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Abstract 

Concrete production is responsible for approximately 8% of global CO₂ emissions, primarily due to the 

high clinker content and energy demands associated with Portland cement (PC) manufacturing. In response 

to growing environmental concerns, Portland-limestone cement (PLC), which partially replaces clinker 

with interground limestone, and the use of supplementary cementitious materials (SCMs) such as fly ash 

and slag have been widely promoted as low-carbon alternatives. However, the durability performance of 

high-limestone PLC systems remains a topic of concern, particularly in terms of chloride ingress resistance 

and associated binding behavior. This study investigates the chloride resistance and chloride binding 

capacity of fifteen PLC concrete mixtures, incorporating varying limestone replacement levels and SCM 

types, under a water-to-powder ratio (W/P) of 0.4. A combination of bulk diffusion testing and acceleration 

tests was employed. Chloride binding was assessed using both acid-soluble and water-soluble extractions 

to quantify total and free chloride contents. The results show that SCMs significantly enhance chloride 

resistance. A strong correlation was observed between electrical resistivity and the apparent diffusion 

coefficient (Da), emphasizing the role of pore structure in chloride resistance under PLC systems. 

Moreover, the Langmuir isotherms provided the best fit for chloride binding behavior across all pure PLC 

mixtures, and analysis revealed that the Al2O3/SO3 ratio, rather than the Al2O3 content, is a more reliable 

indicator of chloride binding capacity. While fly ash contributed to enhanced chloride binding, the effect 

of slag was less dependent on the limestone content due to its different chemical binding mechanisms. 

These findings underscore the need for a high quality control of cement manufacturing along with optimized 

concrete mix proportioning to ensure the reliable performance of high-limestone, low-carbon PLC mixtures 

in chloride-exposed environments. 

Keywords: Portland-limestone cement (PLC), chloride resistance, chloride binding, supplementary 

cementitious materials (SCMs), fly ash, slag. 
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Chapter 1 

Introduction 

Concrete is the second most consumed material globally, following only water, and is responsible 

for approximately 8% of global CO₂ emissions. The primary contributor to this environmental 

burden is Portland cement (PC), due to its carbon- and energy-intensive manufacturing process [1], 

[2]. In response to growing climate concerns and national carbon reduction targets, such as 

Canada’s Net-Zero Emissions initiative, which aims for a 40% reduction by 2030 and net-zero by 

2050 [3], there is an increasing interest in the development of low-carbon cementitious systems. 

Two widely studied strategies for reducing clinker content in concrete include the use of Portland-

limestone cement (PLC), which incorporates interground limestone to partially replace clinker [4], 

as shown in Figure 1.1, and the blending of supplementary cementitious materials (SCMs), such as 

fly ash and slag, which are industrial by-products [5]. Both approaches contribute to a reduction in 

CO2 emissions while preserving the mechanical and durability properties of concrete. 

 

Figure 1.1 Particle Composition differences between PC and PLC [4]. 

Chloride-induced corrosion remains one of the most severe degradation mechanisms in reinforced 

concrete infrastructure. Chloride ions from de-icing salts or marine exposure can penetrate concrete, 

reach the steel reinforcement, and initiate corrosion [6,7]. Chloride resistance is controlled by two 

primary mechanisms: chloride binding and the pore structure of the concrete matrix, which is 

illustrated in Figure 1.2. Chloride ions may chemically bind with AFm phases to form Friedel’s 
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salt or physically adsorb onto C-A-S-H gel within the cementitious matrix [7-9]. Effective chloride 

binding and refinement of concrete pore structure delay corrosion initiation. 

 

Figure 1.2 Schematic of chloride resistance. 

According to CSA A3000-23 [10], the maximum allowable limestone content in PLC is 15%. 

Extensive research has shown that PLC with this level of replacement performs comparably to PC 

in terms of strength, workability, and durability, including chloride resistance [11,12]. However, in 

pursuit of further decarbonization, higher limestone replacement levels (i.e., over 15%) are 

increasingly being considered. While these mixes offer greater sustainability potential, they also 

raise concerns regarding long-term durability, particularly in chloride resistance performance. 

1.1 Research objectives and scope of the work 

While chloride resistance in PC systems has been extensively studied, there remains a knowledge 

gap regarding PLC systems, particularly those with higher limestone content and SCM 

incorporation. The present study addresses this gap by evaluating the chloride resistance and 

associated binding capacity of PLC concretes incorporating varying limestone replacement levels 

and SCM types. Multiple test methods, including bulk diffusion and acceleration tests, are used to 

provide a comprehensive understanding of performance in low-carbon concrete systems. Through 

this comprehensive approach, the study also seeks to provide new insights into the performance of 

high-limestone PLC systems and explore the influence of cement chemistry on chloride resistance. 
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The findings aim to support the broader implementation of sustainable, low-carbon concrete 

technologies without compromising long-term performance. 

1.2 Thesis organization 

This thesis is structured into five chapters, each addressing a key component of the research. 

Chapter 1 (Introduction) presents an overview of Portland-limestone cement (PLC) and the impact 

of chloride ingress on concrete durability. It outlines the motivation behind exploring alternative 

cement systems with reduced carbon emissions and enhanced long-term performance. Chapter 2 

(Background) provides a detailed literature review on the use of PLC and supplementary 

cementitious materials (SCMs) as strategies to reduce CO2 emissions. It further discusses the 

influence of these materials on chloride resistance, followed by a review of current testing methods 

for evaluating chloride binding and chloride resistance in concrete. The chapter concludes by 

identifying key research gaps and outlining the challenges associated with implementing high-

limestone PLC in durability-critical applications. Chapters 3 and 4 are presented in the form of two 

research papers. Paper 1 (Chapter 3) investigates the overall chloride resistance of PLC concretes 

using a range of experimental methods, including bulk diffusion, electrical resistivity (i.e., bulk ER 

and surface ER), and rapid chloride permeability test (RCPT). The findings emphasize the critical 

role of pore structure in governing chloride resistance in PLC systems. Paper 2 (Chapter 4) focuses 

on the chloride binding behavior of various PLC mixtures and offers new insights into the potential 

of high interground limestone PLC in maintaining adequate binding performance, particularly 

when combined with SCMs. Chapter 5 (Conclusion) summarizes the key findings of the study and 

proposes several future research directions to address unresolved challenges. Finally, the Appendix 

provides a supplementary description of the laboratory procedures used to determine total chloride 

and free chloride content in concrete samples. 
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Chapter 2 

Background 

2.1 Low-CO2 cementitious materials 

2.1.1 Portland-limestone cement (PLC) 

As previously discussed, Portland-limestone cement (PLC), which incorporates interground 

limestone as a partial clinker replacement, can reduce CO2 emissions by approximately 10% during 

the cement manufacturing process when used at a 15% replacement level [1]. As illustrated in Fig 

2.1, the green-colored regions highlight areas in Canada (a) and the United States (b) where PLC 

has been formally accepted and integrated into construction practices, as originally proposed by [2]. 

Currently, the allowable limestone replacement level in both countries has been standardized at 

15%, in accordance with ASTM C595-24 [3] in the U.S. and CSA A3000-23 [4] in Canada. A 

growing body of literature and field-based investigations has consistently demonstrated that PLC 

containing up to 15% limestone does not compromise concrete performance, including mechanical 

strength and durability, when compared to conventional Portland cement (PC) [1,5,6]. 

 

 

 

(a) (b) 

Figure 2.1. PLC accepting regions (green) in Canada (a) and the US (b) [15]. 

2.1.2 Supplementary cementitious materials (SCMs) 
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Supplementary cementitious materials (SCMs), such as fly ash and slag, which are industrial by-

products, are commonly used as partial replacements for Portland cement (PC) and have proven 

effective in significantly reducing CO2 emissions associated with concrete production [7]. The 

global warming potential (GWP), an established metric for quantifying the environmental impact 

of construction materials, is defined as the total mass of CO2 emitted per unit volume of concrete, 

as outlined in [8]. Figure 2.2 illustrates the GWP values of various binary blended cements 

incorporating SCMs, in comparison with conventional PC, with data compiled from [9]. The results 

clearly show that the inclusion of SCMs leads to substantially lower GWP values, thereby 

demonstrating their contribution to the development of low-carbon concrete technologies. 

 

Figure 2.2. GWP in different cementitious materials [9]. 

2.2 Chloride diffusion mechanism 

Diffusion is the governable transport mechanism of chloride ion ingress in concrete [10]. In this 

process, chloride binding capacity plays a crucial role in preventing chloride penetration and 

extending the initiation period of chloride-induced corrosion.  

As shown in Eq (1), according to Fick’s first law, the flux of chloride is independent of time. 

𝐽𝑐 = −D
∂C

∂x
                   (1) 
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However, in actual concrete diffusion conditions, the diffusion is dependent on both time and depth, 

which is expressed as Fick’s second law in Eq (2): 

∂C

∂t
= D

𝜕2C

∂𝑥2
                                                                            (2) 

In the above two equations, Jc is chloride ion’s flux by diffusion, kg/m2·s, C is the chloride content, 

kg/m3, x is the depth of chloride ion, m, t is the total diffusion time, s, and D is the diffusion 

coefficient, m2/s. 

As illustrated in Figure 2.3(a), the non-steady-state condition (represented by the dashed line) 

differs from the steady-state condition in that it exhibits a variable slope along the concentration 

profile, indicating a time-dependent diffusion process. This behavior is further reflected in Figure 

2.3(b), which presents the sketch of a typical chloride concentration profile plotted as chloride 

content (mass % of dry concrete) versus concrete depth. The curvature of the profile highlights the 

influence of chloride binding, wherein the presence of binding sites within the cementitious matrix 

alters the effective transport of chloride ions. As binding occurs, a portion of the incoming chlorides 

is immobilized, causing a deviation from steady-state diffusion and resulting in a non-linear 

concentration gradient. This illustrates that chloride diffusion under real exposure conditions is 

inherently non-steady-state, particularly in materials exhibiting chloride binding capacity  [11]. 

  
(a) (b) 

Figure 2.3. Schematic of: (a) Non-steady state and steady state diffusion and (b) Typical chloride 

profile by diffusion. 
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2.3 Chloride composition in concrete 

The total chloride content in concrete (expressed as a percentage of dry mass) is typically composed 

of three phases: chloride bound in Friedel’s salt, chloride adsorbed in C-A-S-H, and free chloride 

ions dissolved in the pore solution. However, not all C-A-S-H phases contribute equally to chloride 

immobilization. De Weerdt et al. [12] identified that strongly bound chlorides, those considered 

immobile, are primarily stabilized within AFm interlayers (Cl-AFm) and are associated with 

approximately 10–20% of the C-A-S-H fraction. These strongly bound chlorides play a critical role 

in reducing chloride ingress and mitigating the risk of reinforcement corrosion [13]. This insight 

has significantly contributed to the understanding of chloride binding mechanisms and underscores 

the need for further research on the distinct roles of AFm and C-A-S-H phases in various 

cementitious systems, many of which remain insufficiently characterized. 

2.4 Cementitious materials’ influences on chloride resistance 

Distinct cementitious materials may differently impact on chloride resistance. The influence of 

limestone fillers along with common supplementary cementitious materials are presented hereafter: 

2.4.1 Limestone filler 

Limestone fillers exhibit multifaceted effects on the chloride resistance of concrete. On the one 

hand, the physical filler effect of finely ground limestone improves particle packing by filling voids 

between cement grains, thereby increasing the overall density of the cementitious matrix [14]. 

Additionally, during the early stages of hydration, limestone filler particles act as nucleation sites 

for C-A-S-H formation, a mechanism commonly referred to as the nucleation effect [15]. Both 

mechanisms contribute positively to chloride resistance by refining the pore structure and 

enhancing the early development of hydration products. 

On the other hand, excessive limestone replacement may lead to the so-called dilution effect, 

wherein a reduced proportion of reactive clinker results in lower overall hydration products 
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formation [16]. The increased presence of non-reactive fillers creates more free water in the system, 

ultimately reducing the volume of hydration products and compromising durability. Contrary to 

earlier assumptions that limestone behaves as an inert filler, substantial evidence suggests that it 

participates in chemical reactions with aluminates. Specifically, limestone can react with C3A to 

form carboaluminate phases [17,18]. This reaction can stabilize ettringite (AFt) by consuming C3A, 

thereby delaying its conversion to AFm phases [19], eventually decreasing the potential for the 

formation of Friedel’s salt; whereas some studies have proposed that carboaluminate phases, such 

as monocarboaluminate (Mc) and hemicarboaluminate (Hc), can also chemically bind chloride ions 

[6,20]. Therefore, the chloride resistance performance of PLC concrete incorporating higher levels 

of interground limestone remains insufficiently understood and warrants further investigation. 

2.4.2 Fly ash 

Fly ash, a by-product of coal combustion, plays a significant role in influencing the chloride 

resistance performance of concrete. As a pozzolanic material, fly ash is characterized by a relatively 

low CaO content and elevated levels of SiO2 and Al2O3 compared to PC [7]. Its pozzolanic activity 

relies on the presence of portlandite, a product of PC hydration, which reacts with the reactive silica 

and alumina in fly ash to form additional C-A-S-H and other secondary hydration products. This 

reaction contributes to densifying the microstructure and reducing permeability, thereby enhancing 

chloride resistance [21]. Moreover, the high Al2O3 content in fly ash can enhance chemical chloride 

binding by enriching the system with additional alumina, which promotes the transformation of 

ettringite (AFt) into monosulfate-type (AFm) phases. These AFm phases are capable of chemically 

binding chloride ions through the formation of Friedel’s salt. However, the introduction of 

additional Al2O3 from fly ash in systems containing limestone fillers may intensify the stabilizing 

AFt and delaying the transformation to AFm, as previously discussed [19]. This, in turn, can lead 

to increased formation of carboaluminates, enhancing solid volume and reducing pore connectivity, 

which favors reduced permeability. Otherwise, it  may delay the transformation from AFt to AFm, 
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thereby diminishing the chemical chloride binding capacity of the system. Consequently, the 

chloride resistance performance of concrete incorporating both limestone filler and fly ash remains 

complex and not yet fully understood, particularly in high-limestone PLC systems. 

2.4.3 Slag 

Compared to fly ash, slag generally contains a higher proportion of CaO, meaning it does not rely 

heavily on portlandite to initiate secondary hydration. As a result, slag can independently contribute 

to the formation of additional hydration products, which improve microstructural densification. 

