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ABSTRACT The corrosion degradation behavior of concrete materials plays a crucial role in the change of its
mechanical properties under multi-ion interaction in the marine environment. In this study, the variation in the macro-
physical and mechanical properties of concrete with corrosion time is investigated, and the source of micro-corrosion
products under different salt solutions in seawater are analyzed. Regardless of the continuous hydration effect of
concrete, the damage effects of various corrosive ions (CI', SOf{, and Mg2+, etc.) on the tensile and compressive strength
of concrete are discussed based on measurement in different salt solutions. The sensitivity analysis method for concrete
strength is used to quantitatively analyze the sensitivity of concrete strength to the effects of each ion in a multi-salt
solution without considering the influence of continued hydration. The quantitative results indicate that the addition of
CI” can weaken the corrosion effect of SO;™ by about 20%, while the addition of Mg2+ or Mg2+ and CI can strengthen it

by 10%—-20% during a 600-d corrosion process.
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1 Introduction

The corrosion damage of concrete structures in marine
environments has always been a hot research issue [1-6].
Such marine structures are regularly exposed to abundant
corrosive sea salts, which causes severe corrosion damage
much earlier than the end of their theoretically designed
service life. Sea water primarily contains salts such as
NaCl, MgCl,, KCI, and MgSO,, and the ion content of
CI', Mg*", and SO; is high in these salt solutions. For
example, the concentrations of CI, Mg2+, and SOf[ in the
sea water near Shanghai Yangshan Port in the East China
Sea are 14642, 918, and 592 mg/L, respectively. Alth-
ough studies have shown that Cl” mainly causes corrosion
of steel bars in reinforced concrete, Mg®" and SO
mainly corrode concrete cement-based materials, but ClI”
still corrodes the cement matrix, causing damage to the
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concrete itself [7,8]. Moreover, the interaction of these
three harmful ions in seawater causes greater corrosion
damage to the structure than that caused by a single ion
species [9]. Therefore, the corrosion of concrete materials
in marine environment cannot be explained by only
considering a single ion, and it is necessary to clarify the
degradation mechanism and degree of corrosion damage
in the case of multi-ion interaction.

Usually, a compound solution of chloride and sulfate is
used to simulate seawater corrosion solution, and there
are many reports on the corrosion damage of cement-
based materials based on this [10—13]. In the corrosion
process, the destructive effect of the two harmful ions
(CI” and SO;") due to the cross-competition between them
is significantly different from that of a single ion. The
main conclusions are divided into two parts: 1) The
corrosion effect of SO, on concrete materials in the
presence of chloride salt. Since CI™ in the chloride salt
diffuses faster than SO; (the former is 10-100 times
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faster than the latter), it can enter the concrete material
before SO; and chemically react with hydration products
to form Friedel’s Salt, which fills up the internal pores
and temporarily delays the intrusion of SO;  into the
material; 2) The corrosion effect of CI' on concrete
materials in the presence of sulfate. Sulfate can reduce the
amount of CI” bound to the hydration products and
increase the concentration of free CI” in the solution.
Because SO; can not only decompose Friedel’s salt, but
also react with tricalcium aluminate in the unhydrated
cement or AFm of the hydrated product first to inhibit the
formation of Friedel’s salt [14].

In addition, the numerical simulation method is an
effective research method to study the impact of multi-
ionic affected concrete in the marine environment and
subject to various degradation processes [15]. Compared
with experimental research methods, this method has
greater advantages in studying combination effects and
providing more visual information [16]. There are
numerical models that can be used to describe the
chloride diffusion process under complex environments
and clarify the mechanisms between them [17-19]. There
are many numerical models for the numerical evaluation
of external sulfate attack on the concrete structures [20].
There are also numerical studies on external sulfate attack
and its influence on the bonding and diffusion of chloride
in concrete [21,22].

In the compound solution of chloride and sulfate, most
researchers often focus on only the destructive effects of
anions (CI” and SO;") but ignore the effects of different
cations (especially Mg2+) on the corrosion damage of
materials. In fact, magnesium ions in the mixed corrosion
solution play a crucial role in the corrosion degradation of
concrete [23-26]. Once the Mg2+ ions in the solution
enter the concrete pores, the amount of Ca(OH), in the
internal solution is reduced, which in turn causes the pH
value in the pore solution to drop. This finally leads to
decalcification of C—S—H gel and converts it into
M-S—H. Since M—S—H has no adhesiveness, the concrete
structure becomes loose and its strength is greatly
reduced [27]. Maes et al. [28] showed that the effect of
sodium sulfate and magnesium sulfate on the penetration
of chlorides in concrete or mortar is closely related to the
cations(especiallyMg%).Itisincorrecttogeneralizetheinﬂue-
nce of sulfate attack on the diffusion mechanism of CI,
and the actual content of Mg2+ in seawater is generally
higher than that of SO;™. Therefore, the influence of Mg*
must be considered when using the compound solution of
chloride and sulfate to simulate seawater corrosion.
Consequently, to simulate the actual marine environment
and accurately predict the durability of concrete
materials, it is imperative to use multi-ion (CI", SO;", and
Mg*") corrosion solutions to examine the corrosion
damage of these materials.

