Chloride penetration in reinforced concrete beams under combined sustained loading and drying-wetting cycles
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Abstract: In this work, the spatial and time-variant chloride distribution in reinforced concrete (RC) beams subjected to combined sustained flexural loads and cyclic drying-wetting action is studied. By means of digital image correlation (DIC) technique, the distribution and evolution of load-induced damage and cracks in beam specimens during four-point bending are mapped and quantified using a damage factor. The influence of damage and cracks on the chloride resistance of beams is elucidated and a numerical model to reproduce the chloride penetration in pre-cracked beams is proposed. The results show that the concrete in the pure bending zone of the beam has the highest rates of chloride ingress and reinforcement corrosion activity, followed by those in the support zone and combined shear-flexure zone. The regression analysis suggests that the apparent chloride diffusion coefficient of concrete increases exponentially, while the corrosion current density increases linearly, with the increasing magnitude of loads applied on the beams. The proposed model can reasonably predict the chloride profiles across the entire RC beams. 
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Introduction 
Chloride-induced corrosion of steel in reinforced concrete (RC) structures exposed to marine environment has been a serious and worldwide problem (Bertolini et al. 2013; Duprat 2007; Poupard et al. 2006). Understanding and modeling the chloride penetration into concrete are essential to the accurate service-life prediction of RC structures (Ahmad 2003; Kwon et al. 2009; Li et al. 2018; Maage et al. 1996). Over the past decades, extensive studies have been conducted on investigating the chloride ingress in structural concrete exposed to various environmental conditions (e.g., saturated (Fu et al. 2015; Zhang et al. 2010), drying-wetting cycles (Lu et al. 2015; Wu et al. 2016; Ye et al. 2012, 2016; Yu et al. 2015), salt-fog (Ye et al. 2016)). However, the majority of existing work merely focuses on chloride penetration in unstressed concrete or concrete under a simple uniaxial loading scheme (Ababneh et al. 2003; He et al. 2019; Ma et al. 2015). 

Depending on the magnitude of external loads, load induces microstructural alteration (elastic deformation and micro-cracks) or macroscopic cracks (Gerard et al. 1998; Gowripalan et al. 2000; Konin et al. 1998), both of which affects the chloride ingress in concrete and corrosion rate of reinforcing bars. Some works have been done on studying the effect of external loads on chloride penetration in concrete subjected to uniaxial compression (Guoping et al. 2011; Lim et al. 2000), tension (Fu et al. 2016; Guoping et al. 2011), and flexural loads (Al-Kutti et al. 2014; Fu et al. 2015; Zhang et al. 2018). According to the outcomes of a recent review (Hoseini et al. 2009), there exists a threshold value for the magnitude of applied stress or crack width (about 0.5-1.0 mm), below which the permeability and diffusivity change little or slightly decrease; otherwise, dramatic enlargement is observed. Some researchers further found that the ionic diffusivity of cementitious materials is primarily a function of crack volume fraction while the permeability is related to the cube of crack width (Akhavan 2012; Akhavan and Rajabipour 2012, 2017). However, the distribution of stress and cracks in concrete members are typically not uniform and more research is demanded on quantifying the effect of realistic patterns of stress or cracks on the chloride penetration in RC members. In the literature, few models are available to reasonably predict the chloride profiles in entire RC beams under sustained loads, mainly due to the challenge in quantifying the spatial damage distribution and its impact on chloride ingress. Also, although cyclic drying-wetting is widely acknowledged as one of the most unfavorable exposure conditions for RC members (Liu et al. 2016; Ma et al. 2014; Ye et al. 2012), few studies have ever looked into the combined effect of mechanical loads and drying-wetting actions on the chloride ingress in RC beams. 

The main objective of this study is to investigate the spatial distribution of chloride in the entire RC beams under sustained loads in cyclic drying-wetting conditions. The outcomes of this work are expected to provide quantitative information regarding the influence of realistic cracks and damage distribution of RC beams on the chloride transport properties of concrete, which can be further incorporated into the service-life prediction model of pre-cracked RC members. In addition, a numerical model to simulate the effect of crack and damage on the durability of loaded RC beams is proposed, which allows the determination of maximum allowable crack width in RC design codes and specifications that has a negligible impact on the durability of concrete. 

