model.

Interaction Symbol  Formulation Direction Variables
4

ky = EE a(?)

Normal force i ky Oy — 11 Vpm n=(x-X)/|x-x| Hv=oymky
a=1.2728-4.2783¢e + 11.087¢? - 22.348¢3 + 27.467¢" - 18.022¢° + 4.821¢°
VR = Vi - V¢j

t kr=8G a(t)
F, —kr <f Vg (f)df> Sty — Vg tg Vs = Vg - (Ve.n)n

Sliding force o ts=vs/ |vs| nr=nn

If |FS| > Ferig; t to F§
Fo wIF) |F.| «; reset to F},
ur=03
k a2 t 2
wo - ewe-"to 0r=(@-0)n
Twisting torque fo Q|24
2
M cri ga Foi If Mt > Mt.crit; reset to M
1(ri—r
v, = —re(()i - QJ-) Xn-— 5(0 T r,-) Vs
' v Nr=Ur | Fne|
Rolling torque M, —kg <f v, (r)dr).tR — V- tr t = ﬁ b= l1—e
1 t R 2.283wi> (K/m)/s

wo: The relative velocity between two particles before the collision

K=3E.[r,

Total torque exerted on particle i Mc r;i Fs(nxts) + M,(tzxn) + M.n -
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7.2.1.2 Governing equations for the suspending fluid flow

The suspending fluid’s flow was modelled using the Navier-Stokes equations [41], given by:

a% (evp,) +7.(conpmy) =0 (7.13)
8 5 5 ou; Ou, 5 (7.42)

where uy, p, and py imply velocity, pressure, and density of the suspending fluid, respectively. b
denotes the body force, including the drag force exerted on the suspending fluid by particles. ¢, is
the volumetric fraction of the suspending fluid. For the current problem, the pressure term was
assumed to be in the axial direction and was constant across the pipe, as is typical for fully-
developed laminar flow. The flow was assumed to be axisymmetric, such that the fluid velocity
field is a function only of radius and time. The mass and momentum equations were transformed
to non-dimensional form using the pipe radius (R,iye) and mean fluid velocity (uy) as the length and

velocity scales, respectively, giving the mass and momentum conservation equations as:

0 0

Ey (CV)JFa (cyup =0 (7.53)
o 110  ou 4 (7.64)
a_t(cvuf) =TT a(l‘ Cvg) —O T b

where the suspending fluid Reynolds number Re is given by

PDpipe
y2

7.2.2 Numerical method

Re = (7.75)

Particles were randomly initiated in the pipe geometry, placed in descending order of particle size
(i.e., larger particles were generated earlier). When each particle was placed, it was checked to
make sure that no other particles overlapped the given particle position. The governing equations
of the suspending fluid flow were integrated using a multiple-time-step algorithm [41], with fluid

time step A7}, non-colliding particle advection time step A7), and colliding particle time step AT-.

The pipe geometry was a cylinder of 100 mm diameter and 500 mm length.
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A conservative particle blob method, introduced by Marshall [52], was employed to calculate the
local concentration field for use in the particle crowding correction term in Eq. (7.4). A 3D-
Gaussian function (f) with a specific radius R, and amplitude 4, was defined to distribute the
particle volume onto the flow field. The concentration at each point was then obtained using the

effect of neighboring blobs, given by:

(x,0) = X0_1 4, f(x =X, R,) (7.86)

2
(f(X - Xn,Rn) = W (797)
3nR, Exp(R—g)

n

The overall coupled CFD-DEM algorithm is schematically illustrated in Fig. 7.2. The particle
transport and the coupling term between the particles and the suspending fluid phases were first
computed in Cartesian coordinates using the DEM algorithm. A level set method was used to
identify the pipe boundary on the Cartesian grid. A homogenization procedure (described below)
was employed to compute the particle concentration and effective fluid body force terms for the
fluid momentum equation. The fluid flow evolution was solved in polar coordinates using a finite-
difference method, with central differencing in space and implicit second-order differencing in
time. The computations used 20 mesh points in the radial direction and dimensionless time steps
of ATy=0.01, AT, = ATy20, and ATc =AT,/40. Repeatability of the DEM method under different
random initial positions of the particles and selected time steps was previously confirmed for

concrete pipe flow in [32].
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Fig. 7.2. The schematic illustration of the multiscale coupled CFD-DEM algorithm applied in this study.
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7.2.2.1 suspending fluid flow

A homogenization procedure was introduced to calculate the effective body force acting on the
fluid from the particles and the particle concentration field. As part of this procedure, it was first
required to calculate the volume of particles located in each fluid cell. Due to the wide range of
the particle sizes, the particle diameter-to-fluid mesh cell-size ratio may exceed unity. In order to
reduce numerical noise, especially for fine fluid mesh cells [46], it is important to calculate the
volumetric fraction of particles occupied in each fluid cell. The volume of a spherical particle with
radius 7, located at distance |r| between its centroid to the pipe center, and enclosed between two
planes with distances a and b (a < b) to the pipe center, corresponding to the inner and outer
boundaries of a suspending fluid mesh cell, respectively, can be estimated as follows:

_ (b—|r\)3—(a—\r|)3]

V=mn [rpz (b—a) 3

(7.108)

For simplification, the curvature of the fluid meshes was not taken into account, and it was assumed

that particles were enclosed between two straight surfaces.

In this study, the pipe geometry was discretized using 21 cylindrical meshes with identical length
of the pipe Lpipe. The inner and outer boundaries of the i7" mesh cell (ir starting from 0 to 20) are
distanced by (ir - 0.5)4r and (ir + 0.5)4r to the pipe center (4r = Rpipe/20). Accordingly, the 0™
mesh cell refers to a cylindrical mesh of D,i»./20 in diameter centered at the pipe axis. Also, the
inner and outer radii of the 20" mesh cell measure 19.5Ripe/20 and Ry, respectively. Considering
the i7" and iris™ cells, referring to the mesh cells which contain the points on the particle surface
with the shortest (|r| - 7,) and longest (|r| + 7,) distances to the pipe center, respectively, as shown
in Fig. 7.3, the particle is split in total Ny times (Nspiir = iriast - irfirs)). Therefore, four different
scenarios can then happen depending on the size and location of the particles within the fluid mesh

cells, as follows:

Scenario A: if irfirs: = iriase = ir, therefore the particle does not need to be split (Npiir = 0). Therefore,

. . . 4
the particle concentration in the i mesh cell equals gnrp3.

Scenario B: The partial volume of the particle, enclosed in the irsi-" mesh cell can be estimated

by setting a = |r| - r, and b = (irfirs: + 0.5)4r in Eq. (7.18).
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Scenario C: The partial volume of the particle, enclosed in each of the ir™ mesh cell (irps < ir <

iriast) can be estimated by setting a = (ir - 0.5)4r and b = (ir + 0.5)4r in Eq. (7.18).

Scenario D: The partial volume of the particle, enclosed in the irs™ mesh cell can be estimated

by setting a = (irias: - 0.5)4r and b = |r| + r, in Eq. (7.18).

The abovementioned splitting scenario were examined for all the particles in each time step to
calculate the total concentration of particles and volumetric fraction of the suspending fluid (¢,) in
each fluid mesh cell. A similar procedure was used to partition the particle drag force between the
various radial bands overlapped by the particle in proportion to the volume of the particle in that

radial band.

Pipe wall :
iry
*
ir y 5, o
» Scenario C
pipe »
Ar
y ‘r|+].p
A Scenario B
Scenario A .
[r|-r,,
Pipecentery M .. v

Fig. 7.3. Schematics of splitting method used to calculate the local particle concentration.
7.2.2.2 Smoothing algorithm

A Fourier spectral filtering [44] was used to smooth the distribution of particle concentration and
body force on the flow following the homogenization procedure. In this procedure, the
concentration and body force were fit to a Fourier series in the radial coordinate » using a half-
range expansion over the pipe centerline to make the functions periodic. The Fourier coefficients
were then multiplied by a factor g, to suppress the high-wavenumber modes, where 7 is the Fourier

mode number and
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(7.119)

Here Nr and Ny are the total number of Fourier modes and an adjustable parameter associated with
the spectral filter, respectively. For the current paper, we selected Ny as twice Nr, as was also done
by Ghazi et al. [45]. An example for the pipe flow of a highly concentrated suspension (40%)
across a 100-mm diameter pipe (Rpipe = 50 mm) is presented in Fig. 7.4. As shown for the original
particle concentration profile obtained from the splitting algorithm, namely “Raw data”, high
wavenumber noise can be observed in the central zone close to the pipe center, which can have a
negative effect on the velocity computation. The concentration field was smoothed using two
different Nr values of 10 and 20 in the employed spectral-filter method. As can be observed in Fig.
7.4, the choice Nr = 20 led to higher precision compared to smoothing with 10 Fourier nodes,
especially in the pipe center and the vicinity of the pipe wall, which are important to characterize
the plug flow and LL, respectively. Therefore, in the remainder of this study, Nr = 20 Fourier

modes was used for the spectral filter.