Numerous studies have reported that the incorporation of slag enhances the chloride resistance of 

conventional concrete by reducing permeability and refining the pore structure [22-24]. However, 

emerging evidence from X-ray diffraction (XRD) analyses suggests a more nuanced effect when 

slag is blended with PC. Several studies have observed a reduction in the formation of AFt and 

AFm phases in slag-blended systems [25,26]. Furthermore, a significant portion of the Al2O3 

present in slag tends to become chemically incorporated within the C-A-S-H structure rather than 

contributing to AFm phase formation [7].  

2.4.4 Silica fume 

The incorporation of silica fume into concrete mixtures has demonstrated diverse effects on 

chloride resistance, depending on the mechanism considered. From a microstructural perspective, 

silica fume significantly refines the pore structure of cement paste through its pozzolanic reaction 

with calcium hydroxide. This reaction leads to the formation of additional C-A-S-H, which in turn 

reduces the volume of capillary pores and contributes to a denser and more discontinuous pore 

network, thereby lowering the permeability of concrete [7]. However, when viewed from the 

perspective of chloride binding, silica fume generally exhibits limited direct chemical binding 

capacity, especially when compared to aluminum-rich SCMs such as slag and fly ash. While the 

increased formation of C-A-S-H may enhance physical chloride binding, the C-A-S-H generated 

from silica fume tends to have a lower Ca/Si ratio, which is associated with reduced chloride 
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binding capacity overall [27]. Consequently, although silica fume improves resistance to chloride 

ingress by reducing transport pathways, its contribution to chemical chloride binding is relatively 

modest. 

2.5 Chloride-related determination 

2.5.1 Chloride binding 

2.5.1.1 Equilibrium method for cement paste and mortar 

The equilibrium method is considered a direct and reliable technique for quantifying the bound 

chloride content in cement paste and mortar, offering a clear measure of chloride binding capacity 

[27]. This method was first introduced by Tritthart in 1988 [28], where cement paste samples with 

a thickness of approximately 1 cm are immersed in a chloride solution of known concentration for 

an extended period, typically over 380 days, until equilibrium is reached between the external 

solution and the pore solution within the cement matrix. Upon completion of the immersion, the 

amount of bound chloride is calculated by measuring the difference in chloride concentration of 

the external solution before and after exposure, using potentiometric titration. 

Due to the limitations associated with the long duration required to reach equilibrium in Tritthart’s 

original method, Tang and Nilsson [29] proposed a modified approach involving the use of finely 

ground samples (i.e., 0.25–2mm particles, approx. 25g) with pre-conditioning to accelerate ion 

exchange. These samples are immersed in a series of external chloride solutions of varying 

concentrations until equilibrium is reached, which can typically occur within 14 days. Chloride 

content in the solution is again determined via potentiometric titration using 0.01 M AgNO3. This 

accelerated approach retains the accuracy of the equilibrium method while enabling more practical 

and timely testing in laboratory conditions. 

The detailed bound chloride content calculation is shown in Eq (3): 

𝐶𝑏 = 35.453 × 𝑉 × (𝐶𝑖 − 𝐶𝑓)/𝑊𝑑                                                    (3) 
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Where: Cb is the bound chloride content, mg/g, V is the volume of the external chloride solution, 

ml, Ci is the initial chloride concentration before sample immersion, mol/l, Cf is the free chloride 

concentration after achieving equilibrium condition, mol/l, and Wd is the mass dry sample, g. 

The same procedure has also been widely adopted in studies evaluating chloride binding capacity 

across different binder systems [6,30], and has been effectively integrated into service life 

prediction models for reinforced concrete structures exposed to chloride environments [31,32]. 

2.5.1.2 Total and free chloride determination for dry concrete powder 

Strongly bound chloride content in the concrete of experimental studies can be estimated as the 

difference between acid-soluble and water-soluble chloride fractions [12]. This approach is based 

on the principle that both bound and free chloride ions dissolve completely in diluted nitric acid, 

while only the mobile (free) chloride fraction is soluble in deionized [33] or distilled water [34]. 

Using potentiometric titration, chloride contents can be quantitatively determined from powdered 

concrete samples. The reliability of this method has been validated through Round-Robin (multi-

laboratory) testing, which supports the use of acid-soluble analysis for measuring total chloride 

[35] and water-soluble analysis for free chloride [36]. Loser et al. [37] confirmed the applicability 

of this methodology for comparing chloride binding capacity across various binder systems. Similar 

analytical techniques have also been adopted in studies investigating chloride binding under marine 

exposure conditions [38]. 

2.5.1.3 Phase composition analysis 

X-ray diffraction (XRD) is a widely used analytical technique in cement chemistry for identifying 

crystalline hydration products and phase transformations. In the context of chloride binding, XRD 

enables the detection of chloride-containing phases, particularly Friedel’s salt (Cl-AFm), which 

forms through the chemical interaction between chloride ions and aluminous hydration phases such 

as monosulfate. Thermogravimetric analysis (TGA) provides a complementary perspective on 
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chloride binding by evaluating mass loss associated with specific decomposition temperatures of 

cement hydration products. In chloride-exposed systems, TGA can be used to detect the thermal 

decomposition of Friedel’s salt, depending on system chemistry. By comparing mass loss curves 

of samples before and after chloride exposure, researchers can infer the quantity of chemically 

bound chlorides and distinguish it from other phases such as portlandite, AFt, or carbonate-bearing 

AFm phases. Figure 2.4 presented the experimental analysis from [39]. 

 

Figure 2.4. XRD and TGA analysis from [41]. 

2.5.1.4 Chloride binding isotherms 

Chloride binding isotherms are widely employed to characterize the relationship between free 

chloride concentration and the amount of chloride bound within the cementitious matrix at a given 

temperature. These isotherms provide valuable insight into the binding behavior of concrete, which 

varies depending on the composition of the cementitious system [31] and significantly influences 

the rate of chloride ingress. As proposed by [40], chloride binding capacity can be quantified as the 

derivative ∂Cb/∂Cf, representing the change in bound chloride with respect to free chloride 

concentration. Experimental data are typically fitted to empirical or semi-empirical models, 

including the linear, Langmuir, and Freundlich isotherms, each offering different assumptions and 

mechanisms for describing the interaction between chlorides and hydration products. These models 
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help quantify binding capacity and support a better understanding of chloride transport resistance 

in diverse binder systems. These three binding isotherms equations are shown hereafter: 

Linear isotherm: 

𝐶𝑏 = 𝑘𝐶𝑓 , 𝜕𝐶𝑏
𝜕𝐶𝑓

= 𝑘                                                                            (4) 

Freundlich isotherm: 

𝐶𝑏 = 𝛼𝐶𝑓
𝛽 ,  𝜕𝐶𝑏

𝜕𝐶𝑓
= 𝛼𝛽𝐶𝑓

𝛽−1                                                                (5) 

Langmuir isotherm: 

𝐶𝑏 =
α𝐶𝑓

1+β𝐶𝑓
  ,  𝜕𝐶𝑏

𝜕𝐶𝑓
=

𝛼

(1+𝛽𝐶𝑓)
2                                                                 (6) 

In the above, Cb is the bound chloride content, Cf is the free chloride content, and α, β, and k are 

fitting parameters which have no physical meanings. 

As discussed in [31], the linear isotherm offers a simplified approach to modeling chloride binding 

in cementitious materials. While it provides a convenient and intuitive approximation, it tends to 

underestimate bound chloride at low free chloride concentrations and overestimate it at higher 

concentrations. Nevertheless, a linear relationship between free and bound chlorides has been 

observed in long-term field exposure studies, including marine environments over a 7-year period 

[41]. 

In contrast, the Freundlich and Langmuir isotherms are more widely adopted for modeling chloride 

binding due to their ability to capture nonlinear behavior. According to Tang and Nilsson [29], the 

Freundlich model is more appropriate when the external chloride concentration exceeds 0.01 

mol/L, whereas the Langmuir model offers better accuracy at concentrations below 0.05 mol/L in 

cement paste and mortar systems. Laboratory studies on concrete specimens, however, have 

demonstrated that both models remain applicable. For example, Li and Jiang [39] reported high 

correlation coefficients for both isotherms under a 0.6 mol/L chloride exposure over a four-month 

bulk diffusion test. Furthermore, a review by Song et al. [42] concluded that linear, Freundlich, and 
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Langmuir models have all been successfully applied to chloride binding in concrete. The use of 

modified fitting parameters across studies reflects the complexity of chloride binding behavior and 

suggests that a universally applicable model has yet to be established, especially for evaluations 

based on concrete specimens. 

2.5.2 Experiments on chloride resistance evaluation 

2.5.2.1 Bulk diffusion test 

Among the primary mechanisms governing ion transport in concrete, which namely diffusion, 

permeation, capillary adsorption, and electromigration, diffusion is recognized as the dominant 

process for the natural ingress of chloride ions under typical exposure conditions [10]. To simulate 

this phenomenon, the bulk diffusion test, as standardized in ASTM C1556 [43], is commonly 

employed to evaluate non-steady-state chloride transport in concrete. As illustrated in Fig 5, the 

procedure involves conditioning specimens under controlled curing regimes, followed by cutting 

them into standardized dimensions and immersing them in a 165 g/L sodium chloride (NaCl) 

solution for a minimum of 35 days. After the immersion period, samples are removed, and chloride 

concentration profiles are obtained by analyzing powdered layers taken from incremental depths. 

Chloride contents can be quantified using methods such as manual or automatic potentiometric 

titration [37,39,44], as well as advanced techniques like inductively coupled plasma mass 

spectrometry (ICP-MS) [45] and micro X-ray fluorescence (µXRF)  [46]. 

From the resulting chloride profiles, the apparent diffusion coefficient (Da) can be calculated, 

which serves as a critical parameter for assessing a concrete system's resistance to chloride ingress. 

In recent years, Da has also become a foundational input in various chloride transport and service 

life prediction models used in durability design for reinforced concrete infrastructure [12]. 
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Figure 2.5. Schematic of chloride profile determination process. 

2.5.2.2 Electrical resistivity test 

Due to the time-consuming nature of the bulk diffusion test, requiring both an initial curing period 

and a minimum 35-day immersion in chloride solution, electrical resistivity tests are frequently 

used as indirect indicators of a concrete’s chloride resistance. Unlike diffusion-based tests, 

resistivity measurements do not account for chloride ion transport or binding mechanisms [11]. 

Bulk ER is typically conducted in laboratory environments using cylindrical specimens, either 

extracted from field structures or cast specifically for evaluation. The measured resistivity reflects 

the internal microstructure and pore connectivity of the concrete. In general, lower bulk resistivity 

values are associated with higher permeability, indicating a greater susceptibility to moisture and 

chloride ingress and, thus, an elevated risk of reinforcement corrosion. 

Surface ER testing has gained popularity due to its simplicity, rapid execution, and non-destructive 

nature. This method involves placing a four-probe array on the surface of the concrete and applying 

a low-voltage current across the probes at a standardized spacing. Its convenience and speed have 

led to widespread use for preliminary assessments of chloride resistance, particularly in field 

applications. The sketch of bulk ER and surface ER are displayed in Figure 2.6 (a) and (b), 

respectively [47]. 
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(a) (b) 

Figure 2.6. Schematic of (a) Bulk ER [47] and (b) Surface ER [47]. 

2.5.2.3 Chloride migration related tests 

In this session, a series of main chloride migration tests under different applied voltages are 

summarized hereafter. 

2.5.2.3.1 Rapid chloride permeability test (RCPT) 

A widely used method for evaluating the chloride resistance of concrete is the rapid chloride 

permeability test (RCPT), standardized under ASTM C1202 [48]. In this test, a 60 V potential is 

applied across a saturated concrete specimen positioned between two chambers: one filled with a 

sodium chloride (NaCl) solution and the other with a sodium hydroxide (NaOH) solution. The total 

electrical charge passed through the specimen over a 6-hour period is recorded and expressed in 

coulombs. 

RCPT offers a rapid and convenient means of assessing chloride penetration resistance. Lower 

charge values indicate reduced ionic transport and, by extension, higher resistance to chloride 

ingress, correlating with improved durability and a lower risk of reinforcement corrosion. However, 

while the method is favoured for its speed and simplicity, the passage of current during the test can 

elevate the temperature of the specimen, particularly in mixtures with lower electrical resistivity, 

which may artificially increase ionic mobility. As a result, RCPT outcomes can be sensitive to 

concrete composition and testing conditions, complicating direct comparisons between different 

mixtures or binder systems [49]. 
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2.5.2.3.2 Rapid chloride migration test (RCMT) 

The rapid chloride migration test (RCMT), standardized by NT BUILD 492 [53], is a widely 

accepted accelerated test method developed to assess the chloride ingress resistance of concrete. 

The specimen dimensions used for RCMT are identical to those in the RCPT, typically 100 mm in 

diameter and 50 mm in length, and both tests require sample preconditioning, including vacuum 

saturation. During RCMT, the specimen is mounted in an electrolytic cell divided into two 

compartments: one containing a chloride-free solution (0.3 M NaOH) and the other filled with a 

chloride-rich solution (10% NaCl). A direct current voltage, typically 30 V (adjusted based on the 

initial conductivity of the concrete), is applied across the specimen for a fixed duration, usually 24 

hours. Upon completion of the migration period, the specimen is axially split, and the freshly 

fractured surface is sprayed with a silver nitrate (AgNO3) solution. This results in a visible white 

precipitate (AgCl) marking the depth of chloride penetration. The chloride penetration depth is 

measured at multiple locations, and the average value is used to calculate the chloride migration 

coefficient, which serves as a performance indicator for chloride resistance. 

It is worth noting that while both RCPT and RCMT are designed to simulate non-steady-state 

chloride transport and, to some extent, account for chloride binding, their short testing durations 

and high applied voltages significantly limit the extent of chloride binding that occurs during the 

test [37]. As a result, the outcomes primarily reflect ionic transport capacity rather than long-term 

binding behavior. 

2.5.2.3.3 Chloride conductivity test (CC) 

The rapid chloride conductivity test is a laboratory-based method developed to evaluate the 

resistance of concrete to chloride ingress. Initially introduced by Streicher et al. [50] and 

subsequently refined through further research by Otieno et al. [51], this method provides a quick 

and efficient means of assessing concrete's chloride transport properties. In this procedure, 

cylindrical concrete specimens are first oven-dried to remove moisture and then vacuum-saturated 
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with a high-concentration sodium chloride solution (i.e., 5M NaCl) to simulate chloride exposure 

conditions. Following saturation, the specimens are mounted in a custom-designed test cell 

composed of two compartments, both filled with the same salt solution to maintain ionic 

consistency. A 10 volt direct current potential is applied across the specimen, and the resulting 

electric current is recorded after a brief stabilization period, typically around 10 seconds. This 

measured current is then used to compute the chloride conductivity of the concrete, which serves 

as a proxy for its chloride ingress resistance. This method offers several advantages, including rapid 

execution, simple setup, and the ability to differentiate mixtures based on ionic transport 

characteristics, making it especially useful for comparative studies of concrete performance under 

aggressive environmental exposure. 