Materials and Methodology 
Materials
Ordinary portland cement (OPC) concrete beams with a dimension of 100 mm × 160 mm × 800 mm were prepared. Table 1 shows the mix proportion of concrete used in this study. The OPC was an ASTM C150 Type I equivalent cement with a Blaine fineness of 360 m2/kg. The fine aggregate was natural river sand with fineness modulus of 2.64 and the coarse aggregate was crushed limestone rocks with a maximum aggregate size of 20 mm and meeting the grading requirements of ASTM C33. The average compressive strength of hardened concrete on 150 mm cubes after 28d moist curing (90% RH, 20±0.5 ºC) was 57.76 MPa, measured per Chinese Standard GT/B 50081 (Test Method of Mechanical Properties in Ordinary Concrete 2002). Regarding the reinforcement, ribbed steel bars with a nominal diameter of 12 mm, ribbed steel bars with a nominal diameter of 8 mm, and 6 mm plain steel bars, were used as the longitudinal bars in tension, longitudinal bars in compression, and stirrups, respectively. The steel grade of all reinforcements is HPB300, which has a characteristic yield strength of 300 MPa, according to Chinses Standard GB 50010 (Code for design of concrete structures 2010). In total, 12 beams were prepared, 2 of which was used for damage field mapping and 10 of which were used for chloride analysis, as elaborated later. 

Preparation of specimens with sustained loads
The specimen configuration and detailed layout of the reinforcement in the RC beams are displayed in Figure 1. The beams were designed to fail in ductile mode with the rebar yielding and concrete crushing occur simultaneously. The thickness of concrete cover was 15 mm at all sides. The specimens were demolded after casting for 24 hours, followed by moist curing at 20 ℃ and 90% relative humidity for 28d. Afterwards, the beam specimens were loaded using a so-called ‘self-stressing system’ in a four-point bending scheme, as illustrated in Figure 2. The effective span of the beam specimen is about 700 mm and the distance between two middle loading points is 200 mm. Based on our previous studies (Fu et al. 2015, 2017), the magnitude of applied loading can be controlled by varying the compressed length of springs. Upon reaching the target magnitude of load, the load was sustained through tightening permanent screws onto the compressed springs. The potential loss of exerted loads due to stress relaxation and concrete creep were not considered. 

The average ultimate loading carrying capacity (Pu) of the RC beams was measured to be about 51.9 kN, while the first eye-visible crack initiation load was 16.9 kN, which is about 32.6% Pu. In order to investigate the effect of relative loading level on the damage development and chloride distribution of RC beams, various levels of loads were applied to beam specimens, including: 
(i) 0% Pu, i.e., load-free, as the reference; 
(ii) 16% Pu, load magnitude is 8.4kN, no eye-visible transverse cracks are formed; 
(iii) 24% Pu, load magnitude is 12.6kN, no eye-visible load-induced transverse cracks are formed;
(iv) 32% Pu, load magnitude is 16.8kN, eye-visible load-induced transverse cracks are formed, and 
(v) 40% Pu, load magnitude is 21.0kN, eye-visible load-induced transverse cracks are formed. 

DIC techniques for damage mapping 
The digital image correlation (DIC) technique was adopted to investigate the external load-induced damage and cracks distributions across the surface of beam specimens. The level of damage due to external loads is further linked to the chloride profiles in the beam specimens, illuminating the effect of loads on the chloride ingress and distribution in concrete beams. 

As introduced in the literature (Pan et al. 2009), the DIC method provides full-field in plan deformation field of the test planar specimen surface by comparing the digital images prior to and after loading. As illustrated in Figure 3, the basic principle of DIC method is to match the same pixels between two images recorded before and after deformation. In order to compute the displacements of point P, a square reference subset centered at point P from the reference image is chosen and used to track its corresponding location in the deformed image. Once the location of the target subset in the deformed image is found, the displacement components of the reference and target subset centers can be determined. The displacements are computed at each point of the virtual grids to obtain the full-field deformation. Correspondingly, the strain field can be calculated according to the deformation field. It should be noted that the damage distribution calculated using 2D images may not be identical to the actual damage distribution in 3D. Nevertheless, it assumes that the simplification using the 2D image to define the distribution of damage would not cause unreasonable prediction of damage levels, at least for comparative studies. 

Prior to the DIC imaging and data acquisition, the front surface of RC beam specimens was painted with a thin layer of plaster, followed by dotting black speckles of random diameter ranging from 0.1 to 0.3 mm, as shown in Figure 4 (a). The artificial surface treatment improves the measuring accuracy of DIC. During loading, two CCD cameras were applied with a shooting frequency of 1 image per minute. The relative displacement and strain were calculated using VIC-3D software (Correlated Solutions company) with a calculation step of 10 pixels and pixel length of 0.3 mm. 

The simply-supported RC beams with an effective span of 700 mm were four-point loaded (see Figure 4(b)), which is consistent with the beams loaded with the aforementioned ‘self-stressing system’. The two external loading points were applied at the middle interval of 200 mm in the beams, resulting in three zones of different stress condition, i.e., pure bending zone, combined shear-flexure zone, and support zone. The loads were gradually applied at an interval of 5% of the estimated loading capacity of RC beams, during which the potential eye-visible cracks formation were examined and recorded to capture to first-crack initiation load (16.9 kN). 

