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Preface

This thesis is submitted in partial fulfilment of the requirements for the degree of Philosophiae
Doctor (PhD) at the Norwegian University of Science and Technology (NTNU) and the Technical
University of Denmark (DTU). The thesis is a double degree with NTNU as home university and
DTU as host university. The work has been carried out in guidance of main supervisor Stefan
Jacobsen (NTNU) as well as co-supervisors Jon Spangenberg (DTU), Ernst Moertsell
(NTNU/Norbetong AS) and Rolands Cepuritis (NTNU/Norcem AS). The thesis is written as a
collection of articles and was carried out during the period 01.03.2017 — 27.11.2021, which
included a ten-month maternity leave. The work has mainly been conducted at the Department of
Structural Engineering, Faculty of Engineering, NTNU, as well as a total of 1 year at the
Department of Mechanical Engineering, DTU. The laboratory work has been performed at the
NTNU concrete laboratory at Materialteknisk (MTI), as well as the paste- and instrument
laboratories at SINTEF Grennbygget. The PhD-position is a four-year contract, whereof required
duties make up 25 % of the workload.

The thesis is a part of the MiKS-project, which is a Competence Project for the Industry. Funding
was provided by the Research Council of Norway, contract No. 247619, as well as the industrial
partners Norcem AS, Skanska Norge AS and Feiring Bruk AS. MiKS is short for
Mikroproporsjonering med Knust Sand (Norwegian for Microproportioning with Crushed Sand).
The MiKS-project started in 2016, and Evgeny Ramenskiy was the PhD-candidate within the
project at that time. However, Ramenskiy quit his position after one year of employment, hence a
planned outline for the thesis work was already established from start in March 2017. Laboratory
experiments were also already conducted during the first year of the project, and the presented
results from 51 of the 141 filler modified cement pastes (matrices) were obtained by Ramenskiy.
The remaining 90 matrices were tested during the employment of the current PhD candidate,
whereof 11 matrices were tested by Malin Sletnes and Roger Leistad at SINTEF. The rest of the
matrices have been mixed and tested by the PhD-candidate, together with master students Patricia
Y. Sosa, Juni C. M. Foslie and Andreas Erlien Grefstad. Viscosity and packing measurements on
smaller replica mixes have been performed by master student Metathip Sihaklang and internship
student David Nicolas. The artificial neural network modelling presented in Publication IIT and VI
is performed by research assistant Shohreh Sheiat. The presented numerical model in Publication
IV, which is later used in Publication V, VII, VIII and IX, is developed by the authors in [1]. Other
than this, the candidate is responsible for the performed work, unless else is stated.






Abstract

The world is facing a sand crisis due to depletion of natural deposits of good quality construction
sand. Replacement of natural sand is crucial to curb the impact of the crisis. Though several
alternatives exist, this thesis solely focus on crushed sand as replacement for natural sand.
However, unless the crushed sand is properly processed, it is more angular and contains more fines
than natural sand, which have a negative impact on concrete rheology. Measuring concrete
rheology requires a lot of materials and labour, however, small scale rheology testing on equivalent
cement pastes is found to correlate to concrete rheology. The thesis investigates the rheology of
cement pastes with fillers from crushed sand, denoted matrices. The scope of the thesis is to
investigate methods for quantification of matrix rheology, with emphasis on characteristics of the
ingoing materials. Special focus is on the possibilities of establishing a one-point measurement of
matrix rheology, i.e., a method describing the rheological behaviour of matrix by only one
parameter. Limitations of and possibilities for further developing the flow viscometer FlowCyl are
studied. Additionally, the accuracy and efficiency of artificial neural network predictions of the
cement paste rheology are investigated and compared to semi-empirical suspension models. The
rheological properties of the matrices have been quantified experimentally by four parameters; the
flow resistance ratio (obtained from the FlowCyl), the mini slump flow, the Bingham yield stress
and the Bingham plastic viscosity. From the work of the thesis it is found that it is possible to
predict rheology of matrices based on constituent materials when all dry materials (except silica
fume) are characterized by the volumetric specific surface area per volume of matrix, as well as
their mix proportions. An empirical equation is developed, which correlates especially good to the
plastic viscosity of the matrices. The main limitation of the FlowCyl is its weak correlation to yield
stress, however, it is found that this correlation can be increased by changing the geometry of the
FlowCyl. Based on numerical simulations a prototype of a modified geometry of the FlowCyl has
been produced, called the FlowFunnel, which provides better correlations to the yield stress than
the FlowCyl. Lastly, artificial neural network predictions are found to be an efficient and accurate
prediction tool for matrix rheology.
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1. Introduction
1.1 Background

In most of the world, sand is a common-pool resource, meaning it is a resource that is open to all
because access can be limited only at high costs [2]. Such resources are prone to overexploitation
or degradation, as they often are extracted without regard to long-term consequences [2]. The
global volume of natural resources used in buildings and transport infrastructure has increased 23-
fold over the 20" century [3], where sand and gravel are the major portion of these resources [2].
Sand and gravel are estimated to be the fastest-growing material groups extracted over the 20" and
21% centuries [4]. However, the industry overall is affected by illegality, violence and a strong
black market [4]. Precise quantitative data on sand extraction are therefore unavailable. The world
is facing a global sand crisis with multi-dimensional negative ecological, economic and social
consequences, and the sand scarcities are especially prominent in South-east and South Asia [4].

Even though deserts cover approximately one third of the Earth’s land surface area [5], the
depletion of natural sand has been a subject for several years. This is mainly because the chemical
constituents and particle distributions of desert sand differ widely from ordinary sand [6], hence
desert sand is not suitable for construction purposes unless it is improved by proper technology
and used in combination with sand with larger grain size. Al-Harthy et al. [7] showed
experimentally that the slump and mechanical properties of concrete decreased with increasing
desert sand replacement ratio. The fineness modulus and particle size of desert sand are smaller
than that of normal construction sand, and concrete produced with desert sand is shown to obtain
lower strength, poorer cohesiveness and poorer workability [6]. Powers [8] stated that no clear
definition of the term workability exists, however, when used in this thesis the term could be
understood as the flowability of the concrete. It should be noted that the fineness modulus is an
ambiguous parameter, as the same value can be obtained from different particle size distributions.
However, the use of desert sand for constructional purpose is an expensive and intricate process.
Clearly, good alternatives to natural sand are necessary to limit the global depletion of natural
construction sand deposits. One such alternative is to replace natural sand with crushed sand,
which is investigated in this thesis.

In Norway, the consequences of the sand crisis are mainly the unwanted extraction of unique
glaciofluvial deposits. Such aggregates are often naturally graded with excellent petrography,
particle size distribution and particle shape, and can be used directly in concrete. Many of these
deposits are now protected and it is expected that such protections will increase in the near future
[9]. As Norway is a relatively large net aggregate exporter, the main concern is to replace natural
deposits with crushed sand. Norway is probably the most important hard-rock country in the
northern Europe, being composed almost entirely of Precambrian and Palaecozoic igneous and
metamorphic crystalline bedrock [10]. The Norwegian production of primary aggregates in 2014
was approximately 144 million tonnes, whereof approximately 19 million tonnes were exported
[11]. Therefore, the development of manufactured aggregate will contribute to preservation of
nature as well as developing export potentials.



1.2 Short overview of related research

The properties of crushed sand differ from natural sand and replacing natural sand with crushed
sand will hence affect concrete rheology [12]. The rheological behaviour of concrete is of major
importance both with respect to concrete placement and finishing, as well as for its hardened state
properties [13]. The most accepted tool for fresh concrete testing at construction site is the
truncated Abrams cone or slump cone [14]. The test procedure consists of filling the metal cone in
three layers with tamping in between each layer. The cone is then lifted, and the concrete sample
will deform due to gravity. The height difference between the concrete and the cone is called the
slump, while the diameter of base of the slumped material is called the slump flow [15]. Another
cheap and simple concrete rheology test is the LCPC box, which was introduced by Roussel [16].
Self-consolidating concrete is filled into the LCPC box, and the length, L, and largest thickness of
the sample, /o, is measured at stoppage, and used to calculate the yield stress. Several other test
methods for concrete rheology exist, however, full scale testing of concrete is a cumbersome task,
which requires a lot of materials and labour. Contrary, testing on smaller cement paste samples is
more economical and efficient, and such small-scale testing has shown to be promising for
rheology prediction of equivalent concrete mixes [17]. Several rheology methods are developed
for cement pastes and grouts, such as the Marsh cone. The Marsh cone obtains a relative measure
of the fluidity as the inverse of the flow time by measuring the time taken for a certain volume of
material to flow through the Marsh cone [ 18-19]. Other examples of rheology test on cement pastes
and mortars are the mini slump cone and FlowCyl. The latter two methods are investigated in this
thesis, and the test principles are described in detail in Section 2.1.

To limit full scale testing, Schwartzentruber and Catherine [20] proposed concrete equivalent
mortar to predict the rheological behaviour of corresponding concrete mixes. The approach
consists in replacing the coarse aggregates by fine aggregates to provide an equivalent specific
surface area at mortar scale [21]. The method predicted the slump, slump variations, water
reduction, air content, setting time and compressive strength of equivalent concrete mixes with
coefficients of correlation, R2, greater than 0.86 between the measured values on the concrete and
on the concrete equivalent mortar [22]. However, the approach is less successful in rheology
prediction of self-consolidating concretes, which is mainly because the specific surface area of the
aggregate is the only criterion used to design the mortars [21]. Kabagire et al. [21] showed that
when both the excess paste thickness and the coarse aggregate content were considered, good
correlations were observed between the slump flow and V-funnel flow time of the concrete
equivalent mortar and self-consolidating concrete. Similarly, Lee et al. [23] derived a multi-scale
approach yield stress model for self-consolidating concrete and concrete equivalent mortar, which
adopts the excess paste theory for both concrete and mortar. The model variables were the volume
fraction and the paste layer thickness of aggregates in mortar or concrete. The model could predict
the yield stress of mortars and concretes under the assumption of a constant layer thickness. Hence,
small scale testing has shown to be a promising, efficient and economical approach, achieving
rheological parameters that correlates well to fresh concrete properties.

The aggregate properties have an important influence on the quality of fresh and hardening
concrete [24]. Crushed aggregate properties such as chemical and mineralogical composition



depend on the properties of the parent rock, while other properties, such as absorption, surface
texture, shape and size, are affected by the crushing process [24]. Several studies focus on the
influence of crushed aggregate properties on hardened concrete and mortars [25-31]. However, the
literature on the effect of crushed aggregate properties on fresh cementitious materials is sparse
[24]. Safiddine ef al. [24] studied the effect of limestone crushed sand dust (LCSD) on rheological
properties of mortars based on crushed sand and found that an increase in LCSD increased the
yield stress and plastic viscosity, and accordingly decreased the slump of the mortars. The study
showed that the mortar rheology was strongly affected by the increasing volume concentration of
crushed sand, and that mortars based on crushed sand obtained high viscosities and yield stresses,
compared to mortars based on natural sand. Similar results were found by Bouziani [32], which
investigated the effect of river sand, crushed sand and dune sand on rheological and mechanical
properties of self-compacting concrete. An increase in the crushed sand/river sand-ratio was found
to decrease the slump flow and increase the V-funnel time. Cepuritis et al. [33] investigated the
effect of crushed aggregates fines (< 0.250 mm) on cement paste rheology and found that the
rheology mainly is governed by the specific surface area of the fines (defined as surface area per
volume of material [mm?/mm?]), as well as the interaction between fines and superplasticizer (SP).
The effect of the specific surface area of the fines was found to be general, as the rheology could
be controlled either by altering the particle size distribution of the fines or their total volume. Also,
the effect of fines mineralogy was highlighted, as cement pastes with different fillers but similar
specific surface areas obtained different rheological properties. The observed differences were
assigned to different SP adsorption due to different mineralogy.

1.3 Challenges and research needs

Replacing natural sand with crushed sand in concrete is not a straightforward task as their
properties in general differ quite a lot from each other. In [12], the differences between natural and
crushed sand were highlighted as the following: Natural sand has weathered particles with sub-
angular to rounded shape, and their surface is often smooth. Contrary, sand from traditional
crushing techniques has angular particles with a rough surface. However, by optimal crushing it is
possible to obtain cubical particles, but still with a rough surface. Also, their particle size
distributions (PSDs) differ from each other. In contrast to natural sand, crushed sand that is not
processed adequately for optimization of particle shape and particle size distribution, normally has
a PSD that is hanging or dense with high content of fines. Such PSDs could reduce the water
demand of the concrete and improve the workability if the fines content is not too high. However,
crushed sand often contains a high content of flaky and elongated particles, and for such particles
a dense grading could cause a harsh mix. Harsh mixes require a high content of fines to compensate
for the voids content, meaning that the water demand increases [12]. The PSDs of crushed sand in
a log (size) vs. linear (volume passed) graph are generally parabolic, while PSDs of natural sand
generally are “S-shaped” or sometimes linear [34].

Unless the crushed sand is properly processed for particle shape and particle size distribution,
poorer workability is observed in concrete with crushed sand than with natural sand [34]. In
mortars with such crushed sand, the high amount of fines is found to increase the yield stress,



whereas the combined effect of the fines content and particle shape of the crushed sand is found
to increase the plastic viscosity [35]. Cortes et al. [36] showed that the loosest packing density of
the fines is dependent on the particle shape. Hence, an increased paste volume is required to obtain
adequate flowability and strength when natural round fines are replaced by angular crushed fines
of the same grain size distribution.

Mortsell [37] investigated the rheology of matrices with crushed sand and concluded that the
matrix phase of the concrete could be fully described by the flow resistance ratio, 4,4, which is a
unitless measure of the internal resistance of the matrix, further described in Section 2.1. However,
later studies highlight that A, shows limitations in prediction of the rheology of self-compacting
concrete [38]. This is mainly because concretes and other cementitious suspensions are two-
parameter fluids, described by the plastic viscosity and the yield stress of the suspension [39],
while A4 only shows good correlations to the plastic viscosity [1, 40]. Cepuritis et al. [1, 40] have
analysed the limitations of the FlowCyl and state that the reason why 4, is dominated by the plastic
viscosity is that the tested material undergoes very high shear rates at the outlet of the FlowCyl.

Even though several suspension models exist in literature, and many of them have been verified
on cement pastes, there is a lack of good rheology models for cement pastes with crushed sand that
predicts rheology based on constituent properties. As most rheology suspension models correlate
to either the yield stress or the plastic viscosity of the cement pastes, there is a need for a one-
parameter characterization or test method for cement paste rheology, that yields high correlations
to both parameters.

1.4 Objectives

This thesis investigates the rheology of cement pastes with filler from crushed sand, i.e., matrices.
The objective is to investigate methods for quantification of matrix rheology as follows:

o Investigate to what extent the specific surface area per volume of matrix (including water
and all particles less than 125 pum) correlates to rheological properties of a matrix
(Publication I)

¢ Investigate the possibilities of establishing a proportioning tool for the ready-mix concrete
industry based on the composition of the constituent materials, that accounts for the
rheological effect from crushed sand (Publication II)

e Compare the predictive capabilities of traditional semi-empirical suspension models with
artificial neutral network predictions with respect to matrix rheology (Publication IITI)

o Investigate the limitations of the FlowCyl test method as a one-point viscometer test
(Publication IV and V)

e Investigate the accuracy and efficiency of neural network predictions of the rheological
behaviour of cement pastes in the FlowCyl (Publication VI)

o Investigate whether a modification of the FlowCyl geometry could make the flow
resistance ratio more dependent on the yield stress of the tested matrices (Publication VII)

e Investigate the possibility of establishing a simple yet reliable method for determining the
rheology of matrix with a so called one-point measurement of flow (Publication VIII and
1X).



2 Theoretical Background
2.1 Characterization of the rheology of cementitious suspensions

The flow behaviour of concrete can be modelled as a Bingham fluid. Therefore, the rheological
behaviour of cement pastes, mortars and concretes is usually characterized by at least two
parameters; the yield stress, 7y, and the plastic viscosity, u [41]. These parameters are referred to
as the Bingham parameters, and the Bingham material model is given by:

T=7To+ Uy (1

where 7 [Pa] is the shear stress, 7 [Pa] is the yield stress, p [PaXs] is the plastic viscosity and y
[s71] is the shear strain rate. To assess the rheology of concentrated suspensions based on the
Bingham parameters, traditional rheometers with different geometries are used. Concentric
cylinders, cone-plate and parallel-plate geometries are normally used in rotational flow modes
[42]. The former type of rheometer is used for suspensions with relatively low viscosity such as
cement slurries, while the parallel plate geometries often are used for assessing the rheological
behaviour of pastes [42]. Rheometer tests provide a more accurate evaluation of the rheological
behaviour of suspensions than for instance the slump cone test. However, as such test are more
expensive, time consuming and might even provide more information than what is required,
simpler and cheaper tests are often preferred [43]. Rheometers have never been particularly
popular outside the laboratory due to their cost, immobility and complicity [14]. For the rheometer
tests performed in this thesis, an Anton Paar Physica MCR 300 rheometer equipped with a Couette
(bob and cup) geometry was used. The applied test procedure is described in Publication III, but a
brief description is given in the following. The cup is filled with cement paste, and the bob is
lowered into the cup. First, the paste is homogenized at a constant shear rate, and thereafter left at
rest. Then, it is subjected to linearly increasing shear rates, followed by linearly decreasing shear
rates. The slope of the down-curve (decreasing shear rates) is used to calculate the plastic viscosity,
u, while the intercept at zero shear rate is used to calculate the yield stress, t [44].

In addition to rheometer testing, the mini slump flow and flow resistance ratio have been measured
on the matrices investigated in this thesis. The mini slump cone is a similar but smaller test
apparatus than the Abrams cone, developed for cement pastes and grouts. Different geometries of
the mini slump cone are reported in the literature [33, 43, 45], however, in this thesis a cone with
top diameter of 39 mm, bottom diameter of 89 mm and height of 70 mm was used. A smooth
plexiglass plate was used as the base for the measurements. During a measurement, the mini-cone
was filled with matrix to the top of the cone. The cone was gently lifted and the diameter of the
matrix at stoppage was measured in two orthogonal directions. The mini-slump flow value was
then calculated as the average of the two measured diameters.

The flow resistance ratio is a unitless measure of the internal resistance of the matrix obtained
from the simple FlowCyl test. The FlowCyl is a modification of the Marsh cone, being a cylindrical
container ending in a V-funnel with a narrow nozzle outlet [1]. A full description of the test
procedure is presented in Publication IV, as well as a description of how 4, is deduced. Hence, the
principles are only given in brief here. The weight loss through the FlowCyl as function of time is
recorded, and from this data 4, is deduced, defined as the difference in flow rate between the test



material and an “ideal” fluid with no internal resistance and no external cohesion or friction. The
flow resistance ratio ranges from 0.0 to 1.0, where A, = 0.0 represents the ideal fluid and 4,=1.0
represents a fluid that is too viscous to flow through the outlet opening [37]. Clearly, no such ideal
fluid exists, and the extremal case of A;= 0.0 is considered a fluid where the viscosity approaches
zero. The FlowCyl test method will be of focus in this PhD-work. An illustration of the geometries
of the Marsh cone and FlowCyl is given in Figure 1.

# hy

The flow resistance
ratio is measured in
4 1 this area.

A+ hy

(a)

tan (alpha)

Figure 1 The geometry of (a) the Marsh cone (adopted from [19]) and (b) the FlowCyl (adopted from [37]).

2.2 Proportioning of concrete

The selection, characterization and determination of proportions of materials with intention to
achieve desired concrete properties is called concrete proportioning [46]. Concrete is one of the
most used materials in the world and naturally, the proportioning process has been continuously
modified over the years. Several countries/nations have developed their own concrete
proportioning standards, such as the American Concrete Institute 211-92, the British DOE method
and the India Standard-10262-82 method. Common for all proportioning methods are the intention
of obtaining a desired workability, durability and strength, while simultaneous being cost efficient.

In 1996, Martsell developed the Particle-Matrix model as part of his doctoral thesis at NTNU [37],
which since then has been a widely used concrete proportioning model in Norway. The Particle-
Matrix model is developed to simplify the modelling of the effect of concrete constituents and has
been successfully used for different concretes [40]. The model considers concrete as a two-phase
system, consisting of a particle phase and a matrix phase, which reflect the friction and fluid
properties, respectively [47]. The particle phase is defined as all particles larger than 0.125 mm in
diameter, i.e., sand and gravel [37]. Contrary, the matrix phase consists of water and all particles
smaller than 0.125 mm, that is admixtures, cement, pozzolanas, fines etc. Note that when this thesis
deals with matrices, it is referring to this definition. Each phase is described by a single parameter:
The matrix phase is described by the flow resistance ratio and the particle phase by the air voids
modulus [47]. The air voids modulus (H,) describes the rheological effect of particle packing or
particle void content [48], and is dependent on grading, surface shape and roughness [47]. The



modulus is based on the particle void content of the fine and coarse portions of the particle system,
where the rheological effect is more expressed for the fine portion (< 4mm). The fineness modulus
(Fu) was therefore introduced as a correction factor for the air voids modulus.

Additionally, a workability function was developed for mortars and concrete, where mortar was
defined as matrix and particles <4 mm. The mortar workability is controlled by the properties of
the particles and the properties of the matrix, as well as the volumetric ratio between particles and
matrix. The particle properties are expressed by grading and the matrix properties are expressed
by the flow resistance ratio. The workability function, K), is a hyperbolic S-shaped function. The
work concluded that there was a strong correlation between the shape of the workability function
and the properties of the particles and the matrix. The particle grading correlated to the amount of
matrix at the turning point of the K,-function, while the rheological mortar properties were
concluded to be fully described by 4,. This thesis focuses on the matrix-phase of the concrete,
while further details about the particle-phase can be found in [47].

2.3 Particle characterization

The characteristics of particles in a suspension have major impact on its rheological behaviour.
The rheological effect from crushed aggregate fines has mainly been attributed to the specific
surface area [37, 49] and particle shape of the fines [50]. However, Cepuritis e al. [51] studied the
rheology of cement pastes with crushed fines of different mineralogical composition, shape and
grading, and found that the rheology could be controlled either by grading (specific surface area),
shape or mineralogy. A later study concluded that the rheological effect on cement pastes mainly
was governed by the specific surface area of the fines and their interaction with the SP molecules
[33].

Regarding particle characterization, the focus of the thesis has been on how the volumetric specific
surface area (VSSA) of dry materials per volume of matrix impacts rheology. There is no standard
procedure for determining the VSSA of crushed aggregate fines, and several different methods are
presented in the literature [35, 37, 52, 53]. Cepuritis [48] found that for crushed aggregate fines (<
125 um) approximately 50 % of the specific surface area is concentrated below 5 um. Precise
measurements of particles below 5 pum are therefore necessary, and it was concluded that X-ray
sedimentation was a suitable method. Hence, in this work the VSSA has been calculated from the
PSD obtained from the Sedigraph, under the assumption of spherical particles. The SediGraph III
Plus measures mass of particles through X-ray absorption and calculates the equivalent particle
diameter [54]. The PSD is divided into a finite number of bins, and all particles within a bin are
assigned a diameter equal to the mean diameter of the bin [48]. The VSSA is calculated as the
general surface area of each bin, i.e., 6/d, where d is the particle diameter, multiplied by the
differentiated bin volume passing percent. The method is more thoroughly described in Publication
I. Note that VSSA is denoted SSA in Publication I.



2.4 Suspension rheology models

Numerous of different suspension models exist in literature, and a narrow selection is presented
here. The excess paste theory that was shortly introduced in Section 1.2, or lubricating liquid
thickness around all particles, was first proposed by Powers [8]. The liquid thickness is inversely
proportional to VSSA and is found to be strongly linked to the rheological properties of cement

pastes [55]. Also, the relative concentration of solids (f), i.e., the ratio between the volume
m

fraction of solids and the maximum packing fraction, correlates well to concrete rheology [56].
Krieger and Dougherty [57], Mooney [58], Quemada [59], Chong et al. [60], Eilers [61] and
Robinson [62] did all propose suspension models for the relative viscosity, that are directly
correlated to the relative concentration of solids. Spangenberg et al. [63] investigated the
suspension models by Krieger and Dougherty [57] and Chong ef al. [60] and illustrated that both
models provided good approximations to experimental data on viscosity of bimodal suspensions
with hard spherical particles.

