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The research carried out in this study presents the effectiveness of using sodium acetate as a protective material
for concrete pavement. A newly developed freeze-thaw method that depends on the alteration of temperature and
humidity is introduced in this research to investigate the efficacy of integrating sodium acetate with concrete with
different water to cement ratios (w/c). Results from the introduced freeze-thaw method were compared with the
outcomes of a standard freeze-thaw testing method. The distressed concrete was tested for water absorption and
compressive strength after finishing six months of freeze-thaw testing. Additionally, the morphology of sodium

acetate and its interaction with concrete were investigated by using Scanning Electron Microscope (SEM). Results
demonstrated the effectiveness of sodium acetate in protecting concrete.

1. Introduction

Concrete pavement is usually exposed to a combination of mechanical
stresses and environmental impacts that accelerate its deterioration rate
[1,2]. The presence of de-icing salts in contact with the surface of con-
crete pavement during winter season can increase the damage of con-
crete, especially after their penetration in the pores with the absorbed
water [3-7]. Moreover, the cyclic freezing and thawing cycles can pro-
duce a high pore pressure related to the water phase change inside the
pores that lead to initiating cracks within the concrete matrix [8].
Accordingly, it is important to protect such structures from all the
weathering actions and chemical attacks to keep it in its original form
and serviceability [9,10].

Many protective materials have been used during the years to reduce
the rate of deterioration caused by chloride and water ingress through
concrete and to inhibit the freeze-thaw damage [11-18]. Surface applied
protective materials like silane and siloxane were the most widely used
materials in this regard due to their high resistance to different envi-
ronmental impacts and chemical attacks [16,19-24]. However, few re-
searches considered the protection of concrete pavement, in particular,
either by using silane or any other surface applied materials [2]. This

* Corresponding author.

refers to their inconvenient application method that requires closing the
roads in front of vehicles and their effect on the frictional properties of
concrete pavement [2]. Consequently, internally integrated materials
were introduced to overcome all the issues associated with the surface
applied materials [25-29].

The integration of sodium acetate into concrete for protection pur-
poses is a newly introduced method that aims to improve the drawbacks
that are associated with other traditional methods [30]. After the mixing
of sodium acetate with concrete, in the presence of water, it forms
crystals that line the pores of concrete without blocking them. This ma-
terial is characterised of being hygroscopic, as it works on absorbing
water to form crystals that start to grow after the reaction of sodium
acetate with water. After the formation of these crystals, they bond with
concrete and work on repelling any excess water from the pores due to
the development of hydrophobic properties that results from their reac-
tion with cement during the hydration process [6].

In this research, two freeze-thaw conditions will be applied to con-
crete, and the performance of the used protective material, under these
conditions, will be evaluated. In the first method, concrete was exposed
to fast freeze-thaw cycles while it was immersed in water. This method
has been widely used in previous studies but with a smaller number of
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cycles than it is used in this research, where the number of cycles in this
research is the highest until now [31-35]. In the second freeze-thaw
method, a newly developed method is proposed where concrete is only
in contact with air and under the effect of temperature change.

2. Materials and test methods
2.1. Materials and specimens

Four concrete mixtures with w/c ratios of 0.32, 0.37, 0.40 and 0.46
were cast following the British Standard BS 1881-125 [36]. A sodium
acetate material with some cementitious content was added to all the
mixes with two different ratios; 2% and 4% of the cement mass. Addi-
tionally, a reference mix with 0% sodium acetate was cast for each mix
design for comparison reasons. Table 1 shows the proportions of each
concrete mix that was used in this study.

72 concrete cubes with the dimensions of 100 mm x 100 mm x 100
mm were cast and divided into two groups; 36 cubes were tested for
freeze-thaw cycles in air and 36 cubes were tested for fast freeze-thaw
cycles in water. From each group, 9 cubes were prepared with 0.32 w/
c ratio, 9 cubes with 0.37 w/c ratio, 9 cubes with 0.40 w/c ratio and 9
cubes with 0.46 w/c ratio. For each w/c ratio, 3 cubes were integrated
with 2% sodium acetate, 3 cubes with 4% sodium acetate and 3 cubes
were used as control. Another 36 cubes (treated and control) with the
sizes of 100 mm x 100 mm x 100 mm were used to test the compressive
strength of concrete before the impact of freeze-thaw test.