On the back side of the RC beams (see Figure 4(c)), strain gauges were attached to measure the strain development during loading and these results were used to calibrate the strain field measured by DIC technique. Based on the preliminary investigation, it was found that the strain values measured from the strain gauge and DIC show an increasing discrepancy with the increase of external loads. It was believed that the strain measured by strain gauge has higher accuracy and precision than those measured by DIC. As such, the strain field determined from DIC was calibrated against the results from the strain gauge and corrected by a constant. In particular, when the exerted load was 16% Pu, 24% Pu, 32% Pu, and 40% Pu, the strain components at a point of the beams measured by DIC were divided by 1.25, 1.30, 1.06, and 1.17, respectively. This post-treatment of measured strain fields on beam specimens by DIC allows a more accurate estimation of the quantitative effect of load-induced damage on chloride profiles. 

It should be noted that this study assumes that the damage distribution is comparable between the DIC beams and self-stressed beams, under which condition the damage information obtained from the DIC beams can be correlated to the chloride profiles in the self-stressed beams. However, although beam specimens were cast from the same bath and loaded to the same magnitude, the damage distribution pattern may vary due to the stochastic nature of fracture process and materials variability of concrete. Nevertheless, it is reasonable to assume that the overall level of damage in beams would be similar, and this assumption is at least useful to quantify the level of external loads on the chloride profiles in beams.

Chloride penetration 
The specimens with various levels of loads sustained by the ‘self-stressing system’ were exposed to an artificial cyclic drying-wetting condition. The front and back surfaces of the beam specimens were coated, thus allowing the chloride ingress merely from the tensile and compressive sides of the beam. Each drying-wetting cycle was lasted for 48 hours, comprising of immersion in a 5% (by mass) NaCl solution at 50 ºC for 24 hours, followed by atmospheric drying at 50% relative humidity, 50 ºC for 24 hours. After 15 and 30 drying-wetting cycles (i.e., 30d and 60d), seven positions at an interval of 100 mm (denoted as M, L/R100, L/R200, L/R300, in which M: middle section; L: left side of the middle section; R: right side of the middle section; the number after L/R indicates the distance in mm) on the tensile side of the beams were drilled, as shown in Figure 5. The compressive side of beams was not analyzed. For each drilling position, 8 depths at an interval of 5 mm and up to 40 mm were sampled. It should be noted that M and L/R100 indicate the regions of pure bending zone, L/R200 indicate the regions of combined shear-flexure zone, and L/R300 indicate the regions of support zone. 

The total chloride concentration of sampled concrete powders was measured by using the Rapid Chloride Tester (Germann Instruments) and expressed in wt.% of the concrete (i.e., Cl mg per g of concrete). Prior to chloride analysis, the powder samples passing through 0.25 mm sieve were oven dried at 105 ± 5 ℃ for 2 hours. The apparent chloride diffusion coefficient of concrete,, and the surface chloride content, , can be obtained by fitting the measured chloride profiles against Eq. (1) using the least-squares regression method (Mangat and Molloy 1994): 
		(1)


In which,  is chloride ions concentration at depth x at time t;  is the error function. 

Corrosion current density 
During the exposure in the cyclic drying-wetting condition, the corrosion current density of the longitudinal rebars in tensile sides of RC beams was measured using the linear polarization method, as shown in Figure 6. In particular, the longitudinal steel bar served as the working electrode, a stainless steel plate was an auxiliary electrode, and SCE (saturated calomel electrode) was the reference electrode. Since two longitudinal steel bars were present on the tensile side of the beams, the corrosion current density of both bars was measured and averaged. In addition, given that the corrosion current density of steel bar varies along the longitudinal direction of the specimens, seven positions were measured, including, M, L/R100, L/R200, and L/R300. The polarization voltage and scanning rate were set to 20 mV and 0.166 mV/s, respectively.

Experimental Results and Discussion 
Damage factor
Figure 7 shows the DIC-acquired normal strain distribution in the horizontal direction, , of a representative beam specimen subjected to various levels of external load, i.e., 0%, 16%, 24%, 32%, and 40% of ultimate load carrying capacity (Pu). With the increase of loads up to 24% Pu, the magnitude of stress generally increases and forms stress concentrating cloud region at the tensile side of beam specimen. The micro-cracks seem to be initiated in beams under 24% Pu. As the external load is below ~32% Pu, few eye-visible macro-cracks are formed, and thus concrete may be damaged due to the formation of micro-cracks. With the further increase of load up to 40% Pu, the stress highly concentrates at a few regions, accompanied with the stress release in the regions surrounding crack intervals, which suggests the generation of transverse macro-cracks. On the other hand, the normal stress in the vertical direction, , and shear stress,, also increase with the increase of exerted loads, but with a highly heterogeneous distribution (not shown). 

Based on the strain fields acquired by DIC technique, the level of damage at a point can be computed and the damage field can be mapped. The damage factor, d, is introduced to quantify the level of damage at a point on the 2D plane of the RC beams, as elaborated later. 

