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ABSTRACT

Testing methods for freeze-thaw scaling of concrete in presence of de-icing salts are developed in the form of
normative documents to assess the frost resistance of concrete, aiming to unify the testing standards. These tests
consist of exposing cured concrete specimens to several freeze-thaw cycles inside a climatic chamber. The
amplitude of each cycle may reach 40°C with considerable freezing and thawing rates that may reach 10°C/h,
depending on the temporal cycle length (24h versus 12h). When comparing different testing methods, it appears
that the imposed experimental conditions are significantly different and may lead to conflicting results on a
same concrete mix. Moreover, there is a lack of agreement between the test methods and the real environmental
conditions. Yet, the assessment of the representativeness of a testing method for freeze-thaw durability should
start with the measurement of the concrete response to its natural environment and comparison to its response
under laboratory conditions. Therefore, a first experimental campaign was held in which temperature
measurements and scaling monitoring of concrete blocks were carried out at Mont Aigoual in France. This paper
is reporting the conditions of measurements, the meteorological analysis as well as the scaling results of
concrete specimens exposed in real freeze-thaw conditions with a comparison to other specimens, with same
concrete mixture, tested in laboratory conditions. All scaling concrete specimens were prepared and cured
together; they had the same age before the beginning of the exposure to freeze-thaw cycles. We show that the
applied thermal cycle of [+20/-20°C] does not correspond to real conditions, even in regions with a harsh winter

environment. Furthermore, a considerable dispersion was found in laboratory thermal conditions when applying
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the normative cycle. Therefore, a reflection about the relevance of the applied temperature cycle and its

representativeness of field conditions is proposed.
Keywords: concrete, freeze-thaw, de-icing salt, frost scaling, standard tests.

1 Introduction

Under highly aggressive environments, exposed concrete suffers from many types of
pathologies that lead to degradation of the structure such as leaching, shrinkage, carbonation,
sulfates attack, chlorides attack, alkali-aggregates reaction and damage due to freeze-thaw
cycles. Among various durability and sustainable construction concerns, resistance of
concrete structures to freeze-thaw actions, with and without presence of deicing salts, is one
of the most preoccupant subjects in civil engineering research, in countries where cold winter
conditions occur. The deterioration of concrete under the freeze-thaw action, especially in the
presence of de-icing salts, is often accompanied by other equally severe types of deterioration
such as the diffusion of aggressive agents (chloride and sulfates for example) through the
degraded surface and frost-induced cracks. This undoubtedly penalizes the durability of
structure. Concrete exposed to freeze-thaw cycles may undergo two types of deterioration:
internal damage and surface scaling. Scaling is a mode of deterioration that consists of a
progressive detachment of concrete masses from the exposed surface. As for internal damage,
a severe deterioration is induced under the effects of hydraulic [1], osmotic [2] and
crystallization [3], [4] pressures accompanying water phase change and ice formation inside
the porosity. The pressures’ theories and models explain how this above combination leads to
the internal damage mechanisms of concrete [5]. The role of the entrained air voids as
expansion valves is also understood in these theories. However, theories and models to
explain concrete surface scaling damage are limited. A review of the main existing theories is
presented in [6] with the limitation of each one. The effect of the entrained air in protecting
concrete from scaling is not clearly understood. One of the most known models so far is the
glue-spalling model of Valenza and Scherer [7]. The salt scaling of concrete in presence of
de-icing salts is related to the cracking of the salt solution placed on top of the concrete

specimen during the test. The stresses developed in the ice brine solution are transferred to
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the concrete surface. This latter is assumed to be deteriorated under the effect of the induced
stresses [7]. The maximum amount of scaling damage was observed when a solution with a
moderate amount of salt is applied at the top of concrete exposed surface (in the case of
solutions with around 3% of salts by mass), this is known as “pessimum effect”. It was first
observed in the work of Verbeck and Klieger in [8]. This observation was then explained by
Valenza and Scherer in [9] and confirmed in other studies such as [10], [11], [12]. The glue-
spalling and the pessimum salt concentration effect were lately numerically modeled by [13].
This fact leads to a common use of a 3% salt solution in the testing protocols for concrete
resistance to scaling such as the slab test and the CDF test of the CEN/TS 12390-9 [14], the
French norm XP P18-420 [15] and ASTM C672 [16]. These experimental testing methods
and many others had been developed in a normative context in order to ensure the longevity
of the material, to increase its resistance to severe conditions and to protect constructions and
final user. They had been developed by standard authorities such as CEN, SNV, DIN and
AFNOR mainly used in European countries, in addition to ASTM and BNQ used worldwide.
In a general way, the provided test methods consist of the following steps:

= Concrete specimens preparation (casting and demolding after 24 hours).
= Curing specimens according to each test method and pre-conditioning before exposure.
= EXxposing concrete specimens to temperature cycles inside a climatic chamber over 12
or 24 hours with a common range of +20/-20°C (40°C full amplitude) with variable
cooling and heating rates, specific to each test method, which can reach up to 10°C/h
[17].
= Taking measurements of different criteria in order to quantify the intensity of
degradation e.g. mass of scaled materials, relative dynamic modulus (RDM)...
Many factors are not considered in freeze-thaw test conditions such as concrete ageing,
drying/wetting cycles and possible carbonation that concrete may undergo in real exposure
conditions. These factors may have a non-negligible effect on concrete resistance to scaling
due to changes in microstructure that they induce. Moreover, during the scaling test
according to the cited standardized methods, a layer of sat solution is always present and
renewed at the top of concrete tested specimens. It was observed that no considerable scaling
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is produced when concrete had no free solution on it [8], [7], [10]. This position is agreed
during test procedures. We observed that dried specimens (after evaporation or leakage of
brine solution) were not exhibiting considerable scaling. However, concrete surface in real
situations is not constantly covered by a salt solution. It is exposed to drying/wetting cycles
that can modify its saturation degree as well as its microstructure. In addition to the cited
factors, the applied temperature range [+20/-20°C] does not seem to correspond to real
environmental conditions, even in regions with a harsh winter environment as shown in [18].
In this work, we focused on testing the reliability of the thermal cycle of [+20/-20°C]
imposed in the standardized testing methods for frost scaling of concrete, in presence of de-
icing salts. Multiple field evidence show that degradation due to freeze-thaw scaling occurs
under much milder local climate compared to conventional laboratory conditions. However,
when questioning the test method representativeness, the methodological approach is to
correlate laboratory test results with the deterioration of concrete specimens, with the same
concrete mix design, placed in a natural environment. Therefore the following experimental
campaign was carried out: temperature measurements and scaling monitoring were carried
out respectively on large blocks and concrete specimens placed on a test platform at Mont
Aigoual meteorological station in France. Concrete samples made with the same mixture
have been subjected to laboratory freeze/thaw cycles according to the slab test of the CEN/TS
12390-9. Temperatures in the brine solutions and the scaled masses have been measured and
compared to what is obtained in the case of field exposed specimens. Since curing and ageing
are important parameters that have a large effect on frost damage, all tested concrete
specimens used for scaling measurements had the same age at the beginning of exposure to
freeze-thaw. They were all cured together following the same procedure that is described in
the following section.

2 Experimental campaign

2.1 Presentation of Mont Aigoual site

The Mont Aigoual (geographical coordinates: 44.12°N | 3.58°E), a French mountainous

region in the southern part of Cevennes mountains, was chosen for the experimental program
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for two main reasons:

- It is an area classified as a "severe frost zone" (according to the exposure classes of
the NF EN 206-1 [19]) at 1567 m of altitude (Figure 1, left). A severe frost zone is
characterized by a temperature that stays more than 10 days per year under -10°C
[19].

- There is a full meteorological station in Mont Aigoual (Figure 1, right) which is an
official test center in France, so meteorological parameters data are accessible such as

air mass temperature, relative humidity, wind speed, visibility, and global solar

radiance.

Moderate to severe Frost

- Severe Frost

©  Mont Aigoual Stafion

@ Meteorological stations

Fig.1 Geographical location of Mont Aigoual in a moderate to severe frost zone (left), Mont Aigoual
meteorological station (right).

Air mass temperature (known as sheltered temperature) is measured using a Pt100 probe
located in a double sheltered cabin protected from the effects of wind and direct sunshine. A
pyranometer CMP6 from Kipp&Zonen gives the global radiance (W/m?) as the sum of direct

and diffusive solar radiance. More details about the chosen site can be found in [18].

2.2  Mix design of concrete specimens

The tested concrete mixture and its properties are reported in Table 1.

Table 1  Concrete mixture (for 1 kg/m3) and properties
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Components Composition Properties
Cement CEM II/A

42,5 LL (kg.m?) 320 Air entrained 5%
0/4 sand aggregates
(kg.m?) 537 Slump 150 mm
0/1 sand aggregates
(kg.m™) 249 Apparent density 2090 kg/m?
4110 gravels (kg.m") 310 Tensile strength 3 MPa
10/20 gravels (kg.m?) 641 Compressive 326 MPa
strength '
Water reducer super plasticizer Water porosity 14,1%
Chloride ions 2,3x10712
Water/cement ratio 0.5 diffusion m? /s
coefficient
Air entrained 5% Spacing factors 281%, 2702 um

ICorresponds to the spacing factor at 1 cm from the mould bottom face, 2section in the inner part of the concrete
specimen (representing the spacing factor at the sawn face).