For porosity testing, 36 cubes (treated and untreated) with the di-
mensions of 50 mm x 50 mm x 50 mm were cast. Samples were pre-
pared following the same procedure for preparing the previous cubes.

All concrete samples were cured in a water bath for 28 days. After-
wards, 36 cubes of them were placed in room temperature (21 °C) to dry
so they can be tested under the freeze-thaw cycles in air. The other 36
cubes were placed in water for another 7 days until they were fully
saturated (to achieve a constant mass).

2.2. Test methods

2.2.1. Exposure to freeze-thaw cycles

In the fast freeze-thaw test, cubes were placed in containers that are
filled with water (cubes are immersed in water), and all containers have
been placed in Weiss-Voetsch Environmental Testing Chamber C340,
following the guidelines of the Chinese standard GB/T 50,082-2009
[37]. Temperature was set to alternate between —10 °C and 6 °C for a
duration of 4 h, representing a full rapid freeze-thaw cycle. The internal
temperature of concrete cubes ranged between —6 °C and 4 °C during the
freezing and thawing periods respectively. In total, 1080 freeze-thaw
cycles during 6 months were carried out in this test. After completion
of 1080 cycles, the mass of the tested concrete cubes was measured and
the change in their masses was calculated.

In the newly developed freeze-thaw test, an environmental chamber

Table 1
Mix designs of the used concrete mixtures.

Ingredient Amount (kg/m®)
Ww/C = Ww/C = W/C = W/C =
0.32 0.37 0.40 0.46
Cement (CEM I1/32.5 N; Sulphates 513 491 450 457
< 3.5%, Chlorides < 0.10%, and
initial setting time around 1.25 h)
Water 164 182 180 210
Fine aggregate (sharp silica sand with 658 660 678 660

uniform grain size distribution
between 1 mm and 300 pm)
Coarse aggregate (crushed stones 1068 1070 1092 1073
with sharp edges and maximum
size of 20 mm)
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that controls humidity and temperature was constructed. The chamber
was constructed by utilising an existing industrial freezer as base for the
freezing cycles and by introducing heating and humidity units inside the
freezer to serve the thawing cycles. Furthermore, the heating and the
humidity control units are additionally developed in order to complete
the requirements for computer-controlled scheduling of 24 h cycles be-
tween temperatures of —20 °C and 20 °C, and constant humidity of 60%.
Cubes were placed inside the chamber and it was programmed to run for
6 continuous months with a total of 180 freeze-thaw cycles. The internal
temperature of concrete was measured by using embedded thermocou-
ples and it ranged between 17 °C during the thawing process and —16 °C
during the freezing process. After completing the freeze-thaw test, the
change in the mass of tested concrete in reference to their original mass
before the test was recorded. Fig. 1 shows the constructed freeze-thaw
chamber with an attached automatic unit for controlling the cycles.

Fig. 2a and b illustrates the temperature alteration during the impact
of the standard fast freeze-thaw test (in water) and the newly introduced
air freeze-thaw test.

2.2.2. Concrete workability
The consistency of all the concrete mixes was evaluated by using the
slump test method following the guidelines of the BS EN 12350-2 [38].

2.2.3. Water absorption

The ability of the sodium acetate compound to preserve concrete from
water ingress in harsh environments was assessed by running the ISAT
test on the distressed samples (after finishing the freeze-thaw tests).
Initial Surface Absorption Test (ISAT) was used to measure the uniaxial
water absorption of concrete cubes by following the guidelines of BS
1881-208 [39].

2.2.4. Mechanical properties

Mechanical properties of concrete were determined by running the
compressive strength test on all the samples after finishing the freeze-
thaw cycles, following the British Standard BS EN 12390-3 [40].
Furthermore, the obtained results were compared with the compressive
strength results of the samples before running the freeze-thaw tests.

2.2.5. Porosity
The porosity of all treated and untreated concrete was measured by

Lo

[

Freeze-thaw Automatic unit to
chamber filled control
with concrete temperature and
cubes humidity

Fig. 1. Concrete samples undergoing the air freeze-thaw cycles.
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Fig. 2. Temperature alteration during the impact of: (a) fast freeze-thaw test and (b) air freeze-thaw test.

using the vacuum saturation method [41,42]. A vacuum saturation
apparatus was used to measure the porosity; it involves a vacuum pump,
desiccator and water source.