In regard to concrete damaged under uniaxial loading, the expression for damage factor under uniaxial tension and uniaxial compression are different. The damage factor of concrete under uniaxial tension, , is (Code for design of concrete structures 2010): 
	
                                         (2)
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In which,is the strain of concrete under uniaxial tension; is a constant;  is the tensile strength of concrete under uniaxial load; is the peak tensile strain corresponding to the ; Ec is the modulus of elasticity of concrete. The values for  and  can be determined based on the , according to Table 2. 

The damage factor of concrete under uniaxial compression, , is (Code for design of concrete structures 2010): 

                                              (4)
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In which, is the strain of concrete under uniaxial compression; is a constant;  is the compressive strength of concrete under uniaxial load; is the peak compressive strain corresponding to the . The values for and can be determined based on , according to Table 3. 

Figure 8 shows the relationship between the damage factor, d, and (uniaxial) strain of concrete adopted in this study. It can be seen that subjected to uniaxial tension, concrete is completely damaged (i.e., d = 1) as the strain reaches about 0.5  10-3; however, subjected to uniaxial compression, concrete is completely damaged as the strain reaches 4  10-3. However, the DIC provides the planar strain field on the surface of loaded beam specimens, which can be further used to compute the principal strain ( and ) field, using (Timoshenko 1940): 

                                              (6)
                                              (7)
In which,  is the normal strain in the horizontal direction;  is the normal stress in the vertical direction;  is the shear stress. 

The damage factor, d, in a point of the planar beam is defined as: 
                                     (8)
In which di represents the damage factor in the principal stress direction of concrete, calculated based on Eq.s (2) or (4). For concrete under triaxial stress state, the d can be calculated using: 

                                                (9)
Figure 9 displays the damage field of beam specimen subjected to various levels of load, based on the strain field acquired by the DIC technique. It can be seen that in the pure bending zone, there exist some areas with the damage factor being unit, suggesting the presence of load-induced transverse cracks. The quantification of damage factor across the entire beams allows the simulation of chloride penetration in beams if the quantitative relation between d and chloride diffusion coefficient is given. 

Chloride profiles 
Figure 10 shows the chloride profiles along the penetration depth of beam specimens after 30d and 60d drying-wetting cycles. It can be seen that the chloride distribution is not homogenous across the span of the beam at the same depth, which clearly indicates the noticeable influence of external loads on chloride penetration and distribution. At the same penetration depth, the chloride content tends to be higher at the middle span which is subjected to pure bending than those in combined shear-flexure zone and support zone. This finding is in consistency with the distribution of corrosion level of longitudinal steel bar in RC beams, which is attributed to the formation of cracks that accelerates chloride ingress (Fu et al. 2017; Ye et al. 2018). However, under some circumstance, for instance, the beam specimens loaded with 40% Pu and subjected to 30d drying-wetting cycle, the chloride content is highest at the support region (i.e., L300), particularly within the concrete cover range (within 15 mm). This may be attributed to the significant surface damage caused by the locally concentrated support reaction. It should also be noted that the chloride distribution profiles are merely acquired on 7 selected positions of the beam specimens. The positions acquired in the pure bending zone are not necessarily the positions where transverse cracks are formed. In addition, chloride ingress into concrete shows randomness nature due to the random distribution of aggregate particles (Angst and Polder 2014). As such, it is not surprising to observe that the chloride content is occasionally low at the pure bending zone. 

Figure 11 shows the positive correlation between the apparent chloride diffusion coefficient and the level of external load applied to the beam specimens. The regressive equation is established for concrete located at three different loading regions (i.e., pure bending, combined shear-flexure, and support zones). It can be seen that regardless of the location of concrete, the apparent diffusion coefficient increases exponentially with the increase of external loads. By analyzing the fitted parameters in the exponential equation, it shows that the pure bending zone is most sensitive to loading, followed by the support and combined shear-flexure zones. The proposed regressive equations could be used to estimate the general effect of sustained loads on the chloride diffusion coefficient, but incapable of differentiating the influence on concrete subjected to different stress conditions. On the other hand, regardless of loading condition, the apparent chloride diffusion coefficient of concrete increases with age due to continued cement hydration (Luping and Gulikers 2007). 

Corrosion current density
Figure 12 shows a positive correlation between the average corrosion current density of the longitudinal steel bars and the magnitude of external load applied on the beam specimens. The corrosion current density of steel bars increases linearly with the loading magnitude. It shows that under the same magnitude of the external load, the corrosion current rate of steel is highest in the pure bending zone, consistent with the distribution of chloride content and residual cross-sectional area of corroded steel along the beam span in the tensile side (Fu et al. 2017). 

