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To predict the durability of a concrete structure under the coupling degradation consisting of the frosting and chloride attack,
microstructural analysis of the concrete pore structure should be accompanied. In this study, the correlation between the pore
structure and chloride migration for OPC concrete was evaluated at the different cement content in the concrete mix accounting
for 300, 350, and 400 kg/m3 at 0.45 of a freewater cement ratio.The influence of frosting damage on the rate of chloride transportwas
assessed by testing with concrete specimens subjected to a rapid freezing and thawing cyclic environment. As a result, it was found
that chloride transport was accelerated by frost damage, which was more influential at the lower cement content. The microscopic
examination of the pore structure showed that the freezing environment increased the volume of the large capillary pore in the
concrete matrix.

1. Introduction

Concrete structures such as concrete pavements and concrete
bridge decks in the cold climate often experience the deicer
to mitigate the slipperiness of the pavement surface arising
from snowing. Sodiumchloride (NaCl) salt and calciumchlo-
ride (CaCl2) are the representative deicers, which however
imposes a potential risk of chloride-induced corrosion of steel
in the concrete structure. Steel embedment in concrete is
usually protected from the risk of corrosion by a thin oxide
layered film, the so-called “𝛾-Fe2O3 passive film” generated
in the alkaline concrete pore solution [1]. Notwithstanding,
chloride ions present in the concrete, pore solution may
activate the electrochemical reaction then to corrode steel [2].
Once corrosion starts on the steel surface, the volume of the
steel rebar expands about 3–8 times of the original volume [3],
leading to a loss of the tensile capacity of steel and spalling of
cover concrete, which substantially could bring a devastating
failure of the structure. Despite the risk of steel corrosion,
the deicing salt is an unavoidable manner to secure the traffic
condition against snowing.

Moreover, the concrete pore structure may be damaged
by freezing and thawing in the cold climate. Water confined
in the pore system of cement matrix, when freezing, exposes
the pore walls to stresses, which might cause intense damage
to the structure. In particular, in the presence of the deicing
salt, the destruction of the pore structure can be accelerated.
Ice bodies, which have already been formed in coarser pores,
are able to attract unfrozen water from finer capillary pores
and gel pores, due to the difference in free energy between
ice and water [4]. Then, there would be a water transfer to
the freezing site, thereby a growth of the ice body in the
pores and a breakdown of cement paste surrounding the pore
system (i.e., a generation of microcracking). Substantially,
the frost damage may provide a better path for chloride
ions to reach at the depth of the steel in concrete, as
being associated with further corrosion process and thus the
severer deterioration of the concrete structure may occur.
However, the combined deterioration, especially about a
degradation of physical property and accelerated chloride
penetration induced by frost damage, has not been fully
clarified.
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Table 1: Oxide composition of use material.

Binder type Oxide compositions (%)
CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3

OPC 64.7 20.7 4.6 3.0 1.0 0.13 0.65 3.0

In this reason, the present study is concerned about the
combined effect of the two deteriorations (i.e., chloride attack
and frost damage) by measuring relative dynamic modulus
of elasticity and the degree of chloride transport. Moreover,
microstructure analysis was also conducted to verify the
change of pore system during repetitive freezing and thawing
condition.

2. Experimental Work

Concrete specimens were fabricated in a cylindrical
(Ø100mm × 200mm) and cuboidal (100 × 100 × 400mm)
mould for chloride migration test and relative dynamic
modulus of elasticity test, respectively. The specific gravity of
the fine aggregate was 2.60 and coarse aggregate was 2.65.
The maximum size of the coarse aggregate used in a concrete
mix was always 10mm to minimize the disruption of ionic
transport. The ratio of the fine aggregate to total was 0.4 for
all mixes. Ordinary Portland cement (OPC) was used for a
binder and its oxide composition is given in Table 1.

The binder content was ranged from 300, 350 and
400 kg/m3. The freezing and thawing test specimens gener-
ally manufactured by less than 0.35 of water-cement ratio.
However, since the purpose of this study is to observe
the combined deterioration induced by frost damage and
chloride attack, the water-cement ratio was kept at 0.45 for all
cases. Moreover, no chemical admixture such as air entrainer
was used to avoid unexpected chemical reaction which
can influence the test result. All concrete specimens were
demoulded 24 hours after casting and cured in a chamber
with 95% RH at 20 ± 2∘C for 500 days of which hydration
effect become negligible during the test. After curing, the
concrete specimens were directly subjected to the freeze-
thaw condition, followed by tests for chloride migration and
microscopic investigation. For all tests, the replications were
always five to cover the variation in the values. The details of
each test procedure are given in the following.