Contrary to traditional suspension models, artificial intelligence is an evolving technology with
respect to prediction of material properties, which potentially can reduce the need for laboratory
testing [64]. Artificial neural network (ANN) is one example of such technique, which has shown
to provide high prediction accuracies of experimental rheological results in fields such as viscosity
prediction of nanofluids [65-67]. In Publication III, the relative viscosity models are elaborated
and further investigated, as well as the correlation of both the lubricating liquid thickness and
VSSA to cement paste rheology. The models are then compared with ANN predictions.

A more practical approach to cement paste prediction, tailor made for the ready-mix concrete
industry, was presented in [37]. An empirical equation was developed for matrices with crushed
aggregate fines, with emphasis on simplicity and applicability. The equation was a fitting model
based on the particle matrix method, where matrix rheology was predicted based on mix
composition. This equation has been further developed to account for larger parameter variations
in Publication II.



2.5 Numerical simulations

In addition to experimental testing and rheology prediction with empirical models and traditional
suspension models, several numerical simulations have been performed during the thesis work. A
computational fluid dynamics (CFD) model that simulates the flow of cement pastes as Bingham
materials has been developed in the commercial software Flow3D®. CFD has successfully been
applied to model the flow behaviour of cementitious materials by several authors in the literature
[68-76].

In CFD, the physical characteristics of fluids in motion are described by governing equations,
named the Navier-Stokes equations [77]. When simulating concrete flow, concrete is often
assumed to be incompressible [78], and this assumption is made in the simulations of the matrices
in this thesis as well. For incompressible flows, the density is assumed to be constant within the
considered volume [79], and the Navier-Stokes equations are given by eqn. 2 and 3.

V-u=0 @)
&
p (6—1;+u-Vu) = —Vp+nV?u+ pg (3)

where u is the velocity vector field, p is the pressure, p is the material density, 77 is the dynamic
viscosity, g is the gravity acceleration vector, and t is the time [80].
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3 Summary of appended publications
I Microproportioning paste with crushed aggregate filler by use of specific surface area

Skare EL, Cepuritis R, Spangenberg J, Ramenskiy E, Mertsell E, Smeplass S, Jacobsen S.
15th International Congress on the Chemistry of Cement (2019).

Publication I presents an experimental rheology study of 114 matrices, consisting of two types of
cement, three different crushed aggregate fines, SP, fly ash and silica fume. The study investigates
how the volumetric specific surface area of all dry materials except silica fume correlates to the
rheological behaviour of the matrices. The rheology was quantified in terms of the mini slump
flow, the flow resistance ratio, as well as the Bingham yield stress and plastic viscosity. The
specific surface area of each material was multiplied by the volumetric fraction of that material,
and the contributions from each material were summarized. The surface area was presented as
volumetric surface area of all dry materials per matrix volume [mm?/mm?], which is also the case
in the following. No correlation was found between the surface area and the rheology of matrices
with silica fume. For matrices without silica fume, the surface area was found to be strongly
dependent on the two cement types used, as matrices with each cement type fell on separate
regression lines. The strongest correlations were found for the plastic viscosity, yielding R?=0.85
for both group of matrices (matrices with Industry cement or Standard FA cement). Hence, the
study highlighted that the specific surface area could be a promising input parameter in the
development of a microproportioning tool for concrete with crushed aggregates.

IT Application of an Improved Empirical Model for Rheology Prediction of Cement Pastes
Modified with Filler from Manufactured Sand

Skare EL, Cepuritis R, Mertsell E, Smeplass S, Spangenberg J, Jacobsen S.
Nordic Concrete Research 65 (2021) pp. 1-18.

In Publication II, the empirical model by Martsell [37] is further developed. The developed model,
being an empirical equation, predicts the rheology of matrices based on the composition of the
constituent materials. The volumetric specific surface area of all dry materials (except silica fume)
per matrix volume [mm?mm?], that were found to correlate well to matrix rheology in Publication
I, is one of the terms in the equations. Note that the specific surface area (SSA) in Publication I is
equal to the volumetric specific surface area (VSSA) in Publication II, as the authors renamed the
term after feedback from one reviewer. The empirical equation was developed based on
experimental testing of 117 matrices, consisting of four different crushed fillers, two different
cement types, biotite, fly ash, silica fume and SP. The mini slump flow, flow resistance ratio,
Bingham yield stress and Bingham plastic viscosity were measured, and the predictive ability of
the empirical equation for these four parameters was investigated. The study concluded that the
empirical equation is a promising tool for the concrete industry. The best correlation was seen
between the measured and estimated plastic viscosity, yielding an R* = 0.98, which is a
surprisingly good result considering the large variety in mix design and materials. Furthermore,
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the correlation coefficients between predicted and measured values for mini slump flow, flow
resistance ratio and yield stress equalled R> = 0.95, R? = 0.91 and R? = 0.80, respectively.

IIT Rheology Modelling of Cement Paste with Manufactured Sand and Silica Fume:
Comparing Suspension Models with Artificial Neural Network Predictions

Skare EL, Sheiati S, Cepuritis R, Mertsell E, Smeplass S, Spangenberg J, Jacobsen S.
Construction and Building Materials 317 (2022) 126114.

Publication III compares traditional suspension models with artificial neural network predictions.
The mini slump flow, flow resistance ratio, Bingham yield stress and Bingham plastic viscosity
were measured on 107 matrices with crushed aggregate fines. The correlation to the four rheology
parameters were investigated for nine suspensions models: two liquid thickness models, the
relative concentration of solids and six relative viscosity models that are strongly correlated to the
relative concentration of solids. None of these models provided good correlations to all matrices,
obtaining an R? = 0.60 at best. However, an increase in prediction accuracy was seen for subset of
matrices. When only considering matrices without Industry cement and silica fume (= 55
matrices), one of the liquid thickness models provided an R? = 0.94. The chosen artificial neural
network, namely multilayer perceptron, clearly outperformed the investigated suspension models,
providing correlation coefficients between 0.84 and 0.91 for all 107 matrices, indicating that
artificial neural networks predictions of matrix rheology are a promising avenue to follow.

IV FlowCyl: one-parameter cement paste rheology test developed at NTNU, Norway

Cepuritis R, Skare EL, Jacobsen S, Spangenberg J, Smeplass S, Mertsell E.
Rhéologie 35 (2019) pp. 20-24.

In Publication IV, the main principles behind the FlowCyl test method is thoroughly described, as
well as the definition of the flow resistance ratio. The paper highlights that the FlowCyl struggles
to predict the flow of self-compacting concretes and mixes with high amounts of crushed sand.
Further, the paper states that the major limitation of the FlowCyl is that it only correlates to the
plastic viscosity and not the yield stress of the matrix. The study suggests two approaches to
accommodate this limitation; Either by supplementing the FlowCyl with a mini-cone measurement
or modifying the FlowCyl geometry to reduce the shear rates at the outlet.

V Analysing limitations of the FlowCyl as a one-point viscometer test for cement paste

Cepuritis R, Skare EL, Ramenskiy E, Mertsell E, Smeplass S, Li S, Jacobsen S, Spangenberg J.
Construction and Building Materials 218 (2019) pp. 333-340.

Publication V investigates the limitations of using the flow resistance ratio as a one-point
parameter to describe the flow of matrix. The investigation was performed both experimentally
and numerically. The numerical model was used to quantify the error that is introduced by going
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from simulating the rheological response by a three-parameter model, i.e., the Herschel-Bulkley
model, to a two-parameter model, i.e., the Bingham model. The study showed that an additional
error of approximately 2% could be expected when assuming that the matrix could be described
by the two-parameter model. As this error is relatively sparse, the rest of the paper focused on
going from a two-point parameter to a one-point parameter, i.e., the flow resistance ratio. The
study concluded that the flow resistance ratio is clearly dominated by the plastic viscosity, a finding
supported by the very high shear rates at the outlet revealed by the numerical simulations.
Therefore, it was argued that the flow resistance ratio could be used as one-point characterization
for matrices undergoing high shear rates. Another finding from the study was that the linear
correlation between the Bingham parameters are affected by the SP dosage, and that the flow
resistance ratio hence could predict the yield stress of matrices with constant SP dosages.

VI Neural network predictions of the simulated rheological response of cement paste in the
FlowCyl

Sheiati S, Ranjbar N, Frellsen J, Skare EL, Cepuritis R, Jacobsen S, Spangenberg J.
Neural Computing and Applications 33 (2021) pp. 13027-13037.

Publication VI presents a numerical study of the rheological response of cement pastes in the
FlowCyl. Two artificial neural networks (ANNs), multi-layer perceptron and radial basis function,
were trained by a CFD model that simulated the FlowCyl test. The accuracies of the predictions
from the two ANNs were compared, and it was also studied how few CFD simulations the ANNs
require for training without reducing the predictive capabilities. The results showed that both
ANNSs could predict the simulated rheological behaviour of the cement pastes very well if the
majority of the dataset was used for training. The radial basis function quickly lost its accuracy
when considering a reduced training data, while the multi-layer perceptron model provided an R>-
value above 0.95 even when reducing the training data to 70%. Hence, it was concluded that a
coupling between CFD and ANN could reduce the number of simulations and decrease the
calculation time significantly.

VII Decreasing the Magnitude of Shear Rates in the FlowCyl

Skare EL, Jacobsen S, Cepuritis R, Smeplass S, Spangenberg J.

Proceedings for the International Federation for Structural Concrete 5th International FIB
Congress (2018).

In Publication VII, numerical simulations are performed to investigate whether the magnitude of
shear rates at the outlet of the FlowCyl may be reduced by change of geometry of the FlowCyl.
The investigation was motivated by finding a geometry with higher correlation to the yield stress
than the FlowCyl test. The study showed that the magnitude of shear rates decreased with
decreasing hydrostatic head, cylinder diameter and outlet diameter. The simulated Bingham
material obtained a maximum shear rate of 366 /s in the FlowCyl at the start of the experiment,
while a reduction of approximately 60% were observed 35 seconds after the start of the experiment.
Note that the appertaining hydrostatic head at 35 seconds was not calculated in the paper, but the
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presented screenshot of the simulation after 35 seconds illustrates that the hydrostatic head, i.e.,
height, is approximately Y4 of the original FlowCyl. By increasing the cylinder diameter from 80
mm to 160 mm, the occurring maximum shear rates increased with approximately 60 %. Lastly,
an increase in outlet diameter from 8 mm to 12 mm increased the maximum shear rates with almost
30 %.

VIII Investigating the flow curve of the FlowCyl test as a measure of yield stress

Skare EL, Jacobsen S, Spangenberg J.
Manuscript submitted to The International Federation for Structural Concrete 6th International
FIB Congress (2022).

Publication VIII analyses whether different parts of the flow curve (volume vs time) of the
FlowCyl could show better correlations to the yield stress than the flow resistance ratio. Numerical
simulations reveal that the correlation to the yield stress can be significantly improved by either
considering the volume loss through the FlowCyl for a given time span, or the time it takes for a
given volume of matrix to leave the FlowCyl. The numerical results are investigated on
experimental data of 49 matrices, and an R? = 0.81 is obtained between the yield stress and the
time it takes for a volume change from V = 1.1 litres to V = 1.0 litres. This is a significant
improvement compared to the correlation to the originally calculated flow resistance ratio (R =
0.60) for the same matrices.

IX FlowFunnel for measuring yield stress and plastic viscosity of cement paste

Skare EL, Jacobsen S, Spangenberg J.
Manuscript submitted to Cement and Concrete Research.

In Publication IX, the geometry of the FlowCyl is modified by CFD modelling to increase its
correlation to the yield stress. A prototype of the modified geometry was made, referred to as the
FlowFunnel, and experimental results from 13 matrices were reported. The matrices represent the
span in Bingham parameters of which most cement pastes are found, with yield stresses between
1.90 Pa and 29.99 Pa and plastic viscosities between 0.11 Pas and 1.22 Pas. The correlation to the
mini slump flow were R? = 0.86 and R? = 0.82 for the yield stress and plastic viscosity,
respectively. For the FlowFunnel experiments, the volume loss through the FlowFunnel the first
10-14 seconds were found to provide good correlations to the Bingham parameters, resulting in R?
=0.88 and R? = 0.94 for the yield stress and plastic viscosity, respectively. Hence, the modification
of the geometry of the FlowCyl provides promising results with respect to establishing a simple
and reliable method for determining the rheology of matrix with a one-point measurement of flow.
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4 Conclusions

The following main conclusions can be drawn from the studies within this thesis:

For matrices without silica fume, the volumetric specific surface area of dry materials per
volume of matrix [mm?*mm? matrix] is strongly correlated to matrix rheology. This
correlation is dependent on the cement type, and for the two investigated cement types in
this study, the correlation is stronger for matrices with Standard FA cement than with
Industry cement. No correlation is found between the specific surface area and the rheology
of matrices with silica fume.

It is possible to predict the rheology of matrices with crushed sand based on constituent
materials. The empirical model by Mertsell [37] has been further developed by including
the volumetric specific surface area, as well as several other terms reflecting the matrix
composition; solid content, SP-dosage, biotite/filler-ratio, fly ash/binder-ratio and
water/powder-ratio. Despite a large variety in mix design and materials, the improved
empirical equation provided a coefficient of determination, R?, equal to 0.98, 0.95, 0.91
and 0.80 between estimated and measured values for 117 matrices for plastic viscosity,
mini slump flow, flow resistance ratio and yield stress, respectively. This empirical
equation is a promising tool for the concrete industry.

Artificial neural network predictions are found to be a promising prediction tool for matrix
rheology. When comparing the predictive capabilities of the investigated suspension
models and artificial neural networks predictions, the chosen artificial neural network,
multilayer perceptron, clearly outperformed the other models. Also, a coupling between
CFD and ANN for flow simulations of matrix rheology is found to possibly reduce the
number of simulations and calculation time significantly.

The main limitation of the FlowCyl is its weak correlation to yield stress. The weak
correlation is assigned to the high shear rates occurring at the outlet nozzle, which were
detected by numerical simulations. Therefore, the original FlowCyl test can only be used
as one-point characterization for matrices undergoing high shear rates. It is also argued that
the flow resistance ratio could predict the yield stress of matrices with constant SP, as the
linear correlation between the Bingham parameters are affected by the SP dosage.

It is found that by changing the geometry of the FlowCyl, the correlation to the yield stress
could be increased. Numerical simulations revealed that the magnitude of shear rates at the
outlet nozzle decreased with decreasing hydrostatic head, cylinder diameter and outlet
diameter.

Numerical simulations show that different parts of the flow curve of the FlowCyl could
show better correlations to the yield stress than the flow resistance ratio. The numerical
results are investigated on experimental data of 49 matrices, and an R? = 0.81 is obtained
between the yield stress and the time it takes for a volume change from V = 1.1 litres to V
= 1.0 litres. The correlation is substantially improved compared to the flow resistance ratio,
which yielded an R? = 0.60 for the same set of matrices.

Optimization of the FlowCyl geometry has shown to be a promising avenue to follow with
respect to establishing a simple and reliable method for determining matrix rheology with
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a one-point measurement of flow. Based on numerical simulations a prototype of a
modified geometry of the FlowCyl has been produced, called the FlowFunnel. The volume
loss through the FlowFunnel the first 10-14 seconds provide good correlations to the
Bingham parameters, resulting in R? = 0.88 and R? = 0.94 for the yield stress and plastic
viscosity, respectively, for 13 investigated matrices.



5. Further research work

To narrow the scope of this thesis, only a few suspension models have been investigated, as
presented in Section 2.4. However, there are several other interesting and promising suspension
models in the literature that should be given attention in future research work. Flatt and Bowen
[81] developed a yield stress model for concentrated suspensions, called the YODEL model. The
general principle behind the model is to identify the number of particles in contact that cannot be
separated by the applied shear stress, as these unbroken bonds are responsible for the yield stress
of the suspension. The model accounts for the volume fraction of solids, mean particle size, particle
size distribution, maximum packing, percolation threshold and interparticle forces, and shows
good correlations to experimental data. Recently, the YODEL model showed to be very useful for
predicting rheology of paste with filler from crushed sand [82]. The literature provides numerous
other approaches to predict the yield stress of suspensions, such as the studies reported by Buscall
et al., Kapur et al., Scales et al. and Zhou et al. [83-86]. These models have been improved from
previous yield stress models, by including parameters such as particle size distributions, volume
fraction of solids and inter-particle forces. Damineli ef al. [87] presents a viscosity model called
the Particle Interference Model, which in contrast to most traditional viscosity suspension models
accounts for particle interactions when predicting the cement paste viscosity.

The experimental work in this thesis has been limited to study the effect of four crushed aggregate
fines, two cement types, one type of fly ash, one type of silica fume, one type of mica (biotite) and
one type of superplasticizer. In the future, the validity of the numerical and empirical models
resulting from this work should be investigated and possibly improved for larger material
variations. This should include more types of filler, cement and superplasticizers, as well as other
alternative sustainable binders, such as slag, fines from recycled aggregates, activated clay and
geopolymers. Also, to deeper understand the rheological effect of part materials in matrices, future
work should be focused on further material characterizations, as well as studying the interactions
between the constituent materials. Topics such as adsorption of SP, surface physics and surface
chemistry have not been visited in this work, though these properties are known to affect the
rheology of cementitious suspensions, see for example [88-89].
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ABSTRACT

It is necessary to understand how to combine the fines with various cementitious and pozzolanic
binders and admixtures, in order to develop the use of crushed aggregate fines in concrete, obtaining
target rheological properties. Following previous studies on the effect of crushed aggregate fines
specific surface area (SSA) and its relation to rheology, we extended this approach to all materials and
still find that SSA relates to rheology measurements on largely different powders: crushed fines,
Portland cement, blended cements (fly ash ground with clinker) and also additional bulk fly ash. First,
we developed a single method for powder particle size distribution (PSD) and SSA using an X-ray
Sedigraph covering all powders of the filler modified paste. Then we investigated both mixes with
constant and varying solid fraction and found that they correlated reasonably well to rheology at
constant SP dosage, in spite of the big differences in both powder composition and higher range of
SSA values compared to the early filler studies. The current study reports some additional experiments,
where mixes incorporating also silica fume and variable SP-dosage have been included, with the
purpose of further understanding the suitability of using the SSA of all the powders in a mix as the
main parameter for developing a practical concrete micro-proportioning tool.
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1. INTRODUCTION

Sand is a widely used material all over the world, especially in the construction industry. Hence, the
deposits of natural sand of good quality are becoming depleted, and a replacement for the natural sand
is needed. Crushed sand, that is rocks crushed down to smaller fractions, is a good alternative.
However, the manufactured sand, unless properly processed, is more angular and contains more fines
due to the crushing process, and will result in a less flowing concrete when it equally replaces natural
sand.

The primary method for proportioning concrete in Norway over the last two decades is the particle-matrix
method. It is a two-phase approach based on the assumption that concrete rheology is controlled by the
volume fraction of coarse aggregate particles in the mix and by the flow properties of the suspending
matrix (Smeplass & Mgartsell 2001). In this model all fines less than 125 microns are considered as a
part of the suspending matrix — also called filler modified cement paste. However, when using crushed
sand, the proportion of particles less than 125 microns have a dominating effect on the flow. Hence, a
further development of the method is necessary, where the effect of the fine particles on the rheology
of the matrix is taken into account. A microproportioning tool is under development, where the rheology
of paste could be predicted using the proportions and some property of part materials as input. It is well
known that the paste rheology is affected by factors like SP-dosage, w/c — ratio, solid content etc.
However, there is a need of developing a method that also takes into account the properties of the fillers,
especially with respect to the fineness. In this study we investigate to what extent the specific surface
area (SSA) per volume of paste, correlates with the rheological properties of the suspending matrix.
Later, the rheology of concrete could be predicted by using microproportioning together with the particle-
matrix model.

2. EXPERIMENTS

2.1 Materials

The mixing and rheological measurements on the filler modified cement pastes were performed in five
series, denoted the A-, B-, C-, D- and E- series, representing a wide variability and large range of part
materials and proportions. The five series results in 114 different mixes. Series A and B have been
performed by former Ph.D student Evgeny Ramenskiy in the MiKS-project, and a calculation of the SSA
is done for these fillers, based on the latest results of the PSDs for the fillers. The cement pastes consist
of different combinations of filler, cement, superplasticiser, fly ash and silica fume. Three different types
of crushed aggregate fillers are used, originating from the same granitic rock type and prepared by the
same production process. The rock type is mainly composed of feldspar and quartz, representing
approximately 48 % each, while amphibolite, mica and chlorite represent less than 5 % in total. The
crushing of the aggregates took place in 4 different steps, and the generated fillers were extracted from
the rest of the aggregates by an air-classification method. The three different types of fines were
extracted at different steps in the air-classification process, and differ from each other in particle size
distributions (PSDs). The different fillers are denoted Velde Fine, Velde Intermediate and Velde Coarse,
justified in that they are extracted at cut-size 63 ym, 125 ym and 500 pm, respectively. The particle
sizes for all three crushed fillers are 0-125 ym, adjusted by mechanical sieving in our lab before mixing.
The densities for the crushed fillers were measured by helium pycnometry to be the same, i.e. 2.65
g/cm3. The cement type used in test series A and B is the Norwegian standard fly-ash (Std FA) cement
from Norcem AS with 20 % fly ash ground with the clinker, CEM II/B-M 42.5 R. For test series C and D,
the Norwegian OPC “Industry” cement from Norcem AS, CEM | 52,5 R, is used in all the pastes. Both
cement types are represented in the E-series. A polycarboxylate ether-based superplasticiser (SP)
Dynamon SR-N from Mapei, with dry solids content of 19.5 %, is used in all the mixes. Additional fly ash
from Norcem AS is introduced in some of the pastes in the C-, D- and E-series. Undensified Elkem
Microsilica, 940-U, was also included in some of the pastes in the E-series. The PSD for the fillers,
cements and fly ash were measured by the x-ray sedimentation machine SediGraph Il Plus; the results
are shown in Figure 1.
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Figure 1. PSDs of all dry materials used for the study (except silica fume) determined with the
SediGraph Il Plus.

The SediGraph Il Plus measures mass of particles dispersed in a fluid with known viscosity and density,
through x-ray absorption. Based on the mass and the particle falling rates, the equivalent particle
diameter is calculated (Micromeritics 2003). In this study, the dispersing liquid used is Micromeritics
Sedisperse A-12. The A-12 fluid was selected after review and studies of reactivity and settling of fly
ash, filler and cement with particle densities 2380 — 3130 kg/m3, maximum diameter 125 microns and
maximum Reynolds number = 0.30 (Sosa 2017). The specific surface area (SSA) is a parameter defined
as surface area per volume of a material, and may be used to characterize the properties of the dry
materials (Bentz et al. 2012). Different approaches for calculating the SSA exist, but it may be calculated
from the particle size distribution from the Sedigraph, under the assumption of spherical particles
(Cepuritis 2016). The particle size distribution is divided into a finite number of bins, and all particles
within a bin are assigned a diameter equal to the mean diameter of the bin. The general surface area is
obtained by dividing the area of a sphere by the volume of a sphere, resulting in 6/d, where d is the
diameter of the particle. The SSA is calculated as the general surface area of each bin, multiplied by the
differentiated bin volume passing percent. The SSAs for all the dry materials except silica fume, together
with an overview of different ingoing part materials in the pastes are listed in Table 1 as mm%mm?3 of
powder volume. In the analysis of the results of rheology of the different filler modified cement pastes
(Figures 2-4) the surface is expressed as surface area mm2/mm? of paste volume. This is obtained by
multiplying the SSAs in Table 1 with the individual volume fractions in the mixes and summing up the
total area of each paste mix. In (Cepuritis, Garboczi et al. 2017) a micro x-ray CT and numerical analysis
of the resulting PSDs of 10 different rocks VSI(vertical shaft impactor)-crushed into 3 different filler
fractions of 4/25, 20/60 and 40/200 microns were performed. It was found that the SSA of the 30 different
powder materials had consistently 1.19 — 1.3 times larger areas than their volume equivalent spheres.
Hence, this method of determining surface area is believed to be suitable for the crushed fillers. A PSD-
analysis of the silica fume could not be performed in the Sedigraph, due to its small grain sizes. The
mean size of silica fume is approximately 0.05 microns (Sellevold 2015), and the density 2200 kg/m?3
(Smeplass & Cepuritis 2015), which results in a specific surface area of 60 000 mm2/mm?.



