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Abstract

To study the influence of different water-binder ratios on the corrosion, permeability, and freezing properties of con-
crete, we produced different strengths of concrete with respective water-binder ratios of 0.32, 0.38, 0.50, and 0.66. The
corrosion resistance of the concrete was studied via three corrosion methods: full immersion, half immersion, and dry
and wet cycles. The impermeability and frost resistance of concrete with different water-binder ratios were tested and
analyzed. The test results show that the corrosion modes in order from strong to weak were dry and wet cycles, half
soaking, and full soaking. The relative dynamic elasticity modulus and freeze—thaw index were used to evaluate the
frost resistance of concrete based on the analysis of three indices of frost resistance. To study the internal mechanism
of corrosion of concrete with different water—binder ratios, microscopic pore structure testing of the concrete was
conducted using a Micromeritics AutoPore IV 9500 Series instrument. The porosimeter studies show that the smaller

the water—binder ratio, the more small pores and the denser the concrete. The smaller the water—binder ratio, the
higher the strength and the better the corrosion, permeability, and frost resistance.
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1 Introduction

Due to the different levels of importance of engineer-
ing structures and service life, the strength grades of
concrete structures are also different in actual projects.
Different strength grades of concrete directly affect the
durability of concrete. The water—binder ratio is one of
the most important factors to determine the strength of
concrete. The actual structures are located in different
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environments. They are subject to different environmen-
tal influences, including corroding environments, freeze—
thaw environments, etc. These different factors directly
or indirectly affect the durability of concrete. The dete-
rioration of concrete has been of great concern globally
in recent decades. Research on the concrete deteriora-
tion mechanism in different environments has important
implications for concrete design and prejudged service
life. Some scholars have carried out research in this field
(Haynes et al. 2008; Neville 2004; Rao et al. 2017). The
strength of concrete increases in the early stages of cor-
rosion and decreases gradually later (Zhang et al. 2018).
A high-salinity environment thus has a significant effect
on weakening the mechanical performance of concrete
(Zanqun et al. 2016). Du et al. stated (2016) that concrete
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with a lower water/cement (w/c) ratio always has a cor-
responding smaller corrosion layer thickness. Research
results from Dehwah et al. (2002) showed that the rate
of chloride-induced reinforcement corrosion in concrete
specimens exposed to sodium chloride plus magnesium
sulfate solutions was higher than that in concrete speci-
mens exposed to sodium chloride plus sodium sulfate
solutions. Exposure to sulfate is well known to affect the
durability of concrete materials and, thus, concrete struc-
tures. Zhang et al. (2017) studied the degradation of cal-
cium sulfoaluminate cement subjected to wet—dry cycles
in sulfate solution. Research results from Yu et al. (2017)
showed that the damage and deterioration of concrete
under chemical attack are remarkably accelerated by salt
crystallization. Shaheen and Pradhan (2017) determined
that ordinary Portland cement performed better against
Mg-oriented sulfate attack whereas Portland pozzolana
cement performed better against Na-oriented sulfate
attack in the presence of chloride ions. Najjar et al. (2017)
showed that full immersion simulating chemical sulfate
attack and partial immersion combined with cyclic tem-
perature and relative humidity are conducive to physi-
cal salt attack. The results from Mahmoodian and Alani
(2017) revealed that samples’ overall mass increased at
the early stages of the corrosion process, and the over-
all mass of the samples decreased significantly at the later
stages of the testing process with respect to the acid-
ity of the solutions used. Valencia Saavedra et al. (2016)
suggested that it is necessary to evaluate the material’s
compressive strength loss to accurately characterize the
performance of a concrete mixture exposed to an aggres-
sive environment. Test results from Gao et al. (2013)
showed that under alternate action of wet—dry cycling,
concretes are attacked by expansive products such as
ettringite and gypsum during the wetting cycle, and crys-
tallization damage, induced by evaporation, is super-
posed during the drying cycle. Experimental results from
Hai-long et al. (2012) showed that damage to concrete is
caused by the expansion of chemical reaction products
and crystallization of sodium sulfate under a sodium
sulfate and wet—dry cycle environment. Liangxue et al.
(2016) reported that the final strengths were only 82.84%
and 90.22% in specimens which were kept in a normal
environment and immersed in distilled water after aging
for 360 days, respectively. Many studies have researched
concrete expansion and cracking due to sulfate exposure
(Aye and Oguchi 2011; Gao and Zou 2015; Roziére et al.
2009), but due to the different research objectives and
the different test environments, different test schemes
and evaluation indices have been selected to study the
performance of concrete subjected to sulfate attack (El
Maaddawy and Soudki 2007). Therefore, the research
in this field is still in a chaotic state (Neville 2004), and

