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Abstract Extrusion is not a common way to form firm cembased material. Due to material
frictional behaviour drainage phenomenon appealdeads to process blockage. The properties
of the extrusion multiphase flow of such specifiaterials have to be highlighted in order to
understand the properties of the process flow. ¥rudible mortar is formulated according to
extrusion criteria provided by literature tests deeeloped in order to describe the evolution ef th
paste undergoing extrusion. To study the relatignisbtween flow properties, extrusion force and
material consolidation, a technique based on thesorement of paste hardness in the billet zone
is developed. Measurements of the local paste tyessil flow visualization are also performed.
Results show that in the range of used ram veésifiltration occurs between fluid and solid
phases. This creates zones of preferential flowcdmdbn-flowing consolidated material.

Key words. Ram extrusion, Firm mortar, multiphase flow

Introduction

Extrusion is a common forming process for a widegyeaof materials (food,
polymer, clay, metal). For perfect and homogenguastic materials, the
extrusion stress and the flow typology are wellcdégd and have been the
subject of numerous studies. For cement-based iaatezxtrusion could be a
high productivity forming process which is expectedmprove the formed
material mechanical properties (voids ratio redugti However, it is not yet a
common way to form cement based materials in anstighl setting. This is both
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explained by the heterogeneity (large range ofngraize) and the rheological
behaviour (high solid volume fraction) of such mmetis. This present paper is
intended as a step in this direction.

Mu et al. (1999) or Peled and Shah (1999) showatekirusion process is able to
form hardened cement composites with higher mechbproperties compared
with traditional casting process. Those studiesised on cement-based pastes
with admixtures, such as viscosity agents or plers, reinforced with different
types of fibers. Such engineered cement compgsiesent optimized mechanical
properties. However their prohibitive cost limiteir application in industrial
settings. In order to extend the application fieélextruded cement based
materials, Toutou et al. (2004, 2005) recentlyad@yed a method to identify the
rheological behaviour of less expensive cementdasserials (by limiting the
use of admixtures) in order to evaluate their esttnu ability. The authors showed
that extrusion ability (called extrudability) ofducement based materials
strongly depends on its rheological behaviour. ¥angple, those works showed
that an extrudible material requires a sufficiaetd/stress to retain its shape
(around 20 kPa). This imposes a material compasitibh high solid volume
fractions. Squeeze tests performed by Toutou ¢2@04, 2005) highlight that
extrudible cement based materials are very seadtivrainage and liquid phase
filtration through the granular skeleton at low aheate. In consequence the
apparent yield stress of the material is propodiada the applied pressure. Such
behaviour can be modelled with a Coulomb law wigir@portionality coefficient
decreasing with a shear rate increase. The authtiesl frictional plastic such an
apparent behaviour induced by the liquid phaseatimn. Perrot et al. (2006)
showed that the drainage phenomenon and the fradtlwehaviour of cement
pastes are primordial in order to compute the skiruload. Such behaviour is
frequently encountered with concentrated suspeagi@aussot et Ancey, 1999).
The liquid filtration sensitiveness has alreadyrbebserved in extrusion of high
solid volume fraction ceramic and polymer paste&byz et al. (1993, 2002),
Burbidge et al. (1995) and Li et al. (1995). Tha af this paper is to investigate
the extrusion flow conditions and also evaluatentteehanisms of liquid filtration
during mortars extrusion. Such investigations catnbe directly performed

during extrusion flow. This imposes a study of plaste remaining in the extruder
after the extrusion. . Studying the local propsr{@omposition, rheological
behaviour or local hardness) of the material remgim the extruder gives
crucial information on the evolution of the extrddeaste.

The influence of the ram velocity on the liquidrfition is studied. The local
density of the mortar and the yield stress of tktteuelates are also measured. As a
result, the evolution of the paste compositiondsalibed. Finally, the influence
of liquid filtration phenomenon on extrusion flos/discussed.

Behaviour of firm mortars in extruder

Squeeze flow/extrusion similarity

Based on squeeze flow/extrusion similarity, Toutoal. (2004, 2005) have
shown that during extrusion, concentrated cemestegaor mortars undergo a
drainage process. For a given extruder, the workootou et al. (2004, 2005)
leads to the determination of the more suitablesnadtformulation for extrusion



flow. This work gives crucial information on theHaiour of the firm cement
based paste in an extrusion-like flow.

