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Abstract. This paper establishes a quantitative design method for the durability of concrete
structures in cross-sea bridges through investigation, rapid chloride migration coefficient method
(RCM) and theoretical calculation, considering the impact of temperature on chloride ion diffusion
rates in a hot marine salt erosion environment. Combined with the RCM test and bridge service
data, a quantitative design method for bridge concrete durability is proposed. Test results show
that the growth rate of the chloride ion diffusion coefficient of concrete is approximately 1.028
for every 1 °C increase. For every 5 °C increase, the growth rate of the chloride diffusion
coefficient of concrete is about 1.15, and the cover depth of the concrete structure should be
multiplied by a coefficient of 1.07. Therefore, the concrete cover depth should be appropriately
increased, considering the influence of ambient temperature. Furthermore, fly ash, slag, and stone
powder can increase the concrete’s resistance to chloride corrosion. When the influence of
temperature on the chloride ion diffusion coefficient is considered, the durability design of the
concrete structure of the sea-crossing bridge is conducted, which is beneficial for ensuring their
service life.

Keywords: bridge engineering, hot ocean environment, chloride ion diffusion coefficient,
concrete cover depth.

1. Introduction

Numerous factors influence the durability of concrete structures in marine environments,
including environmental temperature, humidity, exposure position, and the concrete age [1-6].
According to the Code for Durability Design of Concrete Structures in Highway Engineering
(JTG/T3310-2019), it is a hot area where the annual average temperature exceeds 20 °C. The
“Guangdong-Hong Kong-Macao Greater Bay Area Climate Monitoring Bulletin” [7], jointly
issued by the meteorological departments of Guangdong, Hong Kong, and Macao indicates that
the average temperature has been above 21 °C from 1961 to 2021 in the Greater Bay Area, with
an annual increase of 0.03 °C. The average temperature in 2021 was 23.5 °C; in 2022, it was
22.7 °C. The temperature has remained above 22.5 °C in recent years, as shown Fig. 1.

It is crucial research focusing on the durability design of reinforced concrete structures [8-13].
The basic concept for designing the durability of concrete structures in a marine salt erosion
environment is as follows: first, the service life of concrete structures based on building category
and grade should be determined, then the concrete raw materials [14], concrete mix ratio
parameters, and quality control of concrete construction can be established by the quantitative
durability design of concrete structures [15-22]. The quantitative design aims to ensure concrete
structure durability by adjusting parameters such as water-binder ratio, concrete strength, and
protective layer thickness [23-27] (see Fig. 2).
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Fig. 1. The annual variation of average temperature in the Greater Bay Area from 1961 to 2021
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Fig. 2. Quantitative design diagram for the durability of reinforced concrete structures

Environmental condition

The design of marine concrete structures' durability relies primarily on engineering expertise
and qualitative analysis [28, 29]. Hence, ensuring the designed service life for concrete structures
poses a significant challenge. The commonly used Fick’s second law chloride ion erosion
model mainly considers two boundary conditions: the initial chloride ion concentration inside the
concrete structure and the chloride ion concentration on the surface. In accordance with the “Code
for Durability Design of Concrete Structures for Highway Engineering” (JTG/T 3310-2019), the
environmental category is classified as the offshore or marine chloride environment. The
determination is predominantly categorized into moderate, severe, very critical, and extremely
severe environmental effects, based on the investigation of the annual average temperature, the
hottest and coldest monthly average temperatures, the distance from the coastline, and the position
of the component in the seawater environment [30-34]. However, attaining this proves highly
challenging due to the lack of quantitative environmental effect indicators and the dearth of a
quantitative nexus between environmental effects and concrete durability indicators [35, 36].

Based on an analysis of the degradation mechanism of chloride corrosion in concrete, this
paper quantitatively assesses the influence of temperature on chloride corrosion. It takes
temperature, relative humidity, and chloride ion concentration as control parameters to establish
a quantitative index of the chloride corrosion environment. Then, the theoretical model of chloride
ion erosion, grounded on Fick’s second law, is modified by introducing correction coefficients for
temperature, relative humidity, chloride ion concentration, and other factors. Subsequently, a
practical prediction model for the analysis of chloride ion erosion of concrete is constructed. The
service life and durability design parameters of concrete structures in hot marine salt erosion
environments are quantitatively analyzed, and the validity and applicability of the method are
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verified by comparing the experimental data.
2. Materials and methods
2.1. Raw materials and mix proportion

The concrete strength grades are C30, C40, and C50, corresponding design water-binder ratios
0f 0.38, 0.36, and 0.31. The cement used is PI142.5 Portland cement produced by Yingde Conch
Cement Co., Ltd. The chemical composition of the cement, slag, and fly ash is presented in
Table 1. After testing, the indicators meet the product standards. Natural river sand is used as the
fine aggregate, while natural gravel with a particle size gradation of 5-25 mm and a maximum
particle size of 25mm is used as the coarse aggregate. Laboratory tap water is used as the mixing
water. The concrete mix design is shown in Table 2.