Air entrained as well as the slump tests were done at fresh state of concrete. According to
[20], a minimal content of entrained air void content is 4% to meet frost durability in the
cases of moderate frost and frequent salting. As for compressive strength, a minimum value
of 35 MPa is required in the case of frost medium in presence of de-icing salts. A minimum
tensile strength of 2.5 MPa is recommended. In addition, aggregates must be freeze-thaw
resisting in order to reduce the effect of pure aggregate damage on overall scaling results.
Both, compressive and indirect tensile strengths were determined using three cylindrical
specimens @15x30 cm? at the age of 28 days. In order to determine the total porosity
accessible to water and chloride ions diffusion coefficient (both are well known durability
indicators), the tests were conducted according to the standards XP P18-462 [22] and XP
P18-459 [23] respectively. The calculated porosity is the ratio of the pore volume of the
tested specimen to its apparent volume. This latter is considered as the sum of the volumes of
solid material and open and closed pores of the specimen and calculated as the difference
between the mass of the specimen in air and its mass in water. Apparent density is the ratio of
the dry mass of the body to its apparent volume. The depth of the chloride ion penetration
6



front is 2.8 cm. Values of diffusion coefficient, porosity accessible to water and apparent
density are given in Table 1. The objective of determining the durability indicators of this
concrete mix is to show that the concrete used in this study corresponds well to the concrete
of common use with a sufficient durability. The considered concrete mix design is neither too
weak nor too strong; therefore it allows having exploitable results in a reasonable time.
Regarding spacing factor, it is approximately the half-distance between two air bubbles. An
effective air entrained system is often considered to have a spacing factor less than 250 pum
[20], so that the expulsed unfrozen water can easily reach an air bubble that has the role of an
expansion valve. The role of entrained air bubbles was first put forward in the study of
Powers [1]. The modified point-count method (procedure B) of the ASTM C457 is the most
used method for determining the value of the spacing factor. It is a very sensitive technique
that consists on counting the number of air bubbles intercepted with the eye on a section of

concrete using the microscope.

2.3 Experimental procedure

For scaling measurements, eight concrete specimens were casted in 15 cm?® cubic polyvinyl
chloride molds in laboratory, four of them were tested in laboratory conditions, inside a
climatic chamber Binder MKF-240 in GeM laboratory at Centrale Nantes, and four others
were exposed on site, at Mont Aigoual. Figure 2 presents the followed curing steps. After
demolding, all specimens were placed in lime-saturated water until the age of 7 days. Then,
they were stored inside a climatic chamber at 65 % RH and 20°C during 6 days. After this
curing period they were cut in two parts of dimensions 15 x 15 x 7 cm3 (length X height x
thickness) to obtain eight specimens with a sawn surface and eight specimens with a bottom
cast surface. These two different types of surface textures were exposed to freeze-thaw in
order to compare their behavior. Even though sawing at early age may increase scaling of the
sawn surface as seen in [24], this step was done at the age of 10 days as shown in Figure 2 .
Therefore studied faces, both sawn and bottom cast, may be carbonated and dried at the same
level. The curing of all specimens (laboratory and field specimens) was carried out inside a
climatic chamber until the age of 28 days. At this age, configuration according to the standard



was done and a 72-hours pre-saturation phase began with a 3 mm layer of demineralized
water poured on the top of each specimen. At the end of this phase, field specimens were
placed at Mont Aigoual to be exposed to real climatic conditions, while laboratory specimens
were subjected to freeze-thaw cycles inside a climatic chamber, according to the slab test.
Along the test, field and laboratory specimens were covered with a 3 mm layer of 3% NaCl

saline solution that was renewed every 7 days.

Cubes Stripping of End of water ] Spec_lmener End of curing Begining of F/IT
confection yhe forms curing Sawing configuration phases cycles
L L L 1 L I
l T T T T T 1
Day:0 1 \Waterstorage o 1042 28 31

F Conservation at 65%RH and 20°C Pre-saturation

Fig. 2 Followed steps in the curing period of the test.

In European scaling tests such as the slab test of the CEN/TS 12390-9 [14], the sawn surface
is considered as the testing surface. The origin of this choice is that the first millimeters of
concrete skin will be detached after few years of exposition; therefore, the durability of the
inner part represented by the sawn surface should be tested. Whereas, the French norm XP
P18-420 [15] specifies to run the test on the bottom cast surface since in reality, the cast
surface is the first to be exposed to weather conditions. However, the cast surface tested in
the Swiss standard [25] may be more representative of the exposed surface of a concrete
structure then the bottom cast surface considered in the XP P18-420. This point is actually a
subject of discussion at the European scale, since the choice of the type of testing face
influences the concrete response due to differences in composition and microstructure of each

face, as well as differences in paste content.

