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Abstract. Concrete surface quality is generally linked to the development conditions of concrete close to the formwork.
This work aims to study the influence of the nature of release agent and the quantity of fine elements on the chemical
interactions at the concrete/oil/formwork interface. Five concretes were prepared at 28, 30, 32, 34, and 36% of paste to
study the influence of paste volume on the friction between formwork and fresh concrete. The friction tests were per-
formed using an apparatus which can reproduce the same conditions of construction sites. In addition, a physicochemical
investigation was achieved to identify the effect of fine elements on the ability to form the interstitial mediums at the
interface. The formation of soap in the vicinity of the formwork surfaces was also studied as a function of the content
and the nature of oils. The results showed that the friction between fresh concrete and formwork depends on the pore

solution content present at the interface.
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Introduction

The characterization of fresh concrete on construction
sites is still typically limited to use of a single param-
eter, workability, which is presumed to describe the be-
haviour of fresh concrete. Good workability reduces the
risk of defects and improves the final quality of structures
(Amziane et al. 2005; Ferraris, De Larrard 1998; Laskar,
Talukdar 2009). The workability of concrete is strongly
linked to the paste volume for concretes without super-
plasticizers. As an active element in concrete, the paste is
unique in that it can fill the voids in the granular skeleton
as well as act as a lubricant (Ferraris 1999; De Larrard
et al. 1998). However, the movement of aggregates is
limited by intergranular friction forces and friction forces
against formwork and pumping pipes (De Larrard 1999;
Koehler 2004; Kwon et al. 2011).

Currently, there are many gaps in the understand-
ing of the phenomena that take place when concrete is
poured into formwork. Some of these phenomena are
directly related to the friction between the materials in
contact. The friction at the concrete/formwork interface
can be considered a favourable factor that reduces lat-
eral pressure exerted on the formwork, but it can also
be unfavourable to the quality of the concrete surfaces
(Proske et al. 2010; Graubner et al. 2012; Libessart 2006;
Kwon et al. 2011). Some studies have reported on the
effect of friction on formwork pressure. Proske (2007)

modelled the friction effect based on the friction coef-
ficient increasing over time. Vanhove (2001) also ana-
lysed the effect of formwork friction based on the friction
coefficient. He measured the friction using a tribometer
specially designed for a complex medium such as fresh
concrete, in which the friction coefficient is known to
be dependent on the roughness of the formwork surface.
There are many factors that influence the behaviour at
the interface, such as the mixture proportions, admix-
tures, temperature, the casting rate and the height of the
formwork. Those factors can be classified as intrinsic or
extrinsic. Intrinsic factors are related only to material
characteristics, while extrinsic factors are such things as
formwork flexibility, wall roughness, and external tem-
perature (Ngo et al. 2010, 2011; Kwon et al. 2011). How-
ever, these studies do not take into account the chemical
interactions that occur at the interface between fresh con-
crete and formwork.

Indeed, to obtain a high-quality concrete surface,
release agents are applied to formwork to prevent stick-
ing or adhering of formwork walls to hardened concrete.
These release agents are usually used to facilitate the
removal of concrete elements and produce a concrete
surface with good aesthetic qualities. These products are
also used to protect the formwork surfaces from corrod-
ing and to facilitate their cleaning (Courarda et al. 2012,
2011; Thompson 1969; Gram 2004; Hart 1994).
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In context in which sustainable development has
become a major priority, the construction field must
face new environmental requirements. Particular con-
cerns are related to the poorly biodegradable mineral
release agents that are currently used as to separating
fresh concrete from formwork surfaces. The nature of
this oil creates significant environmental pollution risks.
New formulations of release agents of vegetable origin
have been developed. The main advantages of vegeta-
ble oil products over mineral oil-based release agents
are the following: no emissions of volatile organic com-
pounds, no pungently unpleasant smell, non-irritating to
people’s skin, non-flammable, biodegradable in the envi-
ronment, a renewable source, reduced insurance, storage
and waste treatment and disposal costs and a “greener”
public image for the industry (Baty, Reynolds 1997;
De Brito et al. 2000). However, the use of vegetable
oil-based release agents requires sufficient knowledge of
their behaviour at the concrete/release agent/formwork
interface.

