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ABSTRACT

Cement-based materials are of enormous technologigeortance and their
satisfactory performance depends on being ableattsport and mould them in the
freshly mixed state. This article describes theolbgy of fresh cement, mortar,
concrete and related products in the context oftma situations, and deals with
testing and measurement, together with the maiturfes of their behaviour. It
explores the links between rheology and technolagyl identifies areas where these
are weak and could benefit from further experimiezitd computational effort.
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1. INTRODUCTION AND SCOPE

Portland cement is one of the leading manufactacedmodities in the world.
It is the principal inorganic binder, used in alhds of products, and major fields of
use are:

- Primary construction materials, mass and reinformancrete, whether precast
in a factory, cast in situ or sprayed onto a suaiestr

- Precast units for masonry (bricks, blocks andieiifstone)
- Masonry mortar for bedding the units
- Floor, wall and roof finishes, either applied piastr precast as units

- Grout, pumped into fissured or porous ground stratseal and strengthen, or
around prepacked aggregate in an alternative fofminositu concrete
construction

- Oil well cement, pumped into the annulus aroundghaduction pipe to seal
against the surrounding strata

- Adhesive for ceramic tiles etc.

It so dominates the field of hydraulic binders.(tleose capable of setting and
hardening under water) that it is usually refeticedimply as cement. For the purposes
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of this review it is taken to be a finely grounaiganic powder, produced by firing
limestone and clay at around 1400°C and grindirggréssulting cooled clinker with
gypsum. It reacts with water (i.e. hydrates) torfa plastic paste that sets (developing
rigidity in a few hours) and hardens (developingnpoessive strength over several
months), and retains its strength and stabilityneweder water. Mortar also contains
sand or other fine aggregate and concrete addilyonantains coarse aggregate -
gravel or crushed rock up to 20-40 mm in size, ddpgy on local practice. In the
period before setting (typically up to a couplehafurs), the material is said to be
“fresh” and the hard, strong and durable produgtired by the user is only achieved
later. Despite the far-reaching effects of inadégdeesh performance - for instance,
the voids in poorly compacted concrete permit agsesolutions from the
environment to penetrate and corrode steel reimfgrbars - the attention paid to its
fresh properties, generically termed ‘workabilityg,surprisingly small.

Important processes are transporting, pumping, ipguinjection, spraying,
spreading, self-levelling, hand trowelling, moulgliand compaction. These all depend
on the rheology of the material and a list of sfiedactors for consideration in these
processes would include

- Flow and frictional resistance against surfaces

- Adhesion

- Resistance to segregation

- Resistance to settlement and the formation of leedater

- Low water content to obtain high strength and dilitgb

- Resistance to sagging under self weight on a walia@ined surface

- Low pressure on the temporary formwork erectedugpert a wall or other
component.

Thanks to an increasingly scientific approach icerg years it is becoming
possible to predict fresh properties, to design aebbct materials and to model
processes to achieve the required performance.résudt rheology has become a term
recognised by technologists but not necessarilyetstdod. The situation mirrors that
in the coatings industry described by Eley whoestahat: “to fully realise the hoped-
for benefit of rheological analysis, a robust limkist be established between rheology
and technology.” [1]. As will become evident, tHatk is not fully established for
cement based materials.

This paper aims to review our current understandirthe rheology of cement-
based materials. It does not deal with soil medsaor plasticity theory approaches.
After a short historical and practical outline, aiiaims to help readers unfamiliar
with these materials, the cement-water systemtiedoced. Testing methods are then
described, followed by a survey of the main resdltsese results are then applied in
the context of various practical applications. Taeiew concludes with a discussion
of modelling and prediction methods.
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2. HISTORICAL AND PRACTICAL PERSPECTIVE

Even though the Romans used concrete extensivelyvarious lime-based
binders were developed in the 18th century, cultimgan the first patent for Portland
cement in 1824, it was the work of Abrams in thd®9that set down some basic
principles of the technology of concrete, in thesseof an appropriately proportioned
mixture of cement, sand, gravel or crushed rocld amter. He established the
eponymous rule that the strength of hardened cteneénversely proportional to the
water/cement ratio, thus showing that the higheteweontents needed to give more
easily workable concrete had a negative effecttamngth. This is a result of the pore
space left behind by the consumption of water dutigdration of the cement: the
higher the water content the higher the porosity tae lower the strength. Controlling
workability therefore helps to control strength atder hardened properties.

The need to define and control the properties artbpnance of materials is
part of technological development and the rheolofygement-based materials is no
exception to this process. Applying Kelvin’s comalit to the meaning of
“understand”, namely that a phenomenon is not ptppederstood unless it can be
measured, three levels of understanding may betifideh These may or may not
coincide with a chronological progression. Consiger the phenomenon of
workability, in level 1, the property is described comparative terms only, using
subjective assessments such as “stiff”. In level Quantitative numerical scale based
on an empirical measurement, such as slump, iblestad. In level 3, the property is
rigorously defined in terms of physical constardgrived from the fundamental
quantities of mass, length and time, which descthx material itself and do not
depend on the circumstances of the test or theofisbe material. This last level
involves the use of sound scientific methods, saghheology, in which physical and
analytical models are developed and applied taitation under consideration.

In the case of fresh concrete, because of a faitupgogress to level 3 and gain
a rigorous understanding of its flow properties,rkability measurement remained
stuck in level 2 for many decades. This level iarelsterised by the enormous number
of test methods developed, many of which are of eay westricted range of
applicability. In fact, the situation was so unsfatctory that Tattersall wrote in 1976
that “at present, the most reliable method of memament [of workability] is
subjective judgement by an experienced mixer [dpé€ra.. it remains common
experience for two concretes giving identical sluap other test) values to behave
quite differently” [2].

In the case of paste and grout, the mixture of ceraed water which not only
forms the matrix in concrete but is also pumped irids in structures or rock / soil to
consolidate them, the material lends itself moradilg to study in the kind of
apparatus that might be found in rheology laboresoiConsequently a higher level of
understanding was achieved earlier by people empesd in rheological methods.
Unfortunately the relative complexity of the belmaui observed discouraged the very
workers who could make significant advances, whith tesult that they published one
or two papers and then moved on to study easieerialt Thus, early work was
based on the empirical application of instrumerggetbped for other purposes [3-8].
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The 1950s saw the first rheological investigatinith an attempt at theoretical
understanding, [9-12] and an eventual appreciaifaime importance of thixotropy or
structural breakdown, and the consequent restriefgalicability of flow curves /
hysteresis loops [13]. A microstructural model Bbveakdown [14] was followed by
experimental confirmation [15] and an eventual nofte the yield stress of
suspensions, including cement pastes [16].

Abrams recognised the need to control the workgtoli the fresh concrete and
was using the term consistency in his 1920s worthermix design of concrete. He is
credited with the widespread adoption of the slulegt, which had been reported
earlier by Chapman, and a version is now standeddiy the relevant authorities in
virtually all countries. Abrams’ work predated demments in rheology, which
became recognised as a scientific subject in its gght in the 1930s, and concrete
technology, in particular the development of preoes methods for the fresh
concrete, developed faster than the understandfnthe material. Consequently
processes such as vibrational compaction and pygmpere both well established
long before the first research studies on vibraf8jrand pumping [17].

Empirical tests for fresh concrete have been deeeloalmost continuously
from the 1920s up to the present day, but developroé rigorous definition and
understanding can be charted as follows. Early mxgats measured the drag or
torque exerted on a body immersed in the concré®&2p]. By the 1970s,
measurements with a rotating vane or coaxial cgliachad been made and some
theoretical understanding attempted [19, 21-23hcfal difficulties with coaxial
cylinders, which need to meet strict dimension@eds, led Tattersall to adopt the
approach, tried earlier [24-26], of measuring tloever requirements during mixing,
with a view to deriving a flow curve from the dat@uccess with this led to the
development of a practical test method (the twarptest) that could be employed
both in the lab and on site and to the body of wae&cribed in 1983 by Tattersall and
Banfill [14]. Arguably, this first brought to thetantion of concrete technologists the
rheology of fresh concrete as an important subjemtthy of serious consideration,
offering benefits in understanding of propertiemduction and quality control, linked
to the availability of a commercial apparatus. @l repeatedly argued the
advantages of two-point testing of fresh concretekability over the single point
empirical test methods that had been employed t® @a&e section 3) [2, 14, 27, 28],
but it is a matter of regret that when self-comjpactoncrete was introduced in the
early 1990s, concrete technologists immediately rested the problem of its
characterisation by introducing new single poistsesometimes quite complex, and
rheology was left to catch up [29]. The issue ddirelsterisation and specification is
particularly important given the internationalisatiof concrete practice because self-
compacting concrete technology differs between ti@smregarding the materials and
mixes used and measurements of yield stress asticpléscosity in the correct units
offer the only real way of harmonisation.

Developments in materials and processing, such lewing and self-
compacting concrete with the aid of the dispersadgnixtures which had become
common since the 1970s, extended the range of e@ncheology needing to be
measured, and led to other test methods based niygmtogical principles but with
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better adapted sensitivity [30-32]. The need forasueements of rheology to be
independent of the test method used (the requireofdevel 3 mentioned above) led
to a programme of comparative tests that areistprogress [33, 34] and are relevant
for international harmonisation. Other milestonee ahe arrival of powerful
computing which, on the one hand, enables rheomébehave computer control and
data collection and, on the other, facilitates nicaé modelling of the flow of
complex mixtures of particles and suspensions.

A similar process of development of empirical testthods was followed for
mortar, which is a material in its own right, ugedbedding bricks, blocks or stone in
masonry construction, as well as being used extelysin laboratory tests as model
concrete. Many of the rheological investigationsconcrete also tested mortar as part
of the programme, but workers found that appard®eloped for concrete was not
sufficiently sensitive for testing mortar. BanfiB5] appears to have been the first to
report a coaxial cylinders apparatus for mortar hadsubsequently extended the use
of the ViscoCorder [36] and its engineered sucaeske Viskomat, to determine the
rheology of mortar [37, 38].

Some of the points in this, necessarily brief,drisal review will be amplified
later in this paper.

3. THE INADEQUACY OF SINGLE POINT TESTS

A rheological readership should not need to be mded of the inadequacy of
single point tests for complex fluids, so only a@broutline will be given here. A
single point test, as its name implies, measuredlthv of a fluid under a single set of
conditions. The conditions might be simple, sucli@s out of a funnel under gravity
and slumping under self-weight, or subject to cacapéd intricacies of design or
construction, but in essence either a propertytaéldo shear rate (in a possibly
complex way) is measured at a single applied loatthwis related in some way to
shear stress, or vice versa. No matter how elabdhat treatment of the data this
single point measurement only gives an indicatibthe apparent viscosity,g, of the
fluid at the shear ratg) in question and this apparent viscosity is the@elof the
straight line from the point to the origin of a ahetress-shear rate graph:

aw= 9 (1)

It can only give the right result if the fluid ité&s a Newtonian liquid, because this has
a flow curve which is a straight line passing thgloahe origin.

Since most cement-based materials, not least ftesiorete, possess a yield
stress this assumption of Newtonian behaviour ¢orirect. Even so, there are two
conditions under which a single point test can bipfal. Firstly, if the shear rate in
the test exactly matches the shear rate in theepsoaf interest, then the measurement
from the test will place concretes in the correctkrorder of their performance in that
process. Secondly, if the only variable that caecafthe rheology of the concrete
affects the whole flow curve in the same way, thgain the measurement will place
the concrete in the correct rank order. NeithetheSe conditions apply in practice,
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firstly because neither the shear rate in thenestthe shear rate in the process are
known, and secondly because most composition Vesasffect the rheology in a
more complicated way than that described. In suppbrthis, every experienced
technologist can tell tales of concretes which gilentical results in the slump test but
perform completely differently when being placednoulds and examples later in this
paper show that composition can have very comglitaffects on rheology.

Because the concrete mixes that Tattersall testafbamed to the Bingham
model he named this the two-point principle [27Fdaleveloped the two-point test,
since unambiguous definition of a Bingham matereduires measurements at a
minimum of two points. There are an infinite numloéBingham lines that can pass
through a single point on the shear stress-shéagraph, while only one straight line
can pass through two points. In practice all “twmrAp tests” for concrete make
measurements at a large number of different slaes s0 strictly speaking the term is
a misnomer. The recent history of the subject lsshbmarked by attempts to get this
two point message across to technologists, who veedded to the perceived
robustness and convenience of single point tesgardless of the demonstrable
advantages of a more sophisticated approach.