20 4 ——Raw data 8

----Smooth data, Nz = 20 (R? = 0.896, RMSE = 3.7%)

Particle concentration (%)

. Smooth data, Ny = 10 (R? = 0.658, RMSE = 5.8%)

'] L) L) L] L) L) L) L] L] L)

0 - 10 15 20 25 30 35 40 45 50

Radius (mm)
Fig. 7.4. Comparison between the smooth concentration profiles obtained using the spectral filter method with
different Nr of 10 and 20 and those originally obtained from the splitting algorithm (Raw data).
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7.3 Concrete pipe flow models

As shown in Table 7.3, the model-granular mixtures were proportioned using three PSDs (fine,
medium, and coarse) of five spherical particles P1 (1 mm), P2 (3.5 mm), P3 (7.5 mm), P4 (12
mm), and P5 (17 mm), representing the ASTM standard sieve-size ranges of 0-2.5, 2.5-5, 5-10,
10-14, and 14-20 mm, respectively. As reported by Tavangar et al. [32], the modeled PSDs were

designed to produce fine and coarse aggregate recommended for concrete production [53].

Table 7.3. Proportioning of different PSDs of the investigated granular mixtures, in terms of volumetric fractions
(vol.%) of 5 particle classes (P1-5) in unit volume of aggregate

Particle subclasses (vol.%)

PSD #

P1: 1 mm P2: 3.5 mm P3: 7.5 mm P4: 12 mm P5: 17 mm
Fine 38 10 38 11 3
Medium 25 8 43 17 8
Coarse 12 7 47 23 12

As summarized in Table 7.4, six different suspensions were proportioned using three total particle
concentrations (¢) of 10% (low: LC), 25% (medium: MC), and 40% (high: HC) of fine (FPSD),
medium (MPSD), and coarse (CPSD) PSDs. The number of each particle classes of P1-5 and total
number of particles (n) dispersed in a cylindrical pipe, measuring 100 mm in diameter (Dpipe) Or
50 mm in radius (R), and 500 mm in length (Lpje), as well as the average diameter (Davg) and
packing density (gmax) of particles in each suspension are also presented in Table 7.4. The Dayg
values of the investigated particle mixtures were calculated using the volumetric-weighted
arithmetic average of diameter of their corresponding particles. Moreover, as reported by Tavangar
et al. [32], the gmax values of the investigated granular mixtures were calculated using the linear-
packing model proposed by Stovall et al. [54] and de Larrard [55]. Two different suspending fluid
flow Reynolds numbers Re of 100 and 500, reflecting two viscosity levels of the suspending fluid,

were considered for each suspension.

Table 7.4. Proportioning of different PSDs of the investigated granular mixtures, in terms of volumetric fractions
(vol.%) of 5 particle classes (P1-5) in unit volume of aggregate.

Number of particles

Model # PSD Concentration level Dy (mm) Dmax
Pl P2 P3 P4 P5
FPSD-LC Fine 286875 1706 680 47 5 289313 5.429 0.847
MPSD-LC Medium Low (¢ = 10%) 187500 1421 756 73 11 189761 6.990 0.858
CPSD-LC Coarse 88125 1137 831 100 18 90211 8.635 0.868
MPSD-MC Medium . 468750 3553 1889 183 29 474404 7.030 0.857
Medium (¢ =25%)
CPSD-MC Coarse 220313 2843 2078 250 46 225530 8.657 0.868

CPSD-HC Coarse High (p = 40%) 352500 4548 3324 399 73 360844 8.646 0.868
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7.3.1 Evaluation of radial particle migrations

The evolution of the concentrations of each particle classes P1-5, total particle concentrations,
Davg, and @nayx of particles in four different radial zones of Z1, Z2, Z3, and Z4, corresponding to
the radial ranges of 0-0.5R, 0.5R-0.75R, 0.75R-0.875R, and 0.875R-R (Fig. 7.5), respectively, was
investigated for the whole pipe-flow period (f = 0 - 20). It is worth mentioning that the bulk
concrete (BC) and lubrication layer (LL) zones were assigned to the radial ranges of 0-0.875R (Z1-

3) and 0.875R-R (Z4), respectively.

Fig. 7.5. Radial zones Z1, Z2, 73, and Z4, corresponding to the radial ranges of 0-0.5R, 0.5R-0.75R, 0.75R-
0.875R, and 0.875R-R, respectively, as well as the bulk concrete BC (Z1-3: 0-0.875R) and lubrication layer LL
(Z4: 0.875R-R).

The following measures were proposed to evaluate the radial SIPM and rheological heterogeneities
of the investigated suspensions across the pipe.

7.3.1.1 Shear-induced particle migration index (SIPMI)

The SIPM phenomenon is expected to result in a radial variation in total particle concentration in
different zones in a descending order of their radial distance to the pipe center (i.e., pz1 > pz2 > ¢z3
> ¢z4). Therefore, in order to evaluate the pumping-induced migration of particles, not only the

radial heterogeneity of particle concentrations, but also the order of particle concentrations in

different radial zones should be considered. Accordingly, a SIPM index (SIPMI) was defined as:

SIMPI = [COV(9)z1-4 X 5(®) z1-4)t=20 — [COV (@) z1-4 X T5(P) z1-2] =0 (7.20)
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where COV(¢)z1-4 is the coefficient of variation of particle concentrations (¢) in different radial
zones Z1-4 and ry«(¢p)z1-4 1s Spearman’s rank correlation coefficient [56] between the descending

rankings of the particle concentrations (rank(¢), ) and radial distances (rank(r), ) of zones Z1-4

to the pipe center, calculated at the beginning (¢ = 0) and end (¢ = 20) of flow period, given by:

o(9) ;.
COV(p),, , = /Wj; X 100% (7.21)
4 2
. 6 [rank((p)zi — rank(r)zi] (7.22)
rs(¢)21_4 - nZ(nZZ — 1)

where o(¢)z1-4, Avg(p)z1-a, and nz = 4 are the standard deviation and average of the total particle
concentrations in zones Z1-Z4 and number of radial zones Z1-Z4, respectively. It is worth
mentioning that r4(¢)z1-4 values range between 0 and 1 for the worst-case scenario, where ¢z <
972 < pz3 < @z4, and the expected one from the SIPM phenomenon, i.e., pz1 > ¢z2 > ¢z3 > @74,

respectively.

7.3.1.2 Rheological heterogeneity of the investigated pipe flows

The yield stress (zo(p:)) and plastic viscosity (up(¢:)) of the suspensions of different radial zones at
the end of flow period (¢ = 20), relative to those of the suspending fluid (i.e., 7o(0) and u,(0)), were
calculated as functions of concentrations (¢;) and packing density (@max-i) of the spherical particles
“i ”»

in the given radial zone

(7.23)) and Krieger and Dougherty [58] (Eq. (7.24)), respectively, as follows:

(i = 1 to 4) using the models proposed by Chateau et al. [57] (Eq.

70(9,) g, \ 7 Pmaxi
i = L= [(1=9)[1-—— (7.23)
0 =20 = {79 < wmax-,)
'u (¢l) . _z‘swmax—i
f. == <1 - L) (7.24)
P 1,(0) P i

The yield stress- (YSHI) and viscosity-heterogeneity (VHI) indices were then proposed to evaluate

the radial heterogeneity of the rheological properties of the suspensions across the pipe, given by:
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YSHI (%) = [COV(zy.,) ;14 ¥ rs(to_,)21_4]t: 2 (7.25)

VHI (%) = [COV(/tp_r)Zl_4 X r(u )

) 4],220 (7.26)

where COV(z0-r)z1-4 and COV(up-r)z1-4 are the coefficients of variation of relative yield stress and
plastic viscosity values in different radial zones Z1-4, respectively, and ry(7o--)z1-4 and r(t4p-r)z1-4
are Spearman’s rank correlation coefficients between the descending rankings of the relative yield

stress and plastic viscosity values, respectively, and radial distances (rank(r), ) of zones Z1-4 to

the pipe center, calculated at the end of flow period (¢ = 20), similarly to Egs. (21) and (22).

