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Abstract. The construction industry is increasingly striving to improve the tribological features
of architectural structures to increase their service life. The focus lies on self-compacting concrete
(SCC) as the most appropriate option to fulfil this task. However, there are still some problems
related to its durability, particularly in terms of physical and chemical properties, which are crucial
in preventing corrosion of the reinforcement. This study seeks to assess the durability of
self-compacting concrete and C20/25 class concrete with similar compressive strength. The
measurements taken during the study include the primary strength indicators (water porosity,
chloride diffusion, and oxygen permeability) and additional properties necessary for a better
understanding (mercury porosity, capillary water absorption, carbonation, and ammonium nitrate
leaching). Mixes of SCC and conventional concrete contained the same raw materials in identical
proportions. Test results revealed that the service life of these two concretes could be considered
equivalent. Therefore, self-compacting concrete with specific compressive strength can be
regarded as durable as shock concrete. The scientific novelty of the study lies in the measurement
of durability properties and the service life of concrete structures taking the coefficient of friction
on a steel plate for the purpose of comparing concretes with equivalent compressive strength.

Keywords: self-compacting concrete, tribometer, friction coefficient, permeability, durability,
compressive strength.

1. Introduction

Concrete is among the primary and most widely used materials in the construction industry.
Due to its strength and fluid consistency, concrete can be used to embody bold and complex design
ideas. Therefore, it is imperative to develop new and improve the existing ways of enhancing
concrete properties. Besides the strength of hardened concrete, it is necessary to consider the
tribological characteristics of fluid concrete, which directly affect the formwork design [1]. The
past decade saw a rise in the popularity of self-compacting concrete (SCC). This type of concrete
is a flowable mixture that has the ability to compact under its own weight and fill the space
between the formwork and reinforcement bars without the use of external compaction forces (no
vibration) [2-4]. Using SCC removes the requirement of additional vibration and thus reduces the
construction time and costs. It can be placed easily in formwork and reinforcement. The
introduction of SCC promoted the development of the construction industry. Meantime, there is a
need to explore its mechanical properties and how they affect the formwork. The French Standard
[5] recommends that the hydrostatic thrust of the material is considered when designing forms to
ensure their safety.
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SCC has the following advantages: faster construction and higher strength of the building
structure; fewer defects; no separation of materials; strong bonding with reinforcement;
penetration into hard-to-reach places; long lifespan; absence of noise and vibrations, safe
installing, and more [6]. The disadvantages of using SCC include high cost and high creep
coefficient [7].

Even though it is expensive, SCC is very popular because of its unique properties. For
example, the ultimate tensile strength of some SCC is higher than that of a simple concrete
composition [8]. SCC with an adequate cement/water ratio exhibits good tribological behaviour
[9]. The elasticity of SCC is 15 % lower compared with conventional cement-sand mixes. The
reduction in elasticity is due to the presence of fine aggregates (ash and sand) in the formulation,
combined with small amounts of coarse stone particles [10]. Due to their advantages, these
mixtures are widely used in complex building structures.

This study focuses on the sustainability of the architectural structures built using SCC. Since
its first use in Japan in the late 1980s [1], SCC has been increasingly employed in commercial and
prefabricated mixtures to enhance some aspects of construction.

The workability of SCC depends on many factors, such as water/cement ratio, mixture
stability, rheology, and so forth [11]. At the same time, SCC exhibits a certain tendency for
cracking, which depends on the capillary pressure build-up rate [12], concrete friction against the
formwork walls [7], and the process of concrete setting. The quality of the structure also depends
on mixture consistency and starting materials, which affect the colour, structure homogeneity, and
surface smoothness of the hardened structure. Other factors influencing these qualities are
associated with the type of the formwork and its removal.

When exploring the dynamic relationship between concrete and formwork, it is crucial to
consider the lateral pressure on formwork after the concrete is poured. These data must be taken
into account when designing the formwork structure. The lateral pressure of conventional concrete
was reported to gradually decrease and become zero within 3 to 3.5 hours after the concrete is
poured [13, 14]. With SCC, the reduction dynamics of lateral pressure can differ significantly, not
to mention that it depends on the casting depth. Knowing the pace of lateral pressure reduction
allows planning the placement of casting sites and the formwork assembly. Aside from that, it is
vital to know the time it takes to reach the full compensation of lateral stress to plan the further
use of the formwork [15].

During the study, the following durability properties were considered: water porosity, chloride
diffusivity, oxygen permeability, and portlandite content. Additional indicators were mercury
porosity (considered equivalent to water porosity), capillarity water absorption, carbonation and
ammonium nitrate leaching.