4. THE CEMENT — WATER SYSTEM

Consideration of rheology requires a recognitiomt tfresh cement-based
materials are highly concentrated suspensions laf particles in liquid. Particles of
dry cement clinker are not homogeneous, and eaehnuay consist of four major
mineral components, tricalcium silicate, dicalcigiticate, tricalcium aluminate and
tetracalcium alumino-ferrite, all of which reacttiviwater. Tricalcium aluminate (and
to a lesser extent the alumino-ferrite) reacts withter so fast that it has to be retarded
by the addition of gypsum (calcium sulfate), whiploduces calcium sulfoaluminate
until all the gypsum has been consumed. The gyaatigypsum (about 4% of the
cement) is tailored to ensure that it is consumediteut the same time as the
tricalcium silicate sets occurs. Tricalcium sileaeacts over a few days and dicalcium
silicate reacts slowly (over several months) andhbaoontribute to strength
development. The hydration of cement proceedsun $tages [39, 40]:

(i) An initial rapid reaction between the anhydronsnerals and water,
dissolving calcium and hydroxyl ions from the segand leading to the formation of
a gelatinous, poorly crystalline skin over the jgées, which probably consists of
mixed calcium silicate hydrate and calcium sulfosiluate, and which is visible within
a few seconds and fully formed in a few minutes @AH;

(i) a slow reaction, lasting two or more hours, iethis hindered by the
presence of the skin, acting as a diffusion bardaring which the concentrations of
calcium and hydroxyl rise until the water becomegpessaturated with respect to
calcium hydroxide;

(iii) a fast reaction, where calcium silicate hyraand calcium hydroxide
crystals grow and interlock over a period of 6-b2is;
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(iv) a period of decelerating reaction, where diffun of water to unreacted
minerals controls the rate, the latter are neadyisamed and free space for
crystallisation of hydration products is limited.

It is the existence of stages (i) and (ii) thatnpiés fresh cement products to be
moulded and cast in practice and these are thestidgt are of major interest to
rheologists. While stage (ii) is often referreda® the dormant period, hydration is
continuing, albeit at a low rate, and as a refidtrheology changes continuously from
the time of mixing. Setting occurs at some poiterathe start of stage (iii) and can be
conceptualised as the growth and interlocking oédielike crystals of calcium
sulfoaluminate and calcium silicate hydrate. Evew tthe exact mechanism of cement
hydration and setting is a matter of debate, bust itlear that fresh cement and
concrete is a chemically reacting system and thedlogy is useful for studying the
factors affecting the fresh system, the changeh tiihe during stage (ii) and the
transition towards the set product. Because of gtesence of the hydration skin
around cement particles the fresh properties dagively insensitive to variations in
the chemical composition of the cement clinker, law concentrations of water
soluble species can have significant effects.

Engineers tend to refer to the water/cement ram in practice this varies
from about 0.3 by weight, slightly above the minimwvater content required for
hydration, up to 0.7, above which the product tetadbe too porous for acceptable
durability. This corresponds to solids volume caricaions up to about 50% in a
cement paste and up to 85% in a concrete made2@itim coarse aggregate. Cement
is typically ground to particle sizes from 0.1 t0 Bm, sand is 150m to 5mm and
coarse aggregate up to 20 or even 40 mm dependintpaal practice. At such
concentrations the proximity of particles giveers strong interactions, the strength
of which depends on the shape of the particlesir thize distribution, their
concentration, their surface properties and thepmmition of the liquid. While cement
particles are not small enough for the system tedresidered colloidal, the general
principles of colloid science [42] can be appli@mmonly there is a net attraction
which causes flocculation - the consequence of aamyl moving particles coming
together and sticking. The size and architecturéhefflocs play a major role in the
rheology of the dispersion, with vigorous sheaniaducing the flocs to the primary
particles accompanied by a reduced resistance ¢y, floften followed by
reflocculation and thickening when the dispersiomes to rest. These shear-induced
changes in microstructure are time dependent avé ik disagreement over the extent
to which it is justified to refer to them in cemesystems as thixotropy (see section
6.2.2). Finally, the presence of dispersing admeducan separate the flocs with
dramatic effects on the rheology, and a considerdiddy of knowledge and
experience in their use has built up [43, 44].
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5. CEMENT-BASED MATERIALS - TESTING METHODS

5.1 General considerations

Ordinary everyday observation confirms that freement-based materials are
able to stand unsupported without flowing undeiirtibgsn weight (as in the slump
test) and the simplest analysis for this behavistine Bingham model:

t=te+my, . )

where the material can support shear stresses,, the yield stress, without flowing
but flows at higher stressesni§ the plastic viscosityg the shear rate). Even though
the existence of the yield stress has been question the grounds that it is merely a
very high viscosity at very low shear rate [45]hdts practical significance for cement
systems because it is difficult to characterisénsaibigh viscosity in the time available
before setting. Thus cement systems are yieldssftagls and the yield stress is a
consequence of the interparticle forces, and libksveen particles are broken by
shearing so the measured yield stress dependstiperand previous shear history.
An indication of yield stress can be obtained frawontrolled stress rotational
rheometers [46] where the shear stress to inititdev is measured; from
penetrometers and compressive testing [47, 48]hiiciwthe force needed to insert a
needle into, or to squeeze, the material is medsfiem vanes [49] where the shear
stress to overcome the internal structure andhsetritaterial in motion is measured;
from capillary tube measurements [50-52] wheresthear stress required to start flow
is measured; and from specialised methods likeatse-pipe [53], in which the fluid
rises up a small diameter vertical pipe and stopsnathe wall shear stress equals the
yield stress. Solid-like behaviour at low stressemall strains can be studied by shear
wave propagation using instruments able to meaberelastic moduli [54-57] and by
measuring viscoelasticity. Oscillatory rotationaldatranslational shear, enabling the
elastic and viscous components of the materiabpoese to be separated [58-62], and
stress relaxation methods [58, 63, 6ddve all been used to a limited extent. At
stresses above the yield stress cement based aimtboiv and rotational, capillary
and translational measurement methods have all bsed to determine the plastic
viscosity. From all this work information on thewstture in the cement-water system
has been gathered.

Coarse granular materials pose difficulties in meament. There are well-
established rules for the sizes of apparatus antplsato ensure that rheological
measurements are reliable, chiefly that any gap bwi40 times the size of the largest
particles and that in coaxial cylinders the rafi@ater to inner cylinder radius must be
as near 1.0 as possible. For concrete this meahstboaxial cylinders viscometer is
impracticably large, requiring a sample volume & [14], whereas one specially
designed for mortar is feasible [35, 65]. Cemerttgmare of course well within the
capability of any of the wide range of laboratorgnbh top instruments available
commercially. These principles are equally applieab other geometries and mean,
for example, that the cone-and-plate cannot be dsedcement pastes because
particles jam in the zero gap under the apex of ¢hee and this led to the
development of the truncated cone and the annldée pnd cone geometries [46].
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5.2 Solutions for fresh concrete

Because of the impracticability of using a coaxglinders viscometer of
anything like ideal dimensions for fresh concré@tattersall and co-workers developed
a highly successful and practical apparatus in o interrupted helical impeller
rotates in a cylindrical bowl of fresh concrete.eTiiehaviour is analysed [14] using
the theory of mixing based on the Metzner-Otto apph of assuming that the mean
effective shear rate is proportional to the spefetbtation of the impeller [66]. This
has been developed further by Domone and Banfill ghd the current computer
assisted model of the Two-point apparatus is aviglaommercially [67]. Following
calibration with a series of Newtonian and powaer lajuids it can deliver the yield
stress and plastic viscosity of fresh concretaimdmental units. However, its simple
and robust torque measurement system imposes igipditmitations which cause
difficulties with the new generation of self-comfiag concretes, that have a low yield
stress compared to ordinary concretes.

Other, broadly equivalent, approaches to the measemt of fresh concrete
rheology have produced the BML rheometer using lyeepbed coaxial cylinders
[31], the IBB rheometer using a planetary motiompéiter [68] and the BTRHEOM
using parallel plates [32]. These instruments vadeeeloped in different countries and
the question naturally arose as to whether thelteesan be compared. The first
attempt to answer this was a programme of comp#iachieved by bringing all four
instruments together at a single location withfth fithe Cemagref-IMG [69], a large
(0.5n?) coaxial cylinders instrument used as a standatdjnder the sponsorship of
the American Concrete Institute [33]. While eaclstinment characterises fresh
concrete as a Bingham material and the yield steeand plastic viscosities measured
on the 12 test concretes remain in the same raaér,othe values themselves differ
between instruments, although pair-wise correlatiare highly significant and can be
used to predict the result of one test from anothfersecond programme of
comparisons took place in 2003 but unfortunately tbsults left the origin of the
differences unresolved [34]. Clearly our understagdhas not yet reached level 3 on
the scale mentioned earlier because the measuopénties of fresh concrete are not
yet fully independent of the measurement method.

The alternative approach of using tube insteadtional rheometry has been
neglected until recently. Roshavelov reports aie@rtube viscometer of appropriate
dimensions for concrete testing [52, 70] from whibk rheology can be determined
using the Buckingham-Reiner equation (section %.%\hile the reported values for
concrete are similar to those obtained from rotetiorheometry, it would be
particularly interesting to include this instrumentany further comparisons of the
type described above.

5.3 Solutions for mortar

Mortar (i.e binder, sand and water) can be consitléo be fresh concrete
without the coarse aggregate and its testing heections for the economical study of
the effects of ingredients at small scale. A cdasytinders viscometer, while feasible,
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proved to be inconvenient in use [65] and Banfveloped the use of the Viskomat as
a small calibrated mixer for mortar testing [37]heT validity of the calibration
procedure, first developed for concrete [14], iafomed by tests linking yield stress
measurements to those obtained from flow spread {&4]. Jin [72] used a scaled
down interrupted helix (similar to the Two-pointpedler for concrete) in an extensive
study of the mortar fraction for design of self qmamting concrete and demonstrated
that its rheology could be predicted with a higlyrde of certainty from tests on the
rheology of the mortar. OH Wallevik persevered vilile coaxial cylinders approach
and developed the Con-Tec rheometer [73] for mpréasmaller version of his
successful BML design for concrete and which useslar deeply ribbed cylinders to
minimise slippage. It is described and analysedijoth by JE Wallevik [74]. The only
other commercially available rotational instruménthe Paar Physica KMS system,
which uses an offset ball of 10mm diameter desegla circular path of radius 25mm
through the mortar [75]. This is claimed to giveodaresults for pastes and mortars
[76], but there is insufficient experience avai&atd be able to draw conclusions.

5.3 Progress with cement paste

Experimental challenges for testing cement pastessturries, as with other
concentrated suspensions, are the risks of slippagiee walls of the viscometer, of
sedimentation of the particles and of plug flow.

Depletion of particles at the viscometer surface sssult in a thin (< dm)
layer of water which facilitates bulk flow of theraple, superimposed upon the
shearing flow within the rest of the material. Tiesult is an underestimate of the
stiffness of the sample. The slip can be avoidddgua roughened surface or, by
sacrificing data at higher shear rates, by usingame-in-cup apparatus [77, 78].
Mannheimer [79] shows convincingly that slippagéuges measured yield stress by
85% while Banfill and Kitching observe a 90% redoist[46]. Mannheimer [51] uses
the twin-tube viscometer [80] to investigate slipmore detail and obtains excellent
agreement with coaxial cylinders viscometers, whten latter data is corrected for
wall slip, while the agreement with large scale sueaments in a flow loop is less
convincing. He points out the need for the différeribe sizes to have approximately
the same surface roughness. This is supportedroparisons between smooth coaxial
cylinders and the vane [81]: slippage in the forrappears as a series of saw-tooth
steps in the progressive increase in shear sttessnatant (slow) speed of rotation.
When the cylinder slips the stress decreases testaously before continuing to
increase, but never reaches the true yield stféss.effect reduces the measured yield
stress by 50-75% compared to that measured by d@ne.vin contrast oscillatory
measurements of complex modulus at stresses loheam the yield stress are
indistinguishable in the two geometries, suggestitad slippage is not a problem in
this situation [81]. Despite this confirmation thalippage occurs with smooth
cylinders, proof that slippage does not occur withghened surfaces above the yield
stress has been elusive, until recent Magnetic fem® Imaging measurements of
liquid velocity profiles [82]. These show that camh@astes do not slip at surfaces to
which sandpaper has been glued. It is normally mesended that the asperities in
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roughened surfaces should have a characteristith dgpal to the maximum size of
the particles in the material to be tested. Despitese well established
recommendations, work with smooth surfaces is gtibblished [83, 84] and it can be
noted that the Fann viscometer specified for tgstil well cement slurries uses
smooth coaxial cylinders [85]. Clearly, the con@ns from such experiments run the
risk of being flawed.

When using the high water/cement ratios represeatadf concrete, the
particles in cement pastes may separate gravitdljoand centrifugally and this can
cause errors. Gravitational sedimentation in tireutus of coaxial cylinders produces
a vertical concentration gradient. In a typical eam sedimentation occurs at all
water/cement ratios above 0.28 and can overestititeyield stress and plastic
viscosity by 15-20% at 0.4 and by as much as 4@%8Gat 0.7 [86]. When
measurement geometries include devices to keepdbi homogeneous the results
are much more satisfactory. These include angladdsl to lift the particles [86, 87],
recirculating pumps [88], blades with interlockifiggers [89] and more conventional
mixers [90]. The angled blades of the interruptedixhimpeller raise the threshold
water/cement ratio for sedimentation to 0.4, amtlice the error at 0.7 to less than 5%
[86]. Set against these advantages is the posgililiat the rotational Reynolds
number established by the latter impeller in a loigcosity paste, for which
sedimentation may be a problem, could be in thbulent zone [87]. In the gap of
parallel plate or cone and plate instruments, sediation leads to formation of a
layer of bleeding water under the upper member lwigiges the problem of slippage
mentioned above. Indeed, it is possible to imadie severe sedimentation could
negate any surface roughening because particleke $mtyond the reach of the
asperities. Clearly, the experienced rheologist take appropriate precautions for the
system being studied but unfamiliar materials ceap tthe unwary. | have seen
Bingham flow curves with negative yield stressgsorted in good faith where the
cement was so heavily dosed with a dispersing atatthe paste was unstable and
the particles dropped clear of the measuring blatlegg the test. Despite all this
knowledge and experience, again, work at high Jeearent ratio where
sedimentation would be a problem sometimes stieaps [91].

