第5章  考虑氯离子结合能力的氯盐传输过程
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Abstract: A systematic study on the chloride penetration resistance and binding capacity of cementitious materials containing varying proportions of low-calcium fly ash or blast furnace slag were presented. The results show that a larger water-to-binder ratio of cementitious materials can enhance its binding capacity but reduce chloride resistance regardless of binder type. At a given water-to-binder ratio, the chloride binding capacity of cementitious binder plays an important role in its chloride resistance in the saturated condition. Fly ash can improve the chloride resistance and binding capacity of cementitious binders with the gradual increase of fly ash replacement ratio up to 70%. However, slag-blended cementitious binder shows the highest chloride resistance and binding capacity when the slag replacement ratio is about 40%. A higher volume of slag can result in a decline of chloride resistance and binding capacity. In addition, Freundlich isotherm provides the best fit for describing the chloride binding capacity of cementitious materials, regardless of water-to-binder ratio and binder type. 
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Introduction
Chloride-induced rebar corrosion has been one of the most common deterioration mechanisms in modern reinforced concrete structures exposed to marine environments or deicing salts (Neville, 1995, Aldea et al., 2000). The penetration of chloride ions into concrete covers can impair the passivating film of reinforcement and trigger corrosion, finally leading to degradation of structural performance (Vu and Stewart, 2000, Almusallam et al., 1996, Fu et al., 2017, Zhang et al., 2009). In order to accurately predict the corrosion initiation time of rebar, as well as to optimize materials selection to achieve targeted service-life performance of structures, it is important to understand the chloride penetration in concrete. Nevertheless, the chloride penetration involves a series of complex physical and chemical processes in cementitious materials. On one hand, the chloride ions in the external environment can enter the pore solution of cementitious materials due to concentration gradient and/or water movement (Tsao et al., 2015). On the other hand, the chloride ions can be physically and/or chemically bound to the hydration products of cementitious binders in the course of ionic movement (Arya et al., 1990). Given the fact that merely chloride ions remaining in the pore solution (i.e. free chloride) can jeopardize the rebar corrosion, the chloride binding capacity of cementitious materials plays an important role (Martın-Pérez et al., 2000, Yuan et al., 2009, Mangat and Molloy, 1995). In addition, the ingress of chloride ions in cementitious materials is influenced by the pore structure, which determines the permeability and ionic diffusivity (Patel et al., 2016, Dhir et al., 1990). 

Previous studies have demonstrated that the addition of supplementary cementitious materials (SCMs) (e.g., coal fly ash, blast-furnace slag, limestone, and other pozzolans) in cement can significantly affect its chloride penetration resistance (Papadakis, 2000, Simčič et al., 2015, Lu et al., 2015, Zibara et al., 2008, Zibara, 2001, Kayyali and Haque, 1995, Elgalhud et al., 2017). The effects on SCMs are primarily attributed to the modification of pore structure and chloride binding capacity in cementitious binders (Thomas et al., 2012). In addition, in unsaturated case (e.g., wetting-drying condition, salt-fog environment), the addition of SCMs can lower the carbonation resistance of cementitious binder, which would coarsen the pore structure and decline the chloride binding capacity (Lee et al., 2013, Arya et al., 1990). This study will mainly concentrate on the chloride penetration resistance of saturated concrete (i.e., immersion condition), under which circumstance the ionic diffusion is the primary penetration mechanism. According to previous findings, the incorporation of fly ash and slag can refine the pore structure of cementitious materials, which can result in reduced chloride diffusivity. In addition, it was reported that the fly ash and slag can enhance the binding capacity of cementitious materials due to the formation of higher amounts of AFm and hydrotalcite phases (Ye et al., 2016a, Khan et al.). However, it remains unclear whether the chloride resistance and binding capacity of cementitious materials will monotonically increase with the increase of replacement ratio of fly ash and slag. A systematic study on correlating the chloride resistance and chloride binding capacity of cementitious materials with a wide range of water-to-binder ratio and binder type (up to 70% replacement of cement by SCMs) is lacking in literature. Moreover, predictive models for chloride binding isotherms of cementitious materials with various amounts of fly ash or slag, although exist (e.g., in (Zibara, 2001, Ye et al., 2016a, Tran et al., 2014, Florea and Brouwers, 2014)), are limitedly established and difficult to be applied in practice.  