2.4  On-site conditions

Meteorological measurements were done along a large period of time, from 2013 to 2016,

during many months over these years. A second experimental campaign was re-conducted for

the winter season 2019-2020. Two large concrete blocks of dimensions 60 x 46 x 17 ¢cm?3

(length x height x thickness) were installed outdoor, starting from the beginning of the
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winter season of 2013, for two winters and then in 2019 for one more winter season. Each
block was instrumented with five thermocouples: three of them were inserted during casting
at each vertical side of the block at 2 cm from the surface, one thermocouple was placed at
0,2 cm from the surface and one in the middle of the block. The thermocouple at 0.2 cm was
positioned by mean of a saw cut, large enough to be filled by the thermocouple and sealed
with a fine grain mortar (0/2mm) derived from the initial mix-design. Figure 3 shows the
concrete blocks instrumented with thermocouples. These blocks were used to monitor
concrete surface temperature only; scaling was measured on concrete specimens placed at the
Mont Aigoual platform starting form 20109.
Concrete blocks and scaling specimens were de-iced regularly and scaled masses were
collected every 7 days during the winter period 2019-2020. A 3 mm thick layer of a 3%
saline solution was applied on the top of each specimen/block by a technician who was
present at Mont Aigoual station. The upper limit of the joint was 3 mm higher than concrete
surface in order to ensure the correct volume of saline solution. Specimens were checked
every 7 days during the winter season, in case they were found:

- without frost, the brine volume was completed to a 3 mm thick layer on the top of

each test specimen,
- with frost, a 3 mm thick layer of brine was added on top of each specimen.

- in case of presence of snow, snow was removed from the surface and then the solution

was added,

Therefore, saturation conditions for field specimens were similar to those of laboratory

specimens that were tested according to the slab test.



Thermocouple trace-Temperature block

\

8 Scaling specimens

Fig. 3 Concrete blocks instrumented with thermocouples (left), (right) same concrete blocks as well as scaling
monitoring specimens, all configured according to the CEN/TS 12390-9 standard.

2.5 Laboratory conditions and scaling measurements

For laboratory testing, the thermal cycle of the slab test standard was applied. The
temperature evolutions in the brine solution of the specimens placed at different positions
inside the climatic chamber are shown in Figure 4, as well as the temperature tolerance zone
given by the standard. According to the slab test specifications, the surface temperature of
tested concrete specimens should be within this tolerance zone. Figure 4 shows the
temperature scattering of the samples in the climatic chamber and we can observe that all the
permitted range of fluctuations (the temperature tolerance zone) is swept. This was also
noticed in the measurements of a Belgian laboratory highly qualified in freeze-thaw testing as
it was reported during the 8" meeting of the European comity of freeze-thaw testing
normalization in June 2015 at Mount Aigoual Station (unpublished data).

Scaling was measured every 7 cycles using a 63um sieve and a brush composed of synthetic
fibers (Polyamide). The specifications of the brush were conformed to the guidelines for the
brush selection in annex B in the FprCEN/TS 12390-9 [14]. The brine solution was renewed
after collecting scaled masses and specimens were returned to the climatic chamber to pursue
the freeze/thaw cycles. The collected masses were dried in an oven at 105°C until constant

Masses.
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CHAN4 CHANS - CHANG —— CHAN7
---- Tn-CEN/TS 12390-9 Tx-CEN/TS 12390-9

Temperature (°C)

Time (h)

Fig. 4 Temperature evolution in the brine solution of the specimens placed at different positions inside the

climatic chamber and the temperature tolerance area given by the standard (in dotted lines).

3 Results and discussion

3.1 Real freeze-thaw thermal profiles

Time series at Mont Aigoual during winter 2019-2020 from 1% February to 1%t March 2020
are presented in Figure 5, giving fluctuations of relevant parameters such as air mass
temperature, solar radiation (W/m?) and concrete surface temperature. During this winter
period, 34 freeze/thaw cycles ranging from +5 to -5°C were registered, such that each freeze-
thaw cycle is considered as a temperature fluctuation around 0°C, fixing a minimum daily
temperature equal to or lower than -1°C and a maximum temperature equal to or higher than
0°C. No correlation was found between real cycles that concrete undergoes at Mont Aigoual
and [+20/-20°C] temperature cycle applied in laboratory normative testing methods;
temperature cycles ranging between +20°C and -20°C never occurred in field. This has been
found true along the whole period under investigation (beginning from 2013, more data are
provided in authors’ previous publication [18]). When real freeze-thaw cycles appear on
11