Centrifugal separation in cement pastes is consitley Wesche et al [92] and
in mortar and concrete by Wallevik [74], who dissubke likely effect on measured
values. Noting that concrete segregates radiallglié¥ik concludes that, because the
centripetal acceleration in the test being useditieut one-tenth of gravitational
acceleration and the concrete is completely stabjerticle segregation under its own
weight, particle-particle contact must be causiagial migration. He also shows that
the coarse particle migration in concrete is inflcedd by the ratio of the yield stress to
the plastic viscosity. Experiments on self-compagtoncrete, for which the value of
this ratio is low, could give an insight into thishaviour [74].

The problem of plug flow, when the shear stresssduat exceed the yield
stress everywhere in the sample and some paredfaimple does not shear, was first
raised by Tattersall and Dimond [93]. They repdmatt hitherto irreconcilable
anomalies in breakdown measurements are explaigedigh speed filming of the
flow in the gap of a coaxial cylinders viscometerigh reveals that a solid plug of
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paste forms and is either stationary (in roughnegrs) or slides round slowly (in
smooth cylinders). The plug is present even whenRhiner-Rivlin equation predicts
its absence. No satisfactory explanation is offéoedhis anomalous plug flow, but its
observation casts doubt on all experimental datergvfull shearing flow has not been
confirmed visually, i.e. in enclosed viscometermetries.

5.4 Compressive rheology

This is the term increasingly given to the studyrieéology under uniaxial
compression and an extensive review by de Kretsalr[84] describes the analysis of
systems involving sedimentation under self weightd aexternally applied
compression. The former is relevant to the sitmatwhere the fully compacted
material is stationary after compaction or injectiand before setting, and the
separation of water due to sedimentation is undelgr The latter is relevant to the
work of the mason. Meeten'’s relatively simple sqeeftow apparatus [95] employs a
constant squeezing force between two plates anduresithe velocities of approach
and spread from which yield stress and plasticogtg of a Bingham material can be
calculated. Cardoso et al [96] describe a similgpasatus in which the top plate
approaches a fixed bottom plate on which a bed @tan is placed. Toutou et al, as
described in [97], propose a parallel plate plastem which differs from the above
because the specimen is of height/diameter rafi@dd is squeezed between plates of
the same diameter. These demonstrations of théilégisof the method suggest that
it could be a potentially fertile field for furthelevelopment. The same considerations
of surface roughness and the potential for slippagply to these compressive
geometries as apply to the rotational systems dé&szliin section 5.3.

5.5 Viscoelasticity

Initially motivated by a desire to understand vitmaal compaction of fresh
concrete (section 8.3), work on the oscillatoryashesponse of cement pastes soon
showed that it could shed light on the solid-likegerties of the material at stresses
below the yield stress. Following advances in rhefmdesign a particular benefit is
that viscoelastic measurements can play a roléuiygg the evolution of properties
with time from fresh to set paste. In this respestillatory shear at low amplitudes is
very useful because changes in the dynamic modati be observed without
disturbing the microstructure of the material.

When pastes are subjected to oscillatory shear jparallel plate rotational
rheometer, small amplitude oscillations imposedooe plate are transmitted to the
other as a torque, which also oscillates but isegily out of phase with the applied
oscillations by a phase anglewhich is between 0 and 90°. The shear stressvas
a function of time according to

(t)= -,(G'sin t+G"cost)y L. 3)

whereG' is the storage modulus am@' is the loss modulus. The storage modulus
represents the elastic or in-phase component esstind the loss modulus represents
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the liquid or out-of-phase component of stress. @ moduli combine to form the
complex modulus

G =G+iG" (4)

For an ideal solid there is no loss because thenmhis perfectly elastic an@" = 0,
soG = G' while for an ideal liquid there is no rigidity a® = 0, soG = G". In both

a viscoelastic solid and a viscoelastic liquidegifrency sweep typically reveals a high
frequency plateau i’ where the modulus is independent of frequency,litfear
viscoelastic region, and it is important to workfi@quencies in this region. At high
frequency the material is being oscillated fastaantits relaxation time (the time
required for the stress to relax i¢e of its original value at the end of a period of
steady flow) and the sample cannot relax betweeitlaifons. Therefore the structure
stores some residual energy, independent of tltmwssnature of the sample. At low
frequency the material is being oscillated sloviantthe relaxation time, the sample is
able to relax between cycles and there is no rakieinergy stored in the sample. At
low frequency the storage modulus of a viscoeldisfigd has a value characteristic of
a liquid, while a viscoelastic solid has a valuaretteristic of that material. The ratio
G"/ G'is tan, the phase angle, and can be visualised as thtveslproportion of
viscous to elastic properties.

If frequency is kept constant and strain amplitigdiecreased in a strain sweep,
the behaviour changes at a critical strain. Inoadlilated suspension such as cement
paste, particles are able to recover elasticallpwatstrains, and the material acts as a
solid, with G' independent of strain, and the structural integdtythe flocculated
network is maintained. Above the critical strainrtizdes are not able to recover
elastically and the material acts as a viscoeldigtiad.

Stress relaxation methods involve a sudden apjicaif a small strain to a
material, which is held constant while the decrdasthe resulting stress is observed
over time. The relaxation modulus is the ratioh# stress to the applied strain, and its
variation can be fitted to a suitable viscoelastiodel. Either just the initial and
equilibrium (long term) values are measured orvthele curve is fitted by computer
to an exponential decay model with one or morexetlan times, estimated as a
spectrum [98]. Likewise, in creep tests a suddepliegtion of a stress results in a
progressively increasing strain, which is measuos@r time. In this case the
compliance is the ratio of strain to stress, amdlmfitted to a viscoelastic model.

From all this it is clear that oscillatory, relaiet and creep measurements of a
cement paste have the potential to show a progresgth time towards more solid-
like behaviour as setting occurs and the strudiesmmes more rigid.

In rotational rheometry, coaxial cylinders [58, 8, 63, 90, 99, 100], parallel
plates [62] and a helical ribbon mixer geometry][@0 give satisfactory results,
subject to the concerns discussed in section B.3ranslational rheometry, small
amplitude oscillations applied to a disposable élatbo give useful data [59]. Not all
workers give information on the linear viscoelastgion, but those that do so report
the critical strain for cement paste to be 1%160, 63], 5x1C to 2x10* [61] and
3x10%[90], values which are typically at, or just abptree lower limit of capacity of
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the instruments available. Equally, values for ltheer frequency limit are given as
0.1 Hz [90] and 0.2 [60, 63], with other work refeat at fixed values of 0.69 [100]
and 2.5 Hz [61]. Schultz and Struble comment onrteed to compromise on the
instrument set-up between a high enough torque umeagscapacity for the relatively
viscous pastes and the sensitivity required fahstig changes with time [60].

Gregory and O’Keefe report stress relaxation methéocussing on polymer
latex blended cement pastes [54, 58, 99]. Strubtk Schultz report creep recovery
behaviour of cement paste [64]. In both cases théutns and compliance vary with
time and confirm the methods’ utility for studyittge build up of structure associated
with continuing hydration leading to setting. Theep experiments show that cement
paste undergoes a sharp transition from solidfigkaviour at low applied stress to
liquid-like behaviour at higher stress and thesstievel associated with this transition
approximates to the yield stress determined byrotteans.

5.6 _Extensional flow

Investigations of the extensional flow of cemensdzh materials are scarce,
which suggests that either extensional flow iscmisidered to be of importance or it
is too difficult to measure with such a coarse glanmaterial. There is likely to be an
extensional component to the flow of material tlytowconstrictions or other changes
of section in pipeline flow situations but no tmeants of this appear to have been
made. There is an extensional component to theeggutow measured in the squeeze
flow geometry (section 5.4) and to the remouldihgttoccurs in slump and slump
flow tests (section 5.7). Indeed, Piau [101] poiots that extensional stresses must
always be taken into account when evaluating coxnfidevs of viscoplastic materials
[102] and that the absence of any extensional tpesameter in one-dimensional
models can only result in the violation of the lasfontinuum mechanics, and in the
equations obtained being wrong. Clearly this figlvites research but the
experimental challenges should not be underesténate

5.7 Empirical test methods

Over 100 empirical tests for concrete, mortar, graod cement slurry have
been developed and many have been standardisedtiopal bodies. They are all
single point tests, as discussed above, and inflawe slump or spread under gravity
or as a result of jolting, remoulding under viboati penetration of a probe,
compaction, or deformation. They were commonly dgyed on the unsound basis of
attempting to provide a close imitation of pradticanditions. None is satisfactory
rheologically and, apart from those that have bespted in a standard, most of them
have been used only by the inventor. However, soraibly the slump and spread
tests, are in such widespread use in industrydtiampts have been made to analyse
their performance in rheological terms and rela&te tesults to the rheology of the
material.
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5.7.1 Remoulding tests

It is only natural to seek empirical relationshipstween the results of
established or standardised tests and rheologynlif to enable technologists who
have a “feel” for a concrete of 100 mm slump tocoenfortable with the data from
rheological testing, and correlations have beenteglildy many workers. Tattersall
[103] postulates that the empirical tests in thiéidr Standard each operate at a mean
effective shear rate and that the measuremensiimle function of the shear stress at
that shear rate. For example, in the slump testnthterial is stationary when the
measurement is made so it is reasonable to aswahéhe shear rate is very low or
zero. Slump values would therefore be expectedotoelate negatively with yield
stress, as has indeed been reported [23, 104]effeetive shear rate in tests which
involve some degree of remoulding would be expec¢tethe higher and the result
would correlate with apparent viscosity at a norezghear rate. This hypothesis is
supported by examination of a number of datasefs 103] where two point test
results are presented alongside empirical tesftsedaut also, more importantly, an
equation linking the results of empirical testeth other is obtained by eliminating
the two point values. A very high level of agreemeith this equation is found for
over 300 different published results given by siKedent workers. The important
conclusion from the analysis is that if the BritStandard tests, involving compaction
and vibration, can be related to the two point tegtassigning each of them a
characteristic rate of shear, then conversely, tihe point test, which involves a
stirring process, is capable of assessing the halmawef concrete in a compacting
process and in a vibration process. It also suggest it should be possible to label
any practical process with its own characterisffeative shear rate. This vindicates
the use of rotational rheology tests for assessgmgent based materials for use in
practical situations.

The relationship between slump and yield stresad@#t attention because the
slump test is a cheap and simple piece of equipnvmtata gives a model to predict
yield stress of concrete from the conical slump {d@95], subsequently used on
different materials [106], extended to the cylicdti geometry [107], and extended
again to consider the spread area of the slumpetériaa[108]. Discrepancies
between the data for conical and cylindrical slumpulds are addressed in later
papers [101, 109, 110] by considering the detdith® flow taking place as the mould
is lifted and the material slides down the wall @pieads across the base plate. The
key challenge for researchers is to model all aspetcthe behaviour, including the
final shape of the slumped heap, and figure 1 shtbev$atter after the mould has been
lifted in both the conical and cylindrical cases.general, depending on the stiffness
of the material, two equations are needed in ord&xpress the dimensionless yield
stress , gHo in terms of slumps, where , is the yield stress, the densityg the
acceleration due to gravity aitj the initial (unslumped) height.

For low slump materials
o GHo=Kyfy (L-sty L (5)

wheref; is either a simple proportionality constant [118]a polynomial of third
degree [101] anH; is a constant.
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___________

2R 2R

Figure 1: The shape of the slumped heap after removal ofntbalc
(shown dotted) in the cylindrical and conical slympini-slump an
spread tests, with the measurement parameters shown

For high slump materials [110]:

o GHo= KpH"S(-s/ip®s, L (6)
and [101]:
o OHo=Ks (b (M) )

wheref, is a sixth degree polynomial akd andKj; are constants.

The ASTM mini-slump cone, a 50mm diameter, 50mnhhigne of the same
aspect ratio as the slump test, is quite widelydugeindustry for assessing cement
pastes and filled products [111]. The parameténtefest is the radiur of the spread
“pancake” obtained when the mould is lifted and thaterial spreads across the
horizontal base plate (Figure 1). This is relatethe yield stress as follows [112]:

0= 1.747 VPRS- RNV, 8)

where V is the sample volume and is a constant linked to the liquid-vapour
interfacial energy and the wetting angle of theamat on the plate. The other symbols
have the same meaning as above.

This area is clearly poised for future developntautt Piau points out that the
lack of accurate experimental data for testingtioglels is a hindrance [101].

