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Thesis directed by Assistant Professor Wil V. Srubar III 

  
The development and implementation of one-dimensional (a) analytical and (b) 

numerical service-life models for chloride-induced corrosion of reinforced concrete 

containing both recycled-aggregates and supplementary cementitious materials 

(SCMs) are presented in this work. Both the analytical and numerical models 

account for initial chloride contamination levels due to previous applications. The 

effects of aggregate type (e.g., virgin, recycled aggregate, recycled mortar), 

aggregate replacement ratio, severity of chloride contamination levels, severity of 

in-service chloride exposure, reinforcement cover depth, SCM type (e.g., fly ash, 

slag, slice fume, metakaolin), and SCM replacement ratio on the expected service 

life of recycled-aggregate reinforced concrete were investigated. Results illustrated 

trends between concrete mixes and life cycle costs, which were employed to make 

conclusions on the trade-offs presented by cost, sustainability, and service life.  
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CHAPTER I 

 INTRODUCTION 

 

Concrete is the most heavily consumed material in the construction industry and 

the second most consumed material in the world after water (Mehta et al., 2003). It 

is no surprise that the waste produced by the production, use, and disposal of this 

material is also one of the greatest contributors to the industrial waste stream in 

the United States. While concrete recycling is common in practice, the use of 

recycled concrete waste as aggregates is uncommon, due to lack of confidence in the 

mechanical and service-life performance of recycled-aggregate concrete (Malesev et 

al., 2010; Berndt, 2009). In recent years, a number of studies have reported that the 

use of recycled aggregates reduces the environmental impact of virgin-aggregate 

concrete (WuPing et al., 2011; Knoeri et al., 2013; Estanqueiro; Evangelista et al.). 

However, most of these studies either quantify cradle-to-gate impacts, which is 

incomplete, or, if quantifying cradle-to-grave impacts, assume that virgin- and 

recycled-aggregate concrete exhibit equivalent service-life performances. As 

substantiated by numerous research reports, this assumption is not accurate for 

concrete containing recycled aggregates.  
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In this study, “service life” is defined as the time to corrosion-induced-cracking of 

the cover in reinforced concrete. In order to comprehensively quantify and compare 

the service life of (i) recycled-aggregate and (ii) virgin-aggregate concrete, this study 

aimed to calculate the service-life of the two classes of materials by developing 

computationally inexpensive service-life performance models. This study considers 

chloride-induced corrosion to be the primary mechanism of concrete deterioration. 

Concrete’s ability to resist chloride ingress is one of the primary factors governing 

the service life and life cycle costs of reinforced concrete (Riding et al., 2013). When 

reinforced concrete is placed in environments in which it is exposed to airborne and 

surface chlorides, chlorides penetrate the concrete cover and eventually reach the 

reinforcing steel. Due to the high alkaline environment within the pore solution of 

concrete, steel reinforcement forms a thin passive layer, which inhibits the 

oxidative reactions associated with chloride-induced corrosion. As chloride 

concentrations at the face of the reinforcing steel increase, the alkalinity of the 

concrete is reduced, which depassivates the patina layer that protects the 

reinforcement. When the chloride concentration at the face of the reinforcement 

reaches a certain level, in the presence of water and oxygen, corrosion will initiate. 

A consequence of the corrosion of reinforcement is that the volumes of corrosion 

products are much larger than that of the steel reinforcement. This volumetric 

expansion leads to cracking and spalling of the concrete surface, which, for the 

purpose of this study, is defined as the functional obsolescence (end of life) for both 

virgin- and recycled-aggregate reinforced concrete.   
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Research has shown that recycled-aggregates are less resistant to chloride ingress 

than virgin-aggregates due to a more porous microstructure and an inherent 

potential for initial chloride contamination from previous applications (Debieb et al., 

2010). While extensive characterization and modeling of chloride diffusion in virgin-

aggregate concrete has been conducted by numerous studies (Riding et al., 2013; 

Life-365, 2014; Xiao et al., 2011; Liu et al., 2014), very limited research exists on 

modeling the diffusion of chlorides in recycled-aggregate concrete. Based on existing 

studies, analytical and numerical solutions have been employed to develop models 

for the diffusion of chlorides through the cover of conventional reinforced concrete. 

The models developed for this study were based on existing one-dimension chloride 

diffusion models. The simple analytical solution presented in this study is based on 

Crank’s error function solution to Fick’s second law of diffusion. The numerical 

model developed for this study was based on models employed by the well-known 

Life-365 service life prediction software (Life-365, 2014), which utilize the Crank-

Nicolson finite difference approach to numerically solve the Fickian diffusion 

equation. The Crank-Nicolson approach was developed to account for limitations of 

the simple error function solution, namely its inability to account for non-steady-

state boundary conditions and time-dependent changes in the chloride diffusion 

coefficients.  

Numerous strategies exist to increase the service life performance of concrete that is 

at risk for corrosion-induced deterioration. These approaches include increasing 

cover depth or using alternative reinforcement (e.g., epoxy coated rebar, stainless 
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steel, glass fiber-reinforced polymers), but these strategies are often impractical and 

expensive. Replacing portions of the cement with supplementary cementitious 

materials (SCMs) such as fly ash, slag, silica fume, and metakaolin (typically 

byproducts of other industrial processes) has been shown to (a) reduce 

environmental impact, (b) decrease cost, and (c) improve the performance of 

concrete due to pozzolanic reactions (Meyer, 2009; Siddique, 2004; Fray et al., 1989; 

Mehta et al., 1982; Sabir et al., 2001). Improved chloride resistance, in turn, leads 

to increases in service life (Riding et al., 2013). The model developed for this study 

included the effects of SCMs by using empirical equations developed by Riding, et al. 

(2013) to estimate the apparent diffusivity of the concrete based on constituents 

(e.g., cement, water, SCMs) and mixture proportions.  

To assess whether recycled-aggregate concrete is, in fact, a more sustainable 

material compared to virgin-aggregate concrete, a life-cycle assessment was 

performed for concrete mixture whose service life performance was simulated. First, 

a life-cycle inventory was compiled using weights (kg) of constituents. For each mix 

design, a volumetric functional unit was defined as a one-square meter of concrete 

with a depth equal to the cover depth required to resist chloride-induced corrosion 

for 25 and 50 years. Using volumetric conversions based on density of materials, 

environmental and economic impacts were quantified for each mix design in terms 

of embodied energy (MJ) and cost (US Dollars). This illustrative example ultimately 

provides a novel framework by which designers and decision-makers are able to 
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quantify, elucidate, and evaluate the trade-offs between material cost, service life 

performance, and environmental sustainability. 

1.1 Objectives 

The objectives of this work were: 

• to develop a better understanding of service-life modeling of virgin- and 

recycled-aggregate reinforced concrete; 

• to formulate an analytical and numerical service-life model for reinforced 

concrete which includes the ability to incorporate both recycled-aggregates 

and SCMs (e.g., fly ash, silica fume, metakaolin); 

• to propose a method for linking service life and life-cycle assessment of 

reinforced concrete in order to make sound comparisons between 

conventional and “green” concrete material technologies.  

1.2 Scope 

This thesis is divided into 6 chapters: 

Chapter 1 provides an introduction to both service-life modeling and life-cycle 

assessment and outlines the specific objectives of this study.  

Chapter 2 provides a summary of the current state of recycling and reuse of concrete 

construction and demolition waste, recycled-aggregates, supplementary 

cementitious materials, service-life modeling, and lifecycle assessment as they 

pertain to reinforced concrete.  
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Chapter 3 outlines the theoretical development of two (2) service-life models, 

namely a 1D analytical and a 1D numerical service-life model, formulated in this 

study. This chapter covers the formulation of both models.  The two-phase (i) 

corrosion initiation and (ii) corrosion-induced cracking phases utilized in each model 

are described and formulated. The parameters and boundary conditions for the 

subsequent analyses using these models are presented and defined.  