7.4 Results and discussion

This section presents results of simulations for the DEM one-way coupled and the CFD-DEM
four-way coupled simulations, including the effect of particle-fluid coupling on evolution of
concentration of particle classes P1-5 and total concentration of particles in different radial zones
Z1-4 over the flow period (¢ = 0 - 20). The effect of particle-fluid coupling on the SIPMI, YSHI,
and VHI indices is examined, reflecting the pumping-induced heterogeneities across the pipe at
the end of the pipe flow period (¢ = 20). The effect of particle-fluid coupling on the rheological
properties of the suspending fluid, as well as the PSD, volumetric content, and packing density of

the aggregate on the pumping flow rate and rheological heterogeneity of the investigated

suspensions were evaluated:

7.4.1 Radial evolution of concentration of different particle classes

As shown in Fig. 7.6 for high concentration (40%) of coarse PSD (CPSD-HC suspension) and both
suspending fluid Reynolds numbers 100 and 500, and in Figs. 7.A1-5 in the Appendix for other
suspensions, the concentrations of different particle classes Pj (j = 1 to 5) in different radial zones
Zi (1 =1 to 4), obtained using both DEM and coupled CFD-DEM approaches vary over the pipe
flow period. As can be observed for all the cases, the finest particles P1 (1 mm) migrated to the
LL zone, reflected by rising concentration over time in Z4 (0.875R-R). Moreover, the P1
concentration significantly decreased in zone Z3 (0.75R-0.875R). This confirms that larger portion
of the P1 particles forming the LL originally migrated from its vicinity (Z3), rather than from the

other central zones Z1-Z2. On the other hand, lowering the concentration of all the larger particles
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P2-P5 in the LL zone confirm their migration to the central zones over time. The results revealed
that packing density of all the particle classes increased in the central zones Z1-Z2 (0-0.75R), as

indicated by increasing concentrations over time.

The concentrations of the largest particles P4 (12 mm) and P5 (17 mm) decreased in the vicinity
of the pipe walls; i.e., Z3-Z4 (0.75R-R), for all the cases. It is worth mentioning that depending on
the concentration levels of the investigated mixtures, the median particles P2 (3.5 mm) and P3 (5
mm) showed opposite concentration rates in zone Z3 (0.75R-0.875R). As can be observed, the P3
concentrations in Z3 increased for medium and high concentration suspensions, while decreased
for low concentration suspensions over time. On the other hand, P2 particles experienced positive
and negative concentration rates over time for the suspensions containing 10% and 25%-40%
particle concentrations, respectively. Different trends can be observed through the evolution of the
concentrations of different particles in suspensions with different Re numbers and simulated using

DEM and coupled CFD-DEM approaches, as further discussed in the next sections.
7.4.2 Evolution of total particle concentration across pipe

The radial evolutions of the total concentrations of particles across the radial zones Z1-Z4 for the
various investigated suspensions that are simulated using the DEM and the four-way coupled CFD-
DEM approaches are presented in Figs. 7.7 and 8, respectively. The lowest initial concentration of
particles in Z4 (LL: 0.875R-R) in the beginning of the flow period (at t = 0) for all simulated cases
can be attributed to the wall effect (WE) that affects the distribution of particles in vicinity of the
pipe wall, even prior to applying any pumping shear. Having an unceasing lowering rate, Z4 also
showed the lowest total concentration values over time, compared to other radial zones, for all

simulated cases, which can confirm the formation of the LL in vicinity of the pipe wall.

In the case of the low- (LC: 10%) and medium- (MC: 25%) concentration suspensions, the total
particle concentrations increased in the central zones Z1 and Z2 (0-0.75R) and decreased in the
outer Z3 and Z4 zones (0.75R-R) in the vicinity of the pipe wall. Increasing the radial distance
from the pipe center led to a continuous lowering of total particle concentrations across the pipe
for all the LC and MC suspensions. Accordingly, the central zone Z1 (0-0.5R) showed the highest
particle concentration, followed by Z2 (0.5R-0.75R), and Z3 (0.75R-0.875R) at the end of flow

period (¢ = 20) which is in accordance with the expected order of SIPM in pipes.
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Fig. 7.6. Evolution of concentrations of P1-5 particles in four different radial zones Z1-4 for the mixture containing coarse PSD and high (40%) concentration

of particles (CPSD-HC) versus flow time.

DEM - Re =100

500

DEM - Re

CFD-DEM - Re = 100

=500

CFD-DEM - Re



Chapter 7. Four-way CFD-DEM coupling to simulate concrete pipe flow Mechanism of 260
formation of lubrication layer

24 24 24 -
20 - 20 - 20 -
16 1 16 1 CLseesewemeeTeeresy 16 - .”-“.._”“....---
12 _-._s.,_,,n.-;-.':-';'.' ________ - 12 __“_,.'_';..-_,,- ....... -—— 12 _Q,a'.'.—-"‘"'-"""" “““
P ~ ~
8 ——— . 81 —_—— 8 - S
B A = e =
4 1 4 T~ 4 1 =
43 JEPSD-LC (10%) | MPSD-LC (10%) | cpsD-LC (10% E
seee b
35 1 35 1 50 e T T T T =
P i T SO I~
I - T, A e e i R B = - a
28 P — 287 e e e 40
£ 21 21 4 30 -
g
2 14 k 14 20 -
: \
g 7 7 4 10
E 24 MPSD-MC (25%) 24 CPSD-MC (25%) 24 CPSD-HC (40%)
& 20 20 20
16 4 16 4 e e 16 4 . .._.o...on-o .
,__,_.-_--_-.:.-_-:.-.;-_"_’.'_'_'_'_.::—"—"— 1 __,,.-'L'-"-:"'".‘.‘.“ e ———— i N O e
12 o 12 k- \ 12 figess” i
T el R ~ - —
8 1 g 8 1 T N —— 8 1 — e
-\__ - g
4 4 -\ 4 ‘\_ lﬁ‘
42 FPSD-LC (10%) .~ | MPSD-LC (10%) | CPSD-LC (10%) &
q- ;- .'._'_..-nlin. ; A ..__-~ﬂ—. ;:
35 35 '-.".....-.---" 50 ’z-‘ .—:z,;:'_';""""."‘- =
ST S e T - A LT, Pt L L DL PO P s s a
R i I Sy L B | —74:0875RR
— 73:0.75R-0.875R
21 211 sl ~=-72: 0.5R-0.75R
14 \ 14 \ 20 - N
7 7 1 10 -
o MPSD-MC (25%) | CPSD-MC (25%) | CPSD-HC (40%) n
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time

Fig. 7.7. Total concentrations of particles in four different radial zones Z1 to Z4 over time obtained using the DEM approach.
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Fig. 7.8. Total concentrations of particles in four different radial zones Z1 to Z4 over time obtained using the four-way coupling CFD-DEM approach.
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In the case of the high concentration suspension CPSD-HC, the total particle concentration increased in
Z3 (0.75R-0.875R) over time. In the case of the DEM simulation results (Fig. 7.7), the total
concentrations in Z3 overpassed those of the central zones Z1 and Z2 near the end of flow period (¢ =
20) which does not conform to the expected order in typical SIPM in pipes. As can be observed in Fig.
7.8, considering the fully coupling of the suspending fluid flow and particle dynamics by means of the
four-way CFD-DEM approach led to more accurate simulation of the pipe flow of the high concentration
suspension CPSD-HC, where the highest total concentration was obtained in the central zone Z1 (0-0.5R)
rather than the zones Z2 and Z3. Moreover, the CFD-DEM approach led to wider radial variations
between the total particles’ concentrations across the pipe for all the cases compared to those obtained
using the DEM approach. This can reflect that fully fluid-particle coupling allows capturing higher
degrees of SIPM across the pipe than the DEM approach which only considers the particle collisions and

I-way effect of suspending fluid on particles. This is further discussed and analyzed in the next section.

Furthermore, as can be observed for both DEM and CFD-DEM simulations, for a given PSD and
concentration of particles, the evolution of the total particles’ concentrations in the LL (Z4) zone
exhibited comparable trends for different suspending fluid Re numbers. It can thus be concluded that LL
composition in terms of particle concentration mostly depends on the granular skeleton characteristics
(concentration and PSD) rather than the rheology and flow properties of the suspending fluid. On the
other hand, the variation of the Re number mostly influenced the evolution of the particle concentrations
in other zones Z1-Z3. It can thus be concluded that SIPM across the BC zone (Z1-Z3: 0-0.875R) is a
consequence of the coupled effect of both particulate characteristics and suspending fluid rheology,

which is further discussed in the next section.
7.4.3 Shear-induced particle migration (SIPM) across pipe

The SIPM across the simulated pipe flows was evaluated using the SIPMI index (Eq. (7.20). The index
is presented in Fig. 7.9 for all the investigated suspensions, simulated using both one-way coupled DEM
and four-way coupled CFD-DEM approaches. For a given suspension, the full coupling of the particle
dynamics and suspending fluid flow through the CFD-DEM simulations led to more accurate simulation
of the SIPM compared to the DEM approach, which is reflected by higher SIMPI values. The difference

is particularly apparent at higher concentrations.
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Fig. 7.9. SIPMI indices of investigated suspension pipe flows simulated using the one-way coupled DEM and
four-way coupled CFD-DEM approaches
As can be observed, for a given concentration of particles and suspending fluid flow Re number, coarser
PSD of particles led to higher SIPMI indices, which is well conformed with the spatially varying particle
interaction frequency described by Phillips et al. [39]. Specifically, according to [39], for a given particle
concentration and shear rate, the SIPM is directly proportional to the particle size. Moreover, for a given
PSD of particles, suspensions with higher concentration exhibited lower SIMPI indices. This can be
attributed to the lower pipe wall effect (WE) on the initial heterogeneity of higher concentration of
particles across the pipe in the beginning of the flow period (¢ = 0), reported by Tavangar et al. [32].
According to Phillips et al. [39], for a given particle size and shear rate, lower gradient in the particle
concentrations across the pipe results in lower spatial variation in the frequency of particle interactions

and, consequently, lower SIPM is expected.

