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a b s t r a c t

This research presents new insight on the performance of concrete when integrated with sodium acetate
and cured under extremely harsh environmental conditions: freezing temperature of �25 �C and hot
temperature of 60 �C. Mechanical properties, water absorption, microstructural analysis and interaction
mechanism of concrete and sodium acetate were evaluated by conducting the compressive strength test,
Initial Surface Absorption Test (ISAT), Scanning Electron Microscope (SEM) analysis and Fourier-
transform Infrared Spectroscopy (FTIR) analysis. Despite the harsh curing conditions, results showed
an enhancement of 64% in compressive strength when 4% (based on the weight of cement) sodium acet-
ate is incorporated within concrete with w/c ratio of 0.32 and cured under temperature of 60 �C. Also,
water absorption was observed to decrease by more than 79% when 2% sodium acetate is added to con-
crete with w/c ratio of 0.32. SEM and FTIR analyses revealed the formation, high distribution and strong
bonding of sodium acetate crystals within the concrete’s micropores.
Crown Copyright � 2019 Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The influence of extreme weather conditions on concrete, either
when it is fresh or matured, have been reported to cause serious
problems to the body of the concrete structure. Extremely high
temperatures, for instance, increase the evaporation rate of water
that is necessary for hydration process, which leads to crack prop-
agation and strength reduction [1–4]. Likewise, placing concrete
under cold weather conditions will initiate cracks in conjunction
with spalling and strength reduction due to the early frost of con-
crete [5]. Therefore, protecting concrete structures that are
exposed to cold or hot environments has become a necessity to
reduce their deterioration rate and extend their service life [6–9].
In latest years, more interest in protecting concrete by
hydrophobic impregnation has come to light [10,11]. Silane and
Siloxane impregnates were one of the first effective hydrophobic
treatments to be used for enhancing concrete’s water imperme-
ability and resistance to extreme weather conditions [12–14].
The efficacy of this kind of materials depends mainly on the ‘pen-
etration depth; higher penetration depths result in more effective
protection [15]. However, recently some doubts were raised
regarding the performance and effect of such products on the envi-
ronment [14]. The deficiency of Silane and Siloxane materials to
protect damped concrete surfaces and the presence of some
organic solvents in their chemical composition, which negatively
affects the ecosystem, encouraged researchers to seek for some
new water-tolerant and environmentally friendly materials
[8,16–18]. Accordingly, researchers developed some new protec-
tive materials and techniques, natural and synthetic, that are eco-
logically friendly and aim to work well in the presence of water.
Incorporating sodium acetate in the concrete mix is a new
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Table 1
Proportions of the used concrete mixtures.

Ingredient Amount (kg/m3)

W/C = 0.32 W/C = 0.46

Cement (CEM II/32.5 N; Sulphates < 3.5%,
Chlorides < 0.10%, and initial setting time
around 1.25 h)

513 457

Water 164 210
Fine aggregate (sharp silica sand with

uniform grain size distribution between
1 mm and 300 mm)

658 660

Coarse aggregate (crushed stones with sharp
edges and maximum size of 20 mm)

1068 1073
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technique developed recently to overcome the problems associ-
ated with surface protection of concrete. Integrating sodium acet-
ate within the concrete mixture has shown its ability to enhance
concrete’s durability and extend its service life without affecting
its strength [16].

In previous work by authors, concrete integrated with sodium
acetate has been tested and analysed under normal conditions,
and the interaction mechanism between concrete and sodium
acetate has been studied [16]. Current work will discuss the ability
of sodium acetate to preserve concrete from deterioration when it
is exposed to harsh curing conditions.

Therefore, the main objectives of this research are: (1) studying
the influence of extreme curing conditions on the performance of
concrete when integrated with sodium acetate, (2) establishing
an aggregated understanding for the interaction between sodium
acetate and concrete under extreme curing conditions and (3)
investigating the strength development and concrete’s resistance
to extreme environments.
2. Materials and test methods

2.1. Materials and sample preparations

A protective material formed mainly from sodium acetate as an active content
with other cementitious material was used in this research. The core of the pro-
posed technology, shown in Fig. 1, depends on the dual functionality of the mate-
rial. Sodium acetate absorbs water to form crystals that settle inside the pores to
line them [16,19]. The formed crystals were found to develop hydrophobic proper-
ties that enables them to fend off excess water from the pores and increase its
impermeability (Fig. 1).