Several studies have been conducted to examine the
interface mechanisms in the presence of vegetable oils.
Recently, researchers have shown that two separate phe-
nomena occur at the concrete/oil/wall interface (Courarda
et al. 2011; Libessart 2006; Bouharoun 2011). Mineral
oil-based release agents act by physically separating the
concrete from the formwork wall, while vegetable oil-
based release agents have both a chemical effect and a
physical effect on the interface. This paper discusses the
influence of paste volume and the nature of the release
agent on the physicochemical properties at the interface
and the resulting friction between the concrete and the
formwork. To examine this influence, fives ordinary
concretes of different paste volumes were formulated. A
detailed study on the friction at the concrete/formwork
and concrete/oil/formwork interfaces was performed us-
ing a plan/plan tribometer. Characterization tests of the
concrete/oil and oil/formwork interfaces were then per-
formed to better understand the mechanisms of the oil
formulations as a function of their composition. The re-
sults showed that the interface friction stress depends on
the volume of paste and the nature of the release agent.
In addition, this study highlights the impact of soap
quantity on interface mechanisms.

1. Materials
1.1. Binder characteristics

The cementitious material used in the mixtures studied
was an ordinary Portland cement (CEM I 52.5 type N
according to NF EN 197-1). Chemical analysis of the
clinker provided by the manufacturer revealed that the
cementitious material was 64.3% CaO, 19.2% SiO,,
5.1% Al,O3, 3.4% SO3, 2.9%, MgO, 2.5% Fe,03, 0.7%
K,0, and 0.3% Na,O. The Blaine surface area of the ce-
ment was 4000 cm?/g, and the density was 3.09 g/cm?.
The limestone filler used was BETOCARB-MQ,
which is essentially composed of carbonate (99.3%).
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Fig. 1. Grain size distributions of cement and limestone filler

This limestone filler is characterized by a Blaine
fineness of 3970 cm?/g, a density of 2.71 g/cm? and a
water content of 0.1%.

Figure 1 shows the gradation curves of the cement
and limestone filler as measured using a laser granulometer.

The key point that emerges from the gradation re-
sults is the greater fineness of the limestone filler com-
pared to that of the cement. The following observations
can be made based on the gradation curves:

- 90% of particles have a diameter less than or equal
to 37.4 pm for cement and 66 um for limestone
filler;

- 50% of particles have a diameter less than or equal
to 14.3 um for cement and 13.5 um for limestone
filler;

- 10% of particles have a diameter less than or equal
to 1.6 um for cement and 1.2 um for limestone
filler.

1.2. Aggregate properties

The characteristics of the aggregates used are given in
Table 1.

Sand and two types of crushed gravels were used
to produce the concretes. To obtain a formulation cor-
responding to the standard specifications, characteri-
zation tests were performed. These tests concern the
absolute and apparent densities, the cleanliness (sand
equivalent), the absorption coefficient and the sand-size
gradation.

The results obtained show that the sand is very clean
and can be used without risk of detrimentally altering the
composition of concrete. The fineness modulus (Fm) of
the sand was equal to 2.51. This fineness modulus was

Table 1. Aggregate characteristics

Aggregates Sand Gra;vel Gr;vel
Granular class 0/4 4/8 8/12.5
Apparent density (g/cm?) 1.49 1.42 1.45
Absolute density (g/cm?) 2.57 2.72 2.6
Absorption coefficient (%) 0.8 - -
Sand equivalent (%) 97.38 - -
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Fig. 2. Grain size distributions of coarse and fine aggregates

derived from the gradation curve shown in Figure 2. Par-
ticles less than 80 pm make up 0.6% of this sand.

1.3. Formulation of concretes

The effect of paste volume was studied by formulat-
ing five ordinary concretes with 28, 30, 32, 34 and 36%
paste. These concretes were identified as C28, C30, C32,
C34 and C36, respectively. The water/binder ratio (w/b)
and aggregate/sand ratio (a/s) were held constant. Table 2
shows the formulation and properties of the concretes
used in this study.

The concrete was mixed from dry materials accord-
ing to NF EN 12350-2 (1999). A rest time of 10 min
was allowed for absorption of water by the aggregates.
This precaution avoids an alteration of the rheological
properties of the concrete a few minutes after mixing.
The mixer used to prepare the concretes was a DZ120 V
DIEM. It was equipped with several blades to optimize
the mixing. A slump test of each mix was conducted to
check the workability of the concretes.

The yield stress and the plastic viscosity of each
concrete were measured using the ICAR rheometer. This
device is portable on constructions site; it was developed

Table 2. Composition and properties of concretes

C28 C30 (C32 C(C34 C36

Paste volume (%) 28 30 32 34 36
Limestone filler (kg/m3) 77 83 88 94 99
Sand 0/4 (kg/m3) 838 815 792 768 744
Aggregate 4/8 (kg/m?3) 287 279 271 263 255
?ﬁ%fggg{‘; ) 778 756 734 712 690
Water (kg/m?) 176 189 201 214 228
Cement (C) (kg/m?) 232 248 265 282 301
Water/binder ratio 0.57

Crushed aggregate/sand 1.27

Slump (mm) 120 130 140 150 170
Air content (%) 1.9 1.9 2 2 2

Plastic viscosity (Pa‘s) 30.1 253 21.1 16.7 125
Yield stress (Pa) 549.1 502.3 429.9 3554 263.2

at the University of Texas (Koehler 2004; Koehler et al.
2006). For each concrete mixture, the protocol test be-
gins with a pre-sheared, followed by a rest period so that
the concrete can be completely restructured. The concrete
is then sheared at a velocity of 3.14 rad/s during 20 s to
obtain a complete breakdown of the material. Then, a
ramped down from 3.14 rad/s to 0.314 rad/s, by steps of
0.0684 rad/s is applied.

