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Abstract
This paper presents an experimental investigation of the effect of electro-osmosis on lubricating the interface between the 
cement paste-based material and metal wall. A new experimental apparatus was developed and set up in this study. Two scales 
of cement paste-based materials were used and tested: cement paste and mortar. Tests performed were as follows: (i) range of 
potential difference varies from 5 to 30 V; (ii) range of metallic plate slope varies from 7° to 15°. The pre-movement time was 
reduced and the sample velocity was increased by increasing the potential difference and the slope. The rheological properties 
of two mixtures were determined to identify the characteristics of the fluid film at the interface that plays an important role in 
lubricating the sample. The permeability coefficient for managing the contact lubrication was also determined in this study.
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1  Introduction

Extrusion is a common manufacturing process used in many 
industrial sectors. In civil engineering, this process is widely 
used for panel, pipe, and brick fabrications at a highly pro-
ductive rate. With the development of 3D-concrete printing, 
the extrusion of cement‐based materials has recently gained 
close interest [1–3]. Applications of extrusion in the con-
crete industry consist of ram extrusion (Fig. 1a), which is 
often used in laboratories to study extrusion flows, describe 
the rheological behavior, and assess the extrudability of vari-
ous materials, and screw extrusion (Fig. 1b), which is the 
most common extrusion technique, in which the material is 
continuously fed into the extruder barrel. Screw extruders 

are also used at the laboratory scale to test extrudable mate-
rials and optimize mixtures.

Due to its relatively infrequent use in civil engineering, 
the extrusion of cement-based materials has not been stud-
ied intensively. Cement‐based materials behave like visco-
plastic materials and exhibit a non-Newtonian behavior with 
respect to yield stress. These materials are formulated from 
polydisperse nature, sensitive to water drainage, and are con-
solidated during extrusion. Interaction between the extrud-
able material and extruder barrel dissipates energy. The 
tribological behavior of fresh mortar against a metal plate 
with different textures has been studied by Mélinge et al. 
[5]. Several authors have studied the optimal mixture ingre-
dients and extrudability [6], which show a dominant plastic 
rheological behavior and do not have granular interactions.

Another issue in making an extrudable cement‐based 
material is reducing partial friction between it and the 
extruder barrel using the principle of electro-osmosis. Perrot 
et al. and Toutou et al. [1, 6] used vibration to make a more 
extrudable material. Djelal et al. [7] has used the principle 
of electro-osmosis to lubricate a wall surface subjected to 
friction caused by the extrusion of the clay paste. Goudjil [8, 
9] and Vanhove [10] used this process in formwork removal.

A process based on the principle of electro-osmosis was 
developed that allows water migration into concrete using 
double-layer properties of fine concrete particles. The prin-
ciple is the application of an electric potential to the concrete 
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by attracting the cations toward the cathode and the ani-
ons toward the anode. When the cations migrate toward the 
cathode, interstitial water is carried along with them. This 
generates a movement of water toward the cathode. This 
phenomenon was described by Casagrande et al. [11], who 
applied this principle to displacing water in clay. It was also 
applied to soils by Mitchell et al. [12] and Cambefort et al. 
[13]. Recently, the principle of electro-osmosis has been 
set up in a screw extrusion [4]. The tests indicated that the 
extrusion force can be reduced by 22.3% when a voltage 
20 V was applied (Fig. 1c).

In this paper, an electro-tribometer based on the inclined 
plate technique has been developed to examine the lubri-
cation effect induced by the principle of electro-osmosis. 

In this way, normal and shear stresses are imposed by the 
weight of each sample and plan inclination. The effect of 
electro-osmosis on lubricating the cement‐based material 
samples in contact with the wall surface was confirmed [8, 
9, 14]. The objective of this study is to evaluate the effect 
of electro-osmosis (potential difference and slope angle) 
on the displacement shape of the sample. By observing the 
steady-state regime of sample movements, we suppose that 
the effect of electro-osmosis changes the rheological prop-
erties of the film fluid at the wall surface and the sample. 
Moreover, the film thickness and solid volume fraction vary 
with the electrical potential difference. Finally, this pro-
cess can be controlled via the electro-osmotic permeability 
coefficient.