In order to model the squeeze flow of cement pa#itese authors developed an
analytical model based on a soils mechanics appr&eah analysis is based on
the total stress (notem) decomposition (Terzaghi theory, as shown in &)). (
The total stress is assumed to be the combinafitrecstress acting (noted
effective stressy’) on the granular skeleton and the stress actinthe liquid
phase assumed incompressible (noted excess pesaimEeU).

o=0+U (1)

Moreover, the excess pore pressure and the eféestiiess depend on time. The
initial pore pressure gradient induces a flow @ lilquid phase through the
granular skeleton. Such flow dissipates the expess pressure toward the
reference pressure. This step represents the adaisoh of the granular media.
The duration of the consolidation is monitored g hydraulic permeability of
the granular skeleton. When all the excess porgspre is dissipated, the total
stress is equal to the effective stress. The filtidtion induces local changes of
the paste composition. Moreover, induced volumengha are quite
imperceptible.

The analysis of Toutou assumes that the totalssgeslient is close to the
effective stress gradient because in the solid niesdrainage occurs quasi
instantaneously. Squeeze flows performed at lowoiees induce non
homogeneous flows with interstitial fluid filtratichrough the granular skeleton.
The squeezed material is drier in the central zbae in its periphery. The
filtration induced a material apparent strengthgrfyield stress increase). Such
behaviour, modelled by the Coulomb or Drucker —Brdlgeory, is called
frictional plastic by the authors.

According to Toutou et al. (2004, 2005),such a iphtise flow is not surprising
because of the high solid volume fraction of thelsd materials. This property
enhances friction between grains and consequendlyses and pressure gradients
which amplify the fluid filtration.

Consolidation and extrusion flow relationship for
concentrated cement based material

The liquid migration and heterogeneous distribuhame already been
investigated in the case of ceramic extrusion flovet al. (1995) have measured
the moisture content along the extruder in ordeyuantify liquid filtration and
distribution. Burbidge et al. (1995) have studied éffect of consolidation on the
flow typology inside the extruder and have triedrtodel the extrusion stress
using soils mechanic theory for consolidation. @béhors observed variations in
the length of the dead zone with the increase wtiston load. Similarly to soils,
the studied materials present an apparent behatiatigreatly depends on the
submitted stress path. The material keeps the sigield stress value induced by
the consolidation during the material loading.



Experiments

Material and mixing protocol

The mortar used in this study, fills all the extbdity criteria defined by Toutou
et al. (2004, 2005). The material is sufficienily to retain its shape under
gravity and handling. Tests were carried out orogtan with a water/cement
weight ratio of 0.25. A water reducing admixturékéSplastiment 22S) is added
to the water in the following weight ratio: Plastier/Cement = 0.01. The binder
used is a mix of 70 weight percent of Portland aein32.5 CEM IIB with 20
percent of volcanic rock (pozzolane) finely cruski®sim maximum particle
diameter), 5 percent of silica fume (A maximum particle diameter) and 5
percent of amorphous crushed quartzuhnaximum particle diameter). The
addition of filler fines gives better homogeneitydgplastic performance to the
paste. Mortars were obtained adding fine sand (maixidiameter of grains: 0.630
mm) in a weight ratio Sand/Cement = 0.8. The ffredh mortar presents a high
yield stress (about 20 kPa) and a high solid voléinaetion (76.8%) paste.

The protocol of mixing is given in the work of Patret al. (2006) and extrusion
tests are performed 30 minutes after the end oingix order to avoid aging
effects.

The yield stress of the studied material is meabwith vane tests A four-bladed
vane of radius R= 8 mm and of height H = 8 mm is used for the mesments.
Tests performed at different rotation speed (0.1Qtopm) give the same recorded
torque-displacement curves. Consequently, we asthahéhe tests result and the
material do not depend on shear rate: the viscehiavbour of the paste is
negligible. We presently consider that when the/fig initiated the yield stress K
is reached on the sheared surface. In consequefmee balance yields (Steffe,
1996). The used 20 cm diameter cup avoids walleffects.