All of the chloride migration-related tests are presented in Figure 2.7 (a) RCPT, (b) RCMT, and (c) 

CC. 

 
 

 
(a) (b) (c) 

Figure 2.7. Schematic of chloride migration-related tests: (a) RCPT [11], (b) RCMT [52], and (c) 

CC [51]. 

2.6 Research gaps 

In summary, many existing studies have focused on the individual effects of specific cementitious 

materials, such as limestone filler, fly ash, or other SCMs, on chloride resistance and/or chloride 

binding. However, the interactions between these materials within blended cement systems remain 

poorly understood. Furthermore, in support of achieving Net-Zero carbon emission targets, 

increasing the interground limestone replacement level beyond the current 15% limit in PLC 

systems has gained attention. This ambition, however, raises concerns regarding the long-term 
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durability of concrete, particularly in terms of chloride ingress resistance. Therefore, a 

comprehensive and systematic investigation into both the chloride resistance and chloride binding 

behavior of PLC concretes, especially those incorporating high levels of limestone and various 

SCMs, is essential to ensure the reliability and sustainability of next-generation low-carbon 

concrete technologies. 
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Chapter 3 

Evaluation of Chloride Resistance in High Interground Limestone 

Portland-Limestone Cement (PLC) Concrete  

3.1 Abstract 

Concrete production is a major contributor to global CO₂ emissions, primarily due to Portland 

cement (PC). Portland-limestone cement (PLC), which replaces part of the clinker with interground 

limestone, and the incorporation of supplementary cementitious materials (SCMs) such as fly ash 

and slag, offer promising low-carbon alternatives. However, the durability of high-limestone PLC 

remains uncertain, particularly regarding chloride ingress resistance. This study evaluates the 

chloride resistance of PLC concretes with various limestone replacements, incorporating different 

SCMs through multiple test methods. Results show that SCMs significantly improve chloride 

resistance under distinct PLC mixtures. A strong correlation between resistivity and apparent 

diffusion coefficient (Da) confirms the role of pore structure in chloride transport. However, RCPT 

failed to detect differences among pure PLC mixtures with varying limestone content, indicating 

limitations in its sensitivity for low-resistivity systems. These findings highlight the importance of 

using multiple evaluation methods and suggest that high-limestone PLC, when properly combined 

with SCMs and a better-controlled water-to-clinker ratio, can maintain sufficient durability for 

chloride exposure conditions. 

Keywords: Portland-limestone cement (PLC), Chloride resistance, fly ash, slag. 

3.2 Introduction 

Concrete is the second most consumed material globally, following only water [1]. It is responsible 

for approximately 8% of global CO₂ emissions, and a major contributor to its environmental impact 

is Portland cement (PC), which is due to its energy-intensive manufacturing process [2,3]. To 

support carbon reduction strategies, including national goals such as Canada's Net-Zero Emissions 
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initiative, the development of low-carbon cement systems is essential. Promising approaches 

include the use of Portland-limestone cement (PLC), which incorporates interground limestone to 

partially replace clinker [4,5], and the blending of supplementary cementitious materials (SCMs), 

such as fly ash and slag, into the cementitious system [6–8]. Both methods contribute to a reduction 

in clinker content, thus lowering CO₂ emissions. 

One of the most critical durability concerns in reinforced concrete structures is chloride-induced 

corrosion. Chloride ions originating from external sources, such as de-icing salts and seawater, can 

ingress into the concrete matrix, reach the embedded reinforcement, and initiate corrosion 

processes that compromise structural integrity [9,10]. Consequently, evaluating the chloride 

resistance of concrete is essential for predicting the corrosion initiation period and extending the 

service life of reinforced concrete infrastructure. 

Chloride resistance is governed by two primary mechanisms: chloride binding and the pore 

structure of concrete. Chloride binding refers to the capacity of cement hydration products to 

immobilize chloride ions either chemically or physically. Chemically, chlorides can bind with 

aluminous hydrates such as AFm phases to form Friedel’s salt, while physical binding occurs 

through adsorption onto the calcium aluminosilicate hydrates (C-A-S-H) gel structure [11–15]. 

Meanwhile, pore structure of concrete relates to the transport characteristics of the concrete 

microstructure, including porosity, pore connectivity, and tortuosity. Both mechanisms play 

integral roles in slowing chloride ingress and improving long-term durability. 

Several standardized methods are employed to assess chloride resistance in concrete. The bulk 

diffusion test (ASTM C1556) simulates natural, non-steady-state chloride penetration over 

extended durations, providing reliable long-term data [16]. However, due to time constraints, 

accelerated electrical methods are often used in practice. These include bulk electrical resistivity 

(Bulk ER) and surface electrical resistivity (Surface ER) tests, both of which serve as indirect 

indicators of concrete pore structure. Higher resistivity values are typically associated with reduced 
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chloride ingress. Threshold values for interpreting Bulk ER and Surface ER in terms of chloride 

penetrability levels have been documented in prior literature [17,18]. Another commonly used 

method is the rapid chloride permeability test (RCPT) as specified in ASTM C1202, which applies 

a 60 V potential to measure ionic transport through concrete specimens and provides a quick 

estimation of chloride resistance [19]. 

According to CSA A3000-23 specifications, the maximum allowable interground limestone 

content in PLC is 15%. Extensive research has demonstrated that PLCs containing up to 15% 

limestone do not compromise the fresh, mechanical, or durability properties of concrete, including 

chloride resistance, when compared to conventional PC concrete [20–22]. However, in pursuit of 

deeper decarbonization, there is increasing interest in further reducing clinker content by increasing 

limestone replacement. While such mixtures offer improved sustainability, concerns remain 

regarding their long-term performance, particularly in chloride-exposed environments. Therefore, 

comprehensive evaluation using multiple test methods is necessary to assess the chloride resistance 

of high-limestone PLC systems and ensure their suitability for durable, low-carbon concrete 

infrastructure. 

3.3 Background 

3.3.1 Cementitious materials' influences on chloride resistance 

Distinct cementitious materials may differently impact on chloride resistance. The influence of 

limestone fillers along with common supplementary cementitious materials are presented hereafter: 

3.3.1.1 Limestone filler 

Limestone fillers exhibit multifaceted effects on the chloride resistance of concrete. On the one 

hand, the physical filler effect of finely ground limestone improves particle packing by filling voids 

between cement grains, thereby increasing the overall density of the cementitious matrix [23]. 

Additionally, during the early stages of hydration, limestone filler particles act as nucleation sites 
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for C-A-S-H formation, a mechanism commonly referred to as the nucleation effect [24]. Both 

mechanisms contribute positively to chloride resistance by refining the pore structure and 

enhancing the early development of hydration products. 

On the other hand, excessive limestone replacement may lead to the so-called dilution effect, 

wherein a reduced proportion of reactive clinker results in lower overall hydration products 

formation [25]. The increased presence of non-reactive fillers creates more free water in the system, 

ultimately reducing the volume of hydration products and compromising durability [23]. Contrary 

to earlier assumptions that limestone behaves as an inert filler, substantial evidences suggest that it 

participates in chemical reactions with aluminates. Specifically, limestone can react with C3A to 

form carboaluminate phases [26,27]. This reaction can stabilize ettringite (AFt) by consuming C3A, 

thereby delaying its conversion to AFm phases [28], eventually decreasing the potential for the 

formation of Friedel’s salt; whereas some studies have proposed that carboaluminate phases, such 

as monocarboaluminate (Mc) and hemicarboaluminate (Hc), can also chemically bind chloride ions 

[21,29]. Therefore, the chloride resistance performance of PLC concrete incorporating higher levels 

of interground limestone remains insufficiently understood and warrants further investigation. 

3.3.1.2 Fly ash 

Fly ash, a by-product of coal combustion, plays a significant role in influencing the chloride 

resistance performance of concrete. As a pozzolanic material, fly ash is characterized by a relatively 

low CaO content and elevated levels of SiO2 and Al2O3 compared to PC [31]. Its pozzolanic activity 

relies on the presence of portlandite, a product of PC hydration, which reacts with the reactive silica 

and alumina in fly ash to form additional C-A-S-H and other secondary hydration products. This 

reaction contributes to densifying the microstructure and reducing permeability, thereby enhancing 

chloride resistance [32]. Moreover, the high Al2O3 content in fly ash can enhance chemical chloride 

binding by enriching the system with additional alumina, which promotes the transformation of 

ettringite (AFt) into monosulfate-type (AFm) phases. These AFm phases are capable of chemically 



 

29 

 

binding chloride ions through the formation of Friedel’s salt. However, the introduction of 

additional Al2O3 from fly ash in systems containing limestone fillers may intensify the stabilizing 

AFt and delaying the transformation to AFm, as previously discussed [28]. This, in turn, can lead 

to increased formation of carboaluminates, enhancing solid volume and reducing pore connectivity, 

which favors reduced permeability. Otherwise, it  may delay the transformation from AFt to AFm, 

thereby diminishing the chemical chloride binding capacity of the system. Consequently, the 

chloride resistance performance of concrete incorporating both limestone filler and fly ash remains 

complex and not yet fully understood, particularly in high-limestone PLC systems. 

3.3.1.3 Slag 

Compared to fly ash, slag generally contains a higher proportion of CaO, meaning it does not rely 

heavily on portlandite to initiate secondary hydration. As a result, slag can independently contribute 

to the formation of additional hydration products, which improve microstructural densification. 

Numerous studies have reported that the incorporation of slag enhances the chloride resistance of 

conventional concrete by reducing permeability and refining the pore structure [33–35]. However, 

emerging evidence from X-ray diffraction (XRD) analyses suggests a more nuanced effect when 

slag is blended with PC. Several studies have observed a reduction in the formation of AFt and 

AFm phases in slag-blended systems [36,37]. Furthermore, a significant portion of the Al2O3 

present in slag tends to become chemically incorporated within the C-A-S-H structure rather than 

contributing to AFm phase formation [31]. 

These findings raise concerns regarding the combined use of slag and limestone filler in PLC 

systems. Since limestone preferentially stabilizes AFt and delays its transformation into chloride-

binding AFm phases, the reduced availability of reactive alumina from slag may exacerbate this 

effect. This could lead to a further decline in chemical chloride binding capacity and harm the 

general chloride resistance performance.   



 

30 

 

3.3.2 Experiments to assess chloride resistance 

3.3.2.1 Bulk diffusion test 

Among the primary transport mechanisms for ions in concrete (i.e., diffusion, permeability, 

capillary adsorption, and migration), diffusion is widely recognized as the dominant process 

governing the natural ingress of chloride ions [38]. To simulate this mechanism under non-steady-

state conditions, the bulk diffusion test prescribed in ASTM C1556 is commonly employed [16]. 

According to the standard, after a designated curing period, concrete specimens are cut to specific 

dimensions and immersed in a 165 g/L sodium chloride (NaCl) solution for a minimum duration 

of 35 days. Upon completion of the exposure period, specimens are extracted, and the internal 

chloride concentration profile is determined. This is typically achieved using conventional 

techniques such as manual or automated potentiometric titration [11,30,39], or more advanced 

methods including inductively coupled plasma mass spectrometry (ICP-MS) [40] and micro X-ray 

fluorescence (µXRF) [41]. 

These measurements enable the calculation of the apparent chloride diffusion coefficient (Da), a 

critical parameter for evaluating a concrete's resistance to chloride ingress. In recent years, Da has 

also been integrated into service life prediction models and performance-based durability 

assessments for chloride-exposed structures [15]. 

3.3.2.2 Electrical resistivity test 

Due to the time-consuming nature of the bulk diffusion test, requiring both an initial curing period 

and a minimum 35-day immersion in chloride solution, electrical resistivity tests are frequently 

used as indirect indicators of a concrete’s chloride resistance. Unlike diffusion-based tests, 

resistivity measurements do not account for chloride ion transport or binding mechanisms [13]. 

Bulk ER is typically conducted in laboratory environments using cylindrical specimens, either 

extracted from field structures or cast specifically for evaluation. The measured resistivity reflects 

the internal microstructure and pore connectivity of the concrete. In general, lower bulk resistivity 
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values are associated with higher permeability, indicating a greater susceptibility to moisture and 

chloride ingress and, thus, an elevated risk of reinforcement corrosion. 

Surface ER testing has gained popularity due to its simplicity, rapid execution, and non-destructive 

nature. This method involves placing a four-probe array on the surface of the concrete and applying 

a low-voltage current across the probes at a standardized spacing. Its convenience and speed have 

led to widespread use for preliminary assessments of chloride resistance, particularly in field 

applications. 

3.3.2.3 Rapid chloride permeability test (RCPT) 

Another widely used method for evaluating the chloride resistance of concrete is the Rapid Chloride 

Permeability Test (RCPT), standardized under ASTM C1202-22 [19]. In this test, a 60 V potential 

is applied across a saturated concrete specimen positioned between two chambers: one filled with 

a sodium chloride (NaCl) solution and the other with a sodium hydroxide (NaOH) solution. The 

total electrical charge passed through the specimen over a 6-hour period is recorded and expressed 

in coulombs. 

RCPT offers a rapid and convenient means of assessing chloride penetration resistance. Lower 

charge values indicate reduced ionic transport and, by extension, higher resistance to chloride 

ingress, correlating with improved durability and a lower risk of reinforcement corrosion. However, 

while the method is favoured for its speed and simplicity, the passage of current during the test can 

elevate the temperature of the specimen, particularly in mixtures with lower electrical resistivity, 

which may artificially increase ionic mobility. As a result, RCPT outcomes can be sensitive to 

concrete composition and testing conditions, complicating direct comparisons between different 

mixtures or binder systems [43]. 

Table 3.1. shows a summarization of the chloride ion’s penetrability in different tests as 

aforementioned by following the existing standard. 
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Table 3.1. Summary of distinct accelerated chloride testing method. 

Chloride  

penetrability 

Bulk ER (Ω·m) [17] 

100-by-200-mm 

Surface ER (KΩ·cm) [18] 

100-by-200-mm 

RCPT [17] 

High <50 <12 >4000 

Moderate 50-100 12-21 2000-4000 

Low 100-200 21-37 1000-2000 

Very low 200-2000 37-254 100-1000 

Negligible >2000 >254 <100 

 

3.4 Scope of the work 

According to current CSA A3000 specifications, the maximum allowable limestone replacement 

in PLC is 15% by mass of clinker. Extensive research has shown that PLC with 15% limestone 

does not compromise chloride resistance compared to PC. However, in light of growing demands 

for carbon footprint reduction, the potential to increase limestone content beyond this threshold 

introduces new challenges regarding durability, particularly resistance to chloride ingress. This 

study aims to enhance the understanding of chloride resistance in PLC concrete systems 

incorporating increased limestone replacement levels combined with supplementary cementitious 

materials. 

