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Abstract

Extrusion is a process which consists in forcing a formable material to pass through a die having the cross-section of the part to be obtained. This way of
processing is used with both conventional and fibre-reinforced cement-based materials to fabricate various construction elements such as panels, pipes,
and roadside kerbs. Recently, with the development of digital fabrication methods and, especially, 3D concrete printing by selective deposition, extrusion
techniques have aroused a significant increase in interest.

This study describes screw and ram extrusion techniques and their applications in the construction industry. Furthermore, the underlying mechanisms
which are part of extrusion flow are delineated, and the roles of rheological and hydro-mechanical behaviour, the latter in a context of soil mechanics, in
defining the extrudability of the cementitious materials are highlighted. Finally, specific points such as flow-induced anisotropy of fibre-reinforced

cementitious materials or surface defects are addressed.
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1 Introduction

Extrusion is a common manufacturing process used in many
industrial sectors. When utilizing mineral materials in the
construction industry, the process is widely used to form
fired, unfired or stabilized clay bricks at a highly productive
rate. However, the application of extrusion to concrete and
other cementitious materials has been mostly limited to
specific cases, such as roadside kerbs or slender elements
made of high-performance engineering composites [1, 2].

However, with the emergence of digital concrete
construction techniques, the extrusion of cement-based
materials has recently gained close interest [3—7]. One of the
most widely followed digital construction methods is based
on extrusion and is generally referred to as 3D-concrete-
printing.

Due to its relatively infrequent use, the extrusion of cement-
based materials has not been studied extensively; moreover,
the theoretical knowledge is mainly based on ceramics
extrusion [8]. Clay and cement-based materials possess some
similarities, e.g., they both behave as visco-plastic materials
and exhibit non-Newtonian behaviour in respect of yield-
stress. However, these two groups of materials also exhibit
some critical differences, mainly resulting from the size and
shape of their particles. Cement-based materials are more

sensitive to water drainage, in a sense that they are prone to
exhibit a behaviour similar to that of granular materials, unlike
platelet-shaped clay particles, which makes them difficult to
extrude [9, 10]. The article at hand presents a state-of-the-art
review on the extrusion of cement-based materials with a
special focus on their flow characteristics and rheological
properties.

One important aspect with respect to the extrusion of
cement-based materials is the definition of the term itself.
This “engineering” characteristic is commonly associated with
the ability of the concrete to remain homogeneous during
flow, meaning that no water drainage occurs during
extrusion. The soil mechanics theory, based on Terzaghi’s
consolidation theory, is often used to describe such fluid
drainage during extrusion [11].

In 3D-printing applications the extrudability of cementitious
materials plays a decisive role. On one hand, systematically
optimised mixtures are needed to ensure a consistent
extrusion process over long time periods allowing for periodic
interruptions for such things as tool head re-positioning. On
the other hand, the extrudability of a cement-based material
impacts the extrusion flowrate and, thus, the geometry,
density, and other properties of 3D-printed elements.

Several further specific points can be related to the extrusion
of cement-based materials. Among them the effect of
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extrusion flow on the orientation of fibres is probably the
most important and most straightforward as well [12].
Accordingly, the importance of surface condition and finish
quality is addressed here.

2 Use of extrusion in concrete industry
2.1 Technology of concrete extrusion
2.1.1 Ram extrusion

In ram extrusion, the material located inside the extruder
barrel is pushed by a ram, which has the same cross-section
as the barrel, toward a gradually narrowing or abruptly
constricted die, which imposes its shape on the material.

Ram extrusion is not a conventional way to process materials
on an industrial scale since it is not a continuous process; as
such it requires periodic refilling of the barrel. However, ram
extrusion is often used on a laboratory scale in order to study
extrusion flow, describe rheological behaviour, and assess the
extrudability of various materials [12—-15]. Extrusion flow is
used to estimate the flow properties of stiff cement-based
materials whose rheological and tribological behaviour could
not be evaluated using rotational rheometers [16]. Despite
their having been already applied to cement-based materials,
these methods and techniques have been inspired by the
literature on ceramics, especially the works of Benbow and
Bridgewater [8]. Different ram extruder designs allow
studying the load necessary to change the cross-section of
cement-based materials [12, 18] or to measure the friction
acting at the extruder wall [13, 19]; see Figure 1.

2.1.2 Screw extrusion

Screw extrusion is the most common extrusion technique, in
which the material is continuously fed into the extruder
barrel, wherein an Archimedes screw is used to convey it
toward the die [20]; see Figure 2a. When using an adequate
feeding system, it allows for highly productive processing
method on an industrial or semi-industrial scale; see Figure 2b
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[21, 22]. Screw extruders are also used at a laboratory scale
to test the material extrudability and for related mixture
optimization; see Figure 2c [23].