In fact, the change in the macro-mechanical properties
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of materials is the most direct reflection of the degree of
corrosion damage, and the strength indicators of the
material (such as compressive strength, tensile strength,
etc.) are some of the other direct parameters for evalua-
ting corrosion damage. Although there are several reports
on the strength degradation of concrete materials by the
composite solution of CI” and SO;” [29-31], the corrosive
effect of the composite solution of multiple ions (CI,
Mg**, and SO;") on the macro-mechanical properties of
concrete has been rarely investigated, and the evolution
of corrosion damage has not yet been clarified yet. By
studying the macro-physical properties of the material
(such as mass loss and dynamic elastic modulus change
as indicators), Yu et al. [32] found that the corrosion
effect of the mixed solution of CI", SO;, and Mg2+ on
concrete materials was significantly more serious than
that of the mixed solution of SO~ and Mg”". The addition
of CI” could not alleviate the chemical corrosion caused
by SO; and Mg?", but it accelerated the chemical corro-
sion damage. However, this conclusion is different from
the results of Maes and de Belie [33]. This may be
attributed to the different composition of the corrosion
solution and the length of the corrosion period. Further-
more, the micro-corrosion mechanism of concrete by the
multi-ion (CI", Mg*’, and SO;") composite solution is not
fully understood, and the corrosion mechanism of the
three interactive competitions is extremely complicated
[34-36].

In this study, the corrosion of concrete with different
water-cement ratios in different seawater salt solutions is
experimentally investigated. By testing the compressive
strength and splitting tensile strength of concrete at
different corrosion times, the influence of different
seawater corrosion solutions on the mechanical properties
of concrete is analyzed. The effect of different corrosion
solutions on the damage of concrete shape is examined by
comparing by change in the appearance of concrete at
different corrosion times. Further, by measuring the
changes in the microscopic composition of the concrete
specimens, the influence of different corrosion solutions
on the microscopic damage of the concrete sample is
studied. Using a combination of macro and micro
methods, the effect of various corrosion ions in different
salt solutions on the concrete corrosion damage is
examined, and a sensitivity analysis index based on the
strength factor of concrete is established. Furthermore,
quantitative sensitivity analysis is conducted to analyze
the corrosion of concrete induced by the interaction of
magnesium-sulfate-chloride ions.

2 Materials and methods
2.1 Material preparation

1) Cement: Ordinary Portland cement was used for the
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experiment. The cement strength grade was 42.5 MPa.
X-ray fluorescence spectroscopy was used to analyze the
chemical composition of cement, and the results are
shown in Table 1. The particle size of cement powder
was evaluated by a laser particle size analyzer, and the
results are listed in Fig. 1.

2) Fine aggregate: ISO standard sand was used. The
particle distribution is shown in Table 2.

3) Coarse aggregate: The coarse aggregate used to

make concrete was 5-16 mm continuous gradation of

gravel. Its particle gradation is shown in Table 3.

4) Water: Distilled water was used for the preparation
of concrete specimens, and the local tap water from
Ningbo, China was used to prepare the soaking solution.

2.2 Proportioning design and sample production

The designed mix ratios, by mass, of concrete are presen-
ted in Table 4. A total of two mix ratios are considered,
with water-cement ratios of 0.50 and 0.33. ABS engi-
neering plastic test molds were used to make concrete
specimens for examining tensile and compressive strength.
The concrete specimen for compressive strength test is a
cube with a size of 100 mm x 100 mm x100 mm, and that
for splitting tensile strength test is a cylinder with a
diameter of 100 mm and thickness of 50 mm.

The concrete specimens were demolded after they were
cured at a room temperature for 24 h. Subsequently, they

Table 1 Chemical composition of cement (wt.%)
ALO, CaO0 Fe,0; KO MgO Na,O SO; SiO, TiO, loss
5.55 67.18 4.19 091 171 032 3.18 1592 0.59 0.45

d(0.1): 3.023 um d(0.5): 17.470 pm

particle size distribution
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Fig. 1 Particle size distribution of cement particles.

Table 2 Particle distribution of reference sand
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were cured in clean water in the laboratory for 28 d and
then were put into various solutions for complete
immersion corrosion tests. The corrosion solution was
divided into 6 kinds of solutions according to their
composition: clear water solution (represented by the
symbol “Q”), NaCl solution with a mass fraction of 10%
(represented by the symbol “L”), Na,SO, solution with a
mass fraction of 5% (represented by the symbol “S”),
MgSO, solution with a mass fraction of 5% (represented
by the symbol “M”), mixed solution of 5% Na,SO, and
10% NaCl (represented by the symbol “SL”), and mixed
solution of 5% MgSO, and 10% NaCl (represented by the
symbol “ML”). The composition of designed solutions is
shown in Table 5.

