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Abstract We developed a model to predict the ram extrufiore of frictional plastic materials
such as cement based pastes. The extrusion of téasad material has already been studied but
interaction between shaping force and paste betastdl has to be understood. Our model is
based on the plastic frictional behaviour of centested materials and integrates the physical
mechanisms that govern material extrusion flow @éxtdusion force increase. When the process
starts, a pressure gradient is created in the dextrdue to wall friction of the paste which is
submitted to plug flow. It induces a consolidatafrthe material. As a result, a large increase of
extrusion force appears. A Coulomb law is used sd@hcement based materials which is
considered as consolidating granular media. Sudfeiting is compared with experimental
results. Tests were carried out on extrudible cémpastes. Modelling and experimental results are
in good agreement.

Key words: frictional plastic material, cement bedswuaterial, extrusion,
filtration, ram extruder



Introduction

The aim of this study is firstly to characterize #xtruder flow behaviour of
frictional plastic materials -such as cement bamatkrials- and to study the
physical mechanisms that govern the forming procgssondly, the paper
establishes a method of predicting the extrusiocefof such materials. This
modelling enables to predict the coupled behavidwlifferent extruder/paste
combinations.

In ram-extrusion process, plastic materials flovagug and slip with friction
along the extruder wall (Obermayer, 1965; Tres8a21 Zienckiewitz, 1974,
Zienckiewitz, 1977; Jay and Magnin, 2002). Extrasid cement based material
has already been studied in previous works but ebtleem mentioned the time
dependent ram extrusion behaviour of such pasteriakst (Mori and Baba, 1994;
Stang and Pedersen, 1996; Srinivasan et al., M9®t al., 1999; Qian et al.,
2003).

In the present work, the rheological and tribolaglsehaviour of the extrudible
cement based material is linked to the ram extrugeometry in order to predict
the flow evolution during the process. Extrudibégrment based materials behave
as a high yield stress and heterogeneous matéiplsl phase and granular
skeleton). The effects of the extrusion processg(lime, high pressure gradient,
low velocities) may affect the local compositiontloé material and change the
flow conditions. Such a paste presents a behawbich depends on the stress
path induced by the extrusion process. Our extteadibment paste behaves as a
consolidating plastic soil with time dependent flproperties. Such variations of
paste homogeneity inside the extruder are includélde present modelling.
During the process, friction creates high presguadient that induces liquid or
cement paste filtration through the granular skelet

Liquid filtration during the extrusion of high sdlvolume fraction pastes is a well
known process that has already been observed thidger et al. (1995), Gotz et
al. (2001) and Gotz et al. (2002). Recently, thieusion ability of cement pastes
has been studied (Toutou et al., 2004; Toutou.e2@05) using a simple squeeze
flow. The authors have shown that cement basedrialatevith a high solid
volume fraction behaves as a frictional plasticeriat. This induces a high
sensitiveness to fluid filtration during slow flcand high pressure gradient.
During extrusion flow, cement paste can be modedked consolidated soil where
the interparticular friction is dominant. Modellis@mmonly used in soils
mechanics (Coulomb or Driicker-Prager models) desssuch behaviour. The
first one is presently used for our frictional plasnaterial. In ram extrusion, the
material is confined and the internal pressureciases as the process goes on. As
a result, friction forces between particles incesasd induce a higher
macroscopic yield stress. The rheological and kodpcal modelling parameters
depend also on the paste location. Finally, duttregprocess, yield stress and wall
friction stress always increase because the pasievays submitted to
consolidation. Extrusion force increases and mag te a blockage of the
extrusion process.

Along the extruder wall, in the plug flow zone, tp@nular paste slips with
friction. In order to model the tribological behawur, the wall shear stress is
linked to the normal stress. Then, the wall sheass is related to the axial stress
acting on the material in the direction of the nammvement. This relationship is
similar to the Janssen based on the Janssen theedyby Ovarlez (2004) to study



the behaviour of confined sands. In the Janssamyththe pressure acting on the
granular media is linearly linked to the axial ammmal stresses.

Figure 1

In the case of axisymetrical extruder with squareyedie, we assume that
extrusion force can be decomposed in two diffeferte components: the
shaping force required to deform the plastic matehrough the die and the
friction force due to friction of the material dng the plug flow occurring in the
pipe zone (Fig. 1).