The inside surface of the extruder is provided with a
longitudinal groove in order to orient the material flow along
the extruder screw and toward the die. A vacuum de-airing
system is often added in order to reduce the entrapped air
content and thus increasing material density and strength and
durability as well. It should be noted here that progressive
cavity pumps have been used in the context of concrete 3D-
printing in order to stabilise extrusion flow; see Figure 2d).

2.1.3 Measures to enhance extrusion flow

As discussed in the introduction shape-stable, cement-based
materials are very sensitive to water drainage, which makes
them difficult to extrude. In order to address this issue and to
reduce the permeability of the cement matrix, viscosity-
modifying admixtures and ultrafine substances such as
nanoclay and silica fume are often added to cement-based
materials designed for extrusion purposes [15, 24-26].

Alternatively, various techniques have been used to ease flow
by reducing extrusion force and the friction at the
material/extruder interface. The first technique is to apply the
difference in electric potential between screw and barrel in
order to promote the formation of a lubricating layer at the
barrel/screw interface [27, 28]. The second approach is to
generate vibration in the die area in order to reduce the
apparent friction locally and the plastic stress in the die land
[29]. This latter solution has been shown to allow the
processing of mixtures with high aggregate content and with
no viscosity-modifying admixtures.

Ram with force measurement system

Upper shoulder

Force transducers squeezed between
shoulders for friction force measurement

Die system

d Bottom shoulder
g

Figure 1. Ram extruder test setups with a) inlet pressure measurement as in [12], b) friction force measurement as in [13].
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Figure 2. a) Schematic of a screw extrusion process, b) industrial screw-extruder, c) lab-scale screw extruder and d) screw-extruder on
printhead of a 3D-printer.

2.2 Use of extrusion for concrete products
2.2.1 Conventional use

The extrusion of cement based-materials may be considered
as a marginal manufacturing process used for specific
applications in the precast industry. Fireboards [25], panel
walls [21, 22], pipes [30] or high tensile strength, fibre-
reinforced elements [31, 32] have been fabricated by
extrusion. Another application of concrete extrusion is the
processing of roadside kerbs and safety barriers [1]. However,
this application is often considered to be a variant of a slip-
forming process rather than a conventional extrusion.

2.2.2 3D-printing applications

Extrusion-based 3D-printing methods are probably the most
highly developed techniques in digital concrete construction
[4,5, 7, 33, 34]. Roussel [5] pointed out that extrusion-based
concrete 3D-printing methods can be divided in two families:
1) the material is fluid and cannot hold its shape upon
deposition; 2) the material is able to withstand gravity, as a
so-called “infinite brick”. Only the second family can be
considered for conventional extrusion because such a
processing route implies the shape-stability of the deposited
material.

In an alternative perspective, Nerella et al. argued that in
digital construction, extrudability and shape-stability should
be treated separately. The authors argued that the shape-
stability of superimposed extruded layers is typically

accounted for in the so-called buildability of printable,
cement-based materials.

3  Extrusion flow of cement-based materials
3.1 Flow description for ram extrusion

In order to study material flow during the extrusion process,
the case of axisymmetric ram extrusion is often considered as
the reference case because of its simplicity and its availability
in the academic and industrial worlds. Extrudable mineral
suspensions and, specifically, cementitious materials exhibit a
visco-plastic behaviour, which can be described by the
Bingham or Herschel-Bulkley models, with a high yield stress
needed for shape stability. As shown by non-destructive or
destructive testing, the ram-extrusion flow of the
cementitious materials can always be divided into three parts
[35-37]; see Figure 3:

- plug flow in the extruder barrel;

- conical “dead” zone where the material remains
immobile around the die entry (In an optimally designed
progressive die, the dead zone would not exist);

- “shaping” zone located inside the conical dead zone or
inside the progressive die, where material forming takes
place and the billet diameter decreases to that of the
orifice.

Each of these parts contributes to the total extrusion force
according to Figure 3 by:
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- the wall friction force Fs along the extruder barrel; Fg
linearly decreases with the reduction of the contact
surface between material and barrel;

- the forming force F required for the plastic alteration of
the material’s geometry and achieving its final shape in
the die land.

At the exit of the die, an end channel with constant cross-
section can exist and induce additional friction resistance.

interfacial stress
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Lsz  dead zone length

F d die diameter
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Figure 3. a) Schematic view of an axisymmetric ram extrusion flow
and b) evolution of extrusion force F with length of material
remaining in the plug flow zone.