2.3 Test method

The entire corrosion experiment lasted for 600 d. The
concrete specimens were removed from the corrosion
solution, and their strength was tested on the Oth, 30th,
90th, 180th, 270th, 360th, 450th, and 600th day (see
Fig. 2). Three specimens were used for each compression
and splitting tensile test. In the compressive strength test,
the displacement loading rate was 0.6 mm/min, and the
corresponding strain rate was 1x107*. Further, in the
splitting tensile strength test, a displacement loading rate
of 0.06 mm/min was used, i.e., the strain rate was 1x 107.
ASTM C 496 splitting tensile test method was used to test

Table 3 Particle size distribution of gravel

side length sieve cumulative 5-16 mm continuous

of square weight weight gradation cumulative

hole (mm) (g) percentage (%) sieve residue (%)

2.36 453 97.00 95-100

4.75 460.5 92.47 85-100

9.50 425.7 46.42 30-60

16.0 38.5 3.85 0-10

19.0 0 0 0

Table 4 Mix design of concrete (wt.%)

type water-cement ratio (w/c)  cement  water sand  gravel
I 0.33 22 7 21 50
Il 0.50 14 7 29 50

Table 5 Design of concentration of corrosive solution (wt.%)

side length of square hole (mm) cumulative sieve residue (%) symbol NaCl Na,SO, MgSO, water
0.08 99 +1 Q 0 0 0 100
0.16 87+£5 L 10 0 90
0.50 67+5 S 0 5 0 95
1.00 33£5 M 0 0 5 95
1.60 7+5 SL 10 5 0 85
2.00 0 ML 10 0 5 85
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the splitting tensile strength of concrete. The strength of
concrete specimens was calculated by using the following
equation:

_ 2P |
nld’ M
where T is the splitting tensile strength, P is the failure
load, / is the length of the specimen, and d is the diameter
of the specimen.
During the entire corrosion experiment, the appearance
and morphology of the concrete specimens, especially the
changes on the outer surface of concrete (surface cracks,

Fig.2 Concrete failure state: (a) compressive failure; (b) ten-
sile failure.
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corners, surface peeling, etc.), were analyzed by making
images. The microscopic damage mechanism of concrete
material was analyzed, and the variation in material
composition of the cement paste sample was detected by
X-ray diffraction (XRD) after 1, 4, 10, and 12 months.
Scanning electron microscopy (SEM) was used to
examine the microscopic morphology and elemental
composition of the concrete samples.

3 Results and discussion

3.1 Variation trend of the compressive and tensile streng-
ths of concrete in different corrosive solutions

The variation in the compressive and tensile strengths of
concrete as a function of corrosion time under different
water-cement ratios in the six corrosion solutions is
shown in Fig. 3. Here, the symbols “f” and “y” represent
the compressive strength and tensile strength, respecti-
vely. The symbols “q5” and “q3” stand for the strength
values of concrete soaked in clean water with water-
cement ratios of 0.50 and 0.33, respectively, where the

letter “q” represents a clear aqueous solution (Q). Simi-
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Fig. 3 Relationship between concrete strength and corrosion time. (a) w/c = 0.50, compressive strength; (b) w/c = 0.33, compressive

strength; (c) w/c = 0.50, tensile strength; (d) w/c = 0.33, tensile strength.
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larly, 15 and 13 denote the strength values of concrete in
sodium chloride solution (L); s5 and s3 are the strength
values of concrete in pure sodium sulfate solution (S); m5
and m3 are the strength values of concrete samples
immersed in magnesium sulfate solution (M); sI5 and sl3
are the strength values of concrete in composite solution
of sodium sulfate and sodium chloride (SL); ml5 and ml3
are the strength values of concrete in the composite
solution of magnesium sulfate and sodium chloride (ML).

It is clear from Fig. 3 that the tensile and compressive
strengths of concrete with a large water-cement ratio are
smaller than those of concrete with a small water-cement
ratio. During the entire immersion process in the six kinds
of solutions, the maximum and minimum compressive
strengths of concrete specimens with water-cement ratios
of 0.50 are 60.6 and 35.8 MPa, respectively; the maxi-
mum and minimum tensile strengths are 6.7 and 4.1 MPa,
respectively. For concrete specimens with a water-cement
ratio of 0.33, the maximum and minimum compressive
strengths are 82.8 and 57.6 MPa, respectively; the maxi-
mum and minimum tensile strengths are 8.2 and 5.1 MPa,
respectively.

The above strength curves are normalized with respect
to the initial strength value of concrete in Fig. 4. It is
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evident that the strength of concrete specimens with diffe-
rent water-cement ratios increases during the early stage
of soaking (approximately 0 to 200 d). However, the
increase in the strength of concrete in clear aqueous
solution is lower than that in other solutions. This
indicates that in addition to the continued enhancement of
the hydration reaction, the concrete strength is enhanced
by the reaction products of the ions in the salt solution
with the concrete material itself. During the late stage of
corrosion (after soaking for approximately 200-300 d),
the strength values of concrete in the four solutions (ML,
SL, M, and S) show a decreasing trend. In terms of
compressive strength, the specimens in the ML solution
show the largest decrease, and those in Q and L solutions
exhibit the smallest or no decrease. It is noteworthy that
the addition of sodium chloride in the sodium sulfate
solution and the magnesium sulfate solution has different
effects on the corrosion damage of the concrete materials.
Compared with the compressive strength, except for the
concrete specimens in Q and L solutions in which there is
basically no downward trend, the specimens in the other
solutions have a more obvious downward trend of tensile
strength.