A total of 72 cubes with the dimensions of 100 mm � 100 mm � 100 mm were
produced. Two different concrete mixtures with w/c ratios of 0.32 and 0.46 were
used to study the influence of water content on the performance of the protective
material, following the guidelines of BS 1881-125 [20]. A sodium acetate compound
was added to the fresh mix in two ratios of 2% and 4% of the cement mass. A control
mix with 0% protective material was also produced for each mix design for compar-
ison purposes. Table 1 illustrates the mix designs for the two types of concrete
mixes.

To study the effect of extreme weather conditions on the produced concrete, all
samples were cured in an environmental confined chamber. A set of the concrete
samples were cured under freezing conditions with a temperature of �25 �C, and
the other set were cured under hot conditions with a temperature of 60 �C.
Fig. 1. Schematic illustration of the interaction and
2.2. Test methods

Experimental procedure was divided into three main parts; 1) water absorp-
tion, 2) compressive strength and 3) microstructure analysis. Initial Surface
Absorption Test (ISAT) was used to assess the ability of the protective material
(sodium acetate) to enhance the impermeabilty of concrete following the guide-
lines of the BS 1881-208 [21]. Testing was carried out on all samples for dura-
tions of 10, 30 and 60 min for each sample and after 7 and 28 days of curing
(hot and freezing curing conditions and benchmarked against control samples
with no addition of sodium acetate). The compressive strength of concrete was
assessed at 7 and 28 days of same curing conditions BS EN 12390-3:2009 [22].
Finally, the interaction between sodium acetate and concrete constituent materi-
als, were investigated using the Scanning Electron Microscope (SEM), this
included the distribution of sodium acetate within concrete and their functional-
ity in the pores. All samples were coated with a thin gold film before placing
them under the SEM to make them conductive.
3. Results and discussion

3.1. Microstructural analysis

The formation of the sodium acetate inside the pores of con-
crete and the effect of harsh environment on its functionality
within concrete were investigated through SEM. Fig. 2 shows
untreated concrete (0% of sodium acetate) after its exposure to
both extreme environments, this was carried out to better
bonding between sodium acetate and concrete.



Fig. 2. Morphology of untreated concrete after its curing under extreme conditions of: (a) �25 �C (100�, 5000� and 10,000�) and (b) 60 �C (500�, 5000� and 10,000�).
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interpret the effects of such curing conditions on the microstruc-
ture of concrete.

As illustrated in Fig. 2a and b, extreme curing conditions have
negatively affected the control samples, where freezing condition
(�25 �C) (Fig. 2a) has led to the introduction of some microcracks
through the internal parts of the concrete samples. Curing concrete
under freezing conditions, especially at the beginning of the hydra-
tion process, would result in freezing the available water that is
necessary for hydration process inside the pores. This will cause
frozen water to expand inside the pores and will lead to: (1)
increasing the crack propagation rate within the pores due to
water expansion, (2) delaying the hydration process as long as
water is still frozen and not promoting the hydration process,
and (3) creating weak cement-aggregate bonds [16].

Interestingly, curing control samples under high temperature of
60 �C did not induce any evident microcracks in concrete (Fig. 2b).
However, an obvious wearing effect for temperature rise was
observed on the tested cross-sectional areas, where a weak bond
has developed between hydrated cement particles and aggregates.
Additionally, a reduction in the presence of ettringite and other
hydration products within the microstructure of concrete is clearly
observed (Fig. 2b). This can be due to the rapid moisture loss from
concrete at an early age which will influence the development of
hydration during time. Moreover, high temperature can result in
increased shrinkage development and self-produced stress in the
microstructure of concrete [23].
On the other hand, incorporating sodium acetate as an admix-
ture within concrete has led to an improved morphology of con-
crete when cured under extreme environmental conditions.
Fig. 3a and b show the ‘sodium acetate-concrete’ matrix interfaces,
where a full illustration of the bond between the components of
the used protective material and concrete is revealed.

As shown in Fig. 3a, incorporating the sodium acetate com-
pound within the concrete mixture has greatly reduced crack prop-
agation when concrete is under freezing conditions. Additionally,
the presence of sodium acetate has led to development of a denser
microstructure compared to control in Fig. 2a. This can mean a
greater resistance to the weathering effect of the freezing environ-
ment. Also, the presence of sodium acetate crystals inside the pores
in dense formations and distribution will increase the rigidity of
the pores.