M
== 2
2THR, 2 @)

Where M is the maximal torque recorded during shgar
For the studied extrudible mortars with a highdeblume fraction, the water
content affects considerably the rheological betavias shown on figure 1. 1%

increasing of water content w% (water mass on suhgs ratio) leads to multiply
the yield stress K by 1.7.

Figure 1

Consequently, the study of the extrusion flow ai@entrated cement pastes and
mortars has to integrate the study of the pastsatmtation (Perrot et al., 2006). It
Is a crucial point because consolidation may indaxteudate defects and an
increase of the extrusion load that can lead tgptheess blockage.

The extruder experimental geometry is shown onrédu The geometry is
axisymetrical. In consequence, ram (diameter D .3 #8n) and die (diameter d =
15 mm) presents a circular cross section. For tegemt study, the die consists in
an abrupt contraction (angle of the die entry etm&I0°). The mass of extruded
material is equal to 600g. The position of the malkén the billet zone is
localized by the radius r and the distance fromdileeentry |.

Figure 2




Flow Typology analysis

The flow typology analysis is carried out using tintrusive methods based on
the analysis of the material remaining in the edgru The first one is based on
local density measurements and the second onest®irsimeasuring a
consistency index. Such investigations are repaatdte same experimental
conditions but for different ram displacements lidew to evaluate the material
evolution in the billet zone during extrusion.

The development of such techniques seems to bantengsting because the
material evolution is monitored with precise obsg¢ions of the multiphase flow
grains/paste/liquid in the extruder.

Method based on the local density evolution

During extrusion, liquid filtration affects the lalcdensity of the material. In this
case, increase of liquid content reduces the nahensity. For different ram
displacements, the process is stopped and theiexg removed. Then, the ram
pushes the billet outside the extruder. Then, thgerral remaining in the extruder
is extracted and cut in small 15 mm thickness dyloal layers and the local
density of each layer is measured by hydrostatightéfigure 3). For two ram
velocities (a “slow” one: 0.1 mm/s and a “fast” odenm/s), the ram is stopped
at fixed ram displacements: 0.5, 1.5, 3.5, 5.5 nthlacal densities are measured.

Figure 3

Such technique allows us to plot a profile alonglthxis of the mean local value
of the layer density. No information is given faduced heterogeneities along the
r-axis.

Method based on the consistency index evolution

A method based on the study of the evolution adraststency index (P) is
developed in order to better describe the flow-oetlheterogeneity, with crucial
information along the r-axis.

In order to reach such results, an experimentdabpaod (figure 4) is developed
and allows to plot a precise 2-dimensional (r,lpro&the instantaneous material
state of consolidation.

Figure 4

Firstly, the ram is stopped for a chosen ram desgtzent. Then, the material
remaining in the extruder is removed and cut indinection of the ram
displacement in two equal parts.

The consistency index is defined as the force redquor the 5 mm penetration of
a 1.5 mm diameter needle. Such penetration tesfisesformed on a texture
analyser TA-xT2 distributed by Stable Micro-Systeni®e software controls the
needle displacement at a constant velocity (1 mamd)records the penetration
force. The studied value is the recorded peak value

The chosen distance between penetrations of 5 nerdsfracture effects. It gives
a sufficient force response and does not affeghieiuring measurements. A
minimal distance of 10 mm between two penetrataorgsa minimal 5 mm
distance from the edge of the cut sample are fisethe same fracture reasons.
Finally, a measurement grid of the local surfacelhess of the paste is obtained.
The needle diameter is limited to 1.5 mm (equd.&times the maximal



diameter of sand grains) also to avoid sampledrast This induced scaling
effect due to the size of sand grains may appeaneder, in order to avoid such
measurement artefact, the obtained value is avéragd measurements (2 on
each cut parts, for the same values of r and BuReshow that the variation
between the 4 measurements is less than 10%. Mamdoyw performing the same
test at different extrusion time, we evaluate tlseanal consolidation and follow
the evolution of the liquid filtration. This is germed for two different ram
velocities (0.1 and 1 mm/s) in order to check tifeience of the relative
water/grains velocity in the paste consolidatioor. both velocities, the extrusion
Is stopped for fixed ram displacements: 5, 15,585mm, until the process
blockage.