Especially in Fig. 4(a), the compressive strength of
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Fig. 4 Relationship between normalized strength and corrosion time. (a) w/c = 0.50, normalized compressive strength; (b) w/c = 0.33,
normalized compressive strength; (c) w/c = 0.50, normalized tensile strength; (d) w/c = 0.33, normalized tensile strength.
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f-ml5 is significantly lower than that of others. The main
reason is that once the magnesium ions in the corrosive
solution enter the concrete pores, they will produce
incompatible magnesium hydroxide, reduce the fall in pH
in the pore solution, promote the decalcification of
C—S—H gel and convert it into M—S—H. As a result, the
concrete structure becomes loose and its strength is
greatly reduced [27]. In addition, compared with that of a
water-cement ratio of 0.33, the internal porosity of the
concrete material with a water-cement ratio of 0.5 is
larger, the corrosion ion diffusion rate is faster, and it is
more likely to cause damage. Therefore, the compressive
strength of f-ml5 decreases significantly by the 600th
day.

3.2 Sensitivity analysis based on strength factor

Through the experimental test, the variation curve of
concrete strength in different solutions with corrosion
time is obtained. Figure 4 shows that the ML solution
causes a greater degree of damage and degradation to the
compressive strength of concrete than other solutions, but
the degree of corrosion of the concrete caused by each ion
cannot be determined quantitatively. Here, a sensitivity
factor is introduced to quantify the contribution of
continuous hydration and corrosive ions to the concrete
strength as well as to analyze the influence of the
interaction of each ion in the corrosion solution on the
concrete strength.

The initial value of concrete strength is defined as o,
and o, 01, 05, Oy, O, and oy These represent the
strength value of concrete immersed in clear water (Q),
sodium chloride solution (L), sodium sulfate solution (S),
magnesium sulfate solution (M), sodium chloride and
sodium sulfate composite solution (SL), and sodium
chloride and magnesium sulfate composite solution (ML)
on the rth day. In different solutions, the influence coef-
ficients are represented by the symbols 1,(2), 7.(2), ns(2),
nu(®), nsL(t), and nyy (7), respectively, which indicate the
ratio of the strength on the 7th day to its initial strength,
Le., 0 =0y (1)

In the corrosive solution, the combined effect of corro-
sive ions and continuous hydration affects the strength of
the material, while in the clear aqueous solution, only the
continuous hydration reaction affect the strength. There-
fore, the strength of concrete in the clear water solution is
used as a control, and the value of the strength of the
material in the corrosive solution divided by the strength
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in the clear water solution is used as the sensitivity factor.

Now, the sensitivity factor A is introduced, where A(7)
is defined as the ratio of the influence coefficient n(¢) of
the concrete immersed in two different solutions on the
tth day, i.e., Ay o(f) =n(t)/no(r). When A,q(t) < 1 (or
Aryo() > 1), it implies that the addition of CI” to the clear
water solution weakens (or strengthens) the increase in
strength. When A;,o(f) = 1, it indicates that CI” has no
effect on the change in concrete strength.

In this article, the experimental data has a form of
enhancement or reduction, and this property can be better
fitted with a quadratic polynomial. Therefore, a quadratic
polynomial is used to fit the normalized intensity value
vs. corrosion time curves in Fig. 4, and the fitting
parameters are shown in Tables 6—9. The polynomial is as
follows:

n(t/ty) = By(t/15)* + Bi(t/ 1) + 1, ()

where 1 is the normalized strength value of each concrete
specimen, ¢ indicates the corrosion time, ¢, is defined as
1 d, and B, and B, are undetermined coefficients.

To analyze the influence of various ions in seawater on
the evolution of concrete strength, the increase in strength
caused by the continued hydration is not calculated, and
the sensitivity analysis of the strengthening or weakening
effect of each ion in the solution on the change in
concrete strength, only, is considered. According to the
experimental results in Fig. 4, Eq. (2) is used to fit the
data in Fig. 4 to obtain a fitting curve. Then, the curve
obtained by fitting each corrosion solution divided by the
fitting curve in the clear water solution is defined as the
sensitivity factor in Fig. 5. During the process of immer-
sion in corrosion solution, except for the minor effect of
sodium chloride solution on the tensile strength value, the
effects of the ions on the increase in the tensile and
compressive strength of concrete show a general trend of
strengthening (4 > 1) first and then weakening (4 < 1).
The effect of each ion on the tensile strength of concrete
is greater than that on the compressive strength, and for
the concrete sample with a small compressive strength
and water-cement ratio, the strengthening effect of each
ion on the increase in concrete strength is longer.
However, the transition point between strengthening and
weakening effect is quite different for different
specimens, which is closely related to the water-cement
ratio of the test piece and the ions in the corrosion
solution, as shown in Tables 10 and 11. Generally, the