The shaping force of a plastic body has already bbeedelled by Benbow et al.
(1993), Mortreuil et al. (2000) or Hill (1950). Téeauthors showed that there is a
relationship between the ratio of extrusion (theraf the exiting diameter d to
the entering diameter D) and the force neededfarimiethe material. These
works only deal with perfect plastic or viscoplastaterials. During the extrusion
process of purely plastic materials, the requicedd that ensures extrusion is
constant. This constant force is not reachederettirusion of frictional plastic
materials as the paste is evolving inside the detrduring the process.

In order to apply the developed model, we performaaa extrusion tests on a
cement paste. Two extruder bodies initially filledh different quantities of paste
were used. The extrusion ratio is kept constanD €0.35). Ram displacement
and extrusion force were recorded during time &edoaste homogeneity is
particularly observed during the process to evaluatter filtration effects.
Experimental results are compared with the proposediel.

Description of the ram-extrusion process

The properties of extrusion flow are well known fdastic and visco-plastic
materials. Numerical simulations see for examptekiewitz (1977), show that
axisymetrical extrusion flow is divided into thrparts (Fig. 2).

- A plug flow, in the central area where the padifgs along the wall. Near the
extruder wall, a highly shearing flow zone candeated in a very thin layer.

- Near the die, a sheared flow zone, where themahie forming. This zone is
called the “shaping zone”.

Figure 2

- A zone where the material remains stationarygdbe die entry. This area is
called the “dead zone”.

Figure 3

The numerical works of Horrobin and Nedderman (3@88ay and Magnin
(2002) have confirmed this kind of flow behavioar ¥iscoplastic materials with
a high yield stress. Experimental results on kagpdiste extrusion were presented
by Toutou (2002) and confirmed the numerical res(iig. 3).

We decompose the extrusion force in both diffeferdes acting in different
zones as shown on figure 4:

- The shaping force described by Hill (1950), Benl{@993) or Mortreuil (1998)
which is required to give his final shape to thdemal. We assume that the
shaping force frvaries as the material flows. This variation i® do the material
consolidation which depends on the pressure histbitye material flowing
through the pipe of the extruder. Thep,i& proportional to the plastic yield value
K.



- The friction force E which is required to allow the material to sliptla wall of
the pipe extruder. The friction force also increasecause of the material
consolidation. Fis linked to the friction yield value K

Figure 4

As described on figure 4 gLdenotes the dead zone length and L is the frictio
length.o(L) represents the mean axial streg®) is the mean axial stress at the
shaping zone entry. Reference pressure is thenaxkferessure £=0.

Cement pastes: an extrudible frictional plastic
material

Concept of extrudability

The concept of extrudability is described by Tougbal. (2004) as shown on
figure 5. The authors describe for a ram extrudesxrudability domain, defined
by appropriated geometrical parameters and matsgladviour parameters. In this
work, results are expressed using extrusion stied$orming ration d/D.

Figure 5

A good quality of extrudates requires a balancevben the process and the
rheological properties of the material. The matemiast be soft enough to flow
into the pipe and through the extrusion die, arfticsently firm to retain the
shape given by the die geometry without skin defetthe extrusion ability of a
cement based paste relies on the pastes behaVlmipaste cohesion provides
the final shape of the material. Also, plastic &mation yield stresses are directly
linked to the energy required to deform the maléhieough the die and may
affect the surface quality of the final product eTielationship between extrusion
force and both rheological and tribological prosris crucial for the choice of
an extruder that ensures the extrusion flow.

Rheological behaviour of extrudible frictional plastic
behaviour

Mansoutre (1998) and Toutou and co-workers (2002422005) showed that
extrudible cement based material exhibits bothitni@al and plastic behaviours.
Consequently, such materials are very sensitiviiab filtration with a
redistribution of the interstitial fluid pressuf®uch occurring process is enhanced
by the stress gradient which appears during exinusow. Squeeze tests carried
out by Toutou et al. (2002, 2004, 2005) showed ¢katent pastes behaviour
depends on shear rate. At high shear rate, cerastegexhibits purely plastic
behaviour whereas at low shear rate (which cormdpto extrusion), water
filtration produces and induces paste hardening fiardening induced a yield
stress increase which is typical of a frictionalgtic behaviour. In order to model
the rheological behaviour of cement pastes matesalise the Coulomb model in
order to describe the sensitive behaviour to pres@ee eq. 1).