concrete surface, they are ranging between +5°C and -5°C. This observation is in accordance
with Kaufmann studies [26]. Moreover, from Figure 5, concrete surface temperature profile is
strongly asymmetric in contradiction with the thermal cycle applied in the slab test of the
CEN/TS 12390-9. Concrete temperature signal is characterized by an expansion towards
positive values compared to air mass temperature during day times and more consistency
with air mass temperature during diurnal times [18]. In fact, the thermal behavior of exposed
concrete is the result of combination of different involved phenomena. Fluctuations of
concrete temperatures are strongly correlated to those of the solar radiance, air mass
temperature and the day/night alternations are governed by the solar radiance effect. In
authors’ previous research [18], this behavior was modelled and involved mechanisms were
presented. The concrete surface is subjected to solar radiation that heats the concrete at
diurnal phase. At night-time, this absorbed energy can be transmitted to the surrounding area
as part of thermal exchange; therefore concrete surface can be found colder than the
surrounding air in many cases when some meteorological conditions are coupled, such as a
high visibility and a low wind velocity, this was modelled in [18]. This phenomenon is
known as nocturnal radiation [27] [28]. Beside the great differences in the thermal amplitudes
that are noticed between laboratory and real conditions, several phenomena are involved in

the thermal response of exposed concrete.
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Fig. 5 Time series of concrete surface temperature, air mass temperature (Y axis) and solar radiation (Y’ axis)

with reference to CEN/TS 12390-9 and XP P18-420 thermal cycles
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3.2 Scaling results analysis

3.2.1 Studying the effect of the type of the testing face

Scaling results for laboratory specimens are given in Figure 6 (left), those of the Mont
Aigoual specimens after one winter season 2019-2020 are given in Figure 6 (right). The
averages (calculated on 4 specimens) of the cumulative losses are plotted as a function of the
freeze-thaw cycles for specimens with bottom cast face and sawn surface. In the case of
laboratory specimens (Figure 6, left), after 56 cycles, the average of scaled cumulated masses
from specimens with bottom cast surface and sawn surface are 1739 and 1004 g/m?
respectively. No clear scaling threshold level was defined in the CEN/TS 12390-9 as an
acceptance criterion for concrete scaling resistance after 56 freeze-thaw cycles. However, in
the French norm XP P18-420, a scaling level between 600 and 750 g/m? is already defined as
an acceptance criterion to assess concrete resistance to scaling after 56 freeze-thaw cycles of
[+20/-20°C], in presence of de-icing salts. This was shown in dotted black lines on the left
graph of Figure 6. The effect of the type of the testing face can be noticed from this test.
Bottom cast face shows lower scaling resistance then sawn surface, this is true in case of field
laboratory. Furthermore, in case of laboratory specimens, after 28 cycles the pattern of the
cumulative loss evolution curves for the sawn surface continues to increase along a linear line
of low speed compared to the curve of the bottom cast face. The higher amount of scaled
masses obtained in the case of bottom cast face specimens can be explained by the fact that
the bottom cast face is covered by a higher proportion of cement paste than the sawn surface.
Marchand et al [29] indirectly verified the importance of surface strength by comparing
results obtained on finished and sawn surfaces. The authors [29] showed that the amount of
scaling depends on the proportion of the surface covered by the cementitious binder,
indicating that the stronger aggregate inhibits scaling. Moreover, segregation and skin
formation (external boundary layer) are responsible of the weak resistance to scaling of the
mold bottom face. In fact, segregation will lead to high local porosity at the level of the mold
bottom face. Consequently, there is a strong deviation in the results of the same concrete
tested by each method depending on the type of the tested face (such as the case of slab test

13



and French standard). Therefore, a unification of the choice of the testing face appears
necessary.

On the other hand, a large variability is noticed in the scaling values of laboratory specimens
(Figure 6, left), the dotted vertical lines show the dispersion around the mean value of the
maximum and minimum values obtained for the four specimens of the same series (sawn and
bottom cast faces series). After 56 cycles, the coefficients of variation of the cumulative
losses of the four specimens with sawn face and bottom cast surface tested in laboratory
conditions reach 77% and 41% respectively.
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Fig. 6 Laboratory (left) and Mont Aigoual (right) specimens average scaled masses (mold bottom and sawn
surface specimens).

3.2.2  Factors affecting concrete resistance to scaling

Measurements of temperature inside the climatic chamber showed that at a time t during the
test, temperatures in the brine solutions of two specimens placed at two different positions
could differ by almost 10°C, as shown in Figure 4. The minimum temperatures reached in the
brine solutions differ by almost by 5°C from one specimen to another, depending on its
position in the climatic chamber. The temperature tolerance zone defined by the slab test

seems to be too tolerant and this may be one of the reasons behind of the dispersion found in
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the scaling results. Therefore, the reliability of the existing methods may be questioned in
view of these high discrepancies in temperature and scaling results.