Fig. 1   a Schematic of ram extrusion and b of screw extrusion process [3] c Setup of electro-osmosis applied in screw extrusion [4]

Table 1   Mixing composition optimizes for ram extrusion

Items Weight ratio constituent/powder for 
cement paste

Weight ratio con-
stituent/powder for the 
mortar

Powder 1 1
fine sand (0/0.630 mm) – 0.8
Water 0.22 0.25
Plasticizer Sika 22S 0.0075 0.0075
Powder (weight ratio): 70% cement, 20% volcanic rock finely crushed, 5% silica fume, 5% amorphous crushed quartz
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2 � Materials

The used cement paste and mortar are equivalent to pro-
posed one by Toutou [6], and the mortar preparation pro-
tocol is also equivalent. The mixing composition was opti-
mized in recent research as shown in Table 1.

3 � Experimental devices and test protocols

3.1 � Electro‑tribometer

To study the effect of electric polarization technique on 
lubrication at the contact between the cement paste sample 
and the metal plate, an electro-tribometer was developed 
and validated in the laboratory [14]. It is composed of an 
inclined metallic plate on which a rectangular sample is 
placed as illustrated in Fig. 3. The roughness of the steel 
wall was measured and controlled. The slope of the steel 
plate was also checked and set up before testing.

The sample holder (Fig. 2) allows the realization of 
a parallelepiped sample of 120 mm in length, 80 mm in 
width, and 37 mm in height. The bottom of the holder 
consists of a removable stainless 1-mm-thick steel plate 
which represents the second electrode. Finally, the sample 
holder is equipped with a removable holder so that only 
the sample is in contact with the wall surface (Fig. 2).

After the cement‐based material sample was put in the 
sample holder, the removable holder was removed. The top 
of the sample holder was made of stainless steel which con-
stitutes the anode (Fig. 3). The sample was weighed and 
placed on the inclined plate which was connected to the 
cathode. After the direct current (DC) power was activated, 
the sample starts to move. For one test, the imposed potential 
is kept constant, and the sample displacement is measured 
using a magnetostrictive sensor.

Depending on the potential difference and the slope 
angle, the sample movement will continue or stop. In case 
the sample movement continues, the sample average veloc-
ity will be determined from the steady-state regime of sam-
ple movements (Fig. 4). After testing, the sample is then 
weighed for the determination of mass loss. The test plan 
including changing the slope and potential difference will 
be conducted with one mixture.

The constant resistance R1 of 559.87 Ω in Fig. 3 is used in 
order to control the current through the sample via measur-
ing the potential difference V1. The measured sample dis-
placement versus time is illustrated in Fig. 4. There are three 
periods of sample movement as follows: (1) pre-movement 
time: the sample is still in place without any movements on 
the inclined plate after the DC power is activated; (2) accel-
eration: the sample is accelerated; and (3) constant move-
ment: the sample moves at a constant speed. The sample 
average velocity (V0) was determined at third period.

Fig. 2   Schematic of the sample holder

Fig. 3   Schematic view of the 
electro-tribometer
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At the end of each test, the sample surface, which was in 
contact with the metal plate, has been photographed (Fig. 5).

3.2 � Characterization of sample movement

Figure 6 shows the influence of the potential difference on 
the pre-movement time (Fig. 6a) and the sample average 
velocity (V0) (Fig. 6b). In all the tests, the application of the 
electric field does not instantly induce the movement of the 
samples. The increase of potential difference (ΔU) reduced 
the time necessary for the appearance of the movement (Pre-
movement time). The tests carried out at ΔU = 5 V, which is 
a limit to the exploitation of the phenomenon in the context 
of the study.

It can be seen in Fig. 6b that the sample velocity almost 
linearly increases with the increase in the potential dif-
ference except for the test result at ΔU = 5 V. This can be 
attributed to the measurement errors or uncertainties due to 
stick–slip movement. Indeed, length movement is not large 
enough to analyze the exact velocity.

4 � Lubrication phenomena

4.1 � Hypothesis

The test duration is about 20 min. Thus, the hydration pro-
cess of the cement-based material sample can be neglected 
and does not influence the rheological properties of the 
tested mixture. Because the sample velocity was almost 
constant during its total movement, the fluid film thickness 
can be assumed constant and is very thin compared to the 
sample dimensions. Under the effect of direct current (DC), 
the electro-osmosis phenomenon induces the water flow 
from the anode to the cathode, thus changing the rheological 

properties of the bottom layer of the sample via changing the 
solid volume fraction of the mixture.

Furthermore, from the observation of the sample's con-
stant movement, the following hypotheses are assumed to 
determine the properties of the thin film fluid at the interface 
during the movement stage of the samples: (1) The sample 
is moved via a thin film fluid created by the electro-osmosis 
phenomenon. It is the region 1 as shown in Fig. 7. The solid 
volume fraction of this layer is smaller than that of the origi-
nal mixture (Figs. 3, 5). (2) The rheological properties of the 
thin film are constants when the sample is moving.