2. Literature review

Many experimental studies have been devoted to lateral formwork pressure by conventional
and self-compacting concrete, and the results of those studies are at the heart of several theoretical
models. Early models for assessing tribological properties of fresh concrete and their effect on
lateral pressure were based on the principles of soil mechanics [16], which work well for
conventional concrete materials. Models for SCC [17-19] are based on soil mechanics to describe
the effect of fresh concrete on formwork. Vanhove et al. [17] used silo geometry to construct their
pressure model, in which fresh concrete was taken as a continuous granular medium. The
assumption was that concrete and formwork were in perfect frictional contact. The lateral pressure
on formwork P'(H) (Fig. 1) can be determined by the following formula:

PI(H) = pgel —t4(2e + 2L)

fu(2e + 2L)(1 — singp) by
"~ fu(2e + 2L)(1 — sing) B )

X (1 — exp oL

(1

where: p is concrete density, 7, is yield strength, g represents gravitational acceleration, e is a
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distance between formwork surfaces, L represents formwork width, H represents formwork
height, ¢ is internal friction angle, u is the coefficient of friction between formwork and concrete,
and f is friction coefficient describing particle-particle and concrete-wall relationships.
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Fig. 1. Schematic representation of stress disfribution in the formwork [17]

The results of tribological measurement show good agreement with the proposed model. The
coefficient of friction varies from 0.15 to 0.35 for SCC from the top to the bottom of the formwork
[17]. If the coefficient of friction for concrete against the wall (u) is known, Eq. (1) can be used
to estimate lateral formwork pressure exerted by fresh concrete.

To estimate the formwork pressure of SCC, Russell and Ovarlez [18] suggested a model
integrating the yield stress (7,), assuming that SCC would behave as an elastic material at stress
below the yield stress. Unlike the model offered by Vanhove et al. [17], this solution estimates the
normal pressure on formwork walls without describing the proportionality between vertical and
radial stresses. In addition, this model is in good agreement with experiments on SCC having
standard air content; in other cases, admixtures may be required. At the same time, this model also
has its limitations associated with simplifications and approximations that were made to ignore
external factors. The model that takes those factors into account is Graubner’s model [19], where
the pressure exerted against the formwork depends on the casting velocity, the setting time of
concrete, and the width of the formwork.

The above models describe the reduction dynamics of formwork pressure well. They require
that the value of just one parameter (i.c., the coefficient of friction at the concrete/formwork
interface) is known, established experimentally. Two latest studies with various fluid mixtures and
pastes introduced new methods of measuring typological properties with the use of modified
tribometers [20, 21]. These instruments are also widely used to measure the coefficient of friction
between formwork and fluid concrete. The particular focus was the friction involved when the
SCC is introduced into the formwork and parameters that could influence the shocks.

3. Mission statement

The literature does not seem to provide a complete answer to whether SCC is as strong as
conventional concrete with compressive strength, especially in terms of physical and chemical
properties. Few studies [22-24] partially answer this question, but they usually concern the
high-performance concrete. Other studies yield results for low to medium compressive strength
SCCs [25-27].

This paper aims to evaluate concrete with compressive strength of 20-70 MPa. The objectives
of the study are (1) to examine the sources of concrete used in the construction to determine the
service life of concrete structures; (2) to assess the durability of SCC and C20/25 with respect to
their contents; (3) to evaluate plasticizing agents as admixtures for concrete products; (4) to
compare the tribological properties of SCC and C20/25 concretes; and (5) to measure the
coefficient of friction for concrete samples on steel with the TR210 device.
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The primary objective is to compare the durability properties of SCC and concrete with
equivalent compressive strength. The paper also examines the effect of several parameters
affecting the concrete/formwork wall (metal plate) friction ratio. These parameters are roughness,
sliding velocity against the steel plate, normal pressure, and the nature of the dissolving agent at
the concrete/metal wall interface.

The scientific novelty of the study lies in the measurement of durability properties and the
service life of concrete structures taking the coefficient of friction on a steel plate for the purpose
of comparing concretes with equivalent compressive strength. The durability properties are easily
quantifiable parameters that seem essential for evaluating the service life of the concrete and
concrete structures. Other crucial features are strength and water/cement ratio.

4. Materials and methods

For the study, SCC mixes were made according to the European standard technology [28] from
the ingredients presented in Table 1. Samples of C20/25 concrete were made for comparison
according to EN 206-1 technology [29].