On the other hand, the scaling levels of specimens with sawn or bottom cast surfaces, after
one winter season in “a severe frost zone” (Figure 6, right), are much lower than those of
specimens subjected to the laboratory freeze-thaw cycles (Figure 6, left). In fact, this may be
mainly attributed to the minimum temperature effect to which concrete is exposed. The
cycles imposed in the laboratories fluctuate between +20 and -20°C, however at Mont
Aigoual, the cycles fluctuate between +5 and -5°C. In addition to the thermal stresses
developed due to the thermal mismatch between the ice layer and concrete surface described
by the glue spalling [9], more the minimum temperature is decreased, finer pores (in the order
of one nanometer) near the surface will be frozen too. According to the Gibbs-Thomson
equation used in [5], which links the freezing temperature to the threshold radius of frozen
sites, at -5°C the pores that freeze are of the order of 14 nm in radius. As the temperature
decreases, ice crystals grow in finer pores: at -20°C, the pore radius is about 4 nm, then about
4 times finer than the pores that freeze at -5°C. Consequently, the freezing of the finest pores
near the exposed surface favors the scaling degradation because of the increased
impermeability (more pores of the system are clogged with ice) and because of the developed
pressures in the porous medium leading to the pop-out of concrete fragments from the
surface. The role of entrained air is to protect concrete from scaling by providing space where
water can freeze without exerting pressures. Although this explanation does not correspond to
the existing models for scaling, including glue-spalling, it is in agreement with Fabbri et al.
[30] who showed that scaling can occur due to the localization of pore overpressure near the
skin surface caused by the low permeability of cementitious material, this was demonstrated
by a poromechanical developed model. According to Fabbri, scaling is a "localized internal
damage" type of concrete degradation [30]. Scaling appeared in his study in case of parafilm
sealed saturated specimens, even without the presence of saline solution at their top. In
addition to the effect of the minimum temperature, the cooling and thawing rates that
specimens undergo inside the climatic chamber are two to three times the real values. An in-

depth study on the effect of the temperature cycle parameters (such as minimum temperature
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and freezing rate) is presented in a recent research work [31] reporting results of [32] and in
[33]. The minimum temperature was seen to have a significant effect on the scaling. In the
glue spalling model [9], the effect of minimum temperature can be seen in the increased
stresses developed in the brine solution on the top of concrete specimen because of increased
thermal mismatch. It was reported in [10] that the -20°C temperature applied as the minimum
temperature in the slab test produce more than twice as much scaling as the -10°C. This
shows clearly the severity of the slab test method, especially in what it concerns imposed
thermal conditions. In this same study, it was shown that increasing cooling rate to a fixed
minimum temperature did not lead to significant change in the scaling. However, the effect of
cooling rate found in [33] was different. The test was performed according to the CDF test
configuration and for non-entrained air concrete specimens scaling increased by reducing the
freezing rate (still with a minimum temperature of -18°C) and by extending the period at the
minimum temperature. This was explained by the fact that the time spent freezing the sample
should be significant since an osmotic mechanism involves mass transport which requires
time. Hence, above a temperature of -9°C, the degradations become non-existent [6], [31].
Concerning the effect of the duration of the phase at the minimum temperature hmin, it was
seen that scaling exists even if hmin =0, but it grows with hmin since a sufficient time is
necessary to build up osmotic pressure mechanisms [10]. This effect of hmin Was also cited in
[34]. However, as far as we know, no study is available on the influence of the thawing rate
on the deterioration of a cementitious material.

More studies were done where a lack of correlation was found between laboratory and field
results for multiple reasons. A study was conducted in Sweden [35]-[37] aiming to compare
results of field and laboratory performance tests for a range of concrete mixes prepared with
different types of binders, after 10 years of exposure. Specimens were placed along the
highway between Gothenburg and Boras, where the salt exposure is considered severe (the
application of de-icing salts follows the procedures of the Swedish road authorities). In the
laboratory test, the SS 13 72 44 test method, which corresponds to the reference slab test
method of CEN/TS 12390-9, was applied. After ten winters of field exposure, it was found