As can be observed in Fig. 7.9 for the CFD-DEM simulations, a lower Re of the suspending fluid led to
higher SIMPI values for all the LC (10%) suspensions, in addition to MPSD-MC, proportioned with
medium PSD and medium concentration (25%) of particles. This can be explained by the fact that in the
case of LC and MPSD-MC suspensions, the collision-induced velocity of particles are lower than the
suspending fluid flow velocity. This is due to lower possibility of collisions in LC suspensions and
smaller collision forces within medium-size distribution of particles (MPSD) compared to HC and CPSD
suspensions, respectively. Therefore, lower Re value (higher viscosity) of the suspending fluid led to
higher drag forces to push forward the particles (Eq. (7.3)). This can increase the collision frequency of
particles and consequently increase the possibility of SIPM for LC and MPSD-MC suspensions.
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However, in the case of suspensions of medium (MC: 25%) and high (HC: 40%) concentrations of coarse
PSD (CPSD) of particles, increasing the Re of the suspending fluid resulted in higher SIMPI values. This
can be attributed to the fact that particles gained greater forces than the suspending fluid due to higher
interparticle collision forces in medium and high concentrations of coarse PSD of particles. Indeed,
increasing the concentration and size differences between two colliding particles can increase the
possibility of collision and magnitude of the collision forces, respectively. Therefore, lower drag forces,
exerted by the suspending fluid with higher Re (or lower viscosity), can resist less against the collision
forces on particles, hence leading the particles to migrate more freely to the other radial zones and,

consequently, obtain higher SIPMI values.

Fig. 7.10a compares the flow velocity profiles of the suspending fluids of the investigated suspensions
across the pipe, obtained using the four-way coupling CFD-DEM simulations at the end of flow period
(t = 20) with their initial profiles at the beginning of the computation (z = 0), as assumed fixed through
the DEM simulations. As can be observed in Fig. 7.10a, considering the effect of presence of particles
on suspending fluid flow using the employed four-way coupling CFD-DEM approach decreased the
suspending flow velocity magnitudes across the pipe at the end of the computation (¢ =20) and, therefore,
it led to lower flow rates than their initial values. The relative flow rate Q, values, illustrated in Fig. 7.10a,

were calculated as the ratio of the flow rates and the end of the computation (¢ = 20) to their initial values

(at £ =0), as:
0 (%)= QQZZOO where Q= [updA = [ 2nr u(r) dr (7.27)

where 4 is the surface area of the pipe cross section and u/(r) is the suspending fluid velocity at the radial
distance r to the pipe center. As can be observed in Fig. 7.10a, for a given concentration and PSD of
particles, higher Re of the suspending fluid resulted in higher O, values which can be attributed to its
lower plastic viscosity. Accordingly, the O, values for the suspending fluid flow’s Reynolds numbers Re
of 100 and 500 ranged from 46.7% to 90.3% and 65.4% to 93.8% respectively. The coupled effect of the
relative-solid packing-fraction (¢/@max) and PSD (Dave (mm)) of particles and Re of the suspending fluid
flow on relative flow rates O, of the investigated pipe flow simulations was evaluated, as shown in Fig.
7.10b. As can be observed, for a given PSD of particles (i.e., given Duye and gmax), increasing the particle

concentration results in lower flow rate at the end of the pipe flow computation. This is due to higher
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resistance of the particles with higher relative-solid packing fractions (¢/¢max) against the suspending
fluid flow. According to the adjusting factors of the established correlation in Fig. 7.10b, it can be
concluded that the relative flow rate magnitudes are more controlled by the concentration and PSD of

particles rather than the suspending fluid’s flow Reynolds number.
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Fig. 7.10 (a) Flow velocity profiles of the investigated pipe flows at the end of the flow period (z = 20),
obtained using the four-way coupled CFD-DEM approach and (b) the coupled effect of the relative-solid
packing-fraction (¢/@max), mean diameter (Dgyg), and maximum diameter (Dyqax = 17 mm for P5) of particles
and Re of the suspending fluid’s flow on relative flow rate (Q,) values of the investigated suspension pipe
flows.
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7.4.4 Changes in rheology of investigated suspensions induced by pipe flow
7.4.4.1 Rheological heterogeneity of investigated pipe flows

The yield stress- (YSHI) and viscosity-heterogeneity (VHI) indices of the investigated suspension pipe
flows were evaluated using Egs. (25) and (26) and presented in Figs. 7.11a and 7.12a, respectively. As
can be observed, the four-way coupled CFD-DEM simulations showed higher rheological heterogeneity
indices than those obtained using the one-way coupled DEM approach due to greater SIPMI values
captured using the CFD-DEM modeling approach. As can be observed, the SIPM led to larger VHI
indices (13.7%-54.6%) compared to the YSHI values (4.2%-21.6%) for the investigated suspension pipe
flow simulations obtained using the CFD-DEM approach. This can be due to more significant influence
of the relative-solid packing fraction (¢/@max) values on the viscosity values (Eq. (7.24)) than the yield
stress values (Eq. (7.23)) of suspensions. As explained earlier in section 4.3 for the SIPMI indices,
increasing the Re of the suspending fluid flow led to lower rheological heterogeneities for the pipe flows
of the LC and MPSD-MC suspensions while higher YSHI and VHI values were achieved for the
suspensions proportioned with medium (MC) and high (HC) concentrations of coarse PSD (CPSD) of
particles.

The coupled effect of the relative-solid packing-fraction (¢/@ma) and PSD (D (mm)) of particles and
Re of the suspending fluid flow on the YSHI and VHI indices of the investigated suspension pipe flows
was evaluated in Figs. 7.11b and 7.11b, respectively. As can be observed, the rheological heterogeneities
are in good agreements with the granular skeleton characteristics and suspending fluid Reynolds number.
Accordingly, increasing the @/@max and Dayg of particles led to higher pumping-induced rheological
heterogeneities across the pipe. The maximum and minimum rheological heterogeneity indices among
the investigated suspensions were thus obtained for the FPSD-LC and CPSD-HC suspension pipe flows,
respectively. According to the established correlations in Figs. 7.11b and 7.12b, the YSHI and VHI indices
are more controlled by the characteristics of the granular skeleton, in terms of concentration, packing
density, and PSD of particles, rather than the suspending fluid rheology and pumping flow rate, reflected
by the flow Reynolds number Re.
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7.4.4.2 Rheological characterization of the lubrication layer and bulk concrete after pumping

The rheological properties of the investigated reference suspensions and their corresponding LL (Z4:
0.875R-R) and BC (Z1-3: 0-0.875R) zones were characterized in terms of the yield stress and plastic
viscosity values relative to those of their corresponding suspending fluids using Egs. (23) and (24),
respectively, at the end of the pipe flow period (t = 20) of the CFD-DEM simulations and presented in
Fig. 7.13.
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Fig. 7.11 (a) Yield-stress heterogeneity indices (YSHI) of the investigated suspension pipe flows and (b) the
coupled effect of the relative-solid packing-fraction (¢/@ma), mean diameter (Davg), and maximum diameter
(Dmax = 17 mm for P5) of particles and Re of the suspending fluid flow on YSHI indices of the investigated

suspension pipe flows.
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Fig. 7.12 (a) Viscosity heterogeneity indices (VHI) of the investigated suspension pipe flows and (b) the coupled effect of the relative-solid packing-fraction

(¢/@max), mean diameter (Da.g), and maximum diameter (Dyuox = 17 mm for P5) of particles and Re of the suspending fluid flow on VHI indices of the
investigated suspension pipe flows.
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As can be observed, the BC and LL zones showed significantly higher and lower rheological properties
compared to the reference concrete models, respectively. Accordingly, the relative yield stress values of
the reference mixtures and their corresponding BC and LL zones ranged from 1.08 to 1.51, 1.10 to 1.74,
and 1.01 to 1.11, respectively. Moreover, the p,.r values of 1.30-3.82, 1.37-5.92, and 1.05-1.40 were
obtained for the investigated reference suspensions and their corresponding BC and LL zones,
respectively. As discussed in section 4.4.1, the rheological properties of the BC and LL zones are more
influenced by the PSD and concentration of the particles rather than the suspending fluid’s flow Reynolds
number. The maximum and minimum relative rheological properties of the BC zones of the investigated
pipe flows were obtained for the highest and lowest concentrations of the coarse and fine PSDs of
particles (i.e., CPSD-HC and FPSD-LC mixtures) and suspending fluid’ Re values of 100 and 500,
respectively. On the other hand, the maximum and minimum zo.-zz and g,-22 values were obtained for
the LL zones of the pipe flows of the highest and lowest concentrations of the coarse PSD (i.e., CPSD-
HC and CPSD-LC) of particles and suspending fluid Re values of 500 and 100, respectively.

