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The durability of the concrete structure under the coupling effect of underwater corrosion particles has always been one of the hot
issues at home and abroad. Aiming at the damage problem of the underground concrete structure in a marine and offshore
chloride corrosion environment, based on the pile foundation engineering of the Coastal Industrial Park, the corrosion
resistance test of pile foundation concrete is carried out. By preparing 7 kinds of pile foundation concrete samples with
different mix proportions, the mechanical properties of concrete with different ages were analyzed under the coupling
environment of groundwater. The chloride penetration resistance of concrete was analyzed by the RCM method, and the
sulfate corrosion resistance was analyzed by the 17D accelerated simulation test. The test results show that with the decrease of
the water-cement ratio and the increase of the cementitious material, the concrete damage is less and the durability is
improved. It is suggested that the water-cement ratio of 0.34 and the cementitious material of 480 kg/m’ be selected for the
preparation of the pile foundation concrete; when the content of fly ash is 15%, the antisulfuric acid corrosion ability of the
concrete cementitious system can be enhanced and the concrete with 40% mineral powder has strong antichloride ion
corrosion ability; the results show that the chloride diffusion coefficient of concrete samples with seven mix proportions is less
than 6*10-12m?%/s, which can meet the durability design requirements and reduce the damage of concrete. The sulfate

corrosion resistance of concrete samples with high-efficiency additives is the best.

1. Introduction

The loss caused by corrosion accounts for 3%~5% of GDP in
China every year, and the direct loss caused by marine cor-
rosion is up to 1 trillion yuan. However, there are a lot of
corrosive ions such as SO,”, CI”, and Mg”" in the soil and
water near the sea in China. The existence of these ions seri-
ously affects the durability of offshore pile foundation engi-
neering and even threatens the safety of the superstructure
[1-4]. Therefore, how to alleviate the corrosion damage of
concrete caused by different types of salt and improve the
sulfate and chloride corrosion resistance of pile foundation
has become one of the important contents of the durability
research of the offshore engineering structure. At present,
many scholars use indoor tests to study the influence of var-
ious raw materials and the corrosive environment on the
durability of concrete. Han [5] proposed an improved diftu-

sion coeflicient and, based on the finite element method pro-
gram, estimated the chloride concentration according to the
concrete depth and internal and external conditions, and
compared the predicted chloride concentration with the
experimental value. Zhang et al. [6] put forward the optimal
mixing amount of body type preservative for sulfate resis-
tance of concrete. The results show that the optimal mixing
amount of body type preservative for sulfate resistance of
concrete is 8%. Chen et al. [7] studied the corrosion behavior
of reinforced concrete in acid medium by means of an aci-
dimeter, SEM (scanning electron microscopy), XRD (X-ray
diffraction), EDS (energy-dispersive spectroscopy). The
results show that SO,>” and Cl~ are easily adsorbed on the
surface of reinforced concrete through the protective layer
of concrete to destroy the passive film and cause corrosion
of reinforced concrete. At the same time, it is found that
cement concrete can delay the corrosion process of the
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corrosive medium. Ge et al. [8] studied the durability of con-
crete with different strength grades and air content in differ-
ent concentrations of sulfate solution under alternate freeze-
thaw and dry-wet cycles. The results show that the higher
the concentration of the sodium sulfate is, the stronger the
corrosion is, and the mass loss is the largest under freeze-
thaw dry-wet cycles. Most of the existing studies analyze
the influence of single or multiple concrete raw materials
on the durability of concrete through laboratory tests, but
there are few studies on the long-term corrosion resistance
of cast-in-place piles in coastal sites.

A concrete pile foundation is an important structure of
buildings, and its durability is very complex and affected
by many factors. For example, neutralization of concrete,
rust and corrosion of steel bars, and various other physical
and chemical reactions will cause corrosion of concrete.
Therefore, there are many factors that cause the durability
change of concrete and the influencing factors in different
environments are different, which makes the mechanism of
the concrete corrosion process in different environments dif-
ferent. The concrete pile foundation around the sea and off-
shore is mainly due to steel corrosion, which affects its
durability, while the pile foundation in saline alkali soil is
mainly due to concrete structure damage [9]. Therefore,
scholars at home and abroad have done a lot of relevant
research on this issue and achieved certain results. At pres-
ent, there are many researches on the durability of the above
ground part of concrete buildings, but few researches on the
durability of the underground pile foundation. This is
because the corrosion and damage of the underground part
will not be found, so we do not pay enough attention to it.
However, compared with the above ground part, the under-
ground part of the pile foundation is more likely to be
damaged.