Table 1. Chemical composition of cement (%)

Chemical composition SOs3 SiO2 ALO; Fe203 Cao MgO | Na2O | K20
P-1142.5 2.9 22.11 5.12 4.23 64.11 0.87 0.45 0.21

Slag 0.89 31 14.2 2.08 40.95 7.75 - -

Fly ash 0.83 51.04 32.86 8.26 3.35 - 0.36 0.5

Table 2. Concrete mix proportion (kg/m?)

No. | Water-binder ratio | Cement | Slag | Fly ash Stone powder | Sand | Gravel | Water
A 0.31 350 130 0 0 702 1248 150
B 0.36 280 140 0 14.28 714 1116 156
C 0.38 155 90 120 0 764 1246 140

2.2. Test methods

The concrete was poured into moulds of ®100 mmx50 mm. The specimens underwent film
curing for 24 hours before moulding and were then removed after an additional 24 hours. Curing
occurred in a standard room at 20 °C£2 °C and a relative humidity of 95 %. After 28 days, testing
was conducted following GB/T 50082-2009, “Standard Test Method for Long-term Performance
and Durability of Ordinary Concrete.” The chloride ion diffusion coefficient of concrete was tested
under different temperature conditions (20 °C, 25 °C, and 30 °C), and the thickness of the concrete
protective layer was determined.

Considering the impact of temperature on the chloride diffusion coefficient [12], the
calculation equation is as follows:

E,/1 1
b =pyew| (7 -7)] g
re

where Dy and D are the chloride diffusion coefficient at Trof = 20 °C and T', respectively; E, is
the apparent activation energy, and it can be taken as 20 kJ/mol in the absence of experimental
data; R is the perfect gas constant, 8.31x1073 kJ/(mol-K-!).

Besides examining the impact of temperature on the chloride ion diffusion coefficient, we also
need to assess the effects of various factors, including cement composition, curing age, load, and
water-cement ratio, on the diffusion coefficient D of chloride ions [12]:

¢ () F@exp [ (ﬁ -l o @)
1+R ’

D=D0'

where ¢p(w/c) is the influence coefficient of water-cement ratio on chloride ion diffusion
coefficient of concrete. f (o) is the influence coefficient of load on chloride diffusion coefficient
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of concrete.

According to JT/T 985-2015, the durability requirements for concrete used in highway bridges
and culverts specify that the chloride diffusion coefficient should not fall below the values listed
in Table 3. By referencing the chloride ion diffusion coefficient [12] in Table 3, the chloride ion
diffusion coefficient at various temperatures can be calculated using Eq. (2). For instance, if the
average annual temperature is 22 °C and the maximum temperature in July and August exceeds
35 °C, it becomes essential to account for the effect of temperature on the durability of concrete
structures.

Table 3. The requirements of the chloride diffusion coefficient
Grades | III-C, III-D 1I-E 1I-F
Years 10050 or 3010050 or 30| 100 | 50 or 30

x10"2m%s| 8 10 5 7 4 5

The concentration of chloride ions in concrete varies with time and thickness of the concrete.
We have established the relationship between the concentration of chloride ions, time, and
position. The distribution of chloride ion concentration C(x, t) can be expressed as:

Clx,t) = Cy + (Cs — Co) [1 - erf(zjm)], 3)

where C, is the initial concentration of chloride ion in the concrete, Cg is the chloride ion
. . . 2 z _¢2
concentration on exposed surface of concrete, erf is the error function, erf z = = f 0 € dt.

According to the concentration distribution of chloride ion in concrete, the thickness of
concrete eroded by chloride ion can be calculated:

X = 2-\/D_t[1—erf_1 (C‘(g%);)éb)] 4)

When the chloride ion concentration on the surface of the steel bar in the concrete reaches the
chloride threshold value, the thickness of the protective layer of the concrete structure can be
expressed as:

¢ =2-VDt [1 —erf! (%)] )
S 0

3. Results and discussion
3.1. The effect of temperature on the diffusion coefficient

The chloride ion diffusion coefficient of concrete with different cementitious materials at
different ambient temperatures is shown in Table 4 and Fig. 3. When the water-binder ratio is
0.31, the chloride diffusion coefficient at 20 °C, 25 °C and 30 °C are 1.25x10'? m?/s,
1.48x107'2 m¥s, and 1.52x10°'2 m?%s, respectively. When the water-binder ratio is 0.36, the
chloride diffusion coefficient at 20 °C, 25 °C and 30 °C are 1.34x10'>m?/s, 1.63x10'2m?%/s, and
1.84x10'2 m?%/s, respectively. When the water-binder ratio is 0.38, the chloride diffusion
coefficient at 20 °C, 25 °C and 30 °C are 1.93x102 m?%/s, 2.25x1072 m?/s, and 2.7x10°'> m?%/s,
respectively. With the increase of temperature, the chloride ion diffusion coefficient increases
linearly. The calculated chloride diffusion coefficient is consistent with the experimental results,
and the growth slope can be expressed as:
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)

