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Abstract. Oxygen diffusion has an important influence on the corrosion process of reinforced concrete 
structures. In the marine environment, concrete is subject to both fatigue loads and periodic drying-
wetting conditions. In this study, the oxygen diffusion performance of damaged concrete due to fatigue 
is studied under drying-wetting cycle condition, which is of great significance to the development of 
concrete durability theory. The pore structures of concrete specimens with different damage degrees 
after drying-wetting cycle were measured by nuclear magnetic resonance (NMR). The effects of drying-
wetting cycle and damage degree on pore structure were studied, and the oxygen diffusivity of damaged 
concrete before and after drying-wetting cycle was compared and analyzed. The results show that the 
pore size distribution curves of concrete specimens move to the smaller pores and the peaks decrease 
after 28 days of drying-wetting cycle. The proportion of gel pores (< 10 nm) increases and the 
proportion of medium and large capillary pores (10 - 1000 nm) decreases. After the drying-wetting cycle, 
the porosity of the damaged concrete specimens all decreased to certain degrees. It shows that the 
microstructure of the specimen is improved and the internal structure of concrete becomes more 
complex in the early stage of drying-wetting accelerated erosion. After the drying-wetting cycle, the 
oxygen diffusivity of all concrete specimens decreased, and the oxygen diffusivity of undamaged 
concrete decreased the most, about 10 times, but with the increase of damage degree, the reduction 
effect generally decreased. 

Keywords: Oxygen diffusion, Drying-wetting cycle, Fatigue damage, Concrete, Nuclear magnetic 
resonance. 

1 Introduction 
Oxygen diffusion in concrete cover affects the corrosion rate of steel bars (Zhou et al. 2018). 
In the periodic drying and wetting environment, harmful ions and gases are transported into the 
concrete quickly to reduce the durability of the structure. After drying-wetting cycles, the 
internal damage of concrete accumulates continuously under sulfate attack environment, which 
accelerates the performance degradation process. This is mainly due to the effect of erosion 
products such as ettringite and gypsum (Wang et al. 2012). Under the coupling effect of the 
drying-wetting cycle and load, the transport rate of chloride ions in concrete is much higher 
than that under soaking conditions (Fu et al. 2016). Few researches have been conducted to 
study the effect of the drying-wetting cycle on oxygen transport in concrete. 

Concrete is a porous material, and its internal pore structure has an important influence on 
oxygen transport (Zhou et al. 2021). In practical engineering, the internal pore structure of 
concrete is affected by the subjected load. The water and chloride ion transport properties in 
concrete are affected by axial tensile fatigue load. When the maximum load exceeds 30% of 
the ultimate load, the drying rate and chloride penetration rate in concrete will be significantly 
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accelerated (Fu et al. 2016, Huang et al. 2017). The ion diffusivity of damaged concrete can 
reach 20 times that of undamaged concrete (Kurumatani et al. 2017). Therefore, the coupling 
effect of environment and load should be considered when studying transport performance in 
concrete. This paper studies the oxygen diffusivity of fatigue-damaged concrete after drying-
wetting cycle and also explores the influence of fatigue damage degree and drying-wetting 
cycle on pore structure. 

2 Experimental Method 

2.1 Raw Materials and Specimen Preparation 
PI 42.5 Portland cement, well-graded river sand, natural gravel with a particle size of 5-20 mm 
and deionized water were used to produce concrete with mix proportion shown in Table 1. The 
dimension of the concrete specimens is 130 × 130 × 1200 mm. Four steel bars with a diameter 
of 12 mm were set at the corner of the specimen, extending 100 mm at both ends for later fatigue 
loading. The concrete specimens were cured at 20 ± 2 °C and 95% relative humidity for 28 
days. 