Reinforcement is an important component of the con-
crete pile foundation. The hydration product of cement in
concrete is alkaline. The alkaline environment forms a pas-
sive film on the surface of the reinforcement. When corro-
sive CI” in the marine environment contacts the surface of
the reinforcement, its pH value will be reduced, thus damag-
ing the passive film of the reinforcement and causing corro-
sion of the reinforcement [10]. The corrosion rate of the
steel bar in the concrete pile foundation controls the durabil-
ity of the concrete pile foundation to a certain extent. Many
scholars have studied the relevant theoretical models of the
corrosion rate of the steel bar in concrete. Because the corro-
sion of the steel bar is affected by many factors, the relevant
models that can generally simulate the corrosion of the steel
bar have not been established. Most of the existing empirical
models are used to estimate the corrosion rate of the rein-
forcement and then judge the durability of the pile founda-
tion. The product of the steel bar rust will increase the
volume of the steel bar, which will cause the internal crack-
ing of concrete. With the extension of time, the concrete and
steel structure are constantly corroded, which will lead to
cracking, falling off, and other problems, and finally, the
concrete pile foundation is damaged. Sulfate corrosion of
the concrete pile foundation in the Salt Lake area is also very
obvious, and its corrosion mechanism is very complex,
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which can be divided into physical erosion and chemical
erosion. The physical erosion part of the sulfate does not
react with the components in the concrete, but through the
salt crystallization. The expansion of the salt crystallization
makes the concrete internal pressure, resulting in cracking
[11]. The domestic theories of sulfate physical corrosion
mainly include the volume change theory, crystallization
water pressure theory, and salt crystallization pressure the-
ory. These three theories are all due to the relevant reaction,
which makes the concrete pile foundation subject to some
physical pressure, resulting in cracking. The chemical corro-
sion is due to the reaction between the relevant components
of cement and sulfate; the product has a certain expansibil-
ity, which also makes the concrete crack and damages the
pile foundation. There are many studies on the diffusion
reaction model of the sulfate and pile foundation, but
because the mechanism of sulfate corrosion on the concrete
pile foundation is very complex, most of the corrosion
models of sulfate on the concrete pile foundation are empir-
ical models, which have a lack of theory. Therefore, the
research on sulfate corrosion on the concrete pile foundation
needs to be further deepened. The concrete pipe pile is a
high-strength prestressed pipe pile with high bearing capac-
ity, short construction period, and reliable pile quality. How-
ever, due to its relatively short application time, the
durability of the PHC pipe pile has not been paid much
attention. However, the PHC pipe pile will also be corroded
in the surrounding areas of the ocean, which seriously affects
its structural life. Compared with the ordinary concrete
structure, the PHC pipe pile has a certain particularity.
Because of its structural characteristics, it bears the chemical
and physical erosion on both sides at the same time [12].
At present, the research on the influence of chloride ion
and sulfate ion on the durability of the concrete pile founda-
tion is very rich and there are many practical research
results. However, because the existing environment of the
concrete pile foundation is very complex and there are many
related factors, there are still many deficiencies and prob-
lems in the research on the durability of the concrete pile
foundation. The following are the related problems in the
durability research of the concrete pile foundation.

(1) In the corrosive environment, the durability of the
concrete pile foundation is not controlled by a single
factor, but by many physical and chemical reaction-
related factors. Its corrosion process is a complex
and long process with certain particularity, so it
needs to be studied systematically, However, most
of the researches at home and abroad only focus on
one or several factors, which makes the research
results very scattered, and there is still a certain dis-
tance for the application of the durability design of
the concrete pile foundation [13]

(2) From the current research point of view, many dura-
bility tests of the concrete pile foundation are con-
ducted by improving the mass fraction of chloride
ion and electrochemical methods to shorten the cor-
rosion cycle, so as to obtain the relevant laws.
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However, this way will change the mechanism of the
pile foundation corrosion process and the test results
are different from the actual situation, so the reflec-
tion of the relevant laws is not true

(3) In the concrete pile foundation embedded in soil,
there are some differences between the ion diffusion
law of the pile soil interface and the ion diffusion law
of the soaking corrosive agent in the test process.
Moreover, the actual deformation and cracking pro-
cess of the pile foundation will be constrained by
soil, which is also different from that of soaking in
solution. However, the current research on the
mutual application of pile soil is relatively less. The
mechanism is not clear [14]