When the apparent activation energy and gas constant of concrete are 20 kJ/mol and
8.314 kJ/(mol-K™!) respectively, the growth rate of chloride ion diffusion coefficient of concrete
is about 1.028 for every 1 °C increase. For every 5 °C increase, the growth rate of chloride
diffusion coefficient of concrete is about 1.15, which can be easily used to calculate the thickness
of protective layer of concrete.

Table 4. The effect of temperature on the chloride diffusion coefficient.

Item The chloride diffusion coefficient / (1072 m?%/s)
20 °C 25°C 30 °C
A 1.25 1.48 1.52
B 1.34 1.63 1.84
C 1.93 2.25 2.70
—0O— Water-binder ratio of 0.38
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Fig. 3. The chloride diffusion coefficient at different temperatures

3.2. The effect of water-binder ratio on the diffusion coefficient

In this paper, three water-binder ratios of 0.31, 0.0.36 and 0.38 are studied. Fig. 4 shows the
relationship between the diffusion coefficient and the water-binder ratio. Under the given chloride
ion concentration and temperature, concrete's chloride ion diffusion coefficient increases with the
increase of the water-binder ratio. If the diffusion coefficient is the ordinate, the water-binder ratio
is the abscissa. The water-binder ratio significantly affects the concrete with fly ash and stone
powder, and the concrete with slag has little influence on the diffusion coefficient. The hydration
characteristics of various gelling materials can explain this difference in the analysis below.

3.3. The effect of mineral admixture on the diffusion coefficient

The researchers believe that slag and fly ash can improve the impermeability of concrete. From
the test data of this paper, it can be analyzed that slag and fly ash can reduce the chloride ion
permeability of concrete, which is a long-term process. In the test, the concrete specimens were
only cured for 28 days. The chloride ion erosion test of concrete was carried out, and fly ash, slag
and stone powder were not involved in the hydration process. The test data shows that adding
32.9 % fly ash when the water-binder ratio is 0.38 does not significantly differ from the test results
at 20 °C for water-binder ratios of 0.36 and 0.38, indicating that the addition of fly ash benefits
the resistance to chloride ion penetration of concrete. The water-binder ratio’s ability of resist
concrete chloride corrosion is greater than that of mineral admixtures. In Reference [37], the
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chloride diffusion coefficients of ordinary concrete, 20 % fly ash concrete, 40 % slag concrete and
5 % silica fume concrete were tested according to NT build 443 and NT build 492, respectively.
The results show that the addition of fly ash to high water-binder ratio concrete is not conducive
to improving impermeability, while the addition of fly ash to low water-binder ratio concrete can
improve its impermeability, as shown in table 5. Both 40 % slag and 5 % silica fume can improve
the impermeability of concrete. In reference [38], the chloride diffusion coefficient of concrete at
22 °C, 35 °C and 50 °C with a water-binder ratio of 0.4 and silica fume content of 5 % tested.
Compared with ordinary concrete, the chloride diffusion coefficient decreased by 52 %, 50 % and
51 %, respectively.

3.04
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Fig. 4. Chloride diffusion coefficient under different water-binder ratio

Table 5. Influence of mineral admixture on the diffusion coefficient [37]

c ot NT build 443 NT build 492
oncrete type w w w w w w
yp T=06 | =048 | =035 | =06 | 2=048  Z=035
Blank concrete 1 1 1 1 1 1
20 % Fly ash concrete 115.5% 156.4 % 40.2 % 113.7% 94.1 % 60 %
40 % Slag concrete 36.3% 108.8 % 38.7 % 38.1 % 86.8 28.7 %
5 % Silica fume concrete 424 86.8 % 38.1 % 28.7 % 48.4 % 16.1 %

Based on the results of this study, different types of mineral admixtures and water-binder ratios
have different effects on the resistance of concrete to chloride corrosion. Therefore, when the
thickness of the concrete protective layer is designed, it is necessary to select the appropriate
water-binder ratio and the type and content of mineral admixtures. In addition, good construction
technology is also a critical factor in ensuring the crack resistance and durability of concrete.