Page 2 of 11

there is no unified accepted knowledge system. How to
improve the corrosion resistance of concrete structures is
of great engineering significance. The concrete corrosion
mechanism varies greatly under different sulfate condi-
tions (Tulliani et al. 2002).

Highlights

+ The influence mechanism of corrosion was deter-
mined by analyzing the microstructure of concrete.

+ Experimental research on the corrosion/permeabil-
ity/frost properties of concrete was carried out.

+ The inner influence mechanism of corrosion/perme-
ability/frost was determined by analyzing the micro-
structure.

2 Materials and Methods

2.1 Materials

The mechanical properties of the raw materials used to
make the specimens were measured before any tests were
performed. The silicate cement used contained 65.21%
Ca0, 4.3% Al,0O;, 4.89% Fe,Og, 22.1% SiO,, 0.012% chlo-
ride ions, and 0.43% alkali content. The fine aggregate
was natural sand with a fineness modulus of 2.3, where
the apparent density was 2608 kg/m>. The index of firm-
ness was 3.6%, the mud content was 1.7%, and the alkali
aggregate reactivity was 0.13%. The coarse aggregate
was broken basalt with particle sizes within the range of
5 mm to 10 mm; its alkali aggregate reactivity was 0.12%,
and its apparent density was 2369 kg/m>. The index of
firmness was 3.6% and the mud content was 0.3%. The
AN4000 polycarboxylic water reducer had a water reduc-
ing ratio of 26.0%, air content of 2.5%, bleeding rate of
4.0%, and shrinkage ratio of 72%. The AN1 air entraining
agent had a water reducing ratio of 26.0%, air content of
2.4%, bleeding rate of 2.6%, and shrinkage ratio of 96%.

2.2 Experimental Design

Four types of concrete were tested in this experiment,
and the details of the mixture proportions are listed in
Table 1.

Seventy-two groups (3 blocks per group) of specimens
with dimensions of 100 x 100 x 100 mm (compressive
strength test) and 40 x40 x 160 mm (flexural strength
test) were cured for 1 day. Then, the prism specimens
were demolded and cured in a standard curing room with
a temperature of 20 & 3 °C and relative humidity over 90%
for 28 days. Then they were soaked in a strong corrosive
solution and water with full immersion (I, Fig. 1a), half-
immersion (I, Fig. 1b), or in dry—wet cycles (I, Fig. 2)
for the three corrosion methods.

Twelve groups of prismoid specimens with dimensions
of 100 x 100 x 400 mm were cured for 24 days. Then the
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Table 1 Mixture proportions of the specimens.
Type Strength W/Cratio% Waterkg/m® Cement kg/m3 Fine Coarse Water Air entraining Air content
grade aggregate aggregate reducer agentkg/m®* %
kg/m?3 kg/m?3 kg/m?
A-1 C50 032 150 465 764 1358 6.98 0.19 50
A-2 C40 0.38 167 440 568 927 6.60 0.15 55
A-3 C30 0.50 155 310 550 760 372 0.09 55
A-4 C20 0.66 190 288 545 694 1.73 012 56

freezing—thawing test was carried out after soaking in
water at 202 °C for 4 days. The frost resistance of the
concrete was evaluated by the number of freeze—thaw
cycles of concrete samples under the condition of water
freezing and thawing.