1.4. Release agents

To assess the influence of oil type on the interface fric-
tion, two commercially available release agents, one of
mineral origin and one of vegetable origin, were used.
The properties of the oils are given in Table 3.

Table 3. Characteristics of the release agents

Nature of oil Vegetable oil Mineral oil

Reference Hv Hm
Color yellow yellow
Flash point (°C) >100 >100
Acid number (mg KOH/g) 5.4 1
Hydroxide number (mg KOH/g) 1 0.85
Density 0.93 0.86
Viscosity (mPa-s) 66.6 24.5

Hm is a pale yellow, liquid, ready-to-use, de-layed-
release agent. It contains a primary mineral base as well
as an acidifier and an anti-corrosion agent (the latter was
not considered in this study). This oil, which is composed
of hydrocarbons, has low biodegradability and can there-
fore cause water pollution in the environment.

Hv is a straw-yellow, liquid, ready-to-use delayed-
release agent. In addition to the vegetable ester base, it
contains an acidifier and a solvent. Note that the acid
number values of the COOH carboxylic functions in
Table 3 corresponding to non-saponified fatty acids.

To prevent an oil surplus and ensure a good oil dis-
tribution on the plate, the release agents were sprayed by
an Eco-spray sprayer at 20 cm from the tribometer plate.

2. Experimental methods
2.1. Measurement of friction

The principle of this device was inspired by the box
shear apparatus used in soil mechanics (Fig. 3). It can re-
produce the conditions encountered by manufacturers of
concrete walls and precast elements. In particular, it can
create sliding contacts between concrete, release agent
and formwork (Vanhove 2001).

Two 120-mm-diameter cylinders, with concrete in-
side, were placed on either side of a metal plate. The
sample holders were fitted with a gasket system to pre-
vent water ingress. The plate was set in motion using a
motor coupled to an endless screw. The plate travel was
800 mm. The concrete was pressed against the plate by
a jack.
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Fig. 3. Friction device (Vanhove 2001)

The parameters for this experimental study were
chosen according to the jobsite conditions. After mixing,
the concrete was placed in the sample holders. The normal
pressure was increased incrementally until the final set-
ting state (Proske 2007; Graubner et al. 2012).

The magnitude of the load increment depended on
the casting rate. In the friction tests, the applied vertical
stresses were normally 30+2, 50+2, 70+2, and 90+2 kPa,
which correspond to lateral pressures applied by the con-
crete on formwork 1.2 and 3.6 m in height (Fig. 4).

A displacement of 2.5 mm with a pull-out velocity
of 5 mm/min was applied to the metallic plate at every
load step. The selected velocity simulates the vertical dis-
placement of the concrete after placement in real form-
work. The frictional, or tangential, stress was calculated
by the following equation for each load step:

F, mes F, par
Ty < . (1)
F, 1s the resultant of the parasitic frictional forces due
to the watertight system against the plate. The area in
contact between the concrete and the plate is calculated
from the diameter of the sample holder. In this study, this
area was S, = 113.1 cm?.

The friction coefficient was calculated using

Eqn (2).
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where p and P represent the friction coefficient and the
lateral pressure applied to the fresh concrete, respectively.

2.2. Loss of oil film thickness

The oil film thickness is measured after passing of the
fresh concrete on the metallic plate to determine the
amount of oil involved in the formation of emulsified
mediums close to the formwork wall by the weighing
method. This technique is easy and has been validated by
Libessart (2006) by comparison with PIXE techniques.
Weighings were performed with a scale of 0.001-g ac-
curacy. The film thickness (e) is calculated for a circular
sample 3 cm in diameter cut from a real formwork wall,
using the following equation:
o= my, —m ,
Pp X Sp (3)
where: p, and S, are the density of the oil and the surface
of the circular sample of formwork; m, and m,, represent
the dry and oiled weights, respectively of the tablet dry
weight of the circular sample of formwork before or after
passing of fresh concrete.

Measurement of the thickness of the oil film was
carried out before and after passing of fresh concrete on
the metal plate for each contact pressure, to calculate the
reduction rate of the oil film thickness (%R) after con-
crete passing (Eqn (4)):

e
%R =—Lx100, (4)

¢
where: e; is the initial thickness of the oil film (before
passing of the fresh concrete); and ey is the final thick-
ness of the oil film (after passing of the fresh concrete).