3.4. Example analysis and calculation

The Gaolangang Bridge of the Huangmaohai Sea Cross-sea Channel Project is situated in a
hot marine environment, specifically in a marine chloride environment. The calculation
parameters are presented in Table 6. The design service life is 100 years. With a water-binder ratio
of 0.31, the chloride ion diffusion coefficient is 1.25x107'2m?/s at 20 °C, 1.48x10> m?/s at 25 °C,
and 1.52x107'2m?/s at 30 °C. The chloride ion diffusion coefficient at 35 °C is calculated to be
1.86x107'? m?/s according to Eq. (1). In accordance with the “Code for Durability Design of
Concrete Structures in Highway Engineering” (JTG/T3310-2019), the chloride ion concentration
and critical chloride ion concentration on the concrete structure’s surface were used to calculate
the protective layer thickness of the box girder. The calculated thickness of the protective layer,
considering the influence of 25 °C or the maximum temperature of 30 °C, is presented in Table 7
and Fig. 5.

At 20 °C, the chloride ion erosion depth under different environmental action levels is less
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than the minimum protective layer thickness specified in the ‘Code for Durability of Concrete
Structures for Highway Engineering” (JTG T3310-2019). This suggests that when the box girder
reaches its 100-year design service life, chloride ions do not erode the surface of the stressed steel
bar, thus preventing steel bar corrosion. At environmental action level III-E, with a maximum
temperature of 35 °C, the calculated chloride ion erosion depth is 39.5 cm, which is only 0.5 mm
different from the design value of the concrete protective layer thickness of 40 mm. This suggests
that the specified minimum protective layer thickness no longer meets the durability design
requirements due to temperature effects. Thus, an increase in protective layer thickness or the
implementation of additional anti-corrosion measures is required.

Table 6. Parameters of concrete box girder and environmental conditions

Essential parameter Parameter value
Average temperature 20 °C \ 25 °C \ 30°C \ 35°C
Environmental Environmental category Offshore or marine chloride environment
parameter . 1I1-D
Environmental grade IILE
Component Concrete grades C50
performance The water-binder ratio 0.31
parameters Design service life (years) 100

Table 7. The chloride ion erosion depth and minimum protective layer thickness in the specification

Environmental Minimum protective M., M The chloride ion erosion depth (mm)
grade layer thickness (mm) (kg/m®) | (kg/m?) | 20°C | 25°C | 30°C | 35°C
11-D 35 1.5 2.400 17.0 18.5 18.7 20.7
1I-E 40 1.5 4.704 323 35.2 35.7 39.5

457 20°C - - Minimal protective

1 BR25°C cover thickness
40 R 30°C -

|

RS
XX
%

o%

depth of chloride ion corrosion(mm)

X%
X
oot

5
oot

S
%
totel
2%

€50 (35mm) €50 (40mm)

1I-D 1II-E

Classification of environment
Fig. 5. Compared with the calculated chloride ion erosion depth
and the minimum protective layer thickness in the specification

The design of the protective layer thickness of concrete follows Eq. (5). The environmental
action level remains constant, meaning that the chloride ion concentration on the concrete surface
equals the critical chloride ion concentration. The chloride ion diffusion coefficient of concrete at
a room temperature of 20 °C is already known. Considering the influence of ambient temperature
on the chloride ion diffusion coefficient, the growth rate of the chloride ion diffusion coefficient
can be calculated by Eq. (6). For every 5 °C increase, the growth rate of the chloride ion diffusion
coefficient is 1.15. The protective layer thickness of the concrete structure should be multiplied
by a coefficient of 1.07. When the temperature does not increase by 5 °C, the reduction coefficient
can be calculated through linear interpolation.
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4. Conclusions

This paper establishes a quantitative design method for the durability of bridge concrete based
on a deterioration mechanism model in a hot marine salt erosion environment, drawing from the
durability design methods. The following conclusions have been drawn:

1) The average temperature in recent years has been above 22.5 °C, and the temperature in the
vicinity exhibits a gradual upward trend over time, which is detrimental to the durability of
concrete structures. The impact of high ambient temperature on the durability of concrete in
sea-crossing bridges should be considered.

2) The test results show that the chloride diffusion coefficient rises linearly with the
temperature increasing from 20 °C to 30 °C. For every 5 °C rise, the growth rate of the chloride
ion diffusion coefficient is 1.15. In cases where the temperature does not increase by 5 °C, the
reduction coefficient can be calculated using linear interpolation.

3) Through analysis and calculation, this study shows that the thickness of the concrete
protective layer should be multiplied by a coefficient of 1.07 for every 5 °C increase in ambient
temperature.

4) Considering the quantitative design of the durability of concrete structures under hot marine
salt erosion, the durability design method may comprehensively include increasing the thickness
of the protective layer or implementing additional anti-corrosion measures to enhance the service
life of bridge concrete structural members.
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