Table 1. Part materials in the filler modified cement pastes in the different test series.

Specific
Material surface area B c D E
[mmZ/mm3]

Filler type Mix no.

o Velde Coarse 522 1-9 X X

e Velde Intermediate 367 10-18 X X

e Velde Fine 728 19-27
Cement type

e Std FA,CEMII/B-M 42.5R 829 X X X

e Industry, CEM152,5R 1302 X X X
Pozzolans

e FlyAsh 970 X X X

e Undensified Microsilica 940-U 60 000* X
Admixtures

e Dynamon SR-N (superplasticizer) X X X X X

* Not determined from Sedigraph measurement results, but by simply assuming a mean grain size of 0.05 pm.

2.2

Cement paste compositions

The test series are designed with intension of exploring a micro-proportioning principle based on
controlled specific surface area of all ingoing powders on a rational basis. An overview of the main
proportioning parameters that have been varied or kept constant is listed in Table 2.

Table 2. Main parameters that are varied or kept constant in the five test series.

Series Variables Constants

A e Filler-to-binder ratio e SP —dosage (0.75% of cement weight)
e Water-to-binder ratio
e Solid volume fraction

B e Filler-to-binder ratio
e  Water-to-binder ratio
e Solid volume fraction
e SP —dosage

C e Filler-to-binder ratio e Water-to-binder ratio = 0.5 (two exceptions)
e Fly ash-to-binder ratio e SP - dosage (0.60% of cement weight)
e Solid volume fraction

D e  Filler-to-binder ratio
e Water-to-binder ratio e SP - dosage (0.60% of cement weight)
e Fly ash-to-binder ratio e Solid volume fraction (¢ = 0.390)

E e Filler-to-binder ratio

¢ Fly ash-to-binder ratio



Silica fume-to-binder ratio
Water-to-binder ratio
Solid volume fraction

The combinations of cement paste compositions are chosen both for a practical range used in ready
mix concrete production with crushed sand in Norway, as well as validating the methods for mixes of
extremity (very viscous or very flowable). The outline of the compositions is presented in Table 3, which
together with the material data in Table 1, gives the full mix designs. Note that explanations of the
abbreviations that are used in the table, are explained below the table.

Table 3: Outline of the investigated cement paste compositions.

Series A Series B Series E
wo s fi w s fi fa w s fi  fa S
b c c b c c c b c c C c
1 040 0.75 028 | 13 0.55 1.00 0.51 - 7 055 0.75 0.63 - 0.06
2 040 075 036| 14 055 1.00 0.59 - 8 055 0.75 0.60 - 0.06
3 040 075 044 | 15 055 1.00 0.67 - 9* 055 0.75 0.73 - 0.06
4 055 075 051| 16 055 1.25 0.51 - 10 055 0.75 0.70 - 0.06
5 055 075 059| 17 055 1.25 0.59 - 11* 055 0.75 0.79 0.35 0.07
6 055 075 067 | 18 055 1.25 0.67 - 12 055 0.75 0.76 0.33 0.07
7 070 075 068 | 19 0.55 1.50 0.51 - 13* 055 0.75 092 0.35 0.07
8 070 075 076 | 20 055 1.50 0.59 - 14 055 0.75 0.88 0.33 0.07
9 070 075 082]| 21 055 150 0.67 - 15* 040 0.75 043 - -
10 040 075 028 | 22 055 1.75 0.51 - 16* 0.40 1.50 0.43 - -
11 040 075 0.36| 23 055 1.75 0.59 - 17* 055 0.75 1.06 0.81 0.20
12 040 075 044 | 24 055 175 0.67 - 18 055 0.75 1.01 0.77 0.19
13 055 0.75 0.51 Series C 19* 055 0.75 122 0.81 0.20
14 055 075 059 | 1* 0.50 0.60 - - 20 055 075 117 0.77 0.19
15 055 075 067 | 2 045 0.60 - - 21* 0.55 0.75 0.65 - 0.12
16 070 075 068 | 3* 0.50 0.60 - 033 | 22 055 075 0.63 - 0.12
17 070 075 076 | 4 0.50 0.60 - 0.56 | 23* 0.55 0.75 0.76 - 0.12
18 070 075 082 | 5° 0.50 0.60 - 071 24 055 075 0.73 - 0.12
19 040 075 028 | 6* 045 0.60 - 0.71 | 25* 055 075 084 0.37 0.16
20 040 075 036| 7¢ 050 060 0.24 - 26 055 0.75 0.80 0.35 0.15
21 040 075 044 | 8 050 060 030 0.33 |27 055 0.75 0.97 0.37 0.16
22 055 075 051 9 050 060 036 0.71 | 28 055 075 0.93 035 0.15
23 055 075 0.59 Series D 29* 0.55 0.75 1.06 0.81 0.20
24 055 075 067 | 1* 050 0.60 - - 30 055 0.75 1.01 0.77 0.19
25 070 075 0.68| 2* 0.53 0.60 - 0.31|31* 055 075 1.22 0.81 0.20
26 070 075 0.76 | 3* 0.55 0.60 - 0.62| 32 055 075 117 0.77 0.19
27 070 075 0.82| 4 057 0.60 - 1.08 | 33* 0.53 0.75 0.63 - 0.06
Series B 5* 0.60 0.60 0.20 - 34* 051 0.75 0.65 - 0.12
1 040 1.00 028 | 6* 0.73 0.60 0.46 - 35* 051 075 0.73 - 0.06
2 040 100 036 | 7¢ 065 060 030 0.33 |36* 051 0.75 0.76 - 0.12
3 040 100 044 | 8 081 060 066 0.15|37* 051 1.00 0.76 - 0.12
4 040 125 028 9 0.76 060 057 0.31]38 051 125 0.76 - 0.12
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5 040 125 036 | 10* 080 060 0.76 0.74 | 39* 0.51 150 0.76 - 0.12
6 040 125 044 Series E 40* 042 075 044 035 0.07
7 040 150 028 | 1* 040 0.75 0.33 - |41 042 100 044 035 0.07
8 040 150 036 | 2 040 150 0.33 - 42* 042 125 044 035 0.07
9 040 150 044 | 3* 055 0.75 0.60 - 43* 042 150 044 035 0.07
10 040 175 028 | 4 055 0.75 0.70 - 44* 044 150 041 0.33 0.00

11 040 175 036 | 5¢ 055 1.50 0.60 -
12 040 175 044 | 6 055 1.50 0.70 -

Abbreviations used in the table:

w/b = water-to-binder ratio by mass.

spl/c = superplasticiser dosage by mass percentage of cement.
filc = crushed filler-to-cement ratio by volume.

falc = fly ash-to-cement ratio by volume

slc = silica fume-to-cement ratio by volume

* Mixes with Industry cement. All others: Standard FA

2.3 Methods

The mixing of the filler modified cement pastes was carried out with the procedure developed by Ng. et.
al. (Ng 2014). First, all dry powders were pre-mixed in a Hobart bowl mixer, in this case model N-50,
Hobart Manufacturing Company. Subsequently, the wet-mixing was performed by a handheld drill
(model TCD 180-30, Tectool) and an attached steel paddle, specially designed for mixing cement
suspensions in order to reduce air entrainment (Ng 2014). The wet mixing was performed in a cylindrical
plastic container with inner diameter of 110 mm and inner height of 297 mm. The batch size for each
paste mix was 2.05 litres. Directly after mixing, rheometer and FlowCyl measurements were performed.
The Bingham parameters yield stress and plastic viscosity are obtained from the rheometer, while the
flow resistance ratio is the output parameter from the FlowCyl. The mini-slump test was performed
directly after the FlowCyl measurement was done, and the same paste that had been tested in the
FlowCyl was reused in the mini slump cone. All three tests were performed as described in [8]. The
repeatability of the measurements was determined by repeated mixing of a paste with average
rheological properties in the tested range. Based on four repetitions, the coefficient of variation for the
Bingham yield stress and plastic viscosity equalled 9.7% and 5.7%, respectively. The flow resistance
ratio had a variation coefficient of 2.0% (Cepuritis et al. 2018).

3. RESULTS AND DISCUSSION

The three laboratory tests resulted in four parameters describing the rheology of the cement pastes:
The flow resistance ratio Aq, the Bingham parameters yield stress 1o and plastic viscosity y, and the mini
slump flow. Figure 2 shows that the four rheological parameters correlate in a similar fashion as found
earlier (Cepuritis, Jacobsen et al. 2017). Figure 2a shows that the plastic viscosity correlates well with
the flow resistance ratio in line with (Pedersen & Smeplass 2003), and Figure 2b shows that the yield
stress and the mini slump flow are directly linked to each other in line with (Roussel 2005). The best fit
is seen between the flow resistance ratio and the plastic viscosity in line with (Martsell 1996), with power
law regression coefficient R2= 0.93. The linear regression coefficient equals 0.68 for the same relation.
A good linear relation has also been found in previous studies on cement-fly ash pastes (Bentz et al.
2012). A previous experimental study in the MiKS project, shows a linear relation between the yield
stress and the mini slump flow, with a correlation coefficient R2 = 0.79 (Cepuritis 2016), whereas these
experiments result in a linear correlation coefficient R2 = 0.72. However, the experiments discussed in
this paper have a larger range of mix design variation, especially with the filler/cement ratio ranging from
0.00 to 0.82. In this experimental study, the relation between the yield stress and the mini slump flow is
best described by a power function, and the correlation coefficient is 0.85. The mini slump flow also
appears to correlate somewhat with the flow resistance ratio with a R2 = 0.51 by linear regression, shown



in Figure 2c. The weakest correlation is seen between the yield stress and the plastic viscosity, Figure
2d, which is discussed and investigated further elsewhere (Cepuritis et. al 2018, Cepuritis 2012).
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Figure 2. Relation between the four different rheological parameters obtained from the
laboratory experiments.

Figure 3 shows the rheological parameters yield stress, plastic viscosity, mini slump flow and flow
resistance for all test series in view of the scope of this work, that is in correlation with the specific
surface area of the matrix. Test series B was made with intention of mapping the effect of varying filler
content, filler type and SP-dosage while keeping the specific surface area fixed, and the results from
this series will hence not contribute in finding a relation between SSA and the rheology parameters.
Hence, the results from the B-series are not included in the graphs. Further, the size of the silica fume
particles is too small to perform a PSD analysis in the Sedigraph. The mixes including silica fume in
test series E are hence not included in the graphs in Figure 3. As a clear distinction between the mixes
with Standard FA cement and Industry cement is observed, the mixes are grouped by the cement
type. The mixes with Std FA cement represents test series A, as well as all mixes with Std FA cement
and without silica fume in series E. The Industry cement mixes represents series C, D and mixes with
Industry cement and without silica fume in test series E. The plots illustrate that the SSA correlates
well to rheology within each group of mixes, despite large mix design variations such as SP-dosage,
fi/b, wib, filler type etc. The mixes with industry cement show better flowability than the Standard FA-
mixes with similar specific surface area of the solids. The differences between these two groups of
mixes at a similar SSA could be attributed to different interaction with the SP of the two cement types
and/or differences in the solid concentration of the mixes, because of the high SSA of industry cement
compared to the Std FA cement (see Figure 1 and Table 1). The higher SSA indicates that Industry
cement pastes and Std FA cement pastes with similar SSA-values might have a different solids
concentration, i.e. the pastes with the Industry cement will achieve the same SSA at a lower solids
concentration and thus a higher w/c ratio. The best correlation to SSA is seen for the plastic viscosity,
with an R? value of 0.85 for both groups of mixes. In general, the flow resistance, plastic viscosity and
yield stress are increasing with increasing specific surface area, while the mini slump flow is
decreasing. For the Std FA mixes, one point is laying way outside the trend line. This is mix A-21,
which has a flow resistance ratio of 1.00, indicating that it is too viscous for flowing through the



FlowCyl. This is not unexpected, since mix A-21 have a high fi/b-ratio of 0.39, combined with its low
w/b ratio of 0.4, and hence it is highly viscous. The different mix designs were made with the aim of
obtaining a large range of flow properties of the pastes. Hence, some of the mixes are highly viscous,
and not suitable for use in normal flowable concrete. For practical purposes, the flow resistance ratio

should be within the range 0.25-0.80.

1.0 - — 80 "
.my . - StdFA
0.9 - wn/ /s 70 1 .
Py 60 | Industri
0.8 4 ’;T ’/’ .o
o7 4" 0&9243’;55'89738 y= 00046x-1.6234 =501 ¥ =0.001x¢ - 0.7381x + 138.74
P 06 A * /R=07785 2 40 - R.=0.3747
J y " =
. ‘,.f /_: .. [ 30 - ;
g v . =2E-20x3085° w0 S .
0.5 . % 20 + YR1= 07851 = - 3
1 o = Std FA - ,- .
04 fo . 10 A ] .
a Y + Industri i peas
0.3 r - - 0 — —
250 350 450 550 650 250 350 450 550
SSA mm? per mm? of matrix SSA mm?2 per mm? of matrix
(a) (b)
400 4.0
€ ] y =-1.3568x + 873.35 = Std FA
5350 R . R?=0.6597 351 Industri -
5300 { e N 3.0 | ndustri
- B me
£ 250 NS o 25 -
g 200 | " - \{“ . rr_"'u‘ 20 y = 2E-21x80037 |y = 4E-29x20377
3 & A =<0 R? = 0.8465 7 R?=0.8473
£ 150 - N N =15 .
S " .
2 0] - sura 1.4268x + 733,88 - -0 /
= i y=-1. X + X i A ~
s 01. Industri R? = 0.8204 0.5 . -,,.;:"'.
0 . - 0.0 L= N
250 350 450 550 250 350 450 550
SSA mm? per mm? of matrix SSA mm?2 per mm?3 of matrix

(0) (d)

Figure 3. The relation between the specific surface area of the matrix [nm?/mm?3] and the four
parameters flow resistance, yield stress, mini slump flow and plastic viscosity.

The same relations as in Figure 3 were plotted for the mixes with silica fume, assuming the SSA value
of 60 000 mm2/mm? (see Table 1), but then the correlation was very poor for all four graphs. Linear
regression of Aq, To, Mini-slump diameter and py as function of SSA, gave R2=0.12, 0.28, 0.23 and 0.01
respectively, see example plot of SSA vs Aq in Figure 4a. The specific surface area of silica fume is of a
much higher order of magnitude than the surface areas for the other powders. Hence, it is clear that the
contribution from silica fume to the specific surface of all the powders in the matrix dominates. Figure 3
shows that the viscosity of the paste increases with increasing specific surface area. However, it is not
expected that adding silica fume with such high specific surface area will increase the viscosity
correspondingly. It is known that when adding silica fume in combination with water reducing admixtures,
decreasing water demand and increasing workability can be expected, because the small silica fume
particles can replace the water in the void space and have a “ball-bearing” effect, i.e. improve the
packing of the total powder composition (Sellevold 2015). By reducing the contribution of the silica fume
to the SSA of the mix by a constant factor of 0.07, the linear correlation R? for SSA vs Aq was improved
from 0.12 to 0.46, see Figure 4b. Further research is needed, in order to understand how to account for
the effect of the silica fume in the micro-proportioning of cement paste matrices. A possible approach
that could be concidered, is the approach by (Kashani et al. 2014), which shows that not only the SSA,
but especially the width of the PSD, is important in determining the yield stress of cement pastes.
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Figure 4. Correlation between the specific surface area of the matrix [nm2mm?] and the flow
resistance ratio for all mixes including silica fume — Series E: (a) No correction factor for
SSAsr, (b) Correction factor of 0.07 for SSAsk

4. CONCLUSIONS

The following main conclusions may be drawn from the presented experimental study on the rheology
as function of SSA:

e For all test series, a wide range of mix design parameters is used, and the filler modified
pastes consist of different combinations of cement, filler, fly ash, silica fume and SP-dosages.
Regardless of these variations, the rheological parameters yield stress, plastic viscosity, mini
slump flow and flow resistance are interrelated in the same way as found in the earlier
studies.

e For mixes with both FA-cement and ordinary Portland cement, the specific surface area is
found to correlate well to the rheological parameters. This correlation is found to be strongly
dependent on cement type with the two series falling on separate regression lines. Hence,
the SSA seems like a promising input parameter for developing a micro-proportioning tool.

e The mixes containing silica fume, do not show a good correlation between SSA and the
rheological properties of the paste. This observation is assigned to silica fumes ability to
reduce the viscosity of the paste, when used in combination with plasticizing admixtures.
However, when using a correction factor of 0.07, the correlation between SSA and flow
resistance ratio improves from R2=0.12 to 0.46.

e Further work will investigate various microproportioning approaches and materials effects
including how the effect of silica fume can be included when predicting paste rheology.
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ABSTRACT

There is a need for simple but precise prediction models for proportioning concrete with
manufactured sand, for use in ready-mix concrete production. For the last two decades, the
particle-matrix model has been used in Norway for proportioning and prediction of concrete flow
based on the properties and proportions of two concrete phases: coarse particles and filler
modified cement paste (matrix). This paper presents experimental testing of 117 cement pastes of
which 107 contain filler, i.e. particles < 125 microns, from manufactured sand. Based on
compositions and properties of ingoing materials in these mixes, an empirical equation is
developed that predicts the rheological properties plastic viscosity, yield stress, flow resistance
ratio and mini slump flow. Optimization by regression analysis provides a practical
microproportioning equation that readily can be used as input in concrete proportioning with the
particle-matrix model. The equation provides a coefficient of determination R? = 0.98 for plastic
viscosity, R’ = 0.95 for mini slump flow, R? = 0.91 for flow resistance ratio and R? = 0.80 for yield
stress.

Key words: Rheology, empirical model, cement paste, filler, manufactured sand.

1. INTRODUCTION

Controlling rheological properties is of major importance for the ready-mix concrete industry, and
reliable prediction models are essential for efficient optimization of mix designs. However,
validation of rheological prediction models for a given set of materials requires experimental
testing. It is both economical and efficient to perform testing on small cement paste samples, and
such small-scale testing has shown to be promising for rheology prediction of equivalent concrete
mixes [1]. The literature provides numerous approaches to predict suspension rheology. Several
models are based on packing, among others the viscosity models presented in [2-7]. Spangenberg
et al. [8] verified that the viscosity models in [2-3] provide high prediction accuracy, by
investigating their applicability on bimodal suspensions with hard spherical particles. Though
most traditional viscosity models are simplified packing models ignoring particles interactions,
Damineli ef al. [9] show that the Particle Interference Model predicts viscosity of filler modified
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cement paste (matrix) by correlating physical aspects of particles and fluids. Predictive yield stress
models in recent literature have been improved to include aspects like particle size distributions
(PSDs), volume fraction of solids and inter-particle forces, such as the work presented in [10-14].
Another approach for modelling suspension rheology is the lubricating liquid thickness around all
particles, proposed by Powers [15]. The liquid thickness is inversely proportional to the
volumetric specific surface area (VSSA). Matrix rheology is found to be strongly affected by the
VSSA of the ingoing powder materials, defined as surface area per volume of a material [16-17].

For the prediction methods to be useful for ready mix concrete plants, the required input data must
be accessible without too advanced and expensive test methods [18]. Simplicity of the models is
valued, as availability is considered crucial for the implementation of the test methods at the ready
mix concrete plants [18]. Even though numerous rheology models exist, the literature on their
applicability on matrices with filler from manufactured sand is sparse. As global resources of
natural sand are running short, use of manufactured sand in concrete is increasing [19]. Cepuritis
et al. [16] state that a pronounced difference between natural and manufactured sand is the higher
fines content of the latter, which significantly increases the VSSA. The amount of fines depends
on the production process, but is especially high for manufactured sand produced by Vertical
Shaft Impactor (VSI) crushing. Bengtsson and Evertsson [20] found that the amount of fines
increased with increased rotor velocity of the VSI crushing, resulting in a fines content (particle
diameter < 0.125 mm) of approximately 15 % for high rotor velocity. However, in order to
produce sand with density similar to that of natural sand, a high rotor velocity is necessary. The
increased VSSA has a major impact on paste rheology, and its effect was quantified on filler
modified cement pastes in [16-17]. Linear relations between VSSA and the rheology were found
in [16], and the rheological effect of different mineralogy was highlighted by experiments with
controlled VSSA. Similar linear relations were found in [17] and quantified for the total volume
weighted VSSA of all ingoing powders except for silica fume, where it was impossible to relate
its effect on rheology linearly to surface area, presumably due to the kind of non-linear behaviour
observed by Wallevik [21]. In [18], an empirical equation was developed and applied on matrices
with crushed aggregate fillers, with emphasis on simplicity and applicability of the equation for
the ready-mix concrete industry. The mix program consisted of two types of crushed filler, one
natural filler, four different types of cement, silica fume, one superplasticiser (SP) and one
plasticiser (P). The SP- and P-dosages were kept constant for all mixes, and an individual equation
was developed for each filler type. The empirical equation was a fitting model based on the
particle matrix method, where matrix rheology was predicted based on mix composition [18]. In
a sense it may be said to be similar to neural network-based models like [22], where the behaviour
of the material is learned by a new form of experience based on numerical simulation.

This paper presents an experimental study of 117 matrices, consisting of four different crushed
fillers, two different cement types, biotite, fly ash, silica fume, and one type of SP with dosages
between 0.6 — 1.75 % of cement weight. The scope of the paper is to further develop the empirical
equation in [18] to account for large parameter variations. The overall goal is to establish a
proportioning tool for the ready mix concrete industry, that is applicable also for matrices with
manufactured sand. First, the original empirical equation is introduced, followed by a brief
presentation of the material data and experimental test program. In the results section, a new
empirical equation is presented, and the applicability of the equation is investigated on the 117
matrices.
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2. THE EMPIRICAL EQUATION

The term microproportioning is proposed for the process of quantifying and predicting the
rheology of filler-modified paste based on composition and part materials data for all fluids and
particles with a diameter less than 125 pm. So far, the term was limited to quantify the relationship
between the VSSA of the filler and the rheology of the paste [17, 19]. Based on the
microproportioning principle, an empirical equation was developed by Mertsell in 1996 [18] in
the form of a power law describing the flow resistance ratio, 4,. The flow resistance ratio is a
unitless parameter that describes the rheological properties of cementitious suspensions, described
in detail in [19]. The empirical equation is given on the form:

n
Ag=k x(kcx§+ ksx§+kfx§) (1)

Where k., ks and kr are material factors for cement, silica fume and filler, respectively, and &k and
n are constants obtained from optimization by curve fitting. For the materials used in [18], the
factors equalled: k. = 0.200, ks = 0.555 and k= 0.154 — 0.311. Eq. (1) was optimised, via k and n,
for three set of matrices with different crushed fillers, resulting in R’-values between 0.98 and
0.99 for the three datasets. The matrices consisted of cement, crushed fillers, silica fume and
plasticizer/superplasticiser. The plasticizer- and superplasticizer dosages were kept at a constant
percentage of the cement weight for all matrices.

3. EXPERIMENTS
3.1 Materials data and mix compositions

Some of the matrices presented in this paper are the same as presented in [17], but in addition 11
new matrices are included here. The matrices consist of either Standard FA cement (CEM I1I/B-
M 42.5 R) or Industry cement (CEM I 52.5 R) from Norcem AS, as well as the superplasticizer
Dynamon SR-N from Mapei. Some matrices also contain Norcem Fly ash (FA) and/or Elkem
Microsilica 940-U. Four crushed aggregate fillers sieved mechanically at 0.125 mm are used
(Table 1). The fillers denoted Fine, Intermediate and Coarse originate from the same rock type,
and is mainly composed of feldspar and quartz. They differ from each other by being extracted at
cut size 63 pum, 125 pm and 500 pm, respectively, in the air-classification process. The fourth
filler is denoted VSI, being a Vertical Shaft Impactor (VSI) crushed 0/2 mm filler. The densities
were measured by helium pycnometry. In addition, industrial biotite (mica) GW-MB-A230 with
density 2.84 g/cm? from Great Wall Mineral [23] was used in some mixes.
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Table 1 - Densities, diameters, extraction cut size and producers of the four crushed aggregate
fillers.