5.7.2 Flow tests

Originally developed to assess the viscosity of §ll13], the Marsh cone is
very commonly used for quality control of grouts &l void filling purposes. Strictly
speaking the Marsh cone is just one of a familgflifix cones, where the time taken
for a known quantity of grout to flow out of a coal funnel through a short straight
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pipe is measured. The dimensions vary somewhahbae specified for grout for pre-
stressed concrete tendons [114] are an orifice etigmof 10 mm and a capacity of 1.8
litres, of which the time taken for 1 litre to disrge is measured. Although it can be
assumed to measure the apparent viscosity of tlié, the cone has two limits: for
low viscosity fluids there is no relation betweesceosity and efflux time, while for
fluids with a yield stress there may be no flowadtif the yield stress is too high
[115]. The governing relation for the efflux of aBham material with yield stress
and plastic viscosity through an orifice of radiuR is the Buckingham-Reiner
equation

4

4 P
P-—pt— 9
L= ©)

:,DR4
8m

Q

where Q is the rate of flow,P the pressure gradient driving the flow apdhe
minimum pressure at which flow begins. This equatgpplies to both the conical and
cylindrical parts of the apparatus and the totalflis a combination of the two.
Roussel and Leroy present the full equations fah kibe purely viscous and the
Bingham cases [115] and conclude that the equafmmthe latter cannot be solved
analytically but that numerical simulation pernthe efflux time to be predicted from
the Bingham parameters with good agreement. Thggest that using two different
cones could have merit as a simple quality conest for field measurements of yield
stress and plastic viscosity of grouts (withih5-30% prediction error) without the
need to set up a rheometer on site.

In principle, Roussel and Leroy’s analysis can ppliad to all the empirical
efflux tests that have been proposed for self-catipg concrete. The V-funnel is a
parallel sided rectangular funnel, which tapersfitb x 515 mm at the top to 75 x 65
mm at the bottom [116]. The Orimet is a verticghgiof 80 mm internal diameter
[117]. The L-box consists of a vertical box of magular section (100 x 200 mm) with
a 150 mm high opening in one side at the bottomrevluencrete can discharge
sideways through a grid of bars into a horizontaligh [118]. In each case the time
taken for a quantity of concrete to discharge,egithully or sufficiently to reach a
certain distance from the opening with the L-boxder gravity is measured. If these
tests can be put on a sounder footing by rheolbgitalysis in the same way as the
Marsh cone, the criticisms made in section 2 coudq certain extent, be answered.
Indeed, progress has been made with the L-box wsisignulation based on a finite
element method formulation of the Navier-Stokesagign [119]. However, it should
also be borne in mind that these empirical test® lexperimental limitations in terms
of sensitivity, discrimination, and testing erroes)d that it is still true that testing
rheology is a more fundamentally sound approachth® assessment of self-
compacting concrete. Finally, evidence that sinifylics not incompatible with a
sound rheological basis is demonstrated by the wigmmeter of Roshavelov [52,
70], which is designed to exploit equation (9)ffash concrete.
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6. CEMENT-BASED MATERIALS - RHEOLOGICAL RESULTS

It might be expected that the rheology of the mmmplex material, concrete,
with its wider range of particle sizes, would berencomplicated than that of one of
its constituent materials, cement paste, but in fieesh concrete has proved to be
simpler and considerable practical progress has bwle by treating it as a quasi-
homogeneous continuum. In this section it will sidered first, before a more
detailed discussion of cement paste. Finally mpvtaich shows intermediate features
and is often used as a model material to studyd¢resf composition without the
sometimes confusing effects of variations in coaggregates, will be discussed.

6.1 Concretes

Much work reports the effects of mix constituentement, other cementitious
materials like fly ash, aggregates and admixturasd their relative proportions and
characteristics [14, 28, 31, 120-124]. There is egah agreement that concrete
conforms to the Bingham model and does not shouctstral breakdown over the
range of shear rates used in the common test netRod example, figure 2 shows the
effect of water / cement ratio on yield stress plagtic viscosity. These trends can be
shown conveniently on a graph of yield stress ajaitastic viscosity as in figure 3.
Originated by Bloomer [125], this form of presemdatis useful because yield stress
and plastic viscosity vary in a complex fashionhadbmposition as shown in figure 4.
The trends shown in figure 4 are built up from datthe style of figures 2 and 3 and
in each case the direction of the arrowhead shbhe®ffect of increasing the amount
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Figure 2: Effect of water/cement ratio on yield stress andst
viscosity of fresh concrete [30].
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of the appropriate ingredient. The trends are gelyeadditive, and for example the
effect of using a dispersing admixture to redu@wlater content of fresh concrete is
shown in figure 5. These admixtures are discussetddr in section 6.2.4.
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Figure 3: Yield stress vs plastic viscosity graph for theada figure 2.
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Figure 4: The direction of the change in rheology of a typicancret
caused by an increase in the amount of the parameted is shown t

the arrows.
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Figure 5: Rheology of watereduced concrete produced with
superplasticiser at approximately constant slumpicvimplies consta
yield stress. Addition of superplasticisedduces yield stress but does
change plastic viscositywWater reduction to regain the original sl
increases both yield stress and plastic viscoggylting in a mix whicl
in extreme cases, is very sticky and hard to work.

This complexity makes rheology measurement a \ikrsaty of controlling
the quality of fresh concrete production: testgiedrout on the fresh concrete can
show up changes in the mix composition which mayehanplications for the
concrete’s hardened properties and performancean28]. This is discussed further
in section 8.5.

With the recent advent of self-compacting concrel@racterised by a very low
yield stress, it has been found that the thickensesl to prevent segregation in use by
raising the viscosity of the water also change flov curve from Bingham to
Herschel-Bulkley type behaviour

t=t,+AQ%, (10)

with the consistency inde& changing from less than 1 (shear thinning) to ntioaa 1
(shear thickening) as the superplasticiser conitenéases [72, 126, 127]. Researchers
need to keep this in mind when studying the rheolifghese types of concrete [128].
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6.2 Cement pastes/slurries/grouts

There is an enormous volume of reported work onegaslurries and grouts,
with some disagreements over fundamentals, which e highlighted where
appropriate.

6.2.1 Flow curves

The flow curve has been reported to fit severdediht mathematical forms,
all of which, except the Quemada model, indicate ¢Ristence of a yield stress by
requiring an intercept on the shear stress axiss@tare listed as follows, together
with a representative reference to work in whickytare used:

Bingham [14, 98] t=to+mg ; L (2)
Herschel-Bulkley [129] ¢=t,+Ag®;, ... (10)
Robertson-Stiff [130] t=A(g+B°;, (11)
Modified Bingham [131] ¢=t,+ mg +Bg%; ... (12)
Casson [132] Jt=\o+gmg s (13)
De Kee [131] t=t,+mer9;, . (14)
Yahia and Khayat [131] ¢ =t,+2 gige™ ... (15)
Quemada [133] t= ﬂ 2g ....... (16)
B+C\/(Ag)
Vom Berg [134] t=t,+Asini*®g9) a7)

where A, B and C are constants, which in some cases include mbhfgiameters.
Figure 6 shows the form of these flow curve modaténg values (Table 1) chosen to
give ¢ = 20 and about 100 Pa gt= 0 and 100 s€trespectively. There is an obvious
case for standardisation [135], but, as discussetid rest of this section, this is not
simple.

Many workers report the variation of rheologicatgraeters with water/cement
ratio and one compilation of data for yield strissshown in figure 7 [14], showing the
typical log-linear form of the relationship. Theiking thing about this figure is the
very wide range of values — at 0.45 water/cemetid faeld stresses span a 20-fold
range. These results were all obtained with indalsttements, which are not
sufficiently different in their chemical compositioand fineness as to be able to
explain this variation, so the implication is thia¢re are unexplained variations related
to differences in measurement technique. Centrifuggparation, sedimentation,
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undetected plug flow and slippage at the smootliases of a viscometer could
contribute to experimental variations as largehasé reported, but the major source
of error is likely to stem from the fact that cermgraste is subject to structural
breakdown.
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Figure 6. Shapes of the flow curves produced by the varioodeis o
equations (2), (10)-(17).
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Eqgn: 2 10a 10b 11 12 13 14 15 16 1
to 20 20 20 - 20 20 20 20 - 20
m | 0.8 - - - 115 031 089 0.9 - -
A - 25 025 20 - - 1% 10° 014 265
B - 075 125 15 -0.0035 - - - 10* 0.1
C - - - 0.35 - - - - 0.14 -

Table 1: Parameters used in the various equations to gerfégare 6.
500
100
5 5O
o .
s
2
101
5;
! G5 03 04 05 06 07 08
W/C ratio
Figure 7: Effect of water/cement ratio on yield stress of eatrpaste [14
Each letter denotes a different series of publistegd: A [257], B [11], (
[258], D [50], E [130], F [134], G [259], H [260], [261, 262], K [171],
[263], M [149].
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6.2.2 Structural breakdown and thixotropy

Cement paste breaks down while being tested toiroli@ flow curve and
hysteresis loops where the down-curve falls to losteesses than the up-curve are
obtained when a short cycle time is used. Howether shape changes systematically
with increasing cycle time, through loops with @ssover point to loops showing
structural build up (figure 8), attributable to ohieal reaction during the course of the
test [136].

@) ’ (b)

>
—

(c) (d)

Figure 8. Hysteresis loops obtained with cement pastes atasing cycl
times. Type (a) is always obtained at cycle timég aninutes or les
while type (d) appears at times of 36 minutes or more, dépgron th
cement [136].
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Hattori and Izumi [13] explain the effect in termmEthe competition between
coagulation and deflocculation processes. Theiortheeals with the coagulation of
cement particles in a paste due to the surface$oo€ attraction, as a result of which
work is required to separate them. This coagulasoronsidered as either reversible,
where the association is a relatively short-livestduse the power available in the
sheared suspension is sufficient to separate thigclpa, or permanent where it is
insufficient. The individual connections, calledngtions, influence the apparent
viscosity at tim& and shear ratg according to:

%

Ny Up(gHE® +1)+ Ht
: ereene(18)

(Ht+1)(gt +1)

hy =

whereB; is the coefficient of friction between particles,is the number of primary
(uncoagulated) particles in unit volumg, is the initial degree of coagulation defined
as the ratio of the number of junctions to the nembf particles andH is the
coagulation rateH is of course affected by the attraction betweatiges and by the
continuing hydration of the individual particleshi$ equation can reproduce the
different hysteresis loop shapes in figure 8 [137].

Thixotropy is defined as a decrease in viscositgmbhear is applied, followed
by a gradual recovery when shear is removed. Tigdiés either a reduction in shear
stress at constant shear rate or an increase ar ste at constant shear stress. The
effect is time dependent, in contrast to sheamihopwhere the viscosity decreases as
the shear rate or stress increases, leading teualpglastic (power law with index less
than 1) flow curve which is independent of the tiafeshearing [138]. This distinction
has caused some confusion among technologistsoamdhy the following statement
in a recent paper: “Mixtures containing [viscosityodifying agent] exhibit shear
thinning behaviour whereby apparent viscosity deses with the increase in shear
rate. Such a mixture (paste, mortar or concreteypgcally thixotropic where the
viscosity build up is accelerated due to the assioei and entanglement of polymer
chains ... at a low shear rate that can further ibfdw and increase viscosity.” [139]

In so-called structural kinetics models to desctiigotropic behaviour [140]
the variable viscosity arises from a variable nmstmecture, defined by a scalar
structure parameter whose kinetics govern the time-dependent behayieil, 142].

= 1 defines the completely built up structure and 0 defines the fully destroyed
structure. As shown in figure 9, for a material fmoming to the Bingham model, there
is an infinite number of straight lines (some exaplenoted a-d) corresponding to
the various levels of between 0 and 1. The difficulty facing the expemitalist
seeking to determine yield stress and plastic gisg@f such a material from a flow
curve is that changes during the course of the measuremenay be near to 1 at the
start (although it may be considerably less thahtlhe sample has been exposed to
significant pre-shearing before the experiment) dedreases towards but may not
necessarily reach 0 at the end of the experimdns. eans that during the course of
the experiment the Bingham parameters decreas¢hantheasured curves describe a
loop (shown by the dashed curve dropping from &rte line b in figure 9). Because
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A = structure
parameter

Figure 9: The origin of hysteresis loops in Bingham matenaitéch shov
structural breakdown or thixotropy.

of this, and the uncertainty of the initial valuie pthe only reliable flow curve is the
one for which = 0, i.e. after complete structural breakdown.sThan only be
achieved by shearing until a steady state is aeligid41]. Information on the
structural kinetics can only be obtained underdsteshear conditions and, even then,
collecting information on the very early stageshaf process is limited by the speed of
response of the measuring system [143].