Chapter 4 concerns the life-cycle assessment of virgin- and recycled-aggregate 

concrete. In this chapter, the functional unit (for the purpose of performing a life-

cycle assessment) is defined. A life-cycle inventory is assembled and customized for 

the purposes of this study. 

In Chapter 5 the results from the service-life models and corresponding life-cycle 

assessments (in terms of embodied energy and cost) are presented and discussed.  

In Chapter 6 conclusions are made from the results of this study. Recommendations 

for future work associated with advancements in service-life modeling of recycled-

aggregate concrete, improvements to the life-cycle inventory, and optimization and 

location-based decision-making are also discussed.   
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CHAPTER II 

 LITERATURE REVIEW 

 

2.1 Recycling of Concrete Construction & Demolition Waste 

Concrete and cement production are among the most energy- and resource-intensive 

processes in the construction industry. Globally, concrete is the second most 

consumed material on earth after water (Mehta et al., 2003), which is equivalent to 

approximately 25 billion tons of concrete (Ferrari et al., 2014).  The production of 

concrete is responsible for 5-8% of man-made CO2 emissions in the world, which 

contributes to greenhouse gas emissions, global warming, and climate change (Brito 

et al., 2013).  

The rate of concrete consumption is congruent with that of its disposal. Throughout 

the world, concrete is the most visible component of construction and demolition 

waste (C&D) due to its comparative volume in relation to other construction 

materials. An estimated 325 million tons of C&D waste are generated annually in 

the US (Ferrari et al., 2014). With growing environmental concerns, developing 

responsible ways to better manage this waste stream has received considerable 

attention. 80% of R&D waste is crushed and down-cycled for road base, compacted 
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fill, backfill, and drainage fill, while only 10% is crushed and recycled for structural 

purposes. The other 10% of C&D waste is disposed of via landfilling (Kou et al., 

2006). This waste ends up in either a municipal solid waste landfill (household 

waste) or a landfill exclusively devoted to C&D waste materials. The main sources 

of concrete rubble are demolition work (46%) and rehabilitation of road/highway 

projects (32%) (Deal, 1997). The rest is derived from construction activity, unused 

concrete, and failure debris (Deal, 1997).  

Usually the rubble from buildings, bridges, and pavements is composed of more 

than concrete and steel. Rubble can contain many components of a demolished 

structure, such as wood, rebar, drywall, metal, roofing, various fixtures, concrete, 

and other materials. The separation of these materials can add significant costs to 

the demolition process, but provide higher market value for the end product. This 

increase in cost, however, is often worth the savings of transporting concrete to a 

landfill and eliminated the charge (usually by weight) of disposal. In terms of the 

overall environment, recycling concrete greatly saves energy compared to mining, 

processing, and transporting new aggregates (ACPA, 2010). Diverting this waste 

puts less stress on landfills that may have difficulty accommodating large volumes 

of waste and avoids depositing additional contaminants from the waste placed in 

landfills into ground water (IFC Inc., 1995). 

2.2 Current Understanding and Use of Recycled-aggregates 

Construction aggregates make up more than 80 percent of the total aggregate 

market (USGS, 2000). Two billion tons of virgin-aggregate is produced each year in 
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the United States, and this production is expected to increase to more than 2.5 

billion tons per year by the year 2020 (Malesev et al., 2010), which equates to 

approximately 10 tons per person per year (USACE, 2004). Creating aggregates 

from C&D waste to be used in new concrete applications has a great potential to 

reduce resource use and mining impacts of natural aggregates. With a decreasing 

availability of high-quality natural aggregate, there is a national and global need to 

develop a system for recycling C&D waste into building materials. This need is 

especially high in urban areas where aging buildings and infrastructure are 

demolished. Furthermore, recycled-aggregates have seen a growth in popularity 

because their sources are typically much closer to urban centers when compared 

with natural aggregates.  

The United States generates more than 200 million tons of recycled-aggregates 

annually (USGS, 2000). The production of recycled-aggregates requires the 

separation of contaminants such as asphalt, gypsum, wood, paper, joint sealants, 

paint, soil, chlorides, and glass. Based on intended reuse applications, limits are 

suggested for various contaminants (USACE, 2004). Meeting these limits can be 

cost intensive but will typically increase the value of the product.  

Although ample research exists on recycled-aggregates, their use is almost 

exclusively used for low-performance applications, such as backfill and road base. 

According to a FHWA study, 38 states in the United States use recycled-aggregate 

for road sub-base and only 11 recycle it into new concrete (USDOT, 2004). Most 

facilities associated with recycling concrete debris specialize specifically in 
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producing aggregates for low-performance applications. The limitation of recycled-

aggregate is mainly due to strict standards enforced by government agencies. Some 

countries’ standards do allow the use recycled-aggregates, but their use remains 

limited to less than one percent of the aggregates used in structural concrete 

applications (Malesev et al., 2010). These standards are indicative of the low 

confidence levels in mechanical performance and long-term durability of reinforced 

concrete produced with reclaimed aggregates.  

Studies have shown that mechanical properties of virgin-aggregate concrete with up 

to 50% aggregate replacement by recycled aggregates exhibit comparable 

mechanical strength (Malesev et al., 2010; Berndt, 2009). In-service durability 

studies have concluded that the porosity and average pore diameter of concrete 

increase as recycled-aggregate content increases, causing a decrease in the chloride 

resistance and an increase in susceptibility to the corrosion of the reinforcement 

(Kou et al., 2006). The increase porosity of recycled aggregates is a result of their 

composition, which typically consists of more crushed mortar, which is more porous 

than reclaimed whole or virgin aggregate. In addition to a more porous 

microstructure, recycled-aggregates typically come from concrete that, depending on 

its application, may contain residual chlorides from seawater, wastewater systems, 

or de-icing salts. Chlorides present within recycled-aggregates have been shown no 

significant effects on porosity, permeability, or mechanical properties of the 

reinforced concrete, but have been shown to increase the rate of chloride diffusivity 

(Debieb et al., 2010; Movassaghi, 2006). Thus, both aggregate microstructure 
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(porosity) and previous applications influences reinforced concrete’s ability to resist 

corrosion. For this reason, researchers have low confidence in the material 

technology’s ability to resist chloride penetration and corrosion of the reinforcing 

steel (Villagran-Zaccardi, 2008). 

2.3 Supplementary Cementitious Materials 

Concrete is typically comprised of cement, sand, coarse aggregate, and water. Out of 

these constituents, cement is the most energy intensive to produce (Tuutti, 1982). In 

recent years, engineers and scientists have developed alternative cemenititous 

materials, which can achieve significant reductions in embodied energy (Tuutti, 

1982). In many cases for concrete design, a proportion of cement will be replaced 

with these supplementary cementitious materials (SCMs). Typically, SCMs are 

added to improve the fresh-state and/or hardened-state properties of concrete, such 

as workability, durability and strength (NRMCA, 2000). These improvements allow 

the concrete to be designed for enhanced performance in certain applications. Some 

SCMs can also be used to control the color of concrete when whiter concretes are 

desired for architectural purposes (PCA, 2010). The most common SCMs used in 

construction today are fly ash, slag, silica fume, and natural pozzolans, such as 

metakaolin (PCA, 2010).  

SCMs are generally byproducts of industrial processes or made from natural 

materials. Since cement production requires such a significant amount of energy, 

using byproducts of other industrial processes, as a replacement is appealing. Fly 

ash is the most commonly used SCM (PCA, 2010). Fly ash is a byproduct of coal 
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production used to generate electricity in power plants; silica fume is a byproduct of 

the reduction of high quality quartz with coal in an electric furnace in order to 

create silicon or ferrosilicon alloy; and slag is a byproduct separating iron ore in the 

steel making process (PCA, 2010).  