Numerical Simulation 
Moisture diffusion  
Based on the conservation law, the diffusion governing equation of moisture can be described as (Bear and Bachmat 2012): 
                                                         (10)

In which,  is the volume fraction of pore water in concrete; t is the time;  is the moisture diffusivity, which varies as a function of  and drying or wetting process (Leech et al. 2003), 
                            
                                          (11)
During the wetting process,  is expressed as: 
                                                 (12)

In which, is the moisture diffusivity of concrete in complete dry condition (i.e., );  is a regression constant and can be approximately set to 6.  
During the drying process,  is expressed as (Wong et al. 2001):
                       
                                     (13)


In which,  is the moisture diffusivity of concrete at a condition of ; ,, andare constants, and the value can be taken as , ,. 

Chloride ingress 
The flux of chloride ingress into concrete is the sum of flux due to chloride diffusion as a result of concentration gradient and convection associated with moisture diffusion (Saetta et al. 1993): 
                                                         (14)

In which is the total flux of chloride ingress; is the flux of chloride ingress due to diffusion; is the flux of chloride ingress due to convection. 
According to Fick’s second law (Bear and Bachmat 2012), 
                                                         (15)
In which, is the chloride diffusivity of concrete; is the free chloride content of concrete. The free chloride concentration in the pore solution of concrete, , can be linked to the  through (Ababneh et al. 2003; Saetta et al. 1993): 
                                         (16)

In which,  and are the density of concrete and pore solution, respectively;  is the volume of concrete;  is the ratio of converting the volume of pore solution to the weight of concrete. As such, 
                                          (17)

As a result, based on the law of mass conservation, the governing equation for chloride ingress into unsaturated concrete can be expressed as (Ababneh et al. 2003; Saetta et al. 1993): 
                               (18)


Chloride diffusivity
The chloride diffusivity of concrete,  , is influenced by a number of parameters, including the temperature, time, and level of damage (Thomas and Bentz 2001; Wang et al. 2011): 
                           
                                 (19)
In which, is the reference chloride diffusion coefficient of undamaged concrete. The first factor,, accounts for the effect of temperature on the chloride diffusion coefficient, which can be described as Arrhenius’ law (Martin-Perez et al. 2001; Saetta et al. 1993; Tang and Nilsson 1996): 
		(20)
In which  and  are the reference and current temperature, respectively; R is the gas constant; is the activation energy of the diffusion process. 

The second factor,, accounts for the effect of concrete age on chloride diffusion coefficient, which gradually decreases porosity and limit chloride diffusion (Poulsen 1993): 
		(21)
In which is the reference age (28d); t is the exposed time; m is the index to express the reducing speed of chloride diffusivity with time;  is the time when diffusivity is assumed to be constant and generally set as 30 years.

The third factor, , accounts for the effect of damage on chloride diffusion coefficient, can be expressed as (Xi and Nakhi 2005): 
                                                    (22)
In which d is the damage factor; is the chloride diffusion coefficient of pore solution in concrete. 

Comparison of experimental and numerical results
Figure 13 shows the simulated chloride distribution in the RC beam specimens under various levels of external loads subject to 60d drying-wetting cycles. The material parameters adopted in the simulation are listed in Table 4. It can be seen that the distribution of chloride ions is not homogenous at the same penetration depth but noticeably influenced by the damage distribution of concrete. 

Figure 14 shows the detailed chloride profiles at the cover depth of 15 mm and 30 mm of RC beam after 30d and 60d cycles. It shows that the difference of highest and lowest chloride content at the same penetration depth tends to increase with the increase of exposure duration and depth, as well as loading magnitude. The standard deviation, , of the chloride contents at the same penentration depth across the beam span can be set as an indicator for the chloride variation due to external loading. With the increase of external load from 16% to 40% Pu, the  is increased from 0.048 to 0.066 for concrete at the depth of 15 mm after 30d cycles; but is increased from 0.023 to 0.064 for concrete at the depth of 30 mm after 30d cycles. 

Figure 15 compares the simulated measured chloride profiles in RC beams. Although some discrepancies exist between the simulated and measured profiles, they are generally in reasonable agreement. There are a number of factors that could cause those discrepancies, including the randomness of cracking position in the bent beam specimens, selected sampling position and measuring errors from the DIC technique. Further improvement could be achieved if DIC damage mapping and chloride penetration tests could be conducted on identical beam specimens. It should be noted that although the findings reported here is from the tests of beams with one specific geometry, concrete properties, and reinforcement arrangements, the outcomes of this study can provide useful information regarding the general impacts of loading levels on the chloride profiles in beams. For RC beams with other Pu, the influence of relative level of loads (rather than the absolute loading magnitude) on the chloride penetration behaviors in beams can be estimated based on the models proposed in this work. 

Conclusions
This paper studies the spatial and time-variant chloride distribution across the entire pre-cracked RC beams exposed to drying-wetting cycles. Both experimental and numerical investigation was conducted to illuminate the influence of sustained loads on the chloride penetration into concrete beams. Following conclusions can be drawn based on this study: 

(1) Based on the DIC techniques, the damage fields of four-point loaded RC beams can be mapped and linked to the chloride profiles of the specimens. The apparent chloride diffusivity of concrete beams increases exponentially with the increase of external loads, depending on the location of beams. 