All samples were dried in oven at a temperature of 105 °C until a
constant mass is achieved. Samples were placed in the vacuum saturation
apparatus and evacuated for 3 h at a pressure of 90 kPa, and then they
were soaked in water for 24 h. At the end of the 24 h period, samples
were removed from the vacuum saturation apparatus and their saturated
surface dry mass was measured. The porosity of all the samples was
calculated by the following equation [42]:

M, — M,
Porosity (%) :HXIOO%
s — Mp

where.

M;: Saturated surface dry mass
Mg: Oven dry mass of the sample in air
My,: Buoyant mass of the saturated sample in water

2.2.6. Microstructural analysis and interaction mechanism

The morphology of the used sodium acetate compound, its interaction
with concrete and the size of its formed crystals were investigated by
using the Scanning electron microscope (SEM). Samples were coated
with a thin film of gold before analysing them under the SEM since both,
the material and concrete, are non-conductive.

3. Results and discussion
3.1. Microstructural analysis

The microstructure of the used sodium acetate compound and its
interaction with concrete are shown in Fig. 3 a-d.

The anatomical analysis of the used sodium acetate compound
showed that this material is present in a small amorphous shape before its
activation (Fig. 3 a-b), which ease their incorporation within the concrete
mix. This could be spotted in Fig. 3 c-d where the activated sodium ac-
etate crystals are seen embedded within the pores of concrete. After
mixing concrete with sodium acetate, crystals will grow and attach
themselves to the interiors of the pores by creating a chemical bond
between the CH3COO™ part of the sodium acetate compound and sodium
that already exists in cement in the presence of water (during the hy-
dration process). The formed crystals were found to have sizes that range
between 95 and 200 nm when measured on the SEM scale, which ease
their attachment to the interiors of the pores. This size of crystals is

considered smaller than most of the existing and effective pores in con-
crete, e.g. macro-pores (>1000 nm), most of the capillary pores
(100-1000 nm), most of the meso-pores (10-10000 nm) and some of the
transitional pores (10-100 nm) [43,44]. Accordingly, it is believed that
the formed crystals will work on lining the pores instead of blocking
them.

According to previous research by authors [6,45], it is believed that a
replacement process will take place after the activation of the sodium
acetate crystals. The ~OH groups will be replaced by the —-CHj3 groups,
which in turn bond with Silicon atoms in cement and result in forming a
hydrophobic component integrated within the mix (organosilicon bonds)
[46-49]. This could result in improving the hydrophobicity of concrete
treated with sodium acetate.

3.2. Concrete workability

Results from the slump test are outlined in Table 2.

It is witnessed that increasing the added amount of the sodium acetate
compound to concrete increases its consistency and flow properties. For
instance, concrete with w/c ratio of 0.37 and 0% sodium acetate has
shown 0 mm slump value, however adding 2% and 4% sodium acetate to
the mix increased the slump to 5 mm and 20 mm respectively. Even in
concrete with high w/c ratio, the slump value increased significantly
with adding the sodium acetate. Furthermore, the slump value of con-
crete with 0.46 w/c ratio and treated with 4% sodium acetate has
reached 160 mm, which is considered a high slump though acceptable
[38]. Despite the high slump values, especially for treated concrete mixes
that has a high w/c ratio, concrete did not show any sign of segregation in
matured concrete after 28 days of curing.

3.3. Porosity

The average results of the porosity test are illustrated in Table 3.

It is witnessed from the results that adding sodium acetate to the mix
does not have a significant effect on the porosity of concrete. Adding
sodium acetate to concrete with w/c ratios of 0.32 and 0.37 has slightly
reduced the porosity of the mix, and adding sodium acetate to concrete
with high w/c ratios of 0.40 and 0.46 has contributed in a slight increase
in the concrete’s porosity. This insignificant increase/reduction in the
porosity of treated concrete may refer to the small size of the formed
crystals that work on lining the pores of concrete instead of entirely
blocking them, which supports the outcomes of the morphological
analysis in section 3.1. On the other hand, the small increase in the
porosity of concrete with high w/c ratios might indicate the formation of
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Fig. 3. SEM micrographs for sodium acetate compound before mixing with concrete: (a) at 5000X, (b) at 10000X, and the interaction between sodium acetate and

concrete: (c) at 5000X, (d) at 10000X

Table 2
Slump values of all concrete samples.