3.5 Materials & Methods 

3.5.1 Raw materials 

The experimental variables included three levels of limestone replacement in PLC: one within the 

current CSA A3000 allowable limit of 15% (denoted as A), and two exceeding this threshold (H1 

and H2), both containing over 20% interground limestone, with H2 having a slightly higher 

replacement level than H1. In addition, two types of supplementary cementitious materials (SCMs) 

were incorporated in selected mixtures: Type-F fly ash and slag. A natural sand with a maximum 

size of 4.75 mm and coarse limestone aggregate with sizes from 4.75 to 19mm were used in this 
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study. Figure 3.1 shows the cumulative particle size distribution of the distinct cementitious 

material. Table 3.2 illustrates the chemical composition of the various cementitious materials. 

 

Figure 3.1. Particle size distribution of each cementitious material. 

Table 3.2.Chemical composition of each cementitious material. 

Mass (%) A H1 H2 Slag Fly ash 

CaO 62.19 60.83 60.87 41.45 14.22 

SiO2 18.71 17.71 17.20 36.52 49.27 

Al2O3 4.51 4.27 4.09 10.54 16.24 

Fe2O3 2.78 2.60 2.55 0.46 6.15 

MgO 2.19 2.11 2.05 7.85 4.13 

SO3 2.95 4.62 4.42 0.24 0.68 

K2O 1.04 0.96 1.00 0.52 1.54 

Na2O 0.29 0.26 0.23 0.33 3.88 

TiO2 0.19 0.19 0.17 0.44 0.77 

P2O5 0.13 0.13 0.12 0.00 0.40 

MnO 0.06 0.05 0.06 0.29 0.06 

LOI 6.23 9.217 10.05 1.36 1.29 

CaCO3 13.34 21.39 22.47 - - 

As shown in Table 3.2, the chemical compositions of the three types of PLC cement, as determined 

by XRF analysis, reveal some unexpected trends. Notably, although cement H1 and H2 both 

contain high levels of interground limestone, with H2 exhibiting a slightly higher CaCO₃ content 
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than H1 (i.e., 22.47 and 21.39, respectively), the measured CaO and K2O contents in H2 are also 

slightly higher than those in H1. This is counterintuitive, as increased limestone replacement is 

expected to reduce the overall CaO content, given the lower reactivity of limestone compared to 

clinker. Additionally, SO3 content, which primarily originates from gypsum rather than clinker 

phases, should remain relatively consistent across these cements, since limestone only partially 

replaces clinker. However, a significant variation in SO₃ levels is observed, further suggesting 

inconsistencies in the manufacturing process. 

3.5.2 Mix proportions 

A water-to-powder ratio (W/P) of 0.4 in accordance with the class C-1 exposure condition in CSA 

A23.1 [44] was selected for this research, and the concrete mixtures were proportioned via the ACI 

method. High-range (HR) and mid-range (MR) water-reducing admixtures were added by mass of 

total powder in the mix to achieve ideal workability, and an air-entrainer admixture was added to 

the mix to provide 5-8% of air in accordance with the C-1 exposure condition requirement for 

preventing freezing and thawing cycles.  

The detailed mix proportions are shown in Table 3.3. Fly ash and slag were marked as “F” and “S”, 

and each number followed by the abbreviation represents the replacement level of that specific 

cementitious material. For instance, “AF20” represents cement A + 20% fly ash blended in this 

powder system. 
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Table 3.3. Mix proportions. 

Mixture 

name 

W/P Cement 

(kg/m3) 

SCMs* 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

HR 

(kg/m3) 

MR 

(kg/m3) 

Air 

content** 

(%) 

A 0.4 326 - 866 1179 3.26 3.26 5.7 

H1 0.4 326 - 866 1179 3.26 3.26 5.5 

H2 0.4 326 - 866 1179 3.26 3.26 5.9 

AF20 0.4 261 65 866 1179 2.28 2.28 6.3 

AF40 0.4 196 130 866 1179 2.28 2.28 6.6 

H1F20 0.4 261 65 866 1179 2.28 2.28 7.1 

H1F40 0.4 196 130 866 1179 2.28 2.28 6.8 

H2F20 0.4 261 65 866 1179 2.28 2.28 7.1 

H2F40 0.4 196 130 866 1179 2.28 2.28 6.2 

AS20 0.4 261 65 866 1179 2.61 2.61 7.4 

AS40 0.4 196 130 866 1179 2.61 2.61 6.8 

H1S20 0.4 261 65 866 1179 2.61 2.61 7.5 

H1S40 0.4 196 130 866 1179 2.61 2.61 6.8 

H2S20 0.4 261 65 866 1179 2.61 2.61 6.1 

H2S40 0.4 196 130 866 1179 2.61 2.61 6.8 

*SCMs indicate fly ash or slag in accordance with the different mixture names. 

**All the mixtures were air-entrained by adding air-entrainer followed by C-1 exposure; the air 

content of fresh state ranges from 5-8%. 

3.5.3 Samples fabrication and curing process 

Three test samples (100 mm in diameter, 200 mm in length) per family were cast and stored at 21 

± 1°C with over 90% relative humidity (RH) for 24 hours. After demolding, all the samples were 

cured in saturated calcium hydroxide water for 56 days to reduce the influence of hydration on the 

test outcomes. After curing, all the samples were prepared and tested in bulk and surface ER, along 

with rapid chloride permeability test and bulk diffusion tests.   

3.5.4 Bulk electrical resistivity test 

The bulk electrical resistivity (Bulk ER) test was conducted according to ASTM C1876 [45]and 

CSA A23.3 - 26C [17]. As Figure 3.2 shows, two electrodes were placed on each cylinder’s surface 
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with moist sponges for connection. After applying the required voltage potential, the resistance of 

the material was computed. The Bulk ER was then calculated using the following equation: 

𝜌 = 𝑅 ∗
A

𝐿
                                                                        (1) 

Where ρ is bulk ER, Ω·m. R is the electrical resistance calculated by the setup, Ω. A is the cylinder’s 

area, which is attached to the electrode, m2. L is the total length of the concrete cylinder, m. 

 

  

(a) (b) 

Figure 3.2. Bulk ER: (a) Schematic [46] and (b) Experiments in the laboratory. 

3.5.5 Surface electrical resistivity test 

The surface electrical resistivity (Surface ER) was performed following AASHTO TP-95 [18]. Two 

inner probes were used to detect the voltage potential (V), and the two exterior probes were used 

to measure the current (A), as per Figure 3.3(a). The surface ER was then calculated through the 

following equation: 

𝜌 = 2aπ𝑅                                                                      (2) 

Where: ρ is surface ER, KΩ·cm. a is the distance of each two probes, and R is the surface 

resistance measured by the setup, KΩ. 
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(a) (b) 

Figure. 3.3. Surface ER: (a) Schematic [46] and (b) Experiments in the laboratory. 

3.5.6 Rapid chloride permeability test (RCPT) 

RCPT was performed following ASTM C1202-22 [19]. After curing period, a water-cooled 

diamond saw was used to cut the samples to a specific dimension, 100 mm in diameter, 50 mm in 

length. Then, the specimens were placed into a stainless-steel container, sealed with an acrylic lid 

and left under vacuum for three hours. Next, the samples were put back under vacuum for a 

supplementary hour. After a total soaking period of twenty hours, the samples were placed into an 

acrylic-made cell, and a 3% NaCl and 0.3 N NaOH solutions were used in each of the cells, as 

shown in Figure3.4. The total charges passing by (Q) was then calculated after six-hours via the 

following equation: 

𝑄 = ∫ 𝐼(𝑡) 𝑑(𝑡)                                                                         (3) 

Where: Q is the total charges passing by, C. I is the current, mA, and t is the time, s. 

 

Figure 3.4. RCPT: (a) Schematic [13] and (b) Experiments in the laboratory. 
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3.5.7 Bulk diffusion test 

3.5.7.1 Sample preparation and chloride content determination 

The chloride bulk diffusion test was performed as per ASTM C1556 [16]. Following a 56-day 

curing period, all concrete specimens were cut into cylinders measuring 100 mm in diameter and 

75 mm in length. To ensure unidirectional chloride diffusion, the cylindrical sides and bottom 

surfaces were sealed with epoxy resin, leaving only the top surface exposed. After allowing the 

epoxy to cure for 24 hours, specimens were submerged in a saturated calcium hydroxide solution 

for at least 24 additional hours to establish chemical equilibrium. Mass stability was then verified 

by confirming that the mass variation remained within ±0.1%. Once this condition was met, all 

specimens were immersed in a 165 g/L sodium chloride (NaCl) solution to begin the diffusion 

test, as illustrated in Fig 3.5. After 90 days of exposure, the specimens were removed and 

prepared for chloride profiling. Chloride profiles were obtained by sequentially grinding the 

exposed surface in depth increments of 1–3 mm. The collected powders were oven-dried at 

105 °C to a constant mass and then sieved through a 600 µm mesh to obtain homogeneous 

samples. The total chloride content was determined by potentiometric titration of dissolving the 

powder into acid-based, followed by ASTM C1152 [47].  

 

 

(a) (b) 

Figure 3.5. Bulk diffusion test: (a) Schematic and (b) Experiments in the laboratory. 

3.5.7.2 Apparent diffusion coefficient (Da) 
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After determining the total chloride content (expressed as a mass percentage of concrete) at each 

depth, the chloride concentration profile was constructed. Based on this profile, the apparent 

chloride diffusion coefficient (Da) is calculated using Fick’s Second Law of Diffusion, as defined 

by the following equation: 

𝐶(𝑥𝑡) = 𝐶𝑠 ∙ (1 − 𝑒𝑟𝑓𝑐 (
𝑥

2√𝐷𝑎𝑡
))                                                            (4) 

Where: C(xt) is the chloride content in depth x and after time t, mass % of concrete, Cs is the 

estimated surface chloride content, mass % of concrete, Da is the apparent diffusion coefficient, 

×10-12 m2/s, erfc is the error function, given in standard mathematic book. 

It was worth mentioning that Cs does not represent a physically measurable value, but is rather a 

fitting parameter used solely for computational purposes within the diffusion model [15].  

Figure 3.6. illustrates the overall sequence of curing and testing procedures. It is important to note 

that, due to the specific size requirements of the RCPT and bulk diffusion test that the electrical 

resistivity measurements (including bulk ER and surface ER) were conducted first. Within the 

following 24 hours, the RCPT and the initiation of the bulk diffusion test were performed. To 

ensure consistency and enable direct comparison across different test methods, all evaluations were 

performed on the same set of specimens for each mixture, and an identical curing period was 

maintained throughout the testing program. 

 

Figure 3.6. Schematic of sample preparation and testing. 
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3.6 Results 

3.6.1 Electrical accelerated test 

Figure 7 and Figure 8 present the bulk ER, surface ER and RCPT results for the 15 PLC concrete 

mixtures incorporating PLC with varying proportions of fly ash and slag. The red lines “Low”, 

“Very low,” et al. shown in the figures represent the chloride penetrability in concrete in accordance 

with Table 3.1. 

3.6.1.1 Electrical resistivity test 

Figure 3.7(a) illustrates the Bulk ER values across various mixture designs. As anticipated, the 

incorporation of SCMs, such as fly ash and slag, significantly enhanced the electrical resistivity of 

the concrete. Mixtures such as AS40, H1S20, and H2S40 demonstrated the highest Bulk ER values, 

all exceeding 200 Ω·m, which corresponds to the classification of very low chloride ion 

penetrability. In contrast, the pure PLC mixtures, A, H1, and H2, exhibited substantially lower Bulk 

ER values, all below 100 Ω·m, indicating moderate chloride penetrability. Mixtures incorporating 

moderate SCM contents (i.e., 20%) generally ranged between 100 and 200 Ω·m, placing them 

within the low chloride penetrability category. 

Figure 3.7(b) presents the surface electrical resistivity (Surface ER) values, which follow a similar 

trend to the Bulk ER results. The mixtures with 40% slag addition, particularly AS40, H1S20, and 

H2S40, achieved the highest surface resistivity values, all exceeding 37 kΩ·cm, classifying them 

within the very low chloride penetrability range. Conversely, the pure PLC mixtures again showed 

the lowest resistivity values, consistently below 15 kΩ·cm, corresponding to moderate chloride ion 

penetrability. 
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(a) 

 

(b)  

 

 

Figure 3.7. Electrical resistivity test results: (a) Bulk ER and (b) Surface ER at 56 days. 

3.6.1.2 RCPT 

Figure 3.8. presents the results of the RCPT, expressed in terms of total charge passed (coulombs, 

C). The RCPT outcomes reveal distinct trends in chloride resistance, closely correlated with the 

type and proportion of SCMs incorporated. Mixtures containing slag, specifically AS20, AS40, 
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H1S40, and H2S40, demonstrated significantly reduced charge values, all below 1000 C, placing 

them within the very low chloride permeability category according to ASTM C1202 classifications. 

In contrast, mixtures incorporating fly ash and the pure PLC systems (i.e., A, H1, and H2) exhibited 

higher total charges, indicative of comparatively greater ionic mobility. These mixtures generally 

fell within the low chloride permeability range. The results underscore the superior performance of 

slag-blended systems in mitigating chloride ingress and support the observed trends from resistivity 

testing, further highlighting the beneficial role of high slag content in enhancing chloride resistance 

in PLC concretes.  

 

Figure 3.8. RCPT results at 56 days. 

Furthermore, with the incorporation of fly ash, the results from Bulk ER, Surface ER, and RCPT 

consistently demonstrate an improvement in chloride resistance as the limestone replacement level 

increases from A to H1. This enhancement may be attributed to the synergistic effect between fly 

ash and a moderate amount of limestone filler, which promotes the formation of additional 

hydration products and contributes to microstructural densification [28]. However, when the 

limestone replacement level is further increased to H2, this synergistic benefit appears to diminish. 

At this point, the dilution effect becomes more pronounced, where the reduced clinker content leads 

to a decrease in overall hydration product formation, and ultimately resulting in a decline in chloride 
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resistance. This observation suggests that there exists an optimal limestone replacement threshold 

beyond which the beneficial interactions with fly ash are no longer sufficient to offset the negative 

impact on chloride resistance. 