(4) There are few studies on the relationship between
the mechanical strength of the pile foundation and
the damage of the concrete microstructure. Although
there are some studies using a scanning electron
microscope and X-ray diffraction to qualitatively
analyze the damage of the concrete microstructure,
there are few quantitative analyses. There is no cor-
relation between the macrofracture and microdam-
age of the concrete pile foundation

Based on the pile foundation project of the Coastal
Industrial Park, the site is located in a typical coastal envi-
ronment and the content of chloride ion and sulfate ion in
groundwater is more than 3000mg/L, far exceeding the
maximum concentration limit of corrosive medium in the
current national norms and industry standards, so the con-
crete structure has a high risk of corrosion damage. Through
the preparation of different proportions of concrete, the
effects of the water-cement ratio, cementitious materials,
mineral powder, fly ash, preservatives, rust inhibitor, com-
mon- and high-efficiency preservatives on the mechanical
properties, chloride ion permeability resistance, and sulfate
resistance of marine pile foundation concrete are discussed
and the optimal mix proportion of pile foundation
corrosion-resistant concrete suitable for the project is pro-
posed. It lays a foundation for the durability design of cast-
in-place piles in corrosive sites, and the research results
can also provide reference for the design of pile foundation
engineering in similar sites.

2. Theoretical Calculation Model

2.1. Fick’s Second Law. The life prediction theory of offshore
structures is based on the two-stage life model of reinforced
concrete structures proposed by Tuutti in 1982 [15]. In this
model, the service life of the reinforced concrete structure is
divided into two stages: the first stage is the chloride ion
penetration stage (from the reinforced concrete entering sea-
water to the beginning of steel corrosion), in which the chlo-
ride ion concentration on the surface of steel reaches the
concentration standard of its corrosion, and the second stage
is from steel bar corrosion to the concrete expansion crack.
In this stage, the corrosion products of the steel bar accumu-

late and expand, resulting in concrete cracking, and the
structural strength is reduced below the use requirements.

In order to accurately describe the chloride concentra-
tion in concrete, a lot of experiments have been done and
many theories and models have been put forward. Based
on Fick’s second law, Collepardi et al. [16] established the
chloride intrusion model as shown in equation (1) as fol-
lows:

P (X.b) = pys s [1 —erf (2\/xD_0t)] (1)

where p-(x.t) is the mass concentration of chloride ion at
depth x at time ¢, p -, s is the mass concentration of external
chloride ion, erf is the error function, and D, is the diffusion
coefficient at the reference time.

In order to get more accurate results of structural life
prediction, scholars have been modifying the relevant
parameters according to the environmental conditions and
material properties and using the modified model to predict
the service life of concrete or the initial rust time of steel
bars. In 1995, 12 countries, including Sweden, Germany,
Norway, and the United Kingdom, jointly established the
Dura Crete project [17]. According to the needs of the pro-
ject, the factors affecting the service life of concrete, such as
concrete age, initial curing time, environmental conditions,
and test methods, were considered, the chloride ion diffusion
invasion equation was modified, and the life prediction
model was established. Due to the different depth of sea
water and the distance from the coast, the durability life of
marine structures is also different. Shi [18] conducted rele-
vant erosion experiments according to different coastal envi-
ronments and obtained time-varying models of chloride ion
diffusion in concrete under different environmental
conditions.

The diftusion process of chloride ion in concrete is influ-
enced by many factors. The coupling effect of many factors
should be considered when studying the diffusion process.
Qi [19] studied the damage process under the coupling effect
of the dry-wet cycle load salt solution, considered the influ-
ence of material-related factors (chloride ion binding capac-
ity, chloride ion concentration in concrete, etc.) and
environmental factors (load effect, environmental ion con-
centration, etc.), and proposed the chloride ion diffusion
model of concrete under the coupling effect of load and
chloride ion binding capacity.

2.2. Chloride Diffusion Model Based on Coupling of
Environmental and Material Parameters. In saturated con-
crete, the main reason of chloride penetration is diffusion.
In equation (1), it can be seen that the factors influencing
chloride ion erosion include depth, time, chloride ion diftu-
sion coefficient, and chloride ion concentration in concrete
itself. In the early point of view, the diffusion coefficient D
is considered to be constant but it is actually a constantly
changing value. For the convenience of practical engineering
analysis, the diffusion coefficient D selected in this paper is
based on the benchmark diffusion coefficient, considering
the influence of time and temperature. The corresponding



calculation method of equivalent diffusion coefficient D is
shown in equations (2)-(4).