Table 3
Porosity of control and internally integrated concrete.

w/c ratio Sodium acetate % Slump (mm) w/c ratio Sodium acetate % Average porosity %
0.32 0 0 0.32 0% 7.57%
0.32 2 0 2% 7.32%
0.32 4 0 4% 7.28%
0.37 0 0 0.37 0% 8.16%
0.37 2 5 2% 8.02%
0.37 4 20 4% 7.96%
0.40 0 5 0.40 0% 8.84%
0.40 2 15 2% 9.17%
0.40 4 70 4% 9.36%
0.46 0 25 0.46 0% 9.23%
0.46 2 50 2% 9.83%
0.46 4 160 4% 10.17%

microcracks in the concrete mix due to treatment, contrary to concrete
with low w/c ratios.

3.4. Mass change (after freeze-thaw)

3.4.1. Fast freeze-thaw cycles (water impact)

The change in the concrete samples’ mass is directly related to the
degree of deterioration that developed from the freeze-thaw cycles. In the
freeze-thaw test in water, it is witnessed that concrete has suffered from
mass loss during the applied 1080 cycles. Fig. 4 illustrates the damage in

all concrete samples in terms of mass loss percentage during the freeze-
thaw test in water.

In general, all concrete samples have shown a reduction in their
masses during the test, and this reduction increases with increasing the
number of applied cycles. The main reason for this trend could be
attributed to the damage of the internal pores of concrete during the
cyclic and fast freeze-thaw process, especially that pores were saturated
with water before starting the test. This damage to the pore structure can
cause surrounding water to move freely in and out concrete, which leads
to the scaling of concrete surface (separation of paste from the surface)
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Fig. 4. Mass loss percentage during the water freeze-thaw test in treated and untreated concrete with w/c ratio of: (a) 0.32, (b) 0.37, (c) 0.40 and (d) 0.46.

[32]. The scaling of concrete was visibly noticed in all concrete samples,
either treated or control, as shown in Fig. 5, where most of concrete
samples showed similar appearance. The detected scaling in this test is
believed to be severer than what is observed in real life (natural-
ly-occurring scaling) because of the fast alteration in temperature and
because of the high number of applied cycles in this test.

It can be clearly observed, in Fig. 4, that the development in the loss of
mass in concrete with low w/c ratios was less than that in high w/c ra-
tios’ concrete. This could be spotted in the gradient of the produced
graphs, where concrete with w/c ratios of 0.32 and 0.37 (Fig. 4a and b)
have shown a slow progress in the mass loss than concrete with w/c
ratios of 0.40 and 0.46. More specifically, treatment of 0.32 and 0.37

(@)

Fig. 5. The surface of concrete sample: (a) before the fast freeze-thaw impact and (b) after the fast freeze-thaw impact.

(b)
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concrete with 4% of sodium acetate has exhibited the least mass loss
amongst all concrete mixtures, where the mass loss in both mixes was
around 4%. On the other hand, adding 4% sodium acetate to concrete
with 0.40 and 0.46 w/c ratio increased the mass loss, where it reached
7% for 0.40 concrete and 7.7% for 0.46 concrete, which is even higher
than untreated concrete.

Concrete with low w/c ratio would have lower porosity than concrete
with high w/c ratio (Table 3), which is reflected on the amount of
capillary water exposed to frost action; less exposure in the case of low
w/c ratio concrete as it has less capillary water. In addition, lowering the
porosity would participate in reducing the movement of water to areas,
like air bubbles, where water could be entrapped and initiates cracks due
to its freezing and thawing inside these areas [50-52]. Adding the 4%
sodium acetate to the low w/c ratio concrete participated in increasing its
resistance to freeze-thaw, where mass loss decreased significantly
compared to control. The presence of sodium acetate inside the pore
structure of concrete would contribute in reducing the movement of
water through the pores; either water that already exists inside the pores
or the surrounding water. Adding to that, treating low w/c ratio concrete
with 4% sodium acetate has proven its ability to reduce water absorption
of concrete, which could be reflected on the saturation process that was
performed on concrete prior to starting the freeze-thaw test. In other
words, low w/c ratio concrete and treated with 4% sodium acetate was
less saturated than other mixes, which reduces the amount of capillary
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water that is subjected to frost action.