This study reports experimental results on the chloride resistance and chloride binding capacity of cementitious materials with three water-to-binder ratios, two types of SCMs, eight replacement ratios of SCMs, and two exposure durations. Totally 45 mixes were examined in this study to comprehensively investigate the effects of binder type and water-to-binder ratio on the chloride resistance and binding capacity of cementitious materials. The chloride resistance was assessed on saturated cementitious pastes in immersion condition and the chloride binding capacity was measured using the equilibrium method developed by Tang and Nilsson (Tang and Nilsson, 1993). In addition, a series of equations for estimating the binding parameters in Freundlich isotherm was proposed to predict the chloride binding isotherm of various cementitious materials. 

Research Significance
Since chloride-induced steel corrosion is a global problem for reinforced concrete structure, studying the chloride penetration and binding behaviors in concrete is critical. On the other hand, concrete containing high-volume of SCMs poses significant ecological and economic benefits over conventional concrete. Understanding the chloride resistance and binding behaviors of cementitious materials containing high volumes of SCMs contributes to the better utilization and design of concrete mixtures in chloride-bearing environments. 

Experimental Program
Materials and mix proportion
[bookmark: _Toc9861][bookmark: _Toc415992044]Commercial ordinary Portland cement (OPC), ground granulated blast-furnace slag (SG), and low-calcium coal fly ash (FA) with the oxide composition and Blaine fineness listed in Table 1 were used. In order to systemically investigate the effects of water-to-binder (w/b) ratio and SCMs on the chloride resistance and binding capacity of cementitious materials, 45 different mixes were evaluated. As shown in Table 2, three water-to-binder ratios (e.g. 0.35, 0.45, and 0.53), eight replacement levels of OPC by SCMs (i.e. 0%, 10%, 20%, 30%, 40%, 50%, 60%, and 70% by weight) , and two types of SCMs (i.e. coal fly ash and blast-furnace slag), were examined. 

Table 1 Chemical composition of the OPC used in this study
	(mass %)
	SiO2
	Al2O3
	CaO
	MgO
	SO3
	Fe2O3
	Na2O
	K2O
	P2O5
	TiO2
	Total
	Blaine fineness  (m2/kg)

	OPC
	25.19
	9.77
	49.39
	3.82
	3.63
	5.18
	0.74
	0.63
	0.34
	0.42
	99.11
	369.6

	SG
	36.64
	18.73
	31.84
	8.39
	0.71
	1.03
	0.66
	0.49
	-
	0.96
	99.45
	450

	FA
	48.03
	21.61
	10.92
	1.21
	0.7
	9.52
	1.26
	1.9
	1.25
	1.98
	98.38
	454




Table 2 Mix proportion of cementitious pastes  
	Mixture IDa
	w/b
	SCM/(SCM+OPC)
	The weight of ingredients per unit volume of cementitious paste (kg·m-3)

	
	