that all the tested mixes had no or very little visible surface damage (classification 1" on a
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scale of 0-5), regardless of the results of the laboratory evaluation. Moreover, no cracks were
reported. One of the reasons behind these results is given by the records of air mass
temperature, clearly showing that the most frequent ranges of freeze-thaw cycles are [+5/-
10°C] or [+5 and -5°C] [37]. However, some laboratory specimens showed significant levels
of scaling depending on the type of cement used, the w/c ratio and the percentage of
entrained air in the mix design. From this study, it appears that no good correlation was
detected between laboratory results and field performance even after 10 years of exposure for
concretes with good or intermediate quality levels; however the slab test method was found
able to correctly identify concrete qualities with poor and high salt-frost resistance.
Therefore, we can see that there is an unstable correlation between laboratory and field
results depending on many factors; hence, many concretes that fail in the laboratory can have
an extremely good service life. The reason behind this lack of correlation was attributed in
this study to the excessive degree of saturation of the laboratory specimens compared to the
field conditions. In real situations, concrete surfaces such as bridges, road surfaces and
hydraulic structures walls are subjected to drying/wetting cycles due to simultaneous effects
of solar radiation and rain. Therefore, imposing a saturation state that will never be reached in
real conditions produces unrealistic damage of the tested material [38]. Moreover,
discrepancies in on-site and laboratory performances were identified in this study for concrete
specimens designed with slowly reacting binders such as fly ash. Hence, early age testing
(such as in the case of laboratory testing) of these concretes becomes unfair compared to field
service conditions. In [39], two concrete qualities suffered from considerable damage in field
after only 3 winter seasons exposure, however, they were evaluated as resistant when tested
in laboratories as reported in [39]. This result was attributed to the negative effect of
carbonation often detected on concrete containing large amount of slag in their binders.
Laboratory specimens had been subjected to air for only few days (during drying periods),
whereas concrete in the field had been continuously carbonated. In addition to the cited
parameters that appear to have considerable effect on concrete resistance to scaling,
carbonation of concrete surface exposed to real conditions may affect its resistance to scaling

and the effect is depending on binder type. As mentioned previously, carbonation may have a
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negative effect on concrete resistance to scaling when it contains slag. However, in the case
of Portland cement, carbonation allows to fill the porosity of the surface by the formation of
calcite whose molar volume is higher than the one of portlandite. This should tend to improve
the strength of the surface. However, for laboratory tests, carbonation can only take place
during a relatively short period (storage period of 21 days at 65% RH and 20°C). No surface
carbonation is possible during the freeze-thaw test since the specimens are topped with the
saline solution on the surface which does not constitute conditions that allow CO2 diffusion.
This puts the point on the necessity of proposing a method that is able to identify correctly all
concrete qualities.

Moreover, it was discussed in [36] on the effect of ageing of concrete especially when it is
not air entrained. In fact, the amount of freezable water in the capillary pores is important at
the age of one month, which corresponds to the age of concrete at the beginning of the test. In
absence of entrained air, concrete disintegrates because of freezing. Therefore, the period of
ageing is important because during this phase, hydration can proceed and the volumes of
capillary pores and freezable water decrease which can protect concrete from damage that
may be developed under freeze/thaw exposure. The beneficial effect of ageing was seen
especially in case of concrete with low w/c ratios (0.3-0.4) as it was shown in [36].

Concrete scaling results differs when it is exposed in real conditions from laboratory results
due to the several cited factors above. It was agreed in [40] that the application of the test
methods in TS 12390-9:Testing hardened concrete - Part 9: Freeze-thaw resistance-scaling is
very severe and in some CEN member states, the application of these tests will cause
concretes with a long history of satisfactory use to fail. A reason behind the lack of
correlation between laboratory performance tests and real freeze/thaw conditions can be
attributed to the imposed thermal cycle itself. Climatic conditions were reported during the
study of [35] and show that the minimum temperature registered in the winter season of
1997-1998 did not reach -20°C, moreover the cycle of [-20/+20 °C] was never detected. In
our study, since all concrete scaling specimens were prepared and cured together, a special
interest was given to characterize the different thermal conditions and to test the
representativeness of the [+20/-20°C].
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In view of the detected dispersion of thermal conditions imposed during standardized
methods (Figure 4) and considering the lack of representativeness of the applied [+20/-20°C]
of real freeze-thaw conditions, even in regions with severe climates as shown in [18], a
proposal of an alternative freeze-thaw cycle may need to be considered in such a way that the
new cycle has to be based on real freeze-thaw conditions in countries with moderate to severe
climate. Moreover, and most importantly, the parameters of the alternative cycle
(minimum/maximum temperatures, total amplitude, freezing and thaw rates) have to ensure
homogeneous thermal distributions inside the climatic chamber. According to [41], the
cooling rate should probably not significantly exceed 2C°hour, as that would be much faster
than expected field cooling rates and may not reproduce the same damage mechanisms as in
the field. The thawing rate could probably be about double the freezing rate.