4.2 � Rheological properties of the mixtures

The rheological behavior of the cement-based material sam-
ples is identified by modifying the solid volume fraction in 
the mixture. The Malvern Gemini 150 rheometer (Fig. 8) 
is equipped with a plate–plate geometry (40 mm diameter) 
is used. The face of each plate is roughened to avoid slip-
page with the wall. The mixture behavior is studied in the 
coordinates (τ, 𝛾̇, ϕ), where τ is the shear stress, 𝛾̇ is the 
shear velocity, and ϕ is the solid volume fraction. In this test 
setup, the distance between the two planes is kept constant 
at 2 mm.

Samples are prepared following a similar protocol to the 
paste preparation for the friction test. The fluid phase con-
sisting of water and the plasticizer is prepared by remaining 
the ratio between the plasticizer dosage and the water dos-
age. The fluid mixture was mixed with the powder mixture 
for two minutes.

Before starting the rheological characterization test, the 
mixture age is noted and remains the same time for each test. 
The mixture is then placed in the cell plan-plan and the test 
starts with a pre-shear phase at 100 s−1 during 60 s, which 
ensures the mixture homogeneity. The characterization 
began with a restructuring linear phase down to = 0.1 s−1 
for 100 s and a disintegration linear phase up to 100 s−1 

Fig. 4   Illustration of sample 
displacement measured versus 
time at 14° slope and 30 V of 
potential difference
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(Fig. 9). During the test, shear strain and shear velocity are 
recorded. A flow curve illustration is obtained with different 
solid volume fractions as shown in Fig. 10. The parameters 
of the rheological properties are determined by matching the 
experimental data with the Herschel–Bulkley’s flow curve 
that is given in Eq. (1):

(1)𝜏 = 𝜏0 + k.𝛾̇n,

 where τ0 is the limit yield stress, k is the flow parameter, 
and n is the structuring parameter. Each of these parameters 
depends on the solid volume fraction (ϕ).

As can be seen in Fig. 10 the limit yield stress exponen-
tially increases as the shear velocity and the solid volume 
fraction increase.

The influence of 𝛾̇ on the limit yield stress τ0 is shown 
in Fig. 11. These field data are obtained by a dynamic 
method consisting of the structuring phases and disinte-
gration phases. A significant difference in the values of 

Fig. 5   Textures of the tested 
mortar samples at 5 V,10 V, 
20 V, 30 V at 11° (left) and 14° 
(right)
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the limit yield stresses between the two phases has been 
found. The data parameters are modeled following the Le 
Grand’s model expressed by Eq. (2):

where B,�∗
0
 are constants.

The average structuring parameter in restructuring 
phases is determined to be n = 1.28 for cement paste 
and n = 1.26 for mortar (Fig.  12a) and is not inf lu-
enced by the solid volume fraction. Some errors can be 
explained by the use of a small amount of materials for 
the mixture (about 30 g) and sample mixing was done 
manually. Sedimentation phenomena appeared in the 
case of cement paste at the lower solid volume fraction 
after mixing. This phenomenon affected the rheological 

(2)�0 = �∗
0
.Exp(B(� − 0.5)),

Fig. 6   Relationship of average evolution of a pre-movement time and b V0 as a function of the potential difference (ΔU) 

Fig. 7   Hypotheses of calcula-
tion

Fig. 8   Illustration of Rheometer Malvern Gemini 150
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results. Using the restructuring and disintegration 
phases, the rheological properties can be characterized 
as shown in Table 2.

The k parameter of the Herschel–Bulkley model is also 
analyzed. It represents the viscosity and is affected by the 
solid volume fraction as shown in Fig. 13.

It is noted that at a low value of ϕ, the k value tends to be 
asymptotic to the horizontal axis and is close to the water 
fluid viscosity. The k value goes asymptotically to the verti-
cal axis at a higher value of ϕ. This is the limit solid volume 
fraction and is called the packing solid volume fraction (ϕM). 
The experimental data can be fit to the Krieger–Dougherty 
modified model as shown in Eq. (3):

In this study, the parameters are computed using the least 
squares method with the Levenberg–Marquardt algorithm. 
The fitted parameters for Eq. (4) are given in Table 2.

(3)k = k0

(
1 −

�

�M

)−�.�M

.