3.6.2 Bulk diffusion test 

3.6.2.1 Chloride profile 

The chloride profiles after 90 days of bulk diffusion testing by following ASTM C1556 are shown 

in Figure 3.9. For the following Da calculation simplicity, all the chloride content is noted as mass 

% of dry concrete powder.  

Without SCMs, the chloride content consistently decreased with increasing depth across all cement 

types (A, H1, and H2), reflecting the typical diffusion-driven ingress behavior. When incorporated 

with fly ash, a clear improvement in chloride resistance was noted. Increasing fly ash content from 

20% (i.e., AF20, H1F20, H2F20) to 40% (i.e., AF40, H1F40, H2F40) significantly reduced chloride 

ingress at all depths. This phenomenon was amplified with the addition of slag. Mixtures containing 

40% slag (i.e., AS40, H1S40, H2S40) exhibited notably lower chloride ingress compared to those 

with only 20% slag (AS20, H1S20, H2S20), demonstrating the effectiveness of slag in reducing 

chloride diffusion. The chloride content at depths greater than 5 mm was considerably lower in the 

slag mixtures compared to pure and fly ash addition mixtures. 

 

 

   

   

   

   

 

   

            

 
  
  
  
  
  
  
  
   
 
  
  
  
   
  
  
  
  

          

                                   

 

  

  



 

44 

 

 

Figure 3.9. Chloride profiles. 

3.6.2.2 Apparent diffusion coefficient (Da) 

After all of the chloride profiles were analysed, Da could be computed by Eq (1) in accordance 

with Fick’s second law. Figure 3.10. illustrates the Da of different mixtures. In pure PLC mixtures, 

Da increased when limestone content increased from A to H1, reaching a peak at H2 mixture 

limestone replacement, which achieves 16.82 × 10-12×m2/s of three samples average. The 

incorporation of fly ash reduced the chloride diffusion coefficients across all limestone replacement 

levels except H2F40, which may be influenced by the dilution effect of limestone filler. Similarly, 

slag inclusion significantly enhanced chloride resistance. Mixtures with slag consistently exhibited 

reduced Da compared to pure PLC mixtures. Among all mixtures, H2S40 recorded the lowest Da 

value, which reaches 2.63 × 10-12×m2/s by average values.  

It deserves to be mentioned that fly ash and slag demonstrate different effects and are shown in 

electrical accelerated test and Da results, The increase of fly ash content from 20% to 40% did not 

display quite largely influenced the two mixtures, for instance, AF20 and AF40 presented similar 

values in each test. However, with the addition of slag, increased slag content from 20% to 40% 

clearly demonstrated benefits in chloride resistance. 
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Figure 3.10. Apparent diffusion coefficient (Da) in different PLC mixtures. 

3.7 Discussion 

3.7.1 Da validation 

Bulk diffusion test is considered the most reliable method to reflect chloride resistance since its 

natural diffusion process. To assess chloride resistance accurately among all of the concrete 

mixtures, the one-way analysis of variance (ANOVA) with a confidence level of 95 % was 

conducted first to confirm the significance of Da on different mixtures (i.e., PLC, PLC + Fly ash, 

and PLC + Slag), as shown in Table 3.4. The F-value represents the ratio of variance between 

groups to the variance within groups. A higher F-value indicates a greater likelihood that observed 

differences are not due to random variation. To assess significance, the calculated F-value is 

compared to the Fcritical value (noted Fcrit), which is determined based on the seleted significance 

level (commonly α = 0.05) and the degrees of freedom associated with the test. If the F-value 

exceeds the Fcrit, the null hypothesis, stating that all group means are equal, is rejected, indicating 

a statistically significant difference among groups. Additionally, the p-value provides a 

probabilistic measure of the likelihood that the observed differences occurred by chance. A p-value 

less than 0.05 is typically considered statistically significant, confirming the result indicated by the 
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F-test. In summary, a statistically significant outcome is confirmed when F > Fcrit and p < 0.05, 

implying that at least one group mean differs meaningfully from the others. 

Table 3.4. One-way ANOVA on Da. 

Test name F Fcrit P Significant 

Pure PLC 17.62 5.14 0.003 ✓ 

PLC + Fly ash 43.02 3.11 2.98E-07 ✓ 

PLC + Slag 61.45 3.11 3.94E-08 ✓ 

3.7.1.1 Pure PLC mixtures 

When a one-way ANOVA indicates statistically significant differences among group means, 

Tukey’s honestly significant difference (HSD) post hoc test is applied to identify which specific 

pairs of groups differ. In practical terms, for each pair of mixtures, the factor level line that does 

not include zero confirms that the difference is statistically significant. The pure PLC mixture's 

detailed comparison is shown in Figure 3.11. 

 

Figure 3.11. Tukey test of pure PLC mixtures. 

Based on the results of the statistical analysis, the results of mixture A are significantly different 

from mixtures H1 and H2. However, this should not be interpreted as definitive evidence that 

increasing interground limestone content necessarily reduces chloride resistance. As previously 

discussed, at a constant W/P ratio higher limestone replacement provides less hydration products 

which in turn generates less densified microstructure. To further investigate this aspect, Fig 3.12. 

illustrates the relationship among the Da, W/P ratio and the water-to-clinker ratio in pure PLC 

mixtures.  
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Figure 3.12. The relationship of Da, W/P ratio and water-to-clinker ratio. 

The figure above shows that changes in Da closely follow the trend of the water-to-clinker ratio, 

suggesting that this parameter serves as a more accurate indicator of chloride resistance 

performance than W/P ratio. In PLC systems, a lower water-to-clinker ratio promotes more 

complete hydration, resulting in a denser microstructure and improved chloride resistance. This 

finding indirectly supports the feasibility of using high-limestone PLC in future applications. By 

optimizing concrete mix design to better control the water-to-clinker ratio, it is possible to maintain 

or even enhance durability performance. Thus, even in systems with elevated limestone content, 

PLC can still be effectively employed, reinforcing its potential as a sustainable alternative in low-

carbon construction. 

3.7.1.2 Binary blended PLC with SCMs 

Following the analysis of the pure PLC mixtures, it is evident that different SCMs contribute to 

distinct enhancing chloride resistance. The detailed analysis of these effect is presented in Fig 3.13. 
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a) 

 

b) 

 

Figure 3.13. Tukey test on blended PLC mixtures. 

Based on the results of the Tukey post-hoc test, the chloride resistance performance of various PLC 

mixtures was statistically compared. The significant difference observed between H1S40 and 

H2S40 may be attributed to the relatively low variance or error margin associated with the H2S40 

data. As anticipated, the influence of SCMs incorporation on chloride resistance varied depending 

on the level of interground limestone replacement. The interaction between limestone content and 

SCM type (i.e., fly ash or slag) exhibited distinct trends in enhancing chloride resistance across 

different mixtures. The underlying reason likely stems from the fact that slag, unlike fly ash, does 

not heavily depend on the hydration products generated by PLC to trigger the formation of 

secondary hydration products. As a result, the overall enhancement in chloride resistance becomes 
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more pronounced when increasing slag content from 20% to 40%. In contrast, for the fly ash 

blended mixtures, background research suggests that fly ash reacts with interground limestone to 

form additional carboaluminate phases. Among the six fly ash mixtures evaluated, the H1 limestone 

replacement appears to optimize chloride resistance, likely due to the favorable hydration kinetics. 

3.7.2 The correlation of Da & Resistivity tests 

As previously discussed, Da serves as a key indicator of overall chloride resistance. In this context, 

the relationship between Da and various accelerated testing methods, such as electrical resistivity 

tests and the RCPT, becomes particularly relevant. Figure 3.14 illustrates the correlation between 

Da and resistivity measurements. In the figure, darker-colored markers represent the average values 

derived from three specimens for each mixture. 

The results reveal a strong correlation between Da and both bulk ER and surface ER, reinforcing 

the connection between resistivity and chloride resistance. Given that resistivity testing reflects the 

pore structure of concrete, this correlation underscores the critical role of microstructure in 

influencing chloride resistance. Mixtures incorporating SCMs consistently exhibit lower Da values 

and higher resistivity, indicating the beneficial effect of SCMs in refining the concrete 

microstructure. 

Interestingly, while mixtures with fly ash and slag additions show comparable Da values, the slag 

containing mixtures demonstrate notably higher resistivity. This discrepancy is likely attributed to 

differences in the ionic strength of the pore solution introduced by the two SCM types. The lower 

ionic conductivity in slag-blended systems contributes to higher resistivity readings despite similar 

levels of chloride resistance. 

 

 

 



 

50 

 

a) 

 

b) 

 

Figure 3.14. The correlation of Da and resistivity test: (a) Da vs bulk ER and (b) Da vs surface ER. 

3.7.3 The correlation of Da & RCPT 

Similar to resistivity testing, RCPT serves as another accelerated method, and its correlation with 

Da further highlights its practical relevance. Fig 3.15. presents the relationship between Da and 

RCPT results across all PLC mixtures. As shown in the figure, mixtures incorporating SCMs 

exhibit a strong correlation between reduced charge passed and lower Da values, indicating 

enhanced chloride resistance. 
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Figure 3.15. The correlation of Da and RCPT. 

However, for the pure PLC mixtures, a discrepancy is observed. While the Da values indicate clear 

differences in chloride resistance among A, H1, and H2, the RCPT results do not reflect similarly 

significant variation. To further investigate this inconsistency, a one-way ANOVA, which similar 

to the analysis described in Section 3.7.1, was conducted to assess whether each accelerated method 

(Bulk ER, Surface ER, and RCPT) can effectively differentiate chloride resistance performance 

among all mixtures. This statistical evaluation provides insight into the discriminatory capability 

of each test and helps determine their respective reliability in capturing meaningful differences in 

chloride resistance. 

Table 3.5 One-way ANOVA of acceleration tools. 

Test name F Fcrit P Significant 

 Bulk ER 

Pure PLC 101.62 5.14 2.36E-05 ✓ 
PLC + Fly ash 97.79 3.11 2.69E-09 ✓ 
PLC + Slag 501.47 3.11 1.70E-13 ✓ 
     
 Surface ER 

Pure PLC 17.40 5.14 0.003 ✓ 
PLC + Fly ash 51.27 3.11 1.11E-07 ✓ 
PLC + Slag 289.84 3.11 4.45E-12 ✓ 
 RCPT 

Pure PLC 1.05 5.14 0.41  
PLC + Fly ash 28.42 3.11 2.95E-06 ✓ 
PLC + Slag 228.22 3.11 1.80E-11 ✓ 
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From Table 3.5, the ANOVA results confirm that all three accelerated testing methods are generally 

reliable in capturing meaningful differences in chloride resistance among the various mixtures. 

However, consistent with previous observations, RCPT failed to identify statistically significant 

differences among the pure PLC mixtures. Similar findings have also been reported in prior 

literature, suggesting a potential limitation of the RCPT method under certain conditions [43]. 

One plausible explanation lies in the inherent characteristics of the RCPT procedure. The test 

involves applying a constant 60 V voltage across the specimen for six hours, which can result in 

temperature increases within the testing cell. This effect tends to be more pronounced in mixtures 

with lower electrical resistivity values, such as the pure PLC systems examined in this study. The 

elevated temperature accelerates ionic movement, leading to higher charge passage through these 

lower-resistivity specimens. As a result, the RCPT may underestimate differences in chloride 

resistance between similar mixtures, thereby masking subtle but meaningful variations that are 

otherwise captured by Da or resistivity tests. 

3.8 Conclusion 

This study investigates the chloride resistance performance of PLC concrete incorporating various 

types and levels of supplementary cementitious materials (SCMs) using multiple evaluation 

methods. The main findings are summarized as follows: 

• Based on the chemical composition analysis of the three interground limestone cements 

(A, H1, and H2), certain values observed in H1 and H2 were unexpected, particularly given 

their higher limestone replacement levels. These anomalies highlight the influence of the 

cement manufacturing process on final chemical composition, particularly in high-

limestone PLCs. Therefore, it is essential to implement tighter production control and 

optimized quality assurance protocols to ensure consistency in performance and facilitate 

the broader adoption of sustainable PLC systems.  
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• Results from this study indicate that the water-to-clinker ratio, as opposed to the water-to-

powder (W/P) ratio, is a more suitable parameter for characterizing the relationship with 

chloride resistance, particularly in high interground limestone systems (above 15% 

replacement, as examined in this study). This finding provides important insights into 

optimizing mixture design and highlights the potential for further increasing limestone 

replacement levels while still achieving satisfactory long-term durability performance. 

• The quite good correlation observed between Bulk ER, Surface ER, and the apparent 

diffusion coefficient (Da) confirms that pore structure plays a critical role in determining 

chloride resistance in PLC systems. Mixtures exhibiting denser microstructures 

consistently show lower Da values, indicating enhanced resistance to chloride ingress. 

These findings underscore the importance of microstructural refinement, achieved through 

optimized binder composition and SCM incorporation, in improving the durability 

performance of PLC-based concretes. 

• The rapid chloride permeability test (RCPT) was unable to distinguish differences in 

chloride resistance among pure PLC mixtures, as confirmed through statistical analysis. 

This finding underscores the need for future optimization of RCPT and similar accelerated 

test methods, particularly to improve their sensitivity and reliability in evaluating low-

resistivity concrete systems such as pure PLC systems. 
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Chapter 4 

Investigation of Chloride Binding in High Interground Limestone 

Portland-Limestone Cement (PLC) Concrete  

4.1 Abstract 

Currently, concrete constitutes approximately 8% of global carbon dioxide emissions, with the 

majority of these emissions deriving from the manufacturing and use of Portland cement (PC). In 

light of concerns regarding global warming, proposed alternatives to decreasing carbon footprint 

include the use of interground limestone (Portland-limestone Cement [PLC]) and other 

supplementary cementitious materials (SCMs). As research on PLC concrete deepens, its long-term 

durability performance, particularly concerning chloride binding in delaying the ingress of chloride 

ions, has not been well understood. This paper presents the investigation of chloride binding of 

fifteen PLC concrete mixtures incorporating slag and fly ash with a fixed water-to-powder ratio 

(W/P) of 0.4. Different treatments (i.e., acid-soluble and water-soluble) of dry concrete powder 

were analyzed for chloride binding via automatic potentiometric titration. Results indicate that the 

chloride binding relationships are best described by the Langmuir isotherm, and it is found that the 

Al2O3/SO3 ratio, rather than the singular Al2O3 content alone, provides a more accurate indicator 

of chloride binding capacity in pure PLC systems. As a result, this insight offers a promising 

pathway to maintain effective chloride binding even at high limestone replacement levels, provided 

that the cement manufacturing process is carefully controlled to optimize the sulfate-to-alumina 

balance. The incorporation of fly ash enhances chloride binding in binary blended PLC mixtures; 

however, varying levels of limestone replacement do not exhibit a significant impact on chloride 

binding with the addition of slag. 