On the other hand, adding 4% sodium acetate to high w/c ratio
concrete, like the 0.40 and 0.46 mixes, has increased the damage to
concrete. This could be attributed to the presence of high-water content
and high sodium acetate content at the same time. Their presence in
relatively large contents contributes in increasing the consistency of the
mix, which in turn takes part in increasing the air voids content and
microcracks (Table 2).

3.4.2. Air freeze-thaw cycles

Contrary to the freeze-thaw test in water, concrete cubes were
observed to increase their masses during the freeze-thaw test in air. Fig. 6
illustrates the change in concrete’s mass during the freeze-thaw test in
air.

All concrete cubes have shown a general trend of increasing their
masses with increasing the applied number of cycles, with different
performance for each mix. This increase in mass is attributed to the ab-
sorption of concrete to moisture from the surrounding environment due
to the applied humidity of 60% during the test. Water is believed to be
absorbed through the pore structure of concrete during the thawing
process. When the freezing phase starts, the absorbed water will freeze
inside the pores and expands, which will create some microcracks inside
the pore structure. These cracks will increase the absorption of concrete
to moisture and participate in increasing the mass.

3.0
2.8 —=— 0% sodium acetate
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2.2
2.0
1.8 //
1.6
1.4 s
1.2 T
104 ™
0.8 e ®
0.6 .
0.4
02 B,
0.0 T L L | T
25 50 75 100 125

Cycles (N)

T
150 175 200

(b)

3.0
2.8 ] —=— 0% sodium acetate
2.6 —— 2% sodium acetate
;;‘ 1 4 4% sodium acetate
2.0
1.8
1.6
1.4
124
1.0
0.8
0.6
0.4
0.2
0.0 T T T T T T T v T T T T T

25 50 75 100 125 150 175 200

Cycles (N)

Mass increase (%)

(d)

Fig. 6. Mass increase percentage during the air freeze-thaw test in treated and untreated concrete with w/c ratio of: (a) 0.32, (b) 0.37, (c) 0.40 and (d) 0.46.
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During all the cycles, concrete with low w/c ratio (0.32 and 0.37) has
gained less weight than concrete with high w/c ratio (0.40 and 0.46).
This could be attributed to the low porosity of concrete with the lower w/
c ratio (Table 3), which decreases their absorption to water during the
thawing process. Accordingly, the amount of water that is exposed to
frost action in the freezing process will be less, which will reduce the
initiated microcracks inside concrete. Treating 0.32 and 0.37 concrete
with 4% sodium acetate has shown the least weight gain between all
mixes, which is compatible with the results obtained from the freeze-
thaw in water test. The 4% sodium acetate when added to concrete
with 0.32 and 0.37 w/c ratio may participate in forming enough orga-
nosilicon bonds inside the pores of concrete, which are capable of
reducing the absorbed water during the thawing process (section 3.1).
This will reduce the risk of frost action during the freezing phase. On the
other hand, treating concrete with w/c ratio of 0.32 with 2% sodium
acetate did not significantly enhance the performance of the mix when
compared to control. This might refer to two reasons: the low amount of
water needed to activate the sodium acetate crystals and the low amount
of the used sodium acetate compound itself. The presence of the sodium
acetate in such low quantity restricts the distribution of its active content
all over the mix. Adding to that, the used water during mixing will not be
enough to continue the hydration process and at the same time activates
the crystals of the material. This was not observed in the case of concrete
with w/c ratio of 0.37 and treated with 2% material due to the presence

Table 4
Development of cracks after 180 freeze-thaw cycles in air.

Results in Engineering 6 (2020) 100110

of relatively enough water for hydration process and activating the
crystals.

Concrete with w/c ratio of 0.40 and 0.46 and treated with 4% sodium
acetate have shown the highest mass increase between all mixes, even
higher than control. This may be a result of the high workability of these
mixtures (Table 2), which contributed in forming some microcracks in
concrete prior to the freeze-thaw test. Adding to that, the high porosity of
these mixes will work with the previously mentioned microcracks on
facilitating the absorption of moisture during the thawing process. After
absorbing the moisture and with the start of the freezing process, water
will expand inside the pores and creates more microcracks. These factors
would ensure to increase the mass of such mixtures. On the other hand,
adding 2% sodium acetate to concrete with w/c ratio of 0.40 has,
somehow, resisted the increase in the mixture mass when compared to its
own control mix. However, its performance was less efficient than 0.32
and 0.37 mixes treated with 4% sodium acetate.