(4)� = �∗
0
.Exp(B(� − 0.5)) + k0(1 −

�

�M

)−�.�M

.n
� .

Fig. 9    Schematization of the 
rheological characterization 
protocol at imposed shear rate

Shear velocity

Time

60 s 100 s 100 s

γ =100 s-1
.

0.1 s-1

Fig. 10   Flow curves of cement paste τ = f(𝛾̇) for different values of 
solid volume fraction (ϕ)

Fig. 11    Evolution of limit yield stress as a function of solid volume fraction in a restructuring phases and b disintegration phases
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Figures 11, 12, 13 show that the rheological behaviors 
of cement pastes and mortars are similar. Sand acts like an 
inclusion in the mortar and the rheological behavior of the 
mortar is controlled by the cement paste in the mortar. A 
gap Δϕ = 0.13 in the solid volume fraction between the two 
scales of materials is recorded. These results consistent with 

research of Toutou and Roussel [15]. The rheological model 
for cement pastes and mortars are used in the next section in 
order to calculate the solid volume fraction in the fluid film 
of test with electro-tribometer.

Fig. 12   The average structuring parameter in restructuring phases a cement paste and b mortar

Table 2   Rheological parameters 
of mixture

Phase Type �∗
0
(Pa) B k0 (Pa.sn) �

M
� n

Restructuring Cement paste 36.5 30.48 44 × 10–5 0.46 5.48 1.28
Mortar 5.19 × 10–2 77.28 338 × 10–5 0.59 2.45 1.26

Disintegration Cement paste 117.24 39.65 6 × 10–4 0.46 3.583 1.49
Mortar 6 × 10–1 36.3 8.9 × 10–4 0.59 2.54 1.47

Fig. 13   Evolution of the Herschel–Bulkley model’s k parameter as a function of solid volume fraction in a restructuring phases and b disintegra-
tion phases
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4.3 � Equations

The equation describing the flux properties of the fluid 
film can be derived based on the mass conservation and 
the momentum conservation equation. The mixture is char-
acterized by the solid volume fraction and this fraction is 
assumed to be constant during the test. The average volume 
mass is calculated using Eq. (5). In this model, the longitu-
dinal pressure gradient is neglected.

where ρavg, ρs, and ρe are average volume mass, solid volume 
mass, and fluid volume mass, respectively.

The boundary conditions are as follows: (1) a constant 
pressure induced by the sample weight acting on the film, 
(2) the perfect bond between the film and the wall, and (3) 
the shear stress at the depth of z = h constantly induced by 
the sample weight (Fig. 7).

Finally, given the rheological behavior law of a non-New-
tonian fluid, the film fluid properties are determined by the 
average solid volume fraction using Eqs. (6, 7):

where C is a variable of Eq. (6) to reduce the length of 
Eq. (6) and

In Eqs. (6 and 7), the solid volume fraction is the unique 
variable. If the mixture flow volume is assumed to be a con-
stant (which is compatible with the sample velocity), the 
average film height will be given by the following condition:

where M is the initial sample mass, ΔM is the sample mass 
loss, α is the wall inclination angle, V0 is the sample velocity, 
S is the sample surface area in contact with the wall, l is the 
sample width, and LT is the displacement length of sample 
in inclined plate.

(5)�avg = f .�s + (1 − f )�e,

(6)
V0 =

k0

�
1 −

�

�M

�−[�]�M

�
2

L

Mg cos �

S
−
�
�.�s + (1 − �)�e

�
.g. sin �
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n
+ 1)

.

⎡
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+1⎤
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,

(7)C =
Mg sin � − Ffr

S
− �∗

0
.eA.(�−0.5) −

2

L

Mg cos �

S

ΔM[
�.�s + (1 − �)�e

]
.l.LT

+ .g.
ΔM

l.LT
sin �,

(8)ΔM =
[
�s� + (1 − �)�e

]
h.l.LT ,

(9)h =
ΔM

�avg.l.LT
,

5 � Results and discussion

5.1 � (1) Characterization of rheological properties 
of interface film

Samples of the same mixture are tested with different slope 
angles and potential differences. For each tested sample, 
the average solid volume fraction and the average film 
height of interface film were determined by Eqs. (6, 7, and 
8). Figure 14 shows the plots of the relationship between 
the potential difference and the average solid volume frac-
tion of this film. It can be noted that there always be a 
unique solution with a packing volume fraction. Moreover, 
the results show that the potential difference affects the 
modification of the mixture texture in contact with the 
wall. The results show that the shear stress is generally 
constant, which is resulted from the average film thickness 
of h = 1.29 × 10–5 m (Fig. 15).