D=Dy(T)f(m,K,,), (2)

T _
Yo=y S (T)= ?Oeq<<1/T°) T, (3)

tyXm™t - K,,m

S (m, Km) = 1-K,m

, (4)
where T is the calculated temperature (absolute tempera-
ture), T, is the temperature at the reference diffusion coeffi-
cient Dy, t, is the recording time corresponding to Dy, K,,, is
the influence factor of the material on the chloride diffusion
coeflicient, which is determined according to concrete type
and experimental environment, g is the activation constant,
and m is the time attenuation coefficient related to many
factors.

The actual environment is different from the experi-
ment. According to the indoor and outdoor experiments
of Zhang and Yu [20], the ion diffusion equation is mod-
ified based on the relevant indoor and outdoor parameters.
For this reason, the modified model considering the envi-
ronmental and material factors is shown in equation (5) as
follows:

Pa (% t) =Keopg- o+ (- = Keopar o)

o|1—erf X >
21/ Dyt K Taga (V-0 (1~ K,ym) T,
(5)

where x is the diffusion depth, ¢ is the diffusion time, P
is the initial chloride concentration, and K, is the influ-
ence factor of curing conditions on the chloride diffusion
coeflicient.

3. Test Overview

3.1. Project Overview. The test site is located near the sea and
belongs to the typical coastal shoal landform. Within a cer-
tain depth, the soil layers are dredged silt, muddy soil, and
sandy soil in turn. The groundwater level of the proposed
site is 0.6-1.2 M, the water level changes with the fluctuation
of the sea tide, and the maximum variation range is about
3.0M. The foundation form is a reinforced concrete cast-
in-place pile, the bearing stratum at the pile end is argilla-
ceous siltstone, the pile length is between 22m and 23 m,
the pile diameter is 0.8 m, and the concrete strength of the
pile body is C50. The thickness of backfill soil is 10-15m,
and the backfill material is mainly large-diameter broken
stone, with the maximum particle size of about 2.0 M. The
broken stone with a particle size more than 20 cm accounts
for about 50% of the backfill material.

In order to study the soil corrosion of the project, soil
samples were taken at the depth of 0.5, 0.6, and 0.6 m from
the surface of four measuring points before backfill and
buildings 5, 1, and 4 after backfill and the contents of
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Mg**, SO,”7, and Cl” and the pH value were measured.
The soil corrosion before and after backfill is shown in
Table 1 [21-24].

In order to study the groundwater corrosion of the site,
samples were taken from three measuring points on the sur-
face before backfilling and 3.7, 4.8, and 2.9 m below the sur-
face of no. 5, no. 1, and no. 4 buildings, respectively, after
backfilling. The contents of Mg2+, SO42’, and Cl” and the
pH value of groundwater were measured. The groundwater
corrosion before and after backfilling is shown in Table 2.

It can be seen in Tables 1 and 2 that the dredger fill
above the groundwater level before the site backfill belongs
to super saline soil and that chloride ion and sulfate ion have
strong corrosiveness to the structure and reinforcement. The
deep backfill above the groundwater level before backfill and
the site soil after backfill are all nonsaline soil, and the soil is
slightly corrosive to the reinforced concrete structure. The
proposed site before and after backfilling has strong corro-
sion to the reinforced concrete structure under the condition
of alternate action of dry and wet groundwater and long-
term immersion.

3.2. Concrete Raw Materials

3.2.1. Cement. p.II 52.5 Portland cement is used, the specific
surface area of cement is greater than 300 m°/kg and less
than 400 m”/kg, and the volume stability is qualified.

3.2.2. Fly Ash: Class F, Grade H, 45u. The residue of m
square hole sieve is not more than 12%, and the CaO content
is less than 10%.

3.2.3. Mineral Powder. S95 mineral powder with a specific
surface area of more than 350m’/kg and less than
450 m*/kg is used.

3.2.4. Sand. The sand is medium sand in zone II with a fine-
ness modulus of 2.6-3.0, with mud content of 2%, and mud
lump content of 0.5%.

3.2.5. Gravel. The gravel has an acicular particle content of
7%, clay content of 0.25%, and mud content of 1%.

3.2.6. Admixtures. The PCA-I polycarboxylate superplastici-
zer is used, the water reducing rate is 28%, and the bleeding
rate is less than 60%; SBT-ZX (II) is used as a corrosion
inhibitor for reinforced concrete. Ordinary and SBT-RMA
(II) concrete preservatives are used as preservatives. The
content of MgO is 2%, the corrosion resistance coeflicient
is 0.95, and the expansion coefficient is 1.2.