In the early work on cement pastes [9-12], andoagimned later [144], there is
no indication of build-up or recovery during thméscale of the experiment: ordinary
pastes only stiffen over a long time and this fiected in the progressive movement
of the equilibrium flow curve towards higher shestresses. This leads to the
conclusion that thixotropy is the wrong term to .ubgleed Legrand [145] uses the
term “partial thixotropy” and the assumption thhtbaiild-up is due to the progress of
hydration leads to the use of continuous shearrasams of monitoring hydration and
the effects of accelerating and retarding admix|fet6]. In contrast, the Hattori-
Izumi theory suggests that the true situation ie @m which thixotropic recovery
occurs alongside chemical build-up due to hydraéiod is especially significant with
systems containing dispersing admixtures wherectément is highly deflocculated.
When such pastes are subjected to steady rotatshregdr conditions in which the
shear rate is increased and decreased stepwideeldutonstant during each step, the
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Shear stress variation

Shear rate variation

Time

Figure 10: Variation of shear stress in a thixotropic matesiabjected to
stepwise increase and decrease in shear rate.

shear stress decreases to an equilibrium valuegltiie up-curve buhcreasedo an
equilibrium value during the down-curve (as showhesnatically in figure 10 [74,
142]. This is observed with self-compacting corer@t which the cement is typically
highly dispersed with admixtures (see section §,224d is a complicating factor in
rheological measurements on this material [147].18Bere is a conceptual problem
with attempting to distinguish between thixotropgdastructural build-up due to
hydration because the structure parameteannot be greater than 1, so in principle
only structure that existed at the start of theeexpent can be rebuilt. If the
continuing structural build-up due to hydrationasscribed to thixotropic rebuild is
likely to rise above 1. There is perhaps a casenfodifying to include a term which
additionally takes account of the early age kirseti€hydration, but this approach has
not yet been tried.

After noting the hysteresis loop, the second olwiobservation is that the
yield stress, determined by the mathematical watiip chosen from the list in
section 6.2.1, decreases as the total amount @frislgeenergy experienced by the
paste increases, i.e the paste is shear historgndept. Thus successive hysteresis
loops fall to progressively lower values of torguea coaxial cylinders viscometer
[10], yield stress and plastic viscosity fall to equilibrium value as the time of
mechanical mixing is increased [149] and the eftent be quantified in terms of the
total shear energy received by the sample prighéotest [150-152]. This structural
breakdown has been amply confirmed by experimertsied out under both
continuous steady shear rate and continuous s&teeis conditions.
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There is practical significance in the existencéhofotropy in cement systems.
Rapid structural build-up is advantageous to redihee pressure exerted by self-
compacting concrete on formwork (see section 8 Bg rapid stiffening of sprayed
concrete helps prevent it slumping from the substafore setting (see section 8.1.1)
[153, 154]. Finally, it can be exploited in therfarlation of high build repair materials
which might need to be placed onto the undersidmnérete beams or slabs.

In conclusion, the perceived need of different veoskio fit the range of models
in equations (2) and (10)-(17) to the flow curvéadaay be the result of not allowing
for the possibility of structural breakdown duritie test. Breakdown imposes time-
dependent behaviour on a Bingham flow curve, regylin a curved shear stress vs
shear rate graph. When this is combined with thalatvility of curve fitting software
in computer controlled rheometers, tempting pok8és open up to the investigator.
When the shapes of the model flow curves in figuege compared it is not difficult to
imagine that experimental data with any degreecaftsr could give a good fit to more
than one model flow curve. In fact it has long bderown that it is possible to
generate an infinite range of shapes of hystetess [141]. Additionally, of course,
the down-curve of a partially broken down pastekowery like a Herschel-Bulkley
curve with B > 1. The effect of structural breakaoacting through the shear history
of the samples may also contribute to the wide eavfgyield stresses shown in figure
7. Differences between the prior mixing intensttine and shear rates in the test will
ensure that the structure parametearies over a wide range [149-152].

6.2.3 Effects of composition

Space precludes extensive description of the wasuat of work reported on
the effect of experimental variables on the rhealgigparameters of cement pastes. It
is sufficient to note that investigations inclutie following:

- paste concentration, whether expressed as wataftaatio (see section 6.2.1)
or % solids [156],

- age and temperature [11, 47, 55, 61, 157-159],
- cement composition and fineness[11, 120, 121, 18@;162],

- alternative cements, such as belite cement [163jiaous cement [164-166],
oil well cement [167], non-shrinking cement [168hd magnesia phosphate
cement [169, 170]

- supplementary cementing materials, such as flyagh-L77], silica fume [31,
126, 176-179], metakaolin [126, 175] and grounchglated blastfurnace slag
[177, 180, 181], including those activated by &alkb82],

- presence and type of chemical admixtures (seeosegi?.4), and
- presence of polymer latex [54, 58, 83, 84, 99].

In every case data on the important material orsiglay factors are reported, but in
some cases incomplete information on the test poeeis given.

88 © The British Society of Rheology, 2006  (httwww.bsr.org.uk)



P. F. G. Banfill, Rheology Reviews 2006, pp 68061

6.2.4 Effects of rheology modifying admixtures

Admixtures, defined as materials added in very brewa@ounts to modify the
properties of the basic cement-water-aggregatesyst some way, have been used
for many years [43,44]. Only those whose main ¢ffe¢o change the rheology will
be discussed here, and accelerators, retarderspr@dfers etc will not be considered.

Water soluble dispersing agents deflocculate tineece particle network and it
has long been established that this reduces thé gteess of cement and concrete
[14]. Early admixtures were lignosulfonates (LSased on the by-product of wood
pulping for paper production, but impurities in skeproducts retard the hydration of
cement. So-called superplasticisers are synthefficreated melamine- or naphthalene-
formaldehyde polymers (SMFC and SNFC), which can daeled at sufficient
concentrations to reduce the vyield stress of cemeste to zero without causing
excessive retardation. Optimising their performaigdimited to relatively coarse
control of molecular size, but the more recent atha# polycarboxylate (PC) based
superplasticisers offers the possibility of taihgri the polymer to optimise
performance. Superplasticisers are attractive & ehgineer, offering free flowing
mixes at acceptable water content and hence streogalternatively mixes of similar
workability at a water content reduced by as mush3@-35% and therefore much
higher strength. However, their spectacular effectshe rheology of cement systems
are sometimes unpredictable [183]. A particulabfem is their effect on the progress
of the hydration reactions causing premature stiffg (or slump loss), sometimes
linked to the time of addition and the durationnuiking, and these can cause serious
practical problems.

LS, SMFC and SNFC admixtures all adsorb at theaserbf cement particles
through their sulfonate groups and their deflociogp effect is attributed both to
electrostatic repulsion due to the negative surfdge that they produce and to the
physical size of a layer of adsorbate on the cenpenmticles, preventing particles
approaching closely enough to stick. There is aetation between the amount
adsorbed and the reduction in yield stress [18&h sufficiently high concentrations
being able to separate the cement into individaatigles [185]. Analytical methods
estimate the amount adsorbed by measuring the amemoved from solution and
this apparent adsorption could be due to two thid@6]. Part of the admixture is
incorporated as an organo-mineral phase withirhffd¥ating cement minerals where
its effect is lost (accounting for the stiffeningtmtime) and part remains available for
adsorption at the surface of cement particles arlerefore effective in dispersing the
flocs. However, analysing the amount removed fratut®n cannot differentiate the
two parts and too little attention has been paidhie in the interpretation of data
[186]. A third part of the admixture remains dissal in the aqueous phase and may
play a part in dispersing cement particles [18Tit bas otherwise been ignored in
experimental studies.

Since PC admixtures can be tailored, fundamentaliet of the behaviour of
well-characterised superplasticisers in solutiord an contact with both model
powders and well-characterised cements improve umderstanding and have the
potential to lead to new optimised products [188[. admixtures consist of a main
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Figure 11: Chemical structure of a contitxe polycarboxylate admixtu
and its mechanism of steric stabilisation.

polymer backbone of carbon atoms to which carboxatiid and long chain polyether
side groups are attached. The polymer is essgnégtolyacrylic acid, the carboxylic
acid groups of which have been reacted with polgette oxide / polypropylene oxide
molecules to form a comb-like structure (figure .1Qhanging details of the
polymerisation process enables the producer to taey backbone length (hence
molecular weight), the ratio of carboxylic acid ether groups (hence the relative
anionic/non-ionic proportion), and the length of ide chain (hence the thickness of
the adsorbed layer). The anionic carboxylic acidugs adsorb on to the cement
particles, providing electrostatic repulsion, whilee non-ionic ether groups do not
adsorb but are free to dangle in the solution. Wivea polymer-covered particle
surfaces approach, the reduction in entropy thaddveesult from mixing the dangling
chains together makes this process thermodynawiaaflavourable so the particles
repel each other (figure 11). The combination asharter polymer backbone and
longer/more numerous ether side chains makes featgr and more long lasting
workability improvements [189].

Yield stress and, to a lesser extent, plastic gisgalecrease with increasing
superplasticiser concentration and above a critioatentration the flow is essentially
Newtonian [149, 187], where the interparticle aftian is overwhelmed by the
presence of the admixture. This effect is paralldy changes in the viscoelastic
response (section 6.6) [190]. The powerful effédd®@ admixtures means that as little
as 0.3% polymer by weight of cement is needed &igl dan pose problems with
quality control, because the rheology of the mixesy sensitive to errors in the added
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amount.

The time of addition of the superplasticiser hasignificant effect on its
efficiency [43, 44] and this is due to its incoraton into the organo-mineral phase
[186]. Adding admixture pre-dissolved in the mixingter results in some of it being
bound in the hydration skin as it forms, whereaditazh delayed by a few minutes is
sufficient for the skin to have already formed, more of the admixture remains
available for adsorption, bringing about bettepéision from the same amount added.
It is suggested that PC admixtures are less pwitigg because, even if the backbone
is bound into the hydration skin, the long sideicteher groups can still dangle in the
solution and cause repulsion [186].

The other group of admixtures with a significanteef on the rheology of
cement and concrete are the air-entraining agemiéch are added to provide
resistance to the action of frost. They incorpomatell air bubbles into the mix by
modifying the surface tension of the water andratig themselves at the air-water
interface with their non-ionic tail oriented towardhe air and their anionic head
oriented into the water [43, 44]. When the conctedis hardened the bubbles provide
chambers into which the stress developed by wegering can be released, protecting
the concrete from damage. The spherical bubbles hafatively little effect on the
strength of the fresh cement system at rest (henlyea small effect on yield stress)
but they strongly influence the flow of the systbynacting as “ball bearings” to allow
larger particles to move past each other moreyefEd]. This explains the trend of
increasing air content on rheology shown in thédy&ress — plastic viscosity graph
(figure 4).

Our understanding of the effects of rheology mdddyadmixtures is how at
quite a high level and it can be expected that thilyplay an increasing role in the
design and production of the engineered cementsbaseerials of the future.

6.3 Mortars

Mortars exhibit behaviour intermediate between ¢has concrete and of
cement paste. They undergo structural breakdowrttencheasured data are sensitive
to the previous shear history of the sample, baitetuilibrium flow curve conforms to
the Bingham model [37]. Much work has been donetmneffects of composition,
which are similar to those observed in fresh caecite the extent that mortar tests get
pragmatic use as small scale predictors of conchetelogy [72]. An example of this
is shown in figure 12, where a yield stress — plagiscosity plot for concrete is
compared with one for the “concrete equivalent exdrie. one made with the same
ingredients but omitting the coarse aggregate.tidrals of increasing silica fume and
metakaolin content on the rheology are similar leetwthe two. Some justification of
this approach is given by Toutou and Roussel [1f1h multi-scale study which
successfully places mortar and concrete on the saaie of yield stress against solids
volume concentration, but is unable to place cenpaiste because of the colloidal
scale interactions between cement patrticles.

Prediction of concrete rheology from tests on ceteequivalent mortar is not
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Figure 12: Yield stress vs plastic viscosity graphs producadcbncret
(above) and concrete equivalent mortar (below) aioimg silica fum
(SF) and metakaolin (MK) (Amin and Banfill, unputhied).

without its pitfalls and figure 13 shows the coat@ns for yield stress and plastic
viscosity of concrete and mortar containing différguperplasticisers.

There is a strong correlation for yield stressrmitfor plastic viscosity and this
is attributed to poor control of the amount of airted air in the mortar [74]. Air
content is constant at 2% by volume in the consrbte varies between 0.5 and 5% in
the equivalent mortars. As shown in figure 4 entdiair has a significant effect on
plastic viscosity but relatively little on yieldress, so this variation accounts for the
poor correlation for plastic viscosity in figure.18 similar effect of the sensitivity of
rheology to variations in air content is seen ie ttontext of concrete production
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control [192].

Of course, mortar for masonry is a material inoien right and mortar sands
may contain widely varying amounts of very finetjgdes and clay contaminants. The
effect of very fine particles on workability and #sademand depends on their nature,
as a sand containing 8% silt behaves very differédndm one containing 8% clay.
Banfill [193] tested mortars made with thirty sandentaining 0 - 12.1 % passing a
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Figure 13. Correlations between yield stress (left) and ptastscosity
(right) measured on concrete and its constituemtan§r4].
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Figure 14: Summary of the effect of fineness parameters orrhibelog)
of fresh mortar [193].
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63 m sieve and with a Methylene Blue Value (MBV) of 6.24 g dye adsorbed per
kg sand. The MBYV classifies the amount and actigftthe clay present.