Recent studies have characterized the effects of SCMs on the diffusivity of concrete 

through experimental testing of concrete samples in marine environments (Riding 

et al., 2013). It has been shown that fly ash, silica fume, slag and metakaolin 

increase the chloride resistance of concrete. These studies have also shown that the 

inclusion of SCMs increase concrete’s resistance to other types of deterioration, such 

as abrasion, freeze-thaw resistance, deicer-scaling resistance, drying shrinkage, 

creep, alkali-aggregate reactivity, sulfate resistance, and carbonation (PCA, 2010). 

2.4 Service-Life Modeling of Reinforced Concrete 

2.4.1 Current State 

There is ample research on modeling the service life of reinforced concrete. 

Although concrete is subject to many deterioration mechanisms, most existing 

service-life models consider only the prediction of chloride-induced corrosion of steel 

in reinforced concrete, since chloride-induced corrosion is the most common 

durability concern with reinforced concrete (Riding et al., 2013). Deterioration due 

to chloride-induced corrosion does not attack the integrity of the concrete itself. 

Chloride ions are transported through the concrete and cause corrosion of the 

reinforcing steel, which, due to volumetric changes, expands as it corrodes.  
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The mass transport of chlorides through a porous concrete matrix is made possible 

by a number of complex physico-chemical processes. The process most commonly 

used to model and predict the service-life of concrete is diffusion. The diffusion 

process has been characterized using an error function solution to Fick’s second law 

of diffusion, which is commonly used to predict the service life performance of 

reinforced concrete. Commercial software such as Life-365 (Life-365, 2014) and 

STADIUM (SIMCO Tech., 2015) employ numerical models to predict chloride 

ingress in cementitous materials. These models utilize numerical solutions to Fick’s 

Second Law of diffusion to predict the time-to-corrosion initiation based on chloride 

levels throughout the concrete depth and a corresponding chloride threshold, which 

is, in effect, a measure of the chloride resistance of the reinforcing steel. Such 

models are useful for engineers because they serve as a tool for determining benefits 

and tradeoffs of different materials and corrosion prevention strategies that can be 

employed to achieve a desired service life.  

2.4.2 Limitations of Existing Service-Life Performance Models 

While research has led to the development of software that is capable of 

determining the service life of reinforced concrete, little research has been 

conducted on modeling the service life of reinforced concrete structures that contain 

recycled-aggregates – especially recycled aggregates containing initial levels of 

chlorides. The assumptions made in existing service-life modeling approaches are 

numerous, yet oftentimes necessary. For example, many models assume the 

diffusivity of the material to be homogenous and completely saturated with water. 
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Although most concrete elements used in structures do not remain completely 

saturated, this assumption allows for a less computationally expensive diffusion 

model.  

The diffusion of chlorides is the driving force in service-life modeling of reinforced 

concrete. However, the diffusion of chlorides is just a catalyst to the corrosion of the 

reinforcement steel and the eventual cracking of the concrete cover. The cracking of 

the concrete cover takes place after the corrosion threshold of the reinforcement has 

been reached. Although models exist to predict this additional time needed for 

corrosion to cause cracking, most service-life models either add on an estimated, 

constant value to account time-to-cracking or ignore it completely (Life-365, 2014).  

The ability to predict service life of reinforced concrete in chloride environments is 

essential to determine cost-effective design alternatives with minimal 

environmental impacts. Considerable uncertainties associated with determining 

appropriate values and assumptions for service-life models exist and are being 

addressed by many researchers (Riding et al., 2013; Malesev et al., 2010; Kou et al., 

2006; Xiao et al., 2011). While properties regarding diffusivity and chloride 

concentrations of recycled mortar have been characterized, current models do not 

possess the capabilities to include recycled-aggregates.  

2.5 LCAs and EPDs for Innovative Construction Materials 

Increased popularity of green building programs have encouraged the development 

and specification of innovative construction materials that, when compared to their 

conventional counterparts, can significantly reduce their ecological footprint. 
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Concretes which incorporate high levels of recycled content (e.g., fly ash, slag, silica 

fume, recycled-aggregates) are examples of innovative materials which have gained 

popularity due to the advocacy of using recycled materials in green building 

technologies. Green building certification programs, such as Green Building 

Council’s Leadership in Energy Design (LEED®) and the Green Building Initiatives 

Green Globes®, are rating schemes by organizations advocating for new innovative 

materials that possess smaller ecological footprints. 

Life-cycle Assessment (LCA) is a methodology that can be employed to quantify and 

compare the environmental aspects and potential impacts associated with a product, 

process, or service (US DOE, 2004). The data collected from LCAs is summarized 

and used to define Environmental Product Declarations (EPD) in accordance with 

international standard ISO 14025. An EPD is a document that is used to 

communicate transparent and comparable information about the environmental 

impact of a product’s life cycle (EPD Int., 2015). EPDs are a tool used by designers 

and green building certification groups to promote the use of innovative green 

building materials. EPDs are part of an effort to standardize the quantification of 

environmental impacts and promote transparency of materials manufacturing. 

Figure 1 shows a typical life cycle of a construction material, which can be described 

by five stages. Each stage requires material and energy inputs as well as waste 

outputs. LCAs and EPDs are typically calculated using a cradle to gate approach, as 

opposed to a cradle-to-grave or, more infrequently, a cradle-to-cradle approach. 

Oftentimes, in an attempt to produce an LCA with a cradle-to-cradle scope, disposal 
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assessments will be included. When service life is included in LCAs, most studies 

assume the in situ performance of candidate materials to be equivalent, and, 

therefore, exclude the consequences of having materials of variable service-life 

performances. It is, however, common to define and incorporate environmental 

impacts for in-service maintenance and replacement into LCA comparisons between 

conventional and innovative material options.  

 

Figure 1 - Typical life cycle of a construction material, emphasizing material and energy 
inputs and outputs as well as the opportunities for recycling and reuse. In-service 
performance is often exclusded from typical life cycle-assessments 

Access to recycled aggregates tends to be centered in urban areas, where 

construction and demolitions waste is ample. Due to restrictive accessibility and low    

confidence in the durability of recycled-aggregates, their practical incorporation into 

concrete may be limited to certain locations and application. It follows that an 

attempt to lower the initial environmental impact of materials (aggregates) through 

the use of “green” substitutes, may, in fact, negatively affect in-service performance. 

If estimates of in-service performance are not included in LCAs, decision makers in 
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the construction industry may, in turn, utilize a green material technology that, in 

the long term, is not more sustainable than the conventional counterpart. As 

demonstrated in this work, integrating accurate measures of in-service performance 

into LCAs can more fully elucidate the environmental tradeoffs of innovative “green” 

material technologies. 
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CHAPTER III 

 THEORETICAL FORMULATION 

 

3.1 Model Development for Normal- and Recycled-aggregates 

This chapter presents the formulation of (i) analytical and (ii) numerical models for 

predicting the service-life of virgin- and recycled-aggregate reinforced concrete. 

Three types of virgin- and recycled-aggregate reinforced concrete are considered 

herein (see Fig. 2a-c). Normal-aggregate concrete (NA-C), recycled coarse-aggregate 

concrete (RCA-C), and recycled mortar-aggregate concrete (RMA-C) are considered 

to be heterogeneous and multiphasic on a mesoscale. NA-C is considered to be a 

three-phase material containing normal aggregate, a surrounding interfacial 

transition zone (ITZ) and surrounding new mortar (Fig. 2). RCA-C is considered to 

be a five-phase material with the original aggregate at the center, surrounded by 

the old ITZ and mortar and the new ITZ and mortar (Fig. 2b). Similar to that of the 

NA-C, the RMA-C is also three-phase material, but has original mortar at its center 

rather than normal aggregate (Fig. 2c).  
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Figure 2 - Multi-phase models for NA-C, RCA-C, and RMA-C assuming an aggregate 
replacement ratio of 100%. Potential sources of contamination in recycled aggregates 
correspond to the locations of the original mortar and ITZ. 