Table 1. Mix design of concrete (kg/m3) 

Cement Deionized water River sand Granite gravel 
360 191 720 1081 

2.2 Axial Tensile Fatigue Test 
The specimens were subjected to fatigue loading as shown in Figure 1. Sine wave load with 
frequency of 5 Hz and 50,000 cycles was applied. Five specimens with different loading levels 
(Table 2) were used, and unloaded specimen D1 was set as the reference. The ultimate fatigue 
strain of concrete specimens is basically a constant when fatigue failure occurs (Wei et al. 2016, 
Yadav and Thapa 2020). Therefore, the damage index of maximum fatigue strain (Zhu 2003) 
is used to characterize the damage degree of axial tensile fatigue damage concrete: 
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where 𝜀𝜀𝑟𝑟 is the fatigue strain of concrete specimens after n fatigue cycles, 𝜀𝜀0 is the fatigue strain 
of concrete specimens without fatigue damage, and 𝜀𝜀𝑟𝑟𝑟𝑟  is the cumulative fatigue strain of 
concrete specimens during fatigue damage. 

Table 2. Fatigue load for different specimens 

Specimen Load level Pmin（kN） Pmax（kN） 
D1 0% - - 
Y1 24%-36% 12 18 
Y2 30%-42% 15 21 
Y3 36%-48% 18 24 
Y4 42%-54% 21 27 
Y5 48%-60% 24 30 
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Figure 1. Device for fatigue experiment 

2.3 Drying-wetting Test 
The specimens without and with fatigue loading were cored with a diameter of 75 mm and a 
height of 130 mm. To achieve one-dimensional oxygen diffusion, the side of the cylinder was 
sealed with epoxy resin. For each cylinder, 6 pieces of 20 mm thick discs were cut out for the 
tests. They were immersed in 3.5% NaCl solution at 20°C. The drying-wetting cycle system 
with a total of 28 cycles and a cycle of 24 hours is shown in Table 3. 

Table 3. Drying-wetting cycle test system 

Solution Cycle period Drying time Wetting time Cycle number 
3.5%NaCl 24h 16h (T=50℃，RH=60%) 8h (T=20±2℃) 28 

2.4 Oxygen Diffusion Test 
Before the oxygen diffusion test, the specimens were dried to constant weight at 45 °C in a 
vacuum oven. The oxgen diffusivity was tested by an oxygen diffusion device (He et al. 2018). 
First, the test piece is placed between the two chambers, and then the air inlet valve of one side 
of the chamber is connected to the oxygen cylinder, and the air inlet of another chamber is 
connected to the nitrogen cylinder. An initial oxygen concentration gradient is formed between 
the two chambers so that oxygen diffuses one-dimensionally through the specimen under the 
action of the concentration gradient(He 2019). 

Assuming that the oxygen diffusion in concrete conforms to Fick's law, the oxygen 
diffusivity Dfe is derived from Equation (2). 

[ ] [ ]( )0
tD N C L dt Sfe

 = ∂ ∂ ⋅ ⋅∫  
                                                         (2) 

where ∂[C]/∂[L] is the concentration gradient of oxygen in the chamber on both sides of the 
specimen to be tested (mol·m-4); N is the amount of oxygen (mol) passed by the test piece in t 
time; S is the effective diffusion area (m2) of oxygen. 

Assuming that the oxygen concentration gradient inside the specimen is linearly distributed 
during the test (Dhir et al. 1995), the oxygen concentration gradient is calculated as 

[ ] ( )2 1C L C C L C L∂ ∂ = − = ∆                                                           (3) 
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where L is the thickness of the test piece (m); C1 is the oxygen concentration (mol·m-3) in the 
chamber of the low-concentration oxygen side at a certain time; C2 is the oxygen concentration 
(mol·m-3) in the chamber on the side of high-concentration oxygen at the same time. 

According to the measured oxygen concentration in the chamber, Equation (3) was used to 
obtain the concentration gradient at different diffusion time. The oxygen diffusivity was then 
calculated by Equation (2). 

2.5 Low-Field Nuclear Magnetic Resonance Test 
To characterize the pore structure of damaged concrete, 40 × 40 × 20 mm samples were cut in 
the central area of the specimens and then they were vacuum saturated for a low-field nuclear 
magnetic resonance test. 