The consistency index appears proportional to taeenal yield stress. To obtain
such result a mortar sample is submitted to agimgnd 60 minutes. Vane tests
and consistency index measurements were alterhapeeformed. The curve of
yield stress K vs. consistency index is plottedufe 5)

Figure 5

Flow typology visualisation

In order to study the effects of paste consolaatn extrusion flow typology,

we extrude a billet composed of alternated bi-catduayers. Such a product is
obtained by the superposition of layers of 25 mmoftars and layers of mortars
with a mass substitution of carbon equal to 1%hefdement mass. We consider
that the carbon do not modify the mortar behavigde. performed two extrusion
tests with a billet mass of 800 g and two ram vigkex of 0.1 and 1 mm/s.

After a given ram advance (here 50 mm), the bdleemoved of the extruder and
the billet is cut in the direction of the ram adganThen, the deformations of the
layers boundaries are observed and indicate thetfipology.

Combining the water filtration informations givey the hardness local density
measurement and the flow typology visualizationchamisms of material
biphasic flow is explained.

Yield stress measurement

The yield stress of the extrudates is measuredvery performed test. The yield
stress value is representative of paste compostianiquid filtration. As
previously described, it indirectly provides theeggy required for the material
forming because in plastic theory the instantanestrsision load and the
instantaneous yield stress are proportional (H#48).

A yield stress measurement is performed every Bftextrudate and an average
value is computed for each test.

Flow visualisation
Local density measurements
Billet

The evolution of the local density of the matennslide the extruder is studied for
two different velocities 0.1 mm/s and 1 mm/s.



Results (figure 6a and 6b) clearly show two didtareer areas. The first one is
located around the die and constitutes the deagl. Zdre second one consists in a
time-spreading layer located near the ram.The filtrdtion induced by the axial
stress gradient between the ram and the die im@osessolidation of the paste
located near the ram. The consolidation near thealnsists in the dead zone
formation near the ram which is compressed bylthweifig material against the
extruder and die walls.

Figure 6a-b

The density profile can be modelled by two crossings as shown on figures 6a
and 6b. Near the die, the density remains appraripnaonstant whereas near the
ram, it seems to vary linearly with the ram dis&rnthe crossing point of those
two lines represents the consolidation front. presents the extension of the
consolidated zone inside the extruder. The constdid front moves toward the
die according to the ram displacement till a caiticalue where it stops (For the
two ram velocities the front location is the samethe last two ram
displacements). The consolidating zone moves fastie case of low ram
velocities.

Extrudates

The density of the extrudates remains constanhduextrusion and equals 2140
kg/m® in the case of a 1 mm/s ram velocity and 2130 Rgfith a 0.1 mm/s ram
velocity (the paste initial density is 2180 kdjniThis shows that the extrudates
density increases with the ram velocity.

The filtrated liquid flows through the granular &&¢en and finally leaves the
extruder into the extrudates. The filtration effiscinore important in the case of
low ram velocities because the material in theusdr is submitted to
consolidation during a longer time. To conclude, tblative displacement
between liquid and solid phases is higher in tise cd the lowest ram velocity.

Local hardness measurement

The local density measurement provides the evoluifaan average density
profile along the direction of the ram displacemiemit do not give indications
about the fluid migration in the radial directiokspecially, the localisation of the
dead zone is not possible in the radial directidre measurements of the local
consistency index can provide more indicationsalav drawing a precise 2
dimensional map of the material consolidation given ram displacement. This
procedure, defined in section 3, is performedviar values of ram advance
velocities: 0.1 mm/s (Figure 7a to 7c) and 1 mrhrigyre 8a to 8d) to evaluate the
influence of the velocity on the multiphase flowdahe consolidation.

Figure 7a-c
Figure 8a-d

In order to examine the influence of paste constilish on the extrusion force, the
instantaneous extrusion force is given for each afdpe hardness index.

Two consolidated areas clearly appear: the dead amund the die and an
expending layer near the ram.