5.2 � (2) Characterization of rheological properties 
of interface film

In this study, the flow of electro-osmotic is determined 
using the mass conservation as shown in Fig. 16. The elec-
tro-osmotic flow is equal to the flow of lubrication or mass 
deposition on the inclined plate. The effect of potential 
difference on the electro-osmotic permeability coefficient 
has been assessed. This coefficient is calculated using the 
following formula based on the Casagrande's law:

where ΔM is the mass losses (g); V0 is the sample velocity 
(m/s); ΔU is the potential difference; H is the sample thick-
ness (m); S is the sample area (m2); keq is the electro-osmotic 

(10)QLubrification = Qelectro−osmotic,

(11)Qelectroosmotic =
ΔM.V0[

�s.� + (1 − �)�e
]
hlLT

= keqS
ΔU

H
,
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permeability coefficient; l is the sample width (m); and LT is 
the displacement length of sample in inclined plate (m).

In Eq. (10), all parameters are determined after each 
test. The results are reported in Fig. 17 by establishing the 
relationship between the potential difference and the flow 
of electro-osmotic. Two scales of material are analyzed.

Figure 17 shows the linear relationship between the 
electro-osmotic flow and Qelectro-osmotic. These results per-
mit the identification of an electro-osmotic permeability 
coefficient with good confidence. Indeed, the results of 
electro-osmotic permeability are kcement paste = 3 × 10–10 m2.
V−1.s−1 (R2 = 90%) for cement pastes and kmortar = 2 × 10–10 
m2.V−1.s−1 (R2 = 91%) for mortars. These values remain 
lower than those in the literature [11]. These low values 
can be attributed to the use of small amount of water in 
the extrudable mixtures compared to cast-in-place cement-
based materials (cast-in-place concrete).

Fig. 14   Evolution of solid volume fraction as a function of the electrical potential difference with cement paste and mortar material in a restruc-
turing phases and b disintegration phases

Fig. 15   Evolution of the height of fluid film (h) as a function of the 
potential difference (ΔU)

Fig. 16   Schematic of flow 
coupling: electro-osmotic and 
lubrication

α

Qelectro-osmotic

Q lubrication

Sample

Interface film

Steel wall 



167Effect of electro‑osmosis on lubrication of fresh cement paste‑based material in contact with…

1 3

6 � Conclusions

This study has investigated the effect of electro-osmosis on 
lubricating the interface between the extrudable cement-
based material samples and metal plate. The electro-tribom-
eter was used in this study. The two-scale material was used 
for testing. The displacement development was measured 
using a magnetostrictive sensor. Some of the important find-
ings from this study are summarized as follows:

(1)	 The principle of electro-osmosis via using a direct 
current (DC) has great effect on modification of rheo-
logical properties of cement-based materials in contact 
with a metal plate.

(2)	 The effect of lubrication on the interface cement-based 
material samples and the metal plate is observed in a 
developed electro-tribometer. Under the effect of sam-
ple weight posed on the inclined plane, no movements 
have been recorded until the application of potential 
difference between the two areas of the sample. Three 
periods consisting of pre-movement time, acceleration, 
and movement stability are observed during all of the 
tests. The stick–slip shape of displacement appears at 
5 V of potential difference.

(3)	 Logically, when the potential difference increases from 
10 to 30 V, the pre-movement time decreases and the 
velocity of the sample increases.

(4)	 Assuming that the sample velocity is constant with 
time, a thin film fluid appears in the interface between 
the cement-based material sample and the metal plate 
with a constant height. An equation has been estab-

lished between the solid volume fraction and the tested 
data. The average film thickness of h = 2.29 × 10–5 m 
has been determined and it can clarify the influence of 
potential difference on the solid volume fraction of the 
lubricating film fluid.

(5)	 From the experimental data, the electro-osmotic perme-
ability coefficient can be indirectly calculated. These 
values remain lower than those in the literature. This 
can be attributed to the use of small amount of water 
content in the mixture.

Limitations of this study is not examined of the consoli-
dation effect of mixture during extrusion process that can 
be induced the movement of fluid and changed the solid 
volume fraction in the mixture. This test is compatible with 
firm cement-based materials used in extrusion process. For 
future work, the effect of electro-osmosis on the mechanical 
properties of cement-based materials should be experimen-
tally conducted.
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