K = KO + b.PmaX (1)

Where K is the plastic yield stress; is the cohesion (plastic yield stress at
reference pressure), b is a friction parameterRapddenotes the maximal value
of pressure known by the media. This model is @éid performing simple



Casagrande box tests on a cement paste (cemeat,amalt a water reducing
admixture) defined in section 5.1. Shear velo@tgmm/min and the evolution of
the apparent yield stress according to the applogthal stress as plotted on
figure 6. Results show a linear relationship betwgeld stress and applied
normal stress. The linearity is characteristic &faulomb material.

Figure 6

We also have to take into account the fact thategdseep the yield stress value
obtained when the pressure acting on the granwdians the highest known by
the material (underRy). In such conditions, the material consolidates te
pressure effect is irreversible. This memory effelich characterizes
consolidated soils study is very important in thisdel and makes the material
dependent on the stress path (similarly to conabig soils).

The initial pressure gradient, created at the beggqof the extrusion, induces
variations of the material properties such as ystldss or wall stress that become
dependent on the paste location. The paste logateéé plug flow zone and
reaching the shaping zone presents evolving rhaabgroperties. In our
extrusion tests, carried out at very high presguadient , we consider that
filtration time is negligible compared with extrasiprocess time. This is the
reason why that consolidation is assumed to bastantaneous phenomenon.
In case of mortars or concrete, there can be diftescales of filtration as the
material presents different scales of heterogerfkifyid phase through cement
grains, or cement paste through sand grains...). & dssume that all filtration
processes reach to the paste consolidation. Asudt,rall the filtration processes
are integrated in our modelling like a global peséhat induces paste hardening.
In order to simplify the flow modelling, compresiily is neglected. Therefore, a
compressibility of the granular skeleton is suspediut not integrated to the
modelling.

Tribological behaviour of cement pastes

The tribological behaviour is modelled by a Coulolalv. We assume that wall
stress depends on the normal stress acting ondtexial. Moreover, when the
paste consolidates, the friction yield stress iases. We model the wall stress by
a Coulombian law defined by equation (2).

Kw = Kwo + @.Nnax (2)

Where K, is the friction yield stress, l§is the friction yield stress at reference
pressure and is a friction parameter. Nxis the maximal value of the normal
stress acting on the wall surface.

Paste behaviour in the axisymetrical extrusion flow

In order to link the model parameters which desctite material behaviour in the
axisymetrical extrusion flow to the axial stregsthe Janssen theory is used. It
gives a simple way to model the stress distribuitiom granular media in the
axisymetrical cylinder. According to Janssen thetrg pressure P acting on the
granular media is proportional to the mean axi&@sso. The normal stress acting
on the extruder wall surface N is also proportidoat. The Janssen stress
distribution allows us to write the following relanships suitable in a granular
media confined in an axisymetrical extruder pipe.

Ko = K + B.Omax (3)



KW = KWO + a.omax (4)

Wherea andf are frictional local parameters aaglax is the maximum value of
the axial pressure acting on the studied material.

Theorical Analysis of the extrusion flow of frictional
plastic material

Stress profile in the extruder

When the ram moves, friction stress occurs at #stepextruder boundary
interface. The friction force creates a pressuaglignt in the paste that induces
liquid filtration. Liquid pressure equilibrium armmbnsolidation in the paste affect
the local rheological and tribological propertidshe extruded paste. It is
assumed that paste consolidation is instantan&auactualized yield stress and
wall stress are directly linked to the axial striessde the extruder (eq. (1) and
(2)). At a given position z (Fig. 4), the mean &staesso(z) is assumed to be
constant. From the force balance equation on anegltary cylindrical layer, the
following relationship is obtained:

%[—G(Z+dz) +0(z)] +TDr,, (2)dz=0 (5)

Wherert,(z) is the wall friction stress at the positionThe previous equation
becomes:

do(2) _ 41y, (2)
dz D

Combining equation (4) and (6), we finally obtane following equation
depending on the axial stres&).

do(z) 4a 4K o _
-—— -—" =0 7
% D@ g (")
Equation (5) is solved in order to find the axiaess profile which is created

when the material is submitted to the axial steggke starting of the process.

(6)

0(2) = %{ex %) —1} +0(0) (8)

Wherea(0) is the vertical stress needed to ensure thatiplshaping of the
material through the die. In order to evaluate $ihigping stress, the Hill's
equation is used and links linearly the extrugmue to the paste yield stress. It
represents the plastic energy required to enseréidtv of the material in a
channel of diameter d.