Potential locations of initial chloride contamination within each model are noted in 

Fig. 2. Chloride contamination is only present in the two types of recycled-

aggregates. The location of these potential chloride contaminations correspond to 

the locations of old mortars and old ITZs. Due to their relative impermeability and 

limited exposure to external chlorides, the original aggregate present in NA-C and 

RCA-C is considered to be free of chloride contamination.  
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The placement of aggregates throughout the depth of the concrete is considered to 

be random. The location of each aggregate along a one-dimensional profile is based 

on the specified type of aggregate, the defined size of aggregates, the depth of 

concrete specimen, and the placement of reinforcement. As further discussed in the 

follwong sections, the placement of aggregate centers is randomly defined at the 

beginning of each simulation to incorporate uncertainty of aggregate placement.  

3.2 Defining Service life 

The first step in developing a service-life model is to determine and define “service 

life.” For the purpose of this study, service life of reinforced concrete is defined as 

the time it takes for corrosion-induced cracking to occur after being placed in a 

chloride-rich environment, ts. A two-phase model is adopted to describe this process, 

where the first phase is the time-to-corrosion initiation of the reinforcement, ti, and 

the second phase is time to crack propagation, tc. These two distinct phases are 

illustrated in Fig. 3 (Tuutti, 1982). 
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Figure 3 - A graph illustrating the chloride diffusion and corrosion propagation phases of 
concrete service life. The total service life is dependent upon these two phases and a 
prescribed acceptable damage level (Tuutti, 1982). 

3.3 Corrosion Initiation Phase 

The corrosion initiation period is defined herein as the time that it takes for 

chlorides from the surrounding environment to penetrate the concrete cover and 

accumulate to a sufficient concentration (chloride threshold) at the surface of the 

reinforcement. Chloride concentrations above the threshold locally reduce the pH 

near the reinforcement and results in depassivation of the protective oxide layer 

and corrosion initiation. It is assumed that no damage occurs during this period. 

The corrosion initiation period is a function of material properties of the concrete, 

geometry, the boundary conditions that exist within a given environment, and the 

required concentration of chlorides to initiate the corrosion of the reinforcing steel.     

Chloride transport can take place due to a number of mechanisms including (a) 

diffusion under the influence of a concentration gradient, (b) absorption due to 

capillary action, (c) migration in an electrical field, and (d) pressure-induced flow 
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and wick action when water absorption and water vapor diffusion are combined 

(Hooton et al., 2002). Diffusion is the process by which matter is transported from 

one part of a system to another as a result of random molecular motions (Crank, 

1975). While molecular movement is random and without preference to direction, 

molecules move from regions of higher concentration to regions of lower 

concentration (Crank, 1975). Ionic diffusion of chloride molecules is the primary 

mechanism of chloride transport and is considered the sole mechanism for both 

models discussed in this study. It has been shown that the relationship between the 

chloride concentrations, diffusion coefficients, and time in the random molecular 

motions of chloride ions in concrete can be described using Fick’s Second Law (Liu 

et al., 2014). Fick’s second law of diffusion is the governing differential equation and 

is used to characterize the diffusion process: 

!"
!"
= 𝐷 ∙ !

!!
!!!

 (1) 

Where: 

C = the chloride concentration, 

D = the apparent diffusion coefficient, 

x = the depth from the exposed surface, and 

t =  time.  

This study considers two approaches to Eq. 1 that allow for the inclusion of recycled 

aggregates. The first is a analytical error-function solution, and the second is a 

numerical finite difference solution.  
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3.3.1 Modified Error Function (Analytical Solution) 

The error function is a special function of sigmoid shape that occurs in probability, 

statistics, and partial differential equations that has been applied as an analytical 

solution to Fick’s second law of diffusion (Crank, 1975). The following error function 

solution to the diffusion equation (Eq. 2) has been used extensively to model the 

corrosion initiation phase due to chloride ingress.  

𝐶 𝑥, 𝑡 =   𝐶! 1− 𝑒𝑟 𝑓 !
! !!!

   (2) 

Where:  

C(x,t) = the chloride content (kg/m3) at distance, x, from the surface at time, t, 

C0 = the boundary chloride condition (kg/m3) at the surface of the concrete, 

Dc = the diffusion coefficient (m2/s) with an assume 0.4 w/c ratio,  

x = the depth from the exposed surface (m), and 

t =  time (s).   

While Eq. 2 has been used in modeling chloride diffusion in conventional, NA-C, it 

does not account for the presence of recycled-aggregates and their initial level of 

chloride pre-contamination (if any is present). To account for the existence of 

recycled aggregates and/or the existence of initial chloride contamination levels 

throughout a one-dimensional profile, the following analytical solution to the 

diffusion equation was formulated for the purpose of this study: 

𝐶 𝑥, 𝑡 = 𝐶! 𝑒𝑥𝑝 ! !!!! !

!!!!!!!!
− 𝑒𝑥𝑝 ! !!!! !

!!!!!!!!
+ 𝐶! 1− 𝑒𝑟 𝑓 !

! !!!
 (3) 

Where:  
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C(x, t) = the chloride content (kg/m3) at a distance, x (m) , from the surface at     

time, t (s), 

Ca = the initial chloride concentration (kg/m3) where old mortar is present, 

C0 = the boundary chloride condition (kg/m3) at the surface of the concrete, 

Dc = the apparent diffusion coefficient (m2/s) with an assume 0.4 w/c ratio, 

σ = the thickness of existing mortar (m), 

xi = the depth from the exposed surface (i = 1… n), 

x = the depth from the exposed surface (m), and 

t =  time (s).   

This proposed equation is based on principles of ion implantation and dopant 

diffusion, where a substrate is doped with a concentration of another material, 

which diffuses, over time, into the substrate (Srubar, 2015). While the diffusivity of 

the phases shown in Fig. 2 vary throughout a one-dimensional path from the 

surface of the concrete to the face of the reinforcement, bulk, apparent diffusion 

coefficients are used for both virgin- and recycled-aggregates to capture the effects 

of two-dimensional diffusion in a one-dimensional model.  

3.3.1.1 Modeling Parameters 

The corrosion threshold was determined through data collected from various 

experiments (Vu et al., 2000; Kirkpatrick et al., 2002; Zhang et al., 2006; Lounis, 

2005; McDonald et al., 1998). The cover thickness was evaluated within a 

reasonable range to study its effect on service life. All other parameters used in 

service life simulations are modeled as independent variables and are defined by a 



25 
 

 

mean and standard deviation assuming normal distributions and lognormal 

distributions (when appropriate). These modeling parameters, which are based on 

empirical data collected from existing studies on NA-C, RCA-C and RMA-C, are 

shown in Table 1. 

Table 1 - Modeling parameters for modified error function solution. Parametric values are 
displayed as a mean and standard deviation, assuming normal distribution 

        Modeling Parameters for the Error Function Solution 

Corrosion Initiation Model 

Service-life modeling 
parameter 

Normal 
aggregate 
concrete 
(NA-C) 

Recycled 
coarse 

aggregate 
concrete 
(RCA-C) 

Recycled 
mortar 

aggregate 
concrete 
(RMA-C) 

Units Refs. 