	
	OPC
	Fly ash
	Slag
	Water

	OPC_0.35
	0.35
	0
	1111.2
	-
	-
	388.8

	FA10_0.35
	
	0.1
	889
	111.1
	-
	388.8

	FA20_0.35
	
	0.2
	777.8
	222.2
	-
	388.8

	FA30_0.35
	
	0.3
	666.7
	333.4
	-
	388.8

	FA40_0.35
	
	0.4
	555.6
	444.5
	-
	388.8

	FA50_0.35
	
	0.5
	444.5
	555.6
	-
	388.8

	FA60_0.35
	
	0.6
	333.4
	666.7
	-
	388.8

	FA70_0.35
	
	0.7
	1000.1
	777.8
	-
	388.8

	SG10_0.35
	
	0.1
	1000.1
	-
	111.1
	388.8

	SG20_0.35
	
	0.2
	889
	-
	222.2
	388.8

	SG30_0.35
	
	0.3
	777.8
	-
	333.4
	388.8

	SG40_0.35
	
	0.4
	666.7
	-
	444.5
	388.8

	SG50_0.35
	
	0.5
	555.6
	-
	555.6
	388.8

	SG60_0.35
	
	0.6
	444.5
	-
	666.7
	388.8

	SG70_0.35
	
	0.7
	333.4
	-
	777.8
	388.8

	OPC_0.45
	0.45
	0
	1034.5
	-
	-
	465.5

	FA10_0.45
	
	0.1
	931
	103.5
	-
	465.5

	FA20_0.45
	
	0.2
	827.6
	206.9
	-
	465.5

	FA30_0.45
	
	0.3
	724.1
	310.4
	-
	465.5

	FA40_0.45
	
	0.4
	620.7
	413.8
	-
	465.5

	FA50_0.45
	
	0.5
	517.25
	517.25
	-
	465.5

	FA60_0.45
	
	0.6
	413.8
	620.7
	-
	465.5

	FA70_0.45
	
	0.7
	310.4
	724.1
	-
	465.5

	SG10_0.45
	
	0.1
	931
	-
	103.5
	465.5

	SG20_0.45
	
	0.2
	827.6
	-
	206.9
	465.5

	SG30_0.45
	
	0.3
	724.1
	-
	310.4
	465.5

	SG40_0.45
	
	0.4
	620.7
	-
	413.8
	465.5

	SG50_0.45
	
	0.5
	517.25
	-
	517.25
	465.5

	SG60_0.45
	
	0.6
	413.8
	-
	620.7
	465.5

	SG70_0.45
	
	0.7
	310.4
	-
	724.1
	465.5

	OPC_0.53
	0.53
	0
	980.4
	-
	-
	519.6

	FA10_0.53
	
	0.1
	882.4
	98
	-
	519.6

	FA20_0.53
	
	0.2
	784.3
	196.1
	-
	519.6

	FA30_0.53
	
	0.3
	686.3
	294.1
	-
	519.6

	FA40_0.53
	
	0.4
	588.2
	392.2
	-
	519.6

	FA50_0.53
	
	0.5
	490.2
	490.2
	-
	519.6

	FA60_0.53
	
	0.6
	392.2
	588.2
	-
	519.6

	FA70_0.53
	
	0.7
	294.1
	686.3
	-
	519.6

	SG10_0.53
	
	0.1
	882.4
	-
	98
	519.6

	SG20_0.53
	
	0.2
	784.3
	-
	196.1
	519.6

	SG30_0.53
	
	0.3
	686.3
	-
	294.1
	519.6

	SG40_0.53
	
	0.4
	588.2
	-
	392.2
	519.6

	SG50_0.53
	
	0.5
	490.2
	-
	490.2
	519.6

	SG60_0.53
	
	0.6
	392.2
	-
	588.2
	519.6

	SG70_0.53
	
	0.7
	294.1
	-
	686.3
	519.6


Note: a: FA represents Class F coal fly ash and SG represents blast-furnace slag. The number behind the FA or SG is the percentage of replacement of OPC by FA or SG. 

Specimen preparation
All the mixes studied in this work were prepared as cementitious pastes by mixing solid binders (OPC and SCMs) with distilled water. After mixing, the paste was cast into a cubic mold with a side length of 70.0 mm. The top of the specimens was tightly covered with plastic sheets to avoid moisture evaporation and carbonation. After curing in the sealed molds for 24h, the specimens were demolded and stored in an environmental chamber with 100%RH and 20±2 ℃ for 28d. 

Chloride resistance tests
The chloride penetration resistance of cementitious materials was assessed by measuring the free chloride ion profiles in specimens being immersed in 5% (by weight) sodium chloride (NaCl) solution (Fu et al., 2016). In order to enable one-dimension ionic diffusion, five sides of the cubic specimen were coated with paraffin wax, exposing only one side to the external solution. To avoid concentration changes in external solution due to moisture evaporation during testing, the entire experiment was conducted in a walk-in environmental chamber that was programmed to 99% RH and 20±2 ºC. 

The chloride profiles in specimens were measured after immersion for 30d and 60d. At desired age, the specimens were first taken out of the container and the excess solution and wax at the surface were wiped off. Afterwards, the specimens were ground along the penetration direction into powders passing through 0.63 mm sieve. The ground powders in the penetration depths of 0~3 mm, 3~6 mm, 6~9 mm, 9~12 mm, 12~15 mm, 15~20 mm, 20~25 mm, and 25~30 mm, were utilized to obtain the chloride profiles. All powders were oven-dried at 105±5 ºC for 2h then cooled down to room temperature, in prior to the chloride content measurements. The free chloride ion (i.e. water-soluble) concentration was measured using an acidometer Thermo720A and expressed as the weight percentage of the cementitious paste powders. 