One thing to be observed in the freeze-thaw in air testing method is
the absence of scaling from concrete surfaces, unlike the freeze-thaw in
water method where scaling forms an obvious characteristic. Regardless
of the absence of scaling in the air method, some cracks have developed
on the surface of concrete, which confirms with the mass increase during
all the cycles. Table 4 shows some microscopic images (500X) for the
developed cracks and their sizes on the surface of treated and untreated
concrete after 180 cycles. It is clear from the images that the severest

w/c¢ ratio

Sodium

acetate (%)

0.40 0.46

0%

2%

w/c ratio

Sodium
0.32 0.37
acetate (%)

4%
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cracks have developed in concrete mixes with w/c ratios of 0.40 and 0.46
and treated with 4% sodium acetate. These micro-images support the
previous claim about the formation of microcracks in these mixtures that
caused them to absorb more moisture from the surrounding environment
during the test. On the other hand, concrete mixes with w/c ratios of 0.32
and 0.37 and treated with 4% sodium acetate have shown the least
development for cracks. The developed cracks in these mixes were much
less severe than those developed in concrete with w/c ratios of 0.40 and
0.46.

3.4.3. Comparative analysis of air and water freeze-thaw investigations
Both proposed freeze-thaw methods have shown different deteriora-
tion effect on concrete. As discussed earlier, the water freeze-thaw
method was distinguished by the scaling impact on the surface of con-
crete accompanied with mass loss. Furthermore, the air freeze-thaw has
worked on developing cracks on the surface of concrete with an increase
in the total mass of concrete. This might refer to the more aggressive

I FT-watcr
R I FT-air

Mass increase

Mass change (%)

71 Mass reduction
-8
Sodium acctatc (%0)
(a)
I - T-water
I FT-air
34 Mass increase
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effect of water on concrete than air and humidity. Adding to that, the fast
freeze-thaw cycles used in the water method would impose more
destruction to concrete than the slow cycles used in the air method (1080
cycles compared to 180 cycles during 6 months). Fig. 7 shows a com-
parison between the effects of both freeze-thaw methods on the inter-
nally integrated concrete at the end of the 1080 cycle for the water
freeze-thaw and at the end of the 180 cycle for the air freeze-thaw.

It is witnessed from the graphs that both freeze-thaw methods have
shown a relatively similar performance for all the developed concrete
mixes. Regardless of their different mechanisms of deterioration, the
increase in the mass of concrete caused by the water freeze-thaw was
compatible with the reduction in mass caused by the air freeze-thaw. For
instance, concrete with w/c ratio of 0.46 and integrated with 4% sodium
acetate has shown the same deterioration level in both methods, with a
maximum reduction in mass of 7.7% when exposed to water freeze-thaw
and maximum increase in mass of 2.8% when exposed to air freeze-thaw.
In accordance with that, all the other developed mixes have followed the

I FT-water
I FT-air

34 Mass increasc

Mass change (%)

Mass reduction

Sodium acetate (%)

(b)

I FT-water
I FT-air

Mass increase

Mass change (%)

Mass reduction

Sodium acctatc (%)

(d)

Fig. 7. Deterioration rate of concrete at the 1080 water freeze-thaw cycle and 180 air freeze-thaw cycle for internally integrated concrete with w/c ratio of: (a) 0.32,

(b) 0.37, (c) 0.40 and (d) 0.46.



M.J. Al-Kheetan et al.

same pattern of deterioration in both tests.

The increase in the mass of all the internally integrated concrete,
either with 2% or 4% sodium acetate and regardless of the mixture’s w/c
ratio, under the impact of the air freeze-thaw supports the outcomes of
the morphological analysis in section 3.1. The formed crystals work on
lining the pores of concrete without blocking them, which allows con-
crete to breathe. This was observed from the increase in the concrete’s
mass after the exposure to 60% humidity (without soaking in water),
where moisture worked on penetrating concrete through its pores at the
thawing process.

3.5. Water absorption after freeze-thaw

The ability of the sodium acetate compound to preserve concrete from
water ingress in harsh environments was assessed by running the ISAT
test on the distressed samples. Concrete samples have shown a general
increase in water absorption after the impact of freeze-thaw cycles in
water. Fig. 8 demonstrates the water absorption rate of concrete after the
impact of 1080 cycles under the immersion effect.