Boundary condition           
(mild), c0 

1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 kg/m2 
(Tanaka et al., 2006; 
Kirkpatrick et al., 2002; 
Liu et al., 2012) 

Boundary condition 
(moderate), c0 

2.0 ± 0.2 2.0 ± 0.2 2.0 ± 0.2 kg/m2 
(Tanaka et al., 2006; Vu 
et al., 2000; Liu et al., 
2012) 

Boundary condition        
(severe), c0 

3.0 ± 0.2 3.0 ± 0.2 3.0 ± 0.2 kg/m2 
(Tanaka et al., 2006; Vu 
et al., 2000; Liu et al., 
2012) 

Initial aggregate chloride 
content (mild), ca 

– 1.0 ± 0.2 1.0 ± 0.2 kg/m2 
(Tanaka et al., 2006; Vu 
et al., 2000; Liu et al., 
2012) 

Initial aggregate chloride 
content (severe), ca 

– 3.0 ± 0.2 3.0 ± 0.2 kg/m2 
(Tanaka et al., 2006; Vu 
et al., 2000; Liu et al., 
2012) 

Diffusion coefficient, Dc 4.5 ± 1.0 8.5 ± 1.5 12.5 ± 2.0 1012 m2/s 
(Xiao et al., 2013; Zhang 
et al., 2006; Riding et 
al., 2013) 

Coarse aggregate 
diameter, da 

10 10 10 mm  

Chloride threshold, cc 
(lognormal distribution) 

0.7 ± 0.05 0.7 ± 0.05 0.7 ± 0.05 kg/m2 
(Kirkpatrick et al., 2002; 
Vu et al., 2000; Mehta et 
al., 2003; Lounis, 2005; 
McDonald et al., 1998) 
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3.3.1.2 Simulation Procedure for Analytical Model 

Errors are made in the actual production of reinforced concrete. Variables such as 

the concrete cover or the diffusion coefficient may be slightly different from case to 

case. The model developed for this study presents certain variables as distributions 

to account for this uncertainty. A Monte Carlo simulation process, which utilizes 

random sampling to obtain a distribution of results (e.g., service life), was used in 

this study. Variable inputs with assumed statistical distributions were used in the 

simulations (see Table 1). In order to determine an approximate statistical 

distribution of the resulting data, the Anderson-Darling goodness of fit test was 

employed to evaluate whether a lognormal distribution was a good model for 

predictions of service life. 

Before running a simulation, the material scenario needs to be defined. Fig. 4 shows 

a flow chart of how scenarios were chosen. Each scenario was defined by aggregate 

type, replacement ratio, the chloride boundary condition (mild, moderate, severe) 

and the initial chloride content (mild, severe) for simulations including RCA-C and 

RMA-C. For each simulation the concrete cover, the chloride boundary condition, 

and the corrosion threshold of steel reinforcement are randomly generated. If the 

defined scenario includes a replacement ratio for RCA-C or RMA-C greater than 

zero, the recycled aggregate placement and corresponding contamination levels 

were then randomly generated. Using Eq. 3 the chloride content is calculated at the 

cover depth (depth to reinforcement), at each time step. Corrosion is initiated when 

the concentration reaches or exceeds the chloride threshold of the reinforcing steel. 
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The corresponding time step to corrosion initiation is then recorded as the corrosion 

invitation period, ti.  

 

Figure 4 - A flow diagram representing the way in which scenarios are chosen for the 
modified error function solution before running simulations. A total of 50,000 Monte Carlo 
simulations were run for each modeling scenario. 

 

3.3.2 Crank-Nicolson Finite Difference Method (Numerical Solution) 

The first model presented in Section 3.3.1 employed an analytical error function 

solution to solve the partial differential equation of Fick’s 2nd Law of diffusion (Eq. 

1). The first model was computationally inexpensive, but was not capable of 

accounting for non-steady-state conditions such as temperature- and time-

dependence. The model formulated in this portion of the study employs a one-

dimensional Crank-Nicolson finite-difference approach (Eq. 4) to numerically solve 

the diffusion equation. This approach divides the depth of the concrete into slices, 

allowing for temperature- and time-dependent variables to change in each slice at a 

given time step. The chloride levels at a given slice i and time step t +1 are then 

determined by the following advection-dispersion equation: 
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−𝑟𝑢!!!!!! + 1+ 2𝑟 𝑢!!!! − 𝑟𝑢!!!!!! = 𝑟𝑢!!!! + 1− 2𝑟 𝑟𝑢!! + 𝑟𝑢!!!! , (4) 

Where: 

r = 𝐷!
(!")
!(!")!

, is the dimensionless Courant-Friedrichs-Lewy (CFL) number, 

Dt = the diffusion coefficient at time t (m2/s),  

dt = the time step, (s),  

dx  =  the length increment of each slice (depth divided by number of slices), 

𝑢!! = Chloride level at slice i and time t (% weight of concrete),  

i = i…n, corresponding slice of concrete,  

t = time step in the corrosion initiation period. 

The left side of Eq. 4 represents unknown concentrations at a future time step, 

where the right side of the equation represents known values at the current time 

step. The surface chloride concentration and the time-dependent material 

properties (i.e., diffusion coefficient) of the reinforced concrete are calculated at the 

beginning (and held constant) during each time step. The diffusion constant (CFL 

number) is considered uniform throughout the depth of the element, which is a 

necessary assumption for employing the Crank-Nicolson finite difference method 

(Life-365, 2014). Eq. 4 is then rearranged in to matrix form to solve for future 

chloride levels:  

𝐴𝑈!!! = 𝐵𝑈!, (5) 

Where: 
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𝐴 = 𝑎!!!! =

1 0 0 0 0
−𝑟 1+ 2𝑟 −𝑟 0 0
⋯ ⋯ ⋯ ⋯ ⋯
0 0 −𝑟 1+ 2𝑟 −𝑟
0 0 0 0 1

 , (6) 

𝑈!!! = 𝑢!!!! =

𝑢!!!!
⋮

𝑢!!!!
⋮

𝑢!!!!

 , (7) 

𝐵 = 𝑏!!!! =

1 0 0 0 0
𝑟 1− 2𝑟 𝑟 0 0
⋯ ⋯ ⋯ ⋯ ⋯
0 0 𝑟 1− 2𝑟 𝑟
0 0 0 0 1

 , and (8) 

𝑈! = 𝑢!! =

𝑢!!
⋮
𝑢!!
⋮
𝑢!!

 (9) 

Where A and B are dimensionless matrices corresponding the dimensionless CFL 

number, and the U matrices define chloride levels at the present and the future 

time steps. Using matrix inversion, Eq. 3 can be rearranged to solve for chloride 

levels at individual slices: 

𝑈!!! = 𝐴!!𝐵𝑈! (10) 

Since this Crank-Nicolson finite difference approach accounts for both space and 

time, it is possible to included non-steady state conditions, which are a function of 

both space and time. Such conditions include the apparent chloride diffusion 

coefficient (which can change space [e.g., mortar, aggregate] and with time [e.g., 
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densification of cement paste]) and the exposure (e.g., fluctuating chloride boundary 

conditions), which can vary throughout the corrosion initiation period. 

Using this matrix, finite difference approach, recycled-aggregates can be modeled 

throughout the depth of the concrete specimen. As previously mentioned, recycled-

aggregates can contain initial chloride levels and are inherently more porous than 

normal aggregates. Correspondingly, different levels of initial chloride 

concentration and different diffusion coefficients can be assigned to the slices that 

correspond to aggregate placement along the one-dimensional profile.  