0(0) =Ko+ 2)(1—%j =YK ©)

When the extrusion flow is initiated, the local@stress increases. The local

stresso(z) is the maximum stress known by the materialaAssult, the material
consolidates. As the process goes on, this stedge increases and the material
consolidates. Consequently, the vatife) calculated in equation (8) is equal to



the valueomay(z), the highest value of axial stress which hantsgpplied to the
granular media.

The determination of the initial stress profiléotally determined allows
computing the initial force that initiates the nreaeshaping. the stress profile in
the extruder induces a relationship between the fimperties of the paste and its
location in the extruder. As a consequence, thie giteess kand the wall friction
stress kg, depend on z (Fig. 7).

Figure 7

This first modelling step gives us the force neededitiate the flow. This force
is influenced by the quantity of paste in the edénu Ly denotes the length of
paste moving along the extruder wall (zone conakhyethe plug flow). The
length of the dead zongd(Fig. 4), has to be withdrawn to the original tqtaste
length in order to calculate,L

For a given ram advance, the paste arriving irstieging zone presents a higher
yield stress related to the paste formed the moivefiore. In fact, the
consolidation process continues. Therefore, thal atiess(z) becomes a
function of the ram position, the axial stresis now noteds(z,L) where L is the
ram position.

Shaping force evolution

The shaping force increases when more consolidagdrial flows into the
shaping zone. We calculate the evolution of rheokigroperties according to
the ram advance. As a result, the evolution of €o&ding to the ram position L is
written as the L-derivate of K (The K profile folle the ram displacement).
oK(O,L) _ 4BK ,, 4a
= = exp—L 10

m 5 D(D ) (10)

Then, the evolution of the shaping stress vs. @he position is easily deduced.

00(0,L) _ 4BYK o
JL D
In order to calculate the plastic shaping force B(at a given ram position L, we

integrate the shaping force variation between titeal ram position k and the
calculated position L.

5(0.L) {% {—uo j—ﬂ (12)

The increase of the shaping force increases tla stxess values. Afterwards, the
effect of the evolution of the shaping force arduded for the computation of the
axial stress acting on the ras(L,L).

.exp% L) (11)

Friction force evolution

The axial stress value increases exponentially kaith advance due to the
evolution of the shaping force, as seen on equdt®hen, this increase of
o(z,L) according to L affects the value of frictiforce. A derivation of equation
(8) according to L writes:



0o(z,L) _ 4BYK o0 Aa
L - b .exp%L) (13)

From equation (4) and (13), the L-derivate @{XL) is obtained.
oK, (z L) _4aBK,,
oL D

From the evolution of the friction stresg, Eccording to the ram position, the total
vertical stress acting on the ram is calculateddiybining the integrated friction
force with the shaping force given by equation (10)

o(L,L) :{KO + BEW {ex;{% Lo)(ex;{%}(Lo - L)j —ljﬂ (15)

The stress acting on the ram is now determinedvery ram positions,
integrating friction and consolidation effects daghysical characteristics of
frictional plastic media.

.exp%] L) (14)

Experimental results

Material

The chosen material fills all the extrudabilityterion defined by Toutou et al.
(2004,2005). The material must be rigid enougletain its shape under gravity
and handy solicitations. We carried out tests wittement pastes with a
water/cement weight ratio of 0.22. A water reducaagnixture (sika plastiment
22S) is added to the water in the following promort P/C=0.01. The binder used
is a mix of 70 percent of Portland cement 32.5 CEBAvith 20 percent of
volcanic rock (pozzolane) finely crushed b maximum particle diameter), 5
percent of silica fume (Opm maximum particle diameter) and 5 percent of
amorphous crushed quartz (@ maximum particle diameter). The addition of
filler fines gives better homogenisation and papgrformance to the final paste.

Procedure

A planetary Hobart mixer is used for mix. It proggisufficient high shear rates
for small batches. Dry ingredients are first mixieging two minutes at the lowest
rpm setting. Then, water and plasticizer are ad@edte the dry ingredients are
moistened, a higher rotation speed is applied dsiminutes. Tests are
performed 30 minutes after the mixing in orderyoid aging and setting effects.
Vane tests are performed in order to control ptgstoperties of the cement
pastes. Then, the required quantity of paste isnptle extruder and pre-
compressed at 100 N to ensure same initial comditi@tween each test. The
highest ram speed is used in order to limit filmateffects in this pre-
compression phase. Then, die is put on the extindarad of the plug and the
test is performed. Two steel extruders pipes aheizrs Q= 43.3 mm and b=
55.3 mm are used; the extrusion ratio d/D remanmstant and equals to 0.35.
The wall surface of steel pipes is smooth. For eagtuder, three different
guantities of pastes were tested (initial lengtiLo+Lg;), in order to observe the
influence of paste quantity on extrusion force.rision force and ram
displacement were recorded versus time using aagapaisition system.