3.2.3 A chemical mechanism inducing scaling

A thermogravimetric analysis of the scaled masses from laboratory specimens shows, as
expected, that the main component is calcium carbonate (CaCOs) (Figure 7). Same results
were found for scaled masses of field specimens. Therefore, the exposed carbonated layer is
the first which detaches from the concrete surface under the action of freeze-thaw cycles. As
the aggregates are granitic in nature, limestone is not the main constituent that could be
present in the scaled masses. However, theories and models proposing explanation of
concrete surface scaling damage are limited because it appears that scaling deterioration may
be caused by coupling of multiple mechanical mechanisms such as stresses that accompanies
water transformation to ice on the top of the tested surface and inside the porosity located
near the exposed surface, in addition to other chemical mechanism. According to the phase
change diagram of aqueous NaCl, the nucleation temperature in a solution with 3% NaCl is
close to -2°C; obviously ice starts to form in the brine below this temperature. Therefore, the
observed scaling in the case of field specimens that were exposed to mild minimum
temperature (freeze-thaw cycles in Mont Aigoual were ranging from +5°C to -5°C) may be
related to other mechanisms. A chemical explanation of the scaling phenomenon is put
forward in the thesis work of Girodet [42]. The portlandite or calcium hydroxide (Ca(OH)2)

that remains on (and close to) the surface of the air-cured specimens dissolves owing its high
19



solubility at low temperature. The portlandite, which crystallized before freezing rather in the
form of plates, is presented after freezing in weak hexagonal form [42]. This change of
morphology characterizes the phenomenon of dissolution-recrystallization of Ca(OH)2. In
presence of de-icing salts, such as NaCl, dissolved portlandite is transformed to CaCl.. The
reaction between CaClz and calcium aluminates (C3A) contained in cement lead to the
formation of Friedel’s salt (and ettringite in presence of sulfates). The crystallization pressure
exerted by formed Friedel’s could weaken the surface so it is more susceptible to scaling [7]
[9] [43]. Moreover, the relation between scaling damage and precipitation of Friedel's salts is
suggested by the observation that cements containing higher C3A contents are more
susceptible to scaling, as cited in [7] after [44] and in [45] and [43]. Another study on the
effect CsA content in cement on freeze-thaw resistance is given in [46].
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Fig. 7 Thermogravimetric analysis of the scaled particles from the sawn face and bottom cast surface

laboratory specimens (left).
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4  Conclusion

In this paper, a lack of representativeness of existing normative methods to characterize
concrete resistance to scaling in presence of de-icing salts is found. This could be attributed
to various factors already mentioned, such as the excessive degree of saturation that is
imposed during the test which generates an unrealistic degradation as well as wetting/drying
cycles that happens in reality under the simultaneous effect of rain and solar radiation and
may change concrete microstructure, although these are not taken into account in the
laboratory tests. Moreover, ageing of the exposed surface and its carbonation are factors that
should be considered when comparing field to laboratory conditions. One more essential
factor that may have a major effect is the thermal cycle imposed during the normative test.
The thermal amplitude imposed during the laboratory test is found not representative of the
real freeze-thaw conditions to which concrete might be exposed in countries with moderate to
severe climates. Moreover, in addition to its lack of representativeness of real freeze-thaw
conditions, the [+20/-20°C] normative cycle does not ensure a homogeneous temperature
distribution inside the climatic chamber. This is attributed to its large total thermal amplitude
and associated freezing and thawing rates. Although these tests are accelerated performance
tests, the performance of the climatic chamber may be highly influenced by such large
applied thermal amplitude. As a consequence, a difference of 10°C was detected at a time t
during the test between the temperatures of the brine solutions of two specimens placed in
two neighboring positions in the chamber during scaling test. A difference in minimum
temperature reached in brine solutions of the different tested specimens was also found.
Knowing the importance of the thermal conditions in concrete salt-frost resistance testing, the
reliability of the test may be questioned especially that in a standardized performance method
many specimens are tested at the same time, therefore, the result may depend on the position
of each one inside the climatic chamber. This dispersion found in applied thermal conditions
in the chamber may be also a reason behind the lack of repeatability of scaling results in case
of a laboratory testing (high discrepancies were detected in scaling results of laboratory

specimens).
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On the other hand, the slab test method was found to be incapable to qualify correctly all
types of concrete, only concrete with poor or very good scaling resistance may be qualified
correctly.

In view of all the cited factors, new studies have to be made aiming to propose a method that
may be able to provide a stable correlation between laboratory and field results. A reflection
about the relevance of the applied normative freeze-thaw cycle and its representativeness of
field conditions is proposed. A new freeze-thaw cycle needs to be found, based on
meteorological observations made for different countries with moderate to severe cold
climates. The proposed freeze-thaw cycle has to ensure homogeneous thermal conditions
inside the climatic chamber during scaling test. Finally, the repeatability as well as
reproducibility of the test with the proposed cycle must be assessed and compared to results
obtained with the current standardized testing methods. This is the subject of a research work

in progress.
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