Material Density  Particle Production  Producer
designation  [g/em’]  diameter [um] cut-size

[um]
Fine 2.65 0-125 63 pm Velde Pukk AS
Intermediate  2.65 0-125 125 pm Velde Pukk AS
Coarse 2.65 0-125 500 pm Velde Pukk AS
VSI 2.75 0-125 2000 um Feiring Bruk

Originally, 125 matrices were proportioned, but 8 of the mixes were too viscous to perform the
FlowCyl test on, hence 117 matrices are presented in this paper. Appendix A supplies detailed
information about the mix compositions for all matrices. The matrices were designed to cover a
wide range of rheological parameters, hence mixes outside the practical range used in ready mix
concrete production appear.

3.2 Volumetric specific surface area

The volumetric specific surface area (VSSA) is defined as surface area per volume of a powder
material [19] and is calculated from the PSD obtained from the x-ray machine Sedigraph III Plus
in this study. The test procedure used in the current study is described in [17]. As explained in
[17], the VSSA of each material was calculated by multiplying the particle surface areas of each
bin by their volume percentages within that bin. The VSSAs for all dry materials except silica
fume are provided (Table 2), since Sedigraph III Plus measures particles down to 1 um, whereas
the mean diameter of silica fume is approximately 0.1 um [24].

Table 2 — VSSA for all dry materials, except silica fume, calculated from the PSDs obtained from
the Sedigraph-analysis.

Material Volumetric specific surface area
[mm?/mm?3)
Fine filler 728

Intermediate filler 367

Coarse filler 522
VSI filler 260
Biotite 1122
Standard FA 829
cement

Industry cement 1302
Fly Ash 970
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In this study we define VSSAmauix as the sum of volume weighted contributions from all ingoing
matrix powders except silica fume, calculated from Eq. (2).

VSSAmatrix = LiVSSA; X @; (2)

Where @; is the volume fraction of powder material 7 in the matrix.

33 Mixing and rheology measurements

All matrices were mixed by the procedure in [25] in volumes of 2.0 litres. First, all dry materials
were mixed in a Hobart mixer, model N-50, with a standard flat blade for two minutes.
Subsequently, water and superplasticizer were mixed together for one minute. Subsequently, the
wet-mixing of all materials was performed by a handheld drill (Tectool model TCD 180-30) with
an attached steel paddle, specially designed for mixing cement suspensions. All materials were
mixed at high speed for two minutes, and then left at rest for another two minutes. Lastly, the
materials were mixed at low speed for two minutes. Directly after mixing, the flow resistance
ratio, Bingham yield stress (79) and plastic viscosity (x«) were measured for each of the matrices.
The mini slump test was performed directly after the FlowCyl measurement, and the same paste
that had been tested in the FlowCyl was reused in the mini slump cone. The 1, measurements were
performed with the simple test equipment FlowCyl, and the Bingham parameters 79 and x were
obtained from Anton Paar rheometer analysis.

The FlowCyl test apparatus was developed by Martsell [18] and is a modification of the Marsh
cone. The FlowCyl is a cylinder ending in a V-funnel with a narrow nozzle outlet. The inner
diameter of the cylinder is 80 mm and the outlet inner diameter is 8 mm (Figure 1). The test
principle is analogous to the Marsh cone test principle, where the container is placed vertically in
a rack above an electronic scale connected to a computer. While the outlet is closed, the FlowCyl
is filled with cement paste up to the level of 15 mm below the top edge. Then, the outlet is opened,
and the weight increase is recorded every other second. The dimensionless parameter 44, is defined
as the difference in flow rate between the test material and an “ideal” fluid with no internal
resistance and no external cohesion or friction.

eg—" o T

00¢

Figure 1 — The geometry of the FlowCyl test apparatus. Illustration adopted from [18].
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The Bingham parameters, 7p and , were measured on 10.5 ml samples at 20 °C by an Anton Paar
Physica MCR 300 rheometer equipped with a flat bottom bob-in-a-cup geometry. Such equipment
has successfully been used in previous studies to quantify the rheological response of cementitious
materials [26-28]. The bob had an outer diameter of 24.580 mm and a length of 50.000 mm. The
inner diameter of the cup was 28.901 mm. The gap at the bottom of the bob was set equal to the
gap at the side surface. First, the paste was homogenized for 30 seconds at a shear rate of 60 s,
followed by rest for another 30 seconds. Thereafter, the paste was subjected to linearly increasing
shear rates from 1 s™! to 60 s over a period of 3 minutes (30 steps of 6 seconds), followed by a
step down of shearing from 60 s to 1 s for further 3 minutes. The slope of the down-curve
(decreasing shear rate) was used to calculate u, while the intercept at zero shear rate was used to
calculate 7.

The truncated mini-cone that was used in this study had a top diameter of 39 mm, a bottom
diameter of 89 mm and a height of 70 mm. A smooth plexi glass plate was used as the base for
the measurements. The mini-cone was filled with matrix to the level of the top of the cone. Then,
the cone was gently lifted and the diameter of the matrix at stoppage was measured in two
orthogonal directions. The mini-slump flow value was then calculated as the mean of the two
measured diameters.

4. RESULTS AND DISCUSSION

The design of the new empirical equation is developed based on the correlation between single
mix design parameters and the measured rheological values. As the mix designs are spanning over
a large variation in materials and dosages, several material parameters are varying at the same
time, making it difficult to point out a clear rheological trend for each of the individual parameters.
However, the five material parameters showing the clearest trend to the measured flow resistance
ratio is plotted (Figure 2). In the figure, the mix parameters are normalized based on maximum
span of the different parameters. The solid fraction, ¢, ranges from 0.39 to 0.55 in the
experiments, hence, ¢ = 0.39 corresponds to 0.0 and ¢ = 0.55 corresponds to 1.0. Furthermore,
w/p ranges from 0.29 to 0.57, w/c from 0.40 to 1.04 and w/b from 0.40 to 0.81, where w, p, ¢ and
b denote water, powder, cement and binder, respectively. Lastly, VSSA4mnanix ranges from 285
mm?mm?® to 551 mm?mm?. Note that Figure 2 is an illustration showing the typical trend that
was observed for the considered mixes and is a simplification from the true observations. The
figure shows the regression lines for the considered parameters. The slopes of the trendlines
indicate that the powder- and binder concentration has the strongest relative influence on the flow
resistance ratio of our matrices, whereas VSS Amarix has a relatively weaker influence.
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Figure 2 — Illustration of the observed trend between the flow resistance ratio and five different
normalized material parameters.

The observed trends between the material parameters and the measured rheology parameters
provided useful information with respect to which material parameters the new empirical equation
should contain, as well as how each parameter affects the matrix rheology. The new empirical
equation is shown in Eq. (3). I' represents an arbitrary rheology parameter, and the different .
factors are obtained by regression analysis using the built in Solver-function in Excel.
e R SR S CE s ) (3)

where w, p, SP, ¢, f, b, FA, s and bio represent mass of water, powder, superplasticizer, cement,
filler, binder, fly ash, silica fume and biotite, respectively, and ¢ is the solid fraction of the matrix.
The different cement types are indicated by the variable i, and j indicates the different filler types.
The volume weighed VSSA for all dry materials except silica fume, VSSAmarrix, 1S described in
Section 3.2, see Eq. 2. Although, the material parameter study shows that both the w/p-ratio and
¢ are best described by the natural logarithm function, the prediction accuracy of the empirical
equation was not improved by describing theses terms logarithmic in the equation.

One equation was developed for each of the four measured rheological parameters. The results
show that the equation for the Bingham plastic viscosity, y. yields the highest prediction accuracy,
with an R? = 0.97. The prediction accuracies for the mini slump flow, flow resistance ratio and
yield stress are R?=0.94, R’ =0.91 and R’ = 0.80, respectively. As the original empirical equation
in [18] predicts A, it is chosen to present the new empirical equation for A, for comparison in this
paper, as well as the equation for the plastic viscosity, providing the highest accuracy. The &, and
n factors for the two empirical equations are presented, as well as the coefficient of determination,
R’ (Table 3).
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Table 3 — The ky and n factors for the empirical equations for prediction of flow resistance ratio
and plastic viscosity, as well as resulting R*-values.

n k1 7] ks k4 ks ks k7 ks ko R?
A1 0.42 272 147 {StdFA 0.06  StdFA 031 {141 031 2.15 | Fine 0.47 | 0.91
Industry  0.25 | Industry 0.16 Int. 0.58
Coarse 0.47
VSI 0.77
u 3 036 249 1.65 { StdFA 0.18 | StdFA 0.56 { 0.99 0.81 2.06 | Fine 0.72 { 0.97
Industry  0.33 | Industry 0.46 Int. 0.68
Coarse 0.63
VSI 0.89

The equations for the flow resistance ratio and the plastic viscosity are plotted (Figure 3). The
figure shows that the prediction accuracy of the flow resistance ratio (R’ = 0.91) is much lower
than observed in [18]. However, the coefficient of determination for the plastic viscosity (R’ =
0.97) is only slightly lower than for the three datasets predicted by the original empirical equation
(R?>=0.98-0.99).
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Figure 3 — Measured and estimated values for the flow resistance ratio and the Bingham plastic
viscosity.

It is found that the prediction accuracies for the equations may be further improved if the ks factor
is a two-step function, changing at w/c-ratio = 0.50. This adjustment of ks is considered reasonable
to make, as the friction of the cement particles dominates more for low w/c-ratios, while at high
w/c-ratio viscous flow dominates. In a study of cement grout injectability [29], it was found that
fluidity of the grouts at w/c-ratio below 0.50 is decreasing in such a manner that injection
operations could be hindered. It was also found that the rate of evolution of the apparent viscosity
increased significantly for w/c-ratio below 0.50. Hence, it seems reasonable that the ks factor
changes at w/c = 0.5. With this adjustment of ks, the R? values increase to R’ =0.98, R?=0.95 and
R’ =0.92 for plastic viscosity, mini slump flow and flow resistance ratio, respectively. A similar
two-step strategy was carried out for the ks factor, as the SP is known to reach saturation at a
certain dosage level. However, the prediction accuracies were only improved by the third decimal
via this change, hence k4 were kept constant for each cement type.



Nordic Concrete Research — Publ. No. NCR 65 — ISSUE 2 /2021 — Atrticle 1, pp. 1-18

The new empirical model for prediction of flow resistance ratio shows lower prediction accuracy
than the original empirical model. However, the FlowCyl test method and the resulting flow
resistance ratio are not widely known, neither in Norway nor globally. Also, the cement pastes
undergo high shear rates at the outlet of the FlowCyl, overshadowing the effect of the yield stress,
making 4, dominated by the plastic viscosity [30, 31]. Hence, it is considered beneficial that the
new empirical equation provides the highest precision for the more known rheological parameters
plastic viscosity and mini slump flow. The obtained # and k. factors for the plastic viscosity are
listed (Table 4) and the equation is plotted (Figure 4).

Table 4 — The n and k« factors for the empirical equation predicting the plastic viscosity when ks
differs for w/c-ratio </ > 0.50.

n ki %) ks k4 ks, wic <0.50 ks k7 ks ko R?
3 033 086 1.52| StdFA 0.20 | Std FA 0.29 { 0.99 0.81 2.06 | Fine 0.45 | 0.98
Industry ~ 0.29 | Industry  0.25 Int. 0.39
ks, wic>0.50 Coarse  0.34
Std FA 0.21 VSI 0.61
Industry ~ 0.14

2.50
- [ ]
©
2, 2.00 -
>

.

B 150 .
> . @
(&)
Z e
= 1.00 L
o - )
he] i
9] ]
£ e y = 0.9858x+ 0.0032
£ 050 R? = 0.9756
=
i

0.00

0.00 0.50 1.00 1.50 2.00 2,50

Measured plastic viscosity [Pas]

Figure 4 — Correlation between measured and predicted values from the new empirical
equation for the plastic viscosity, where ks is a two-step function for w/c-ratio </ > 0.50.

The empirical equation for prediction of plastic viscosity provides an R? = 0.98 (Figure 4), which
is approximately the same prediction accuracy as the equations presented in [18]. This is a
surprisingly good result, considering that the equation is predicting a set of matrices that were
tailor made to cover wide spectra of rheology, composition and powder materials. As pointed out
in the introduction, the mix program consists of four different crushed fillers, two different
cements, biotite, fly ash, silica fume and SP. Large variations occur in both SP dosages, w/c and
fi/b ratios. This illustrates that the empirical equation developed in this work is capable of
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predicting a wide spectrum of matrices and is a promising proportioning tool for the concrete
industry.

A limitation of the empirical equation is that the regression analysis needs to be performed for
each set of new materials to obtain their &, factors. This means that for the equation to be optimized
at a ready mix concrete plant, systematic testing of the given materials must be performed in
advance. Also, further research should aim at simplifying the methodology of measuring the
VSSA, in terms of comparing the Sedigraph measurements with other simpler and more industrial
test methods, such as the Blaine test.

5. CONCLUSION

In this paper, 117 matrices are presented, whereas 107 of these contain fillers from manufactured
sand. The experimental testing of the matrices provides four rheological parameters: The flow
resistance ratio, mini slump flow, Bingham yield stress and Bingham plastic viscosity. An
empirical equation for rheology prediction is developed, and its applicability is investigated on
the four measured rheological parameters. The results show that the equation provides good
correlation to the plastic viscosity, with a coefficient of determination equal to R? = 0.98.
Considering the large variety in mix design and materials in the mix program, the prediction
accuracy is surprisingly good, and the empirical equation is evaluated to be a promising rheology
prediction tool for the concrete industry.
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APPENDIX A

Abbreviations used in the tables:

w/b =

water-to-binder ratio by mass.

SP = superplasticiser dosage by mass of cement.-.
fi/c = filler-to-cement ratio by mass

FA/c = fly ash-to-cement ratio by mass

s/c = silica fume-to-cement ratio by mass

bio/fi = biotite-to-filler ratio by mass

Table 5 — Outline of the different mix designs in Series 1a.

No. w sp fi fa s bio  Cement Filler
b c c c c fi

1 0.40 0.75 0.25 - - - Std FA  Coarse

2 0.40 0.75 0.32 - - - Std FA  Coarse
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2
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27
28
29
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31
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0.40
0.55
0.55
0.55
0.70
0.70
0.70
0.40
0.40
0.40
0.55
0.55
0.55
0.70
0.70
0.70
0.40
0.40
0.55
0.55
0.55
0.70
0.70
0.70
0.40
0.40
0.40
0.40
0.40
0.40
0.40

0.40

0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
1.00
1.00
1.00
1.25
1.25
1.25
1.50

1.50

0.39
0.45
0.52
0.59
0.60
0.67
0.72
0.25
0.32
0.39
0.45
0.52
0.59
0.60
0.67
0.72
0.25
0.32
0.45
0.52
0.59
0.60
0.67
0.72
0.25
0.32
0.39
0.25
0.32
0.39
0.25

0.32
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Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA
Std FA

Std FA

Coarse
Coarse
Coarse
Coarse
Coarse
Coarse
Coarse
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Fine

Fine

Fine

Fine

Fine

Fine

Fine

Fine
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate

Intermediate
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35 0.40 1.50 0.39 - - - Std FA  Intermediate
36 0.40 1.75 0.25 - - - Std FA  Intermediate
37 0.40 1.75 0.32 - - - Std FA  Intermediate
38 0.40 1.75 0.39 - - - Std FA  Intermediate
39 0.55 1.00 0.45 - - - Std FA  Intermediate
40 0.55 1.00 0.52 - - - Std FA  Intermediate
41 0.55 1.00 0.59 - - - Std FA  Intermediate
42 0.55 1.25 0.45 - - - Std FA  Intermediate
43 0.55 1.25 0.52 - - - Std FA  Intermediate
44 0.55 1.25 0.59 - - - Std FA  Intermediate
45 0.55 1.50 0.45 - - - Std FA  Intermediate
46 0.55 1.50 0.52 - - - Std FA  Intermediate
47 0.55 1.50 0.59 - - - Std FA  Intermediate
48 0.55 1.75 0.45 - - - Std FA  Intermediate
49 0.55 1.75 0.52 - - - Std FA  Intermediate
50 0.55 1.75 0.59 - - - Std FA  Intermediate
51 0.40 0.75 0.32 - - 0.01 Std FA  Int. + mica

52 0.40 0.75 0.32 - - 0.02 Std FA  Int. + mica

53 0.40 0.75 0.32 - - 0.03 Std FA  Int. + mica

54 0.40 0.75 0.32 - - 0.05 Std FA  Int. + mica

55 0.40 0.75 0.32 - - 0.10 Std FA  Int. + mica

Table 6 — Outline of the different mix designs in Series 1b.

No. w Sp fi fa s Cement  Filler
b c c c c

1 0.55 0.75 0.53 0.00 0.04 Std FA Intermediate
2 0.55 0.75 0.61 0.00 0.04 Std FA Intermediate
3 0.55 0.75 0.55 0.00 0.09 Std FA Intermediate
4 0.55 0.75 0.64 0.00 0.09 Std FA Intermediate
5 0.55 0.75 0.53 0.00 0.04 Std FA VSI

6 0.55 0.75 0.61 0.00 0.04 Std FA VSI

7 0.55 0.75 0.78 0.26 0.05 Std FA VSI
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8 0.55 0.75 0.67 0.26 0.05 Std FA Intermediate
9 0.55 0.75 0.78 0.26 0.05 Std FA Intermediate
10 0.55 0.75 0.89 0.61 0.14 Std FA Intermediate
11 0.55 0.75 1.04 0.61 0.14 Std FA Intermediate
12 0.55 0.75 0.71 0.28 0.11 Std FA Intermediate
13 0.55 0.75 0.89 0.61 0.14 Std FA Intermediate
14 0.55 0.75 1.04 0.61 0.14 Std FA Intermediate

Table 7 — Outline of the different mix designs in Series 2a.

No. w sp fi fa S Cement  Filler
b c c c c

1 0.40 0.75 0.28 0.00 - Industry  Intermediate
2 0.40 1.50 0.28 0.00 - Industry  Intermediate
3 0.55 0.75 0.51 0.00 - Industry  Intermediate
4 0.55 0.75 0.59 0.00 - Industry  Intermediate
5 0.55 1.50 0.51 0.00 - Industry  Intermediate
6 0.55 1.50 0.59 0.00 - Industry  Intermediate
7 0.40 1.50 0.36 0.00 - Industry  Intermediate
8 0.60 0.60 0.17 0.00 - Industry  Fine

9 0.73 0.60 0.39 0.00 - Industry  Fine

10 0.55 0.75 0.51 0.00 - Industry ~ VSI

11 0.55 0.75 0.59 0.00 - Industry ~ VSI

12 0.50 0.60 0.25 0.25 - Industry  Fine

13 0.50 0.60 0.31 0.54 - Industry  Fine

14 0.65 0.60 0.25 0.25 - Industry  Fine

15 0.81 0.60 0.56 0.11 - Industry  Fine

16 0.76 0.60 0.48 0.23 - Industry  Fine

17 0.80 0.60 0.64 0.56 - Industry  Fine

18 0.44 1.50 0.35 0.25 - Industry  Intermediate

Table 8 — Outline of the different mix designs in Series 2b.
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No. w Sp fi fa s Cement  Filler
b c c c ¢

1 0.55 0.75 0.53 0.00 0.04 Industry  Intermediate
2 0.55 0.75 0.61 0.00 0.04 Industry  Intermediate
3 0.55 0.75 0.55 0.00 0.09 Industry  Intermediate
4 0.55 0.75 0.64 0.00 0.09 Industry  Intermediate
5 0.51 0.75 0.55 0.00 0.09 Industry  Intermediate
6 0.51 0.75 0.61 0.00 0.04 Industry  Intermediate
7 0.51 1.00 0.64 0.00 0.09 Industry  Intermediate
8 0.51 1.25 0.64 0.00 0.09 Industry  Intermediate
9 0.51 1.50 0.64 0.00 0.09 Industry  Intermediate
10 0.55 0.75 0.67 0.26 0.05 Industry  Intermediate
11 0.55 0.75 0.78 0.26 0.05 Industry  Intermediate
12 0.55 0.75 0.89 0.61 0.14 Industry  Intermediate
13 0.55 0.75 1.04 0.61 0.14 Industry  Intermediate
14 0.55 0.75 0.71 0.28 0.11 Industry  Intermediate
15 0.55 0.75 0.89 0.61 0.14 Industry  Intermediate
16 0.55 0.75 1.04 0.61 0.14 Industry  Intermediate
17 0.42 1.00 0.37 0.26 0.05 Industry  Intermediate
18 0.42 1.25 0.37 0.26 0.05 Industry  Intermediate
19 0.42 1.50 0.37 0.26 0.05 Industry  Intermediate
20 0.55 0.75 0.78 0.26 0.05 Industry ~ VSI

Table 9 — Outline of the different mix designs in Series 2c.

No. w sp fi fa S Cement Filler
b c c c ¢

1 0.50 0.60 0.00 0.00 - Industry  Fine

2 0.45 0.60 0.00 0.00 - Industry  Fine

3 0.50 0.60 0.00 0.25 - Industry Fine

4 0.50 0.60 0.00 0.43 - Industry  Fine

5 0.50 0.60 0.00 0.54 - Industry  Fine
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0.45
0.50
0.53
0.55

0.57

0.60
0.60
0.60
0.60
0.60

0.00
0.00
0.00
0.00
0.00

0.54
0.00
0.23
0.47
0.82
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Manufactured sand is increasingly used in concrete and predicting the rheology of such suspensions based on
their composition are necessary. In this study, emphasis is on cement pastes with manufactured sand and silica
fume. An artificial neural network, namely multilayer perceptron, is compared with nine suspension models: two
liquid thickness models, the relative concentration of solids and six relative viscosity models based on the relative

concentration of solids. Measurements on 107 mixes with filler (0-125 yum) from manufactured sand are con-
ducted, acquiring yield stress, plastic viscosity, flow resistance ratio and mini slump flow. None of the suspension
models offer good correlations to the measured parameters for all mixes, but an increase in prediction accuracy is
seen for subsets of materials, especially mixes without silica fume. The artificial neural network outperforms the
suspension models, providing a coefficient of determination between 0.84 and 0.91 for all mixes, thus illumi-
nating a new pathway for cement paste rheology modelling.

1. Introduction

Global depletion of good quality construction sand leads to increased
use of manufactured sand in concrete, which in contrast to natural sand
contains a large number of particles less than 125 pm in diameter [1].
Unless the particle size distribution is improved by suitable technology
such as air classification or “wind sieving”, the high number of fines
significantly increases the specific surface area of manufactured sand
[2], which has a major impact on the rheology of cementitious materials
[1,3-4]. In a study of micro-mortars by Westerholm et al. [5], the
increased volume concentration of fines from manufactured sand was
found to increase both yield stress and plastic viscosity. 3D concrete
printing is an emerging technology today, being one of the reasons why
methods for controlling concrete rheology are becoming increasingly
important [6,7]. In [7] the concrete rheology is controlled actively by
vibration, while Jones et. al [8] add limestone with different median

particle sizes to control rheology of 3D printable cement pastes. The high
global interest of ultra-high-performance concrete is also contributing to
the increasing need for tailoring rheological properties. Khayat et. al [9]
state that the most efficient way to control rheological properties of such
concretes is by optimization of the proportioning during the material
selection, in combination with controlled particle packing density,
specific surface area, chemical admixtures, water absorption during
hydration and temperature of the mix. Accurately determining the
rheological properties of concrete requires a large amount of materials
and labor. Ferraris et al. [10] stated that measuring rheological prop-
erties on cement pastes is a promising approach to predict the rheology
of equivalent concrete mixes, and thus this study will focus on cement
paste rheology. There is a need for industrially applicable suspension
models that are exploiting the fundamental usefulness of studying paste
rheology. Such efforts to bridge over from paste studies to concrete
proportioning practice have been proposed in the particle — matrix (PM)
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model [1,11-13]. In the PM-model, the concrete is considered a two
phase-system: The particle phase includes all particles larger than 0.125
mm in diameter, and the matrix phase includes water, cement, pozzo-
lanas, admixtures, as well as all particles less than 0.125 mm in diam-
eter. The rheology of the concrete is described by the properties of the
two phases and their volumetric relation [11]. Several authors have
presented approaches to predict cement paste rheology based on part
materials properties and proportions. Krieger and Dougherty [14]
developed an equation for the relative suspension viscosity that was
shown to have good correlation to measured viscosities on latex and
polymer systems. Similar models were proposed by Mooney, Eilers,
Robinson, Chong et al. and Quemada [15-19]. Powers [20] suggested
the lubricating liquid thickness around all particles for modelling sus-
pension rheology, and the method was successfully related to rheology
for cement paste and concrete [4,21-22]. An effort to clarify the effect of
water reducers in water layer models on fine mortars was investigated
by Midorikawa et al. [23], where a flocculation number-approach was
proposed to replace particles with flocks in the thickness calculation.
Though, the thickness was not empirically quantified to rheology [23].
In [24] a yield stress prediction model is proposed by adopting the
excess paste theory, where the thickness is assumed constant for
different aggregate particle sizes. This is contrary to the observations in
[25], where the matrix thickness was found to be proportional to the
particle sizes. The relative concentration of solids, i.e. the ratio between
volume fraction of solids and maximum packing fraction, has also been
found to correlate well with concrete rheology [26]. The maximum
packing was calculated numerically, and the relation between packing
and rheology was seemingly unaffected by admixture dosage variations.
Cepuritis et al. [12] showed that the volumetric specific surface area
(VSSA) of manufactured sand per unit volume of matrix correlated lin-
early to measured rheological parameters of cement pastes. Skare et al.
[13] found that the volume weighted average VSSA of all ingoing matrix
powders, denoted VSSAmarix in this paper, correlated well to rheological
properties for cement pastes with widely varying mix compositions.
Furthermore, the cement type was found to have a large effect on
rheology producing two groups of VSSA-rheology plots [13]. In [27] a
generalized viscosity model for cement pastes is proposed, evaluating
the steady-state and relaxation responses of the paste by considering the
thixotropic behavior, the viscosity-structural relation and the paste
microstructure. Numerous other suspension models have been presented
in the literature [28-34], but to limit the scope of this study, the focus of
the paper is on models where the packing fraction and/or VSSA are
central parameters. These models work well for many suspensions, but
lack validation of the predictive capabilities for cement paste with
manufactured sand and silica fume. The latter is an effective pozzolana
frequently used in concrete because of its positive effect on properties as
durability and stability [35].