Thirty-six groups of cylindrical specimens were
cured for 24+2 h. Their diameters were 100 mm and
their heights were 50 mm. The prism specimens were
demolded and cured in a standard curing room with a
temperature of 20-25 °C for 28 days. The chloride pen-
etration resistance of the concrete was determined by
electric flux testing of the sample.

2.3 Test Method

The total salt content of the strongly corroding salt solu-
tion was 22.36%. The contents of sodium sulfate and
magnesium chloride were 10.36% and 12.00%, respec-
tively. In order to keep the concentration of the corrosive
medium constant during the test, we changed the solu-
tion once every 50 days. During the immersion process,
the sample was titrated with 1 N H,SO, every day to
neutralize the Ca(OH), released by the sample in solu-
tion. The pH value of the solution was kept at about 7.0
by stirring while titrating. The cycle system of the dry and
wet circulation method involved a drying time of 8 h and
an immersion time of 15 h during the experiment. The
dry and wet circulation system of the specimen was 15 h
soaking plus 1 h cooling plus 8 h drying, and each cycle
lasted 24 h.

Each freezing—thawing cycle was completed within
2—-4 h, and the time for melting was not less than one-
quarter of the whole freezing—thawing cycle time in the
frost resistance test. The minimum and maximum tem-
peratures of the specimen center should be controlled
within 18° and 5°, respectively, during freezing and melt-
ing. The conversion time between freezing and melting
was no more than 10 min.

The specimens were treated with vacuum and water
retention before the electric flux test. The current
value was measured periodically in an environment of
20-25 °C and the electric flux was calculated.

The requirements of test samples and test methods
were chosen in accordance with the standard for test
methods of long-term performance and durability of
ordinary concrete (GB/T 50082-2009) (China 2009).

The corrosion resistant coefficient of flexural resistance
and corrosion resistant coefficient of compression resist-
ance for concrete can be calculated using Egs. (1) to (7)
(China 2009) as follows:

J
Kp =f% x 100% 1)
p
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where K, K, AW, AW, AK;, Q, and Q are the cor-
rosion resistant coefficient of flexural resistance and the
corrosion resistant coefficient of compression resistance
for concrete; the mass loss rate of the concrete speci-
men after N freeze—thaw cycles; the mass loss rate of a
single specimen; the freeze—thaw index; the total electric
flux through the specimen; and the electric flux through
the specimens with a diameter of 95 mm, respectively. f,
and f, are the flexural strength and compressive strength
of the specimen at a certain age in the erosion solu-
tion, respectively. fi and f are the flexural strength of
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P is the relative dynamic elastic modulus of a set of con-
crete specimens after N freeze—thaw cycles. I and /, are
the initial current and current at time ¢, respectively. Q is
the flux through the specimen with diameter x.

The pore structures and interfacial properties of
cement-based materials are influenced by the proper-
ties of ion transport behavior and durability (Cho 2012).
The mercury intrusion method (MIP, Method of Mer-
cury intrusion pore measurement) can be used to calcu-
late pore size and the corresponding pore volume by the
function of the amount of Mercury in concrete materi-
als and the applied pressure. In order to study the influ-
ence mechanism of corrosion, the total porosity, specific
surface area, and average pore diameter of the concrete
microstructure were analyzed and compared.

Before exposure to sulfates, small pieces were retrieved
from selected specimens to evaluate the pore size distri-
bution using Mercury Intrusion Porosimetry (MIP) at the
age of 28 days. The MIP measurements were performed
using a Micromeritics AutoPore IV 9500 Series poro-
simeter and according to ASTM D4404 (Standard Test

0 T T T
0 50 100
Corrosion time (d)

Fig. 4 Effect on strength of C20 concrete caused by three immersion
methods.

Method for Determination of Pore Volume and Pore Vol-
ume Distribution of Soil and Rock by Mercury Intrusion
Porosimetry) (D4404 2010).