2.3. Recovery of pore solution

After the concrete was poured into the sample holders, an
interstitial medium formed at the concrete/oil/formwork
interface where the pore solution of the fresh concrete
was in contact with the release agent (De Brito et al.
2000; Gram 2004; Courarda et al. 2011). This interface
is very complex. The quantities of oil and pore solution
at the concrete/oil/formwork interface must be known to
understand the friction mechanisms near the formwork.
To determine the composition of the interstitial mediums
at the interface, the pore solution that migrated to the
interface under the influences of pressure and concrete
vibration were collected and weighted. A cylindrical
sample holder of a tribometer, a plate and a perforated
disc with a mesh screen of 80 um and two lids were used
in this step (Fig. 5). The surface of the perforated disc
was S; = 113.04 cm?.
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Fig. 5. Experimental device for the recovery of pore solution

The goal of the method is to introduce the fresh
concrete in three layers in the lightly oiled sample holder
for friction tests. After 30 seconds of friction, the pore
solution at the interface was collected in a container to
be weighed by a balance with 1/1000-g precision. The
quantity of pore solution present at the interface was
measured for each contact pressure. The results are
expressed in terms of grams at the surface of contact
concrete/plate.

After recovering the pore solution from the fresh
concrete, pH measurements were performed using a pH-
meter, to examine the variation in pH as a function of
time. The results showed that pore solution is basic and
that its pH is constant regardless of the paste volume.
The pH values measured were between 12.7 and 13.1.

2.4. Reconstitution of interstitial mediums

Medium models were prepared with oil contents (Hv or
Hm) of 2, 5, 8, 11, 14, 17 and 20%, combined with 98,
95, 92, 89, 86, 83, and 20% concrete pore solutions (PS).
10 ml of each interstitial medium were prepared, stirred,
and left to rest for 5 min before each measure.

For each release agent, seven interstitial mediums
were reconstituted at different oil content. Therefore,
35 interstitial mediums were formulated with different
percentage of oils and pore solutions. Table 4 shows the
interstitial mediums prepared in the case of this study.

Table 4. Interstitial mediums (PS: Pore solution)

It is important to remember that the interstitial me-
dium is composed of pore solution and solubilized hy-
drophilic compounds, such as the oil film on the wall and
soaps formed at the interface.

2.5. Measurement of contact angle and surface tension

A PG-X goniometer was used in this study to determine
the contact angle and the surface tension of liquids. This
apparatus measures the contact angle at the interface be-
tween a liquid drop and the substrate surface on which
it is placed. Testing with the PGX is effortless. One sim-
ply places the unit on top of a sample and presses the
PUMP button. The instrument automatically pumps out
a droplet, captures the liquid/substrate interaction and
graphs the results. The tests were carried out on pore
solutions of fresh concrete and reconstituted interstitial
medium. The contact angles and surface tensions were
measured on a metal plate with the same characteristics
as the formwork walls.

2.6. Quantification of soap formation

The formation of soaps is a process that governs the
properties of the interstitial medium and thus induces
a chemical action during the formwork removal opera-
tion. However, the phenomena involved have not been
precisely described in the literature. Therefore, it seems
necessary to provide additional data on this subject. The
formation of calcium soap is a chemical effect that
occurs by saponification between ester and calcium hy-
droxide or by salification of fatty acids at the concrete/
formwork interface in a basic medium (pH > 7) (Libessart
2006; Baty, Reynolds 1997; Hart 1994).
Soaps are carboxylates of calcium and more specifical-
ly the salts of fatty acids, which have two origins in this case:
- A free fatty acid added to the formulation as an
acidifier, which, in basic medium, turns into a fatty
acid salt through salification:

C28

C30

C32

C34

C36

2% Hv + 98% PS

2% Hv + 98% PS

2% Hv + 98% PS

2% Hv + 98% PS

2% Hv + 98% PS

5% Hv + 95% PS

5% Hv + 95% PS

5% Hv + 95% PS

5% Hv + 95% PS

5% Hv + 95% PS

8% Hv + 92% PS

8% Hv + 92% PS

8% Hv + 92% PS

8% Hv + 92% PS

8% Hv + 92% PS

11% Hv + 89% PS

11% Hv + 89% PS

11% Hv + 89% PS

11% Hv + 89% PS

11% Hv + 89% PS

14% Hv + 86% PS

14% Hv + 86% PS

14% Hv + 86% PS

14% Hv + 86% PS

14% Hv + 86% PS

17% Hv + 83% PS

17% Hv + 83% PS

17% Hv + 83% PS

17% Hv + 83% PS

17% Hv + 83% PS

20% Hv + 80% PS

20% Hv + 80% PS

20% Hv + 80% PS

20% Hv + 80% PS

20% Hv + 80% PS

2% Hm + 98% PS

2% Hm + 98% PS

2% Hm + 98% PS

2% Hm + 98% PS

2% Hm + 98% PS

5% Hm + 95% PS

5% Hm + 95% PS

5% Hm + 95% PS

5% Hm + 95% PS

5% Hm + 95% PS

8% Hm + 92% PS

8% Hm + 92% PS

8% Hm + 92% PS

8% Hm + 92% PS

8% Hm + 92% PS

11% Hm + 89% PS

11% Hm + 89% PS

11% Hm + 89% PS

11% Hm + 89% PS

11% Hm + 89% PS

14% Hm + 86% PS

14% Hm + 86% PS

14% Hm + 86% PS

14% Hm + 86% PS

14% Hm + 86% PS

17% Hm + 83% PS

17% Hm + 83% PS

17% Hm + 83% PS

17% Hm + 83% PS

17% Hm + 83% PS

20% Hm + 80% PS

20% Hm + 80% PS

20% Hm + 80% PS

20% Hm + 80% PS

20% Hm + 80% PS
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- An ester (Hv) which, in its basic medium, turns into
carboxylate by saponification:

+ Ca(OH), —— Soap. (6)

The carboxylate ion (R-COO-) is a compound of
two parts (Fig. 6a):

- The polar carboxylate group (-COO-) that is eas-
ily surrounded by (polar) water molecules and es-
tablishes hydrogen bonds with them. This group
constitutes the hydrophilic part (also called the hy-
drophilic head) of the carboxylate ion because this
group has an affinity for water.

- The apolar alkyl group (R), the carbon chain of
which is typically long. This group forms the hydro-
phobic part (called the hydrophobic tail or lipophilic
part) of the carboxylate ion because this group has
no affinity for water. However, it has an affinity
for fatty substances, such as R, that present a large
number of apolar C-C and C-H bounds.

The carboxylate ion, with a hydrophilic part and a
lipophilic part, is an amphiphilic species. In the presence
of water, carboxylates form spherical aggregates or mi-
celles (Fig. 6b).

The purpose of this test was to obtain quantitative
information about the soap formation caused by contact
between the pore solution and the oil. Dried and tared
bottles were filled with a pore solution-oil mixture. They
were agitated and left to stand for 1 minute. The filled
bottles were then weighed to determine the amount of
soap deposited on the walls. The weight of the soap (W)
was determined as follows:

Wv = I/V(B,Aﬁer) - VV(B,Before)ﬂ (7)

where Wy and W, are the weight of the bottle and the
soap, respectively.

2.7. Measurement of zeta potential

Zeta potential measurements were performed using a
Zetasizer Nano ZS from Malvern Instruments. This de-
vice also measures the particle size, pH and conductivity,

(@)

Hydrophilic part

Lipophilic part

Fig. 6. Soap molecule (carboxylate ion) (a) and diagram of
micelles (b)

which are other parameters that affect the stability of
emulsions. The measuring cell was a capillary U-shaped
cell connecting two electrodes and filled with a dispersed
solution (the interstitial medium containing soap). The
medium was filtered using a cellulose nitrate membrane
with a porosity of less than 10 um (the detection limit
of the device) before being introduced into the measur-
ing cell. After stabilization of the cuvette at 25 °C, the
measurement was started and repeated twice.

3. Results and discussion
3.1. Recording of friction stress

To understand the mechanisms at the concrete/oil/form-
work interface as they relate to the paste volume, friction
tests were conducted using a plan/plan tribometer. Figure 7
shows the recording of the tangential force and the fric-
tion coefficient as a function of time for different contact
pressures for C28 without a release agent.

The results show that the curve shapes are similar
regardless of the pressure. These graphs can be decom-
posed into two zones (Vanhove 2001):

- zone I displays a growth in friction stress due to the
start-up time of the engine to catch up with gaps
and the elastic response of the mechanical system.

- zone I reflects a stationary regime. Friction is near-
ly constant during the test. The stresses of static and
dynamic friction are similar for this concrete/wall
interface. The friction in this zone will be the fric-
tion that will be taken into account.

In addition, Figure 7 highlights the evolution of the
friction coefficient as a function of test time. The results
indicate that the friction coefficient decreases when the
contact pressure increases. For these experimental condi-
tions, its value is between 0.17 and 0.34. However, the
friction coefficient varies between 0 and 0.22 for self-
consolidating concrete (Proske 2007). This difference is
explained by the rheological properties of this type of
concrete and the loading method used in this study. In
this case, the pressure was applied gradually from 0 to
80 kPa.
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Fig. 7. Evolution of friction stress and friction coefficient as a
function of time for C28 without a release agent
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3.2. Friction at concrete/oil/formwork interface

Figures 8, 9, 10, 11 and 12 illustrate the evolution of fric-
tion stress with contact pressure for both release agents
(Hv and Hm).