Another approach to model cement paste rheology is by artificial
intelligence. Computational techniques are frequently used for predic-
tion of material properties, eschewing the costs and labor from labora-
tory research [36]. Recently, Zeeshan et al. [37] showed that machine
learning techniques can be exploited to predict cement paste with
nanoclay. Artificial neural network (ANN) is one example of such
technique, and several studies show that ANNs can predict experimental
rheological results [38,39,40]. However, the literature on the applica-
bility of these techniques in terms of cement paste rheology is still very
sparse. In a recent study by Sheiati et al. [41] two types of ANNS, i.e.
multilayer perceptron (MLP) and radial basis function (RBF), were
investigated for prediction of computational fluid dynamics (CFD) re-
sults on cement paste rheology. It was found that MLP provided high
prediction accuracy even for a sparse training data set, while the accu-
racy of the RBF reduced significantly for reduced training data. In [42]
the predicted viscosity of honey yielded the highest accuracy for MLP,
compared to three other investigated ANNs; probabilistic neural
network (PNN), recurrent neural network (RNN) and modular neural
network (MNN). Hence, it is chosen to investigate cement paste rheology
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by MLP in this study.

To advance in the development of more effective and precise models
and tools for proportioning of fresh concrete properties, the objective of
this paper is to investigate the predictive capabilities of nine semi-
empirical suspension models as well as an artificial neural network
model, for predicting the rheology of cement pastes with manufactured
sand, varying superplasticizer (SP)-dosages, different cement types and
with/without pozzolana. The rest of the paper is subdivided into five
sections. Section 2 briefly reviews the models, Section 3 introduces the
experimental methodology and materials, while the results are pre-
sented and analyzed in Section 4. A feature selection of the MLP model is
presented in Section 5, and finally, the conclusions are summarized in
Section 6.

2. Models
2.1. Lubricating liquid thickness

Kwan et al. [22] stated that the fresh properties of cement pastes
mainly are governed by water content, packing density and solid surface
area, and showed that the rheological effect of these parameters may be
evaluated in terms of the lubricating liquid thickness. They used a wet
packing procedure to determine the maximum packing fraction and
defined the lubricating liquid thickness as the ratio between the excess
fluid volume (EF) and the VSSA. The excess fluid was defined as the fluid
in excess to fill up the voids between particles, very similar to what
Powers [20] proposed, and in line with [23] and [43]. A larger volume
of excess liquid means longer distance between the particles, leading to
higher workability [22]. The VSSA is defined as specific surface area per
volume of a material. In this study, the VSSA is calculated from the
particle size distribution (PSD) obtained from the SediGraph, under the
assumption of spherical particles. The combined VSSA for all dry ma-
terials in the matrix, VSSAnatrix, is calculated as the sum of the surface
area multiplied by its volume percentage for each dry material, and this
value is used for calculating the liquid thicknesses. Detailed procedures
for obtaining the PSD and the VSSA are given in [1,44], and later
rendered by Skare et al. in [13]. Two different models describing the
lubricating liquid thickness (LT) are investigated here: LT; where the
void filling fluid (VFF) between the particles at maximum packing is
considered as a part of the lubricating liquid, eqn. (1), and LT, where the
VFF is excluded, eqn. (2). The solid concentration, ¢, is calculated as the
volume of all dry materials divided by the total volume of the mix. The
cement paste is considered a three-phase component, consisting of VFF,
EF and ¢.

1—¢  VFF+EF
LTl=— ¢ -T2 1
VSSAnaric - VSSAmarric @
1 — ¢ — VFF EF
-7 = )

VSSAparis  VSSAmaric

Note that paste in concrete normally contains a certain percentage of
air voids, meaning that eqn. (1) and (2) should include the air void
content in the numerator [35,45]. However, in this study, the air voids
are neglected, as the air void content in the cement paste typically is
very low as compared to in paste of concrete, where air voids are
captured in between aggregate particles.

2.2. Relative concentration of solids

The relative concentration of solids (47’) correlates well with the

rheology of suspensions [26] and forms the basis of many predictive
models that describe the relative viscosity of suspensions. Chong et al.
[18] found that the relative viscosity of a monodispersed system
correlated remarkably well to ﬁ, independent of the particle size and
temperature. Ferraris and de Larrard [26] showed that the correlation
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between the plastic viscosity, y, and 4% is independent of use of high-

range-water reducing admixtures and silica fume. Several other
similar studies have been made, substantiating the correlation between
¢i and rheology [44-46]. The yield stress model by Flatt and Bowen [28]

is also a function of ;‘f—, but was excluded in this study due to the un-

certain parameters for surface forces and percolation, in spite of recent
efforts to apply the model to manufactured sand by Zhu et al [47]. In
addition, there is at least one more yield stress model based on % [48].
Hence, the relative concentration of solids seems to be a central
parameter for suspension rheology despite that it does not include VSSA.
The relative viscosity models in Table 1 are all functions of the relative
concentration of solids and were investigated in this study.

The intrinsic viscosities used in this paper were obtained by curve
fitting to achieve the best fit between measured and estimated values for
each model. The literature on intrinsic viscosities of cement pastes is
limited, and it is not a trivial task to evaluate which value that is most
representative for the investigated matrices. Russel and Sperry [49]
stated that for the Krieger-Dougherty equation, a value of [n]py = 2
often suffices for a good fit. In this study, that would correspond to
values in order of [n] = 3.26 — 4.26, as the measured maximum packing
ranges between 0.47 and 0.62. Struble and Sun [50] calculated the
intrinsic viscosity of different cement pastes, yielding intrinsic viscos-
ities in the range [n] = 4.5-6.0. For spherical particles, on the other
hand, the intrinsic viscosity equals 2.5 [50]. The curve fitting method
used in this study was previously used by Justnes and Vikan [51]. They
investigated the Krieger-Dougherty equation on cement slurries and
obtained values of the intrinsic viscosity around 5, though values up to
9.583 were seen for low shear rates in the rheometer. Note that the
intrinsic viscosities used in this study are obtained solely to provide the
best fit for each investigated model and varies little within each of the
four suspension models applying intrinsic viscosity. However, the
resulting values for the four different models are in the range 0.53-7.18,
provided in Appendix A.

2.3. Multilayer perceptron neural networks

A multilayer perceptron based artificial neural network (ANN) is a
mathematical technique where interconnected layers of neurons are
used to determine the relationship between input and output variables
without requiring the explicit physics behind the studied phenomenon.
The links between the neurons are weighted to relate the importance of
input variables to the output variables. The input layer neurons are

Table 1
Relative suspension viscosity models, based on the relative concentration of
solids.

Authors Equation
Krieger and Dougherty [14] n = (1 14 ) [
,=(1-2
Mooney [15] "
= [nl¢p
Eilers [16] In
w= 105l L | |
1
Robinson [17] "
=1+l =
1-2
@,
Chong et al. [18] b
m=|1+075[ fn | |2
1-2
Pm

19
Quemada [19] 0 = (1 7&),2
P
1, = relative viscosity, []= intrinsic viscosity, ¢= packing fraction, ¢, =
maximum packing fraction
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variables that can be altered to optimize a problem and the output layer
neurons are quantifications of desired outcomes for a given problem
[52]. In this study, the input arguments of the MLP models are the SP/
cement-ratio, the silica fume/binder-ratio, the VSSAnatrix, as well as the
volume fractions of water, cement, filler and fly ash. For example, the
input arguments for mix la-1 are: SP/c = 0.75, silica fume/binder =
0.00, VSSApatrix = 394 mmz/mm3, and the volume fractions of water,
cement, filler and fly ash which are 0.48, 0.40, 0.11 and 0.00, respec-
tively. The outputs are the Bingham yield stresses and -plastic viscos-
ities, the flow resistance ratios and the mini slump flows. The
experimental data was randomly divided into training data (80%) and
testing data (20%), as this is a frequently used split between training and
testing data for MLP-models in literature [53-56]. The MLP models were
developed from the training data, and their performance was verified on
the testing data. All data samples were normalized between 0.1 and 0.9.
In addition to the layers of input neurons and output neurons, the MLP
models consist of a number of hidden layers of neurons, being the
activation functions linking the input neurons to the output neurons
[57]. Here, the NEWFF function with trainlm training function in
MATLAB was used to build the network:

net = newff(P,T,S) 3)

where P, T, and S are the input vector, output vector and hidden layer
size, respectively.

The number of hidden layers and the number of neurons in each
hidden layer were tuned by MATLAB GA Toolbox to increase the speed
and efficiency of the neural network [57]. The tuning interval for the
number of hidden layers and number of neurons in each layer were
defined as 1-2 and 1-20, respectively. To compare the predictive per-
formance and selecting appropriate and robust models, the coefficient of
determination, R?, was used [58].

3. Experiments
3.1. Materials data and mix design

The experimental test program consists of 107 cement pastes with
manufactured sand, hereinafter referred to as matrices. Originally, 125
mixes were designed, but 8 of the mixes were too viscous to perform
testing on, and 10 mixes were without manufactured sand, and hence
outside the scope of this paper. Out of the resulting 107 matrices, 41
contained silica fume. Table 2 outlines the main variables of the test
series.

Five different fillers were used: Three crushed granitic aggregate
fillers from Velde Pukk AS with density 2.65 g/cms, denoted fine, in-
termediate and coarse; a Vertical Shaft Impactor (VSI) crushed 0/2mm
filler from Feiring Bruk with the density 2.75 g/cm?, denoted VSI filler;
and lastly, an industrial biotite (mica) GW-MB-A230 with the density
2.84 g/cm3 from Great Wall Mineral [59]. The fillers from Velde Pukk
AS differ from each other by being extracted at different cut-sizes in the
crusher, where fine, intermediate and coarse is extracted at 63 um, 125
um and 500 um, respectively [1]. The VSI filler was crushed from gneiss
and granite and extracted at cut size 2 mm. The fillers from Velde Pukk
AS and Feiring Bruk were mechanically sieved at 125 pm.

Two different cement types were used in the mix program: The
Norwegian Standard FA cement (Std FA) from Norcem AS, CEM II/B-M
42.5 R, with particle density 3.00 g/cm®, and the Norwegian Industry

Table 2
Outline of the different test series.
Series la 1b 2a 2b
No. of mixes 55 14 11 27
Description Standard Standard FA Industry Industry
FA cement cement

-+ Silica fume + Silica fume
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cement from Norcem AS, CEM 1 52,5 R, with particle density 3.13 g/m®.
The Std FA cement contains 18% fly ash and 4% limestone, and has a
modest heat and strength development, while the Industry cement is a
rapid hardening Portland cement with rapid heat and strength devel-
opment [35]. Information about the chemical composition, particle size
distributions, fineness and the setting time of the cements is found in
Appendix B. Fly ash from Norcem AS and undensified Elkem Microsilica,
940-U, were also included in some of the matrices. The polycarboxylate
ether-based superplasticizer Dynamon SR-N from Mapei, with dry solids
content of 19.5 %, was used in all the matrices.

The matrices were divided into two main series: Series 1 that consists
of Standard FA cement matrices, and Series 2 that consists of Industry
cement matrices. Each series was further divided into two subseries, a
and b, representing matrices without and with silica fume, respectively,
see Table 2. The mix designs were chosen to map a wide span of rheo-
logical parameters. Therefore, both matrices within and outside the
practical range used in ready mix concrete production appeared in the
test program. Appendix C provides detailed information about the mix
compositions for all matrices.

3.2. Volumetric specific surface area

The PSD analysis was performed with the SediGraph III Plus for all
dry powders except silica fume. The dispersing liquid Micromeritics
Sedisperse A-12 was used, as this was successfully used to study settling
of fly ash, filler and cement with a maximum diameter 125 pm by Sosa in
[44].

The measured PSDs and the calculated VSSAs are presented in Fig. 1.
A PSD analysis of the silica fume was not performed, due to its small
grain sizes. Like in [13], a volumetric specific surface area of 60 000
mm?/mm°® was used for the silica fume in this study, based on the
assumption of spherical particles with a mean diameter of 0.05 pm and
particle density 2200 kg/m® [35].

3.3. Mixing and rheology measurements

All matrices were produced in volumes of 2.0 L and mixed according
to the procedure by Ng. et al. [60]. Details about the chosen mixing
equipment is described in [13]. Later, replica mixes of all matrices were
made for packing and fluid viscosity measurements with centrifuge and
capillary glass viscometer. For these matrices, the high shear mixing
procedure described in [61] was used. The volume of each matrix was
chosen to get enough volume of the excess fluid. In [62] it was found

100 7
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90 +  Industry
*  Fly Ash
80 *  Fine
X Intermediate
o 70 0 Coarse
é O Feiring VSI
A Biotite
g 60
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o 50
2
©
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=
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that a volume of 0.4 1 was necessary for the matrices with w/c less than
0.5, while 0.2 1 was sufficient for the matrices with w/c greater than 0.5.
All dry materials were premixed by hand for 10 s, followed by wet-
mixing by a hand-blender, Phillips ProMix model no. HR 1673, with
800 W power rating. The wet mixing was performed at maximum speed
in 30 s, followed by 5 min rest, and then 60 s of maximum speed mixing
again. Directly after mixing, the matrices were evenly distributed into an
even number of falcon tubes with volume of 45 ml and centrifuged at
4000 rpm for 5 min [63]. After centrifugation, the excess fluid was
extracted from the matrix, and used to calculate the maximum packing
fraction of the matrix according to eqn. (4) — (6) in [62]. Lastly, the
kinematic viscosity of the excess fluid was measured.

3.4. Rheology measurements on matrix

Directly after mixing of the 2.0 L matrices, the Anton Paar Physica
MCR 300 rheometer and the FlowCyl tests were performed, followed by
the mini slump test. A detailed procedure for these tests is described in
[12]. The FlowCyl is a vertical pipe with a cone in its end, and the
matrices flow through a narrow opening in the cone under gravity. The
mass as a function of time is logged and forms the basis for calculating
the flow resistance ratio [12]. The flow resistance ratio, 14, ranges from
0.0 to 1.0, where 0.0 represents an “ideal fluid” with no internal resis-
tance or external friction and 1.0 represents an extremely viscous fluid
that are too viscous to flow through the FlowCyl [35]. The flow resis-
tance ratio is defined as the average ratio between the flow loss of the
measured fluid and the theoretical fluid flow of the ideal fluid [35].
Clearly, no such ideal fluid exists, and the authors considers the extremal
case of Aq = 0.0 a fluid where the viscosity approaches zero. Mgrtsell
[11] stated that the theoretical flow rate of an ideal fluid is only gov-
erned by the gravity and the geometry of the FlowCyl. Hence, there
would be no friction between the fluid and the walls of the FlowCyl and
no internal friction in the fluid, and the flow resistance ratio would by
definition be equal to zero. In this study, the lowest measured Aq equaled
0.33, corresponding to a measured plastic viscosity of 0.05 Pas, and the
highest measured A equaled 0.99, corresponding to a plastic viscosity of
2.17 Pas. Due to a limited amount of matrix in the current study, the
matrices were reused in the mini slump cone after the FlowCyl test was
performed. The mini slump - cone had a top diameter of 39 mm, bottom
diameter of 89 mm and height of 70 mm. The cone was filled with matrix
and lifted vertically so the matrix started flowing. When the matrix
stopped flowing, its diameter was measured in two perpendicular di-
rections, and the average value was used.

Material VSSA
[mm?*mm?]
Std FA 829
Industry 1302
o Fly Ash 970
F &( 1 Fine 728
& 2
Intermediate 367
1| coarse 522
1] vsr 260
1 | Biotite 1122
.

10%

Fig. 1. PSDs and VSSAs of all dry materials except silica fume.
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The yield stress, 79, and plastic viscosity, y, were calculated ac-
cording to the Bingham model using the flow curve (shear stress vs shear
rate) obtained by the rheometer [64]. The rheometer was installed with
bob-in-a-cup geometry, and the geometry of the bob was as described in
[12]. Such equipment has successfully been used for rheology quanti-
fication of cementitious materials in previous studies [65-67]. The
matrices were sheared at a shear rate of 60 s~* for 30 s, then at rest for
30s, followed by linearly increasing shear rates from 15~ to 60 s ™! over
a period of 3 min (30 steps of 6 s). Thereafter, the shear rate decreased in
steps from 60 s~ to 1 s~! for 3 min. The plastic viscosity was calculated
as the slope of the down-curve (linearly decreasing shear rate) and the
yield stress as the intercept at zero shear rate of the down-curve [64].
Fig. 2 illustrates typical down-curves obtained from the rheometer for
cement pastes from the experimental study with both low and high
Bingham parameters, i.e., mix 1a-46 and 1a-3, respectively. The cement
paste presented in Fig. 2 (a) yields 7o = 0.57 Pa and u = 0.14 Pas, while
the cement paste in Fig. 2 (b) measures 7o = 23.98 Pa and y = 1.40 Pas.

The repeatability of the measurements was determined by repeated
mixing and testing of mix 1a-2. Table 3 summarizes the repeatability
results.

3.5. Maximum packing fraction and the relative concentration of solids

The maximum packing fraction,¢,,, was measured on the replica
mixes by centrifugation of a known volume of matrix [63]. During
centrifugation, the excess fluid expelled from the matrix, forming a
liquid layer on top of the compacted matrix in the tube. The volume of
the excess fluid was found by weighing the fluid after pouring it off from
the tubes. It was assumed that in addition to water, the liquid consisted
of some solid particles from the matrix. This solid content was found by
evaporating the excess fluid at 40 °C. The density of the fluid was ob-
tained by the simple assumption that the solid particles were composed
by 50% fines and 50% solid content from the polymers, resulting in an
average solid density of 1.85 g/cm® [62,68]. The maximum packing
fraction was calculated from eqn. (4), where the total solid fraction of
the matrix , ¢, was calculated from the mix proportions and the indi-
vidual powder particle densities:

¢ ¢

(-l gy

“@

The accuracy of the maximum packing measurements was estimated
based on repeated measurement of four matrices. The maximum error
equaled 5.8%, while the average error for the four matrices equaled
1.68%.

3.6. Viscosity of interstitial pore solution - nauiq
The kinematic viscosity measurements of the interstitial pore solu-

tion were performed using two different glass viscometers, ASTM D2515
size no. 50 with a capillary diameter 0.44 mm, and ASTM D2515 size no.
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Table 3

Repeatability of the rheology measurments.
Repeatability test no. wo[Pal Mini slump flow Aq

[Pas] ~ [mm] [-1

1 14.65 1.31 15.5 0.92
2 12.02 1.24 16.2 0.93
3 15.49 1.23 16.0 0.92
4 13.75 1.29 15.3 0.94
5 15.45 1.24 15.2 0.92
Mean 14.27 1.26 15.64 0.92
Standard deviation, ¢ 1.45 0.04 0.44 0.01
Coefficient of variation, CV 10.1 2.9 2.8 0.9

[%]

75 with a capillary diameter of 0.54 mm. It was necessary to use two
different viscometer sizes due to the variation in the expelled excess
fluids ability to flow through the capillary of the glass viscometer. An
overview of which viscometer that was used for each matrix is found in
Appendix C. The excess fluids of the matrices that were tested with the
viscometer size no. 50 were filtered after centrifugation, using a cellu-
lose filter with mesh size 0.45 pm. The excess fluids of the other matrices
were unfiltered. For all matrices, the test setup and sample preparation
were done according to the ASTM D2515-66 Standard [69]. Three vis-
cosity measurements were performed for each matrix [62,68]. The
maximum coefficient of variation between similar matrices was 8.2%.
However, out of all matrices, a coefficient of variation of more than
0.88% was only seen twice.

4. Results and discussion

Firstly, the correlations between the predicted and measured
rheology values for all mixes are investigated. The correlations are
described by their R%-values, listed in Table 4. As the models in Table 1

Table 4
Coefficients of determination, R2, for predicted and measured values for all
matrices.

R2
B 70 Aq Mini slump flow
All matrices All matrices All matrices All matrices
LT, 0.05 0.52 0.05 0.39
LT, 0.36 0.46 0.39 0.44
D/ Dpax 0.55 0.01 0.60 0.07
K-D 0.59 - - -
Mooney 0.56 - - -
Eilers 0.57 - - -
Robinson 0.55 - - -
Chong 0.56 - - -
Quemada 0.56 - - -
MLP 0.91 + 0.07 0.84 +0.10 0.88 + 0.09 0.87 + 0.09
K-D = Krieger and Dougherty
120
y = 1.4024x + 23.981
100 R*=0.9971
E 80
() 5 s0
&
2 40
@
20 ©
0
0 20 40 60 80

Shear rate [1/s]

Fig. 2. Typical down-curves of cement pastes tested in the rheometer. The straight lines and the corresponding equations represent the linear regressions applied on
the data to extract the Bingham parameters. The illustration includes flow curves of cement pastes yielding both (a) low Bingham parameters and (b) high Bing-

ham parameters.



E.L. Skare et al.

are developed for viscosity prediction, they are only compared with the
plastic viscosity. The R%-values for all models except the MLP model, are
obtained from regression analysis in Excel, using the Solver function to
obtain the minimum sum of squares. The exponential, linear, logarith-
mic and power law function fits are compared, and the equation
providing the highest R? is chosen. For the MLP model, the prediction
accuracy is calculated as the average accuracy of 100 randomly selected
training datasets for the considered case.

Table 4 shows that the MLP model provides far better correlations to
all the four rheology parameters, than the other models. The coefficient
of determination for the MLP model is in the range of 0.84 — 0.91, while
the best coefficient of determination for the nine other models is 0.60.
The best correlation for the MLP model is found for the plastic viscosity,
with an R* = 0.91.

It is clear that the nine suspension models are not suitable for
rheology prediction of all matrices in the presented test program. As two
different cement types are used in the test program, it is of interest to
investigate whether the models improve when considering matrices
with each of the cement types, individually. Note that all mix designs
contain either Standard FA or Industry cement, not a combination of
both cement types. As described in section 3.1, Standard FA cement has
a modest heat and strength development, while Industry cement is rapid
hardening, meaning faster loss of workability. Table 5 provides the R*-
values for Series 1 (matrices with Standard FA cement) and 2 (matrices
with Industry cement).