3 Durability Analysis of Test Results
3.1 Effect of Different Immersion Methods for Concrete

in a Corrosive Environment
The immersion method is one of the most important fac-
tors in concrete corrosion. Different immersion meth-
ods result in different corrosion products. The effect on
the compressive strength and flexural strength of con-
crete was analyzed under three immersion methods: half
soaking, full soaking (typical corrosion method in actual
structures, Fig. 3), and dry—wet circulation.
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The strength test results are summarized in Fig. 4, and
each bar indicates a certain corrosion method to make it
easier to see the difference in the change of strength of
concrete specimens with varied corrosion. The compres-
sive strength and flexural strength of concrete decreased
under the three immersion methods with continuous
increase of corrosion time. The corrosion resistant coef-
ficients of compression resistance at 50 days and 100 days
were 0.99 times and 0.85 times that before corrosion in
the full immersion test, respectively. The corrosion resist-
ant coefficients of compression resistance at 50 days and
100 days were 0.95 times and 0.80 times that before cor-
rosion in the half immersion test, respectively. The cor-
rosion resistant coefficients of compression resistance at
50 days and 100 days were 0.88 times and 0.69 times that
before corrosion in the full immersion test, respectively.
The corrosion resistant coefficients of flexural resist-
ance at 50 days and 100 days were 0.95 times and 0.86
times that before corrosion in the full immersion test,
respectively. The corrosion resistant coefficients of flex-
ural resistance at 50 days and 100 days were 0.88 times
and 0.70 times that before corrosion in the half immer-
sion test, respectively. The corrosion resistant coefficients
of flexural resistance at 50 days and 100 days were 0.78
times and 0.53 times that before corrosion in the full
immersion test, respectively. The research results showed
that the full immersion corrosion was the weakest, half
immersion corrosion was second, and dry—wet cycle cor-
rosion was the strongest.

Figure 5 shows that the corrosion resistant coefficient
of compression resistance and the corrosion resistant
coefficient of flexural resistance were greater at 50 days
when compared to those before corrosion. The corro-
sion resistant coefficients of compression resistance
under full immersion, half immersion, and dry-wet
cycles at 50 days were 1.05, 1.04, and 0.91 times that
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Fig. 5 Effect on strength of C30 concrete caused by three corrosion
methods.
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before corrosion, respectively. The corrosion resistant
coefficients of flexural resistance under full immersion,
half immersion, and dry—wet cycles were 1.00, 0.95, and
0.87 times that before corrosion, respectively. The rule
was the same as in Fig. 4: the research results showed
that the full immersion corrosion was the weakest, half
immersion corrosion was second, and dry—wet cycle cor-
rosion was the strongest. Figure 6 shows that the corro-
sion resistant coefficients of compression resistance and
the corrosion resistant coefficients of flexural resistance
at 50 days and 100 days were greater when compared to
that before corrosion. The corrosion resistant coefficient
tends to increase from 50 days to 100 days. The latter
was dominant under the above conditions, and the cor-
rosion resistant coefficient of compression resistance and
corrosion resistant coefficient of flexural resistance were
greater than those for C40 concrete.
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Fig. 6 Effect on strength of C40 concrete caused by three corrosion
methods.
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Figure 7 shows that the corrosion resistant coefficient
of compression resistance and the corrosion resistant
coefficient of flexural resistance at 50 days and 100 days
were greater when compared to those before corrosion.
The increase range of the corrosion resistant coefficient
of compression resistance and the corrosion resistant
coefficient of flexural resistance for IH was greater than
that for IF during the process of corrosion from 50 days
to 100 days under the three corrosion conditions. Simi-
larly, the increase range for IC was larger than that for
IH’s corrosion resistant coefficient of compression resist-
ance and corrosion resistant coefficient of flexural resist-
ance. This shows that C50 concrete has good corrosion
resistance.