The results confirm that the fineness parametdiectafheology in different
ways and the effects are summarised in figure h&revthe curved lines are contours
of approximately equal water content. Increasing\MiBcreases the water demand
and changes the sensitivity to water content. imseof figure 14 increasing MBV at
constant water content moves the point upwardstanithe left, but because yield
stress is the parameter which dominates the oueredl of workability this new point
corresponds to a stiffer mortar to which more watesst be added. As a consequence
the water needed to achieve the original workabilitcreases. This behaviour
probably reflects the role of the very fine claytjgdes, whose high surface area needs
a lot of water to form a continuous film and whagesorbency soaks up water for
swelling. These two features account for the higtdystress, but once the mortar is
flowing the fine particles act as lubricant in tepaces between the coarser sand
particles and the plastic viscosity is then rekdininsensitive to water content.

Overall grading, expressed as the percentage ga38hm, changes the water
demand and the rheology, as expected from previouk [194], in just the same way
and for analogous reasons as MBV. The effect ofgeage passing 66 has less
confidence because of shortage of data. The coitplex figure 14 shows that
responding to a change in fineness by changingmMiter content might result in a
mortar which behaves entirely differently, and th@uld have implications for the
quality control of production.

Finally, the addition of fibres to a brittle cememiatrix, such as a mortar,
results in a composite with enhanced ductility, iayed impact resistance and
increased toughness. In addition, carbon fibrdaéntce the electrical properties of the
composite which could, potentially, make it a sm@udterial. Despite this interest
there is little information of the influence of féb additions on the rheology, in the
context of ease of moulding. Carbon fibre reinfdroeortar conforms to the Bingham
model and increasing fibre volume, length and cotre¢ion increase both the yield
stress and the plastic viscosity of mortar [195paBanfill et al, submitted]. Fibre
reinforced composites are likely to be extruded #reprocess and related material
properties are considered in section 8.1.3.

6.4 Comparisons between cement paste, mortar andncrete

Table 2 shows that there is a trend in the rheocldgiroperties of cement-based
materials, as quoted in the literature, which can dxplained, at least semi-
quantitatively, by the presence of aggregate incthegser grained materials. The flow
properties of suspensions are governed by thefawces between solid and water and,
in terms of the surface area of contact, the dominantribution is that of the cement-
water interface. This is progressively diluted hg presence of aggregate. Thus, for
example, in one comparison two cements, which giastes whose rheological
parameters differ by a factor of two, produce cetes of indistinguishable flow
behaviour [14].
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Cement paste, Mortar  Flowing Self-compacting Concrete|
grout concrete concrete
Yield stress (P4 10-100 80-400 400 50-200 500-2000
Plastic viscosity 57 4 13 20 20-100 50-10(
(Pa.s)
Structural -
breakdow Very significant Present None None None

Table 2: Rheology of cement paste, mortar and concrete(dbsts)

The vyield stress and plastic viscosity increasehasmaximum particle size
increases. This is because in a typical concrekeaat 50% by volume is in the form
of aggregate which withstands the applied streastb®out deformation: consequently
the yield stress is higher, a point confirmed b ithcrease with increasing aggregate
content in concrete [14]. The increased plasticosdy is partly due to the increased
interparticle contact and surface interlockingdasonstrated by the fact that for two
concretes with the same yield stress containingded and angular coarse aggregates,
the plastic viscosity of the latter is higher. dtalso partly due to the inability of the
aggregate to be sheared: when an overall sheargaite applied to an imaginary
concrete consisting of aggregate and paste at §®b60ent by volume, the shear rate
within the solid aggregate particles is zero arel\talocity gradient in the paste may
be up to 5. Wallevik expresses this explicitly for the morfeaction (0-2 mm) in
concrete (16 mm maximum particle size) and conduthat the shear rate in the
mortar is 49[74]. These higher shear rates result in a higlress and resistance to
flow in the matrix which in turn accounts for threrease in measured plastic viscosity
of the bulk material.

In contrast, the yield stress and plastic viscosftgement paste increase as the
cement gets finer [134], which reflects the domoenf the water-cement interface in
this system. Evidently the influence of particleesis a surface area effect in fine
grained pastes and a simple volume effect in ttersev grained concretes. Further
work on particles suspended in dispersions hapdhential to suggest the particle size
range where the change from one influence to theraiccurs [196].

The shear history of concrete starts in the mixer@sing a simple geometrical
model, Chopin estimates the mean overall shearimatgree typical concrete mixers
of 0.08, 0.3 and 1.0 freapacity to be in the range 10-20 5¢t55]. This can account
qualitatively for the trend in structural breakdowehaviour in table 2. The work of
shearing done on a material in unit time is prdpo#l to the square of the shear rate
[46]. Structural breakdown experiments on cemerstepahow that the breakdown
resulting from this work is rapid at first and cdete in a few minutes and also that
the rate of decay is proportional to the squar¢hefshear rate [9, 10]. Thus in the
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50:50 concrete mentioned above the total shear daonle on the paste by the end of a
three minute mixing period at a mean overall smag of 20 setis equivalent to that
done in a viscometer in 180 seconds at 100'satin 45 seconds at 200 Sedhis is
enough to give almost complete breakdown to equilib [9, 10] and explains the
absence of structural breakdown when concretesiede all the breakable structure
has been broken down before the material leavesnther. Furthermore, the higher
the aggregate content, the higher the shear rateipaste and the more complete the
breakdown at the end of mixing.

In contrast to these simple concretes, flowinghiperformance and self-
compacting concretes require significantly longexing times because the tailored
recipe of powders that are used to optimise theiperties takes time to be wetted and
dispersed by the admixtures [197]. Consequentlyprdduction has not achieved
complete mixing these concretes may arrive at thiatpf use with some residual
structure and their hardened properties may beimegh§l55].

6.5 Compressive rheology

There is very little data on squeeze-flow behaviauthe literature. In assessing
the suitability of this mode of testing, Meetenagwesults for a range of materials, but
none are based on cement [198]. Compressive yimdssand rotational yield stress
agree satisfactorily for many pastes and gelsdnuthers the compressive yield stress
in much lower. Min et al report on cement pastes find no agreement between
squeeze-flow and shear measurements [48]. Cardoabshow force-displacement-
time data for mortars in squeeze-flow but do notivde any actual values of
rheological parameters [96]. In contrast, the pleter [97] gives satisfactory
quantitative results for cement paste and mortarwfbich the plasticity threshold
value, representing the stress above which theriabtell flow, is 15-40 kPa, and is
relatively independent of geometry and rate of logdand also varies in a sensible
manner with composition. Similar values (3-40 kRa)the bulk yield stress of paste
in an extrusion process, in which the plastometeteisigned to be applied, have been
obtained [199] (see section 8.1.3).

Since shear rheometry is suitable for less stiffamals than compressive and
extrusion rheometry, it is difficult to draw direbmparisons. However, yield stresses
of 3-40 kPa obtained in compression or extrusiorfilore-reinforced pastes of 0.25-
0.3 water/cement ratio seem reasonably consistétit those of 50-200 Pa in
unreinforced pastes of 0.3 water/cement ratio obthiin rotational measurements.
More work is needed to show that compressive amérstheometry are measuring
equivalent properties.

6.6 Viscoelasticity

Comparisons between the values of the viscoelpstiameters observed and
identifying the effect of cement paste variables lBampered by the same differences
in paste preparation technique as for steady sthemmetry, and there is not yet
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sufficient data for more than preliminary conclusioabout trends to be drawn.
Nevertheless, cement paste is clearly viscoelastic.

In oscillatory shear, with hand mixed past@sandG" decrease from 2 x £0
and 2 x 18 Pa respectively at 0.28 water/cement [90] to 580 £000 Pa respectively
at 0.40 water/cement [59]. With high, but undefingldear mixings' andG" decrease
from 80 and 210 Pa respectively at 0.39 water/cé & to 50 and 80 respectively at
0.44 water/cement [62]. However, with the very hajtear mixing of 920 sédor 45
sec [60]G' andG" are substantially unchanged at 10-20 % ber the range 0.40 to
0.50 water/cement ratio, while at 0.60 the values 400 and 200 Pa respectively
[200]. It appears from this th&' andG" decrease with increasing water/cement ratio
and with increasing shear mixing energy. Increasioigcentration of superplasticiser
reduces bottG' andG" at least 100-fold up to a critical level beyondieththere is
little further effect (see section 6.2.4) but tlee@ concentration values are not given
[190]. Residual elasticity at high concentratiorss accompanied by slight shear
thickening, which is attributed to entanglementha polymer chains in this particular
admixture.

In creep, there is a clear change in behaviour @lzoeritical stress level: at
lower stress the behaviour is characteristic ofistoelastic solid with a retarded
elastic strain while at higher stress the straiordases continuously and almost
linearly with time, with no recovery when the sies removed — behaviour
characteristic of a liquid [64]. This transitioncocs over a narrow stress range at
levels of a few Pa, which are close to the yietésst determined both by oscillatory
shear and by controlled stress rheometry of flowesi fitted to the Herschel-Bulkley
model. Furthermore the apparent viscosities abbeeyield stress estimated by creep
and flow curves agree closely. Once again theeetiend of decreasing stress at the
solid-liquid transition (yield stress) and of demsimg apparent viscosity with
increasing water/cement ratio

The variation with time is of interest because odasticity measurements
offer the possibility of monitoring the progressvirds setting. Struble and Lei report
sequentially repeated creep/recovery measurement cement paste where great
care was taken to prevent flow and consequenttataldoreakdown [63]. The yield
stress rises slowly to about 100 Pa (0.45 waterdoenmatio) over 120 minutes
followed by a rapid increase to 1000 Pa at 150 tesmérom mixing. The transition is
clearly defined and, for the same cement usedci#s accurately with the setting
time, as defined by a needle penetrometer, andttittend of the dormant period (see
section 4), as defined by acceleration in the o&teeat evolution seen in a conduction
calorimeter.

In oscillatory shear the time dependent changeslaagly visible and move
earlier or later depending on the presence of acatelrs or retarders, superplasticisers
falling into the latter category [59, 61]. Theseanbes are shown schematically in
figure 15. The trend towards solid-like behaviounown by viscoelasticity
measurements is mirrored by changes in the micrstre of the evolving paste,
visible under the Environmental Scanning Electiticroscope, but no more than a
preliminary understanding of the features has la¢empted [61, 62].
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Figure 15: A composite graph showing the variation in viscegt
parameters and yield stress with time in a hydgatement paste [61, 63].

In stress relaxation, both initial and equilibriumodulus increase with time as
the paste becomes more solid-like. Presence ofnmlyatex accelerates this process,
while in oscillatory shear the storage and loss utidabth increase with time but the
latex retards the process [99]. No convincing exaf@n is offered for this but
Gregory and O’Keefe consider that the latex stiesrgs the flocculated network of
cement particles while interfering with the hydoatiprocesses.

All this rich variety of the viscoelastic responskEcement pastes suggests a
complex area worthy of further study, with posgilgis of probing the structural
development and interparticle interactions in noetail.

7. ASTRUCTURAL MODEL

Any proposed structural model must be able to émplhe structural
breakdown that occurs on shearing cement-basedkersystWhen subjected to
continuous steady shear the relationship betweearstress and time is affected by
the shear rate in the experiment, and this wasaeée theoretically by Tattersall [10],
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using a linkage theory, in which the links betwegsticles are broken by the work
done in shearing the paste. Such a model is shovigure 16 [14], in which the yield
stress can be accounted for by the interparticteefo of attraction. These result in
links between particles reforming reversibly whée fpaste comes to rest, but the
irreversibly destroyed structure is much stronpantthis, as shown by the initial yield
stress being about 10 times the equilibrium valeached after shearing. This is
explained by proposing that when dry cement powilst comes into contact with
water the hydrated skin or membrane forms arouimd pa groups of particles. When
the skin is broken by the action of shear and trtigles separate, that region of one
particle which was in contact with other particleexposed and hydrates to heal the
broken skin. Because of this healing these mudngtr links cannot then reform in
the same way when the structure comes to restheebreakdown of skin linkage is
irreversible. This model is consistent with botte tmstantaneous formation of a
protective layer on cement [15], and the notiotirdés or junctions between particles
[10, 13].

Figure 16: A structural model for the shear induced breakdoweemen
systems.
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8. APPLICATIONS TO PARTICULAR SITUATIONS
8.1 Pumping and related flow situations
8.1.1 Concrete

Transport of fresh concrete by pumping through pifpethe point of placement
has been used since the 1930s and, given curesmisttowards greater mechanisation
of site work, interest can only increase. It is @ious candidate for rheological
study, to help select pumping equipment and apptspmixes. Pipe flow of a
Bingham material is well characterised and the atmm of shear stress from a
maximum value at the wall of the pipe to zero at tentre line means that a plug of
solid unsheared material moves surrounded by a mbrshearing flow from which
pressure-flow rate equations have been derived94&},However, this assumes that
the material is homogeneous, whereas pumped ceracaially forms a layer of paste
which lubricates the wall and facilitates flow. Nograms relating flow velocity and
pressure in a practical concrete pumping operatissume that the flow of the
concrete is entirely due to the lubricating lay201], while proof of this is claimed
[23] because the yield stress of the concrete gpess a value of the plug radius
larger than the radius of the pipe. Therefore thempability of a concrete is mainly
governed by its ability to form and maintain thésyér under the pumping conditions
and acceptance criteria are available [202].