Chloride binding isotherms
The chloride binding isotherms of cementitious materials were measured using the method similar to that proposed by Tang and Nilsson (Tang and Nilsson, 1993). After curing, the specimens were ground into powders passing through the 0.3 mm sieve. Afterwards, the powders were oven dried at 105±5 ºC to constant weight. After drying, 25g powder samples were placed in bottles that were filled with approximately 60 ml of NaCl solution using five different concentrations (0.2M. 0.4M, 0.6M, 0.8M, and 1.0 M). The adopted NaCl solutions were initially saturated with Ca(OH)2 (pH=12.5) to minimize the influence of solution pH on chloride binding. The samples were stored for about 2 weeks in a sealed condition. According to the previous studies (Tang and Nilsson, 1993), it was sufficient to ensure equilibrium between the pore solution of samples with the external solution, especially as small particles size was used in this study. 

According to the equilibrium method (Tang and Nilsson, 1993), the bound chloride content in cementitious materials can be calculated based on the reduction of chloride concentration of the external solution, using: 

                                                   (1)
[bookmark: _Toc27056][bookmark: _Toc3627][bookmark: _Toc4143][bookmark: _Toc21511][bookmark: _Toc22211][bookmark: _Toc26891][bookmark: _Toc16515][bookmark: _Toc22387][bookmark: _Toc4186]Where Cb is the amount of bound chloride in mg Cl per g of the sample; V0 is the volume of the external solution in mL; C0 is the initial chloride concentration of the external solution in M; C1 is the chloride concentration at equilibrium of the external solution in M, which was measured using potentiometric titration using 0.1M AgNO3 solution; Wd is the dry mass of the sample in g. 

Results and Discussion
Free chloride profiles
Figures 1 and 2 show the free chloride profiles in cementitious materials with various w/b ratios, types and amounts of SCMs, and exposure duration.  It can be seen that regardless of the w/b ratio and exposure duration, the incorporation of fly ash or slag tends to reduce the chloride content at deep depth (> 7~9 mm) but increase the chloride content at exposure surface (< 6 mm). This free chloride ion accumulation phenomenon at the surface of cementitious materials with SCMs has been reported in the previous studies (Ye et al., 2016b, Fu et al., 2016, Papadakis, 2000). Considering that the tests were conducted in a saturated condition in which the degree of carbonation of cementitious materials is negligible, it eliminates the probability that this accumulation phenomenon is due to the carbonation of cementitious materials at the surface. As documented in the previous studies (Ye et al., 2016b, Lee et al., 2013), carbonation of hardened cement paste containing SCMs releases the bound chloride from hydrates (e.g., AFm-type phases) through ionic exchange between carbonates and chloride ions. As such, the reason for the free chloride accumulation phenomenon in saturated cementitious materials can be attributed to the enhanced binding capacity and pore structure due to SCM incorporation. 

It can also be seen that with the increase of w/b ratio, the free chloride content tends to increase regardless of the binder type. As will be demonstrated later, the increasing w/b ratio can also increase the chloride binding capability of cementitious materials. As such, it can be deduced that the increased w/b ratio of cementitious materials can considerably facilitate the penetration of chloride ions (total chloride) from external solution into pore spaces. It should be emphasized here that this result implies that a certain binder having a stronger chloride binding capacity, does not necessarily have a stronger chloride penetration resistance. It suggests that measuring the chloride binding isotherms of cementitious materials is not equivalent to evaluating the chloride resistance. As will be further explained later, at a given w/b ratio, the chloride binding capacity seems to play a considerable role in controlling the chloride resistance of cementitious materials. 