7.5 Validation of LL thickness estimations

(DIP) of the cut sections of hardened concrete in pipes [20]. A maximum particle-size threshold,
generally finer than 2 mm, is selected according to the literature for typical particle size in the LL for
concrete pipe flow [1,9,12,13]. The LL thickness then corresponds to the zone in the vicinity of the pipe
wall where no particle coarser than the selected threshold can be detected through the pipe cross section
images. Although, an initial fixed assumption of 0.125R (6.25 mm) has been made for the LL zones (Z4:
0.875R-R) of all the investigated pipe flows to facilitate the SIPM analyses; in order to validate the results
of the carried-out CFD-DEM simulations, the LL thicknesses of the simulated pipe flows was accurately

measured at the final time step (¢ = 20) similarly to the abovementioned DIP technique.

For DEM simulations, the LL thickness referred to the zone in the vicinity of the pipe walls where no
particle coarser than the finest particle P1 (1 mm) can be observed through the pipe cross section images
[32]. These images were captured using the post-processing results at the middle of the pipe length for
all the simulated pipe flows. As shown in Fig. 7.14, in order to easier identification of the LL thickness,
only the finest particles P1 (1 mm) were colored in black while all the other particles P2-5 (3.5-17 mm)
were illustrated in white color. As can be observed in Fig. 7.14, the evaluated LL thicknesses (eLr) of the

investigated pipe flows ranged from 0.8 to 1.7 mm and 1.3 to 2.7 mm for suspending fluid’s flow Re of
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100 and 500, respectively. The predicted LL thicknesses are in general accordance with the typically

reported values for experimental measurements of the LL thickness in the literature (1-3 mm) [1,9,12,13].

7.6 Limitations and further applications of numerical approach

The four-way CFD-DEM coupling approach used in this study could accurately simulate the SIPM
mechanism leading to rheological heterogeneity across the pipe and formation of LL during concrete
pumping process. In addition to its higher precision, it was revealed that the developed CFD-DEM
coupling approach required comparable calculation times with the DEM approach. This is due to the fact
that the calculation time is mostly controlled by the computation of particle collisions through the DEM
algorithm, which is common within both methods, rather than the short CFD algorithm. The following
limitations can be addressed for the further applications of the employed approach for concrete pumping

simulation.

e A spherical form was assumed for the particles to simplify the computations of the interparticle
collisions. Taking into account the longer calculation time required, the use of the irregularly
shaped particles can result in more realistic simulations.

e The role of yield stress was neglected in the CFD model used to simplify the computation of the
suspending fluid flow. The yield-stress term can be added to the CFD algorithm to enable the
numerical solution to simulate the plug flow formation in the pipe center under lower shear rates.

e The viscosity of the suspending fluid was assumed fixed over the whole pipe flow period by means
of the limited Re values of 100 and 500. The use of a wider range of rheological properties, in
addition to take into account the pumping-induced and time-dependent variations in rheological
properties of concrete [23,59,60] can enhance the generalizability of the employed approach for

different types of concrete and pumping conditions.
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Fig. 7.14 Estimation of LL thicknesses of (a and g) FPSD-LC, (b and h) MPSD-LC, (¢ and i) CPSD-LC, (d
and j) MPSD-MC, (e and k) MPSD-HC, and (f and 1) CPSD-HC mixtures with suspending fluid’s flow Re
values of 100 and 500, respectively, using image-analysis technique.
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7.7 Conclusions

In this study, a four-way CFD-DEM coupling approach was used to simulate the mechanism of shear-
induced particle migration (SIPM) that can cause rheological heterogeneity across the pipe and formation
of the lubrication layer (LL) during concrete pumping. The simulated mixtures included 12 biphasic
suspensions made with 10%-40% concentrations of different wide PSDs of five spherical-particle classes
ranging from 1 to 17 mm in diameter. Suspending fluids of different viscosity levels resulting in different
suspending fluid Reynolds number (Re) were considered. The concentration of particles was tracked over
time at four radial zones to evaluate the SIPM and pumping-induced rheological heterogeneities and
characterize the LL after pumping. The results of the CFD-DEM simulations were compared with those
of a one-way coupled DEM approach for a 100-mm diameter pipe to highlight the significance of the
fully coupling of suspending fluid-particles forces and vice versa for multiphasic modeling of concrete

pipe flow. The simulation results lead to the following concluding remarks.

e Unlike the single-phase modeling approach, the developed multiple time-scale four-way CFD-
DEM coupling model proved effective to evaluate the coupled effect of the PSD and concentration
of aggregate and rheology of the suspending mortar on shear-induced heterogeneities during
multiphasic concrete pipe flow. Moreover, the developed CFD-DEM coupling approach led to
higher precision and comparable calculation time to model SIPM compared to the one-way coupled

DEM approach.

e The SIPM mechanism of the formation of the LL containing the lowest total particle concentration
across the pipe was successfully simulated using the numerical simulations. The formation of the
LL was reflected by the migration of the finest particle (1 mm) towards the vicinity of the pipe wall
while concentration of the larger particles (3.5-17 mm) increased in the central zones Z1-Z2 over

time.

e Unlike the one-way coupled DEM approach, the four-way coupling of particles and suspending
fluid flow through the CFD-DEM simulations successfully led to the highest total particle
concentration in the central zone Z1 (0-0.5R), followed by Z2 (0.5R-0.75R), Z3 (0.75R-0.875R),
and Z4 (LL: 0.875R-R), specially for the high-concentration suspension CPSD-HC (40%). The use
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of CFD-DEM approach resulted in wider variations between the particle concentrations across the

pipe compared to the DEM results for all the suspensions.

e The composition of the LL was found mostly controlled by the characteristics of the granular
skeleton rather than the rheology of the suspending fluid. The numerical approach used and the
suspending fluid’s Re mostly affected the evolutions of particle concentration in zones Z1-3 rather

than the LL.

e The four-way CFD-DEM coupling approach led to capture greater degrees of SIPM during
concrete pipe flow compared to the DEM simulations. Moreover, for a given Re of the suspending
fluid flow, coarser PSD and lower concentration of particles resulted in higher SIPMI indices.
Furthermore, unlike the mixtures containing the medium and high concentration of coarse PSD of

particles, increasing the Re resulted in lower SIPMI indices for the LC and MPSD-MC suspensions.

e The relative pumping flow rates of the investigated pipe flow simulations at the end of the pipe
flow period to their initial value (Q,) was found in good agreement with the relative-solid packing-
fraction (¢/pma) and mean diameter (Davg) of particles and suspending-fluid Re. According to the
established correlation, for a given PSD, higher concentration of particles led to lower O, values.
Moreover, higher Re values resulted in higher O, values. However, the pumping flow rate was
found more controlled by the characteristics of the granular skeleton rather than the suspending-

fluid rheology, reflected by Re values.

e Yield stress (YSHI) and viscosity (VHI) heterogeneity indices ranged from 4.2% to 21.6% and
13.7% to 54.6%, respectively. These values are mostly controlled by the ¢/@max and Dg of particles
rather than the suspending fluid Re. Increasing the concentration and mean diameter of particles
led to higher YSHI and VHI indices across the pipe. Moreover, increasing the suspending fluid Re
led to lower rheological dissimilarity across the pipe for all the LC suspensions and MC-MPSD
mixture, which resulted in higher YSHI and VHI for CPSD-MC and CPSD-HC suspensions.
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e The relative yield stress (7o.-) and plastic viscosity (up--) of the bulk concrete (BC) and LL to their
suspending fluid were successfully evaluated using the CFD-DEM simulation results at the end of
pipe flow computation. The rheological properties of the BC (zg-~-3c: 1.10-1.74 and pp-r-ac: 1.37-
5.92) and LL (zp-r-zz: 1.01-1.11 and gp-r-r2: 1.05-1.40) were found to be controlled primarily by the

characteristics of the suspended particles, rather than the suspending fluid Re.

e The LL thickness (eLr) of the investigated pipe flows was successfully estimated using digital
image processing (DIP) of the pipe cross sections using the post-processing results of the CFD-
DEM simulations at the end of flow computation. The estimated err values ranged from 0.8 to 2.7
mm is comparable with values typically reported in the literature for concrete pumping experiments

(1-3 mm).
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APPENDIX

The evolution of the volumetric concentration of different particle subclasses P1-5 in different radial

zones Z1-4 are presented in Figs. 7.A1-7.AS5 for LC (10%) and MC (25%) suspensions.
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Fig. 7.A1. Evolution of concentrations of P1-5 particles in four different radial zones Z1-4 for the mixture containing fine PSD and low (10%) concentration of
particles (FPSD-LC) versus flow time.
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CHAPTER 8. Conclusions and perspectives

8.1 Conclusions

Accurately estimating the pumpability of concrete is crucial for designing effective pumping
systems and selecting appropriate pumps to ensure successful processing of the concrete. The
pressure required to pump concrete is significantly affected by the characteristics of the lubrication
layer formed during pumping, which is caused by the shear-induced particle migration. Predicting
the variation in heterogeneity of concrete mixtures during pipe flow is very challenging due to the
complex physics involved in the migration of aggregates in concrete mixtures. In order to prevent
some failures, such as pipe blockage, numerical approaches based on CFD, DEM, and coupled

CFD-DEM were proposed in this study.