The diffusion of chlorides is a three dimensional process. In order to create diffusion 

models that are not computationally expensive, this three-dimensional process was 

represented in one dimension. Both analytical and numerical models developed for 

this study were one-dimensional. The analytical model proposed in this study was 

based on an error function solution to diffusion and required a single, bulk 

(apparent) diffusion coefficient. The bulk diffusion coefficients were taken from 

empirical data and held constant throughout the simulations. The numerical model 

does not require a single bulk diffusion coefficient, but rather calculates a bulk 

diffusion coefficient for each slice throughout the depth of the concrete at each given 

time step. The bulk diffusion coefficient in each slice of the concrete is dependent on 

the material that occupies that slice (e.g., new mortar, recycled aggregate). The 

second model employs a set of equations to develop a base-case bulk diffusion 

coefficient for each slice, which can be modified based on non-steady-state 

conditions (time and temperature). This base-case diffusion coefficient used 
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represents NA-C, and can be employed without replacing diffusion coefficients 

throughout the one-dimensional profile with the actual diffusion coefficient of the 

virgin aggregates. Since this second model does not have a single bulk diffusion 

coefficient and is still a one-dimensional model, it is not capable of modeling RCA-C 

given the near impermeability of natural aggregates.  

3.3.2.1 Modeling Parameters 

 The modeling parameters were obtained through empirical modeling of the 

apparent chloride diffusion coefficient in relation to (a) mixture proportions, (b) the 

inclusion of SCMs, (c) time, and (d) temperature (Riding et al., 2013). In this study, 

these empirical models are used to account for non-steady state conditions that 

affect the corrosion initiation period for reinforced concrete. To account for the 

contamination and change in pore structure due to the incorporation of RCA and 

RMA, the initial chloride levels and diffusion coefficients, which are inserted into 

the matrix, are based on the same empirical values listed in Table 1. The threshold 

for corrosion initiation in this model was determined using a widely accepted 0.05% 

chloride by weight of concrete (Life-365, 2014; Broomfield, 2006) [45]. The following 

sections outline the modeling methodology to account for the effect of water-to-

cement ratio, SCMs, time, and temperature on the apparent diffusion coefficient. 

3.3.2.1.1 Effect of Water to Cement Ratio on the Diffusion Coefficient  

Riding et al. developed this relationship between the w/c ratio and the chloride 

diffusivity of early age concrete by generating a “best fit” equation of data collected 

from various studies (Riding et al., 2013). For the numerical service-life model 
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developed herein, this equation was used to define a “base-case” diffusion coefficient 

for the corrosion initiation period of reinforced concrete:  

𝐷!" = 2.17×10!!"𝑒(! !")/!.!"# (11) 

where w/cm is the w/c ratio defined for a given concrete mix design.    

3.3.2.1.2 Effect of SCMs on the Diffusion Coefficient 

SCMs are used to modify the properties of reinforced concrete, including its chloride 

resistance. Using collected data from various literature, equations were developed 

to characterize SCMs effect on the chloride diffusion coefficient (Riding et al., 2013). 

Equations 12-14 are used modify the “base-case” diffusion coefficient for the purpose 

of incorporating the effects of SCMS into the corrosion initiation period of this 

service-life model.  

𝐷!" = 𝐷!" ∙ (0.206+ 0.794𝑒 !!" !.!" ) (12) 

𝐷!""# = 𝐷!" ∙ (0.170+ 0.829𝑒 !!""# !.!" ) (13) 

𝐷!" = 𝐷!" ∙ (0.191+ 0.809𝑒 !!" !.!" ) (14) 

D28 is the “base-case” diffusion coefficient as calculated in Equation 11. DSF, DUFFA 

and DMK are the modified diffusion coefficients due to Silica Fume, Ultra Fine Fly 

Ash and Metakaolin, respectively, and SF, UFFA and MK are the percent 

replacement of cement with SCMs (in total %). It is important to find an optimum 

replacement when using SCMs, because an overdose can be harmful to the integrity 

of the concrete, such as early hardening and strength gain (PCA, 2010). These 

percentages are honored in this study (Table 2). The service-life model is limited to 

the inclusion of one SCM per simulation. 
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Table 2 - A table of maximum replacements of cement by SCMs type incorporated into the 
numerical model. 

Allowable Ranges for SCMs 

SCM Max Replacement Source 

Fly Ash 25% (Obla, 2008) 

Slag 50% (Obla, 2008) 

Silica Fume 10% (Obla, 2008) 

Metakaolin 20% (Ismael et al., 2014) 
 

3.3.2.1.3 Time-dependent Diffusion Coefficient 

The chloride diffusion coefficient is a time-dependent parameter, and decreases over 

time. This decrease is due to continued hydration of concrete beyond 28 days, which 

reduces the porosity of the concrete. Over time, chloride levels become uniform 

throughout the surface and diffusion slows due to a concentration-dependence of the 

diffusion process. Chloride diffusion also decreases over time due to carbonation, 

which results in a less porous microstructure. Many researchers have demonstrated 

the relationship between time and diffusivity to be best described by a power law, 

where the exponent is the hydration effect factor (or decay factor), m (Riding et al., 

2013; Liu et al., 2014). This study describes this relationship using the following 

equation:  

𝐷!   =   𝐷!" ∙
!!"
!

!
 (15) 

Dt is the time-dependent diffusion coefficient. D28 is the early-age chloride diffusion 

coefficient (calculated using Equation 11), t28 is set equal to 28 days, and t is the 

current time step, and m is the hydration effect factor. The hydration effect factor 

was previously proposed as a function of the w/c ratio, but further studies have 
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shown it to be primarily influenced by the inclusion of fly ash and slag (Movassaghi, 

2006; Riding et al., 2013). Thus, Eq. 16 is used to determine the hydration effect 

factor.  

𝑚 = 0.26+ 0.4 !"
!"
+ !"

!"
 (16) 

Riding et al suggests that an indefinitely decreasing diffusion coefficient is 

unrealistic, and proposed that an ultimate limiting value be incorporated into the 

time-dependent diffusivity equation.  Eq. 17 describes this ultimate limiting value 

based on a 100-year value used in this study: 

𝐷!"# = 𝐷!"
!"

!",!""

!
 (17) 

Where D28 is the early-age chloride diffusion coefficient and m is the hydration 

effect factor (Riding et al., 2013). The incorporation of the ultimate limiting value is 

shown in Eq. 18, where Eq. 17 is added to Eq. 15 (Riding et al., 2013).  

𝐷!   =   𝐷!" ∙
!!"
!

!
+ 𝐷!"# 1− !!"

!

!
 (18) 

3.3.2.1.4 Temperature Dependent Diffusion Coefficient 

As temperature increases, so does the random movement of molecules. This means 

that the rate at which chloride ions move in a diffusion process can be directly 

linked to temperature. By using temperature profiles, as shown in Fig. 5 (US 

Climate Data, 2015), of certain locations, a service-life simulation can be made 

location specific. 



35 
 

 

  

Figure 5 - Average monthly temperature data for Los Angeles, CA. These profiles are used 
to develop the location- and time-dependent relationships between temperature and 
chloride diffusion coefficients. 

This model incorporates temperature dependency by using an Arrhenius 

relationship to modify the time-dependent diffusion coefficient. Eq. 18 describes the 

adjustments made to the diffusion coefficient based on a temperature profile. Using 

yearly temperature profiles for a specific location, this equation can be used to 

determine the fluctuation in the diffusion coefficient for specific locations.  

𝐷! 𝑡,𝑇 = 𝐷!(𝑡) ∙ exp
!
!
∙ !

!!"#
− !

!
 (19) 

Where DT (m2/s) is the diffusion coefficient at time, t (s), and temperature T (K). Tref 

is the reference temperature; U is the activation energy (J/mol/K); and R is the 

universal gas constant (8.3144 J/mol/K). 