2.1. Testing for Frost Damage. To emulate the frost damage
on concrete, the concrete specimens were exposed to a
cyclic freeze and thaw environment. The concrete specimens
after 500 days of curing were allowed to rapidly freeze
in the atmospheric condition and then to thaw in water
in an insulting chamber. The temperature variation in the
chamber ranged from 5 to −18∘C. For the freezing period,
the temperature of the chamber was kept at −18∘C for 1.5
hours and then still water was supplied to thaw the specimens
by increasing the temperature back to 5∘C within 5.0 h. The
freezing and thawing rate were kept at 10∘C/h. The cyclic
freeze and thaw were repeated up to 60, 120, and 180 cycles.
The details of testing procedure are given elsewhere [5].

The relative dynamic modulus of elasticity of concrete
specimens was measured to detect internal degradation by
applying ultrasonic pulse. The test was conducted at 60, 120,
and 180 cycles of freeze and thaw, accompanied with chloride
migration test and MIP.

2.2. Testing for Chloride Migration. Cylindrical concrete
specimens sawed off to produce a disc sample with 50mm in
the thickness, after the completion of curing for 500 days.The
specimen was connected to two chambers filled with 10.0%
NaCl and with 0.3M sodium hydroxide (NaOH) solutions,
respectively, to form an electric cell. A direct current at 30V
was applied to the cell for 30 hours.

After applying the current, the specimens were axially
split into two pieces and 0.1M silver nitrate (AgNO3) solution
was sprayed on the surface of the split section to form the
visible precipitation of silver chloride (AgCl). The depth of
the precipitation of silver chloride was measured by a ruler
four times and then the average value was chosen as the
chloride penetration depth. Then, the migration coefficient
was calculated by (1), derived by the Nernst-Plank equation.
The detailed procedure for measuring the chloride migration
coefficient is given elsewhere [6].

Dmig = 0.0239 (273 + T) L(U − 2) t
{{{
Xd

− 0.0238√ (273 + T) LXd
U − 2

}}}
,

(1)

where Dmig is migration coefficient, ×10−12m2/s; U is applied
voltage, V; T is temperature of the cell, ∘C; L is thickness of
the specimen, mm; 𝑋𝑑 is chloride penetration depth, mm; t
is test duration, hour.

2.3. Testing for Microscopic Examination. Deformation of
pore structure after severe freeze-thaw environment was
examined using mortar sample, not to reflect the distortion
effect of coarse aggregate. The mortar samples, after 500 days
of curing, were crushed to obtain the middle of specimen,
which may form a homogeneous pore matrix. Then, the
sample was dried out in an oven at 50∘C for 7 days to liberate
water content inside of the material that might otherwise
give undesired test result. The sample was initially evacuated
to about 50 𝜇m mercury (Hg) and the low pressure was
generated up to 0.21MPa by nitrogen gas, and then the
pressure was gradually increased to 117.21 × 103MPa at the
rate of 9.1 × 103 kPa/s. The pressure was converted to the
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Figure 1:Migration coefficient for concrete after frosting depending
on binder content.

equivalent pore diameter using the Washburn equation as
given in (2).Then the pore volume distribution at a given pore
diameter was obtained. The pore volume was adjusted to the
percentage of the volume of each sample.

𝑑 = −4𝛾 cos 𝜃𝑃 , (2)

where d is pore diameter, m; 𝛾 is surface tension, N; 𝜃 is
contact angle, ∘; P is pressure, MPa.

3. Result and Discussion

3.1. Frost Damage. After an exposure of concrete specimens
to different cyclic durations for freeze and thaw (i.e., 0, 60,
120 and 180 cycles), the migration coefficient of chloride ions
of the specimens was calculated by (1), as given in Figure 1.
The initial migration coefficient for 300, 350, and 400 kg of
cement content was 0.109 × 10−10, 0.134 × 10−10, and 0.162× 10−10m2/s, respectively, before being subjected to a freeze
and thaw cyclic environment. The migration coefficients
increased with the number of cycles, irrespective of cement
content. This implies that the pore structure was presumed
to turn more porous in the process of freeze and thaw, due
to the internal pressure generated by ice formation in the
pore solution, which could, in fact, enhance the connectivity
between capillary pores including even isolated pores. Thus,
continuous pore fractions can be used for chloride ions
to increase the mobility through the pores. Furthermore, a
reduction of the concrete surface in the process of freeze and
thaw could produce further porosities, in terms of cracking of
cover concrete, which provides additional paths for chloride
transport. It is notable that, at a high number of freeze
and thaw cycles, the rate of chloride penetration was less

increased. At the initial cycles, up to 60, the migration
coefficient was more rapidly increased, compared to longer
exposure period, from 60 to 180. For example, the migration
coefficient for 300 kg of cement content was 3.47 × 10−10m2/s
at 60 cycles and reached 9.77× 10−10m2/s after 180 cycles.This
may be attributed to limited deterioration of cover concrete
arising from freeze and thaw cyclic conditions. An increase
in the pore connectivity and cracking-originated pores may
result from frost damage more or less, and however, after a
certain level of deterioration, the pore structuremay be stably
sustained with no increase in the capillary pores. Then, ionic
transport would be less influenced by the number of freeze
and thaw cycles in a long term.