The integration of sodium acetate in concrete while curing it at
60 �C has helped in reducing the weathering effect of high temper-
atures (Fig. 3b). The high distribution of sodium acetate crystals
within concrete and its high resistance to heat (>300 �C) [24] has
resulted in preserving the internal structure of concrete from
debonding and the reservation of the hydration products from
weathering.

In a recent research by authors, FTIR analysis of sodium acetate
and concrete was conducted to give a thorough explanation for
their interaction mechanism [16]. Fig. 4 shows the FTIR spectra
of sodium acetate and its interaction with concrete.



Fig. 3. Morphology of concrete incorporated with sodium acetate and cured under extreme conditions of: (a) �25 �C (1000�, 5000� and 20,000�) and (b) 60 �C (1000�,
5000� and 20,000�).

Fig. 4. FTIR analysis of sodium acetate and concrete [16].
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As seen in the analysis (Fig. 4), a significant increase in the
transmittance of peaks at 2969 cm�1 and 2881 cm�1, which corre-
spond to ACH and AOH stretching vibrational bonds, can be spot-
ted. This increase in the hydrogen bond could refer to the
activation of sodium acetate in the presence of water, where it dis-
sociates in water as described in the following reaction [25,26]:

CH3COONa ! CH3COO
� þ Naþ

CH3COO� ions are understood to connect strongly with cement
through their reaction with sodium to form dual functioning crys-
tals that line the pores and work on repelling water [16]. This reac-
tion is believed to increase the intensity of the ACH bond (as seen
in Fig. 4). On the other hand, some sodium hydroxide (NaOH) is
believed to form after the reaction between the dissociated Na+

ions and water that already exists in concrete, which results in
an increase in the intensity of AOH bonds [16]. Also, dissociated
CH3COO� might contribute in forming small quantities of acetic
acid (CH3COOH) after its reaction with water, which subsequently
leads in increasing the AOH bonds intensity [16].

The increase in the ACH bond can also be attributed to the
replacement ofAOH groups byACH3 groups that bond with silicon
that already exists in cement to form hydrophobic organosilicon
bonds [16].

3.2. Water absorption properties

The effect of sodium acetate as a protective material on the per-
meability of concrete, when exposed to extreme environmental
Fig. 5. Water absorption rate at 7 days for concrete with (a) w/c = 0.32 cured under
(d) w/c = 0.46 cured under 60 �C.
conditions, was determined through the ISAT method. As depicted
in Fig. 5, adding 4% of sodium acetate either to concrete with w/c
ratio of 0.32 or concrete with w/c ratio of 0.46 has increased its
water absorption rate after extreme curing for 7 days. Moreover,
curing both concrete samples at 60 �C (Fig. 5b and d) has increased
their water absorption rate more than 77% for the 0.32 mix and
60% for the 0.46 mix (when compared with concrete). Moreover,
freezing conditions have slightly contributed in increasing the
water absorption of the aforementioned mixtures. The higher
increase in water absorption for concrete treated with 4% sodium
acetate and cured under high temperature can be attributed to:
(1) the formation of large amounts of NaOH (as explained in the
microstructural analysis section) that increase the mixtures’ con-
sistency (as shown by Al-Kheetan et al. 2019 [16]) which therefore
increases the air voids and microcracks in concrete; and (2) expos-
ing concrete to high temperature of 60 �C at an early age can con-
tribute towards drying water which is necessary for the
continuation of the hydration process and the formation of the
needed crystals (less water means less formed hydrophobic
crystals).

On the other hand, exposing concrete to freezing conditions for
7 days (Fig. 5a and c) showed a less severe influence on its water
absorption for both w/c ratio mixtures. Moreover, adding 4%
sodium acetate resulted in an increased water absorption rate to
more than 4% and 20% for concrete with w/c ratios of 0.32 and
0.46 respectively. This increase in water absorption may refer to
the influence of low temperature on the hydration process, where
cold weather slows the setting time of concrete [27]. Low
�25 �C, (b) w/c = 0.32 cured under 60 �C, (c) w/c = 0.46 cured under �25 �C and



Fig. 6. Water absorption rate at 28 days for concrete with (a) w/c = 0.32 cured under �25 �C, (b) w/c = 0.32 cured under 60 �C, (c) w/c = 0.46 cured under �25 �C and
(d) w/c = 0.46 cured under 60 �C.
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temperature can also lead to a sharp thermal gradient through the
whole depth of the concrete microstructure, which in turn results
in the formation of internal stresses and the propagation of micro-
cracks [28].