3.3.2.1.5 Development of Exposure Conditions 

Unlike the modified error function solution, the boundary condition of the concrete 

specimen is not explicitly defined within the Crank-Nicolson approach. In this 
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model, the exposure conditions are modeled by controlling the concentration of the 

slice defined at the exposed surface of the concrete specimen. Exposure levels will 

fluctuate based on the time of year. Some authors suggest that this exposure causes 

the surface chloride concentration to change with time. This model assumes a linear 

increase of surface chloride concentration until a prescribed maximum is attained, 

after which the surface chloride concentration remains constant. This ramp-up 

exposure condition simulates the effect of chloride build-up due to wetting and 

drying cycles at the concrete surface (Riding et al., 2013). This effect was developed 

from measurements of surface chloride levels of core samples taken over time 

(Phurkhao et al., 2005). Life 365 (Life-365, 2014) adopts a similar approach in 

modeling a linear increase of surface chloride concentration and determining a max 

concentration based on geographical location, structure type, and exposure field 

data. The maximum concentration and ramp-up time are calculated using the unit 

weight of concrete. This model utilizes data from Life 365 to apply the same 

approach in modeling chloride boundary conditions. 

Los Angeles, California served as the location of interest for this study. The 

maximum surface chloride concentration was based on the distance from the coast, 

up to a certain distance (1.5km), and then was based on the type of structure 

(parking structure, urban bridge, rural bridge, interior element). Table 3 illustrates 

these values as a function of % weight of concrete.   
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Table 3 -Values used to determine the ramp-up duration and maximum value of surface 
chloride concentration given in percent weight of concrete. These values are used to 
characterize the chloride exposure (boundary condition) at the concrete surface. 

Maximum Surface Concentration and Ramp-up Rates (Life-365, 2014) 

  Ramp-up (%/year) Maximum (%) 

Marine Spray Zone 0.1 1 

Within 800 m of Coastline 0.04 0.6 

Within 1.5 km of Coastline 0.02 0.6 

Parking Structure 0.015 0.8 

Urban Bridges 0.01275 0.85 

Rural Bridges 0.0105 0.7 
 

3.3.2.2 Simulation Procedure for Numerical Model 

All modeling simulations were coded and run using MATLAB software. At the start 

of each simulation, an application and its location (and associated monthly 

temperature profile) were first defined. Then, the w/c ratio, SCM type and content, 

specimen cover depth, location of reinforcement, type of aggregate (normal, recycled 

aggregate, recycled mortar), aggregate size, aggregate replacement ratio, and level 

of aggregate contamination for that particular concrete specimen were defined. A 

flow chart illustrating the way in which these scenarios were chosen is shown in Fig. 

6. From these definitions the diffusion coefficient, boundary conditions, and 

geometries of aggregate replacements with corresponding initial contamination and 

diffusion coefficients are calculated. These parameters were used to define the 

initial values in Eq. 4 and to calculate the chloride levels throughout the depth of 

the specimen at the next time step. The resulting values are placed back into Eq. 4 

as the initial (known) values at the start of the next time step. This process 
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continues until the corrosion initiation threshold is reached (or exceeded), and the 

corresponding time step was recorded as the time-to-corrosion initiation, ti.  

 

Figure 6 - A flow diagram representing the way in which scenarios are chosen for the finite 
difference solution before running simulations 
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3.4 Crack Propagation Phase 

3.4.1 Model Development 

Time to cracking due to chloride-induced corrosion is a crucial time period in 

determining the service life of recycled-aggregate concrete, but many existing 

service-life models (Phurkhao et al., 2005) consider this period to be a fixed value of 

3 to 5 years without any calculations. Generally, this is acceptable, but for the sake 

of completeness, an analytical model is used in this study to determine time-to-

cracking. Both service-life models discussed in this study used an analytical 

corrosion-induced cracking model proposed by Lui and Weyers to determine the 

crack propagation phase (Lui et al., 1998). This model was proposed by Liu and 

Weyers as an improvement upon Bazant’s original model (Bazant, 1979) by 

including the time period in which the corrosion products fill the porous region 

surrounding the rebar before inducing pressure on the surround concrete.  

Modeling corrosion propagation requires many simplifications and assumptions. 

Corrosion in concrete takes place as pitting corrosion, where corrosion production is 

non-uniform around the surface of the reinforcement. This model assumes a 

simplified uniformity in the production of rust. This assumption is accepted because, 

while pitting corrosion production is never uniform, as it progresses, it appears to 

become more uniform over time. It also assumed that only one type of corrosion 

product is present, when, in reality, this is not accurate. However, the corrosion 

products with the highest relative volume were selected, and are considered to be a 

conservative and acceptable assumption.  
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The time-to-cracking model consists of three phases:  

(1) Free Expansion (Wt ≤ Wp). A porous region surrounding the steel 

reinforcement exists due to air voids present in the transition from cement to 

steel (Lui et al., 1998). This corrosion phase represents the time where the 

total amount of corrosion products, Wt, present is less than that required to 

fill the porous region, Wp. This phase is illustrated in Fig. 7a.  

(2) Stress Initiation (Wt ≥ Wp). The total amount of corrosion products eventually 

exceeds the capacity of the porous region. The corrosion products begin to 

produce expansive pressure on the surrounding concrete, which increases 

with corrosion product generation. This phase is illustrated in Fig. 7b.  

(3) Cracking (Wt = Wcrit). There is a limit to the amount of internal pressure that 

the concrete can withstand. This limit can be quantified by a critical amount 

of corrosion products, Wcrit, that are necessary to cause a sufficient amount of 

internal pressure. When the total amount of corrosion products exceeds this 

critical amount, cracking is induced. This phase is illustrated in Fig. 7c. 

 

Figure 7 - This image (BP Composites LTD., 2015) represents the three stages of the 
corrosion-induced cracking phase that was employed for both the analytical and numerical 
service-life models developed and implemented in this study. (a) Corrosion products fill the 
porous void around the steel reinforcement. (b) The surrounding concrete is exposed to 
expansive pressure. (c) Critical amount of pressure is reached and the concrete cover cracks 
or spalls (end of service life). 
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The model is based on a hypothetical cylinder exposed to internal pressures caused 

by the generation of corrosion products. The time-to-corrosion-induced cracking, tc, 

was determined for both models in this study using the following equation (Lui et 

al., 1998): 

𝑡! =
!!"#$
!

!!!
 (20) 

Where: 

Wcrit  = the amount of corrosion products required to induce cracking, 

and 

kp  = the rate of rust production.  

3.4.2 Modeling Parameters 

This model of the time-to-corrosion induced cracking is a function of the corrosion 

rate, cover depth, bar spacing, and certain mechanical properties of concrete, such 

as tensile strength, modulus of elasticity, Poisson’s ratio and creep coefficient (Lui 

et al., 1998). Eq. (21) was used to determine the critical amount of corrosion 

products required to induce cracking.  

𝑊!"#$ = 𝜌! 𝜋 !!!!
!!""

!!!!!

!!!!!
+ 𝜐 + 𝑡! 𝑑! +

!!"
!!"

 (21) 

Where: 

𝐸!"" =   
!

(!!!)
  (22)  

𝑎 = !!!!!!
!

 (23) 

𝑏 = 𝐶 + 𝑎 (24) 

𝑊!" =   𝛼𝑊!"#$ (25) 
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ρr = the density of rust products (kg/m3), 

C = the cover depth (mm), 

f’c = the tensile strength of concrete (MPa), 

Eeff = the effective modulus of elasticity (GPa), 

tp  = the thickness of the porous zone surrounding the reinforcement (mm),  

db = the diameter of the reinforcement (mm), 

υ = poison’s ratio,  

Wst = the amount of corrosion products (kg/m2), 

ρst = the density of reinforcing steel (kg/m3), 

a  = the inner diameter of the hypothetical cylinder (mm), and 

b  = the outer diameter of the hypothetical cylinder (mm).  