Table 5 shows that when considering Series 1 and 2 individually, the
MLP model is the only model that can predict the rheology of matrices
with Standard FA cement (Series 1). However, the maximum coefficient
of determination for matrices with Industry cement (Series 2) is 0.76,
which at best can be said to give values in the same order of magnitude
as the measured values. Hence, none of the investigated models can
predict the rheological behavior of the matrices in Series 2. Even the
MLP model that provides quite good correlations to all matrices (Series
1 + 2) is not suited for prediction of Series 2 alone. This can be a result of
either a material effect or sample size effect, as Series 2 has fewer
matrices than Series 1 (38 and 69 matrices, respectively). These effects
were investigated by performing the MLP analysis for an equal number
of random selected samples from each series, see Fig. 3. The difference
between the Standard FA and Industry cement matrices with equal
number of samples indicate that the prediction accuracy of the dataset is
affected by both sample size and material effects, but with a slight
dominance of the latter.

When it comes to the material effect, the observed difference be-
tween matrices with Standard FA and Industry cement might be
attributed to a different SP interaction with the cements. Justnes and Ng
[69] showed that plasticizers interact more strongly with C3A (alumi-
nate) than other clinker phases. Bogue calculations [35] based on the
oxide compositions in Appendix B, show that the Standard FA cement
contains approximately 13.8 % CgA, while Industry cement contains
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approximately 8.7 % C3A. This shows that the SP interacts more strongly
with Standard FA cement than Industry cement. Another possible reason
for the observed difference between the cement types is that the VSSA of
Industry cement is higher than that of Standard FA cement. In [13], the
two cement types were found to have the clearest effect in the relation
rheology as function of VSSA, after silica fume, compared to the other
dry materials. Maeyama et al. [43] showed that powders with high
specific surface area are more prone to flocculation. Hence, a possible
consequence of the high VSSA of Industry cement is higher degree of
flocculation. Though SP was added in all mixes, not all mixes reached
SP-saturation in terms of complete surface adsorption. This was dis-
cussed in [70], where it was shown that variations in yield stress clearly
related to SP-dosage. Hence, we think that there are differences in
dispersion due to this effect. A third reason, which is investigated in
detail below, is that in contrast to the Standard FA matrices, most of the
Industry matrices contain silica fume.

To investigate whether addition of silica fume affects the prediction
accuracy, individual analyses of each subseries were done. The R? values
for the subseries 1a, 1b, 2a and 2b are listed in Table 6, where a indicates
mixes without silica fume, and b mixes with silica fume. The relative

viscosity models are all functions of -2~ and show approximately the

P

same correlation to the estimated values as ﬁ alone, and are therefore
not included in the table. The MLP analysis is not performed for each
subseries due to too few matrices in each series. Instead, a total analysis
for all matrices without silica fume, i.e. Series 1a and 2a, and all matrices
with silica fume, i.e. Series 1b and 2b, is performed, and these results are
listed to the right in Table 6.

Table 6 shows that % does not provide a good fit for any of the

rheological parameters. Both liquid thickness models provide a better fit
for the flow resistance ratio and plastic viscosity than the yield stress and
mini slump flow, which is in line with [13], where it was found that the
correlation between the VSSAnpatrix and yield stress or mini slump flow is
weaker than for VSSAnauix and plastic viscosity or flow resistance ratio.
However, the liquid thickness models break down when adding silica
fume, which is attributed to its very high VSSA. The liquid thickness is
inversely proportional to the VSSAparix, thus the matrices with silica
fume obtain a significantly lower calculated liquid thickness than
matrices without silica fume. The authors are aware that an assumed
VSSA of silica fume of 60 000 m?/kg is higher than normally seen in
literature, which is typically 13 000 — 30 000 m?/kg [71]. However,
independent of which value that is chosen, the VSSA of silica fume
would be an order of magnitude higher than the other dry materials,
hence it is not believed that this assumption would affect the main re-
sults from this study.

Another possible reason that the models struggle to predict matrices
with silica fume, is that the energy needed to disperse particles is
decreasing when silica fume is introduced [72-73]. In addition, as silica
fume particles are spherical, the “ball bearing effect” could also play a

Table 5
Coefficients of determination, R, for predicted and measured values for Series 1 and 2.
R2
[ 70 Aq Mini slump flow
Series 1 2 1 2 1 2 1 2
LT, 0.02 0.17 0.50 0.40 0.01 0.27 0.29 0.40
LTy 0.35 0.42 0.53 0.31 0.33 0.53 0.43 0.44
D/Dpax 0.68 0.57 0.06 0.05 0.74 0.61 0.14 0.22
K-D 0.71 0.54 - - - - - -
Mooney 0.66 0.47 - - - - - -
Eilers 0.68 0.53 - - - - - -
Robinson 0.64 0.53 - - - - - -
Chong 0.66 0.52 - - - - - -
Quemada 0.66 0.52 - - - - - -
MLP 0.91 £+ 0.09 0.76 + 0.21 0.91 £+ 0.09 0.76 + 0.18 0.94 + 0.05 0.75 4+ 0.18 0.90 £ 0.12 0.74 4+ 0.20

K-D = Krieger and Dougherty
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Fig. 3. A comparison between the Standard FA (Std FA) and Industry (IND) cement matrices to investigate the impact of sample size.

Table 6
Coefficient of determination for measured and estimated values for Series 1a 1b, 2a and 2b. (1a + 2a: Without silica fume, 1b + 2b: With silica fume).
Series No. of matrices R? R?
LT; LT, D/ Dy, Series No. of matrices MLP

p la 55 0.91 0.83 0.75 la+ 2a 73 0.89 + 0.14
1b 14 0.04 0.01 0.30
2a 18 0.77 0.67 0.62 1b + 2b 34 0.76 + 0.20
2b 20 0.01 0.02 0.15

70 la 55 0.52 0.38 0.32 la + 2a 73 0.84 + 0.15
1b 14 0.74 0.39 0.30
2a 18 0.08 0.09 0.06 1b + 2b 34 0.78 + 0.19
2b 20 0.09 0.00 0.32

Aq la 55 0.94 0.89 0.84 la + 2a 73 0.92 4+ 0.08
1b 14 0.06 0.01 0.34
2a 18 0.81 0.73 0.69 1b + 2b 34 0.79 + 0.20
2b 20 0.04 0.01 0.06

Mini slump flow la 55 0.59 0.44 0.36 la+2a 73 0.91 + 0.10
1b 14 0.65 0.34 0.35
2a 18 0.46 0.33 0.27 1b + 2b 34 0.62 + 0.23
2b 20 0.13 0.03 0.14

role. These two effects can contribute to a less viscous matrix, which is
not explicitly accounted for in any of the models.

The best correlation from Table 6 is seen between liquid thickness
model 1 and the flow resistance ratio for Series 1a. The correlation is
surprisingly good, particularly considered the varying SP-dosage in the
series. Varying dispersion between the individual matrices is expected to
affect the lubricating effect of the liquid around the particles, but
apparently, the interpretation of the mode of action of the lubricating
liquid layer is not straightforward and needs to be investigated more.

Overall, the MLP models provide the best predictions. However, they
also start to struggle when adding silica fume (Series 1b and 2b). The
best correlation for these matrices is found for the MLP model vs flow
resistance ratio, yielding an R? = 0.79. The results in Table 6 also
illustrate that the predictions of the MLP models do not diminish when
including Industry cement. The reason why the MLP model could not
accurately predict Series 2 (i.e. the matrices with Industry cement) in
Table 5 was that more than 50% of the matrices also included silica
fume. In this regard, it should be noted that a part of the decrease in
model accuracy when adding silica fume, see Table 6, is attributed to the
reduced sample size, similar as was seen in the analysis of the two
cement types in Fig. 3. However, the advantage of the MLP model is that
it is based on experience and can continuously be improved as the
experimental dataset increases. In addition, it is a flexible model that can
be fitted to many different datasets, meaning that it easily can be
expanded to account for new materials. On the other hand, the

shortcoming of this model is that the physical aspects of the other
models are lost. Also, as the model is tailor-made for a given dataset, the
model will break down for matrices outside the considered dataset,
unless the model gets updated. In general, the ANN prediction has three
limitations. Firstly, the models cannot produce their own database,
hence requiring an experimental or numerical database for training
[41]. Secondly, ANNs can only predict values within the network
training domain, demanding training data over the whole performance
range of the system [41]. Lastly, the choice of initial parameters has a
major impact on the training outcome [41].

5. Feature selection

Neighborhood Component Feature Selection (NCFS) was conducted
to map the importance of the input variables for prediction with MLP.
NCFS solves a multi-objective optimization problem to obtain the opti-
mum weights that minimize the mean loss of the neighborhood
component analysis (NCA) regression model, eqn. (5). The optimum
weights provide information regarding the importance of the input
variables [74].

min% zN: L,+T Z w?
v =1

where n is the number of input variables, N is the number of data, w;
is the weight of the NCA regression model for the ith input variable, L, is

(©)]
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the loss of the NCA regression model for the pth data, and I' is a
parameter determined by the user. Note that L, is the expected value of
the difference between the pth output data and the predicted output data
for the pth input data using the NCA regression model. Fig. 4 shows the
inputs rank according to their importance by NCFS, where the weight of
non-relevant inputs is zero. However, it should be noted that the
robustness of NCFS can be reduced by sampling uncertainty. Therefore,
the importance of input variables varies depending on the sampled
dataset.

Fig. 4 shows that the importance of the input parameters varies for
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the four analyses, but common for all is the importance of water and
superplasticizer. This is not surprising, as it is common knowledge
within the field of concrete technology that water and superplasticizer
affect rheology strongly. Also, these two parameters are the only ones
that are included in all the presented mix designs. For the dry materials,
on the other hand, no general trend is found for all output variables. This
is probably partly because none of the dry materials are constituents in
all mixes, and partly due to the fact that the input parameters are
affected by each other, and their effect on the output parameters are
dependent on their volumetric relations.
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Fig. 4. Importance of the input variables for the prediction of the four rheology parameters with MLP. Input weight = w; in eqn. (5).
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6. Conclusion

In this study, the ability of ten different models to predict rheology of
cement pastes with manufactured sand and silica fume was investigated.
The investigated models were two different liquid thickness models, the
relative concentration of solids, six different viscosity models by Krieger
and Dougherty, Mooney, Eilers, Robinson, Chong and Quemada, and
lastly an MLP model. The predicted parameters were compared with the
Bingham yield stress and plastic viscosity, the flow resistance ratio and
the mini slump flow, obtained by laboratory testing. The MLP model was
clearly better than the other models in predicting the behavior of all
matrices, with a coefficient of determination of R = 0.84 — 0.91 for the
four investigated rheological parameters. The nine suspension models
provided at best an R? = 0.60 for all matrices. When considering each
cement type individually, the correlations improved for matrices with
Standard FA cement, as opposed to matrices with Industry cement, with
the exception of predictions from the liquid thickness models and the
correlation between the relative concentration of solids and mini slump
flow. Although the MLP model provided high prediction accuracy for all
mixes, it only obtained an R? = 0.76 for mixes with Industry cement,
which is partly due to smaller sample size and partly due to material
effect. The material effect could either come from that Standard FA
cement interacts more strongly with SP than Industry cement, or that
Industry cement has higher VSSA than Standard FA cement. Lastly, it
could be because a majority of the Industry cement matrices contain
silica fume, which was found to weaken the prediction accuracy. A
highlight for liquid thickness model 1 was its ability to predict the flow
resistance ratio of the matrices without Industry cement and silica fume
with R? = 0.94. Like for many of the other models, the accuracy of this
model especially diminished when adding silica fume, which was
speculated to be attributed to three effects; 1) the very high VSSA of
silica fume; 2) the decrease in energy that is needed to disperse particles
when adding silica fume; and 3) the ball bearing effect of the round silica
fume particles. Nevertheless, overall, the MLP model outperformed all
the suspensions models for the matrices investigated in this study, which
indicates that artificial neural network predictions are a promising
avenue to follow when it comes to cement paste rheology.
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HIGHLIGHTS

« The average difference between experimental and numerical flow resistance ratio is 6.5% and 4.6%.
« All measurements collapse on the same curve in the flow resistance ratio vs. plastic viscosity plot.
« Flow resistance ratio can characterize cement pastes if the superplasticiser dosage is constant.

ARTICLE INFO ABSTRACT

Article history:

Received 14 September 2018

Received in revised form 15 May 2019
Accepted 18 May 2019

Available online 25 May 2019

The FlowCyl is a simple flow viscometer - a modification of the Marsh Cone test apparatus - developed to
quantify the flow behaviour of cement pastes. The FlowCyl gives a one-parameter characterisation of rhe-
ology called the flow resistance ratio or Aq, which is defined as the average ratio between the flow loss of
ameasured fluid and theoretical flow of an ideal fluid. This paper reports a study on the limitations of the
FlowCyl and appurtenant flow resistance ratio. The investigation includes rheological measurements of
cement pastes incorporating crushed aggregate fines with a diameter below 125 pm and development

Keywords: of a numerical model in order to analyse the flow condition inside the FlowCyl. The numerical simula-
Rheology . . . . .

Cement paste tions are carried out both with the Bingham- and Herschel-Bulkley material model of the rheometer data.
FlowCyl A comparison with the experimental %q results illustrates that only a minor error is introduced when
Yield stress describing the flow of cement paste in the FlowCyl with a two-parameter model (Bingham material

model) as compared to a three-parameter model (Hershel-Bulkley model). The results also show that
the one-parameter characterisation (i.e. Ao) mainly correlates to the plastic viscosity in the Bingham
material model, while the yield stress only correlates if the dosage of superplasticizer per mass of cement
is kept constant. The numerical simulations show that high shear rates at the outlet of the FlowCyl are
responsible for the difference in the correlations.

Plastic viscosity

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction Fresh cement paste is a fluid that, just like concrete, exhibits a

yield stress, requiring a minimum stress to initiate flow. Below

As pointed out by Ferraris et al. [ 1], determining rheology prop-
erties by testing concrete is not always practical, easy, and eco-
nomical, because execution of numerous concrete tests requires a
large amount of material and manpower. Therefore, there is a need
for simpler and easier laboratory approaches. It has been demon-
strated that rheological measurements of cement paste can be
used as a reasonable indicator of concrete rheology [1-3].

* Corresponding author.
E-mail address: rolands.cepuritis@ntnu.no (R. Cepuritis).

https://doi.org/10.1016/j.conbuildmat.2019.05.127
0950-0618/© 2019 Elsevier Ltd. All rights reserved.

the yield stress, cement paste behaves like a solid, which typically
is a result of a three-dimensional microstructure at low stresses
[4]. Above the yield stress, cement paste on the contrary deforms
as a fluid according to a viscosity function that is shear rate depen-
dent. The rheological behaviour of cement paste can be quantified
by the usage of a rheometer, for example, with a parallel plate,
cone and plate, coaxial cylinder, or Couette geometry [5]. The shear
stress (or viscosity) as a function of shear rate and a best-fit match
to the data determines the appropriate constitute law, e.g. the
Bingham- or Herschel-Bulkley (H-B) material model [5].
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As pointed out by Shaughnessy and Clark [6], measuring the
rheological properties of cement paste is not a straightforward
task, and substantial care must be taken prior, during and after
the measurements. The most common measurement techniques,
procedures and challenges were recently thoroughly reviewed by
some of the authors of this paper. The review can be found in
the following reference [7]. Although highly accurate rheometers
are available, simple empirical test methods for rheological exam-
ination of cement paste are also quite popular, for both research
and industrial purposes. This is due to relatively complex proce-
dures of performing measurements with the rheometers, but even
more importantly due to their cost. One of the most popular of the
applied empirical methods include a range of mini slump-cone
geometries that mainly provide the single empirical parameter,
slump flow (spread diameter of the mixture), which relates to
the yield stress of the cement paste [1,8]. Another set of tests are
the orifice viscometers, where the fresh cement paste flows out
of different funnel-shaped containers through a narrow orifice.
The mass flux or flow time is registered as the test result. Some
of the most popular orifice viscometers are the Marsh cone
[9,10], mini V-funnel [1], and FlowCyl [2,3,11].

The FlowCyl test characterizes the rheological behaviour of
cement pastes via one parameter, the flow resistance ratio
(denoted 1q), which is described in more detail later in the paper.
This test method has been successfully used to predict the worka-
bility of conventional (vibrated) normal-weight concrete mixes
with consistencies of up to about 240 mm of slump, which was
based on natural sand and cement paste with relatively low fines
content [2]. Later, the same was shown to be possible for light-
weight aggregate concrete that was based on natural sand and
coarse lightweight aggregates [3]. However, in a series of further
studies [11-13] it was demonstrated that the FlowCyl test result
has limitations when applied to self-compacting concrete (SCC)
mixes and mixes incorporating high amounts of crushed sand fines
when the amount of superplasticiser was below the assumed sat-
uration level. In the study, by Mertsell and Smeplass [11] the
hypothesis was that the proportioning model where the FlowCyl
is used to characterise the viscous phase of the concrete (filler
modified cement paste = matrix) would work even better with
the matrix-dominated SCC mixes. Then the workability of the
SCC mixes tested would be a unique function of the flow resistance
ratio of the matrix determined with the FlowCyl and the volume of
the matrix according to the Particle-Matrix concrete proportioning
model [2]. However, the results revealed that to achieve a slump-
flow measurement of approx. 650 mm, the necessary matrix vol-
ume was 40-801/m> lower for the mixes based on the high-
strength ordinary Portland cement (OPC) than for the regular
OPC mixes, when all other parameters (including 1q values) were
comparable. In other words, the researchers did not find a simple
correlation between the flow resistance ratio of the matrix and
the workability of the SCC. Smeplass and Mertsell [11] suggested
that the problem potentially was in the measuring device used
for the characterisation of the matrix, i.e. the FlowCyl. They theo-
rized that the problem with the FlowCyl was that it gives only a
single value, whereas the matrix is at least a two-parameter fluid
and thus there is a need to get a more fundamental understanding
of the limitations of this equipment.

In this paper, the objective is for the first time to analyse the
limitations of the flow resistance ratio when used as a one-point
parameter to describe the flow behaviour of fresh filler modified
cement paste. Hereto, FlowCyl and rheometer measurements of fil-
ler modified cement pastes that cover a broad interval of flowabil-
ities are performed and correlated. In addition, a numerical model
is employed to simulate the FlowCyl tests and thereby assist in
understanding/estimating the error that is introduces by going

from a three-parameter (H-B material model: T = 7o + K", where
To is H-B yield stress [Pa], K is consistency factor [Pas"] and n is
flow index [-]) to a two-parameter (Bingham material model:
T = To + M), where Tq is Bingham’s yield stress [Pa], p is Bingham’s
plastic viscosity [Pa s], while T and j are the corresponding yield
stress [Pa] and shear rate [1/s]) to a one-parameter (flow resistance
ratio) flow characterization of cement pastes.

2. Experiments
2.1. Materials

Three different types of crushed aggregate fines were included in the cement
pastes in order to obtain cement pastes with different rheological behaviour. All
of the crushed fines originated from the same granitic rock type (typical mineralog-
ical composition of the parent rock: feldspar 48%, quartz 48%, amphibolite 2%, mica
1%, chlorite 1%) and were produced in the same way. The production process
included four steps of rock crushing followed by a system of air-classification that
was utilised to extract the generated fines from the crushed aggregates. The three
types of crushed fines were extracted at different steps in the air-classification pro-
cess and thus the main difference between them was their PSD. The different types
of fines were denoted as (F)-PSD, (C)-PSD and (I)-PSD. The maximum particle size
for all three types of fines was adjusted to be the same by mechanical sieving via a
sieve with square opening of 125 um edge length. The PSD of the fines, see Fig. 1,
was determined by a SediGraph, which is a PSD measurement tool that measures
the particle sedimentation speed through x-ray absorption and calculates the
equivalent particle diameter based on Stoke’s law [14]. The oven-dry particle den-
sity for all of the crushed fines was determined with a helium pycnometer to be the
same, ie. 2.65 g/cm>,

Blended cement with a particle density of 3.0 g/cm? incorporating 18.1% of fly-
ash and 5% of gypsum (CEM II/B-M 42.5 R) from Norcem AS was used in all the
cementitious mixes. The mineralogical composition of the clinker of the cement
was C3S: 61.0%; C,S: 14.2%; C3A: 8.8%; C4AF: 9.3%; free CaO: 1.7%; other minerals:
5.0%. The Nay0-eq. content of the cement was 1.3%. The Blaine value was deter-
mined to be 422 m?/kg and the PSD of the cement determined with the SediGraph
is shown in Fig. 1. Polycarboxylate ether (PCE) based superplasticiser (SP) Dynamon
SR-N (solids content of 19.5%; liquid density of 1.05 g/cm®) from Mapei was used.

2.2. Cement paste compositions

An overview of the studied filler modified cement paste compositions is given in
Table 1. The mixes were divided into “A”-series and “B-series. The “A”-series repre-
sents mixes where three different w/c ratios (0.4, 0.55 and 0.70) were combined
with the three different types of crushed fines. In addition, for every wjc ratio, three
different fi/c ratios were employed. The w/c and fi/c ratios were chosen with the
goal of covering the range that is practically used in ready-mix concrete production
with crushed sand in Norway. For the “A”-series mixes the dosage of SP was fixed at
0.75% of the total cement mass. In the “B"-series, the SP dosage was varied for the
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Fig. 1. PSDs of the crushed aggregate fines and cement used for the experiments.
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Table 1
Overview of the studied filled modified cement paste compositions.

Mix No. wi/c SP [%] fi/c PSD Solid volume Mix No. w/c SP [%] fi/c PSD Solid volume
fraction @ fraction @

A-1 0.4 0.75 0.28 ©) 0.516 B-1 0.40 1.00 0.28 03} 0.516
A-2 0.4 0.75 0.36 ©) 0.531 B-2 0.40 1.00 0.36 I 0.531
A-3 0.4 0.75 0.44 ©) 0.545 B-3 0.40 1.00 0.44 (€3} 0.545
A-4 0.55 0.75 0.51 ©) 0.477 B-4 0.40 1.25 0.28 (0] 0.515
A-5 0.55 0.75 0.59 ©) 0.490 B-5 0.40 1.25 0.36 I 0.530
A-6 0.55 0.75 0.67 ©) 0.502 B-6 0.40 1.25 0.44 I 0.545
A-7 0.7 0.75 0.68 ©) 0.444 B-7 0.40 1.50 0.28 I 0.515
A-8 0.7 0.75 0.76 ©) 0.456 B-8 0.40 1.50 0.36 I 0.530
A-9 0.7 0.75 0.82 ©) 0.464 B-9 0.40 1.50 0.44 I 0.544
A-10 0.4 0.75 0.28 I 0.516 B-10 0.40 1.75 0.28 I 0.515
A-11 0.4 0.75 0.36 I 0.531 B-11 0.40 1.75 0.36 I 0.530
A-12 0.4 0.75 0.44 I 0.545 B-12 0.40 1.75 0.44 () 0.544
A-13 0.55 0.75 0.51 0) 0.477 B-13 0.55 1.00 0.51 0 0.477
A-14 0.55 0.75 0.59 0 0.490 B-14 0.55 1.00 0.59 0 0.490
A-15 0.55 0.75 0.67 1 0.502 B-15 0.55 1.00 0.67 (1 0.502
A-16 0.7 0.75 0.68 0 0.444 B-16 0.55 1.25 0.51 0 0.477
A-17 0.7 0.75 0.76 I 0.456 B-17 0.55 1.25 0.59 I 0.490
A-18 0.7 0.75 0.82 I 0.464 B-18 0.55 1.25 0.67 I 0.502
A-19 0.4 0.75 0.28 (F) 0.516 B-19 0.55 1.50 0.51 I 0.477
A-20 0.4 0.75 0.36 (F) 0.531 B-20 0.55 1.50 0.59 I 0.490
A-21 0.4 0.75 0.44 (F) 0.545 B-21 0.55 1.50 0.67 I 0.502
A-22 0.55 0.75 051 (F) 0.477 B-22 0.55 1.75 0.51 1 0.477
A-23 0.55 0.75 0.59 (F) 0.490 B-23 0.55 1.75 0.59 I 0.489
A-24 0.55 0.75 0.67 (F) 0.502 B-24 0.55 1.75 0.67 I 0.502
A-25 0.7 0.75 0.68 (F) 0.444

A-26 0.7 0.75 0.76 (F) 0.456

A-27 0.7 0.75 0.82 (F) 0.464

Abbreviations used in the table:

w/c = water-to-cement ratio by mass.