3 Results and Discussion 
The pores in the internal structure of concrete are divided into four parts (Zhang et al. 2016, 
Zhang et al. 2018): gel pores (< 10 nm), medium capillary pores (10  -100 nm), large capillary 
pores (100 - 1000 nm) and air voids (> 1000 nm). 

3.1 Effect of Damage Degree on Pore Structure 
The measured pore size distribution is shown in Figures 2 to Figure 5. The comparison between 
Figure 2 and Figure 4 shows that before and after the drying-wetting cycles, the gel pores and 
medium capillary pores with a size range of 1-100 nm are the main components of the pores of 
concrete with different damage degrees. This result is consistent with the fact that the pore size 
of concrete is mostly concentrated in the medium pores (Luo and Niu 2019, Niu et al. 2019). 
As damage degree increases, the trends of volume change of pores large than 100 nm is not 
obvious. This may be due to the non-uniformity inside the concrete during the preparation of 
the sample. Because the degree of fatigue load damage is small, and the pore size distribution 
is mainly concentrated in the pore size range of 1-100 nm. Therefore, the following analysis is 
mainly based on the medium and small pores in this range. 

Figure 2 shows that before the drying-wetting cycles, the pore size corresponding to the peak 
value of the pore proportion of the concrete is in the range of 10-100 nm, and the peak value of 
the damaged concrete is greater than that of the undamaged concrete. Figure 3 shows that the 
pores of the concrete are concentrated in the range of pore size smaller than 100 nm before the 
drying-wetting cycles. With the increase of damage degree, the pores smaller than 100 nm in 
concrete increase, indicating that the damage is mainly reflected in the generation and 
expansion of medium capillary pores. This also confirms that the peak value of damaged 
concrete in Figure 2 is greater than that of undamaged concrete. When the damage degree is 
greater than 0.317, the pores larger than 100 nm in the concrete increase significantly with the 
increase of the damage degree, indicating that the number of coarse pores in the concrete 
increases when the damage degree is larger. 

The comparison between Figure 3 and Figure 5 shows that after wetting-drying cycles ,the 
distribution of gel pores with the degree of damage is similar to that of medium capillary pores 
before wetting-drying cycles. 
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Figure 2. NMR pore distribution                               Figure 3. NMR relative pore distribution  

                    before drying-wetting cycles                                            before drying-wetting cycles

           
Figure 4. NMR pore distribution                               Figure 5. NMR relative pore distribution  

                    after drying-wetting cycles                                            after drying-wetting cycles 

3.2 Effect of Drying-wetting Cycle on Pore Structure 
The comparison between Figure 2 and Figure 4 shows that after the drying-wetting cycles, the 
pore size distribution curve of the concrete specimen moves to the left and the peak value 
decreases. And the range of main pores in concrete changes from 10-1000 nm to 1-100 nm. 
Figure 4 shows that the maximum pore proportion of undamaged concrete specimens D1 after 
the drying-wetting cycles is roughly the same as that of damaged concrete specimens except S-
Y4. The pore size corresponding to the maximum pore proportion is roughly within 4-6 nm, 
which indicates that the pore size of undamaged concrete specimens after the drying-wetting 
cycles is close to that of some concrete specimens with lower damage degrees. The results in 
Figure 3 and Figure 5 indicated that after the drying-wetting cycles, the proportion of pores 
with a pore size smaller than 10 nm increases significantly, while the pores with a pore size of 
10-1000 nm decrease obviously. This can be explained by the blockage of some slightly larger 
capillary pores with a diameter of 10-1000 nm in the concrete, resulting in a larger proportion 
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of pores with a pore size smaller than 10 nm. This also proves that drying-wetting cycles change 
the internal microstructure of concrete, and promote the main pores to evolve into gel pores or 
small capillary pores. 