Results and discussions

Table 1

For the six tests configurations, it is assumed ttiiamaterial in the same
conditions and aging state. The plastic yield stodghe cement pastes I§
measured using a vane test and is equal to 20r&Balt(obtained as the
maximum shear stress value at low rotational rdtieg. internal friction parameter
B is measured with a squeeze test method given b{olid2004,2005) and is
equal to 0.53. This result is confirmed by Casagednox tests, as previously
described. Friction stress,l{is measured with a translation tribometer and its
value is 15 kPa. At this step, the parameteasd Ly are not identified or
measured. They are finally determined from the besth estimation between
modelled and experimental curves. The model paemnéir the six tests are
given in table 1.

Figure 8a-b

Experimental and modelled effort vs. remaining matéength curves are
confronted in figure 8a-b. In all cases, the maztetturves (obtained with same
a, B, y, Ko, Kwand with close values ofLand, as expected, match quite-
perfectly the experimental ones.

Figure 9a-d

However, for two tests (noted D55,3 L71 and D43)LihEre is slight variation
between experimental and modelled curves. Thistian is due to the material
state of aging. Slight variation in the materialhggand composition can explain
the curve difference. Moreover, there can be seradlr in the evaluation of the
friction length.

In order to verify these arguments, the model mmpated with for different
values of the material behaviour parameters. Thiatkans of extrusion forces
according to slight variation of modelling paranmst@-ig. 9a-d) are sufficiently
large to explain the difference between experimemd modelled curves. The
experimental error is located in the area of repedullity defined by the material
sensibility at aging, mixing and composition proaed We only plot the error
caused by a variation on,KLy anda because they are the more relevant
parameters of the present modelling.

Figure 9a-d shows the influence of the material eflody parameters on the
computed extrusion force. It is obvious that ptagteld stress and internal
friction parametef do not subsequently influence the extrusion foféerefore,
the material shaping is not responsible for theuskbn force increase. In contrast,
we can say that a slight deviation in the walltfon stress and in the wall friction
parameten greatly affects the extrusion force. The matesiall friction stress
Kw and the sensibility of wall friction to the axstress (model by the
parameter) are the key parameters that govermnxtheseon force increase.
Equation (15) shows that the extrusion force ineesdinearly witho and
exponentionaly with K. Indeed, friction is the source of the material
consolidation. Moreover, an increasedofaffects the gradient pressure which
enhances the paste consolidation. Due to the rahtemsolidation, wall friction
stress value also increases. This double mechaiphains how influent the
parameten is in our modelling.

Table 2




The physical phenomenon which is responsible oe#trision force increase and
extrusion blockage is the friction along the exgudall. Friction induces paste
consolidation that makes the paste harder to extitithe beginning of the
process, the force required to overcome wall fiitis ten times the force
required to form the material through the die (€ad). The model can be written
as follow, using exponential law and splitting efteof friction from plasticity
effects. The friction (YOpl and Apl) and plasticneponents (YOfr and Afr) can be
calculated:

F=YOpl + YOfr + (Apl + Afr).exp-L /t0) (15)

Table 2 shows that the component of extrusion fdreeto friction effects is
dominant over the component due to plastic formirgs table confirms that
friction is the parameter that governs extrusiacdcand extrusion blockage.

Friction lengths determination

The friction surface modelled by the parametgrds mentioned in section 4.1,
have to be estimated according to experimentalrgagens. Agreement has to be
found between experimental results and modellingd evaluate this parameter
similarly to slip lines theory, flow geometry issasned for the forming process,
as shown on figure 10.

Figure 10
Figure 11

No physical phenomena depending on the cement peistesic behaviour have
been found in order to explain the variation gfdith change of initial paste
quantity.