SP = superplasticiser dosage by mass of cement.
fi/c = crushed fines-to-cement ratio by volume.

PSD = particle size distribution of the crushed fines.

mixes with (I)-PSD fines and w/c ratio 0.4 and 0.55 from the “A”"-series, i.e. A10-A15.
The SP dosage was increased to 1.0%, 1.25%, 1.5% and 1.75% of the total cement
mass.

2.3. Methods

Mixing of the filler modified cement pastes was carried out following a routine
investigated and described by Ng. et al. [15]. This routine was chosen because, as
reported by Ng. et al. [15], it provides a level of shear rates in the fresh mix that
remedy too excessive temperature rise and/ or air entrainment during the material
preparation. The FlowCyl and rheometer measurements were started exactly
10 min after beginning the mixing procedure.

The test setup for the FlowCyl and its geometry is presented in Fig. 2. The Flow-
Cyl measurements followed the same routine as reported in [16]. During a mea-
surement, the FlowCyl is filled with cement paste up to the level of 15 mm below
the top edge, while the outlet is blocked. Then the outlet is opened and the mass
of the cement paste in the bowl under the FlowCyl is registered with a sampling
rate of 2 s. Subsequently, the volumetric flow is analysed from the cement paste
has a height of 35 cm in the FlowCyl until it reaches 15 cm in order to extract the
flow resistance ratio (i.e. o), which is a dimensionless single parameter proposed
by Martsell [2] that characterise the flowability of the cement paste. The flow resis-
tance ratio is defined as the difference in volumetric flow rate between the tested
material (fresh cement paste) and an “ideal” fluid [2] with no internal flow resis-
tance and no external cohesion or friction, i.e. the flow rate for an ideal fluid is only
affected by gravity (the actual expected volumetric flow rate, as function of the fluid
height in the FlowCyl is provided in the references [2,3]). It is given by the
expression:

Jq = Fi/F;, 1)

where F; is the average difference between the theoretical flow rate of an “ideal”
fluid and the measured flow rate of the tested cement paste; and F; is the average
flow rate of the “ideal” fluid. By definition, the “ideal” fluid has a iq value of 0.0,
while the theoretical upper limit of the %q value for a viscous fluid is 1.0 [2,3]. More
details on the FlowCyl and the mathematical derivation of 2o can be found in
[23.11].

The rheometer measurements were done on a Physica MCR 300 rheometer
(Anton Paar) with a bob-in-a-cup geometry, see Fig. 3. The geometry and the used
measurement routine were the same, as reported in [17]. Mathematical regression
was applied on the measured down (decreasing shear rate) flow-curve data in order
to obtain the Bingham and H-B material model parameters [5]. In [17], also details

about the uncertainty for both the Physical MCR 300 rheometer and FlowCyl mea-
surements can be found. It was shown in [17] that for very similar cement pastes as
studied in this paper, the standard deviation for 5 repeated measurements on the
same mix composition, was approximately 0.9 MPa and 0.01 Pa-s for the Bingham
parameters and 0.01 units for the flow resistance ratio.

3. Numerical model

In the literature, numerical models have successfully been uti-
lized to analyse different topics related to fresh cementitious mate-
rials, e.g. flow in reinforced formwork [18-20], gravity induced
aggregate migration [21-24], flow of fibers [25,26], pumping
[27], and flow conditions in rheological characterization tools
[28,29]. As mentioned in the introduction, in this study a computa-
tional fluid dynamics (CFD) model was used to analyse the flow
behaviour in the FlowCyl. The CFD model was developed in the
commercial software Flow3D that has been found to be very appli-
cable for simulations of fresh cementitious materials [30]. Flow3D
utilizes the finite volume method to discretize the mass- and
momentum conservation equations and the generalized minimal
residual method in order to solve for the pressure and velocity.
The interface between the cement paste and air was tracked by
the volume of fluid method [31], which is a free surface tracking
algorithm that in an Eulerian frame is considered very accurate
[32]. In Fig. 4, the model version of the FlowCyl at time zero is illus-
trated. The inner surface of the FlowCyl was modelled with a wall
boundary condition (zero-velocity/no-slip) and the numerically
predicted flow resistance ratio was calculated in a similar way as
for the experiments, except that the flow rate was determined
based on the remaining volume in the simulated domain. A prelim-
inary validation of the CFD model was presented in [13]| where it
was shown that the simulations predicted the flow resistance ratio
within 10% accuracy for five different cement pastes, when assum-
ing that the cement pastes could be described by the Bingham
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Fig. 2. (a) The FlowCyl test apparatus; (b) the exact geometry of the FlowCyl test apparatus. Note that the lengths and radii are given in mm.

Fig. 3. The bob-in-a-cup geometry used for the experiments. The surfaces of the
bob have been roughened to prevent slip.

material model. In this study, both the Bingham- and H-B material
model [33] were used to describe the flow behaviour of all 52
cement pastes in order to compare their performance.

Fig. 4. The model version of the FlowCyl at time zero [37].

4. Results and discussion

In Table 2, the rheological parameters for the Bingham- and
H-B material model are presented for all 52 cement pastes
together with the experimental- and two numerical flow resis-
tance ratios.
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Table 2
Experimental and numerical results.

Mix Flow resistance ratio Aq Bingham Herschel- Bulkley Mix Flow resistance ratio Aq Bingham Herschel- Bulkley
No. model model parameters No. model model parameters
parameters parameters
M F-3D F-3D To n THp c M F-3D F-3D To n THB c
(B) (HB) [Pa] [Pas]  [Pa] [PasP]  [Pa] (B) (HB) [Pa] [Pas]  [Pa] [PasP]  [Pa]

A-1 0.890 0.866  0.887 936 1.09 939 1.09 1.00 B-1 0810 0822 0810 711 072 6.99 074  0.99
A-2 0920 0.891  0.906 1427 126 1440 112 1.01 B2 0.849 0.869  0.849 832 097 859 0.92 1.01
A-3 0960 0920  0.929 2398 140 2067 225 0.89 B-3 0873 0894 0873 1134 112 1116 116 099
A4 0580 0628  0.605 272 026 223 0.37 091 B-4 0780 0798  0.780 415 062 471 0.51 1.05
A-5 0590 0678  0.647 502 031 340 0.76 0.80 B-5 0792 0814 0792 442 068 553 0.47 1.09
A6 0.650 0713  0.693 485 038  3.77 0.65 0.88 B-6 0814 0826 0814 459 080 513 0.69 1.03
A-7 0390 0481 0458 169 010 086 0.36 072 B-7 0755 0766  0.755 352 053 378 0.48 1.03
A-8 0410 0493 0474 1.76 011  1.02 0.33 0.75 B-8 0767 0791  0.767 169 062  3.32 033 1.15
A9 0430 0509 0473 1.84 012 108 0.34 0.77 B9 0.820 0844  0.820 191 090 450 0.45 1.16
A-10 0840 0871  0.861 11.04 084 926 1.26 091 B-10 0753 0773  0.753 164 056 285 034 1.12
A-11 0.890 0.883  0.905 1679 1.09 1434 167 090 B-11 0731 0751 0731 163 049 268 0.30 1.12
A-12 0950 0922 0927 2595 133 1970  3.01 081 B-12 0782 0801 0782 143 069 328 0.36 1.15
A-13 0570 0623 0605 273 025 214 0.39 090 B-13 0554 0553 0554 139 017 120 022 0.95
A-14 0570 0648 0618 373 027 275 0.52 085 B-14 0581 0562 0581 164 020 130 028 0.92
A-15 0550 0643 0596 440 025 322 0.56 081 B-15 0569 0565  0.569 144 019 131 022 0.97
A-16 0350 0431 0397 119 007 067 0.23 075 B-16 0513 0483 0513 1.04 013 057 025 0.85
A-17 0380 0481 0431 149 010 081 0.30 074 B-17 0551 0534 0551 1.00 017 073 023 0.93
A-18 0490 0557 0521 1.86 017 108 0.38 081 B-18 0598 0592 0598 123 023 108 0.26 0.97
A-19 0930 0921 0917 1645 137 1361 2.04 091 B-19 0501 0433 0501 075 012 039 021 0.87
A-20 0990 0950 0950 3215 1.88 2163 481 078 B-20 0519 0508 0519 057 014 039 0.18 0.94
A-21 1.000 1.000  0.987 7505 336 3384 1790 062 B-21 0557 0520  0.557 064 018 055 0.20 0.98
A-22 0720 0776  0.764 613 052 468 0.87 0.88 B-22 0474 0397 0474 069 010 019 024 081
A-23 0770 0791  0.796 802 060 637 1.00 0.88 B-23 0478 0453 0478 043 010 018 0.16 0.89
A-24 0830 0822 0842 987 073 913 0.90 095 B-24 0518 0467 0518 041 014 027 0.17 0.95
A-25 0520 0565  0.551 208 018  1.60 0.30 0.88
A-26 0580 0607 0552 264 023 214 0.35 0.90
A-27 0600 0650  0.627 354 028 273 0.48 0.87

Abbreviations used in the table:

M = measured flow resistance ratio q.

F-3D (B) = flow resistance ratio obtained with the Flow3D CFD model, using the Bingham material model.

F-3D (HB) = flow resistance ratio obtained with the Flow3D CFD model, using H-B material model.

4.1. Bingham material model vs. H-B material model 30% © H-B material model

L. . . . . . . B Bingham material model
The objective of this study is, as mentioned in the introduction, —_ L]
. . . 0,
to evaluate whether the flow resistance ratio can be used as a sin- § 25% -
gle parameter to describe the flowability of cement paste. How- © .
. . . ap s . >

ever, in orgler' to get to this pqmt, it is necessary to quantify the 2 20% ™

error that is introduced by going from a three-parameter model % o ™

(the H-B material model) to a two-parameter model (the Bingham 2 . B

material model). The quantification of this error is carried out by & 15% 0o - .'

the numerical model. In Fig. 5, the difference between the experi- i ™ .

mental flow resistance ratio and the two numerical predictions are s 10% ? . n

presented. The plot illustrates that for either of the two numerical 2 M L m -

predictions, the difference does not exceed 30% in the Aq range of % By o © o ]

0.3 to 1.0, and the agreement improves when increasing the flow £ 5% %

resistance ratio. As reported in [34], a typical range of measurable = 8

Lq for cements pastes will vary between 0.30 and 0.75, which also 0% [

corresponds well to the range of values measured for the pastes
studied in the paper. The improvement in the observed difference
between the measured and predicted values might be a conse-
quence of the no-slip boundary condition and/or the rheological
approximation functions favouring a slow flow. Furthermore,
Fig. 5 demonstrates that generally the best agreement is obtained,
when using the H-B material model in the numerical simulations.
The average difference in absolute values for the Bingham and H-B
material model is 6.5 and 4.6%, respectively, thus illustrating that
an additional error of approx. 2% can be expected when assuming
the two-parameter material model instead of the three-parameter
material model. This error is specific for the flow condition in the
FlowCyl where the shear rates can vary in the order of 0 - 290 1/
s, see Fig. 6 that presents simulation results for mix No. A-6. Note
that these shear rates are experienced at a height of 25 cm, which

03 04 05 06 07 08 09 1.0
Experimental flow resistance ratio A,

Fig. 5. The difference in percentage between the experimental and numerical flow
resistance ratio obtained with both the Bingham- and H-B material model. The
difference is presented in absolute values. The average difference for the Bingham
material model is 6.5%, while it is 4.6% for the H-B material model.

is in the middle of the measuring interval, and that greater shear
rates are experienced at the start of the measuring interval
(35 cm), as the hydrostatic head is larger. Within the shear rate
interval 0 - 290 1/s, the two material models approximate the
measured rheological data as seen in Fig. 7 for mix No. A-6. The
rheometer experiments are carried out up until a shear rate of 60
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Fig. 6. The shear rate magnitude in the cross section of the FlowCyl for mix No. A-6 at a height of 25 cm: left) Bingham material model right) H-B model. Note that the strain

rates are in 1/s.
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Fig. 7. The rheological measurements for mix No. A-6 together with the fits based
on the Bingham and H-B model: a) plotted until a shear rate of 60 1/s, b) plotted
until a shear rate of 290 1/s.

1/s, whereas the shear rates in the FlowCyl are greater, as predicted
by the numerical simulations, see Fig. 6. This is a source of error
that leads to a difference between the experimental and numerical
flow resistance ratio. In addition, there could also be a potential
error associated with how good the models are able to approxi-
mate the actual rheological response of the materials, which was
found to be more precise in the case of the H-B model, see Fig. 6.
Fig. 7 shows that at shear rates above 60 1/s, the material models
start to deviate from each other, which is the main reason for the

difference in the predicted flow resistance ratios between the
two models shown in Fig. 5. The shear rate interval experienced
by the cement paste during concrete mixing and placement is in
the order 0-70 1/s [35]. This upper shear rate limit is less than
the one experienced in the FlowCyl, which indicates that modify-
ing the flowrate in the FlowCyl to lower the shear rate is relevant.

4.2. Effect of the rheological properties on the measured flow
resistance ratio

Knowing that the error that is introduced going from the H-B-
to the Bingham material model is relatively sparse (see previous
section), the rest of the analysis focus on going from a two-
parameter (the Bingham material model) to a one-parameter (the
flow resistance ratio) flow characterization. In Figs. 8 and 9, the
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@ Mixes from Ref.[16]
0-3 T T T
0 i 2 3 4
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Fig. 8. Flow resistance ratio vs. plastic viscosity for all the experiments and mixes
from Ref. [16]. Note that the experimental point corresponding to %o = 1 represents
a cement paste matrix that was not flowing in the FlowCyl equipment, and this it is
in fact its rheological parameters are outside the measurement range of the
equipment.
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Fig. 9. Flow resistance ratio vs. Bingham'’s yield stress for all the experiments and
mixes from Ref. [16]. Note that the experimental point corresponding to xq=1
represents a cement paste matrix that was not flowing in the FlowCyl equipment,
and this it is in fact its rheological parameters are outside the measurement range of
the equipment.

experimental flow resistance ratio is plotted as function of the
plastic viscosity and yield stress, respectively. In the figures, addi-
tional 42 results from a previous study [ 16] are included in order to
cover a broader rheological interval. The mixes in [16] were carried
out with ten different types of fillers, fi/c ratios by volume ranging
from 0.4 to 0.5, a w/c ratio of 0.5, and constant SP dosage of 0.50%
per mass cement. Fig. 8 shows that all the measurements collapse
on the same curve in the flow resistance ratio vs. plastic viscosity
plot, whereas Fig. 9 shows that the same trend is not the case for
the flow resistance ratio vs. yield stress plot. This illustrates that
the plastic viscosity dominates the flow resistance ratio, a finding
that theoretically was predicted by the numerical model as seen
in [13]. This can be illustrated by the following example where
the apparent viscosity is calculated for mix No. A-6 at the outlet
as well as for two hypothetical cement pastes; one where the yield
stress is increased with 50% and another where the plastic viscosity
is increased with 50%, both as compared to mix No. A-6. The three
cement pastes have the following rheological properties: 1)
To=4.85Pa and |1 =0.38 Pas; 2) 1= 7.28 Pa and p = 0.38 Pas; and
3) 19=4.85Pa and [ =0.57 Pas. The apparent viscosity is calcu-
lated for the three cement pastes at a representative shear rate
of 150 s~1. This value is obtained by considering the shear rates
at a height of 25 cm (i.e. the middle of the measuring interval)
and then taking the average shear rate over the cross section in
the bottom of the FlowCyl.

Happs = T/ = To/7 + 1 = 4.85/150 + 038 = 0.412Pas;
Happ2 = T/ 7= To/ 9+ 1 = 7.28/150 + 038 = 0.429Pas;
Iapps = T/ 7= To/ 7+ 1 = 4.85/150 + 0.57 = 0.602Pas.

The above examples show that a 50% increase in the yield stress
(from 4.85Pa to 7.28 Pa) only makes the apparent viscosity
increase by approx. 4%, whereas a 50% increase in the plastic vis-
cosity (from 0.38 Pas to 0.57 Pas) makes the apparent viscosity
increase by approx. 50%. This example explains why the flow resis-
tance ratio primarily depends on the plastic viscosity of the mate-
rials in the FlowCyl. The reason for the dominance is owed to the
fact that the cement paste experiences high shear rates at the out-
let, see Fig. 6, which is a region of the FlowCyl that has a great influ-
ence on the flow rate and thereby the flow resistance ratio. These
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Fig. 10. Plastic viscosity vs. yield stress for “B"-series mixes where the SP dosage
per cement mass was varied.

high shear rates lead to apparent viscosities (the viscosity felt by
the flowing cement paste) that are dominated by the plastic viscos-
ity in the Bingham material model. As a result, one can state that
the flow resistance ratio can be used as a one-parameter character-
ization of cement paste rheology, as long as the shear rates that the
cement paste undergoes in the given application are high. How-
ever, this statement only covers a part of the usefulness/limitations
of the flow resistance ratio. This is because it is generally accepted
that the SP is mainly affecting the yield stress [36], whereas the
plastic viscosity is mainly affected by the solid fraction [37]. There-
fore, we conducted the “B”-series in this study. Fig. 10 shows the
plastic viscosity vs. yield stress of the B-series. It illustrates that
the SP dosage per cement mass primarily affects the yield stress,
as expected, and thereby the slope of the linear relationship
between the plastic viscosity and yield stress. Consequently, one
single curve cannot represent the flow resistance ratio vs. yield
stress measurements, because the flow resistance ratio does not
capture the effect of the change in the yield stress. Hence, the
SP-dosage per cement mass affects the usefulness of the flow resis-
tance ratio as a one parameter characterization. Further research
should therefore look for ways to make the flow resistance ratio
more sensitive to the yield stress, e.g. by lowering the rate of shear
in the FlowCyl.

5. Conclusions

For the cement pastes investigated experimentally and numer-
ically in this study, the following main conclusions can be drawn
with respect to the limitations of the FlowCyl and appertaining
flow resistance ratio:

m The average difference between the experimental and numeri-
cal flow resistance ratio is 6.5% and 4.6% with the Bingham
and H-B material model, respectively. Thus, indicating that an
additional error of approx. 2% can be expected when assuming
that the cement paste can be described with the two-
parameter material model (Bingham material model) instead
of the three-parameter material model (H-B material model);
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m All the measurements collapse on the same curve in the flow
resistance ratio vs. plastic viscosity plot, which is not the case
for the flow resistance ratio vs. yield stress plot. This illustrates
that the flow resistance ratio is dominated by the plastic viscos-
ity. This finding is supported by the numerical model that pre-
dicts very high shear rates at the outlet. As a consequence, it is
argued that the flow resistance ratio can be used as a one-
parameter characterization of cement paste rheology, when
the shear rates that the cement paste undergoes in a given
application are high.

m The SP dosage per mass cement changes the slope of the appar-
ent linear relationship between the yield stress and plastic vis-
cosity. For that reason, it is also argued that the flow resistance
ratio can distinguish between the flowability of cement pastes if
the SP dosage per mass cement is kept constant.

m Further work will be targeted at changing the FlowCyl design to
decrease the shear rate at the outlet and thereby enable the
one-parameter flow resistance ratio to become sensitive to vari-
ations in the yield stress.
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Abstract

For the past decades, computational fluid dynamics (CFD) simulations have been shown as a promising approach for
understanding the complex flow behavior of concrete. However, their application is often limited due to the computa-
tionally heavy analysis. In this study, two artificial neural networks, multi-layer perceptron and radial basis function, are
trained by results of a CFD model that simulates the cement flow in the FlowCyl equipment. Both models were inves-
tigated for predicting single values of volume loss over a predetermined duration as well as the full volume loss versus time
curves. The results show that after training the neural networks can accurately substitute the predictions of the CFD model
for both single values and the full curves. For the multi-layer perceptron, accurate predicts are even obtained after
substantial reducing the training data, which illustrates that a coupling between a CFD model and a neural network can
significantly decrease the overall calculation time.

Keywords Cement paste - Rheology - Computational fluid dynamics - Artificial neural network

1 Introduction development of low- [1] and high-tech [2] equipment for

rheological quantification as well as the determination of
The complex nature of concrete rheology has for decades  flow behaviors during transport [3], pumping [4], and
been extensively studied as it is a key parameter for  placement [5]. In recent years, computational fluid
obtaining proper concrete structures. These studies include ~ dynamics (CFD) has been increasingly applied to
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understand concrete rheology as it provides a virtual win-
dow into the material and process [6]. CFD models have
been used to study concrete flow phenomena such as the
effect of lubrication layers on velocity profiles inside
pumping pipes [7] as well as the flow behavior in rein-
forced areas of large-scale laboratory castings [8—10]. In
addition, CFD models have been used to predict local
variations in aggregate volume fractions [11-13] and ori-
entation of fibers [14, 15]. In other studies, these models
have been used to understand the flow behavior of
cementitious material in equipment utilized to measure its
rheological behavior e.g., inside the ConTec BML Vis-
cometer 3 [16] or in the FlowCyl [17], which is a modified
version of the March Cone. The challenge for CFD models
is that they often require a dedicated experimental setup to
be validated [18] and that they can be computationally
heavy and thus takes a long time to run [19]. The latter
becomes even more pronounced when the models are
exploited to investigate a large parameter space or when
coupled with an optimization algorithm [20]. Conse-
quently, CFD models are used infrequently in the concrete
industry despite their great potential. Researchers are
continuously trying to find solutions that can speed-up CFD
simulations. One such solution is to manipulate the gov-
erning equations (i.e., the mass and momentum conserva-
tion equations) in order to reduce the number of unknowns
(e.g., the streamfunction formulation for two-dimensional
problems [21, 22]). Another solution is to couple the CFD
model with an artificial neural network (ANN) that learns
from the simulations and eventually predicts the flow pat-
terns with good accuracy, but substantially faster. A typical
ANN is composed of an arbitrary number of elements
named neurons connected to each other by weighted vec-
tors that are arranged in the input, output, and hidden layers
[23, 24]. The number of input and output neurons is equal
to the number of input and output variables, respectively,
while the number of hidden neurons is chosen depending
on the problem at hand. The performance of a neural net-
work critically depends on its architecture. If a network is
not complicated enough it would underfit to the training
set, while a network that concentrates too much on detailed
information would overfit the training set [25]. In both
cases, the neural network would have a poor generalization
performance on unseen data [26]. Evolutionary algorithms
such as genetic algorithms (GA) [27, 28] have been widely
used to optimize the neural network architecture in dif-
ferent applications. Previous studies show that GAs out-
perform random search and trial and error methods [29],
because GAs find the optimal solution using the evolu-
tionary process, which follows the idea of survival of
solutions with better quality evolve from previous gener-
ations [30]; whereas, random search methods generate and
utilize random solutions to find a better solution, and trial

@ Springer

and error methods find a better solution among a number of
solutions generated using different configuration parameter
tuning by the user. With this setup, the ANN imitates the
learning and reasoning ability of the human brain. The
coupling between CFD models and ANNSs is a relatively
unexploired research topic. One such study was recently
exemplified in an aerodynamics related problem, where the
nonuniform steady laminar velocity field was predicted
around an objective that changed geometry [31]. This
enabled a calculation speed-up of two and four orders of
magnitude as compared to a Graphics Processing Unit
(GPU)- and Central Processing Unit (CPU)-based CFD
solver, respectively. In another investigation, a similar
coupling was used to carry out real-time simulations of a
three-dimensional smoke plume, and in this case, the cal-
culation time was also substantially reduced [32]. Although
CFD models and ANNs previously have been coupled,
there exists no literature where such coupling is used to
analyze the rheological behavior of fluids. Therefore, in
this study, two artificial neural network models in different
structures are exploited to predict the CFD simulated rhe-
ological response of cement pastes in the FlowCyl equip-
ment. The objectives of the study are to investigate the
accuracy of the predictions as well as to study how few of
the time-consuming CFD simulations the ANNs require for
training without reducing its predictive capabilities. The
rest of the paper is divided into four sections. Firstly, a
brief introduction to the FlowCyl measurements is pro-
vided. This is followed by an overview of the applied
methodology. Subsequently, the results of the study are
presented and discussed, and finally, conclusive remarks
are summarized.