Each point on these graphs represents an average of
five points in the dynamic regime (zone II) of Figure 7. The
results show that the presence of a release agent reduces
the friction stress of the concrete close to the formwork
wall. For example, friction decreases of approximately 16
to 39% for C28 and 55 to 70% for C36 are observed for the
concrete/oil/formwork interface compared to the tangential
stress of the interface without oil. For one concrete with
28% of paste, Libessart (2006) obtained a similar result.
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When the plate is moved, the friction between the
cement grains and the metallic plate resists the displace-
ment. The presence of a release agent on the metallic
plate reduces the friction at the interface between the
concrete and the wall. Oils prevent the penetration of
fine cement and aggregate particles into the rough sur-
face of the wall during the passage of fresh concrete,
which minimizes adhesion and friction stress at the in-
terface. In addition, the use of a release agent decreas-
es capillary forces by reducing the ability of the plate
to be wetted and increases the resistance to charge
transfer.

The friction stress is less pronounced for Hv, regardless
of the paste volume of the concrete. This oil has a chemical
effect due to saponification and salification reactions with
an organization in a double layer oil/soap at the concrete/oil/
formwork interface (Libessart 2006; Hart 1994; Hurd 1996).
This configuration is favourable to the reduction of friction.
However, Hm has a physical effect, due to its hydrophobic
nature, that prevents the concrete from adhering to the form-
work. The results for the oil film have been shown that the
effectiveness of this physical barrier depends on its thickness
(Libessart 2006; Hart 1994; Hurd 1996).

3.3. Oil film thickness and interface composition

Figures 13 and 14 show the evolution of the reduction
ratio of oil film as a function of contact pressure after the
passage of fresh concrete for both oils.
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The composition of interstitial mediums was es-
timated from the pore solution at the interface and the
percentage of reduction of the oil film thickness. The
proportion of oil in interstitial mediums was calculated
using following equation:

exS,

%H = x100, ®)

exS,+Mpg

where: %H is the percentage of oil thickness reduction, e
is the thickness of oil; S, is the contact surface between
the concrete and formwork (113.04 cm?), and My is the
mass of pore solution at the concrete/formwork interface.

The percentage of pore solution (PS) is determined
as follows:

%PS =100—%H. 9)

Table 5 provides information on the composition of the
interstitial medium of each concrete.

The results indicate that as the paste volume and
contact pressure increase, the percentage of pore solu-
tion constituting interstitial mediums at the interface de-
creases. This phenomenon is most likely linked to the
high fines content in the case of concretes with high paste
volumes, which limit the migration of free water in fresh
concrete toward the formwork under pressure. In con-
clusion, the oil content in interstitial mediums at the in-
terface increases when the paste volume of the concrete

The results indicate that the oil film thickness is
reduced when the contact pressure increases. This phe-
nomenon is more pronounced for Hv. These results are
consistent with those obtained by Libessart (2006) for
a single concrete with a 28% paste volume. Bouharoun
(2011) obtained similar results for concretes at different
paste volume.

The oil film thickness is reduced less when the
paste volume increases. In the case of concrete with a
low paste volume, the concrete at the interface does not
contain enough fines to prevent the contact of aggregates
with the metal surface. This phenomenon causes ruptures
of the oil film at the interface and a more substantial
loss of the oil film. Moreover, after the passing of fresh
concrete, the film thickness of Hv is reduced by approxi-
mately 40 to 50% from its initial thickness, depending on
the paste volume. This phenomenon is accentuated for
concretes with low paste contents. However, a reduction
of approximately 10 to 20% m compared to the initial
film thickness is observed in the case of Hm. In addition,
at contact pressures above 50 kPa, the film thickness re-
mains constant.

These observations suggest that Hm reduces fric-
tion by reducing resistance to sliding of fresh concrete
on formwork walls. Despite the significant reduction of
film thickness of Hv, the frictions at the interface are
lower compared to Hm. These results confirm that other
mechanisms are involved in limiting friction stress in the
vicinity of formwork (Hart 1994; Bouharoun 2011).

increases.