The main objectives of this study were to (1) predict the pressure required to pump concrete at
large scale; (2) identify the influencing parameters in designing pumping circuit using
computational fluid dynamics; (3) characterize lubrication layer based in terms of rheological
properties and thickness; and (4) investigate the main mechanism of lubrication layer formation.
These main four objectives were investigated through two simulation phases of this thesis.
Following the literature review on advantages and disadvantages of various computational

approaches, the following phases were carried out:

In the Phase 1, new viscosity models were proposed to predict and characterize LL in large scale.
The thickness and rheological properties of the lubrication layer and plug flow zones along were
successfully evaluated using the proposed viscosity models. The coupled effect of main influencing
parameters on pumpability of concrete, including the rheological properties of plug flow, BC, and

LL, as well as flow rate magnitude and pipe diameter, was evaluated.

In the Phase 2, a muti-scale DEM and coupled CFD-DEM approaches were proposed to achieve
better understanding of the shear-induced particle migration leading to the formation of the LL.
The coupled effect of influencing parameters, such as wide PSD and concentration of particles, as

well as mortar rheology on rheological heterogeneities across the pipe was investigated.



Chapter 8. Conclusions and perspectives 288

Based on the results obtained in this study, the following conclusions can be pointed out:

8.1.1

Phase 1: Homogenous modeling of concrete flow

The tri-viscous approach was effectively developed and utilized to characterize various
flow zones in pipes, such as the thickness and viscous constant of the lubrication layer, as
well as the viscosity and radius of the plug flow zone. These parameters cannot be
determined through empirical or analytical methods.

Using the tri-viscous model I, the simulated viscous constants were found to vary between
30% to 200% compared to the values obtained through tribological measurements.
Increasing the pipe diameter and reducing the flow rate tended to result in the formation of
thicker lubrication layers.

The frequency distribution analysis of the simulated lubrication layer thicknesses indicated
that at low flow rates, the majority of the thicknesses for 100- and 125-mm diameter pipes
were between 1.5 to 2 mm (80.2%) and 3 to 3.5 mm (63.3%), respectively. However,
increasing the flow rate resulted in a higher frequency of lubrication layer thicknesses
between 1.5 to 2 mm in both the 100 (85.4%) and 125-mm (63.3%) diameter pipes.

The tri-viscous model I led to evaluate the combined effect of plug flow, sheared concrete,
and lubrication layer zones properties on pumping pressure loss using the tri-viscous
simulations. The established correlation demonstrated a higher level of accuracy in
predicting pumping pressure drop compared to the Kaplan et al. model, as evidenced by a
higher R? (0.98 vs. 0.88) and a closer estimation index (0.98 vs. 1.08) to unity. The
correlation revealed that an increase in the rheological properties of the plug, sheared
concrete, and lubrication layer zones, as well as higher flow rates and smaller pipe
diameters, could increase the pumping pressure loss. The plastic viscosity of the concrete
and the viscous constant of the lubrication layer were found to have the most significant
effect on pressure loss compared to the viscosity and radius of the plug flow. Additionally,
pipe diameter was found to have a greater influence on pressure loss than flow rate
magnitude in pumping specifications.

For flow rates ranging from 8.1-16.4 1/s, the simulated maximum flow velocity (Vmax),

Reynolds number (Re), and critical shear rate (v, ) values of the studied mixtures varied
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8.1.2

between 0.8-2.4 m/s, 1.4-18.8, and 80-430 s™!, respectively. The investigated mixtures
showed a 44% higher Vmax, 14% higher Re, and 30% higher y_, | values when flowing
through a 100-mm diameter pipe compared to a 125-mm diameter pipe.

The shear-rate dependent tri-viscous model II successfully led to evaluate the combined
effect of critical shear rate, rheological properties, thickness of different pipe-flow zones,
flow rate, and pipe diameter on pumping pressure loss. This resulted in higher precision of
pressure-drop prediction compared to the analytical Kaplan et al. model. The critical shear

rate (_, ;) was found to have the most dominant effect on pressure drop compared to the

rheological characteristics and thickness of different pipe flow zones. Among the various
rheological properties, pressure loss was more influenced by the viscosities of the sheared-

BC and plug-flow zones rather than the viscous constant of the LL.

Phase 2: Heterogeneous modelling of concrete flow - Coupling fluid and solid

phases

A soft-sphere - multi-time scale DEM approach was successfully used to model the effects
of pipe-wall and shear-induced particle migration on the formation of the lubrication layer
during concrete pumping. A total of nine different concrete suspensions were studied, each
containing spherical particles of various sizes ranging from 1 to 17 mm. The study
examined how the concentration of particles (ranging from 10% to 40%) and the particle
size distribution (classified as fine, medium, or coarse) affected the variation of rheological
properties across a pipe.

The outermost zone Z4 had the lowest concentration and smallest average particle diameter
(Daveg), indicating the presence of a low concentration layer (LL) near the pipe wall. The
average particle diameter within the simulated LLs ranged from 1.4 to 2.8 mm.

Over time, the volume of particles in all subclasses increased gradually in the central zone
(Z1), resulting in greater packing of particles at the center of the pipe. This was more
noticeable for larger particles (3.5-17 mm) than for the smallest particle size (I mm),
resulting in a relatively coarser particle size distribution (PSD) at the pipe center compared

to the outer radial zones and the reference mixture.



Chapter 8. Conclusions and perspectives 290

e The concrete suspensions that contained lower concentrations and coarser particle size
distributions had higher coefficients of variation (COV) of particle concentrations in
various radial zones over time. Among suspensions with the same concentration, those with
coarser particle size distributions experienced higher SIPM. However, for fine-particle size
distributions, higher particle concentrations resulted in lower SIPM.

e Inlow-concentration (LC = 10%) and medium-concentration (MC = 25%) suspensions, the
total concentration of particles decreased continuously from the center of the pipe towards
the LL zone. However, in high-concentration (HC = 40%) suspensions simulated using the
DEM approach, the highest particle concentration was observed in zone Z3 (0.75R-
0.875R), followed by the central zones Z1 and Z2 (0-0.75R). Therefore, to achieve more
accurate simulations of highly concentrated suspension pipe flows, a fully fluid-particle
coupling approach (4-way CFD-DEM) was then applied.

e The coupled effect of the PSD and concentration of aggregate, as well as rheology of the
suspending mortar on shear-induced heterogeneities during multiphasic concrete pipe flow
was successfully investigated using the coupling approach.

e The use of a four-way CFD-DEM coupling approach improved the ability to capture higher
degrees of SIPM during concrete pipe flow, compared to DEM simulations alone. At a
given Reynolds number of the suspending fluid flow, suspensions with coarser particle size
distributions and lower particle concentrations had higher SIPMI indices. Additionally,
unlike mixtures containing medium and high concentrations of coarse particles, increasing
the Reynolds number resulted in lower SIPMI indices for low-concentration and medium-
particle size distribution-medium-concentration suspensions.

e Various methods were proposed to assess the pumping-induced heterogeneity of the
suspensions investigated in terms of the wall effect (WEI), yield stress heterogeneity index
(YSHI), and viscosity heterogeneity index (VHI) across the pipes. It was observed that the
proposed WEI, YSHI, and VHI indices were highly correlated with the mean diameter
(Davg) and the relative-solid packing fraction (¢/@max) of the particles.

e The simulated YSHI and VHI indices ranged from 4.2% to 21.6% and 13.7% to 54.6%,
respectively. The values of these indices were mainly influenced by the particle volume

fraction (@/@max) and mean diameter (Dayg), rather than the Reynolds number of the
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suspending fluid flow. Increasing the particle concentration and mean diameter resulted in
higher YSHI and VHI indices across the pipe. Increasing the Reynolds number of the
suspending fluid flow led to lower rheological dissimilarity across the pipe for LC
suspensions and MC-MPSD mixture, which resulted in higher YSHI and VHI for CPSD-
MC and CPSD-HC suspensions.

e The CFD-DEM simulations allowed to evaluate the relative yield stress (to.-) and plastic
viscosity (u--) of the bulk concrete (BC) and LL to their suspending fluid. The results of
the simulation showed that the rheological properties of both the BC and LL were mainly
influenced by the characteristics of the suspended particles, such as their concentration,
mean diameter, and particle size distribution, rather than the Reynolds number of the
suspending fluid. The values of 1., for the BC ranged from 1.10 to 1.74, while the values
of . for the BC ranged from 1.37 to 5.92. On the other hand, the values of to.- for the LL
ranged from 1.01 to 1.11, while the values of ., for the LL ranged from 1.05 to 1.40.

e The thickness of the LL (eLr) in the pipe flows was estimated using digital image processing
(DIP) of the pipe cross sections after the CFD-DEM simulations were completed. The
estimated eLr values ranged from 0.8 to 2.7 mm, which is consistent with experimental

values reported in the literature, which are typically in the range of 1-3 mm.