In addition, it is reasonable to observe that the chloride content in cementitious materials increases with the increase of exposure duration. As exposure duration increases, the beneficial effects of SCMs on resisting the chloride penetration at deep depth seem to become pronounced. At deep depth, the addition of fly ash tends to improve the chloride resistance of cementitious materials to a larger extent than that of slag at the same replacement level. This may be attributed to the higher alumina content in low-calcium fly ash than in slag, which promotes the larger formation of AFm-type and hydrotalcite-type phases (Ye et al., 2016a). Nevertheless, the difference is marginal and may be attributed to other factors, including differences in pore structure and degree of hydration. 



[bookmark: _GoBack]
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Figure 1 Free chloride profiles in samples after 30d immersion (a) w/b=0.35, fly ash-blended mixes; (b) w/b=0.35, slag-blended mixes; (c) w/b=0.45, fly ash-blended mixes; (d) w/b=0.45, slag-blended mixes; (e) w/b=0. 53, fly ash-blended mixes; (f) w/b=0.53, slag-blended mixes;
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(e)                                                                          (f)
Figure 2 Free chloride profiles in samples after 60d immersion (a) w/b=0.35, fly ash-blended mixes; (b) w/b=0.35, slag-blended mixes; (c) w/b=0.45, fly ash-blended mixes; (d) w/b=0.45, slag-blended mixes; (e) w/b=0. 53, fly ash-blended mixes; (f) w/b=0.53, slag-blended mixes;

Chloride diffusivity 
Given the fact that the chloride penetration tests were conducted in a saturated condition, the free chloride profiles in cementitious materials can be modeled using modified Fick’s law (Collepardi et al., 1972): 
                                                  (2)	


Where is the chloride content,  is chloride content at the concrete surface; t is the time, erf (·) is error function, and  is the apparent chloride diffusivity.

The apparent chloride diffusivity provides a rough estimation of the chloride penetration resistance of cementitious materials and has been successfully used in previous studies (Fu et al., 2016, Fu et al., 2015). Figure 3 shows the best-fitted apparent chloride diffusivity of various mixes using the Eq. (2) on the free chloride profiles shown in Figures 1 and 2. It should be noted that the value of  is not a constant but affected by both the exposed NaCl concentration and paste mixture. It is reasonable to observe that the apparent chloride diffusivity increases with increasing w/b ratio, but decreases with increasing exposure duration. For the mixes blended with varying volumes of fly ash, the apparent chloride diffusivity tends to monotonically decrease from 32%-54% with increasing proportion of fly ash. However, for the slag-blended mixes, the lowest apparent chloride diffusivity was observed for the mix with around 40% slag. As will be further shown later, this behavior may be attributed to the variation of chloride binding capacity of cementitious materials as a function of binder type and proportion. In addition, it is observed that the beneficial effects of SCMs on resisting the chloride penetration seem to be more pronounced for a larger w/b ratio. 




(a)                                                                          (b)



(c)                                                                          (d)
Figure 3 Chloride diffusivity of samples as a function of w/b ratio (a) 30d immersion, fly ash-blended mixes; (b) 30d immersion, slag-blended mixes; (c) 60d immersion, fly ash-blended mixes; (d) 60d immersion, slag-blended mixes; 


Chloride binding capacity
Figure 4 shows the bound chloride content in cementitious binders in various concentrations of NaCl solution. It can be seen that the bound chloride content increases with the increase of w/b ratio, regardless of binder type at a given external chloride concentration. It may be attributed to a higher degree of hydration in cementitious materials with a larger w/b ratio, since according to the results of Tang and Nilsson (Tang and Nilsson, 1993), the bound chloride content is directly proportional to the amount of calcium-silicate-hydrate gels, regardless of the water-to-cement ratio. 

Figures 5 and 6 show the bound chloride content in cementitious binders containing various volumes of fly ash or slag. It can be seen that the bound chloride content gradually increases in fly ash-blended mixes with the increasing fly ash replacement ratio, regardless of w/b ratio and external chloride concentration. However, it should be noted that when the fly ash replacement ratio exceeds about 50%, the improvement in binding capacity is marginal. On the other hand, for slag-blended mixes, the bound chloride content increases with the increase of slag replacement ratio up to 40%. As the slag replacement ratio exceeds 40%, the bound chloride content of cementitious binder declines. This may be attributed to the reduction in the degree of hydration of slag or limitation of pozzolanic reaction at high slag replacement level. Further detailed investigation is needed to elucidate this behavior. 
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(e)
Figure 4 Influence of w/b ratio on the bound chloride content in cementitious materials being conditioned to NaCl solution with a concentration of (a) 0.2 M (b) 0.4 M; (c) 0.6M; (d) 0.48M; (e) 1.0 M