3.2.7. Water. The water is ordinary tap water.

3.3. Concrete Mix Proportion. According to the technical
requirements of [25-27], the theoretical mix proportion
index of cast-in-place pile concrete is proposed, as shown
in Table 3. Based on the theoretical mix proportion of the
cast-in-place pile, in order to study the influence of different
concrete raw material ratios on the durability of the pile
foundation, 7 groups of concrete samples were prepared
according to different water-cement ratios, rubber material
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TaBLE 1: Soil corrosion before and after backfilling.

Time Sampling location ~ Depth (m) ~ CI” (mgkg™)  Mg* (mgkg™') SO, (mgkg") PH Corrosion
S1 0 48031.51 4341.17 47161.62 7.59 Strong
S2 0 49123.15 4031.09 9643.86 7.42 St

Before backfilling r.ong
S3 0 88.44 22.35 158.85 7.33 Micro
S4 0 125.07 24.84 213.49 7.35 Micro
5% 0.5 74.55 40.37 194.88 7.42 Micro

After backfilling 1# 0.6 60.72 39.39 191.03 7.59 Micro
4# 0.6 75.98 37.60 252.49 7.60 Micro

TaBLE 2: Groundwater corrosion before and after backfilling.

Time Sampling location ~ Depth (m)  Cl” (mgkg™)  Mg* (mgkg™') SO, (mgkg") PH Corrosion
S5 0 43863.54 2266.99 4298.69 8.48 Strong

Before backfilling S6 0 43897.13 2272.95 4346.77 8.54 Strong
S7 0 43874.72 2269.33 4308.24 8.50 Strong
5% 3.7 34739.81 1739.67 411091 8.51 Strong

After backfilling 1# 4.8 41101.75 1551.85 3821.08 8.37 Strong
4# 29 36738.28 1724.10 4123.06 8.45 Strong

TaBLE 3: Mix proportion design index of the cast-in-place concrete pile.
Air Water-  Flyash ~ Mineral Amount of 28 d chloride Corrosion resistance
Strength ~ Slump . S .
rade (m) content cement content  powder rubber Admixture dlffuswr; coefficient of
& (%) ratio (%) content (%) material (%) system (m“/s)  compressive strength
Preservative
C50 200~220 3.0~3.6 0.32~0.34 15~20 30~40 >360 and rust <6 x 10-12 >0.90
inhibitor

dosage, fly ash dosage, and mineral powder dosage, as well as
whether to add admixture, ordinary admixture, and high-
efficiency admixture. The mix proportion and admixture
proportion of C50 concrete are shown in Table 4.

4. Test Method

Chloride diffusion coefficient and sulfate corrosion resis-
tance grade of cast-in-place pile concrete are two main
indexes to evaluate its durability. The compressive strength
of 7 groups of samples was tested at 7d and 28 d, to analyze
their mechanical properties. The nonsteady state rapid chlo-
ride migration (RCM) method was used to test the resistance
of concrete to chloride ion penetration for 28 days, and the
chloride ion diffusion coeflicient was calculated. On this
basis, accelerated tests with different evaluation periods are
carried out to test the sulfate resistance of concrete and the
compressive corrosion coefficient and mass loss rate are
calculated.

4.1. Evaluation of Chloride Resistance. In this test, 7 groups
of pile foundation concrete samples with different mix pro-
portions were prepared and the size was 100 mm x 100 mm
. The standard method was used for curing for 28 days,
and the resistance to chloride ion erosion was evaluated
according to [28, 29].

4.2. Evaluation of Sulfate Resistance. According to the tech-
nical requirements of [30], it takes 176 days to evaluate the
sulfate corrosion resistance of concrete. Considering the
urgency of the construction period, the indoor accelerated
test method is used to simulate the sulfate corrosion envi-
ronment. The compressive strength (corrosion resistance
coefficient) and weight loss rate of the specimen are tested
after 10, 20, and 30 cycles in each cycle, and the accelerated
test scheme of pile foundation concrete suitable for the ser-
vice environment of the project is proposed, as shown in
Table 5.