After the drying-wetting cycles, the porosity changes of the specimens are shown in Table 
4. After drying-wetting cycles, the porosity of all damaged concrete specimens decreased with 
varying degrees, indicating that the microstructure of the specimens after drying-wetting cycles 
will have a structural optimization process in the early stage of drying-wetting cycles. This is 
consistent with the decrease of porosity after drying-wetting cycles in the literature (Sun et al. 
2020, Díaz et al. 2008, Yang 2019). 

Table 4. Changes in porosity of specimens after drying and wetting cycles 

Specimen D1 YQ-1 YQ-2 YQ-3 YQ-4 YQ-5 
Porosity before cycle（%） 12.5921 13.2080 13.0187 12.5739 13.4868 13.9005 
Porosity after cycles（%） 10.8020 10.5402 11.4804 11.6156 11.9640 11.7837 

3.3 Oxygen Diffusivity before and after Drying-wetting Cycle 
The oxygen diffusivity of concrete specimens was obtained according to Equation (2) and 
Equation (3). Figure 6 shows that the oxygen diffusion coefficient of the specimen increases 
with the increase of the damage degree before the drying-wetting cycles. The test results are 
consistent with the order of magnitude of the gas diffusion coefficient obtained by other 
scholars (Andrade 2010). The oxygen diffusivity increases linearly with the damage degree 
increasing to 0.317 for concrete without drying and wetting cycles. When the damage degree is 
greater than 0.317, diffusivity increases faster with the damage degree. Combined with Figure 
3, it can be considered that when the damage degree is greater than 0.317, as the damage degree 
increases, the proportion of macropores (>100 nm) in the specimen increases, thus significantly 
increasing the oxygen diffusion coefficient. 

As shown in Figure 6, the variation of the oxygen diffusivity of concrete specimens with 
damage degree is not obvious after the drying-wetting cycles. After the drying-wetting cycles, 
the oxygen diffusivity of the damaged concrete decreases by about 3 to 7 times, and the oxygen 
diffusivity of the undamaged concrete decreases by about 10 times. With the increase of damage 
degree, the reduction effect is roughly decreasing. This is because the drying-wetting cycles 
optimize the internal structure of concrete, but the optimization effect is less obvious when the 
damage is relatively large. This may be explained by chloride binding effects (Díaz et al. 2008). 
After the drying-wetting cycles, the binding amount of Cl- reaches the upper limit, and the pores 
cannot be filled continuously. The pore structure of concrete will not change significantly. The 
increase in oxygen diffusivity is mainly due to the damage of the microstructure caused by the 
larger damage degree before the drying-wetting cycles. 
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Figure 6. Variation of oxygen diffusion coefficient after drying-wetting cycles 

4 Conclusion 
In this paper, the oxygen diffusion of damaged concrete under axial tensile fatigue load is 
studied. Combined with pore size distribution, the influencing mechanism of the oxygen 
diffusion coefficient of the damaged concrete structure before and after the drying-wetting 
cycles is analyzed. The main conclusions are as follows: 

- The damage degree of concrete increases with the increase of load level and is close to 
linear growth. The proportion of small and medium capillary pores increases first and 
then decreases with the increase of damage degree. 

- Before and after the drying-wetting cycles, the pores of the damaged concrete and the 
undamaged concrete specimens are distributed in the range of 1-100 nm. After the 
drying-wetting cycles, the pore size distribution curve of the concrete specimen moves 
to the left and the peak value decreases, and the proportion of gel pores increases 
significantly, and the proportion of medium and large capillary pores decreases. The 
porosity of all damaged concrete specimens decreased after drying-wetting cycles, 
indicating that the microstructure of the specimens after drying-wetting cycles will have 
a structural optimization process in the early stage of drying-wetting accelerated erosion, 
presenting as the main pores evolve into gel pores or small capillary pores. 

- The oxygen diffusion coefficient of the specimen increases with the increase of damage 
degree. After the drying-wetting cycles, the oxygen diffusion coefficient of different 
damaged concrete decreases, and the oxygen diffusion coefficient of undamaged 
concrete decreases most significantly, nearly 10 times. With the increase of damage 
degree, the reduction effect is generally decreasing. 
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