Figure 9




Results show that the thickness of the consolidabee located near the ram
depends on the ram velocity. For a given ram degpreent, this cylindrical
consolidated layer is smaller in the case of 1 n{mfh velocity). It appears that
the extrusion force increase is linked to the theds of this consolidated layer.
This consolidated zone location and length canxipdagned by the relative
velocity between the granular skeleton and thddigeor a same ram
displacement, the relative displacement betweead &#nd grains is higher in case
of low velocities because the fluid has more timéltrate. Such flow-induced
consolidation is due to the liquid phase filtrattbnough the granular skeleton.
The extruded mortar is a composite fluid that congmas heterogeneously flow
under extrusion conditions. As shown by Darcy’s (&g. 3), the flow is
monitored by the hydraulic permeability of the grkam skeleton and the extrusion
conditions (excess pore pressure gradient andsatrwelocity).

Aus = EE (3)Where Quiq is the quantity of fluid filtrated; is the

moz  n Al
interstitial fluid viscosity, k is the hydraulic peeability of the skeleton anP is
the variation of excess pore pressure. Compariebmden paste consolidation
and measurements of the extrudates yield stresgssthat consolidation induces
a migration of liquid toward the die and gives leglvater content to the material
located in the shearing zone (Figure 9). Finahg, formed material is located in a
preferential flow zone near the die, between the ¢ansolidated zones (as it
requires less energy to be formed). A general sehafithe extrusion flow of firm
cement-based material is here clearly described.

Figure 10

It is important to note that a vault of consolidhteaterial appears in the flow
(Figure 10). This phenomenon is more present ircése of a low ram velocity
and can explain the reason of the extrusion blaekk@ppears that when the
consolidating vault meets the dead zone, it indadesge extrusion force
increase. This mechanism is also reached in treeafdsigh ram velocity but it
appears later due to the slowest liquid migratieloeity.
As expected, the hardness measurement techniquiel@san accurate
localisation of dead zone. The consolidated zoe tie die behaves as a
forming convergent die. The mechanism of formatibthe dead zone seems to
be the same for the two velocities but appeard@west ram displacement for a
ram velocity of 0.1 mm/s.
Such result permits to study the local evolutionhef material rheology during
extrusion in crucial billet points. According tcethelationship between yield
stress and consistency index, we plot the evoluifdhe yield stress with the ram
displacements in 3 representative zones insidextrader:

- in the dead zone (bottom left or right corner gufie 2),

- in the shearing zone (at the die entry),

- in the ram-located consolidation zone (ram center)
Such investigations illustrate the material hetersgpus evolution inside the
extruder during forming process.

Figure 11lato c

In the forming zone at the entry die, the yiel@ss of the material reduces till a
constant value smaller than the initial one. Thits/ps that fluid filtrates during



the whole extrusion toward the extrudates. Thalfflaw through the granular
skeleton seems to remain curiously quite constanng the flow.

The observation of the yield stress evolution riearram and in the dead zone
confirms that the material consolidation is mor@arant in case of the low
velocity (for a ram displacement of 35 mm nearrtira, the yield stress is
multiplied by 4.5 at 0.1 mm/s and by only 2.35 ahrh/s).

Moreover, the increase of the material yield stiegsore important in the area
near the ram. Such material consolidation in the agea is responsible for the
extrusion force increase.

Impact of liquid filtration on the flow typology

Figure 12

Here, we focus on the effect of the liquid filtation the flow typology. As a
small variation of liquid content greatly affecketmortar behaviour, we expect
that the induced change of local rheology affdutsflow typology. The liquid
filtration (and the paste consolidation) create®togeneities in the billet that are
expected to change the flow typology. Two testsp@réormed with an extrusion
ratio of 0.35 and a billet mass of 800 g at lowl (®um/s) and high (1 mm/s)
velocities (Figure 12a and 12b). Changing the ratoaity, the consolidation
conditions and the relative velocity between irtigas liquid and granular
skeleton and are modified and finally the typol@fylow evolves.

For the high ram velocity, the sheared zone islatigan for the low ram velocity
(Figure 12a and 12b). Indeed, as the consolidaitocated nearer the ram in the
case of high velocity, the material is more homagers near the die. Inversely, in
the case of low ram velocity, the filtration tingelonger and the consolidating
zone can spread. Such a migration induces a senbgiterogeneity of the paste
inside the extruder, creating areas where the matamtains more liquid and
requires less energy to flow. In consequence, ling filpw concerns a larger area
and the sheared flow is confined in the area vkrsecto the exit die.