Tests and model fit shows that the initial frictone length tends to a critical
value of 42 mm with an increase of initial pastauwfity (Fig. 11). A study of
paste consolidation and cement paste skeleton péihte has to be performed.
This study may validate the hypothesis of a deamt 2zength limited by a critical
relative velocity between liquid and the granulkelston. In this case, our
assumption of instantaneous material consolidas@practical approximation,
but for more accuracy, a hydro-mechanic couplingtnbe studied. Without this
coupling, no relationship linkingglwith Li,; and the modelling parameters of the
granular media behaviour appears.

CONCLUSIONS

The proposed model gives a simple way to predeettirusion force of a
frictional plastic material. The modelling is suota to characterize the extrusion
conditions of an extrudible firm cement paste. Tadelling enables to
understand the mechanism of increasing extrusiare fand extrusion blockage.
Friction at the extruder wall creates a pressuaelignt that induces hardening and
consolidation of the paste. As the process goethematerial arriving in the die
land becomes firmer and the friction force increas®the material becomes more
and more consolidated. As a result, the extrussocefincreases exponentionaly.
The crucial role of wall friction force as a dommagpart of the total extrusion

force is highlighted. The model was confronted vists on a firm cement pastes.
Rheological modelling parameters are measured @ntheluded in the model.
The length of the friction zone is evaluated amtigeto a critical value with the

10



increase of paste quantity. Additional tests anestigations have to be
performed in order to link the friction length valto microstructure and physics
of the cement pastes. A hydro-mechanical coupliag bre envisaged in order to
complete the study of paste consolidation duringusion process. This work has
to be extended to optimize the extrusion processiofi materials with a
minimisation of the friction force. Tests with ludated walls or flow coupling
with vibration have to be performed in order touee wall friction effects.

11



REFERENCES

Benbow JJ, Bridgwater J (1993) Paste Flow and eximus§ilarendon Press, Oxford, 1993

Burbidge AS, Bridgwater J, Saracevic Z (1995) Liguigration in Paste Extrusion, Trans. IchemE, Val 73
Part A, pp 810-816

Gotz J, Kreibich W, Peciar M (2002) Extrusion witlpiston extruder for the determination of the lecdid
and fluid concentration, the local porosity andusation and displacements profiles by means of NMR
imaging, Rheol. Acta, Vol 41, pp 134-143

Gotz J, Zick K, Kreibich W (2003) Possible optimisa of pastes and the according apparatus in psoce
engineering by MRI flow experiments, Chemical engiimggand processing, Vol 42, pp 517-534

Hill R (1950) Mathematical theory of plasticity, Géadon Press, Oxford

Horrobin DJ, Nedderman RM (1998) Computational asialgf the extrusion of soft solids' Esaform
Congress, Sophia Antipolis, pp 461-464

Jay P, Magnin A, Piau JM (2002) Numeriacal simolaif viscoplastic fluid flows trough an axisymnietr
contraction, Transaction of the ASME, Vol 124, #9705

Mansoutre S, Colombet P, Van Damme H (1999) CemahCancrete Research, Vol 29, pp 1441-1453
Mori A, Baba A (1994) A method for predicting theespting characteristics during extrusion moulding
process for cementitious materigPspc. Int. Symp., Brittle Matrix Composites 4", V8aw

Mortreuil FX, Lanos C, Laquerbe M (2000) A model fecombining clay paste plastic flow in dies, Xill
International congress on Rheology, vol. 3, Briisigiety of Rheology, Cambridge, pp 400-402

Von Obermayer A (1865) Versuche Uber des Ausflassighen TonsS. B. Akad. Wiss., WigWol 58, pp
737

Mu B, Li Z, Chui SNC, Peng J (1999) Cementitious cositgomanufactured by extrusion technique, Cement
and concrete research, Vol 29, pp 237-240

Ovarlez G, Fond C, Clément E (2002) Overshoot effettie Janssen granular column : a crucial test for
granular mechanics, Phys. Rev. Lett, E67

Qian X, Zhou X, Mu B, Li Z (2003) Fiber alignmentdaproperty direction dependency of FRC extrudates,
Cement and Concrete Researvlol 33, pp 1575-1581

Srinivasan R, DeFord D, Shah S P (1999) The usgtnfson rheometry in the development of extruded
fiber-reinforced cement composites, Cement Sc armgl Erpp 26-36

Stang H, Pedersen H (1996) HPFRCC — Extruded pipesididdor the new millennium, Edited by Ken P.
Chong, Vol 2, pp 261-270

Toutou Z (2002) Rhéologie des suspensions con@ntré@valuation des conditions d’extrudabilté, Ph-D
thesis, INSA de Rennes