Keywords: Chloride binding, Portland-limestone cement (PLC), Supplementary cementitious 

materials (SCMs), Fly ash, Slag. 
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4.2 Introduction 

Concrete is responsible for approximately 8% of global carbon dioxide (CO₂) emissions [1], with 

Portland cement (PC) being the primary contributor due to the carbon-intensive nature of its 

manufacturing process [2]. In response to this challenge, the Government of Canada has committed 

to a Net-Zero Emissions initiative [3], where 40% reduction should be achieved by 2030 whereas 

Net-Zero emissions are expected by 2050.  

To address this shift, alternatives encompass the utilization of diverse categories of supplementary 

cementitious materials (SCMs), such as fly ash and slag, which are industrial by-products [4]. These 

materials can partially replace PC in concrete mixtures, thus decreasing partial clinker content and, 

consequently, reducing the CO2 emissions. The other alternative method involves the replacement 

of interground limestone above 5% with clinker, the so-called Portland-limestone cement (PLC) 

[5]. In comparison to PC, the manufacturing of PLC markedly reduces CO2 emissions and is 

completely authorized for usage in the United States, while being largely applied in construction 

projects in Canada [6]. As stated in the prevailing CSA A3000 standards [7], the maximum 

allowable limestone replacement in cement systems is set at 15%. Comprehensive research 

confirms that PLC with a 15% limestone replacement does not adversely affect the fresh-state, 

mechanical and durability-related properties of concrete when evaluated against the PC system 

[5,6,8].  

However, moving forward to further reducing CO2 emissions, the utilization of high interground 

limestone replacement, specifically above the current limestone limitation, as mentioned in CSA 

A3000, raises concerns regarding its long-term performance. One of the most harmful mechanisms 

impacting concrete durability worldwide is chloride-induced corrosion of reinforced concrete RC. 

External chloride ions, derived from de-icing salts and seawater ingress into the concrete, 

eventually reaching  concrete rebars and initiating the corrosion process [9]. Chloride ions may 

chemically bind with cement hydration products (AFm) to form Cl-AFm, or more specifically, 
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Friedel’s salt (Fs) solid solution. It can also physically bind with calcium aluminosilicate hydrates 

(C-A-S-H) within its diffuse layer [10,11]. In this context, the chloride binding capacity has 

emerged as a key factor in delaying the ingress of chloride ions into concrete, thereby extending 

the initiation period of corrosion. An elevated chloride binding corresponds to a reduced presence 

of “free” or mobile chloride ions in the concrete's pore solution, lowering the potential to trigger 

corrosion. 

Existing studies preliminary focus on chloride binding in the PC systems [12-15]; however, there 

is a lack of data and understanding of chloride resistance in PLC concrete. This work evaluates the 

chloride binding capacity of PLC concrete mixtures incorporating distinct SCMs and amounts. 

4.3 Background 

4.3.1 Chloride composition in concrete 

The total chloride content in concrete (expressed as a percentage of dry mass) is typically composed 

of three phases: chloride bound in Friedel’s salt, chloride adsorbed in C-A-S-H, and free chloride 

ions dissolved in the pore solution. However, not all C-A-S-H phases contribute equally to chloride 

immobilization. De Weerdt et al. [10] identified that strongly bound chlorides, those considered 

immobile, are primarily stabilized within AFm interlayers (Cl-AFm) and are associated with 

approximately 10–20% of the C-A-S-H fraction. These strongly bound chlorides play a critical role 

in reducing chloride ingress and mitigating the risk of reinforcement corrosion [16]. This insight 

has significantly contributed to the understanding of chloride binding mechanisms and underscores 

the need for further research on the distinct roles of AFm and C-A-S-H phases in various 

cementitious systems, many of which remain insufficiently characterized. 

Strongly bound chloride content in experimental studies can be estimated as the difference between 

acid-soluble and water-soluble chloride fractions [10]. This approach is based on the principle that 

both bound and free chloride ions dissolve completely in diluted nitric acid, while only the mobile 
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(free) chloride fraction is soluble in deionized [17] or distilled water [18]. Using potentiometric 

titration, chloride contents can be quantitatively determined from powdered concrete samples. The 

reliability of this method has been validated through Round-Robin (multi-laboratory) testing, which 

supports the use of acid-soluble analysis for measuring total chloride [19] and water-soluble 

analysis for free chloride [20]. Loser et al. [21] confirmed the applicability of this methodology for 

comparing chloride binding capacity across various binder systems. Similar analytical techniques 

have also been adopted in studies investigating chloride binding under marine exposure conditions 

[22]. 

4.3.2 Chloride binding isotherms 

Chloride binding isotherms are widely employed to characterize the relationship between free 

chloride concentration and the amount of chloride bound within the cementitious matrix at a given 

temperature. These isotherms provide valuable insight into the binding behavior of concrete, which 

varies depending on the composition of the cementitious system [15] and significantly influences 

the rate of chloride ingress. As proposed by [23], chloride binding capacity can be quantified as the 

derivative ∂Cb/∂Cf, representing the change in bound chloride with respect to free chloride 

concentration. Experimental data are typically fitted to empirical or semi-empirical models, 

including the linear, Langmuir, and Freundlich isotherms, each offering different assumptions and 

mechanisms for describing the interaction between chlorides and hydration products. These models 

help quantify binding capacity and support a better understanding of chloride transport resistance 

in diverse binder systems. These three binding isotherms equations are shown hereafter: 

Linear isotherm: 

𝐶𝑏 = 𝑘𝐶𝑓 , 
𝜕𝐶𝑏

𝜕𝐶𝑓
= 𝑘                                                                            (1) 

Freundlich isotherm: 

𝐶𝑏 = 𝛼𝐶𝑓
𝛽 ,  

𝜕𝐶𝑏

𝜕𝐶𝑓
= 𝛼𝛽𝐶𝑓

𝛽−1
                                                                 (2) 
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Langmuir isotherm: 

𝐶𝑏 =
α𝐶𝑓

1+β𝐶𝑓
  ,  

𝜕𝐶𝑏

𝜕𝐶𝑓
=

𝛼

(1+𝛽𝐶𝑓)
2
                                                                 (3) 

In the above, Cb is the bound chloride content, Cf is the free chloride content, and α, β, and k are 

fitting parameters which have no physical meanings. 

Despite their widespread use, the application of different chloride binding isotherms in concrete 

research remains not fully understood. As discussed in [15], the linear isotherm offers a simplified 

approach to modeling chloride binding in cementitious materials. While it provides a convenient 

and intuitive approximation, it tends to underestimate bound chloride at low free chloride 

concentrations and overestimate it at higher concentrations. Nevertheless, a linear relationship 

between free and bound chlorides has been observed in long-term field exposure studies, including 

marine environments over a 7-year period [24]. 

In contrast, the Freundlich and Langmuir isotherms are more widely adopted for modeling chloride 

binding due to their ability to capture nonlinear behavior. According to Tang and Nilsson [14], the 

Freundlich model is more appropriate when the external chloride concentration exceeds 0.01 

mol/L, whereas the Langmuir model offers better accuracy at concentrations below 0.05 mol/L in 

cement paste and mortar systems. Laboratory studies on concrete specimens, however, have 

demonstrated that both models remain applicable. For example, Li and Jiang [11] reported high 

correlation coefficients for both isotherms under a 0.6 mol/L chloride exposure over a four-month 

bulk diffusion test. Furthermore, a review by Song et al. [25] concluded that linear, Freundlich, and 

Langmuir models have all been successfully applied to chloride binding in concrete. The use of 

modified fitting parameters across studies reflects the complexity of chloride binding behavior and 

suggests that a universally applicable model has yet to be established, especially for evaluations 

based on concrete specimens.  

4.3.3 The influence of cementitious materials on chloride binding 
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4.3.3.1 Limestone filler 

The partial replacement of clinker with limestone supports both economic and environmental 

sustainability objectives, while also exerting a multifaceted influence on chloride binding behavior 

in cementitious systems. From a physical standpoint, finely ground limestone particles act as 

nucleation sites, promoting the early formation of hydration products, particularly C-A-S-H gels 

[11]. This nucleation effect accelerates early-age hydration and contributes positively to chloride 

binding, especially at lower limestone replacement levels (e.g., around 10%). Chemically, 

limestone can react with tricalcium aluminate (C3A) to form carboaluminate phases. The primary 

products of this reaction, monocarboaluminate (Mc) and hemicarboaluminate (Hc), have been 

shown to chemically bind chloride ions [26]. In a systematic study of chloride binding capacity, 

Bharadwaj et al. [6] reported that PLC retains effective chloride binding up to a 15% limestone 

replacement. Field evidence from the Portland Cement Association (PCA) [8] similarly confirmed 

that PLC with approximately 15% limestone did not negatively impact chloride ingress, as verified 

by 35-day chloride bulk diffusion tests conducted in accordance with ASTM C1556-22 [27]. 

However, higher levels of limestone replacement (e.g., >15%) may lead to detrimental effects, 

primarily due to the dilution effect [26]. At these levels, the reduction in clinker content limits the 

overall formation of hydration products—an effect that cannot be fully compensated by the 

nucleation benefit of limestone [28]. This results in reduced portlandite production, lowering the 

pH of the pore solution, which in turn facilitates the leaching of previously bound chlorides [11]. 

Moreover, as widely documented, AFm phases are the dominant hydrates responsible for chemical 

chloride binding [10,11]. The presence of excess limestone, however, stabilizes ettringite (AFt) and 

delays its transformation into AFm phases, thereby further reducing the system’s chloride binding 

capacity at elevated limestone contents [29]. In summary, the chloride binding capacity of PLC 

concrete, particularly when the limestone replacement level exceeds current standard limits, 

remains not fully understood. 
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4.3.3.2 Fly ash 

It is widely recognized that the influence of SCMs on chloride binding capacity, particularly 

through the formation of Cl-AFm phases, is strongly dependent on the aluminum oxide (Al2O3) 

content of the binder system [24,30,31]. Numerous studies have shown that the incorporation of fly 

ash enhances chloride binding, largely due to its relatively high Al2O3 content, often exceeding 

15%. However, findings from Loser et al. [21], based on thermodynamic modeling, indicate that 

chloride binding is not solely governed by total Al2O3 content but also by the reactivity of the SCM. 

Their analysis revealed that only a small fraction, approximately 5%, of the Al2O3 in fly ash actively 

contributes to chloride binding reactions. As a result, when chloride binding is expressed as a 

function of total chloride input, mixtures containing fly ash may demonstrate lower overall bound 

chloride contents compared to those made with pure PC, despite having a higher total alumina 

content. However, under the incorporation of fly ash with limestone filler, the impact on chloride 

binding becomes more complex. On the one hand, the high Al2O3 content introduced by fly ash can 

enhance chemical chloride binding by promoting the formation of Cl-AFm phases. On the other 

hand, the synergistic effect between fly ash and limestone filler has been shown to stabilize AFt 

and delay its transformation into AFm phases [32], thereby introducing uncertainty in the overall 

enhancement of chloride binding. 

4.3.3.3 Slag 

Ground granulated blast-furnace slag (GGBFS) is another aluminum-rich supplementary 

cementitious material, typically containing 10–20% Al2O3 [33]. Like fly ash, numerous studies 

have demonstrated that slag incorporation enhances chloride binding capacity, primarily due to its 

alumina content [34,35]. The reactivity of slag can be preliminarily assessed using the basicity 

index, defined as the CaO/SiO2 ratio; higher basicity values are generally associated with increased 

reactivity and, consequently, a greater potential for chloride binding [35]. However, not all slag 

types contribute equally. Slags with elevated sulfide or sulfur contents, such as sulfide-rich slags, 
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may hinder the formation of AFm phases, thereby reducing the overall chloride binding capacity 

[13]. 

In addition to total Al2O3 content, the Al2O3/SO3 ratio is also a critical parameter influencing 

chloride binding behavior. Lower SO3 content favors the preferential formation of AFm phases 

over AFt, thereby facilitating the formation of Friedel’s salt and improving the immobilization of 

chloride ions [21]. These findings highlight the need to consider chemical composition when 

evaluating the effectiveness of SCMs in enhancing chloride resistance. 

4.4 Scope of the work 

Existing literature has focused on chloride binding in PC and SCMs, but chloride binding in low-

carbon cementitious materials remains unexplored. Nowadays, the interground limestone 

replacement by clinker in PLC increased to 15% in Canada, followed by CSA A3000-23 [7] and 

some research results indicated that PLC with 15% replacement would not harm the chloride 

binding capacity. However, the further ambition of the low-carbon footprint raises concerns about 

chloride binding above the current standard limitation of limestone replacement level. This study 

aims to compare chloride binding in PLC concrete incorporating higher limestone replacement 

levels with or without SCMs by bulk diffusion test to simulate the non-steady state diffusion 

condition. 

4.5 Materials and methods 

4.5.1 Raw materials 

The experimental variables included three levels of limestone replacement in PLC: one within the 

current CSA A3000 allowable limit of 15% (denoted as A), and two exceeding this threshold (H1 

and H2), both containing over 20% interground limestone, with H2 having a slightly higher 

replacement level than H1. In addition, two types of supplementary cementitious materials (SCMs) 

were incorporated in selected mixtures: Type-F fly ash and slag. Natural sands with a maximum 



 

66 

 

size of 4.75 mm and limestone with sizes from 4.75 to 19mm were used in this study. Figure 4.1 

shows the cumulative particle size distribution of the distinct cementitious material. Table 4.1 

illustrates the chemical composition of the various cementitious materials.  

 

Figure 4.1. Particle size distribution of each cementitious material. 