Kaplan explicitly tackles the lubricating layerpgiage. The pressure loss-flow
rate relationship is independent of pressure fdurated concretes and the wall
lubrication law is as follows [203, 204]:

Li=1tyt+ N s (19)

where f; is the shear stress at the interfatg,the interfacial yield stress? the
interfacial viscosity and/ is the speed of the boundary layer. The full pressoss-
flow rate relationship with its zones of shearimgl dubricated flow depends on these
parameters and on the rheological constants for niiaerial, measured by the
BTRHEOM apparatus [32]. He determined the inteefagarameters in a modified
version of the apparatus using smooth cylinderprmmote slippage (a so-called
tribometer) and performed 36 full scale pumpindgstéis an experimental loop 150m
long with pipe of 125mm diameter using a range oharetes (ordinary, high
performance, self compacting and air-entrained)is Thnovative use of slippage
measurements leads to a model which is able tagbribd pressure-flow relationship
with a high degree of accuracy and therefore carudesl for design of pumping
systems [204].

A point of rheological interest is whether therearsy relationship between the
interfacial parameters and the bulk values: cletlithre is no reason to expect one
since the interfacial parameters depend on théyabil the concrete to establish and
maintain a lubricating layer, and on the propertidsthat layer. In fact, Kaplan
obtained excellent numerical agreement between itkerfacial values from the
tribometer and from the pumping tests, within the range 0-150 Pa ad300-1200
Pa.s/m. The interfacial yield stresses of 0-150aRa considerably lower than the
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corresponding bulk yield stresses of 300-2000 Rard'is a broad positive correlation
betweent, and ¢, for about half of the tested concretes but theeesame extreme
outliers in both directions, especially for somghyield stress concretes which have
zero interfacial yield stress. There is no coriefabetween interfacial viscosity and
the plastic viscosity of the concrete. These resadinfirm that while bulk rheology
has a part to play in the flow of concrete in pumgpihe dominant lubricating effect is
influenced by other properties of the concrete, elndidating these effects is a topic
for further research. In contrast to this intensilodetermination of slippage, the tube
viscometer [52, 70] includes a series of ribs iasttie flow tube specifically to
minimise the risk of slippage and optimise bulklgistress and plastic viscosity
measurement.

Pumping performance is also important for the paotidn of satisfactory
sprayed concrete (gunite or shotcrete) which isl iissuch diverse situations as repair
and reinstatement of fire damaged concrete, catiru of concrete sculpture,
stabilisation and strengthening of ground strataummelling, and the production of
free flowing surfaces for artificial watercoursés.the wet process the freshly mixed
concrete is delivered under pressure to the norxdhde in the dry process the dry
ingredients are delivered to the nozzle and sprdggdther with the water, which
emerges from a separate nozzle so that the conendyeexists for the short time
between the nozzle and the background. The weepsois evaluated by Austin et al
[153, 205] and the dry process by Jolin et al [1886] who relate rheological
measurements to a model of such requirements assagwing, layer build-up,
rebound from the surface and nozzle efflux speed.

8.1.2 Grout and oil well cement

Both grouting and oil well cementing are applicaiavhere the materials must
be pumped through complex annular spaces, which rinest completely fill before
hardening. It might be expected that flow wouldsirapler in the finer grained grout
than in concrete, but again, slippage at the wdtind to be a significant problem.

The pipe flow equations are well established [18, 207-209] from which
pressure losses and flow rates for fluids of apety in different cross-sectional
geometries can be derived. Jefferis describestpedsibility of physically modelling
grout flow in a pre-stressing duct from its meadypeoperties [57]. It is necessary to
match the shear rate, the Reynolds number and ¢édstkdm number [210] in model
and prototype, which requires density, yield sti@sg plastic viscosity to be the same
in both. For a fixed grout rheology, equality ofeah rate and the two dimensionless
groups can only be achieved if the annular gapeid leonstant, which, of course,
defeats the object of the modelling exercise. Tioeeeit is, in principle, not possible
to use scale models for grout flow investigation.

Nevertheless, many workers have attempted the dagkedicting pipe flow
from laboratory measurements on grout or cememtysldh common starting point is
the Metzner-Reed model [211], which is substantisldependent of the rheology of
the fluid and relates wall shear stress to appaieear rate. Raffle [50, 212] presents
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results in this form and gives a start-up wall sheteess relationship for a number of
pipes and cement slurries. Bannister [213] and Mamer [51] find that it necessary
to introduce a wall slip velocity to correct the feleer-Reed flow model to account for
the variation in results for different tube dianrstand uses Mooney’s [214] method to
analyse the slip in coaxial cylinders. The pressuop in pipe flow predicted from the
coaxial cylinder data is not always a good fithe experimental data, which implies
that other factors are playing a part. Haimoni sstg) that the confused state of the
literature on this point is due to the complexity @ement suspensions [167].
Suspensions may undergo phase separation or salchange when sheared and
most workers either ignore the latter or eliminitby using the completely broken
down material. For a material with a yield stressvhich takes a significant time to
break down to equilibrium this assumption may léaderious errors. Haimoni goes
on to develop a new prediction method which invslestablishing a similar flow in a
coaxial cylinders viscometer to that in the pipe& anakes the assumption that the
sheared and unsheared layers (i.e. the plug andhi@red zone outside it) in both
systems are similar. He justifies this on the b#sis the curvature of large cylinders
and large pipes approaches the parallel plate tisityaand obtains reasonable
agreement for pipes of diameter 19.5 and 34.5 mm.

Finally, it should be mentioned that grout is alsed in pre-placed aggregate
concrete, where the formwork is packed with aggeegand grout pumped into the
gaps between particles. In this case the averagg sate of the flow can be estimated
from the flow velocity through the imaginary flovhannel whose nominal radius is
determined from permeability measurements [215,).216t only rheology of the
grout but also the hydraulic parameters of thegaeked bed must be known in order
to ensure successful grouting in this application.

This section has shown that rheological propedfegrouts and cement slurries
tend to be of secondary importance compared t@tigence of slippage layers, and
that this is another area where a robust link betabeology and technology has yet
to be established.

8.1.3 Extrusion

Boards, blocks and other products of regular ceestion are commonly
produced by extrusion processes, and the scien@xtaision flows in pastes and
other concentrated suspensions is well developEd] [ any process, paste is forced
by a ram from a reservoir barrel into a die landiaimeteD and length_. As it flows
forward, with mean velocity, it extends in the flow direction and its crosstset
decreases. In the die land the material flows @s@with only a thin lubricating layer
at the wall, within which viscous effects are sfgr@int. The overall pressure drop,
when the reservoir is a cylinder of diamddgr is given by [217]:

P=2(ty+aV)in % +4ft o b V) % .......... (20)
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where o, is the bulk yield stress of the materig|,is the lubricating layer yield stress
and and are factors characterising the effect of veloaty the stresses. It is
sometimes necessary to extend this four-paramepeleito six parameters to take
account of non-linearity of behaviour. In this sition V becomes V™ and V
becomes V". In equation (20),,,, andm are associated with flow from the reservoir
into the die land and,, andn with flow along the die land.

The six-parameter model applies satisfactorily be textrusion of fibre-
reinforced cement composites of low water/bind¢ioréd.25-0.33) [199, 218]. Bulk
yield stress is 3-40 kPa for paste [199] and 10D-RPa for mortar (< 600n
particles) [218], and the layer yield stress is-D.&nd 10-50 kPa respectively. The
bulk yield stress is significantly increased byrgasing concentrations of fibres, while
the lubricating layer is relatively unaffected. Baare reduced by increasing water
content and the values reported are consistent tihyield stresses determined in
rotational rheometers, taking into account the lowaater contents used in the
extrusion tests. Extrusion experiments are theeefppropriate for stiff composites
and the results can be applied to industrial ps#gations [217].

8.2 Interactions at the surface of formwork

A problem related to pumping which requires knowledf the friction at a
concrete-wall interface is the pressure on formwadtie timber, metal or other mould
into which concrete is poured and which must supjarntil it is strong enough to
support itself. This is a significant engineeringsign problem, where failure has
expensive consequences. In traditional concretepteéssure is much lower than the
equivalent hydrostatic pressure because of the giteess within the material and the
friction at the wall. As a result satisfactory enigal predictions are available [219].
However, for modern highly fluid concrete, includiself compacting concrete, these
predictions underestimate the actual pressuredcargafety’s sake the full hydrostatic
pressure has to be assumed. In the case of 12snoétieesh concrete of density 2300
kg/m? this is 270 kPa.

Using Janssen’s theory of silo-stored granular mg2R0], Vanhove developed
an equation for the pressure on formwork, requiiitfgrmation on the yield stress,
internal friction coefficient and the friction cdiefent between concrete and
formwork. This requires measurements of the fricti@tween steel and fresh concrete
and this can be done in a tribometer based uporingavsteel plate between opposed
pressurised cylinders filled with concrete whictegxa known stress normal to the
surface [221-223]. Applying the coefficient of filmn between steel and concrete so
determined enables preliminary estimates of thenfeork pressures exerted by fluid
and self compacting concrete to be calculated. tRer12 metres of concrete and
formwork above, the calculated pressure is 190 kPagood agreement with the
measured value [224, 225]. Thus formwork presswrealbout 30% less than
hydrostatic for a self-compacting concrete, butdbetribution of friction depends on
surface roughness, concrete rheology and particéedistribution. These agree with
other field observations [226-228]. Unfortunataijormation on the rheology of the
concrete used in the work is not available (onlyrgd and slump flow were measured)
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but Vanhove reports that the friction stress (ealent to # in equation (19)) is
independent of velocity and roughly proportionathie normal stress, from which the
coefficient of friction can be determined for use pressure calculations [229].
Vanhove’s friction stress and Kaplarfscan be compared only if Vanhove’s data is
extrapolated a long way to zero normal stress,maeliable process. However, there is
no doubt that this fundamental work on friction hlas potential to contribute to the
understanding of this important practical area.

Finally, it may be pointed out that there is a ptitdly significant role to be
played by thixotropy in reducing the pressure amfwork, because the rapid build up
of yield stress enables the concrete to suppaff igthin the formwork sooner after
placing and this permits more rapid placement astef production. The formulators
of self-compacting concrete therefore strive tofebisome thixotropic behaviour on
the fresh material by appropriate choice of admeguin addition to achieving a low
yield stress. This is considered in a series oepapy Assaad et al [230-232].

8.3 Vibrational compaction

Vibration is the most popular means of compactingsd concrete into
formwork and around reinforcement and there isxdansive literature on the effects
of such factors as frequency, amplitude and acatiber [233], but several recent
papers have significantly advanced understandimactieally, vibration appears to
remove the yield stress of fresh concrete, whiem tfiows under its own weight [234,
235] and the important characteristic of the vilorais the peak velocity. The fluidity
of vibrated concrete, defined as the reciprocalit®flow shear rate viscosity, is
proportional to peak vibrational velocity up to dtical value, above which it is
constant, and the viscosity of the vibrated comcriet proportional to the plastic
viscosity of the unvibrated concrete [236]. Thisrkvenables the effect of vibration to
be defined phenomenologically, but a more rigorgugestigation is reported by
Teixeira et al [237]. By analysing the effects béar and compressive waveforms on
the oscillatory flow of fresh concrete they conduthat there is a liquid region near
the vibrator, where the flow is controlled by thkear waveform and in which
hydrodynamic theory may be used in the calculati®@®eyond this, there is a solid
region where the motion is controlled by compresswaveforms and structural
vibration theory is used in the predictions. Thieiface between the liquid and solid
regions corresponds in practical terms to the madifiaction of the vibrator. This
experimentally validated wave propagation analysia predict correctly the rapid
decay of vibration near the source, a phenomenainhiis previously been attributed
to cavitation [238]. A software solution enableg ttadius of action to be predicted
from yield stress, plastic viscosity, density ahd vibrational parameters and while
experimental work on a range of concretes confitmas the radius of action decreases
linearly as vyield stress increases, the measured @alculated values differ
significantly for stiff concretes. These findingseaencouraging and suggest that
solution of the fresh concrete vibration problemyniz near. Unfortunately the
technological stimulus to such work is weakeningéhse the advent of self-
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compacting concrete renders the vibrational conmpaaif fresh concrete obsolescent
[239].

8.4 Trowelling

Trowelling is a very common process in spreadingtanmver a substrate and
the behaviour of mortar under the trowel can bdyaed in terms of the Bingham
model. Naniwa [240] reports a trowellability appas in which a trowel passes over
a bed of fresh mortar and the various forces a@sored (see figure 17). The blade is
held at a shallow angle to the mortar bed (of thédsE) and moves with velocity
over the surface, generating forégsandF, respectively parallel and perpendicular to
the bed. If the mortar is a Bingham material aretdhis no slip under the trowel it is
easily shown that:

F.cogy =a+ b (V/E) e (21)

wherea and b are proportional to yield stress and plastic é#gorespectively.
Naniwa presents a graph Bf againstv for a series of six mortars, each giving a
straight line intercepting the force axis at a eafjireater than zero. From the limited
information given in the paper the intercepts saggeeld stresses of 80-400 Pa,
which agree well with the values given in TableHdwever, one problem is that the
same mortar should give the same intercept regazrdiethe value o, but this is not
the case and this could be attributed to the exdsteof slippage layers under the
trowel. This interesting work does not seem to Haaen followed up.