3.2 Flow in the shaping zone

For abrupt contraction, the length of the shaping zone has
been shown to be approximately the same as the length of
the dead zone and is equal to 0.5(D-d) [13].

In the shaping zone, the contraction induces an elongational
flow that plastically deforms the cementitious visco-plastic
material. Only a few studies have focused specifically on
cement-based materials, but there are some numerical and
experimental works aiming to describe the flow of visco-
plastic materials in this zone [36—40]. For high Bingham-
number fluids, their velocity increases as the material gets
closer to the orifice as the barrel contracts. Just after flowing
past the contraction, the material velocity becomes constant
[36], as shown in Figure 4.

The model formulation for the forming force F, has been the
subject of numerous studies. The reference work of Benbow
and Bridgwater [8], based on the computation of the energy
needed to reduce the material from D to d by plastic
deformation, has been used successfully to describe the flow
of cementitious materials [12, 14, 41, 42]. This equation
reads:

2

7D i D
F,= 5 .(0'0 +al" )m(;j (1)

where op is the elongational yield stress and « and ngs are
fitting parameters which depend on the material’s behaviour.
Cement-based materials are considered to follow the Von-
Mises criterion. Hence, the plastic elongational yield stress is
equal to 327, where 7, is the shear yield stress. The main
limitation of this model (Eq. 1), is that & and ngs are not
intrinsic material parameters.

= Velocity

= = Shaping
zone
boundary

Figure 4. Example of flow profile in the extruder including a
localization of the shaping zone

Basterfield et al. [42] have improved the modelling of the
shear rate influence on the extrusion force by assuming
progressive contraction and neglecting the contribution of
shear. Subsequently, Perrot et al. [13] have successfully used
this approach to study the rheological behaviour of
extrudable cementitious material by adding the contribution
of shear on the tapered surface.

3.3 Flow and friction in the extruder barrel
3.3.1 Case of ram extrusion

According to numerical studies, the flow profile in the
extrusion barrel depends on the Bingham number [38]. Two
zones could appear within the material billet: a plug flow zone
at the centre of the barrel and a shear zone between the
extruder wall and the plug flow zone. The diameter of the
plug-flow zone increases with the Bingham number, similar to
flow through pipes during pumping. For flows high Bingham
numbers, for example the case of material with high yield
stress, the entire billet as a plug, as shown in Figure 4.

In such case, the interfacial behaviour is driven by the material
tribological behaviour. In relation to the friction occurring at
the extruder surface, Perrot et al. [13] have shown that the
interfacial shear stress 7, is a fraction of the bulk shear stress.

3.3.2 Case of screw extrusion

The modelling of the screw extrusion flow of visco-plastic
materials is difficult due to the complex geometry of the
screw. Such flow has only been described in few studies for
clay [17, 20, 43] and cement-based materials [44]. Using a
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visco-elastic model, Mu et al. [19] estimated the flow rate
during screw extrusion of concrete. Additional investigations
are required on the subject of computing the flow rate of the
material with the screw’s rotational velocity.

Perrot [19] showed that the axial force acting on the screw is
equal, as in the case of ram extrusion, to the sum of the
shaping force and the frictional force acting on the extruder
surface.

In the context of 3D printing, Nerella et al. proposed a strategy
to link the extrusion flow rate to the stator rotational velocity
using a progressive cavity pump in the context of concrete 3D
printing [34]. Interestingly, the authors have shown that due
to slippage at the elastomeric stator surface, the relationship
between flow rate and rotational velocity is decidedly non-
linear.

3.3.3 Definition of extrudability: water

drainage phenomenon

The extrudability of a cementitious material with a given
extruder implies that 1) the load capacity of the extruder is
sufficient, 2) the material remains homogeneous during the
process, and 3) the formed material retains its shape and
withstands gravity. The last condition implies that the
cement-based material’s elongation yield stress is higher than
pgh, with p the material density and h the height of the
extrudate [45].