(a)                                                                          (b)


(c)
Figure 5 Influence of replacement ratio of fly ash on the bound chloride content in fly ash-blended cement (a) w/b=0.35; (b) w/b=0.45; (c) w/b=0.53
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Figure 6 Influence of replacement ratio of slag on the bound chloride content in slag-blended cement (a) w/b=0.35; (b) w/b=0.45; (c) w/b=0.53

Chloride binding isotherms
The chloride binding isotherms are referred as the correlations between free and bound chloride ions in cementitious materials over a range of chloride concentrations at a given temperature. The typical isotherm models for describing the chloride binding isotherms of cementitious materials include: 


Linear isotherm:                                                        (3)


Freundlich isotherm:                                             (4)


Temkin isotherm:                                          (5)


Langmuir isotherm:                                          (6)


Where is the free chloride in M; is the bound chloride in mg Cl per g of the binder; other parameters are binding constants. 

Figures 7-9 show the chloride binding isotherms of the studied cementitious materials fitted with all or part of the above four binding isotherm models. Tables 3-5 show the best-fitting binding parameters for each individual isotherm models. It can be seen that the binding isotherm of cementitious materials is clearly non-linear, regardless of the binder type and w/b ratio. Although Temkin and Langmuir isotherms provide a reasonable fit to the experimental data, the Freundlich isotherm seems to provide the best fit (i.e. the highest coefficient of determination) in all cases. 

The chloride binding isotherms of cementitious materials with various proportions of SCMs show consistent results with that obtained by chloride resistance tests. It can be seen that the chloride binding capacity of fly ash-blended mixes gradually enlarges with the increase of fly ash replacement ratio. However, the chloride binding capacity of slag-blended mixes reaches a maximal value when the replacement ratio of slag is about 40%. The consistent trends in the development of apparent chloride diffusivity and chloride binding capacity suggest that the chloride binding behavior of cementitious materials play a determining role in the magnitude of apparent chloride diffusivity, at a given w/b ratio. Therefore, in saturated concrete, the variation in the w/b ratio and binder types seems to be responsible for the chloride binding capacity. This finding provides new insights regarding modeling of the influence of mix proportion of cementitious materials on chloride penetration. 




(a)                                                                (b)
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Figure 7 Chloride binding isotherms of OPC with the data fitted by linear model, Freundlich model, Temkin model, Langmuir model (a) w/b=0.35; (b) w/b=0.45; (c) w/b=0.53
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(c)
Figure 8 Chloride binding isotherms of fly ash-blended mixes with the data fitted by Freundlich isotherm model (a) w/b=0.35; (b) w/b=0.45; (c) w/b=0.53
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(c)
Figure 9 Chloride binding isotherms of slag-blended mixes with the data fitted by Freundlich isotherm model (a) w/b=0.35; (b) w/b=0.45; (c) w/b=0.53

	Table 3 The best-fitted parameters for various chloride binding isotherm models for OPC mixes 

	Mixture ID
	Linear model
	Non-linear models

	
	
	Freundlich model
	Temkin model
	Langmuir model

	
	

	

	

	

	

	

	

	

	

	

	


	OPC_0.35
	18.177
	0.662
	14.201
	0.369
	0.996
	3.683
	13.786
	0.996
	72.451
	4.358
	0.994

	OPC_0.45
	20.419
	0.655
	15.639
	0.364
	0.998
	3.906
	15.103
	0.995
	84.859
	4.745
	0.991

	OPC_0.53
	22.571
	0.662
	17.068
	0.366
	0.997
	4.164
	16.382
	0.991
	94.729
	4.918
	0.984

	

Table 4 The best-fitted parameters for various chloride binding isotherm models for fly ash -blended mixes

	Mixture ID
	Linear model
	Non-linear models

	
	
	Freundlich model
	Temkin model
	Langmuir model

	
	

	

	

	

	

	

	

	

	

	

	