NaySO4 + 10H,0O — NapSOy4 - 10H,O (8)

NapSOy4 - 10H70 + Caz(OH)4
— CapS0Oy4 - 2H,0 + 2NaOH + 8H,0 9)

MgSO, + Ca(OH), + 2H,0 — CazSOy4 - 2H,0 + Na(OH),
(10)
3Ca2S0s4 - 2H50 + 4Ca0 - Al,O3 - 12H,0 + 14H,0
— 3Ca0 - Al;O3 - 3Ca2SOy4 - 12H,0 + Cap(OH),
(11)
During the sulfate resistance tests on the concrete
specimens, sulfate ions infiltrate the concrete speci-
mens and the sulfate stimulate the hydration of cemen-
titious materials, transformation of anhydrous Na,SO,
to Na,SO,-10H,O increases the volume by approxi-
mately 3.1 times, transformation of Na,SO,-10H,0O and
MgSO, to Ca,SO,-2H,0 increases volume by approxi-
mately 2 times, and the reaction produced AFt (ettring-
ite) increases volume by approximately 1.2 times., Also,
at the early stage of the reaction, pores are filled with salt
crystals that will enhance concrete strength. With con-
tinuing crystallization, the crystallization pressure will
result in the non-uniform expansion of the concrete as
the increasing formation of the hydrated products such
as ettringite and gypsum filled the pores. Finally, the con-
crete cracks when the crystallization pressure exceeds the
tensile strength of the concrete. Therefore, the concrete
strength finally decreases by the simultaneous action of
the physical and chemical corrosion caused in the salt
formation process.

3.2 Effect of Different Strengths of Concrete in Corrosive
Environments

The strength of concrete is another very important factor

influencing the corrosion of concrete. Figure 8 shows the

strength and corrosion resistance of different concrete

strengths in a corrosive environment.
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The corrosion resistant coefficient of compression
resistance was less than 1 at 50 days and 100 days for
C20 concrete, in Fig. 8a, and the compressive strength
resistance coefficients of other strength grades of con-
crete were greater than 1 at 50 days and 100 days. The
corrosion resistant coefficients of flexural resistance
from C20 to C40 concrete were less than 1 at 50 days
and 100 days, except for C50 concrete in Fig. 8a. The cor-
rosion rules for different concrete strengths in Fig. 8b
are the same as those in Fig. 8a. The corrosion resist-
ant coefficient of compression resistance and corrosion
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resistant coefficient of flexural resistance were less than
1 at 50 days and 100 days for C20 concrete in Fig. 8c. The
corrosion resistant coefficient of compression resistance
and corrosion resistant coefficient of flexural resistance
were greater than 1 when C30 concrete was corroded for
50 days,and the corrosion resistant coefficient of com-
pression resistance and corrosion resistant coefficient of
flexural resistance were less than 1 when the corrosion
time reached 100 days. The corrosion resistant coefficient
of compression resistance and corrosion resistant coeffi-
cient of flexural resistance were greater than 1 when the
corrosion times of C40 and C50 concrete were 50 days
and 100 days.

C20, C30, C40, C50 concrete specimens experienced
dry and wet cycle corrosion for 50 days separately, then,
the materials for XRD tests were obtained at 5 mm below
the surface of those specimens (Fig. 9). According to the
XRD analyses, the main substances in the tested con-
crete specimens were C-S—H, AFt, Ca(OH),, CaCO; and
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Fig. 9 XRD patterns of different strengths of concrete in corrosive
solution.
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unhydrated cement particles. In addition, CaSO,-2H,O
and Mg(OH), are also observed. As the strength of the
concrete decreases, the peak values of AFt, CaSO, and
Mg(OH), all increases. According to the above analy-
sis, the higher the strength of concrete, the stronger the
corrosion resistance. It can be seen from the data of the
strength corrosion coefficient that the anti-corrosion
performance of C40 and C50 concrete was better than
that of C20 and C30 concrete. This suggests that the con-
crete design strength should not be lower than that of
C40 under a corrosive environment.

3.3 Freezing Resistance of Concrete Under Different
Water-Binder Ratios

Freezing resistance is a very important index of concrete
durability. Via testing the relative dynamic elastic mod-
ules, mass loss, and freeze—thaw index, the influence law
of concrete durability under different water—binder ratios
was obtained. The analysis results are shown in Figs. 10,
11, and 12.