Table 6 Parameter fitting results of compressive strength of concrete with w/c = 0.50

e normalized strength value

5% MgSO, + 10% NaCl 5% Na,SO, + 10% NaCl 5% MgSO, 5% Na,SO, 10% NaCl water
B, —2.821 x10° -1.836 x 107 2356 x 107 —2.588 x 107 -1.649 x 10°° ~1.360 x 10
B, 1331 x 107 1.436 x 107 1.460 x 107 1.581 % 107 13348 x 107 1.167 x 107
R 0.862 0.968 0.788 0.989 0.952 0.938
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Table 7 Parameter fitting results of compressive strength of concrete with w/c = 0.33
Ne normalized strength value
5% MgSO0, + 10% NaCl 5% Na,SO, + 10% NaCl 5% MgS0, 5% Na,SO, 10% NaCl water
B, —2.054 x 107 —2.560 x 107 —2.234x 107 -3.066 x 10 -1.901 x 107 —0.981 x 107
B 1.113 x 107 1.932 x 107 1370 x 107 1.862 % 107 1.532%x 107 0.925 x 107
R? 0.848 0.977 0.974 0.887 0.971 0.978
Table 8 Parameter fitting results of tensile strength of concrete with w/c = 0.50
U normalized strength value
59% MgSO, + 10% NaCl 5% Na,SO, + 10% NaCl 5% MgS0, 5% Na,SO, 10% NaCl water
B, —4.041 x 107 -3.869 x 107 5254 x 107 ~5.083 x 10 —2.794 x 107 2764 x 107
B, 2.590 x 10 2,922 x 107 3.286 x 10 3.340 x 10 2.130 x 1072 2.136 x 10°°
R 0.937 0.965 0911 0.658 0.846 0.840
Table 9 Parameter fitting results of tensile strength of concrete with w/c = 0.33
e normalized strength value
5% MgSO, + 10% NaCl 5% Na,SO, + 10% NaCl 5% MgSO, 5% Na,SO, 10% NaCl water
B, -3.017 x 10 —4.482 x 10°° —2.400 x 107 —4.486 x 107 ~1.778 x 107 -1.628 x 10
B, 1.719 x 107 2.905 x 107 1.435x10° 2.546 x 107 1.443 x 107 1324 x 107
R 0.833 0.933 0.973 0.938 0.836 0.891
1.14 w/c=10.50 1.2 w/c=0.33
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Fig. 5 Sensitivity analysis of each ions to the strength of concrete. (a) w/c = 0.50, sensitivity analysis of compressive strength; (b) w/c =
0.33, sensitivity analysis of compressive strength; (c) w/c = 0.50, sensitivity analysis of tensile strength; (d) w/c = 0.33, sensitivity analysis
of tensile strength.
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Table 10 The transition time point between strengthening and
weakening of compressive strength

wic ML SL M S L
0.50 110 560 290 335 600
0.33 175 >600 355 450 >600

Table 11 The transition time point between strengthening and
weakening of tensile strength

wlc ML SL M S L
0.50 110 205 220 235 -
0.33 130 350 45 270 -

smaller the water-cement ratio, the lower the porosity, the
greater the impact of ions on the concrete strength value,
and the greater the sensitivity.

During the strengthening stage, ML solution hardly
increases the compressive strength of concrete with w/c =
0.50, and the others increase the strength by
approximately 3%-5%. For concrete with w/c = 0.33
also, ML solution hardly increases the strength, but M
solution increases it by approximately 4%, both S and L
solutions increase it by approximately 9%, and SL
solution increases it by approximately 13%. Similar to the
compressive strength of concrete, ML solution causes
almost no change in the tensile strength of concrete with
w/c = 0.50 and w/c = 0.33. Regarding the influence of
other harmful ions on the change in tensile strength of
concrete with w/c = 0.50, M, S, and SL solutions increase
the strength by approximately 5%, 6%, and 4%,
respectively, while the L solution does not affect it.
Further, for concrete with w/c = 0.33, M solution does not
affect tensile strength, while S and SL solutions increase
it by approximately 8% and 13%, respectively, and L
solution causes a continuous increase in the tensile
strength, but the increase is small.

At 600 d of corrosion, due to the influence of harmful
ions found in seawater solution on the compressive
strength of concrete with w/c = 0.50, ML solution reduces
the strength value by approximately 35%, and both M and
S solutions reduce it by approximately 15%. The SL and
L solutions have almost no effect on the strength. Further,
for concrete with w/c = 0.33, ML solution decreases the
strength by approximately 23%, and both M and S solu-
tions decrease it by approximately 15%, but the SL and L
solutions increase it by 3%. In terms of the influence of
the harmful ions on the tensile strength, except for the L
solution which does not affect or slightly strengthens it,
the tensile strengths of the concrete samples with the two
water—cement ratios in the other corrosive solutions are
reduced by approximately 40%—50%.