The homogeneity condition can be studied from the point of
view of soil mechanics [9-11, 46-48]. Perrot et al. [12]
considered a competition between the velocity of the
extrusion flow with the velocity of water drainage. The
drainage criterion based on the Terzaghi consolidation
coefficient has been used to predict whether the material will
remain homogeneous during extrusion [10, 47]. Such
criterion reads:

# <0.1 (2)
dr v

with t..: the extrusion time, Hg the maximum drainage length,
and C, the consolidation coefficient, a function of the
material’s permeability and compressibility. According to
Terzaghi, Hy / C,is the characteristic consolidation time, and
therefore Eq. 2 means that the time of extrusion must be an
order of magnitude shorter than the consolidation time.
However, recently Perrot et al. [10] showed that two
materials with the same Hg./ C,, a cement-based material and
a clay-based material, can exhibit different behaviour during
extrusion flow. The authors explained this discrepancy by the
different impact of water filtration on the material’s
rheological behaviour. Indeed, extrudable cement-based
materials, contrary to the clay-based, present a closely
packed granular network very sensitive to water content [49].
Consequently, Perrot et al. [10] have proposed a criterion that
takes into account the sensitivity of the rheological behaviour

to liquid drainage:
t
De = 1(‘”} g
z-ini de ini H2 / CV

where 7is the shear stress along at the extruder wall, e is the
material void ratio (liquid volume / solid volume) and 7,is the
initial shear stress before any drainage. Therefore, (d7/de);is
the variation of the shear stress at the material/extruder
interface at the beginning of the flow. The drainage criterion
can be computed using the relationship of shear stress to void
ratio.

To describe the rheological behaviour of a cementitious
material during extrusion, Khelifi et al. [11] proposed a model
based on the evolution of the material behaviour from purely
plastic to frictionally plastic. For mineral suspensions such as
stiff cement-based materials, instantaneous shear resistance,
undrained conditions in soil mechanics, is the combination of
three mechanisms:

- intergranular friction which occurs if the solid volume
fraction is higher than 0.8 ¢, (4, denotes the close packing
volume fraction.);

- vyield stress; and

- viscous contributions.

Khelifi et al. [11] neglected the third contribution; as a result,
the shear stress could be expressed as a simple Coulomb’s
Law:

T=1,(e)+tang(e)- o, (4)

where @ is the internal friction angle and o, is the stress
normal to the wall of the extruder.

It is important to note that the authors take an initial value of
@equal to 0 when the solid volume fraction is lower than 80%
&m, While between 80% ¢, and ¢, they use a linear increase
of the friction angle to a maximal value of 30° for cementitious
materials and 20° for clay materials. Perrot et al. [10] noted
that the occurrence of friction induces in the extruder an
exponential profile of axial stress that accelerates the
drainage phenomenon and, therefore, the extrusion load.
They also showed that the initial solid volume fraction is
closer to the 80% ¢, for cementitious materials than for clay-
based materials. This makes cementitious materials more
difficult to extrude in comparison to clay-based systems.
Thus, viscosity-modifying agents and/or nanoparticles are
often used in cement-based mixtures to reduce water
drainage.

4  Specific points related to extrusion
4.1 Flow-induced orientation of fibres

Extrusion of fibre-reinforced cementitious materials is known
to orient the fibres along the direction of extrusion flow. This
generally results in the extruded elements’ having superior
tensile and flexural properties, provided the loading direction
is parallel to the fibre orientation. The extrusion-flow-induced
orientation of fibres has been observed when producing high-
performance, strain-hardening cementitious composites [2,
30], also in 3D-printing [50].

4.2 Surface defects

Another important aspect related to extrusion of
cementitious materials is the surface quality of the extrudate.
Tears and ruptures can appear on the surface of the
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extrudates and are often related to local drainage of water at
low extrusion velocity [10] and insufficient early-age tensile
strength at high extrusion rates [51]; see Figure 5. The
literature on surface defects of extrudates is rich for polymers
and plastic materials, but only few studies have dealt with this
problem in the context of mineral materials. The authors
believe that it is important to study and model accurately the
mechanisms of tear and failure formation. Surface roughness
and the occurrence of tears and ruptures depend on the paste
content, maximum aggregate size, yield-stress, and other
features of the cement-based composites. In the case of 3D-
printing the relationship between the material flowrate and
printhead velocity influences the surface quality critically as
well [34]. Although in conventional extrusion smoother
surfaces are strived for, in 3D-printing overly smooth surfaces
can negatively influence the layer-to-layer bond strengths.

.

: SR
S

Figure 5. Example of extrudates a) with good surface quality; b) with
surface ruptures and; c) tears.

5 Conclusions

An overview of the extrusion techniques for cementitious
materials is presented, showing various technologies and
applications based on extrusion, most prominently recent
developments in 3D-concrete-printing. The extrusion flow of
the cement-based materials was shown to be composed of
the elongational flow near the contraction in the so-called
shaping zone driven by the material rheological behaviour
and the plug flow in the barrel driven by the tribological
behaviour. Flow analyses showed that special attention must
be paid to prevent the risk of water drainage that may hinder
extrusion flow. Research on drainage and other process
hindrances appear to be specifically necessary in the context
of 3D-concrete-printing applications.
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