It is evident that increased cement content in the concrete
mix was more resistant to chloride migration under frost
damage. It was observed that an increase in the cement
content resulted in a lower migration coefficient with cycles
of freeze and thaw. In fact, there was a marginal variation in
the migration coefficient with cement content at no exposure
to freeze and thaw condition. Then, with increasing the
cycles of freeze and thaw, the higher cement content in
mix produced the lower migration coefficient. For example,
at 180 cycles, the migration coefficient for 300, 350, and
400 kg/m3 of cement accounted for 9.77 × 10−10, 7.73 × 10−10,
and 4.70 × 10−10m2/s, respectively. It may reflect that the
higher cement content may resist the frost damage. As a
given free water cement ratio (0.45) was used in concrete
mixes, no possibility of the variation in the pore structure
could be achieved, as long as the pores are assumed to be
produced in the cement matrix. However, the higher cement
content, in turn, implies the lower aggregate content and
thus lowers interfacial porosity between cement paste and
aggregate, which is usually vulnerable to frost damage. Thus,
the higher cement content in the concrete mix may be more
resistant to frost damage in terms of increased porosities, in
particular, connectivity between capillary pores.

This phenomenon can be confirmed by measuring the
relative dynamic modulus of elasticity of concrete subjected
to freeze and thaw cycles, as given in Figure 2. An increase in
the cycle numbers of freeze and thaw resulted in a decrease
in the relative dynamic modulus of elasticity, irrespective
of cement content. However, concrete at the lower cement
content produced a more rapid reduction of the relative
dynamic modulus of elasticity at a given number of the
freeze and thaw cycles. For example, for 300 kg/m3 of cement
content, the relative dynamicmodulus of elasticity accounted
for 88.29, 72.32, and 49.39% of elasticity at 60, 120, and 180
cycles, whilst 400 kg/m3 produced 87.55, 75.28, and 58.59%
at the equivalent cycles. Thus it can be said that the higher
cement content may benefit in raising the resistance to frost
damage at a given free water cement ratio, except for the
use of air-entraining agents. Notwithstanding, all specimens
did not maintain the minimum level for the relative dynamic
modulus of elasticity to secure the safety of the structure,
accounting for 60% at 300 cycles; in fact the relative dynamic
modulus of elasticity was lower than 60% at 180 cycles due
to the absence of air entraining agent and the higher water-
cement ratio rather than guided values.
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Figure 2: The relative dynamic modulus of elasticity under freeze-
thaw condition.

3.2. Pore Structure Analysis. To ensure a modification of the
porosity under freeze and thaw damage, the pore structure
was examined by the mercury intrusion porosimetry (MIP).
The total pore volume was obtained at each cycle and cement
content as given in Figure 3. It is evident that cement content
was crucial in increasing the total pore volume; the initial
porosity was 11.91, 14.60, and 15.51mL/g for 300, 350, and
400 kg/m3 of cement content, respectively. However, after 180
cycles of freezing and thawing, the total pore volume was
changed to 18.04, 18.61, and 17.10 for 300, 350, and 400 kg/m3
of cement content, respectively. This may be attributed to the
resistance of porosity or/and air bubble to frost damage. In
fact, increased porositymay buffer internal stress arising from
freezing the pore solution in the pores and thus frost damage
could be mitigated. The higher porosity may benefit in
lowering breakage of pore network, resulting from freeze and
thaw cycles. Additionally, it was observed that an increase in
the porosity was observed at 60 cycles rather than subsequent
cycles, at which there was no significant change in the total
pore volume for 350 and 400 kg/m3 of cement content and
onlymarginal increase was observed for 300 kg/m3 of cement
content. It implies that the crack-induced porosity would be
formed at an early stage of freeze and thaw cycles, which
would buffer subsequent internal stress from freezing the
pore solution and thus no further formation of cracking was
formed.