It was generally believed that sodium chloride solution
had a minor effect on the deterioration of concrete
strength. However, our results indicated that sodium
chloride solution had a significant effect, especially on
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the compressive strength. In comparison to the compre-
ssive strength, the effect on the tensile strength was less.

In general, during the entire corrosion process, the
degree of effect of the corrosion solutions on the strength
degradation performance was in the following order: ML >
M > S > SL > L. When the corrosion reaches 600 d, the
deterioration of tensile strength of the concrete material
was greater than that of the compressive strength, which
means that the corrosion solution has a stronger impact
on the tensile strength than the compressive strength.

Although SO} in the sulfate solution plays a major role
in the deterioration of concrete strength, the addition of
CI" and Mg®" in the corrosive solution affects SO,
which can delay or accelerate the deterioration. To investi-
gate the influence of the interaction between various ions
in the sulfate solution on the evolution of concrete
strength, the sensitivity of the interaction between CI,
Mg**, and SO; ions to strengthen or weaken the change
in concrete strength is analyzed, as shown in Fig. 6. It is
clear from the figure that although SO; in the solution
corrodes the concrete material, the addition of only Cl”
delays the deterioration of the strength by SO;". For
example, when the corrosion reaches 600 d, the strength
of concrete in the SL solution is approximately 20%
higher than that in the S solution. The addition of Mg2+ or
both CI" and Mg®" in sulfate solution accelerates the
degradation effect of SO;” by 10%-20% on the concrete
strength, and the corrosion degradation effect of ML
solution is generally stronger than that of M solution.
However, during the later stage of corrosion, especially
after 550 d and until 600 d, these ions may delay the
increase in the strength value. That is, the addition of
these ions may reduce the corrosion degradation effect of
SO;". For example, at 600 d of corrosion, the compressive
strength of concrete in M solution is almost equal to that
in S solution.

Overall, through the quantitative sensitivity analysis, it
can be inferred that the addition of CI” ions, only, in the
sulfate solution delays the deterioration of concrete
strength to a certain extent, while the addition of Mg or
CI', Mg*" ions accelerates it during the early stage of
corrosion. However, these corrosive ions may delay the
strength degradation during the later stage.

3.3 Surface appearance in different corrosive solutions

After 600 d of immersion in various corrosion solutions,
the images of the concrete surfaces are obtained, as
shown in Figs. 7 and 8. It is evident that the surface
peeling and edge peeling in ML and M solutions are more
serious, and the edge peeling of ML5 and ML3 specimens
is more severe than that of M5 and M3 specimens, while
the surface peeling of M5 and M3 specimens is higher.
When the concrete specimens are soaked in ML and M
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Fig. 8 Images of concrete surfaces subjected to different corrosive solutions (w/c = 0.33).

solutions, a white substance is gradually formed on the
surface of specimens, but the composition of this substa-
nce is different in the two specimens. On the surface of
MLS5 and ML3 specimens, there is a thick white covering,
and it has a certain viscosity and hygroscopicity, as
shown in Fig. 9(a). On the other hand, a thin layer of
white material is formed on the upper surface of the M5
and M3 specimens after drying. Through XRD detection,
it is found that the white substances on the surface of
ML5 and ML3 specimens contain gypsum, hydrowolla-
stonite, sodium chloride, and magnesium hydroxide,
while those on the surface of M5 and M3 specimens
contain gypsum, calcium carbonate, and magnesium
hydroxide.

Comparing the concrete specimens in the SL and S
solutions, it can be seen that there are more cracks on the
surface edges of the S5 and S3 specimens, while only few
cracks are formed on the surfaces of SL5 and SL3. This is
different from the observation in the magnesium sulfate
solution, where the chloride ion weakens the corrosion
effect of sulfate ion.

The concrete specimen immersed in just sodium chlo-
ride solution and clear water does not show any change in
appearance such as edge cracks, peeling, or roughness
due to corrosion. Although no corrosion damage is found
on the surface of specimen immersed in only sodium
chloride solution, a white substance gradually precipitates
on the concrete surface after being soaked in a 10% (high
concentration) sodium chloride solution for 6 months, see
Fig. 9(b) for details. The smaller the water-cement ratio,
the greater the amount of precipitation. The XRD analysis
of this white substance shows that it mainly contains
calcium carbonate with a small amount of hydrocalumite.

Fig. 9 White matter on concrete subjected to two corrosive
solutions: (a) MLS; (b) LS.