	FA10-0.35
	20.521
	0.691
	16.058
	0.392
	0.989
	4.344
	15.543
	0.991
	76.474
	4.024
	0.989

	FA20-0.35
	21.700
	0.742
	17.151
	0.423
	0.994
	4.781
	16.450
	0.991
	72.716
	3.482
	0.987

	FA30-0.35
	22.939
	0.792
	18.447
	0.461
	0.998
	5.367
	17.543
	0.990
	67.361
	2.850
	0.987

	FA40-0.35
	24.336
	0.752
	19.201
	0.423
	0.995
	5.155
	18.267
	0.982
	80.700
	3.443
	0.976

	FA50-0.35
	25.905
	0.598
	19.593
	0.332
	0.984
	4.573
	19.004
	0.980
	124.792
	5.751
	0.973

	FA60-0.35
	26.491
	0.610
	20.152
	0.391
	0.985
	4.814
	19.556
	0.983
	123.194
	5.472
	0.977

	FA70-0.35
	27.793
	0.694
	21.545
	0.386
	0.983
	5.510
	20.677
	0.975
	108.099
	4.327
	0.967

	FA10-0.45
	22.375
	0.678
	17.168
	0.381
	0.993
	4.429
	16.540
	0.991
	88.107
	4.452
	0.987

	FA20-0.45
	23.720
	0.745
	18.454
	0.422
	0.996
	4.967
	17.560
	0.988
	80.440
	3.641
	0.983

	FA30-0.45
	24.737
	0.767
	19.354
	0.437
	0.994
	5.220
	18.292
	0.981
	79.578
	3.377
	0.976

	FA40-0.45
	26.590
	0.747
	20.627
	0.422
	0.985
	5.330
	19.455
	0.968
	89.195
	3.604
	0.960

	FA50-0.45
	28.001
	0.601
	20.846
	0.334
	0.988
	4.802
	20.135
	0.984
	136.244
	5.978
	0.976

	FA60-0.45
	28.476
	0.641
	21.443
	0.353
	0.989
	5.099
	20.625
	0.982
	127.889
	5.369
	0.973

	FA70-0.45
	30.164
	0.765
	23.635
	0.437
	0.982
	6.343
	22.310
	0.967
	97.530
	3.398
	0.960

	FA10-0.53
	24.051
	0.671
	18.103
	0.369
	0.994
	4.368
	17.307
	0.985
	101.659
	5.017
	0.976

	FA20-0.53
	25.226
	0.701
	19.086
	0.387
	0.994
	4.695
	18.140
	0.983
	99.177
	4.574
	0.973

	FA30-0.53
	26.011
	0.709
	19.716
	0.393
	0.996
	4.903
	18.720
	0.985
	99.612
	4.418
	0.976

	FA40-0.53
	28.230
	0.727
	21.513
	0.407
	0.988
	5.389
	20.305
	0.973
	101.829
	4.073
	0.964

	FA50-0.53
	30.137
	0.665
	22.597
	0.368
	0.993
	5.461
	21.623
	0.986
	128.416
	5.096
	0.977

	FA60-0.53
	30.670
	0.684
	23.100
	0.377
	0.994
	5.634
	22.031
	0.985
	125.577
	4.832
	0.976

	FA70-0.53
	30.830
	0.695
	23.437
	0.383
	0.992
	5.782
	22.342
	0.981
	122.894
	4.612
	0.971




	Table 5 The best-fitted parameters for various chloride binding isotherm models for slag-blended mixes

	Mixture ID
	Linear model
	Non-linear models

	
	
	Freundlich model
	Temkin model
	Langmuir model

	
	

	

	

	

	

	

	

	

	

	

	