Table 4.1 Chemical composition & clinker phases of each cementitious material. 
Mass (%) A H1 H2 Slag Fly ash 

CaO 62.19 60.83 60.87 41.45 14.22 

SiO2 18.71 17.71 17.20 36.52 49.27 

Al2O3 4.51 4.27 4.09 10.54 16.24 

Fe2O3 2.78 2.60 2.55 0.46 6.15 

MgO 2.19 2.11 2.05 7.85 4.13 

SO3 2.95 4.62 4.42 0.24 0.68 

K2O 1.04 0.96 1.00 0.52 1.54 

Na2O 0.29 0.26 0.23 0.33 3.88 

TiO2 0.19 0.19 0.17 0.44 0.77 

P2O5 0.13 0.13 0.12 0.00 0.40 

MnO 0.06 0.05 0.06 0.29 0.06 

LOI 6.23 9.217 10.05 1.36 1.29 

C3S 42.52 33.49 37.72 - - 

C2S 17.79 20.74 16.31 - - 

C3A 7.79 7.16 6.88 - - 

C4AF 8.12 7.53 7.57 - - 

CaCO3 13.34 21.39 22.47 - - 
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As shown in Table 4.1, the chemical compositions of the three types of PLC cement, as determined 

by XRF analysis, reveal some unexpected trends. Notably, although cement H1 and H2 both 

contain high levels of interground limestone, with H2 exhibiting a slightly higher CaCO₃ content 

than H1 (i.e., 22.47 and 21.39, respectively), the measured CaO and K2O contents in H2 are also 

slightly higher than those in H1. This is counterintuitive, as increased limestone replacement is 

expected to reduce the overall CaO content, given the lower reactivity of limestone compared to 

clinker. Additionally, SO3 content, which primarily originates from gypsum rather than clinker 

phases, should remain relatively consistent across these cements, since limestone only partially 

replaces clinker. However, a significant variation in SO₃ levels is observed, further suggesting 

inconsistencies in the manufacturing process. 

4.5.2 Mix proportions 

A water-to-powder ratio (W/P) of 0.4 in accordance with the class C-1 exposure condition in CSA 

A23.1 [7] was selected for this research, and the concrete mix types were proportioned via the ACI 

method. High-range (HR) and mid-range (MR) water-reducing admixtures were added by mass of 

total powder in the mix to achieve ideal workability, and air-entrainment was added to the mix to 

provide 5-8% of air in accordance with the C-1 exposure condition requirement for preventing 

freezing and thawing cycles.  

The detailed mix proportions are shown in Table 4.2. Fly ash and slag were marked as “F” and “S”, 

and each number followed by the abbreviation represents the replacement level of that specific 

cementitious material. For instance, “AF20” represents cement A + 20% fly ash blended in this 

powder system. 

 

 

 

 

 

 

 



 

68 

 

Table 4.2 Mix proportions. 
Mixtures W/P Cement 

(kg/m3) 

SCMs* 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

HR 

(kg/m3) 

MR 

(kg/m3) 

Air 

content** 

(%) 

A 0.4 326 - 866 1179 3.26 3.26 5.7 

H1 0.4 326 - 866 1179 3.26 3.26 5.5 

H2 0.4 326 - 866 1179 3.26 3.26 5.9 

AF20 0.4 261 65 866 1179 2.28 2.28 6.3 

AF40 0.4 196 130 866 1179 2.28 2.28 6.6 

H1F20 0.4 261 65 866 1179 2.28 2.28 7.1 

H1F40 0.4 196 130 866 1179 2.28 2.28 6.8 

H2F20 0.4 261 65 866 1179 2.28 2.28 7.1 

H2F40 0.4 196 130 866 1179 2.28 2.28 6.2 

AS20 0.4 261 65 866 1179 2.61 2.61 7.4 

AS40 0.4 196 130 866 1179 2.61 2.61 6.8 

H1S20 0.4 261 65 866 1179 2.61 2.61 7.5 

H1S40 0.4 196 130 866 1179 2.61 2.61 6.8 

H2S20 0.4 261 65 866 1179 2.61 2.61 6.1 

H2S40 0.4 196 130 866 1179 2.61 2.61 6.8 

*SCMs indicate fly ash or slag in accordance with the different mixture names. 

**All the mixtures were air-entrained by adding air-entrainer followed by C-1 exposure; the air 

content of fresh state ranges from 5-8%.  

4.5.3 Samples fabrication and curing process 

Three test samples (100 mm in diameter, 200 mm in length) per family were cast and stored at 21 

± 1°C with over 90% relative humidity (RH) for 24 hours. After demolding, all the samples were 

cured in saturated calcium hydroxide water for 56 days to reduce the influence of hydration on the 

test outcomes. After curing, all the samples were prepared and tested in chloride bulk diffusion test.   

4.5.4 Methods to measure bound chloride 

The chloride bulk diffusion test was conducted in accordance with ASTM C1556-22 [27], which 

is widely used for evaluating chloride binding and resistance in concrete. Following a 56-day curing 

period, all concrete specimens were cut into cylinders measuring 100 mm in diameter and 75 mm 

in length. To ensure unidirectional chloride diffusion, the cylindrical sides and bottom surfaces 
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were sealed with epoxy resin, leaving only the top surface exposed. After allowing the epoxy to 

cure for 24 hours, specimens were submerged in a saturated calcium hydroxide solution for at least 

24 additional hours to establish chemical equilibrium. Mass stability was then verified by 

confirming that the mass variation remained within ±0.1%. Once this condition was met, all 

specimens were immersed in a 165 g/L sodium chloride (NaCl) solution to begin the diffusion test. 

The solution was replaced monthly to maintain a stable external chloride concentration. After 90 

days of exposure, the specimens were removed and prepared for chloride profiling. Chloride 

profiles were obtained by sequentially grinding the exposed surface in depth increments of 1–3 

mm. The collected powders were oven-dried at 105 °C to a constant mass and then sieved through 

a 600 µm mesh to obtain homogeneous samples. Total and free chloride contents were determined 

by automatic potentiometric titration, following ASTM C1152-20 [36] for acid-soluble chlorides 

and ASTM C1218-20 [17] for water-soluble chlorides. A schematic of the chloride determination 

procedure is shown in Figure 4.2. 

 

Figure 4.2. Schematic of chloride content determination process. 

4.6 Results 

The free and total chloride profiles with and without the addition of SCMs after 90-day NaCl 

solution immersion are given in Figure 4.3. Every chloride content point is determined by three 

samples of each mixture through automatic potentiometric titration of 5 g dry concrete powder.  
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Figure 4.3. Total and free chloride profiles. 

All mixtures exhibited a decreasing trend in chloride content with increasing depth from the 

exposed surface, consistent with typical chloride diffusion behavior in concrete. For the pure PLC 

mixtures (A, H1, and H2), the surface chloride concentrations were relatively similar, all remaining 

below 1.15% by dry mass. Among these, mixture A showed a steeper decline in total chloride 

content within the first 18 mm, indicating a potentially higher chloride binding capacity. This 

observation is further corroborated by the free chloride profiles, in which mixture A exhibited a 

more pronounced reduction in chloride concentration with depth compared to H1 and H2. 
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With the incorporation of fly ash, mixtures AF20, AF40, H1F20, and H2F40 exhibited comparable 

surface chloride concentrations, ranging from 2.04% to 2.14%. However, mixtures H2F20 and 

H2F40 demonstrated lower surface concentrations (between 1.49% and 1.61%), suggesting a 

potential synergistic effect between fly ash and higher limestone content. All fly ash–blended 

mixtures exhibited higher total chloride contents compared to their respective pure PLC 

counterparts, likely due to the increased Al2O3 content from fly ash, which promotes the formation 

of chloride binding AFm phases. The free chloride profiles for all six fly ash containing mixtures 

were more uniform, with background chloride levels reached at depths of approximately 23–25 

mm. Among these, H1-based mixtures exhibited the highest free chloride concentrations near the 

surface, followed by A and H2-based systems. This trend may be attributed to the leaching of 

Friedel’s salt, leading to elevated concentrations of free chloride in the superficial zone. 

For slag containing mixtures, surface chloride concentrations were higher than those in pure PLC 

mixtures, but lower than those in fly ash blends with equivalent limestone replacement levels. This 

trend is consistent with the intermediate Al2O3 content of slag relative to PLC and fly ash. All slag 

containing mixtures reached background chloride levels at a shallower depth of approximately 20 

mm, compared to both PLC and fly ash groups, which may be attributed to the ability of slag to 

refine pore structure and enhance resistance to chloride ingress. At 20% slag replacement, 

differences among mixtures A, H1, and H2 were marginal. However, increasing the slag content to 

40% amplified these differences, highlighting the distinct influences of SCM content on chloride 

binding in PLC systems. 

4.7 Discussion 

4.7.1 Chloride binding with pure PLC mixtures 

The bound chloride content of each mixture is determined by the differences between total and free 

chloride content. With the PLC mixtures (i.e., A, H1, and H2), the linear, Freundlich, and Langmuir 

isotherms are applied in this study to evaluate the chloride binding capacity, followed by Eq (1) - 
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Eq (3).  The details are shown in Figure 4.4, and the fitting parameters and correlation coefficient 

(R2) of each isotherm are depicted in Table 4.3. 

 

 

(a) 

  

(b) (c) 

Figure 4.4 Different chloride binding isotherms in PLC without SCMs. 

Table 4.3 Fitting parameters of each isotherm. 
Mixtures Linear isotherm Freundlich isotherm Langmuir isotherm 

k R2 α β R2 α β R2 

A 0.495 0.738 0.338 0.335 0.711 2.974 8.746 0.875 

H1 0.338 0.887 0.248 0.445 0.877 1.199 4.208 0.948 

H2 0.292 0.826 0.207 0.388 0.733 1.359 6.233 0.876 

 

As shown in Fig 4.4, the highest bound chloride content was observed in mixture A, reaching 

0.28%, followed by H1 and H2, with average values of 0.20% and 0.17%, respectively. When 

fitting the data using the linear isotherm, it was found that the model tends to underestimate bound 
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chloride content at low free chloride concentrations (i.e., below 0.4%) and overestimate it at higher 

concentrations. This phenomenon is consistent with findings reported in [13], which also highlight 

the limitations of the linear isotherm for capturing non-linear chloride binding behavior. 

Among the three models evaluated, linear, Freundlich, and Langmuir isotherms, the Langmuir 

isotherm demonstrated the best fit for PLC mixtures in this study. This contrasts with the 

observations of Li and Jiang  [11], who reported that both Freundlich and Langmuir models 

exhibited high R2 values in describing the relationship between bound and free chloride in 

limestone filler blended cement concretes. The divergence in results may be attributed to 

differences in exposure conditions. In their study, the external chloride concentration was 35 g/L, 

simulating marine exposure. In contrast, the present study used a 165 g/L NaCl solution, following 

ASTM C1556-22 [27]. The high external chloride concentration, coupled with the absence of PH 

buffering, may accelerate portlandite leaching near the surface, leading to the dissolution and 

outward migration of previously bound chloride ions, as previously discussed in [21] and confirmed 

in [12]. This leaching effect appears to be more pronounced with the incorporation of SCMs, which 

influence pore solution chemistry and buffering capacity. A more detailed discussion of this 

phenomenon is presented in section 4.7.3. 

Following the observation that the Langmuir isotherm exhibited the highest R2 values among the 

three isotherm models applied to the PLC mixtures, the corresponding chloride binding capacity 

was further analyzed. Based on the definition of chloride binding capacity as the derivative ∂Cb/∂Cf 

[23], its variation as a function of free chloride concentration is illustrated in Fig 4.5. The analysis 

was conducted using the fitting parameters α and β derived from the Langmuir model, as presented 

in Table 4.3. 
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Figure 4.5. Ideal chloride binding capacity with PLC mixtures. 

As illustrated in Fig 4.5, the chloride binding capacity of all three PLC mixtures decreases with 

increasing free chloride concentration. Mixture A consistently exhibits a higher binding curve 

compared to H1 and H2, although the curves begin to converge as the free chloride content 

increases. To facilitate comparison across mixtures, the concept of “ideal” chloride binding 

capacity is introduced, defined at the point where free chloride content is zero, assuming that all 

chloride ions are bound and retained within the matrix over time. This theoretical condition 

simplifies the evaluation of the maximum chloride binding potential of PLC systems with varying 

limestone replacement levels. Under this assumption, mixture A demonstrates the highest ideal 

binding capacity at 2.974, followed by H2 and H1, with values of 1.359 and 1.199, respectively. 

These differences suggest a reduction in chloride binding efficiency with increased limestone 

content. However, to validate whether these observed differences are statistically significant, a 

statistical analysis is required to assess the variability among the three mixtures and confirm the 

influence of limestone content on chloride binding performance. 

To confirm the statistical significance of the differences in chloride binding capacities among the 

PLC mixtures, a one-way analysis of variance (ANOVA) was performed at a 95% confidence level. 

This analysis serves specifically to evaluate the influence of different cementitious material 
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compositions on chloride binding, rather than to validate the binding model itself. A similar 

approach of comparing the maximum bound chloride content among mixtures has also been 

adopted in previous studies, such as [21]. The detailed statistical results of the ANOVA are 

presented in Table 4.4. 

Table 4.4. Statistical analysis of PLC. 

Test mixtures F Fcrit P Significant 

Pure PLC 23.85 5.14 0.001 ✓ 

PLC + Fly ash 59.92 3.11 4.55E-08 ✓ 

PLC + Slag 12.52 3.11 0.0002 ✓ 

 

Table 4.4 presents the statistical significance of the differences in bound chloride content among 

the PLC mixtures. To further evaluate whether the limestone replacement level has a statistically 

significant effect, a Tukey’s Honestly Significant Difference (HSD) post hoc test was performed 

following the ANOVA. This test allows for pairwise comparisons between mixtures to identify 

which specific groups exhibit meaningful differences. According to the analysis, any comparison 

whose confidence interval crosses the reference line at zero is considered to show no statistically 

significant difference between the two mixtures. Conversely, if the interval does not intersect zero, 

the difference is regarded as statistically significant. The results of the Tukey HSD analysis are 

illustrated in Fig 4.6. 

 

Figure 4.6. Tukey test of pure PLC mixtures. 
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As confirmed by the Tukey HSD test, mixture A exhibits a statistically significant difference in 

bound chloride content compared to both H1 and H2. In contrast, no significant difference was 

observed between H1 and H2. This trend is consistent with the results for ideal chloride binding 

capacity, where mixture A demonstrated a markedly higher value (2.974) compared to H1 (1.199) 

and H2 (1.359).  

4.7.2 Al2O3/SO3 ratio on pure PLC’s chloride binding capacity 

Based on the outcomes of the statistical analysis, the ideal chloride binding capacity values are 

found to be a reliable metric for comparing chloride binding performance among pure PLC 

mixtures. While it is widely accepted that a higher Al2O3 content in cementitious materials 

enhances chemical chloride binding by promoting the formation of aluminate phases, this trend is 

not fully reflected in the present study. As shown in Table 4.1, the Al2O3 content differences among 

mixtures A, H1, and H2 are minimal, within approximately 0.5%, and their decreasing trend from 

A to H2 does not correspond proportionally with the decline in chloride binding capacity observed 

in Section 6.1. As highlighted by Loser et al. [21], the Al2O3/SO3 ratio serves as a more meaningful 

indicator of chemical chloride binding capacity, since SO3 promotes the stabilization of AFt phases, 

thereby delaying the transformation to chloride-binding AFm phases [13]. Figure 8 presents the 

Al2O3/SO3 ratio alongside the ideal chloride binding capacity for each PLC mixture, illustrating the 

correlation between these two factors and reinforcing the importance of sulfate–alumina balance in 

optimizing chloride binding performance. 
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Figure 4.7. The relationship between ideal chloride binding capacity and Al2O3/SO3. 