4 Microscopic inspection and analysis of
concrete corrosion products in corrosion
solution

4.1 XRD test of concrete corrosion products in different
corrosion solutions

The composition of the cement paste specimen after 12
months of soaking in different solutions was analyzed
using XRD, and the results are shown in Fig. 10. The
main corrosion products in the ML solution are ettringite,
gypsum, Friedel’s salt, and magnesium hydroxide. In
contrast, the main corrosion products in the SL solution
are ettringite and Friedel’s salt. The diffraction peak
intensity of the gypsum product is low, and unreacted
calcium hydroxide still exists. It may be noted that the
chloride ions play different roles in the corrosion process
of concrete immersed in ML and SL solutions. In ML
solution, the presence of chloride ions accelerates the
corrosion of concrete by sulfate ions to a certain extent.

In M solution, the main corrosion products of the conc-
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Fig. 10 XRD patterns of cement paste in different corrosive
solutions.

rete material after one year of corrosion are ettringite and
gypsum, and the diffraction peak intensity is significantly
higher. Further, the presence of magnesium hydroxide is
also detected. Compared with M solution, the corrosion
products in S solution are mainly two expansive substances:
ettringite and gypsum, and the diffraction peak intensity
of these two substances is lower than that of the products
in M solution. The main product in the L solution is
Friedel’s salt, while the diffraction intensity of ettringite
and gypsum is low. There is a small amount of ettringite
and gypsum in the hydration products in the Q solution.
The variations in the composition and quantity of the
corrosion products of the specimens in the same immer-
sion solution at different corrosion times are shown in
Fig. 11. In general, as the corrosion time increases, the
amount of corrosion products, such as ettringite, gypsum,
shows an increasing trend, while the Ca(OH), involved in
the reaction gradually decreases. In M solution, the
amount of reaction products such as ettringite and
gypsum increases with increase in corrosion time. In the
ML and M solutions, as the corrosion time increases, the
amount of insoluble substance Mg(OH), increases, while
in the L solution, the amount of Friedel’s salt increases.
In SL and Q solutions, the types and quantities of the
chemical reaction products remain basically unchanged
with the increase in immersion time. In fact, ettringite
expansion is suppressed, where OH  ions have been
replaced by CI ions. This is because that an alkaline
environment is necessary for the swelling of ettringite.

4.2 SEM test and energy spectrum analysis of concrete
corrosion products in different corrosion solutions

After concrete specimens were soaked in the corrosion
solutions for 12 months, some small fragments were
taken from the specimens after the strength test, and the
microscopic morphology and elemental composition of
the corrosion products were investigated using SEM and
energy spectrum analysis, respectively. The micro
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morphology and energy spectra of the concrete corrosion
products in the six different solutions are shown in
Figs. 12 and 13, respectively. The elemental composition
of the corrosion products numbered —®) in Fig. 12 are
indicated by the corresponding numbers in Fig. 13. The
main substance of serial number O is gypsum, the main
component of serial numbers @) and ®) is ettringite, the
component of serial number @ is C-S—H gel, the

component of serial number &) should be Friedel’s salt,
and the serial number ®) is calcium hydroxide.

As shown in Fig. 12(a), a large amount of corrosion
products containing gypsum and ettringite (represented
by the symbol AFt) is observed in the concrete materials
in ML solution. In contrast, there are fewer corrosion
products inside the concrete in SL solution, and a small
amount of ettringite is found, as shown in Fig. 12(b). It
can be seen from Fig. 12(c) that the corrosion products in
M solution are similar to that in ML solution, and a large
amount of gypsum and ettringite is also found in the
concrete materials. For the concrete material immersed in
S solution, ettringite is found in the corrosion products,
and its quantity is higher at the interface around the
aggregate, as shown in Fig. 12(d). For the concrete in the
L solution, more C—S—H gel is produced, which contains
some flaky Friedel’s salt, as shown in Fig. 12(e). For the
concrete in the Q solution, Ca (OH), is observed, and a
small amount of ettringite exists in the C—S—H gel, as
shown in Fig. 12(f).

From XRD and SEM analyses, it is known that the
main corrosion products in the composite solution of
magnesium sulfate and sodium chloride are ettringite,
gypsum, Friedel’s salt, and magnesium hydroxide. In
contrast, the main corrosion products in the composite
solution of sodium sulfate and sodium chloride are only
ettringite and Friedel’s salt.

In the composite solution of sodium sulfate and sodium
chloride, chloride ions have an inhibitory effect on the
corrosion of sulfate ions. The reason is that the chloride
ion in the solution diffuses faster than the sulfate ion [14].
Therefore, chloride ions will enter the concrete material
before sulfate ions and chemically react with hydration
products to form Friedel’s salt, which then fills up the
internal pores and delays the penetration rate of sulfate
ions into the material.

However, in the composite solution of magnesium
sulfate and sodium chloride, once the magnesium ions in
the corrosive solution enter the concrete pores, the
Ca(OH), in the internal solution will be reduced. The
chemical reaction will produce gypsum and magnesium
hydroxide with very little solubility. Furthermore, the pH
value in the pore solution will decrease, which may cause
the C—S—H gel to decalcify and convert it into M—S—H.
And M—S—H has no adhesiveness, which will cause the
concrete structure to become loose and the strength will
be greatly reduced. As the corrosion time increases,
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Fig. 11 XRD patterns of cement paste at different corrosion times: (a) ML; (b) SL; (¢) M; (d) S; (e) L; (f) Q.

sulfate ions and chloride ions will further attack the
material itself. Therefore, the intervention of magnesium
ions will transform the inhibitory effect on corrosion of
chloride ions on sulfate ion into a promoting effect.