5. Analysis of Test Results

5.1. Analysis of Mechanical Properties of Concrete. The histo-
gram of compressive strength of concrete samples at differ-
ent ages shows that the influence of concrete raw materials
with different mix proportions on the concrete structure is
different. The compressive strength of concrete samples with
7 mix proportions at 14 and 28 days is shown in Figure 1.
It can be seen in Figure 1 that the 28d compressive
strength of seven groups of concrete samples has increased
by 29.0%, 42.0%, 39.6%, 50.0%, 34.7%, 52.2%, and 50.0%
compared with that of 14d. The 28d compressive strength
of the E6 group is the highest; the highest is 65.4 MPa, which
is 26 MPa higher than the 14d compressive strength. The
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TaBLE 4: Concrete mix proportion and specific gravity of admixture.
High-
Water- Amount of Crushed Fly Mineral General Efficient Common efficiency
rubber Cement  Sand . . rust
Number cement material  (kgm™) (kgm) stone  ash powder preservatives preservative inhibitor rust
ratio ,3 & & (kgm™) (%) (%) (%) (%) inhibitor
(kgm ™) (%)
(%)
E1 0.34 450 225 767 1016 30 0 0 0 0
E2 0.36 450 225 764 1010 30 0 0
E3 0.34 450 225 767 1016 24 10 2 0
E4 0.34 450 225 767 1016 24 0 10 2 2
E5 0.32 480 192 755 1001 40 0 0 0 0
E6 0.32 480 192 755 1001 35 10 0 2 0
E7 0.32 480 192 755 1001 35 0 10 0 2
TABLE 5: Accelerated test system of pile foundation concrete.

Evaluation Cgrmg Corrosion  Soaking Mfe chanism Drying Soaking L
cycle (d) time days (d)  solution of dry-wet  temperature temperature Evaluating indicator

Y (d) cycle (°C) (°C)

0,
44 14 30 10% Sgak 12}?’ 65 25
Na,SO, ry 12 The compressive strength (corrosion resistance
38 28 60 10% Soak 12 h, 40 15 coefficient) and weight loss rate of specimens
Na,SO, dry 12h were calculated after 10, 20, and 30 corrosion
5% Soak 16 h cycles
176 56 120 Na,S0, Dry 6h 80 20

80 -
[+
(=W
= 60 A
=
o
=]
o
2 40 -
£
g
g 20-
Q
Q
0 -

El E2 E3 E4 E5 E6 E7
Sample number

[ 14d
[ 28d

FiGure 1: Compressive strength of pile foundation concrete.

28d compressive strength of the E2 group is the lowest; the
lowest is 51.0 MPa. Compared with E2, the 28 d compressive
strength of the E6 group increased by about 30%. The com-
pressive strength of E6 mixed with the ordinary corrosion
inhibitor and preservative is 9.38% higher than that of E5
without, and that of E7 mixed with high-efficiency additive
is 6.25% higher than that of E5 without. The reason may
be that magnesium oxide in the ordinary corrosion inhibitor

and preservative makes expansion to improve compactness
and the pores and voids in concrete are filled by bubbles,
which reduces water consumption. The compressive
strength of concrete is improved. The difference of compres-
sive strength between E6 and E7 at the age of 14 and 28 days
is small, and the compressive strength of concrete at the age
of 28 days is higher than that of other groups, which indi-
cates that the admixtures can promote the growth of con-
crete strength at the later stage. Compared with the sample
E2, the water-cement ratio of E1 is smaller and the compres-
sive strength of concrete is higher, which indicates that the
water-cement ratio is one of the main factors affecting the
strength of concrete. When the water-cement ratio is
reduced by 0.02, the compressive strength of concrete is
increased by 5%. This is because reducing the water-
cement ratio properly can reduce the connected pores
formed by the excess water of cement hydration during the
solidification process, to achieve the purpose of improving
the strength of concrete.

Considering the economy and durability of the project, it
is recommended to select 450 kg/m’ glue material and the
water-glue ratio should not be higher than 0.34 for the prep-
aration of pile foundation concrete.

5.2. Chloride Penetration Resistance of Concrete. In view of
the special environment of the project, in order to better ver-
ify the antichloride ion erosion performance of mineral
powder, rubber material dosage, water-cement ratio, preser-
vative, and rust inhibitor, seven groups of concrete samples
with different mix proportions were tested for antichloride
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ion penetration at the age of 28 days to determine the chlo-
ride ion diffusion coeflicient. The test results are shown in
Figure 2.