From Figure 4.7, the Al2O3/SO3 ratio and ideal chloride binding capacity display a similar trend. 

Where A shows the highest Al2O3/SO3 ratio of 1.532, then followed by H1 and H2, which are 0.923 

and 0.925, respectively. It could prove that Al2O3/SO3 is a more suitable indicator of chloride 

binding capacity in pure PLC mixtures than singular Al2O3 content, and only Al2O3 content seems 

oversimplified to quantify the chloride binding capacity in pure PLC concrete. However, this raises 

another interesting point of discussion. From A to H2, the observed differences in chloride binding 

capacity appear to be primarily influenced by variations in SO3 content, despite relatively minor 

differences in their overall chemical compositions. Notably, the original intent behind increasing 

interground limestone content in PLC was not to introduce significant changes in SO3 levels. From 

a cement manufacturing perspective, most of the SO3 originates from gypsum rather than from 

clinker phases. Therefore, increasing limestone replacement at the expense of clinker should not 

inherently lead to substantial changes in SO3 content. In the context of this study, the notable 

variation in SO3 is most likely a result of industry-specific manufacturing processes rather than the 

limestone content itself. This distinction is important, as it suggests that higher limestone 

replacement levels in PLC may not necessarily compromise chloride binding performance. If the 

cement manufacturing process can be reasonably controlled, it opens up greater potential for the 

future application of high interground limestone PLCs. 
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4.7.3 Chloride binding with binary blended PLC 

Figure 4.8 presents the relationship between bound and free chloride content in binary blended PLC 

mixtures. It is evident that the incorporation of SCMs results in a marked decrease in bound chloride 

content near the exposure surface. As discussed in Section 6.1, this behavior is attributed to 

leaching caused by the high external chloride concentration of the exposure solution. A similar 

leaching effect has also been reported by Loser et al. [21]. Under such conditions, it is not 

appropriate to apply chloride binding isotherms for calculating ideal chloride binding capacity, as 

the results are distorted by the leaching of previously bound chlorides. Consequently, in the 

following sections, bound chloride content will be used, following the methodology of [21], to 

compare the chloride binding performance among mixtures. 

Mixtures with 40% fly ash exhibit significantly higher chloride binding than those with 20% fly 

ash, supporting the notion that increased fly ash content enhances chloride binding by reducing free 

chloride concentrations. This improvement is likely due to the high Al2O3 content in fly ash, which 

promotes the transformation of AFt to AFm phases. Among all mixtures, AF40 shows the highest 

bound chloride content, approaching 0.6%, confirming the effectiveness of high-volume fly ash in 

enhancing chemical binding. It is also noteworthy that, at both fly ash replacement levels (20% and 

40%), mixtures H1 and H2 exhibit similar levels of bound chloride, suggesting a limited influence 

of further increasing limestone content under fly ash blended conditions. A more detailed 

discussion of this trend will follow. 

For slag blended mixtures, those with 20% slag replacement exhibit similar bound chloride 

contents. However, increasing the slag content to 40% results in comparable chloride binding with 

mixture A, with maximum values approaching 0.3%. When comparing the performance of fly ash 

and slag, the higher chloride binding capacity of fly ash is primarily attributed to its greater Al2O3 

content compared to A, H1, and H2, as summarized in Table 4.1. 
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(a) (b) 

Figure 4.8. The relationship between bound and free chloride in binary blended PLC: (a) PLC + 

Fly ash, and (b) PLC + Slag. 

To more rigorously evaluate the effect of limestone content on chloride binding, a Tukey’s post-

hoc test was conducted to assess the statistical significance of differences among mixtures. This 

approach, consistent with the methodology described as aforementioned, provides a more reliable 

basis for comparison. The detailed results of this analysis are presented in Figure 4.9. 
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Figure 4.9. Tukey test of binary blended PLC mixtures. 

Through Tukey’s test, incorporated with fly ash replacement, the above limitation (H1 and H2) 

does not have a significant impact on chloride binding at both fly ash replacement levels (20% and 

40%). One possible explanation lies in the nature of fly ash as a pozzolanic material, which contains 

only a small amount of CaO. Under such conditions, its reactivity is highly dependent on the 

availability of hydration products generated by the PLC matrix to trigger pozzolanic reactions. This 

may explain why the chloride binding trend observed in fly ash blended mixtures is similar to that 

of pure PLC mixtures. Therefore, when discussing chloride binding in PLC–fly ash systems, the 

role of fly ash during the 90-day diffusion test can be interpreted as acting similarly to an alumina-

enriched PLC, due to its high Al2O3 content. However, as observed from the overall chloride 

resistance results in the previous section, the influence of fly ash on chloride binding is not clearly 

reflected in the short-term (i.e., 90-day) diffusion test. This suggests that the enhancement in 

chloride binding capacity attributed to fly ash may not immediately translate into improved 

resistance to chloride ingress within this limited time frame. Nonetheless, based on existing 

literature, chloride binding is recognized as a time-dependent process, and its contribution becomes 

more pronounced over extended exposure durations. Therefore, long-term testing is essential for a 

more accurate assessment of chloride binding performance in PLC–fly ash systems. 
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With the addition of slag, statistical analysis confirms that increasing the limestone replacement 

level from low limestone replacement level (i.e., A) to high limestone replacement (i.e., H1 and 

H2) does not result in a significant difference in bound chloride content. This indicates that the 

variation in chloride binding capacity is negligible within this range under slag-blended conditions. 

A likely explanation is that, in contrast to fly ash, slag contains a higher CaO content and is less 

dependent on pozzolanic reaction for the formation of C-A-S-H phases. As fly ash typically 

requires extended periods to contribute to secondary hydration, slag can more readily react and 

form hydration products independently. These results also indicate that, although SO3 content plays 

a role in differentiating chloride binding capacity among pure PLC mixtures, such influence 

appears to be mitigated in systems incorporating slag. In these mixtures, slag exerts a dominant 

influence on chloride binding behavior, effectively reducing the variability introduced by sulfate-

related effects and reinforcing its importance in chemical chloride binding. 

It is also important to note that, contrary to expectations, even with 40% slag addition, the bound 

chloride content only reaches a level comparable to that of mixture A. In this study, the slag used 

is assumed to be relatively reactive, with a basicity ratio (CaO/SiO2) of 1.13, as calculated from 

Table 4.1, a value greater than 1, which typically promotes the formation of additional C-A-S-H 

phases. However, as summarized by Lothenbach et al. [37], a substantial portion of the Al2O3 in 

slag tends to be incorporated into C-A-S-H, rather than forming AFm phases, thereby limiting the 

formation of Friedel’s salt in the short term. This aligns with the findings by De Weerdt et al. [10], 

who noted that only 10–20% of C-A-S-H contributes to strong chloride binding via physical 

mechanisms. Therefore, despite the higher reactivity and greater Al2O3 content of slag compared to 

PLC, its ability to enhance chloride binding during the short 90-day bulk diffusion test remains 

limited. These findings also provide a strong explanation for the observations in the previous 

section: although the bound chloride content of 40% slag mixtures was similar to that of mixture 

A, the overall chloride resistance was markedly greater. This is attributed to the refinement of the 
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pore structure through increased C-A-S-H formation, which significantly reduces chloride ingress. 

However, the contribution of C-A-S-H to chloride binding remains limited, thereby explaining the 

consistency in trends observed between chloride resistance and chloride binding in the slag-

incorporated mixtures (20% and 40%). 

4.8 Conclusion 

In this paper, the chloride binding of PLC with and without the addition of fly ash or slag is 

determined by the acid-soluble and water-soluble concrete powder after a 3-month bulk diffusion 

test. The main findings are shown hereafter: 

• Among three chloride binding isotherms, Langmuir isotherm shows the highest correlation 

coefficient (R2) in pure PLC mixtures under high concentration external solution with 0.4 

W/P ratio, and ideal chloride binding capacity is a suitable indicator to be used in pure PLC 

mixtures in chloride binding for comparison reasons. 

• It would be better to use the Al2O3/SO3 than simple Al2O3 content to explain this 

phenomenon and the higher ratio results in a higher chloride binding. However, it would 

be premature to conclude that further increases in interground limestone content inherently 

lead to a reduction in chloride binding capacity. The observed differences are more likely 

attributed to variations in the cement manufacturing process, rather than the limestone 

replacement level itself, particularly due to imbalanced gypsum phases. This distinction 

emphasizes the critical role of controlled production parameters and optimized 

manufacturing practices in ensuring consistent performance. By addressing these factors, 

greater opportunities for the sustainable development of cement can be realized, allowing 

for higher limestone content without compromising key durability characteristics like 

chloride resistance. 

• With the addition of SCMs, fly ash and slag show different chloride binding performances. 

Fly ash blended mixtures rely heavily on the chloride binding behavior of pure PLC 
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systems due to its pozzolanic nature, which depends on the availability of primary 

hydration products. In contrast, slag blended mixtures exhibit more independent behavior 

and are less influenced by variations in different unexpected chemical compositions in A, 

H1, and H2. 
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Chapter 5 

Conclusion and Future gaps  

5.1 Conclusion 

This study systematically investigated the chloride resistance and chloride binding behavior of 

Portland-limestone cement (PLC) concrete mixtures, incorporating varying levels of interground 

limestone and different types of supplementary cementitious materials (SCMs), including fly ash 

and slag. A combination of diffusion testing and acceleration tests was employed to assess 

durability performance and binding mechanisms. 

• Key findings reveal that the water-to-clinker ratio is a more reliable indicator of chloride 

resistance than the water-to-powder (W/P) ratio, especially in systems with high limestone 

content (i.e., greater than 15%). Moreover, a strong correlation between bulk ER, surface 

ER, and the apparent diffusion coefficient (Da) confirms that pore structure refinement, 

achieved through SCM incorporation, plays a critical role in resisting chloride ingress. 

However, the rapid chloride permeability test (RCPT) proved insufficiently sensitive to 

distinguish between pure PLC mixtures, indicating the need for more optimization for low-

resistivity systems. 

• In terms of chloride binding, results show that the Langmuir isotherm provides the best fit 

for pure PLC mixtures among three isotherms. Moreover, the Al2O3/SO3 ratio serves as a 

more meaningful indicator of chloride binding capacity than the Al2O3 content. 

Importantly, the observed reduction in chloride binding with increased limestone content 

is likely due to manufacturing inconsistencies, particularly in gypsum content, rather than 

the limestone replacement itself. This underscores the need for improved quality control in 

cement manufacturing to maintain durability performance at higher replacement levels. 
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• Finally, fly ash and slag exhibited distinct binding behaviors: fly ash performance closely 

followed trends in the pure PLC system, while slag blended mixtures demonstrated more 

independent behavior, less affected by variations in distinct PLC chemical composition. 

These insights contribute to the development of sustainable, durable PLC systems and 

support the feasibility of further increasing limestone content when paired with optimized 

mix designs and controlled manufacturing practices. 

5.2 Future gaps 

Future research recommendations regarding chloride resistance and its binding performance of 

PLC concrete are presented hereafter: 

• In PLC systems, understanding the actual existing chloride ions is critical for evaluating 

durability. During bulk diffusion testing, simulating marine exposure conditions can help 

replicate actual chloride ingress processes and better assess performance under aggressive 

environments.  

• Additionally, variations in pH play a significant role in influencing chloride resistance, 

particularly in terms of chloride binding capacity. Establishing test environments with 

different pH levels is therefore an essential aspect of research on low-carbon cementitious 

systems and their long-term durability against chloride ingress. 

• To further support chloride binding evaluations, phase composition analyses, such as X-

ray diffraction (XRD) and thermogravimetric analysis (TGA), can be employed to identify 

and quantify hydration products, such as AFm, C-A-S-H, and AFt phases, formed in 

various PLC systems. These analytical techniques provide insight that may account for 

differences in chloride binding behavior across different binder compositions. 

• It is also important to note that while chloride binding is an influential factor in determining 

overall chloride resistance, its impact may be limited in short-term bulk diffusion tests. As 
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such, long-term performance testing is still necessary to fully understand the evolution of 

chloride binding and resistance mechanisms over time in PLC concretes. 
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Appendix A 

Chloride determination 

A.1 Total chloride titration 

After collecting powdered samples from each depth increment, the material was passed through a 

600 µm sieve to ensure uniform particle size. For the chloride content determination, approximately 

5 g of the sieved powder was dissolved in 75 mL of deionized water, followed by the addition of 

25 mL of 50% diluted nitric acid (1:1 ratio of water to acid) and 3 mL of 30% hydrogen peroxide. 

The solution was continuously stirred and heated on a hot plate. Once condensation appeared on 

the underside of the watch glass cover, indicating sufficient vaporization, the heating was stopped 

and the solution was filtered to remove solid residues. After cooling, the filtrate was transferred to 

the potentiometric titration setup for chloride determination using 0.1 N silver nitrate (AgNO3). In 

cases where the chloride content was expected to be low (typically less than 0.15% by mass), the 

powder mass was increased to 10 g to improve titration accuracy. Using insufficient sample 

quantities in low-chloride scenarios may cause greater potential drift during titration, making end-

point detection more difficult. The detailed procedure is illustrated hereafter. 
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A.2 Free chloride titration 

For the determination of water-soluble chloride content, the same powder samples used for total 

chloride titration were employed. Approximately 5 g of the sieved powder was dissolved in 

deionized water, with continuous stirring and gentle heating applied. Heating was maintained until 

the characteristic condensation appeared on the inner surface of the watch glass, indicating 

sufficient dissolution. The solution was then removed from the heat and allowed to cool to ambient 

temperature, after which it was stored for 24 hours to enable adequate precipitation. Following the 

resting period, the solution was filtered, and 3 mL of 50% diluted nitric acid along with 3 mL of 

30% hydrogen peroxide was added to the filtrate. The mixture was then reheated and transferred to 

a 60 mL beaker for potentiometric titration using 0.1 N silver nitrate, following the same procedure 

used for total chloride determination. The reduced solution volume in this method reflects the 

typically lower chloride concentrations associated with the free (mobile) chloride fraction. The 

complete procedure is illustrated hereafter. 

 

 

 