Toutou Z, Lanos C, Mélinge Y (2004) The use of sgirggtest-extrusion flow similitude to identify cemt
based materials extrudability, Proc. XIVth Int. Car@n Rheology, Seoul, Korea, MP23

Toutou Z, Roussel N, Lanos C (2005) The squeezstgaeool to identify firm cement based material’'s
rheological behaviour and evaluate their extrusibitity, Cement and Concrete Research, accepted
Tresca H (1872) Application de I'écoulement depsmolides au laminage et au forgeddem. Sav. Acad.
Sci. Inst. France, Sc. Math. et Phygol. XX, pp 138

Zienkiewicz OC, GodbolePN (1974) Flow of plastic afigtoplastic solids with a special reference to
extrusion and forming process, Int. J. Num. MethEhgng., Vol 8, pp 3-16

Zienkiewicz OC, Jain PC, Onate E (1977) Flow of sotidring forming and extrusion : Some aspects of
numerical solutiondnt. J. Solid Structures/ol 14, pp 15-38

12



Figure caption

Fig. 1: modelled force acting on the axisymetriwdinder of extruded material.

Fig. 2: extrusion flow properties obtained by nuicersimulations of the extrusion flow of a
plastic material (Zienkiewicz, 1977).

Fig. 3: flow properties of a purely plastic matérapplication to a kaolin paste (Toutou, 2002).
Experimental extrusion performed with coloured laysuperposition.

Fig. 4:flow model, and stress localisation in tlkaraple of extrusion flow of frictional plastic
material.

Fig. 5: extrudability domain defined in Toutou (202004, 2005)

Fig. 6: results of Casagrande box tests on theextumdment paste (shear velocity: 1 mm/s). Study
of the material sensitivity to normal stress Linear evolution of the yield stress according to
normal stress.

Fig. 7: evolution of the local material propertéhse to local paste consolidation due to the
increase of the extruder axial stress.

Fig. 8: F=f(L) effort vs. remaining material lengthrves : experimental vs. modelled for three
initial length and two extruder diameters: 8a D3:3nm and 8b D = 55,3mm, d/D=0.35

Fig. 9: model sensitivity to modelling parameteda:(K,, 9b: a, 9c: Ko, 9d:B). Liniia=58 mm and
D=43,3mm

Fig. 10: visualisation of the influence of pasteuqtity on the dead zone length

Fig. 11: evolution of the initial friction lengttceording to the initial total length of materialtime
extruder for the studied cement paste

13



Table caption

Table 1: parameters used in the test modellingivBsghe extruder diameter and L is the initial
material lenght inside the extruder
Table 2: friction and plastic proportion in theabéxtrusion force
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F= Fp|+ Fi
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pipe zone
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Ro= [K,dS
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Sheared flow
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Fig. 1

Plastic deformation

F: total extrusion force
Foi: plastic force
Fs: friction force

D: entering diameter
d: exit diameter

Ky: friction stress
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Fig. 4
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Fig. 5
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Fig. 6
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D43,3 D43,3 D43,3 D55,3 D55,3 D55,3

Lin58 L;n80 Lin41,5 Lini86 Lini71 Lini107
a 1 1 1 1 1 1
B 0,53 0,53 0,53 0,53 0,53 0,53
y 5,14 5,14 5,14 5,14 5,14 5,14
Ko Pa 20000 20000 20000 20000 20000 20000
Ky Pa 15000 15000 15000 15000 15000 15000
D mm 43,3 43,3 43,3 55,3 55,3 55,3
Liyi mm 58 80 41,5 86 71 107
Lo mm 39,44 42 37,14 43,86 44,02 43,87
Table 1
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D43,3L,58 D43,31,80 D43,3L,41,5 D55,3L,86 D55,3L,71 D55,3 L,107

Y0, (N) 60 60 60 97 97 97

YOr (N) 1464 1864 1176 1466 1483 1467

YO (N) 1523 1924 1236 1563 1581 1564

Ay (N) 1503 1904 1215 1530 1548 1531

A (N) 55940 90278 36358 34980 35817 35032

A (N) 57443 92182 37574 36510 37365 36563

t0 (m-1) 0,0924 0,0924 0,0924 0,0723 0,0723 0,0723

1/t0 (m) 10,825 10,825 10,825 13,825 13,825 13,825
Table 2

26



Fig. 10
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