Water absorption properties were also assessed after 28 days of
curing under extreme temperatures of �25 �C and 60 �C. As shown
in Fig. 6, adding 2% of sodium acetate to concrete with w/c ratio of
0.32 has managed to reduce the water absorption rate by 79%
when cured at 60 �C (compared with control). Moreover, adding
the same dose of sodium acetate led to the preservation of the
water absorption rate of concrete with w/c ratio of 0.32 when
cured at �25 �C. The high resistance of concrete to both extreme
curing conditions when treated with the 2% sodium acetate
(Fig. 6a and b) can be explained by: (1) the demand of 2% sodium
acetate to water to form its crystals is less than the demand of the
4% dose, which makes the available water during high temperature
curing enough to continue the hydration process and, at the same
time, activating the crystals of sodium acetate, (2) the presence of
sodium acetate crystals in the pores, during low temperature cur-
ing, will help in reducing the thermal gradient through concrete,
which will decrease the internal pressure inside the pores, and
(3) the formation of enough organosilicon bonds inside the pores
of concrete that are capable of reducing the absorbed water either
after high temperature curing or low temperature curing (as
shown in the microstructural analysis section).

It is worth pointing out the high reduction in water absorption
was mainly observed in treated concrete with w/c ratio of 0.32 and
cured under 60 �C. This might refer to the influence of high temper-
ature on accelerating the hydration process. Also, the presence of
sodium acetate in its full crystal form, as seen in Fig. 3b, under high
temperature contributed in reducing water intake to very low
levels.

3.3. Compressive strength development

The influence of curing different concrete mixtures at extreme
temperatures on the compressive strength properties was assessed
at 7 and 28 days. As highlighted in Fig. 7, the addition of sodium
acetate has greatly enhanced the protection level of concrete under
extreme conditions, as it worked on preserving the strength of con-
trol (no drop in compressive strength) when added to concrete
with high w/c ratio. Moreover, sodium acetate even worked on
increasing the strength of concrete when added to concrete with
low w/c ratio. The addition of sodium acetate, either by 2% or 4%,
with w/c ratio of 0.32 led to increase in concrete’s strength at 7
and 28 days despite the extreme curing conditions. Adding 4%
sodium acetate increased the strength of 0.32 concrete by more
than 64% (compared to control) even after it’s curing in hot condi-
tions. Moreover, adding 2% sodium acetate to concrete with w/c
ratio of 0.46 worked on preserving its strength when exposed to
cold temperature and increased it by 8% when exposed to high
temperature (both after 28 days of curing and compared to con-
trol). These results reflect the high influence of treatment on con-
crete and its ability to combat extreme harsh conditions, as



Fig. 7. Compressive strength of concrete after: (a) curing under �25 �C for 7 days, (b) curing under �25 �C for 28 days, (c) curing under 60 �C for 7 days and (d) curing under
60 �C for 28 days.
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treatment participates in making the concrete’s structure denser
and with minimum microcracks (refer to microstructural analysis
section).

4. Conclusions

In this research, the performance of concrete integrated with
sodium acetate has been investigated when it is exposed to two
extreme curing conditions; freezing temperature of �25 �C and
high temperature of 60 �C. The effectiveness of treatment to pro-
tect concrete was evaluated by investigating the mechanical, phys-
ical and microstructural properties. The following conclusions can
be drawn from this research:

1. Adding sodium acetate compound to concrete increased the
interfacial bonds between hydration products and aggregates.
It was shown that sodium acetate covers the macropores
(>1000 nm), most of the capillary pores (100–1000 nm), most
of the mesopores (10–10,000 nm), and some of the transitional
pores (10–100 nm) of concrete which leads to enhanced
rigidity.

2. The incorporation of sodium acetate compound established
strongACH bonds with concrete. Also, a hydrophobic organosil-
icon bond was formed inside the pores upon the addition of
sodium acetate.
3. Adding 2% sodium acetate to concrete with loww/c ratio of 0.32
enhanced its impermeability by 79% when concrete is cured at
high temperature (60 �C). Moreover, the 2% sodium acetate pre-
served concrete with w/c ratio of 0.32 from absorbing water
when exposed to freezing curing conditions (�25 �C).

4. A negative effect was noticed when adding sodium acetate to
concrete with high w/c ratio of 0.46, where an increase in water
absorption was observed.

5. The compressive strength of concrete, even when cured under
freezing and hot conditions was increased as a result of the
addition of sodium acetate.

The durability and long-term performance of concrete inte-
grated with sodium acetate is currently under assessment.
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