	SG10-0.35
	21.911
	0.728
	17.246
	0.419
	0.992
	4.849
	16.601
	0.994
	73.932
	3.528
	0.992

	SG20-0.35
	24.626
	0.692
	19.049
	0.396
	0.992
	5.142
	18.381
	0.995
	90.435
	4.029
	0.994

	SG30-0.35
	27.267
	0.664
	20.678
	0.371
	0.994
	6.075
	19.868
	0.990
	112.042
	4.773
	0.984

	SG40-0.35
	30.221
	0.730
	23.205
	0.408
	0.997
	5.965
	22.021
	0.986
	108.391
	3.990
	0.978

	SG50-0.35
	27.928
	0.676
	21.382
	0.371
	0.997
	5.294
	20.538
	0.989
	114.823
	4.710
	0.981

	SG60-0.35
	27.129
	0.701
	21.056
	0.386
	0.997
	5.373
	20.194
	0.988
	104.048
	4.235
	0.981

	SG70-0.35
	26.062
	0.734
	20.580
	0.411
	0.998
	5.543
	19.715
	0.990
	89.893
	3.605
	0.985

	SG10-0.45
	24.055
	0.711
	18.505
	0.408
	0.986
	4.915
	17.679
	0.983
	84.990
	3.888
	0.980

	SG20-0.45
	27.028
	0.602
	20.012
	0.344
	0.990
	4.757
	19.333
	0.991
	124.298
	5.635
	0.987

	SG30-0.45
	29.063
	0.570
	21.193
	0.321
	0.988
	4.671
	20.441
	0.983
	152.003
	6.697
	0.974

	SG40-0.45
	33.761
	0.722
	25.204
	0.398
	0.986
	6.004
	23.622
	0.968
	129.286
	4.557
	0.954

	SG50-0.45
	31.554
	0.702
	23.686
	0.384
	0.986
	5.627
	22.375
	0.970
	127.136
	4.788
	0.956

	SG60-0.45
	30.157
	0.715
	23.116
	0.394
	0.992
	5.759
	21.953
	0.978
	113.715
	4.252
	0.970

	SG70-0.45
	27.787
	0.691
	21.445
	0.380
	0.990
	5.333
	20.520
	0.979
	108.920
	4.387
	0.969

	SG10-0.53
	25.303
	0.695
	19.118
	0.389
	0.993
	4.769
	18.189
	0.985
	97.473
	4.464
	0.978

	SG20-0.53
	27.855
	0.629
	20.587
	0.356
	0.992
	4.931
	19.785
	0.991
	123.507
	5.438
	0.986

	SG30-0.53
	30.595
	0.598
	22.107
	0.332
	0.988
	4.855
	21.163
	0.981
	156.575
	6.667
	0.969

	SG40-0.53
	35.136
	0.693
	25.718
	0.378
	0.987
	5.878
	24.146
	0.969
	148.597
	5.301
	0.953

	SG50-0.53
	32.982
	0.698
	24.558
	0.381
	0.984
	5.737
	23.154
	0.966
	136.371
	5.012
	0.951

	SG60-0.53
	31.010
	0.676
	23.344
	0.371
	0.995
	5.616
	22.280
	0.985
	130.011
	4.970
	0.975

	SG70-0.53
	30.116
	0.678
	22.854
	0.372
	0.995
	5.574
	21.870
	0.986
	124.842
	4.834
	0.977


[bookmark: _Toc6600][bookmark: _Toc20311][bookmark: _Toc14095][bookmark: _Toc15795][bookmark: _Toc1450][bookmark: _Toc7685]

Conclusions
In this paper, the chloride penetration resistance and chloride binding capacity of 45 mixes with a wide range of water-to-binder ratios and binder types have been systemically studied. This study contributes to a better understanding of the chloride penetration in cementitious binders and provides predictive models for estimating the chloride binding isotherms. Following conclusions can be drawn based on this study: 

(1) At a given w/b ratio, for fly ash-blended cementitious materials, the chloride resistance and binding capacity increase with the increase of fly ash replacement ratio. 
(2) At a given w/b ratio, for slag-blended cementitious materials, the chloride resistance and binding capacity increase with the increase of slag replacement ratio up to 40%. However, when the replacement ratio of slag excesses 40%, the chloride resistance and binding capacity decline. 
(3) A higher w/b ratio results in higher chloride binding capacity but lower chloride resistance, regardless of binder types. 
(4) The chloride binding capacity of cementitious binder plays an important role in its chloride resistance at a given w/b ratio. 
(5) The beneficial effect of SCMs on resisting chloride penetration in cementitious materials is more pronounced at a higher w/b ratio. 
(6) Freundlich isotherm model provides the best fit for describing the chloride binding capacity of cementitious materials, regardless of w/b and binder type. 
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