(2) The concrete in the pure bending region of RC beams is most influenced by the external loads due to the generation of transverse cracks and damage, followed by support region and combined shear-flexure region. 

(3) A new approach to quantify the damage distribution in RC beams during loading is introduced, based on the continuous damage mechanics and DIC techniques. 

(4) The proposed numerical model can reasonably predict the distribution of chloride profiles across the beams, based on the damage factor field acquired by the DIC technique.

Acknowledgments 
The authors would like to thank the financial support from the National Natural Science Foundation of China (Project number: 51678529, 51578497, and 51808475) and the Hong Kong Research Grants Council (Project number: 27204818). Any opinions, findings and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the sponsors. 

References 
Ababneh, A., Benboudjema, F., and Xi, Y. (2003). “Chloride penetration in nonsaturated concrete.” Journal of Materials in Civil Engineering, American Society of Civil Engineers, 15(2), 183–191.
Ahmad, S. (2003). “Reinforcement corrosion in concrete structures, its monitoring and service life prediction––a review.” Cement and concrete composites, Elsevier, 25(4–5), 459–471.
Akhavan, A. (2012). “Characterizing Saturated Mass Transport In Fractured Cementitious Materials.” The Pennsylvania State University.
Akhavan, A., and Rajabipour, F. (2012). “Quantifying the effects of crack width, tortuosity, and roughness on water permeability of cracked mortars.” Cement and Concrete Research, Elsevier, 42(2), 313–320.
Akhavan, A., and Rajabipour, F. (2017). “Quantifying permeability, electrical conductivity, and diffusion coefficient of rough parallel plates simulating cracks in concrete.” Journal of Materials in Civil Engineering, American Society of Civil Engineers, 29(9), 4017119.
Al-Kutti, W. A., Rahman, M. K., Shazali, M. A., and Baluch, M. H. (2014). “Enhancement in chloride diffusivity due to flexural damage in reinforced concrete beams.” Journal of Materials in Civil Engineering, American Society of Civil Engineers, 26(4), 658–667.
Angst, U. M., and Polder, R. (2014). “Spatial variability of chloride in concrete within homogeneously exposed areas.” Cement and concrete research, Elsevier, 56, 40–51.
Bear, J., and Bachmat, Y. (2012). Introduction to modeling of transport phenomena in porous media. Springer Science & Business Media.
Bertolini, L., Elsener, B., Pedeferri, P., Redaelli, E., and Polder, R. B. (2013). Corrosion of steel in concrete: prevention, diagnosis, repair. John Wiley & Sons.
Code for design of concrete structures. (2010). “Code for design of concrete structures.” Ministry of Housing and Urban-Rural Development of the People’s Republic of China.
Duprat, F. (2007). “Reliability of RC beams under chloride-ingress.” Construction and Building materials, Elsevier, 21(8), 1605–1616.
Fu, C., Jin, N., Ye, H., Jin, X., and Dai, W. (2017). “Corrosion characteristics of a 4-year naturally corroded reinforced concrete beam with load-induced transverse cracks.” Corrosion Science, Elsevier Ltd, 117, 11–23.
Fu, C., Jin, X., Ye, H., and Jin, N. (2015). “Theoretical and Experimental Investigation of Loading Effects on Chloride Diffusion in Saturated Concrete.” Journal of Advanced Concrete Technology, 13(1), 30–43.
Fu, C., Ye, H., Jin, X., Yan, D., Jin, N., and Peng, Z. (2016). “Chloride penetration into concrete damaged by uniaxial tensile fatigue loading.” Construction and Building Materials, Elsevier Ltd, 125, 714–723.
Gerard, B., Pijaudier-Cabot, G., and Laborderie, C. (1998). “Coupled diffusion-damage modelling and the implications on failure due to strain localisation.” International Journal of Solids and Structures, Elsevier, 35(31–32), 4107–4120.
Gowripalan, N., Sirivivatnanon, V., and Lim, C. C. (2000). “Chloride diffusivity of concrete cracked in flexure.” Cement and Concrete research, Elsevier, 30(5), 725–730.
Guoping, L., Fangjian, H., and Yongxian, W. (2011). “Chloride ion penetration in stressed concrete.” Journal of materials in civil engineering, American Society of Civil Engineers, 23(8), 1145–1153.
He, R., Ye, H., Ma, H., Fu, C., Jin, X., and Li, Z. (2019). “Correlating the Chloride Diffusion Coefficient and Pore Structure of Cement-Based Materials Using Modified Noncontact Electrical Resistivity Measurement.” Journal of Materials in Civil Engineering, American Society of Civil Engineers, 31(3), 4019006.
Hoseini, M., Bindiganavile, V., and Banthia, N. (2009). “The effect of mechanical stress on permeability of concrete: a review.” Cement and Concrete Composites, Elsevier, 31(4), 213–220.
Konin, A., Francois, R., and Arliguie, G. (1998). “Penetration of chlorides in relation to the microcracking state into reinforced ordinary and high strength concrete.” Materials and structures, Springer, 31(5), 310–316.
Kwon, S. J., Na, U. J., Park, S. S., and Jung, S. H. (2009). “Service life prediction of concrete wharves with early-aged crack: Probabilistic approach for chloride diffusion.” Structural Safety, Elsevier, 31(1), 75–83.
Leech, C., Lockington, D., and Dux, P. (2003). “Unsaturated diffusivity functions for concrete derived from NMR images.” Materials and Structures, Springer, 36(6), 413.
Li, D., Xiong, C., Huang, T., Wei, R., Han, N., and Xing, F. (2018). “A simplified constitutive model for corroded steel bars.” Construction and Building Materials, Elsevier, 186, 11–19.
Lim, C. C., Gowripalan, N., and Sirivivatnanon, V. (2000). “Microcracking and chloride permeability of concrete under uniaxial compression.” Cement and Concrete Composites, Elsevier, 22(5), 353–360.