2 Experimental measurements
and computational fluid dynamic model

The FlowCyl equipment (Fig. 1a) is designed to charac-
terize the rheological behavior of cement pastes. The test is
carried out by filling up the FlowCyl to a height of
360 mm. Subsequently, the mass flow out of the equipment
is recorded as a function of time (Fig. 1b) from which a
single parameter (viz. the flow resistance ratio) describing
the flowability of the cement paste can be deduced [33, 34].
In addition, for each cement paste composition the rheo-
logical parameters, shear stress (7) and plastic viscosity (u),
were measured using a rheometer. In a recent study [17],
the FlowCyl was simulated with a CFD model, and it was
illustrated that the model was able to predict the mass flow
versus time (and thus the flow resistance ratio) based on the
yield stress and plastic viscosity, which were measured
experimentally, Fig. 1b. A total number of 51 simulations
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Fig. 1 a Schematic of FlowCyl equipment and rheological measure-
ments, b computational fluid dynamic model using experimental
inputs

were performed in this study, and each simulation took
approximately 12 h.

3 Methodology

An overview of the methodology used in this study is
shown in Fig. 2. As illustrated, several ANNs were set up
to predict the CFD simulated rheological response of the
cementitious material inside the FlowCyl from [17]. All the
ANNSs were set up using the neural network Toolbox of
MATLAB version 9.4(R2018a). The details of each step of
the methodology and the different ANNs are described in
this section.

3.1 Dataset

The input parameters in all the ANNs were the two rheo-
logical parameters: T and u. These two parameters were
obtained experimentally in the previous study for 51 mix
compositions and used as the key parameters in the CFD
modeling of cement paste [17]. Of all mixes [17], one mix
was excluded from the current study (tr = 75.05 Pa and
1 = 3.36 Pas), since no flow was observed experimentally.
The target variables were obtained from the CFD simula-
tions and the ANNs used them for training. The target
variables are described in more detail in the following
subsections. The ANNs used 70 and 30% of the dataset for
training and testing, respectively.

3.2 Preprocessing

The data preprocessing involved normalization of the input
and target variables in order to improve solver stability and
modeling performance [35]. To this end, all input and
target values were scaled to the range between 0.1 and 0.9
by the following Eq. (1) [36]:

Xi - Xmin )
Ni =08 —— ] +0.1 1

! (Xmax - Xmin ( )
where X; is the original data, X, and X, are the mini-
mum and maximum value of the original data set,
respectively, and N; is the normalized value.

3.3 Applied methods

Two methods were employed in order to predict the sim-
ulated flow behavior of the cementitious material inside the
FlowCyl:

1. The single point method (SPM) where the target of the
ANNs was a single value describing the volume of the
cementitious material leaving the FlowCyl in the time
interval 5 and 25 s, see Fig. 3a.

2. The full curve method (FCM) where the target was a
curve describing the volume loss as a function of time,
Fig. 3a. In this method, the ANNs were designed to
predict the curve by a quadratic equation with coeffi-
cients a, b, and c¢. The latter was forced to be zero to
ensure no mass flow at r = 0. The advantage of this
model is to achieve volume loss at any desired time,
while it is not applicable for SPM. Notably, in the
applied methods the volume losses are simulated,
which can be directly compared to the mass losses
obtained by the FlowCyl by multiplying with the
density of each considered matrix.

3.4 Structure

The performance of three different ANN structures was
investigated, see Fig. 3b—d. In all cases, the ANNs had two
inputs (¢ and 7). One structure was setup using the SPM
(i.e., the target was the volume loss between 5 and 25 s).
While two structures were applied for the FCM: (1) one
ANN with two targets (a and b); and (2) two ANNs with
each one target.

3.5 Artificial neural network models

Two different neural network models were tested and
compared in this study:

@ Springer
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Fig. 3 a CFD-simulation of the typical volume loss through the FlowCyl as a function of time; b schematic ANN structure for SPM; ¢ first FCM
structure—one ANN with two targets; d Second FCM structure—two ANNs with each one target

1. The multilayer perceptron (MLP) model is fully hi = a(wl'x) 2)
connected; meaning that all input neurons are linked
to each of the neurons of the hidden layer and similarly
they are connected to each of the targets. Mathemat-
ically, the relationship between each hidden neuron
and the input variables is expressed as:

where x = [x],...,xp]T is the vector of p input variables,
wi = [Wi, 1,...5Wi, p]T are the weights corresponding to each
input variables, and ¢ is a nonlinear activation function.
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The sigmoid function is used as the activation function of ||*"’sz
the network: T

0i(x)=e 7 (6)

1
a(wix) = l+ev (3)

The predicted target Y is related to the hidden neurons A,
Y = g(§h) 4)

where & = [hy,...,h]" is the vector of hidden neuron values
and f = [B,....0]" is the weight matrix between the hid-
den neurons and target neurons. Fig. 4a shows a schematic
of a typical MLP model with four input variables, a hidden
layer with three hidden neurons, and a single target. Here,
the NEWFF function in MATLAB was used with Leven-
berg-Marquardt, trainlm, as training function to build the
network, as Eq. (5):

net = newff(P, T, S) (35)

where P, T and S are the input vector, target vector and
hidden layer size, respectively. There is a possibility to
increase the number of hidden layers when the data are
complex in nature. The effects of the number of hidden
layers are investigated. The number of hidden layer neu-
rons is tuned by MATLAB GA Toolbox via coefficients
and associated weights in order to increase the speed and
efficiency of the system. The number of hidden layer
neurons was tuned in the interval 1-20.

2. The radial basis function (RBF) model also captures
interactions among input and target variables via a
hidden layer that consist of RBF neurons. Each jth RBF
neuron maintains spread (;) and basis function §); with
¢; center. The nonlinear basis functions {); are the radial
distance functions of the input from the center of the
Jjth RBF neuron. In this work, the most commonly used
Gaussian basis function was employed as:

wo Target layer
[3.1]

Input layer

where ||xf ch represents the distance between the
input vector and the center of jth RBF neuron. The
parameter ¢; is known as spread of the radial basis
function and used for the corresponding width of the
Jjth hidden neuron representing the scale of the density
distribution. Having the input variable of P, and the
RBF neuron number of A, the ith output y;(x) of the
RBF neural network is:

h
w@zZWﬂM@ (7)

where w;; is the connection weight between the jth
RBF neuron and the ith target neuron. A schematic of
the RBF network is described in Fig. 4b. In this study,
the RBF neural network was trained and implemented
by the NEWRB function in MATLAB and it is given
by:

net = newrb(P, T, GOAL, SPREAD, MN) (8)

where P, T, GOAL, SPREAD, and MN are the input
vector, target vector, error goal, spread value, and
number of neurons, respectively. Here, the number of
hidden layer neurons and the value of spread is tuned
by the MATLAB GA Toolbox in the interval 1-20 and
0-1, respectively.

The ANNs accuracy was evaluated based on the coef-
ficient of determination (R?):

n 2
R2 -1 Zi:l (yCFDvalues.i - yANNvalues,i)

©)

_ 2
Z?:l ()’CFDvalues,i - yCFDvalues)

where subscript ‘ANN values’ refers to the predictions
made by the ANN, while subscript ‘CFD values’ refers to

Target layer

Hidden layer

Input layer

Fig. 4 A schematic of a typical a MLP and b RBF models.3.7 Performance indexes
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the CFD results or in the case of the FCM, the best fit to the
CFD results.

4 Results and discussion

4.1 Predicting the volume loss between 5
and 25 s using SPM

Table 1 shows the effects of one, two and three MLP
hidden layers for the prediction of the volume loss between
5 and 25 s using SPM. As observed, all architectures per-
form similarly. Thus, to reduce the computational cost of
the network, one hidden layer with three neurons is
selected for the rest of analysis. The best performance for
the RBF model is obtained with fourteen neurons with the
spread of 0.7 in the hidden layer. The error goal for both
MLP and RBF was set to 0.1 mean-squared-error (MSE) as
an absolute zero value may cause overfitting.

In Fig. 5, the CFD results and ANN predictions of the
volume loss versus yield stress and plastic viscosity are
shown. Both ANN models are in good agreement with the
simulation results. The R2-value is 99.9% for both models,
which indicate that the predictions are highly accurate. In
[17], it was found that the plastic viscosity of the cement
paste is dominating the rheological response in the Flow-
Cyl. The relationship between the plastic viscosity and
volume loss has a non-complex polynomial behavior and
this might be the reason for the MLP model obtaining such
high accuracy with only one hidden layer and few neurons,
because the MLP model is good at approximating regions
of the solution space with a linear description. On the other
hand, this non-complex polynomial behavior has an
opposite effect on the number of required neurons used by
the RBF model. This type of ANN model uses the Eucli-
dean distances between inputs and weights in combination
with the Gaussian kernel activation function, which makes
the RBF neurons perform well locally (i.e., when the
weights are close to the inputs), but less good when having
to extrapolate. Thus, relatively many neurons are needed to
minimize extrapolation when having to cover the polyno-
mial behavior of the plastic viscosity versus volume loss
relationship. In contrast, if the yield stress would have
dominated the volume loss, a lower number of RBF

neurons might have been sufficient, as this relationship has
a more clustered behavior as compared to the plastic vis-
cosity versus volume loss relationship.

4.2 Predicting the volume loss as a function
of time, FCM

An example of a typical volume loss versus time curve
predicted by the ANN models is shown in Fig. 6. The
prediction of the MLP and RBF model is more or less
identical for the selected example and they both accurately
predict the rheological response of the cement paste in the
FlowCyl equipment. In Table 2, the R*-values at the test
stage for the a and b coefficients of the quadratic equation
are shown for the MLP and RBF model using both one and
two ANNSs. Similar to the SPM, no improvement was
observed with deeper MLPs. Thus, the MLP model with
one hidden layer and a number of neurons that are fewer
than that of RBF is selected. All R*>-values are above 99%,
again indicating that both models provide highly accurate
predictions. The results in the table also illustrate that there
is not a substantial improvement by utilizing two ANNs
instead of one. Therefore, in the rest of this paper, only a
structure of one ANN is used for the FCM.

In order to further evaluate the performance of the FCM
results, the determined quadratic equations are used to
estimate the volume loss between 5 and 25 s. Figure 7
shows the predicted values for the fitted CFD data. Since a
curve fitting is the prerequisite of the FCM model to obtain
the quadratic equation parameters, there is an inevitably
small difference between the CFD and fitted CFD results.
The error is as a result of rounding the quadratic equation
parameters and this influence the ANN models. Based on
these results, R*-values at test stage are found and com-
pared with the SPM results, see Table 3. For simplicity, the
R*-values of FCM are given as the mean of R? for the
targets a and b. The FCM based R*-values are slightly
lower than those of the SPM, which is expected, as this
evaluation is carried out on a sub time interval of the curve
predicted by the FCM. Nevertheless, the R*-values at the
test stage of the FCM are still ~ 99%, thereby providing
accurate predictions.

Table 1 R? at the test stage for

the two ANN models using the Model Parameters R-squared at the test stage
SPM MLP 1 hidden layer with 3 neurons 0.999
2 hidden layers with 4 and 5 neurons each 0.998
3 hidden layers with 4, 3, and 5 neurons each 0.998
RBF 1 hidden layer with 14 neurons and spread value of 0.7 0.998
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Fig. 6 CFD results and ANN predictions of the volume loss versus
time curve for a selected case (t =23.98 and ¢ = 1.4)

4.3 Influence of training data on the accuracy
of predictions

As previously mentioned, it is of interest to reduce the
training data for the ANNS, since it is generated through
the time-consuming CFD simulations, but only as long as
this reduction does not lead to a substantial loss in accuracy
of the predictions. In order to make such investigation, the
training data are reduced in intervals of 5 input data from
35 (i.e., 70% of the full dataset that was used in the pre-
vious investigations) to 10. For each value, the ANN
models are executed twenty times with randomly chosen
training data to get a sound statistical basis for the evalu-
ation. In Fig. 8, the R*-values at the test stage for the two
ANN models using the SPM is shown for different num-
bers of training data. As expected, both ANNs predictive
capability reduces with a reduced number of training data,
but the reduction is minimal for the MLP model. When
utilizing 10 input data (i.e., a reduction of ~ 70%) for
training in the MLP model, the averaged R>-value is above
95%, indicating that the predictions are still accurate.
Furthermore, the standard deviation at 10 input data is only
1%, which illustrates that the chosen input data only has
little effect on the precision of the MLP model. Conse-
quently, this analysis demonstrates that the rheological
response of the investigated cement pastes in the FlowCyl
could have been accurately predicted with a substantially
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Table 2 The optimum number of neurons and R*-values at the test stage for the MLP and RBF models using both one and two ANNS to predict

the volume loss versus time curve

Structure model Target Parameters R-squared at the test stage
One ANN MLP a 1 hidden layer with 9 neurons 0.995
b 0.997
a 2 hidden layer with 7 and 10 neurons 0.994
b 0.997
a 3 hidden layer with 5, 5, and 5 neurons 0.995
b 0.998
RBF a 1 hidden layer with 14 neurons and spread value of 0.9 0.993
b 0.995
Two ANNs MLP a 1 hidden layer with 3 neurons 0.998
2 hidden layers with 10 and 4 neurons each 0.996
3 hidden layers with 7, 5, and 2 neurons each 0.998
b 1 hidden layer with 10 neurons 0.988
2 hidden layers with 7 and 7 neurons 0.988
3 hidden layers with 8,5, and 6 neurons 0.991
RBF a 1 hidden layer with 13 neurons and spread value of 0.8 0.992
1 hidden layer with 14 neurons and spread value of 1 0.996
Fig. 7 A comparison between 0,0012
SPM and FCM method in
prediction of volume loss CyF
between 5 and 25 s by MLP and 0,0010 — =3
RBF models
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o
g 0,0008 —
N—
wn
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reduced CFD simulation effort, if the CFD model had been
coupled with an MLP based ANN. This reduction in
computational effort, of course, needs to be evaluated
against the overhead in time required to set up the ANN
and finding the appropriate model. In comparison to the
performance of the MLP model, the averaged R*-value at
the test stage of the RBF model reduces to less than 80%
when using 25 input data, which clearly illustrates that the
RBF model is not ideal when utilized to reduce the number
of CFD simulations. The reason for the quicker reduction

@ Springer
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in R>-value for the RBF model is due to its limited ability
to extrapolate. A property that becomes increasingly
important when removing a part of the training data. The
R*-values at the test stage for the FCM at different numbers
of training data are shown in Fig. 9. Comparing the MLP
and RBF model provides a similar picture as for the SPM.
Thereby, again illustrating that the MLP model with
greater advance can be used to reduce the CFD simulation
effort while providing accurate predictions of the volume
loss versus time curve.
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Table 3 R%-values at the test stage for the SPM and FCM in pre-
dicting the volume loss between 5 and 25 s by using both the MLP
and RBF model

Method ANN model R’
SPM FCM MLP RBF
X X 0.999
X X 0.998
X 0.992
X 0.989

5 Limitation

Although, the ANN can predict the process in less com-
putational time than CFD, it has three major limitations;
first, ANN models need a numerical or experimental
database to be trained by, since they are not able to produce
their own database. Second, the ANNs are not able to
predict the values which are outside of the network training
domain, therefore the range of training data should be
illustrative of the whole performing range of the system
[37, 38]. Third, the training outcome depends significantly
on the choice of initial parameters such as the number of
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0.2 4
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hidden layers, the number of hidden neurons, and type of
activation functions.

6 Conclusion

This study demonstrates the first important step of utilizing
predictive machine learning models within the field of
computational concrete rheology. Two artificial neural
networks, MLP and RBF, were trained by the outputs of a
CFD model that simulated cement flow in the FlowCyl
equipment. Both models were investigated for predicting
single values of volume loss between 5 and 25 s as well as
the full volume loss versus time curves using a novel
method, called FCM method. The results showed that both
MLP and RBF model were able to predict the simulated
rheological response of cement paste, if the majority of the
dataset was used for training. In fact, the two models were
both able to predict the volume loss between 5 and 25 s as
well as the full volume loss versus time curve with R*-
values at the test stage above 99%. When the training data
were reduced, it was shown that the RBF model quickly
lost its precision, while in the case of the MLP model, it
was possible to reduce the training data with 70% and still
have an R’-value at the test stage above 95%. This

RBF|
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Fig. 8 Influence of sample size on R*-values at the test stage when predicting the volume loss between 5 and 25 s by the MLP and RBF model

using the SPM
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Fig. 9 Influence of sample size on R>-values at the test stage when predicting the volume by the MLP and RBF model using the FCM

exemplifies that it is possible to substantially reduce the
number of required flow simulations of cementitious
materials in a study if the CFD model is coupled with the
appropriate ANN. Consequently, this is a step in the right
direction to reduce CFD simulations in a parametric study,
which is paramount if CFD should be more widely used in
the concrete industry. In this study, however, the presented
numerical experiments worked well with standard neural
network structures, activation- and error-functions. The use
of more advanced activation functions for MLP, such as,
SPOCU [39], might lead to a more successfully trained
network and could assist in the reduction of the computa-
tional effort especially for a big data scenario [40]. These
could be the topic of future research.
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Abstract:

FlowCyl is an experimental setup (similar to the Marsh cone) that quantifies rheological properties of
cement pastes via a parameter called flow resistance ratio. In a previous study by the authors, it was
found that the high shear rates in the FlowCyl affects the flow resistance ratio to be dominated by the
plastic viscosity of the cement paste. In this numerical study, we use a computational fluid dynamics
model to analyse how the magnitude of shear rates can be reduced in the FlowCyl by changing its
geometry (i.e. the height as well as the thickness of both the cylinder and outlet) in order to make the
flow resistance ratio also dependent on the yield stress of the cement paste. The numerical model solves
the continuity and momentum conservation equation based on the finite volume method. We simulate a
Bingham material with yield stress 4.85 Pa and plastic viscosity of 0.38 Pas. The results illustrate that
the magnitude of the shear rates can be substantially reduced by decreasing the height of the FlowCyl,
as this reduces the hydrostatic head. Increased outlet opening from 8 to 12 mm increases max shear rates
whereas the Marsh Cone has lower max shear rates than the FlowCyl.

Keywords: Cement Paste, FlowCyl, Modelling, Rheology

1. Introduction

Rheological properties of cement pastes may be described by the flow resistance ratio, Aq. The flow
resistance ratio is representing the difference between the accumulated flow flowing through a narrow
opening as a function of time in a test material and in an ideal fluid without internal flow resistance
(Maortsell, Maage & Smeplass 1996). By definition, the ideal fluid has a flow resistance value of 0.0,
while a flow resistance value of 1.0 represents an extremely viscous fluid (Mertsell 1996). To calculate
the flow resistance ratio, an apparatus called FlowCyl is used. The FlowCyl test is a modification of
the Marsh Cone test, and consists of a vertical cylindrical steel tube with a narrow nozzle at the bottom
(Martsell, Maage & Smeplass 1996). After closing the outlet nozzle, the tube is filled with cement paste
up to the level of 15 mm below the top. The paste flows through the nozzle and is directly weighed in
a balance, which is connected to a computer recording the accumulated mass as a function of time. The
weight increase is recorded every two seconds with a time interval 15 sec until 35 sec after opening the
outlet (Mortsell 1996). The dimensions of the FlowCyl and the Marsh Cone are illustrated in Fig.1.
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Fig. 1 Dimensions of the FlowCyl (left) and the Marsh Cone (right). (Cepuritis & Smeplass 2016, BFT
International).

Several previous studies show that the flow resistance ratio correlates well to the plastic viscosity
of the tested material (Cepuritis & al. 2017), and the FlowCyl method has been successfully used to
predict the workability of both conventional concrete and lightweight aggregate concrete mixes (Martsell
1996, Smeplass 2000). However, when applying to self-compacting concrete mixes, and mixes with high
amounts of crushed sand, the FlowCyl has shown to have some limitations (Cepuritis, Jacobsen &
Spangenberg 2017, Smeplass & Mortsell 2001, Hammer & Wallevik 2005, Cepuritis & al. 2017). We
think that its ability to measure effects of yield stress may be an important limiting factor. It has been
shown (Cepuritis & al. 2017) that some of the limitations for the applicability of the FlowCyl could arise
from the fact that the resulting parameter (flow resistance ratio) is mainly only dependant on the viscosity
of the tested cementitious matrices, while these materials are known to be two parameter fluids (i.e. yield
stress and viscosity).

This paper presents results from a computational fluid dynamics model, which analyses how
different geometries of the FlowCyl affect the flow of the cement paste during the experiment. The
objective is to investigate how the magnitude of shear rates in the FlowCyl can be reduced, in order to
make the flow resistance ratio more dependent of the yield stress of the cement paste.

2. Numerical model

The CFD model that simulates the flow of the cement paste in the FlowCyl was developed in the
commercial software, Flow3D, which previously has been used to simulate flow of cementitious
materials (Roussel & al 2016). The software finds the primary unknowns (i.e. pressure and velocity
fields) by solving the mass- and momentum conservation equations with the generalized minimal
residual method. The free surface of the cement paste is computed by a precise interface tracking



method called the volume-of-fluid method (Hirt & Nichols 1981, Comminal, Spangenberg & Hattel
2015), and the walls of the FlowCyl are modelled with a no-slip boundary. The cement paste is
modelled by a Bingham material model with a yield stress of 4.85 Pa and a plastic viscosity of 0.38
Pas, which corresponds to one of the cement pastes that was analysed in (Cepuritis & al. 2017).
Additional information on the CFD model and its validation is presented in (Cepuritis & al. 2018,
Cepuritis & al. 2017). Fig. 2 shows the model.

Fig. 2 Initial condition for FlowCyl model (Cepuritis & al. 2017).

3. Results and discussion

Fig. 3 illustrates how the shear rates in the FlowCyl are affected by the height of the cement paste inside
the FlowCyl, i.e. the effect of the change in hydrostatic head. The shear rates are investigated 2 sec, 15
sec, 25 sec and 35 sec after the cement paste starts flowing through the nozzle. The lowest height is
resulting in a reduction of the maximum shear rate by approximately 60 % from the original geometry.
The maximum shear rates are of course always observed at the wall.

The diameter of the FlowCyl is also found to affect the magnitude of the shear rates. Fig. 4
illustrates how an increase in the diameter from 80 mm (standard) to 160 mm, results in an increase in
maximum shear rate by approximately 60 %. Hence the flow conditions are clearly not a simple function
of the hydrostatic head since there is such a big influence of the diameter of the FlowCyl and hence of
the volume of paste.



Fig. 3 Effect of hydrostatic head on the shear rates in the FlowCyl.

Fig. 4 The effect of increased FlowCyl diameter on the shear rates.



The effect of the outlet diameter on shear rates in the FlowCyl was also investigated. Two cases
are simulated, with outlet diameters of 8 mm (standard) and 12 mm, shown in Fig. 5. The increase in
outlet diameter leads to an increase in maximum shear rates by almost 30 %.

Fig. 5 Resulting shear rates for two different outlet diameters.

The difference in the occurring shear rates in the FlowCyl and in the Marsh Cone was also
simulated, and the resulting shear rates after 2 sec are shown in Fig. 6. The lower shear rates in the Marsh
Cone is assigned to a lower hydrostatic head, as seen in Fig. 1.

Fig. 6 Difference between the FlowCyl and the Marsh Cone.

The results are encouraging for the development of a simple one-point test based on FlowCyl
that is more sensitive to both Bingham parameters. As a first experimental verification towards this goal
FlowCyl experiments with materials with different combinations of Bingham parameters yield
stress/plastic viscosity (low/low, low/high, high/low and high/high) should be conducted with low and
high filling heights.



3. Conclusions

In this paper, the magnitude of shear rates for different modified geometries of the FlowCyl has been
investigated with a computational fluid dynamics model. The research has aimed for a reduction of the
shear rates at the outlet of the FlowCyl, in order to make the flow resistance ratio also dependent of the
yield stress of the cement paste. The simulations found that the magnitude of shear rates decreases with
decreasing hydrostatic head. In addition, the maximum shear rates was found to decrease both with
decreasing FlowCyl diameter and outlet diameter. When comparing the FlowCyl and the Marsh Cone,
the occurring shear rates are lowest for the Marsh Cone. This result is also assigned to the lower
hydrostatic head seen in the Marsh Cone. In the future, laboratory experiments will be carried out in
order to measure the flow resistance ratio for the same matrix with different filling heights of the
FlowCyl.
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