Conclusions

The mechanisms that govern extrusion flow of mertarcement pastes is the
crucial point for the development of a feasibleusitlial extrusion process for
such materials. Specific properties of extrudilnie fmortars such as
heterogeneity and high solid volume fraction arstatles for the achievement of
the extrusion process. The high solid volume foatiand the extrusion low shear
rate enhance conditions for liquid drainage andepasnsolidation. Moreover,
paste rheology is very sensitive to water contdotvever, in such a forming
process, the paste homogeneity is a key paranmtbafdened extrudates quality
and process efficiency. In this study, we have stigated the biphasic flow of
heterogeneous mortar in a ram extrusion configamati order to study the paste
evolution and the liquid migration inside the exieun

Based on previous works of Toutou et al. (2004 520@e formulate an
extrudible mortar paste that presents sufficiealdystress. The material
sensitivity to velocity is shown to depend on thatenial rheology. Experimental
technigues were developed in order to follow théemal evolution inside the
billet. The local density evolution and the meamest of the local surface
hardness of the material give sufficiently predrs#ications to analyse the
material state of consolidation and qualify the tiphlase flow of the liquid



through the granular skeleton. The dead zone gegraed its evolution are
clearly described. This study highlights the mec$arof water filtration and the
consolidating zone. The material seems to condelidger by layer from the ram
to the die as the liquid flow through the die eXile remaining material becomes
too hard to be extruded and the process is stopypeckover, the grains of the
consolidated layers form a vault against the exdrueall opposed to the extrusion
flow. We also show that part of the liquid flow tamd and through the die,
creating a shearing zone where the material becsofts.

The process velocity influence is highlighted amel inaterial heterogeneous
evolution is clearly shown by the yield stress etioh in different location inside
the extruder.

Due to heterogeneity and consolidation of firm rapmh extrusion flow, extruders
have to be optimized to provide artificial lubricat of the extruder body and/or
higher ram velocity to ensure the industrial precalssuch materials.
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Figure Caption

Figure 1: Relationship between yield stress K aatewcontent w (%) for the studied mortar
Figure 2: Geometry of the ram extruder and axisesys

Figure 3: Protocol of the measurements of the Ideakity

Figure 4: Protocol of the measurements of the irafeoonsistency

Figure 5: Relationship between yield stress K @mubkistency index for the studied mortar
Figure 6: (a) Local density evolution of the bilteaterial for an extrusion performed with d/D =
0.35, m =600 g and V = 0.1 mm/s (b) Local densitglution of the billet material for an
extrusion performed with d/D = 0.35, m = 600 g ahd 1 mm/s.
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Figure 7: Map of the surface hardness index (neggeihetration force in N) performed on the
remaining billet of an extrusion with d/D = 0.35,#/7600 g, V = 0.1 mm/s stopped for a ram
displacement of (a) 5 mm, (b) 15 mm, (c) 35 mm.

Figure 8: Map of the surface hardness performeéxrfdeedle penetration force in N) on the
remaining billet of an extrusion with d/D = 0.35,7/1600 g, V = 1 mm/s stopped for a ram
displacement of (a) 5 mm, (b) 15 mm, (c) 35 mm,5@)mm.

Figure 9: Schematisation of the liquid relativeaflon the granular skeleton

Figure 10: Opposing flow granular vault visualiseaton a bi-coloured layered mortar extrusion
flow. d/D = 0.35, V=1 mm/s, m = 800 g

Figure 11: Evolution of the material yield stressidg extrusion (a) in the dead zone, (b) in the
shearing zone, (c) at the ram. Results given forram velocities (0.1 and 1 mm/s), d/D = 0.35
and m = 600 g.

Figure 12: Influence of the ram velocity on theafltypology of an extrusion of mortars
performed with an extrusion ration of 0.35 andleebmass of 600 g for two different ram
velocities (a) 1 and (b) 0.1 mm/s.
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figure 6b
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