Liu, P., Yu, Z., Lu, Z., Chen, Y., and Liu, X. (2016). “Predictive convection zone depth of chloride in concrete under chloride environment.” Cement and Concrete Composites, Elsevier, 72, 257–267.
Lu, C., Gao, Y., Cui, Z., and Liu, R. (2015). “Experimental analysis of chloride penetration into concrete subjected to drying–wetting cycles.” Journal of Materials in Civil Engineering, American Society of Civil Engineers, 27(12), 4015036.
Luping, T., and Gulikers, J. (2007). “On the mathematics of time-dependent apparent chloride diffusion coefficient in concrete.” Cement and concrete research, Elsevier, 37(4), 589–595.
Ma, H., Hou, D., and Li, Z. (2015). “Two-scale modeling of transport properties of cement paste: Formation factor, electrical conductivity and chloride diffusivity.” Computational Materials Science, Elsevier, 110, 270–280.
Ma, H., Hou, D., Lu, Y., and Li, Z. (2014). “Two-scale modeling of the capillary network in hydrated cement paste.” Construction and Building Materials, Elsevier, 64, 11–21.
Maage, M., Helland, S., Poulsen, E., Vennesland, O., and Carl, J. E. (1996). “Service life prediction of existing concrete structures exposed to marine environment.” Materials Journal, 93(6), 602–608.
Mangat, P. S., and Molloy, B. T. (1994). “Prediction of long term chloride concentration in concrete.” Materials and structures, Springer, 27(6), 338.
Martin-Perez, B., Pantazopoulou, S. J., and Thomas, M. D. A. (2001). “Numerical solution of mass transport equations in concrete structures.” Computers & Structures, Elsevier Science, 79(13), 1251–1264.
Pan, B., Qian, K., Xie, H., and Asundi, A. (2009). “Two-dimensional digital image correlation for in-plane displacement and strain measurement: a review.” Measurement science and technology, IOP Publishing, 20(6), 62001.
Poulsen, E. (1993). “On a model of chloride ingress into concrete, Nordic Miniseminar-Chloride Transport.” Department of Building Materials, Chalmers University of Technology, Gothenburg, 1–12.
Poupard, O., L’hostis, V., Catinaud, S., and Petre-Lazar, I. (2006). “Corrosion damage diagnosis of a reinforced concrete beam after 40 years natural exposure in marine environment.” Cement and concrete research, Elsevier, 36(3), 504–520.
Saetta, A. V, Scotta, R. V, and Vitaliani, R. V. (1993). “Analysis of chloride diffusion into partially saturated concrete.” Materials Journal, 90(5), 441–451.
Tang, L., and Nilsson, L. O. (1996). “Service life prediction for concrete structures under seawater by a numerical approach.” Durability of building materials and components, 7(1), 97–106.
Test Method of Mechanical Properties in Ordinary Concrete. (2002). Chinese Standard GT/B 50081. Standard.
Thomas, M. D. A., and Bamforth, P. B. (1999). “Modelling chloride diffusion in concrete: effect of fly ash and slag.” Cement and Concrete Research, Elsevier, 29(4), 487–495.
Thomas, M. D. A., and Bentz, E. C. (2001). “LIFE-365, service life prediction model, computer program for predicting the service life and life-cycle costs of reinforced concrete exposed to chlorides.” University of Toronto.
Timoshenko, S. (1940). Strength of materials Part 1. D. Van Nostrand Co., Inc.
Wang, H., Lu, C., Jin, W., and Bai, Y. (2011). “Effect of external loads on chloride transport in concrete.” Journal of materials in civil engineering, American Society of Civil Engineers, 23(7), 1043–1049.
Wong, S. F., Wee, T. H., Swaddiwudhipong, S., and Lee, S. L. (2001). “Study of water movement in concrete.” Magazine of Concrete Research, Thomas Telford Ltd, 53(3), 205–220.
Wu, J., Li, H., Wang, Z., and Liu, J. (2016). “Transport model of chloride ions in concrete under loads and drying-wetting cycles.” Construction and Building Materials, Elsevier, 112, 733–738.
Xi, Y., and Nakhi, A. (2005). “Composite damage models for diffusivity of distressed materials.” Journal of materials in civil engineering, American Society of Civil Engineers, 17(3), 286–295.
Ye, H., Fu, C., Jin, N., and Jin, X. (2018). “Performance of reinforced concrete beams corroded under sustained service loads: A comparative study of two accelerated corrosion techniques.” Construction and Building Materials, 162.
Ye, H., Jin, N., Jin, X., and Fu, C. (2012). “Model of chloride penetration into cracked concrete subject to drying-wetting cycles.” Construction and Building Materials, Elsevier Ltd, 36, 259–269.
Ye, H., Jin, N., Jin, X., Fu, C., and Chen, W. (2016). “Chloride ingress profiles and binding capacity of mortar in cyclic drying-wetting salt fog environments.” Construction and Building Materials, Elsevier Ltd, 127, 733–742.
Yu, Z., Chen, Y., Liu, P., and Wang, W. (2015). “Accelerated simulation of chloride ingress into concrete under drying–wetting alternation condition chloride environment.” Construction and Building Materials, Elsevier, 93, 205–213.
Zhang, J., Zheng, Y., Wang, J., Zhang, Y., and Gao, Y. (2018). “Chloride Transport in Concrete under Flexural Loads in a Tidal Environment.” Journal of Materials in Civil Engineering, American Society of Civil Engineers, 30(11), 4018285.
Zhang, R., Castel, A., and François, R. (2010). “Concrete cover cracking with reinforcement corrosion of RC beam during chloride-induced corrosion process.” Cement and Concrete Research, Elsevier, 40(3), 415–425.
Zheng, J., and Zhou, X. (2008). “Analytical solution for the chloride diffusivity of hardened cement paste.” Journal of materials in civil engineering, American Society of Civil Engineers, 20(5), 384–391.