Table 1. Making SCC and Concrete C20/25

SCC C20/25

Component Quantity, kg/m’ Component Quantity, kg/m?
Portland cement 350 Portland cement 350
Pozzolana 200 Water 200
Water 170-180 Sand (granularity 1-2.5 mm) 800
Sand (granularity 0-2 mm) 650 Crushed stone (5-20 mm) 900

Fine crushed stone (2-16 mm) 950 Plasticizer 10
Plasticizer 2-4 Water-cement ratio 0.57
Water/cement ratio 0.5

The last-generation polycarboxylate water-reducing agent (PCWRA) was used as a plasticizer
for the SCC mixture (Fig. 2), whereas the poly naphthalene-based plasticizer (PNSP) was used for
the C20/25 mixture. All concrete mixtures were prepared using a planetary mixer. Plasticizing
admixtures were used in SCC and conventional concrete to obtain specific moisture content.

Flocculation

Cement grains

X
I

Iy

Adsorption Polycarboxylate
Steric
repulsion

2

2

Fig. 2. Polycarboxylate water-reducing agent (PCWRA) for the SCC mixture

The tribological properties of concrete were measured using a tribometer (Figs. 3-4). This
device enables the study of sliding friction, wear loss, and service life of the surface with varying

2 1 0 JOURNAL OF MEASUREMENTS IN ENGINEERING. DECEMBER 2021, VOLUME 9, ISSUE 4



DETERMINING THE TRIBOLOGICAL FEATURES OF CONCRETE AND ASSESSING THE SERVICE LIFE OF ARCHITECTURAL FACILITIES.
REBECA MARTINEZ GARCIA, ANTON KHARITONENKOV, OLEG KUZMIN, VERA SNEZHKO

time, pressure, velocity, temperature and humidity.

The principle behind tribological analysis was similar to that used with the kaolin paste [30].
The steel plate, driven by an electric motor, slides between concrete samples with a constant
velocity, whereas a sensor measures the propulsive force (Fig. 3). A motor is linked to a screw.
The rotating movement of the screw is transmitted to the screw/nut system where the tie transfers
its movement to a plate. The plate is moved horizontally to minimize gravity. A saddle-mounted
frame balances the pressures on both sides of the steel plate due to action and opposition. The
plate moves 700-800 mm. The contact pressure can be up to 1800 kPa, and the sliding velocity is
around 300 mm/s.

The normal pressure transducer located between the thruster rod and the piston shows the
pressure exerted by the thruster on the piston. The link between friction strength and normal stress
makes it possible to obtain the coefficient of friction. The friction stress (tangential stress) was
calculated according to the following formula:

F,—F
Tf=%, @)

where F, 4, is the equilibrium friction force due to the watertight system relative to the plate. The

contact area between the concrete and the plate (S =115 cm?) is calculated according to the
diameter of the sample holder.
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Fig. 3. The principle of the tribometer [17]

The principle behind the experimental setup (Fig. 4) is as follows: A concrete sample is pressed
against a moving steel plate cut from the formwork wall. The concrete is fed to cylindrical sample
holders with a diameter of 120 mm through a hole and pressurized using pneumatic jacks. A
sealing system is mounted on the sample holders to seal concrete samples without damaging the
oil film applied to the steel plate. A system of gaskets is installed on the sample support to prevent
water leaks. A sliding bottom transfers the pressure applied by the (N) pneumatic jack to the
concrete [30].

For each test, the friction force was recorded at different time points. This force corresponds
to two separate friction forces: (1) the product of the interference friction force (Fyq,) generated
by the gasket system against the steel plate and the tie against the slide; and (2) the product of the
tangential friction force (F,,.s) produced by both concrete samples against the plate.

The average surface roughness was determined for both sides of the steel plate using the TR210
portable roughness meter (Fig. 5). The TR210 meter measures four basic surface roughness
parameters (Ry, R;, Ry, R;). The measurement results show that the maximum height of the
profile (R,) varies from 5 to 29 um. The average value of R, is 9 um. The arithmetic mean
deviation of the profile (R,) ranges between 0.8 and 1.9 um. These values were obtained for two
surfaces: (a) R, = 0.35 um; (b) R, = 1.65 um. Some parameters and measurement ranges used in
the experiments are given in Table 2.

ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635, KAUNAS, LITHUANIA 211



DETERMINING THE TRIBOLOGICAL FEATURES OF CONCRETE AND ASSESSING THE SERVICE LIFE OF ARCHITECTURAL FACILITIES.
REBECA MARTINEZ GARCIA, ANTON KHARITONENKOV, OLEG KUZMIN, VERA SNEZHKO

Fig. 4. Photograph showing the experimental setup Fig. 5. The TR210 portable roughness meter
(tribometer) with concrete samples and a steel plate [30] with a graphic display

The velocity of the motor was measured with a Danaher AKM22C decoder rated 0.57 kW. It
was maintained constant via a feedback loop with a Servostar 300 electric drive with a rated speed
of 8000 rpm and an accuracy of 1 %. The friction force was measured with a KISTLER 9217A
piezoelectric sensor and a KISTLER 5018A amplifier. The measured data were processed using
Origin 8.0 Pro software.

Table 2. Boundary conditions for the experiment
Variable Range Variable Range
Concrete placement rate | 0.5-1 (m?/h) | Accretion rate | 0.5-50 mm/s
Formwork lifting speed | 1-25 (mm/s) | Pressurerate | 35-500 kPa
SCC pressure (at 12 m) 195 kPa

The stability of concrete mixtures was assessed by examining their physical-chemical and
tribological properties. For this, different techniques can be used. French Association of Civil
Engineering (AFGC) recommends chloride diffusion, water porosity and oxygen
permeability [27].

Water porosity was determined by weighing the samples while they were in varying
aggregation states. The formula is:

mg —my
—2 2 %100 %, 3)
m, —m,

a

Water porosity = p,,

where: m,, is the mass of the sample weighed in air, m, is the mass of the dried sample, m,), is the
mass of the sample weighed in water, and p,, is the density of water.

Chloride diffusion was measured using the diffusion method under the electric field [26]. For
this, an external electric field of 10 V was applied to a concrete specimen saturated with an
aqueous chloride solution. The current-voltage characteristics of the concrete specimens were
studied to determine resistivity. The diffusion coefficient was calculated using the following
formula:

R
Do = D )
c

where: D,, is the diffusion coefficient of chlorides in water (1.23 - 10-5 cm?/s), R,, is the specific
resistance of an aqueous chloride solution (Ohm-cm), and R, is the specific resistance of saturated
concrete.

Oxygen permeability was measured on a TQD-G1 Air Permeability Tester [31]. Capillary
absorption was measured by assessing the absorption of fluid in a dry concrete mixture. For this,
a dry mixture of concrete was pressed into cubic samples and immersed in a methanol solution
(by 5 mm), and absorption was measured at a constant temperature.
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5. Results

The present study focuses on measuring the coefficient of friction against a steel plate for SCC
and C20/25 samples with varying surface roughness. The results of the measurement are depicted
in Fig. 6. As can be seen, the coefficients of friction and their behaviour vary depending on contact
pressure. When the roughness is low (a), the metal surface is more even, and the concrete does
not flow into the void space. Therefore, the lower the surface roughness, the lower the coefficient
of friction. However, when the roughness is higher (b), different-sized particles can get stuck to
surface protrusions, resulting in more pressure. In addition, the value of the particle size (sand and
crushed stone) also affects friction.

Fig. 6 shows that SCC has higher than C20/25 coefficients of friction. The reason is the
presence of smaller and more uniformly dispersed particles within the formulation. Smaller
particles can penetrate the voids of the plate, causing more impact. It is especially noticeable with
high contact pressures (up to 150 kPa).

0,25

0,2

o
=
*

o
o
o

Friction coefficient, arb. un.
®

o
=}
@

0 50 100 150 200 250 300 350 400
Contact pressure (kPa)

©SCC-a ©C20/25-a SCC-b C20/25-b
Fig. 6. The friction coefficient via contact pressure at a sliding speed of 2.5 mm/s for SCC
and C20/25 samples: (a) R, = 0.35 um; (b) R, = 1.65 um.

The lowest values of the friction coefficient were seen with a contact pressure of 150 kPa.
Those values correspond to the minimum wear intensity from friction at 2.5 mm/s. A further
decrease in pressure leads to a slight increase in deformation at the contact interface. This happens
because, at low contact pressures, sand and crushed stone particles rotate, causing the metal to
wear faster.

However, the value of the friction coefficient depends not only on contact pressure and particle
size but also on the rate of friction. When the sliding velocity varies from 0.5 to 25 mm/s, part of
the boundary layer becomes trapped in plate irregularities and flows into the grooves due to plate
displacement under pressure. The grains trapped in the voids will then turn the concrete particles
in contact with and near the wall, causing significant energy dissipation. This dissipation increases
the friction coefficient and subsequently decreases when the velocity is more than 25 mm/s. In
this case, sand and gravel particles flow faster between the voids with lower shear resistance,
causing less damage to the metal surface at a contact pressure of 150 kPa.