8.2 Future works

This study focused on developing numerical simulation and investigating the influencing
parameters on concrete pipe flow behavior. According to the achievements of this study, further
investigations may be necessary for better understanding the complex behavior of concrete

suspension during pipe flow, such as:

o In this study, aggregates were considered as spherical particles for the simplification. It is
suggested that using aggregates with various shapes into the model can lead to reach more
realistic results.

o The study assumed a fixed viscosity for the suspending fluid throughout the entire pipe
flow period, with limited Reynolds numbers of 100 and 500. Using a wider range of

rheological properties, as well as considering the time-dependent variations in rheological
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properties of concrete due to pumping-induced effects, can improve the applicability of the
approach for various types of concrete and pumping conditions. This can lead to more
accurate predictions of concrete flow behavior.

o A coupling of DEM (Discrete Element Method), CFD (Computational Fluid Dynamics),
and Al (Artificial Intelligence) can lead to more realistic and accurate results compared to
traditional computational methods. DEM can simulate the behavior of individual particles,
while CFD can simulate the fluid flow around those particles, and Al can optimize the
parameters and improve the accuracy of the simulations. This coupled approach can provide
more detailed and realistic insights into the behavior of complex systems, such as concrete
pipe flows, and help to improve the design and operation of such systems.

o Incorporating adhesive forces in the modelling of aggregate agglomeration can lead to more
realistic results. This is due to the fact that aggregates are not perfectly smooth and can stick
together due to various adhesive forces, such as van der Waals, electrostatic, and capillary
forces. By including these forces in the model, the simulation can better capture the

behavior of aggregates and their tendency to agglomerate.
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CHAPTER 8. Conclusions et perspectives (Francais)

8.3 Conclusions

Estimer avec précision la pompabilité du béton est crucial pour concevoir des systémes de pompage
efficaces et sélectionner des pompes appropri€es pour assurer le traitement réussi du béton. La
pression requise pour pomper du béton est significativement affectée par les caractéristiques de la
couche de lubrification formée par la migration des particules induite par le cisaillement. Prédire
la variation d'hétérogénéité des mélanges de béton lorsqu'ils circulent dans les tuyaux de pompage
est tres difficile en raison de la physique complexe impliquée dans la migration des granulats dans
les mélanges de béton. Afin de prévenir certains échecs tels que les blocages dans le circuit de
pompage, des approches numériques basées sur la CFD, la DEM et la CFD-DEM couplée ont été

proposées.

Les principaux objectifs de cette étude étaient de (1) prédire la pression requise pour pomper du
béton a grande échelle ; (2) identifier les parametres influents dans la conception du circuit de
pompage a I'aide de la dynamique des fluides numérique ; (3) caractériser la couche de lubrification
en fonction de ses propriétés rhéologiques et de son €paisseur ; (4) étudier le mécanisme principal
de la formation de la couche de lubrification. Ces quatre objectifs principaux ont été examinés a
travers deux phases de simulation de cette these. Suite a 'examen de la littérature sur les avantages

et les inconvénients des différentes approches numériques, les phases suivantes ont été réalisées :

A la Phase 1, de nouveaux modéles de viscosité ont été proposés pour prédire et caractériser la
couche de lubrification a grande échelle. L'épaisseur et les propriétés rhéologiques de la couche de
lubrification et des zones d'écoulement par bouchon le long des différentes sections du tuyau ont
été évaluées avec succes a l'aide des modéles de viscosité proposés. Les principaux parametres
influents sur la pompabilité du béton ont été définis, notamment les propriétés rhéologiques de
I'écoulement par bouchon, les conditions aux limites et la couche de lubrification, ainsi que le débit

et le diametre du tuyau.

A la Phase 2, des approches DEM multi-échelle et CFD-DEM couplées ont été proposées pour

atteindre une compréhension plus réaliste de la migration des particules induite par le cisaillement
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conduisant a la formation de la couche de lubrification. L'effet couplé des parametres influents

telles que la concentration en particules et la distribution de taille des particules sur la variation

d'hétérogénéité de 1'écoulement de suspension de béton a été étudié.

En se basant sur les résultats obtenus et présentés dans ce manuscrit, les conclusions suivantes

peuvent étre soulignées :

8.3.1 Phase 1 : Modélisation homogene de l'écoulement du béton

L'approche tri-visqueuse a été développée et utilisée de maniére efficace pour caractériser
diverses zones d'écoulement dans les tuyaux, telles que I'épaisseur et la constante visqueuse
de la couche de lubrification, ainsi que la viscosité et le rayon de la zone d'écoulement en
bouchon. Ces paramétres ne peuvent pas étre déterminés par des méthodes empiriques ou
analytiques.

En utilisant le modé¢le tri-visqueux I, les constantes visqueuses simulées peuvent varier
entre 30% et 200% par rapport aux valeurs obtenues par des mesures tribologiques. Les
différences les plus significatives entre les deux ont été trouvées dans les essais de pompage
avec des débits maximum et minimum dans des tuyaux de diametres de 100 mm et 125
mm. L'augmentation du diametre du tuyau et la réduction du débit avaient tendance a
entrainer la formation de couches de lubrification plus épaisses.

L'analyse de la distribution de fréquences des épaisseurs de couche de lubrification
simulées a indiqué qu'a faible débit, la majorité des épaisseurs pour les tuyaux de diametres
de 100 mm et 125 mm étaient comprises entre 1,5 et 2 mm (80,2%) et entre 3,0 et 3,5 mm
(63,3%), respectivement. Cependant, I'augmentation du débit a entrainé une fréquence plus
¢levée de couche de lubrification ayant une épaisseur comprise entre 1,5 et 2 mm dans les
tuyaux de diametres de 100 mm (85,4%) et 125 mm (63,3%).

L'étude a évalué l'effet combiné des propriétés des zones d’écoulement de type bouchon,
de béton cisaillé et de la couche de lubrification sur la perte de pression de pompage en
utilisant des simulations tri-visqueuses. La corrélation établie a démontré un niveau de
précision supérieur dans la prédiction de la chute de pression de pompage par rapport au

modéle de Kaplan et al., comme en témoigne un R? plus élevé (0,98 contre 0,88) et un
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indice d'estimation plus proche de l'unité (0,98 contre 1,08). La corrélation a révélé qu'une
augmentation des propriétés rhéologiques des zones d’écoulement de type bouchon, de
béton cisaillé et de la couche de lubrification, ainsi que des débits plus élevés et des
diametres de tuyaux plus petits, pouvaient augmenter la perte de pression de pompage. La
viscosité plastique du béton et la constante visqueuse de la couche de lubrification ont I'effet
le plus significatif sur la perte de pression par rapport a la viscosité et au rayon d’écoulement
de type bouchon. De plus, le diamétre du tuyau a présenté une plus grande influence sur la
perte de pression que le débit dans les spécifications de pompage.

e Pour des débits allant de 8,1 a 16,4 I/s, les valeurs simulées de la vitesse maximale
d'écoulement (Vmax), du nombre de Reynolds (Re) et du taux de cisaillement critique
(Vo) des mélanges étudiés variaient respectivement entre 0,8 et 2,4 m/s, 1,4 et 18,8 et 80
et 430 s, Les mélanges étudiés ont montré une Vmax supérieure de 44 %, un Re supérieur
de 14 % et des valeurs de Y . supérieures de 30 % lorsqu'ils s'écoulent dans un tuyau de
100 mm de diamétre par rapport a un tuyau de 125 mm de diamétre.