Figure 17: The forces and flow during trowelling.
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8.5 _Rheological guality control

The complexity of the effects of concrete compositivariables (water,
microsilica, flyash and superplasticiser contett) en the measured rheology may
seem to be inconvenient but this section discussgs of employing this complexity
in the fields of production quality control and coete mix design. A typical feature of
any significant concreting projects is that theduetion of the concrete (possibly
thousands of f) involves many batches of material to be supplietnfthe mixing
plant, possibly by the ready-mixed concrete truaklof 5-10 m It is impossible to
test every batch but a sufficient sample is reguineorder to ensure that the concrete
remains fit for the job, bearing in mind that tremposition, particle size distribution
and relative proportions of all the ingredients ntiyange with time. Rheology can
identify changes occurring during the course ofipietion and give almost immediate
information without having to wait for the concréte harden, which is the normal
practice [28].

An example of the quality control possibilities given in figure 18, which
shows the results of 11 batches of flowing cong¢retstaining a superplasticiser,
produced on a site in the UK and tested with the-paint test by the site staff. The
first obvious point is that the concrete is veryialle but it is clear that most of the
points lie along a trend line that is consisterthwiormal production where the only
variable is the amount of water added to the cdeces shown by figure 4. Point A is
an extreme member of that range and the simplgdamation for this point is that far
too much water was added. Point C differs fromriést of the set only by having a
much higher yield stress: its plastic viscosity signilar. From figure 4 this is

Figure 18: The results of 11 batches of concrete, producedtestdd o
site.
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characteristic of a failure to add sufficient sygasticiser. Point B could have been
due to a change in the content or nature (pawizie distribution or shape, texture etc)
of the sand for that single mix. When these dedustwere discussed with the project
manager he was able to confirm that batch C dieeddcontain less superplasticiser
(by deliberate decision) and that there had besemaconsignment of sand during the
course of production, though he was not able tatiffewhich batch(es) might have

been affected. Other possibilities of rheologiazlity control are shown by Tattersall

[28, 192] using data obtained during concrete petido, but additional value can be

obtained from preliminary testing of the specifimshcrete to establish the effects of
the possible variations in composition for thattigatar mix. In that case the causes of
observed variations can be assigned with a fairegegf confidence [28].

8.6 _Rheology and mix design

Concrete mix design is a grand name for the prookssing the accumulated
knowledge of the effects of the relative proporsiari concrete ingredients in order to
choose proportions that will give the desired prtps for the task in hand [241]. As
has been mentioned, concrete is typically optimifmdits hardened properties —
strength, durability, impermeability, fire resistenetc — with the fresh properties
given little detailed attention, apart from apptyia body of experience of the levels of
slump or flow that are satisfactory for particul@quirements. However, in more
highly engineered concrete, such as self-compactimgrete, rheology is paramount
and the challenge here is to design concrete migs a low yield stress. The
difficulty with a low yield stress is that the coete is prone to segregation, with the
fine matrix filtering through the coarse particlasd it is necessary to thicken the fine
matrix. Various solutions have been tried, such as:

(i) very high powder contents using inert powdersrinimise the cost and the
generation of heat during hydration;

(i) water soluble thickeners to raise the visopsitthe water;
(iii) entrained air bubbles;
(iv) a combination of these.

The rheology of self-compacting concrete is liketybe different depending upon
which solution has been adopted and in a recefegirthis caused a problem because
material was supplied on the basis of approaciwh{gn the team assumed (rather than
explicitly specified) that it would be designed ating to approach (ii).

Rheological mix design can be understood as thdicatipn of information
such as that presented in figure 4 to achieve &s&retl rheology. A combination of
on-the-job experience of self-compacting concratd ¢he use of empirical tests
alongside rheology testing of Icelandic and othatemals with the BML rheometer
[31] produces the zone of optimum performance showiigure 19 [242, 243]. The
method involves making trial mixes and adjustingnthfollowing the principles of
figure 4 until the concrete falls within the zonkazceptable behaviour. It can be
noted that a low yield stress and a low plasticagity together is not a satisfactory
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Figure 19: Selfcompacting concrete has a satisfactory combinaif
yield stress and plastic viscosity within the zordicated [242, 243].

combination: this gives the segregation mentiorteave. A low yield stress concrete
must have a high plastic viscosity, but there gmeeu limits to the acceptable values
of both parameters, otherwise the concrete iselétempacting.

With this application of rheology to mix design,ncoete technology can be
seen to have entered the modern era, but thetdl isre missing link: the zone of
acceptability was defined by experience of the grerfince of concrete on the job,
rather than an understanding of the rheologicalirements of that job.

9. MODELLING AND SIMULATION

The question of whether it is possible to predie theology of cement and
concrete from first principles is an obvious ones#, and the wider one of predicting
the rheology of concentrated suspensions whichdcbelof general applicability to a
range of practical situations has attracted threntitin of many researchers [244-247].
Interparticle forces arising from dispersion forcekectrostatic interactions between
charged surfaces, and the steric forces from spéegpecially polymers) adsorbed on
particle surfaces all have to be taken into accoast well as volume fraction,
maximum packing, percolation threshold, particleesiand size distribution.
Hydrodynamic interactions and the way particlesntd® around each other when put
into motion by shear forces are also important.réfeee thus two aspects to the task:
firstly to model the stress levels required to ceene the interparticle forces to start
the flow (i.e. the yield stress) and secondly todeiathe flow behaviour at higher
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stresses (i.e. the apparent viscosity). A prelimyirrdtempt to model these in concrete
based on linear viscoelasticity and the classiteoty of composite materials
supported by experimental measurements with the Bhdometer, shows that the
volume concentration, aspect ratio, angularity andface texture of the coarse
aggregate within the fine matrix affect both thelgtistress and plastic viscosity [248].

9.1 Yield stress prediction

Flatt and Bowen propose a yield stress model fdighes forming an attractive
network [16], which makes a significant contribatiolt links these physical
parameters to the shear stress needed to break tth@vmetwork sufficiently for it
yield, and successfully accounts for all the vddaalexcept maximum packing fraction
and minimum interparticle separation distance, Whiave to be left as fitting
parameters. Even so, the values of these last arameters required for satisfactory
fitting to the experimental data on various ceraguspensions are in good agreement
with direct measurements using other techniquesy Tterive a basic expression for
yield stress as a function of particle volume fi@cf :

2

fem () 22)

fmaxQ‘ max + )

where . is the maximum packing fraction arfg is the percolation thresholdh, is
a term incorporating everything that is not depende volume fraction, given by:

188w g (23)

Pt Rso

where Gax IS the maximum attractive interparticle foré®,s, is the median particle
radius calculated on a volume basis, &g, is a function of the coordination number
which gives the number of contacts between pastialethe suspension and which
depends on the relative particle size in the intérg particle doubletF, , is defined
as:

1 m m D/k,l

Feo zik:lkaZk Ck,l,/ng.l' ---------- (24)

The first summation in equation (24) is over thduwee fractions of each
particle size, the second summation is over thedboation numbers of particlds
around each particleand v, represents the increase in apparent solids voasree
result of each particlek-I contact, all of which are evaluated explicitly rfro
geometrical considerations.

While the original aim of the work [16] is stated being to model cement
suspensions in order to understand the behaviosumérplasticisers, they are able to
test the model only on well-characterised ceramatenials because the required
fundamental parameters for cements are not availdbéspite this, the maximum
packing fractionf , turns out to be more than just a fitting parametes a physical
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parameter that can be measured experimentallyhéir ttase by filter pressing
experiments on the model ceramic suspension, wgiigh very good agreement. The
guest for the remaining fundamental data also deduan assessment of the attractive
forces in cements [248]. Overall, the model acalyapredicts the dependence of
yield stress on solids volume fraction. Howevepridicts the correct scaling of yield
stress with particle size only if it is assumed tha radius of curvature at the point of
contact is the characteristic parameter of the movbeing considered, rather than the
radius of curvature of the whole particle, whichaigunction of its particle size, and
they give microscopic evidence that this is a reable assumption.

9.2 Viscosity prediction

The basis of viscosity (and, by analogy, plastscesity) prediction stems from
Einstein’s equation [249]:

h=h,1+25), . (25)

where is the viscosity of the suspension ands the viscosity of the solvent, and
which applies to dilute suspensions of spheresisbatconsiderable underestimate for
suspensions of practical significance. Other nedaborate equations have been used
[250] and satisfactory fitting, albeit requiringraaximum packing fractiofi,,,, is
given by the Krieger-Dougherty (K-D) equation [2%4¢e also figure (20)):

f - [A)F max
h=h, 1-—— (26)

max

[ 1is referred to as the intrinsic viscosity andreases from 2.5 for spheres to higher
values for asymmetric particles, such as the >utegl for glass rods [250]. For
cement pastes experimental data gives a goodtfitjwf and 7, in the range 4.5-6.8
and 0.64-0.80 respectively [156]. In the cased arfceete, coarse aggregate particle
shape is considered in more detail by Geiker efl1a#l], whose model involves
packing densities and shape factors, which havffaeht effect on yield stress from
that on apparent viscosity, using the Herschel-Byliequation.

A particular difficulty with the K-D equation is ¢hdistinction between the
solid and the solvent and definition of their retpe properties. In cement paste, the
solvent is obviously water, whereas in concretegihestion is whether it is the water,
the cement-water paste, or the cement-water-figeeggte suspension, because these
three cases give very different values of solidsime fraction and relative viscosity.
Note that figure (20) shows the variation for ceaaggregate dispersed in mortar and
shows a good fit. Ferraris and Martys [252] presdata for simulated particle size
distributions in comparison to experimental measwengts of fresh concrete in
rheometers, both of which fit a trend of relativecesity against volume concentration
of coarse aggregate which follows the K-D formhaitgh their curve is drawn in
order to “aid the eye” rather than explicitly abest fit.
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Figure 20: The variation of plastic vissity of concrete with increasi
coarse aggregate content, relative to the plagosity of its constitue
mortar, showing the best fit of the Kriegeougherty equation (Bani
and Swift, unpublished).

9.3 Flow simulation

All flows involve motion and for suspensions thisquires considerable
computing power. While simulation is a mature sceéerin homogeneous fluids,
simulation of the flow of suspensions is difficldecause of the need to track the
boundaries between the liquid and solid phasesiitve particle dynamics (DPD)
offers the ability to do this without having to ¢ouously update the computational
grid as the flow occurs, and is therefore much mecenomical in computer
processing. It has been developed from a methadaafelling colloidal suspensions
[253, 254] which gives qualitative agreement wixperimental data to one which has
produced very realistic flows of complex materidke fresh concrete [255]. DPD is
examined in detail by Martys [256], who notes ttiee interactions between particles
are described by three types of forces. The conteevforce is a central force derived
from an attraction-repulsion potential. The disiga force is proportional to the
difference in velocity between particles and aotslbw down their relative motion,
producing a viscous effect. The random force hepsoduce the temperature of the
system while also producing a viscous effect. DRDagions can reproduce Navier-
Stokes and lattice Boltzmann hydrodynamic equatidnelusions, such as coarse
aggregate particles, are modelled by grouping @&etubf the DPD patrticles in the
shape of the particle and then constraining theattops so that they move together.
The total forces and the resulting rotation anehsiaion are determined from the
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interactions with other particles and the rigid yadoves realistically in the flow.
Flow of a concrete-like suspension between reiitigrdars has been successfully
simulated [256]. Clearly, DPD offers a glimpse bé tfuture of fresh concrete flow
simulation, and has the potential to link rheolagyl industrial practice.

10. CONCLUSIONS AND FUTURE POSSIBILITIES

Rheology is important because of the scope it sffer characterising fresh
cement paste, grout, mortar and concrete, andriderstanding how they perform in
practical applications. Without satisfactory freptoperties it is unlikely that the
desirable properties of the hardened materials bmrachieved. Their rheology is
dominated by the structure that exists in the ceérpaste, but in mortar and concrete
the structure has been partially or fully brokenvdaduring mixing. As a result they
conform closely to the Bingham model and their véha in many practical
situations can be explained by reference to thadeldrhis provides links between
rheology and technology, which can be exploited.

Reliable instruments for testing the coarser gchimaterials are available and
experience in comparing the data is growing. Intie@ there remain apparently
conflicting results for cement pastes, which arebpbly due to the different
experimental techniques used by different work&tse important effects of shear
history, mixing energy and wall slippage on theulissobtained in viscometers are
only now being generally understood. Despite tthie, knowledge and understanding
gained allows rheology to be used for quality colréind product development.

Areas which need further experimental and compurati effort to develop
stronger links between science and technology sfel@ws:

- Viscoelastic behaviour in relation to microstruetand properties;
- Compressive rheology and stability with respedileeding and compaction;
- Extensional flow in relevant geometries;

- Prediction of properties from fundamental principleand material
characteristics;

- Modelling of flow situations in general and of emgal test methods in
particular;

Finally, there will always be a need for qualityntol testing through rheology
and further inter-comparisons between the diffenestruments are needed to enable a
common basis of agreement to be established.
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