ISAT results were in line with the mass change outcomes of concrete
after the impact of freeze-thaw tests; both the water and air tests. Con-
crete samples with w/c ratios of 0.32 and 0.37 and treated with 4% so-
dium acetate have shown the least water absorption rates among all
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mixtures. This amount of treatment has helped water absorption rate to
drop by 78% and 85% for mixtures with 0.32 and 0.37 w/c ratios
respectively compared to their control mixtures (Fig. 8a and b). Even
when both mixtures were treated with 2% sodium acetate they have
shown a high ability to reduce water absorption. This might be a result of
using a compatible amount of water and sodium acetate, where no excess
water is present in the mix, and the amount of water was suitable to
initiate the reaction between sodium acetate and cement, and at the same
time water was enough to continue the hydration process. Despite the
scaling effect that the freeze-thaw cycles have imposed on concrete
(Fig. 5), sodium acetate has proven its efficacy against water absorption.
This could give an indication that the protection and the presence of this
material is not only near the surface of concrete but all over the structure.

In the case of concrete with w/c ratios of 0.40 and 0.46 and treated
with 4% sodium acetate, an obvious destructive effect could be seen from
Fig. 8c and d. Water absorption of these two mixes has significantly
increased compared to their control and to other mixtures after the
impact of freeze-thaw. This might refer to their high porosity when they
were first cast (Table 3) and the formation of some microcracks in con-
crete after the impact of freeze-thaw cycles. Moreover, the high w/c
ratio, especially in concrete with w/c ratio of 0.46, and the highly added
dosage of the sodium acetate compound will contribute in increasing the
formation of the hydrophobic organosilicon content. The presence of this
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Fig. 8. Water absorption of concrete after the impact of 1080 freeze-thaw cycles in water for concrete with w/c ratio of: (a) 0.32, (b) 0.37, (c) 0.40 and (d) 0.46.
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hydrophobic content in large amounts in concrete at early ages will
probably work on reducing the needed amount for the hydration process
by repelling water out from concrete. This will lead to the formation of
some microcracks in concrete during its curing and before initiating the
freeze-thaw test. With the impact of the freeze-thaw test, these micro-
cracks will develop into larger cracks, and concrete will absorb more
quantities of water.

Referring to the results of water absorption of concrete under the
impact of 180 freeze-thaw cycles in air, a clear increase in permeability
can be noticed. Fig. 9 illustrates the effect of freeze-thaw cycles in air on
concrete’s absorption of water.

Water absorption rates under the effect of air have followed a similar
trend to those in water but with less absorbing rates. This is expected
since the severity of the test in water is higher than that in air.

Similar to the freeze-thaw test in water, concrete with w/c ratios of
0.32 and 0.37 and treated with 4% sodium acetate have shown the least
absorption rate between all mixes, which refers to the compatibility be-
tween the used amount of water and the added percentage of the
admixture. This could be linked with the micro-images in Table 4, where
these mixtures have developed less cracks with small sizes.

On the other hand, concrete with w/c ratios of 0.40 and 0.46 and
treated with 4% sodium acetate suffered from increasing the absorption
rate of water. This issue could be explained by following the same reasons
for their high absorption rates after the impact of freeze-thaw cycles in
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water. Also, their high tendency to absorb moisture during freeze-thaw in
air, as noticed in section 3.4.2, confirms with current outcomes, because
of the formation of large microcracks (Table 4) and the original high
porosity of concrete (Table 3).

3.6. Compressive strength (After freeze-thaw)

After finishing both freeze-thaw tests, in water and air, all samples
have been tested for compressive strength to measure the ability of
treatment to preserve the strength of concrete in harsh conditions.
Table 5 shows the compressive strength and standard deviation values of
concrete after their exposure to cyclic freeze-thaw in water and air.

It is witnessed that concrete under the impact of cyclic freeze-thaw in
water has suffered from a drop in its compressive strength values when
compared to concrete under freeze-thaw cycles in air. Once more, this
refers to the severity of the applied conditions in the case of the freeze-
thaw test in water. The frost action of the freeze-thaw test in water
may damage the internal pores of concrete due to the presence of water
inside the pores. The expansion of water inside the pores will damage the
pore system and initiates cracks inside concrete, which in turn will
weaken it and reduce its strength.