5 Conclusions

The macroscopic physical and mechanical properties,
microscopic morphology, and chemical composition of
concrete materials with different water-cement ratios in
different corrosive solutions were studied. The sensitivity
of each ion to continued hydration was analyzed, and the

impact of the interaction of Cl™ and Mg2+ on the corrosion
damage caused by SO, was examined. The main results

of the study are summarized as follows.

1) The variation in the strength of concrete in multi-salt
solution with corrosion time revealed two distinct aspects.
On the one hand, the unhydrated cement products
continued to undergo hydration reaction to form new
C—S—H gels, which promoted an increase in concrete
strength. On the other hand, the ions in the solution
invaded the internal pores of the concrete and reacted
with the pore solution to form corrosion products, which
in some promoted and in other cases inhibited the growth

of concrete strength.
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Fig. 12 SEM images of concrete fragments in different

solutions: (a) ML; (b) SL; (c) M; (d) S; (e) L; (f) Q.

2) By introducing the sensitivity factor, the effect of
various corrosive ions to the deterioration of concrete
strength was studied. It was observed that the influence of
each ion on the tensile and compressive strength of
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concrete exhibited a trend of strengthening first and then
weakening. However, it may be noted that the Cl” in a
solution with sodium chloride was effect to the
compressive strength of concrete, but the sensitivity of
the tensile strength was very small, i.e., the chloride ion
had little or no effect on the tensile strength.

3) The sensitivity of the addition of a single kind of CI
to SO in the sulfate solution was examined quantita-
tively. The results indicated that CI” slowed down the
corrosion of concrete caused by SO.™ by approximately
20%. However, the addition of Mg”" or Mg*" and CI”
promoted it by 10%-20%. Further, in general, Mg”" and
CI” had a stronger strengthening effect than just Mg*".

4) XRD and SEM were used to determine the corrosion
product composition of concrete materials, and the
microscopic damage mechanism of concrete samples was
analyzed. Based on a comprehensive analysis of macro-
physical, mechanical properties and micro-corrosion
mechanism, it was inferred that the degree of corrosion
damage to concrete by different salt solutions followed
this order: Solution of magnesium sulfate and sodium
chloride > Solution of magnesium sulfate > Solution of
sodium sulfate > Solution of sodium sulfate and sodium
chloride > Solution of sodium chloride.

This work is aimed at filling a gap in existing research,
which fails to quantitatively study the effect of the ion
interaction in multi-salt solutions on the strength of
concrete. The sensitivity analysis method based on
concrete strength is used to consider the quantitative
analysis of the sensitivity of concrete strength to the
interaction of various ions in the multi-salt solution. In
the future work, this analysis method can be helpful to
establish the corrosion damage model of concrete
structures under multi-salt corrosion, and it is also of
great significance to consider accurate prediction of the
entire service life of concrete materials from initial to
complete deterioration.
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Notations

Q: clear water solution
L: 10% sodium chloride solution
S: 5% sodium sulfate solution
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M: 5% magnesium sulfate solution

SL: mixed solution of 5% sodium sulfate and 10% sodium
chlorid

ML: mixed solution of 5% magnesium sulfate and 10% sodium
chloride

QS5, Q3: concrete specimens with w/c = 0.50 or 0.33 in clear
water solution

L5, L3: concrete specimens with w/c = 0.50 or 0.33 in sodium
chloride solution

S5, S3: concrete specimens with w/c = 0.50 or 0.33 in sodium
sulfate solution

M5, M3: concrete specimens with w/c = 0.50 or 0.33 in
magnesium sulfate solution

0 1 2 3 4 5keV
(d)
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0 C_ [ 23747
0 _[4L.13] 6141
S [ 08 [ 068
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SLS5, SL3: concrete specimens with w/c = 0.50 or 0.33 in mixed
solution of sodium sulfate and sodium chloride

MLS5, ML3: concrete specimens with w/c = 0.50 or 0.33 in mixed
solution of magnesium sulfate and sodium chloride

g5, q3: concrete strength with w/c = 0.50 or 0.33 in clear water
solution

15, 13: concrete strength with w/c = 0.50 or 0.33 in sodium
chloride solution

s5, s3: concrete strength with w/c = 0.50 or 0.33 in sodium
sulfate solution

mS5, m3: concrete strength with w/c = 0.50 or 0.33 in magnesium
sulfate solution

sIS, sl3: concrete strength with w/c = 0.50 or 0.33 in mixed
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solution of sodium sulfate and sodium chloride

ml5, ml3: concrete strength with w/c = 0.50 or 0.33 in mixed

solution of magnesium sulfate and sodium chloride
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