It can be seen from Fig. 10 that damage occurs in C20
concrete when 25 freeze—thaw cycle are completed, and
the relative dynamic elastic modulus was only 19.06,
which is very small. C30 concrete, C40 concrete, and
C50 concrete can withstand up to 300 freezing—thawing
cycles. As the number of freeze—thaw cycles increases,
the relative dynamic elastic modulus of the concrete
decreases. The relative dynamic elastic modulus of C40
concrete was 1.19 times that of C30 concrete at 300
freeze—thaw cycles. The relative dynamic elastic modu-
lus of C50 concrete was 1.23 times that of C30 concrete
at 300 freeze—thaw cycles. The relative dynamic elas-
tic modulus of C50 concrete was only 1.03 times that of
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C40 concrete at 300 freeze—thaw cycles. The higher the
strength of the concrete, the greater its relative dynamic
elastic modulus.

Figure 11 shows that the mass loss from different
concrete strengths was very small under freeze—thaw
cycles. The mass loss range was 0.1 to —0.21, and the
change rule was not obvious. The evaluation of the
freezing resistance of concrete by mass loss was not
obvious compared with the relative dynamic elastic
modulus. Thus, the relative dynamic modulus of elas-
ticity is recommended to evaluate the frost resistance
of concrete.

It can be seen that the frost—thaw index was only
1.59% in the analysis of concrete strength grade and
freeze—thaw resistance index in Fig. 12, and dam-
age occurred after 25 cycles of freeze—thawing of C20
concrete. The freeze—thaw resistance indices of C40
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concrete and C50 concrete were 1.19 times and 1.23
times that of C30 concrete, respectively. The higher the
concrete strength, the higher the freezing and thaw-
ing index and the better the frost resistance. Improving
concrete strength is an effective method to improve the
frost resistance of concrete. However, when the con-
crete was improved to a certain extent, the improve-
ment of frost resistance was not obvious. For example,
the freeze—thaw resistance index of C40 concrete was
93.07, and that of C50 concrete was 96.29. The freeze—
thaw resistance indices were very close. Therefore, it
is advisable to select an appropriate concrete strength
grade to meet the requirements of frost resistance and
to meet the requirements of concrete durability.

3.4 Anti-permeability of Concrete Under Different Water-
Binder Ratios

The impermeability of concrete is an important index

that reflects the resistance of concrete to external mate-

rial invasion. The electric flux is the current passing

through the concrete sample and is used to judge the

strength of anti-permeability performance.

Figure 13 shows that the electric fluxes of C30 con-
crete, C40 concrete, and C50 concrete were 0.89 times,
0.67 times, and 0.53 times of C20 concrete, respectively.
The electric flux decreased as the strength of concrete
increased. The higher the strength of the concrete, the
better the impermeability.

4 Mechanism Analysis

In order to study the internal mechanisms of concrete
performance factors such as corrosion/permeability/
frost resistance under different water—binder ratios, the
microstructure was analyzed for different water—binder
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x
3
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Concrete strength (MPa)
Fig. 13 Electric flux of different concrete strengths.
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Table2 The pore structure characteristic parameters
of concrete.

Characteristic parameters C20 c30 C40 C50
Porosity (%) 24.19 20.15 14.59 11.73
Pore volume (ml/g) 0.1282 0.1088  0.0900 0.0822
Pore area (m?/g) 20578 73231 95481 121915
Specific surface area (m?/ml) 16.0514 673079 816451 1483150
Most probable pore diameter  151.0040 40.2913 443119  21.0723
(nm)
Critical aperture (nm) 120.00 40.29 35.62 17.09
Average pore size (nm) 190.9 486 40.8 230

ratios and the internal causes affecting durability were
then analyzed.

The total porosity of concrete decreases with increasing
strength (Table 2). The total porosity values of C30 con-
crete, C40 concrete, and C55 concrete were 0.83 times,
0.60 times, and 0.48 times that of C20 concrete, respec-
tively. The specific surface area of the pores increased
with increasing strength. The specific surface areas of
C30 concrete, C40 concrete, and C50 concrete were
4.19, 5.09, and 9.24 times that of C20 concrete, respec-
tively. The average pore sizes of C30 concrete, C40 con-
crete, and C50 concrete were 0.25, 0.21, and 0.12 times
that of C20 concrete, respectively. The average pore size
decreased with increasing concrete strength.