It can be seen in Figure 2 that the water-cement ratios of
group E1 and group E2 with the same amount of adhesive
material of 450kg/m’ and without preservative and rust
inhibitor are larger and the chloride ion diffusion coefficient
is the largest at 28 days, with the maximum of 5.1 x 10—
12 m?/s, which is because the higher the water-cement ratio
is, the greater the porosity of the hardened concrete is, the
less dense the concrete is, and the chloride ion invades into
the concrete from the pores on the concrete surface. When
the chloride ion concentration reaches 0.17%-2.5%, the acid
environment required for chemical reaction is met and the
chloride ion is very easy to damage the passive film on the
steel surface and cause steel corrosion. The volume of Fe
(OH) 3 - 10h20 produced by the hydration of iron rust
(Fe,O;) increases to 10 times of the original, which leads
to the cracking of the reinforced concrete cover and seri-
ously affects the durability of concrete. For E5, E6, and E7,
the chloride diffusion coefficient of E5 mixed with 40% min-
eral powder is 3.5 at the same water-cement ratio and rubber
dosage. The chloride diffusion coefficient of E6 mixed with
common additive is 3.2. The chloride diffusion coefficient
of E7 mixed with high-efficiency additive is 3.1. The results
show that E7>E6 > E5, which indicates that the high-
efficiency preservative and rust inhibitor have better resis-
tance to chloride ion corrosion than the common type.
The addition of mineral powder can improve the chloride
ion permeability of concrete, which may be because slag
can make the early strength and density of concrete increase
rapidly, The more-dense concrete can prevent the invasion
speed of chloride ion and reduce the damage to the concrete
structure. The diffusion coeflicient of chloride ion in 28d of
concrete samples with seven ratios is <6 x 10-12 m?/s, meet-
ing the design requirements.

5.3. Sulfate Corrosion Resistance of Concrete. The compres-
sive strength ratios (compressive corrosion resistance coeffi-
cient) of 7 concrete samples with different proportions were
calculated after 10, 20, and 30 accelerated sulfate corrosion
tests after 30-120 days of corrosion in 10%, 10%, and 5%
Na,SO, solution, as shown in Figure 3.

It can be seen in Figure 3 that the compressive corrosion
coeflicient of E1-E5 concrete samples after 10 times of accel-
erated sulfate corrosion cycles is obviously higher than those
of 20 and 30 times of accelerated sulfate corrosion cycles,
which indicates that sulfate and cement hydration products
Ca(OH),, calcium silicate hydrate (C-S-H), and calcium sil-
icate hydrate (C-S-H) in concrete are closely related to each
other. The hydrated calcium aluminate (C-A-H) gel reacts to
produce a large amount of three sulfur-type hydrated cal-
cium sulphoaluminate and natural two water gypsum
(CaSO,. 2H,0) crystal inside the concrete structure, making
the early concrete structure more dense; the greater the com-
pressive corrosion coefficient, and the better sulfate corro-
sion resistance in the early stage. After 30 times of the
accelerated sulfate corrosion cycle, the compressive corro-
sion coefficient decreases sharply, which indicates that the

cl--Diffusion coefficient / *10-12 m2/s

E1 E2 E3 E4 E5 E6 E7

Sample number

F1Gure 2: Chloride diffusion coeflicient of pile foundation concrete
in 28 days.

corrosion products with weak cementation ability will be
formed and the water absorption expansion will damage
the cement concrete structure and reduce the sulfate corro-
sion resistance. Among them, the water-cement ratio of
group E2 is 0.36, the dosage of the glue material is
450kg/m>, and no preservatives and rust inhibitors are
added. After 10 accelerated sulfate corrosion cycles, the
compressive corrosion coeflicient is the highest, about 1.25.
After 30 sulfate dry-wet cycles, the compressive corrosion
coeflicient is the lowest; the lowest is 0.78, far less than the
design requirement of 0.9. There are many pores and cracks
in the concrete structure, SO,> is easy to invade into the
concrete, and the sulfate corrosion rate is the fastest. After
10, 20, and 30 times of sulfate drying and wetting cycles,
the compressive corrosion coefficients of E5 mixed with
40% mineral powder and 20% fly ash are 1.49, 0.9, and
0.88, which indicates that the addition of mineral powder
can enhance the sulfate corrosion resistance of concrete,
which is almost close to the design requirements. The reason
may be that the addition of mineral powder can effectively
reduce the content of C3A in the adhesive and consume
the excess hydration product Ca(OH),. After 10, 20, and
30 times of the accelerated sulfate corrosion cycle test, the
compressive corrosion coefficient of E6 was 1.0, 0.98, and
0.91. It can be seen that the compressive corrosion coeffi-
cient did not decrease significantly and was greater than
the design value of 0.9, indicating that the general preserva-
tive can improve the compactness by introducing magne-
sium oxide to make expansion and prevent crystal
expansion corrosion. The durability of concrete is obviously
improved. E7 uses the same proportion of the efficient cor-
rosion agent and rust inhibitor; after 10, 20, and 30 times
of the accelerated sulfate corrosion cycle, the measured com-
pressive corrosion coeflicients of the concrete pile founda-
tion are 1.0, 0.98, and 0.97, respectively. It can be seen that
the compressive corrosion coefficient is basically unchanged,
and compared with other groups, it has a higher corrosion
resistance coefficient and lower expansion coefficient. It is
indicated that the addition of high-efficiency admixture
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FIGURE 3: Accelerated sulfate corrosion 0 cyclic compressive
corrosion coefficient of pile foundation concrete.