22


Table 1 Mix proportion of OPC concrete (kg/m3)
	Mixture
	Water-to-cement ratio
	Water
	Cement
	Fine aggregate
	Coarse aggregate

	OPC
	0.53
	188
	370
	750
	1112




Table 2 The material parameters in the concrete damage model under uniaxial tension (Code for design of concrete structures 2010) 
	 (MPa)
	1.0
	1.5
	2.0
	2.5
	3.0
	3.5
	4.0

	
 ()
	65
	81
	95
	107
	118
	128
	137

	
	0.31
	0.70
	1.25
	1.95
	2.81
	3.82
	5.00




Table 3 The material parameters in the concrete damage model under uniaxial compression (Code for design of concrete structures 2010)  
	 (MPa)
	20
	25
	30
	35
	40
	45
	50
	55
	60
	65
	70
	75
	80

	 ()
	1.47
	1.56
	1.64
	1.72
	1.79
	1.85
	1.92
	1.98
	2.03
	2.08
	2.13
	2.19
	2.24

	
	0.74
	1.06
	1.36
	1.65
	1.94
	2.21
	2.48
	2.74
	3.00
	3.25
	3.50
	3.75
	3.99




Table 4 Summary of the material parameters adopted in the simulation model
	Material parameters
	Value

	Modulus of elasticity of concrete, Ec  (MPa)
	25000

	Poisson’s ratio, ν
	0.15

	Uniaxial compressive strength, fc  (MPa)
	57.76

	Initial concrete porosity, pc
	0.062

	Moisture diffusivity of concrete in complete dry condition,  (m2/s)
	7.9E-10 (Leech et al. 2003)

	Moisture diffusivity of concrete at a condition of ,  (m2/s)
	2.0E-10 (Wong et al. 2001)

	Density of cement, ρc  (kg/m3)
	3150

	Density of aggregate, ρa  (kg/m3)
	2630

	Density of concrete, ρcon (kg/m3)
	2420

	Density of pore solution, ρsol (kg/m3)
	1034

	Density of water, ρw  (kg/m3)
	1000

	Volume of concrete, Vcon (m3)
	0.012

	Reference chloride diffusion coefficient, Dcl,ref (m2/s)
	8E-12(Thomas and Bamforth 1999)

	Universal gas constant, R (kJ/molK)
	8.31E-03

	Activation energy of the diffusion process, Ea (kJ/mol)
	40.8 

	Chloride diffusion coefficient of pore solution in concrete, Dc (m2/s)
	1.07E-10(Zheng and Zhou 2008)
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