Figure 14 shows that C50, C40, C30, and C20 concrete
respectively accounted for 89.13%, 1.76%, 1.11%, and
0.12% of the total proportion of pores under 20 nm. C50,
C40, C30, and C20 concrete respectively accounted for
53.11%, 30.30%, 26.90%, and 0.35% of the total propor-
tion from 20 to 50 nm. C50, C40, C30, and C20 concrete
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g 140 4
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w1201
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-]
& <1001
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5 %
S 8 80+
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° 40
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<20 20~ 50 50~200 >200
Pore diameter (nm)
Fig. 14 Same pore diameter distribution of different concrete
strengths.
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respectively accounted for 3.46%, 40.94%, 42.20%, and
19.92% of the total proportion from 50 to 200 nm. C50,
C40, C30, and C20 concrete respectively accounted for
4.32%, 9.24%, 7.65%, and 77.80% of the total proportion
above 200 nm. The diagram visually reflects the distri-
bution of different concrete strengths in the same pore
size range. The proportion of high-strength concrete was
greater in the small pore size, whereas the proportion of
low-strength concrete was greater in the large pore size.
Figure 15 shows that pore diameters of less than
20 nm, 20 nm to 50 nm, 50 nm to 200 nm, and more than
200 nm were 0.03%, 0.52%, 25.11%, and 74.13% of the
total pore sizes for C20 concrete, respectively, and pore
diameters of less than 20 nm, 20 nm to 50 nm, 50 nm
to 200 nm and more than 200 nm were 25.06%, 66.37%,
3.71%, and 4.30% of the total pore sizes for C50 concrete,
respectively. The largest pore size range of C30 concrete
and C40 concrete was 50 nm to 200 nm, accounting for
51.38% and 46.86% of the total pore sizes, respectively,
and the second largest pore size of C30 and C40 concrete
was 20 nm to 50 nm, accounting for 39.98% and 42.11%
of the total pore size, respectively. It can be concluded
that the higher the strength of the concrete, the less
macropores were distributed, and, conversely, the lower
the strength of the concrete, the more macropores were
distributed. The pore size distribution demonstrates the
variation rule of corrosion/permeability/frost resistance.
Figure 16 presents the differential curve of the aper-
ture distribution. The higher the strength of concrete,
the greater the chance of pores. On the contrary, the
lower the strength of concrete, the greater the probabil-
ity of large pores. The composition characteristics of the
different samples of concrete determine that the surface
and interior of the concrete structure were not dense, and
there were many microcracks and pores. This internal

125
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Fig. 15 Pore diameter distribution of different concrete strengths.
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composition structure makes damage to the concrete
possible.

5 Conclusions

In this article, the corrosion, permeability, and frost
resistance of concrete for different water—binder ratios
were tested, and the microstructure was analyzed. The
following conclusions were drawn:

+ The most rapid corrosion speed was caused by dry
and wet cycles, vertical semi-immersion was second,
and the slowest was complete immersion among
these three immersion types. Corrosion resistance
decreases with increasing strength.

+ The relative dynamic elastic modulus and freeze—
thaw index were very sensitive to the frost resistance
of concrete. These two indices are suggested to evalu-
ate the frost resistance.

+ The water—binder ratio has an obvious influence
on anti-permeability: the smaller the water—binder
ratio, the better the compactness of concrete and the
stronger the frost resistance of concrete.

+ It can be from analysis of the pore structure that the
different proportions of pore sizes determine the cor-
rosion, permeability, and frost resistance of concrete.
The key to improving the durability of concrete is to
change the pore structure of concrete. The smaller
the pores and the more uniform their distribution,
the better the durability of concrete.

+ The smaller the water—binder ratio, the higher the
strength and the better the corrosion, permeabil-
ity, and frost resistance. In a natural environment, it
is possible that a variety of factors will act together
on concrete, which makes the durability of concrete
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more complex. Therefore, it is necessary to further
carry out experimental research on the durability of
concrete under the coupling of various factors.
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