ensures that the pile foundation concrete can resist both the
dilatation of crystal and the destruction of gel decomposi-
tion. From the point of view of compression and corrosion
resistance coefficient, concrete should be prepared with the
480kg/m’ cementitious material, 15% fly ash, 35% mineral
powder, and 0.34 water binder ratio. The test method of
concrete should meet the design requirements of the ks120
sulfate resistance grade. The mass loss rate of 7 groups of
concrete samples after 10 and 30 accelerated sulfate corro-
sion cycles is shown in Figure 4.

It can be seen in Figure 4 that the compressive corrosion
coeflicients of E2, E4, and E6 samples after 10 accelerated
sulfate corrosion cycles appear to be negative, which indi-
cates that the quality of concrete has increased, especially
when the water-cement ratio of E2 samples is the largest
and no additives are added; the concrete quality increases
by more than 15% after 10 accelerated sulfate corrosion
cycles. The reason may be that the higher the water-
cement ratio is, the less dense the concrete structure is, and
there are more pores. Sulfate ion invades into the concrete
through the pores and microcracks on the concrete surface,
forming insoluble calcium sulphoaluminate hydrate and
CaSO4 - 2H,0 crystals, which leads to the increase of the
concrete quality. After 30 accelerated sulfate corrosion
cycles, the quality losses of E1 and E2 concrete are very seri-
ous. The reason is that sulfate reacts with cement hydration
products in concrete to form ettringite and gypsum which
can degrade concrete. The internal stress caused by volume
expansion leads to cracking and erosion of concrete. At the
same time, sulfate reacts with cement hydration products
to destroy the chemical balance of the system, resulting in
the dissolution and decomposition of hydrate. The mass loss
rate of E7 concrete mixed with the high-efficiency preserva-
tive and rust inhibitor is 101% lower than that of E1 concrete
after 30 times of accelerated sulfate corrosion cycles. In the
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FIGURE 4: Mass loss rate of the accelerated sulfate corrosion cycle of
pile foundation concrete.

whole cycle, the mass of E7 concrete is almost unchanged,
which indicates that the density of concrete does not change,
the structure is not damaged, and the durability of concrete
is guaranteed after many times of sulfate corrosion cycles of
E7 concrete mixed with the high-efficiency preservative and
rust inhibitor.

6. Conclusion

(1) The E6 sample has the highest compressive strength
(65.4 MPa). The diffusion coefficient of chloride ion
in 28 days of 7 groups of samples is less than 6 x
1072 m?/s, meeting the design requirements. The
compressive corrosion coefficient of sample E7 is
basically unchanged due to the addition of the
high-efficiency preservative and rust inhibitor, and
the quality of sample E7 hardly changes during the
whole accelerated sulfate corrosion cycle

(2) Under the test conditions, the theoretical mix pro-
portion of pile foundation corrosion-resistant con-
crete suitable for the project is proposed: the
amount of glue material > 360 kg/m’, water-cement
ratio 0.32~0.34, fly ash 15%~20%, mineral powder
30%~40%, sand rate 38%~43%, adding preservatives,
rust inhibitor, and other additives

(3) The water-cement ratio is one of the main factors
that affect the compressive strength of concrete.
The addition of mineral powder can significantly
enhance the chloride resistance of concrete. An
appropriate amount of fly ash can enhance the anti-
sulfuric acid corrosion ability of the concrete cemen-
titious system. In general, the high-efficiency
preservatives and rust inhibitors are better than the
common ones
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(4) Based on the theoretical mix proportion of concrete,
the amount of various raw materials to meet the
durability requirements of the project is put forward:
480kg/m’ of glue, 0.34 of the water-cement ratio,
15% of fly ash, 40% of mineral powder, 10% of effi-
cient preservative, and 2% of efficient rust inhibitor
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