The pore size distribution was used to determine modi-
fication of pore structure change after frost damage, as given
Figure 4. The pore diameter of pore at the highest peak (i.e.,
critical diameter) was determined, and simultaneously, pores
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Figure 3: Total pore volume for 300, 350, and 400 kg/m3 of cement
content at 0, 60, 120, and 180 cycles.

were classified by the size as small capillary (d < 0.1 𝜇m),
large capillary (0.1 < d < 10 𝜇m), andmacropores (d > 10 𝜇m).
At 0 cycle, the peak of porosity was observed at about 0.5–
0.7 𝜇m in the diameter. It was seen that the pore volume
was strongly dependent on large capillary pore, of which the
volume accounted for 4.32, 5.12, and 6.95mL/g, respectively,
and 300, 350, and 400 kg/m3 of cement with no exposure
to freeze and thaw cycles. With increasing cycles of freeze
and thaw, the volume of large capillary pore was significantly
increased, compared to other sizes of pores. This may be due
to the fact that crack formed in the process of freeze and
thaw would be equated to the large capillary pores in size.
The other pores were also modified by the freeze and thaw.
For example, the breakage of small capillary porewas reduced
by suspended pressure in the pore network, which in turn
gave relatively lower expansive force [7]. It is notable that
freeze and thaw cycleswere influencing critical pore diameter,
which was, for example, 0.045, 0.072, 0.088, and 0.095 𝜇m
at 0, 60, 120, and 180 cycles of freeze and thaw, respectively,
for 300 kg/m3 of cement. The shift of peak diameter was
commonly observed in all cement contents. Thus, small
capillary pore has onlymarginal impact from freeze and thaw
in the total volume.Themacropore may reflect the resistance
to frost damage in terms of spacing factor [8], which can be
defined as average length of connected small poreswith voids.
Thus, ice formationmay largely affect themacro pore wall but
the degree of degradation become reduced as capillary pore
fraction increases.

3.3. Combined Degradation. As a parametric value of frost
damage, the volume of large capillary pore at each cycle was
used to relate the migration coefficient as given in Figure 5.
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Figure 4: Pore-size distribution for 300, 350, and 400 kg/m3 of cement content at (a) 0, (b) 60, (c) 120, and (d) 180 cycles.
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pore volume of large capillary pores for three different cement
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It is seen that there was a linear relation between the large
capillary pore volume and migration coefficient. It has an
important implication in predicting the corrosion risk of
concrete under coupling degradation of frost damage and
chloride attack. The pore distribution is usually influenced
by a free water cement ratio and binder type (i.e., highly
grained pozzolanic materials). However, in this study, the
pore volume, in particular, large capillary pores, were further
generated by the freeze and thaw cyclic condition. Substan-
tially, an increase in the large capillary pores resulted in an
increase in the chloride migration. Once a certain level of
capillary pores was generated/produced by the freeze and
thaw condition, the cement content had a marginal influence
on chloride migration. The critical pore is regarded as the
smallest pore that can complete the connection of pores to
form pore network.Thus, a further formation and generation
of pores in terms of increased critical pore diameter during
freeze and thaw cycles may increase the penetration of
chloride ion. Additionally, the critical pore diameter is crucial
on concrete permeability [9, 10].

The relation between the chloride migration coefficient
and relative dynamic modulus of elasticity was depicted in
Figure 6. The relative dynamic modulus of elasticity was
strongly influenced by the cement content; an increase in
the cement content resulted in an increase in the relative
dynamic modulus of elasticity at a given cycle of freeze
and thaw. Substantially, a reduction of the relative dynamic
modulus of elasticity was accompanied by increased migra-
tion of chloride ions. It is evident that the higher cement
content concrete imposed the low increasing rate of chloride
migration coefficient. Thus, to protect steel from corrosion
in concrete, the relative dynamic modulus of elasticity also
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Figure 6: The relation between chloride migration coefficient and
relative dynamic modulus of elasticity.

must be kept high against freezing climate, for example,
the concrete pavements or bridge deck exposed to the de-
icing salts in the cold climate. It suggests that the higher
cement content could benefit in lowering frost damage and
thus mitigating the rate of chloride transport after the frost
damage.

4. Conclusion

In this study, the coupling degradation of concrete, when
exposed to a chloride and frost environment, was assessed
by experimental works using OPC. Concrete and mortar
specimens were exposed to a cyclic freeze-thaw environment
to induce the frost damage, and then the chloride migration
and pore structure were examined. The freeze and thaw was
repeated up to 180 cycles to meet the quality of concrete
specimens for chloride transport. The conclusion obtained
from experiments is given as follows:

(1) With no frost damage, the rate of chloride transport in
terms of migration was increased by cement content
at a given free water cement ratio, which could
increase the porosity of the concrete matrix, arising
from an increase in the amount of cement paste.

(2) When concrete is subjected to chloride permeation
and frost damage, the rate of chloride transport was
increased by the number of cycles of freeze and thaw;
especially a rapid increase was sighted up to 60 cycles,
presumably due to increased large capillary pores
produced by microcracking in the cement matrix.

(3) Furthermore, the higher cement content lowered the
rate of chloride transport at a given number of cycles
of freeze and thaw, since the cement contents increase
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the porosity to resist against frost damage. Substan-
tially, higher cement contents in concrete benefits
against the freeze and thaw environment and thus
chloride permeation.
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