e ['¢tude a permis d’évaluer avec succes 1'effet combiné du taux de cisaillement critique, des
propriétés rhéologiques, de 1'épaisseur des différentes zones d'écoulement, du débit et du
diameétre du tuyau sur la perte de pression de pompage en utilisant un nouveau modele tri-
visqueux dépendant du taux de cisaillement. Cela a entrainé une précision supérieure de la
prédiction de la chute de pression par rapport au modele analytique de Kaplan et al. Le taux
de cisaillement critique (y..r 1) @ montré l'effet le plus dominant sur la chute de pression par
rapport aux caractéristiques rhéologiques et a 1'épaisseur des différentes zones
d'écoulement. Parmi les différentes propriétés rhéologiques, la perte de pression était plus
influencée par les viscosités des zones de BC cisaillées et d'écoulement de bouchon plutot

que par la constante visqueuse des LL.
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8.3.2 Phase 2 : Modélisation hétérogene de l'écoulement du béton - Couplage des

phases fluides et solides

e Une approche DEM a échelles de temps multiples avec sphéres douces a été utilisée avec
succes pour modéliser les effets de la paroi du tuyau, de la migration des particules induite
par le cisaillement et de la formation de la couche de lubrification dans le pompage du
béton. Neuf suspensions de béton différentes ont été étudiées, chacune contenant des
particules sphériques de tailles variées allant de 1 a 17 mm. L'étude a montré comment la
concentration de particules (allant de 10% a 40%) et la distribution de taille de particules
(classée comme fine, moyenne ou grossicre) ont affecté les variations de la distribution
radiale a travers un tuyau.

e La zone la plus externe Z4 avait la concentration la plus basse et le diamétre moyen de
particules (Davg) le plus petit, ce qui indiquait la présence d'une couche a faible
concentration (LL) prés de la paroi du tuyau. Le diamétre moyen des particules dans les LL
simulées variait de 1,4 a 2,8 mm.

e Au fil du temps, le volume de particules dans toutes les sous-classes a augmenté
progressivement dans la zone centrale (Z1), entralnant un compacité plus important des
particules au centre du tuyau. C'était plus perceptible pour les particules plus grandes (3,5-
17 mm) que pour la plus petite taille de particules (1 mm), ce qui a entrainé une distribution
de taille de particules relativement plus grossiere (PSD) au centre du tuyau par rapport aux
zones radiales extérieures et au mélange de référence.

e Les suspensions de béton qui contenaient des concentrations plus faibles et des distributions
granulométriques plus grossieres présentaient des coefficients de variation (COV) plus
¢levés des concentrations de particules dans diverses zones radiales au fil du temps. Parmi
les suspensions ayant la méme concentration, celles dont la distribution granulométrique
était plus grossiere présentaient un SIPM plus élevé. Cependant, pour les distributions de
taille de particules fines, des concentrations de particules plus élevées ont entrainé¢ un SIPM
plus faible

e Dans les suspensions a faible concentration (LC = 10%) et a concentration moyenne (MC

=25%), la concentration totale de particules a diminué de fagcon continue du centre du tuyau
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vers la zone LL. Cependant, dans les suspensions a forte concentration (HC = 40 %), la
plus forte concentration de particules a été observée dans la zone Z3 (0,75R-0,875R), suivie
des zones centrales Z1 et Z2 (0-0,75R). Par conséquent, pour obtenir des simulations plus
précises des écoulements de suspensions hautement concentrées, une approche de couplage
complet fluide-particules (CFD-DEM a 4 voies) a été appliquée.

o L'effet couplé de la DSP, de la concentration des agrégats et de la rhéologie du mortier de
suspension sur les hétérogénéités induites par le cisaillement pendant l'écoulement
multiphasique d'un tuyau en béton a été étudi¢ avec succes en utilisant les approches de
couplage.

e ['utilisation d'une approche de couplage CFD-DEM ‘Four-way’ a amélioré la capacité a
capturer des degrés plus élevés de SIPM pendant I'écoulement de béton dans un conduite,
par rapport aux simulations DEM seules. A un nombre de Reynolds donné de I'écoulement
du fluide, les suspensions avec des distributions granulométriques plus grossieres et des
concentrations de particules plus faibles présentaient des indices SIPMI plus élevés. De
plus, contrairement aux mélanges contenant des concentrations moyennes et ¢élevées de
particules grossieres, I'augmentation du nombre de Reynolds a entrainé des indices SIPMI
plus faibles pour les suspensions a faible concentration et a distribution granulométrique
moyenne et a concentration moyenne.

e Diverses méthodes ont été proposées pour évaluer I'hétérogénéité induite par le pompage
des suspensions étudiées en termes d'effet de paroi (WEI), d'indice d'hétérogénéité de la
contrainte d'écoulement (YSHI) et d'indice d'hétérogénéité de la viscosité (VHI) a travers
les tuyaux. Il a été€ observé que les indices WEI, YSHI et VHI proposés étaient fortement
corrélés avec le diametre moyen (Davg) et la fraction de tassement solide relative (¢p/¢pmax)
des particules.

e Les indices YSHI et VHI ont été mesurés et se situent dans une fourchette de 4,2 % a 21,6
% et de 13,7 % a 54,6 %, respectivement. Les valeurs de ces indices étaient principalement
influencées par la fraction volumique des particules (¢/¢max) et le diametre moyen (Davg),
plutét que par le nombre de Reynolds de I'écoulement du fluide en suspension.
L'augmentation de la concentration de particules et du diamétre moyen a entrainé une

augmentation des indices YSHI et VHI dans le tuyau. L'augmentation du nombre de



Chapter 8. Conclusions and perspectives (Frangais) 298

Reynolds de I'écoulement du fluide de la suspension a entrainé une moindre dissimilarité
rhéologique a travers le tuyau pour les suspensions LC et le mélange MC-MPSD, ce qui a
donné lieu a des indices YSHI et VHI plus ¢€levés pour les suspensions CPSD-MC et CPSD-
HC.

e Les simulations CFD-DEM ont permis d'évaluer la limite d'¢lasticité relative (to-r) et la
viscosité plastique (up--) du béton en vrac (BC) et du LL par rapport a leur fluide de
suspension. Les résultats de la simulation ont montré que les propriétés rhéologiques du BC
et du LL étaient principalement influencées par les caractéristiques des particules en
suspension, telles que leur concentration, leur diameétre moyen et leur distribution
granulométrique, plutdt que par le nombre de Reynolds. Les valeurs de 7o.- pour le BC
¢taient comprises entre 1,10 et 1,74, tandis que les valeurs de u,.- pour le LL étaient
comprises entre 1,37 et 5,92. D'autre part, les valeurs de 7. pour le LL varient de 1,01 a
1,11, tandis que les valeurs de (u,--) pour le LL varient de 1,05 a 1,40.

e L'¢paisseur du LL (eLr) dans les écoulements des tuyaux a été estimée en utilisant le
traitement d'image numérique (DIP) des sections transversales des tuyaux apres la fin des
simulations CFD-DEM. Les valeurs estimées de l'err variaient de 0,8 a 2,7 mm, ce qui est
cohérent avec les valeurs généralement rapportées dans la littérature pour les expériences

de pompage du béton, qui sont généralement comprises entre 1 et 3 mm.

8.4 Travaux futurs

Le pompage du béton est une technique de construction émergente qui devrait étre étudiée par les
chercheurs travaillant sur la pompabilit¢ du béton. Cette thése s'est concentrée sur le
développement d'une simulation numérique et sur 1'étude des parameétres influencant le
comportement d'écoulement de béton. Ainsi dans une conduite, les sujets peuvent étre mis en avant

pour des travaux futurs, comme suit :

o Dans cette étude, les granulats ont été considérés comme des particules sphériques par souci
de simplification. Il est suggéré que 1'utilisation de granulats de différentes formes dans le
modele peut conduire a des résultats plus réalistes. Les résultats peuvent alors étre comparés

a ceux de 1'étude actuelle.



Chapter 8. Conclusions and perspectives (Frangais) 299

o L'étude a supposé une viscosité fixe pour le fluide en suspension pendant toute la période
d'écoulement dans la conduite, avec des nombres de Reynolds limités a 100 et 500.
Cependant, il est suggéré que l'utilisation d'une gamme plus large de propriétés
rhéologiques, ainsi que la prise en compte des variations dans le temps des propriétés
rhéologiques du béton dues aux effets induits par le pompage, peuvent améliorer
l'applicabilité de I'approche pour divers types de béton et de conditions de pompage. Cela
peut conduire a des prédictions plus précises du comportement d'écoulement du béton.

o Le couplage de la DEM, de la CFD et de I'IA (intelligence artificielle) peut donner des
résultats plus réalistes et plus précis que les méthodes de calcul traditionnelles. En effet, la
méthode des éléments discrets peut simuler le comportement des particules individuelles,
la CFD peut simuler 1'écoulement des fluides autour de ces particules et I'A peut optimiser
les parametres et améliorer la précision des simulations. Cette approche couplée peut
donner un apergu plus détaillé et plus réaliste du comportement de systémes complexes,
tels que les écoulements de tuyaux en béton, et contribuer a améliorer la conception et le
fonctionnement de ces systémes.

o L'incorporation des forces adhésives dans la modélisation de I'agglomération des agrégats
peut conduire a des résultats plus réalistes. En effet, dans les situations réelles, les agrégats
ne sont pas parfaitement lisses et peuvent se coller les uns aux autres en raison de diverses
forces adhésives telles que les forces de van der Waals, les forces électrostatiques et les
forces capillaires. En incluant ces forces dans le modele, la simulation peut mieux saisir le

comportement des agrégats et leur tendance a s'agglomérer.