Comparing these results with those obtained before the impact of
freeze-thaw in water (Fig. 10), a clear reduction in compressive strength
could be noticed. Concrete with w/c ratio of 0.46 and treated with 4%
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Fig. 9. Water absorption of concrete after the impact of 180 freeze-thaw cycles in air for concrete with w/c ratio of: (a) 0.32, (b) 0.37, (c) 0.40 and (d) 0.46.
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Table 5
Compressive strength of concrete after the impact of freeze-thaw cycles.

Results in Engineering 6 (2020) 100110

Compressive strength (MPa)

Freeze-thaw in water

Freeze-thaw in air

Sodium acetate % 0% SD 2% SD 4%

SD 0% SD 2% SD 4% SD

0.32
0.37
0.40
0.46

38.7 1.1
31.2 0.9
45.5 1.2
36.1 0.8

42.1 1.5 50.5
39.2 1.3 46

36.4 1.2 329
29.1 1 21.2

w/c ratio

0.7 38.8 0.9
2 34.8 2.8 45.2 2.3
0.2 54.4 1.8 42.1 1.9
0.4 45.1 2.3 37 1.6

47.7 1.6 53.5 0.8
50.5 1.3
43.3 0.3

30.3 1.6

; . 0.4 0.46
0
-5
-10 [
-15
-20 —
25
-30

W/C ratio
m0% m2% m4%

Change in Compressive strength (%)

Fig. 10. The impact of freeze-thaw cycles in water on concrete’s compressive
strength compared to original strength.

sodium acetate has suffered from 35% reduction in its strength, which
shows that treatment with high w/c ratios will have a negative effect on
the durability of concrete.

The reduction in compressive strength was less severe in the case of
low w/c ratio concrete, especially concrete with w/c ratio of 0.32 and
treated with 2% and 4% sodium acetate. This reflect the high influence of
treatment on low w/c ratio concrete, as it helps in making its structure
denser (Table 3) and with minimum cracks even under harsh
environments.

Compressive strength of concrete that was under the impact of freeze-
thaw cycles in air did not show any reduction in compressive strength,
which refers to the low severity of this freeze-thaw test. Also, the major
impact of the freeze-thaw cycles in air might only affect the near-surface
zone of the concrete, without affecting the internals of concrete, or they
may have a minor effect on the interiors of concrete.

4. Conclusions

The long-term performance of concrete treated with 2% and 4% so-
dium acetate has been tested through two freeze-thaw tests that operate
differently; freeze-thaw under the effect of water and freeze-thaw under
the effect of air. Both tests have run for 6 continuous months but with
different number of cycles and different speeds. In the freeze-thaw test
under the effect of water, saturated concrete was immersed in water and
placed under the impact of fast 1080 freeze-thaw cycles during the 6
months. However, in the freeze-thaw test under the effect of air, concrete
has been under the impact of slow temperature alteration with 180 cycles
during the 6 months. Both tests have been destructive to concrete but
with severer effect in the case of freeze-thaw cycles in water.

Concrete with low w/c ratios of 0.32 and 0.37 have managed to resist
deterioration more than concrete with high w/c ratios of 0.40 and 0.46.
Treating the low w/c ratio concrete with the sodium acetate compound
has increased its resistance to deterioration unlike the high w/c ratio
concrete. Treating high w/c ratio with sodium acetate has increased its
deterioration rate more than untreated concrete, and deterioration was
noticed to increase with increasing the added dosage of treatment. The
opposite was noticed in the low w/c ratio concrete, where increasing the
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dosage has improved concrete’s resistance to deterioration. After both
freeze-thaw tests have finished, water absorption and compressive
strength of the deteriorated concrete were evaluated. All concrete sam-
ples have shown an increase in water absorption. However, this increase
was minimum in the case of concrete with low w/c ratio, especially when
treated with 4% sodium acetate. The maximum absorption rate was
noticed in concrete with 0.46 w/c ratio and treated with 4% sodium
acetate. Similar results were noticed after testing the deteriorated con-
crete for compressive strength. However, in the case of concrete that
suffered from the air cyclic freeze-thaw, its compressive strength values
did not change and remained similar to original values of non-
deteriorated concrete.
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