Table 5. Composition of real interstitial mediums of each

concrete
Pressure (kPa) PS (%) Hv (%) Hm (%)
30 97.54 2.46 0.65
50 97.51 2.49 1.09
B28
70 97.09 291 1.38
90 91.22 8.78 3.51
30 97.22 2.78 0.63
50 97.17 2.83 1.05
B30
70 96.54 3.46 1.65
90 90.32 9.68 4.05
30 96.66 3.34 0.75
50 96.59 341 1.12
B32
70 95.69 4.31 1.92
90 89.66 10.34 4.07
30 95.46 4.54 0.93
50 95.06 4.94 1.44
B34
70 94.5 5.5 2.34
90 84.99 15.01 5.49
30 94.95 5.05 0.97
50 94.58 5.42 1.43
B36
70 92.45 7.55 2.85
90 84.7 15.3 4.96
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3.4. Study of interstitial mediums
3.4.1. Soap quantity

Evaluating the quantity of soap formed with the both oils
is very important because it determines the ability of the
release agent to produce a chemical effect in the vicinity
of the formwork wall. Figure 15 shows the amount of
soap formed as a function of the oil content.

The results show that the amount of soap in the in-
terstitial mediums increases for high oil contents. In ad-
dition, Hv generates more soap than Hm. This difference
can be explained on the one hand by the low acid index
(1 mg KOH/g) of Hm, and on the other hand by the abil-
ity of vegetable esters to form soaps.

Increasing the oil percentage in the interstitial medi-
um promotes the formation of soap. The nature and quan-
tity of oil therefore have an effect on the soap amount
produced. These observations show that soap formation
occurs by saponification from vegetable ester and by sali-
fication from fatty acids.

This interesting result suggests that concretes with
high paste volumes produce more soap at the interface
with low oil contents, because oil participates in the for-
mation of interstitial mediums in the vicinity of form-
work. Moreover, the origin of the pore solution has an
important influence on the amount of soap formed in the
vicinity of formwork.

3.4.2. Zeta potential of interstitial mediums

Figure 16 shows the evolution of zeta potential as a func-
tion of oil content.
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Fig. 15. Evolution of soap quantity as a function of oil content
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Fig. 16. Evolution of potential zeta as a function of oil content

A negative zeta potential (PZ) indicates an overall
negative charge. In commercial emulsions, it is the ad-
ditives associated with the surfactant used that create a
negative PZ, in the range of —40 to —50 mV (Husson ef al.
2003). According to Washington (1992) and Washington
et al. (1989), the zone of instability of an emulsion is
between —25 mV and +25 mV.

The results show that the zeta potential depends di-
rectly on the nature of the oil involved in the emulsion.
Whatever the concentrations of oil, the zeta potential is
higher (in absolute value) for Hv than for Hm. This sug-
gests a greater stability of emulsions with Hv compared
to Hm. This stability is observed beginning at 8% oil
content for Hv and 20% oil content for Hm. Regardless
of the oil content, interstitial mediums are not stable and
present a dephasing of emulsions. In addition, the results
indicate that the composition of the concrete does not
influence the evolution of the zeta potential of interstitial
mediums. Similar results were obtained by Husson et al.
(2003) on the formation of emulsions. After the contact
release agent/pore solution, the interstitial mediums form
an emulsion in the vicinity of the formwork.

Moreover, it is observed that the zeta potential in-
creases with oil content, promoting a stable organization
of the medium. The soap formed in the interstitial me-
dium thus has surfactant properties involved in the for-
mation and stability of the emulsion. Thus, interstitial
mediums are formed in the presence of concrete with a
high volume of paste.

3.4.3. Contact angle and surface tension

The surface tension and contact angle results for the pore
solution and the interstitial mediums are given in Figures 17
and 18. It is important to remember that the hydrophobic-
ity of surfaces is more efficient when the contact angle
and surface tension are high. The results show that the
surface tension and contact angle are not influenced by
the nature of the pore solution (i.e. the paste volume).
The formation of soap in mediums decreases the
surface tension and contact angle, reflecting a certain
affinity with the oil film. This result shows also that
the surfactant power of soap formed tends to lower the
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surface tension and contact angle between interstitial
mediums and the oiled plate.

In addition, the results show that an increase in the
oil content reduces the surface tension and contact an-
gle of interstitial mediums. This reduction is more pro-
nounced for Hv. Kozlovtsev et al. (2003) studied the
wettability of five release agents on formwork surfaces
as a function of their origin and time. They showed that
vegetable oils provide better wettability (a low contact
angle). These similar results confirmed that the vegetable
oils have a better wettability than the mineral oils.

Indeed, when the formwork surface is covered by an
oil layer (Hv and Hm), its surface is not made completely
hydrophobic by the presence of surfactants (soaps) which
emulsify a portion of the two phases (oil and pore so-
lution). These molecules promote the spreading of in-
terstitial mediums on the surface of the metallic plate
(Michalski et al. 2000, 1998), resulting in a reduction
in the contact angle and surface tension. Courarda et al.
(2011) measured the contact angle and the surface ten-
sion on the metal substrate at 20 °C for mixtures com-
posed of distilled water and two release agents. Despite
this difference in the composition of interstitial mediums,
their results were similar to those obtained in the case of
our study. But in the present study, the interstitial medi-
ums used are similar to those formed in the formwork
on the construction sites while the tests performed by the
authors were limited to the distilled water.