The physicochemical properties of the studied concrete mixtures are presented in Table 3. As
can be seen, SCC has 1.4 % higher water porosity compared with C20/25, perhaps due to a higher
water-to-cement ratio. Chloride diffusion data show that SCC and C20/25 have almost equal
effective diffusion coefficients and are of the same magnitude order.

The values of oxygen permeability were obtained under 0.2 MPa pressure. The rate of pore
saturation was selected to assess the internal properties of concrete, even though it does not apply
to concrete under normal operating conditions. Data in Table 3 show that C20/25 has higher than
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SCC oxygen permeability. Hence, C20/25 was more sensitive to the pretreatment method:
microcracks from drying became more significant when compared to SCC. The values of capillary
absorption are similar between SCC and conventional concrete. In addition, SCC has a 2.6 %
higher Ca(OH), carbon content compared to C20/25.

Table 3. The durability of concrete as per AFGC recommendations

Durability properties SCC | C20/25
Water porosity (%) 11.5 10.1
Capillary absorption (kg/m?) 2.9 2.7
Diffusion coefficient (102 m?%/s) 1.8 1.9
Visible oxygen permeability (10'* m?) | 49.8 | 59.9
Ca(OH):2 content (% of cement weight) | 26.1 23.5

6. Discussion

According to AFGC recommendations [5] for classifying the strength of the concrete, both
concrete mixes examined exhibit high values of each sustainability indicator. The analysis of
typological properties revealed that the wear intensity of the SCC under friction became higher
with an increase in the contact pressure and contact surface roughness. However, an increase in
the velocity of the mixture can impede this effect. When the concrete mix is conveyed through the
pipes and poured into the form, its velocity is more than 25 mm/s. High velocity reduces friction
against the walls and maintains the homogeneity of the fresh mixture and its uniformity during a
pour [16, 32].

Mixing the aggregates into the cement paste makes the concrete stiffer to flow and improves
its strength and elasticity properties. Admixtures also have a restricting effect on shrinkage and
creep. However, the nature of the aggregates used in the concrete formulation can affect the result.
Experiments revealed that recycled aggregate concrete outperformed the natural aggregate
concrete in terms of water absorption thanks to higher porosity, but its density was less [33]. The
water absorption of the coarse and fine recycled aggregates was reported to be almost 2-2.85 times
higher compared to the natural ones, although their specific was less. The downside of using
recycled aggregates is that they have low quality and low mechanical strength, and their crushing
value is substantially higher than that of the natural aggregates.

According to the results of the physical-chemical analysis, the examined mixtures belong to
the class of durable, highly stable concretes. Both samples had practically identical values of water
absorption and chloride diffusion. It means that the raw materials had good corrosion resistance.
At the same time, these mixtures exhibit different values of carbonation and oxygen permeability.
Conventional concrete has a lower rate of carbonation. Hence, it may have lower water absorption
compared to SCC. In addition, a lower rate of carbonation could be a function of lower porosity
and finer microstructure [27, 34]. The difference between the two concretes can disappear with
uniform particle size (sand and crushed stone). A lower value of oxygen permeability and a higher
value of water absorption of SCC indicate the presence of a more uniform microstructure and
uniform porosity. Such properties could stem from the smaller particle size of sand and gravel
used in the formulation [35, 36].

7. Conclusions

Through tribological and physicochemical analysis, the present study established several
mechanisms for assessing concrete stability. The self-compacting concrete appeared to have a
higher coefficient of friction, which increased with increasing contact pressure and surface
roughness. This behaviour is due to smaller particle sizes and higher uniformity of sand and
crushed stone particles, which penetrate the voids of the metal surface and increase wear intensity.
A critical contact pressure at which the concrete exhibits minimum shear deformation is 150 kPa.
The same effect can be achieved by reaching a friction velocity of more than 25 mm/s.
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Evaluation of concrete stability revealed that SCC and conventional concrete could be
classified as high-strength concretes. The maximum height of the roughness profile (R,) varied
from 5 to 29 um with a mean of 9 um. The arithmetic mean deviation of the profile (R,) ranged
between 0.8 and 1.9 pm. These values were obtained for two surfaces: (a) R, = 0.35 pm;
(b) R, = 1.65 um.

The chloride diffusion and water absorption data show that these two concretes have
practically identical diffusion properties. The results of the oxygen permeability assessment
revealed that SCC was more resistant to air penetration than conventional concrete. Due to its fine
structure and fine particle size, SCC has higher corrosion resistance. The present findings can help
develop adequate solutions for concrete pouring needs and proper formwork structures.
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