3.5. Interfacial phenomena

The results obtained from the physicochemical study of
interstitial mediums showed that the formation of soap
is greater in the case of Hv, which yields better stability
and therefore higher efficiency of the interstitial emul-
sion. Hm is more easily emulsified by soap than Hv be-
cause it does not form a soap film. However, the soap
film does not create on oil film as in the case of Hv,
due to deterioration of the oil film by solubilization in
the presence of soaps at the interface (Rabinovitch et al.
1984). The correlations established between the ability to
reduce friction and physicochemical measurements make
it possible to identify two processes that intervene close
to the formwork:

- The emulsification of hydrocarbons (Hm) and esters

(Hv) by the soaps formed; and

- The transformation of esters into soap (saponifica-
tion), catalyzed by fatty acids (acidifiers) present in
the oil, which are themselves turned into soap (salts
of fatty acids).

In the case of Hv, the interface forms two layers
(Rabinovitch ef al. 1984). The ester molecules, owing
to their polarity, adsorb preferentially on the metal wall
of the formwork by chemical interactions (Jacquet et al.
1974). The calcium carboxylates orient themselves to-
ward the hydrophilic concrete. In addition, the abundant
formation of soap from ester improves lubricant perfor-
mance at the concrete/oil/formwork interface due to the
soap layer formed on the oil film.

In the case of Hm, micelles between carboxylates
and hydrocarbons molecules are formed at the interface
by alteration of the film. Calcium soap, which has low
solubility in water, thus acts as a detergent (Michalski
et al. 1998) that partially solubilizes the film and dimin-
ishes the performance of the oil film. This performance
loss is compensated by the high oil content in interstitial
mediums, which favors the formation of a stable interfa-
cial emulsion oil/soap. Thus, a high content of emulsified
oil in interstitial mediums facilitates sliding of the fresh
concrete on the formwork, thanks to the formation of
soap at the interface for both types of oil.

Dhir et al. (1996) highlighted the mechanisms in-
volved close to the formwork during the concrete pour-
ing. The remove of the formwork is accomplished thanks
to a chemical or a physical reaction or a combination of
both. The phenomena shown in their study are in accord-
ance with our results. The physical reaction is character-
ized by the creation of an interfacial film between the
formwork and the concrete. The chemical reaction results
in the formation of soap between the alkali component of
the cement and fatty acid in the oil-based release agent.
The reduction in friction stress observed in our study was
due to both of these phenomena.

Furthermore, when the paste volume increases, the
friction stress decreases (Figs 19 and 20). This result con-
firms that the friction behaviour depends on the quantity
of interstitial material. The volume of paste influences the
formation of interstitial emulsion. In fact, when the paste
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Fig. 19. Evolution of friction stress for Hv
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volume increases, the amount of concrete pore solution
at the interface is reduced by congestion of fine particles
at the interface that limit the migration of free water to
the formwork wall (Bouharoun 2011). Thus, concretes
with high paste volumes will form interstitial mediums
with high oil contents, which results in the production of
more soap and better emulsification of the interface. All
the phenomena mentioned above contribute to reduced
friction stress, depending on the amount of soap (for Hv)
or emulsion interfacials (for both oils).

Conclusions

This study was conducted to identify the parameters that
influence the properties at the concrete/oil/formwork in-
terface during concrete pouring. The following conclu-
sions were drawn from the results of this study:

- Regardless of the type of release agent involved, an
increase in the concrete paste volume reduces the
friction stress and the pore solution at the concrete/
formwork interface;

- The use of Hv and increasing oil content produce
more soap and stabilize emulsified interstitial mediums;

- The thickness of the oil film is not the only factor
that governs the constraints of friction at the inter-
face. The existence of an emulsified phase that re-
sults from reducing the interfacial tension (contact
angle and surface tension) is another key parameter
that can explain the friction behaviour;

- Regardless of the concrete paste volume, the friction
between fresh concrete and formwork is reduced to
a greater degree with Hv, thanks to the reduction of
the film of oil that is transformed into soap rather
than into an emulsion. Saponification and salifica-
tion reactions occur at the interface. Thus, an organ-
ized structure of soap and oil layers is effective in
lubricating the interface. However, the performance
of Hm is improved by high oil content in interstitial
mediums in the vicinity of formwork.

The chemical interactions that would occur in the
presence of a superplasticizer in the concrete at different
dosages would be interesting to study. To better under-
stand the effects of these interface phenomena, research
on the quality of concrete surfaces is recommended.
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