E = the modulus of elasticity (GPa), 

α  = the creep coefficient of concrete, and 

φ = the molecular weight of steel divided by the molecular weight of rust. 

The rate of corrosion product production is defined by the following equation for kp: 

𝑘! =   𝛼!!𝜋𝑑!𝑖!!"" (26) 

Where:  

icorr  =  the annual mean corrosion rate (A/m2). 

The deterministic values for these parameters are shown in Table 4, along with 

their appropriate citations. For both proposed models, some parameters in this 

table were taken as normally distributed values to account for uncertainties 
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associated with the tensile strength and modulus of elasticity of concrete, air voids 

and corrosion rates.  

Table 4 - Modeling parameters for corrosion-induced cracking model. Values are presented 
as a mean and standard deviation and are assumed to have a normal distribution. 

Corrosion-Induced Cracking Model 

Service-Life Modeling 
Parameter 

Normal 
Aggregate 
Concrete 
(NA-C) 

Recycled 
Coarse 

Aggregate 
Concrete 
(RCA-C) 

Recycled 
Mortar 

Aggregate 
Concrete 
(RMA-C) 

Units Refs. 

Tensile strength, ft 4.0 ± 0.5 3.75 ± 0.5 3.75 ± 0.5 MPa 
(Kou et al., 
2006) 

Modulus of elasticity, E 35 ± 2.0 30 ± 3.0 30 ± 3.0 GPa 
(Kou et al., 
2006) 

Phi (creep coefficient), ϕ 2 2 2 – 
(Lui et al., 
1998) 

Poisson’s ratio, ν 0.18 0.18 0.18 – 

(Lui et al., 
1998; Li, 
2003) 

Density of rust, ρr 3600 3600 3600 kg/m3 

(Lui et al., 
1998; Qing, 
2004) 

Density of steel, ρs 7850 7850 7850 kg/m3 

(Lui et al., 
1998; Qing, 
2004) 

Thickness of porous region, tp 12.5 ± 0.5 12.5 ± 0.5 12.5 ± 0.5 mm 

(Lui et al., 
1998; Care et 
al., 2008) 

Corrosion rate, icorr 2.5 ± 0.5 2.5 ± 0.5 2.5 ± 0.5 A/cm2 

(Lui et al., 
1998; Qing, 
2004) 

Alpha, α 0.523–0.622 0.523–0.622 0.523–0.622 – 
(Lui et al., 
1998) 

Mild steel rebar diameter, db 16 16 16 mm   

 

3.5 INTEGRATING SERVICE LIFE AND LIFE-CYCLE-ASSESSMENT 

The LCA methodology used in this study was developed to support decision making 

regarding concrete alternatives by elucidating tradeoffs in terms of service-life 

performance, cost (COST), and embodied energy (EE). It is important when 

developing an LCA of a product that results, data, methods, assumptions and 

limitations are transparent. The measurements of COST (US Dollar) and EE 

(MJ/kg) are derived from a functional unit (Fig. 8). The volumetric size of this 
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function unit is a 1m by 1m by a defined cover depth. Cover depths can be 

determined by following design guidelines set forth by the International Building 

Code (IBC). This study held the cover depth constant at 0.07m, which according to 

IBC would be an appropriate cover depth for most structural applications. No cost 

and energy metrics were calculated for the production, construction or 

transportation of the constituents included in the original construction. The only 

metrics calculated in this study are COST and EE. 

 

Figure 8 - A schematic drawing for the functional unit used in this study. This was 
considered to be the replacement of the concrete cover after cracking with an assumed area 
of 1mx1m and a defined cover depth. 

 

The inventory used for EE was the Inventory of Carbon & Energy (ICE) 2.0 created 

by the Sustainable Energy Research Team (SERT) at the University of Bath 

(Hammond et al., 2011). This inventory includes EE values for various virgin and 



45 
 

 

recycled materials. The embodied energy comes from the consumption of coal, liquid 

petroleum gas, oil, natural gas, electricity and other energy sources required to 

produce and deliver the material to the site. Transportation is included in this value, 

but is a generalization and remains the same for all scenarios. The outputs of this 

inventory are in MJ/kg. ICE 2.0 life-cycle inventory laid out the embodied energy of 

concrete based on the percent replacement of SCMs and the concrete compressive 

strength (Table 5 and Table 6). 

Table 5 - ICE 2.0 inventory's material profile for concrete in relation to cement replacement 
of fly ash and concrete strength.  

Material Profile: Concrete 

Material Embodied Energy - MJ/kg 

	  	   FLY ASH 

% Cement Replacement:  0% 15% 30% 

Recycled Concrete (25 MPa) 0.86 0.81 0.73 
Recycled Concrete (30 MPa) 0.91 0.85 0.77 
Recycled Concrete (35 MPa) 0.95 0.90 0.82 
Recycled Concrete (40 MPa) 1.03 0.97 0.89 
Recycled Concrete (50 MPa) 1.17 1.10 0.99 
 

Table 6 - ICE 2.0 inventory's material profile for concrete in relation to cement replacement 
of slag and concrete strength. This table is an extension of Table 5. 

GROUND GRANULATED BLAST FURNACE SLAG 

% Cement Replacement  0% 25% 50% 

Recycled Concrete (25 MPa) 0.86 0.74 0.62 

Recycled Concrete (30 MPa) 0.91 0.78 0.65 

Recycled Concrete (35 MPa) 0.95 0.83 0.69 

Recycled Concrete (40 MPa) 1.03 0.91 0.78 

Recycled Concrete (50 MPa) 1.17 1.03 0.87 
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In order to develop an equation that relates embodied energy (MJ/kg), SCM content 

(%) and compressive strength (MPa), a linear least squares curve fitting routine 

(based on Eq.27) was employed on the data in Tables 5 and 6:   

𝑦 =   𝑚!𝑥! +𝑚!𝑥! +⋯   + 𝑏 (27) 

𝐸𝐸!" 𝑀𝐽/𝐾𝑔 = −0.0049 ∙ 𝐹𝐴 − 0.0052 ∙ 𝑆𝐺 + 0.00008 ∙ 𝑓! + 0.0623+ .0052 (28) 

Since this equation requires the compressive strength of concrete, Popovich’s model (Eq. 29) 

was used to determine the compressive strength based on the w/c ratio, cement content (kg) 

and air content (%). Weights of each constituent (e.g. cement, aggregate, water, SCMs) were 

developed using the Absolute Volume Methodology (ACI 211.1-91) for the functional unit. 

𝑓! =
!"#$%

!".!! ! ! !.!!!"#"∙!!"#!!.!"#$∗!"#  (29) 

Tables 5 and 6 did not include the use of recycled-aggregates with SCMs, but Table 

7 shows how recycled aggregates were included in the inventory.  
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Table 7 - ICE inventory's material profile for aggregates. These values were used to include 
the difference in embodied energy between normal aggregates and recycled-aggregates. 
This table also includes the embodied energy due to transportation of aggregates. 

Material Profile: Aggregate 

Embodied Energy (EE) ICE-Database Statistics - MJ/Kg 

Main Material No. Records Average EE  Standard Deviation 

Aggregate, General 37 0.11 0.12 

Predominantly Recycled 3 0.25 0.21 

Unspecified 17 0.11 0.07 

Virgin 17 0.10 0.15 

Selected Embodied Energy & Carbon Coefficients and Associated Data 

Material 
Embodied 

Energy - MJ/Kg 

Embodied 
Carbon - Kg 

CO2e/Kg 
Boundaries 

Transport - General 
Aggregate 

0.083 0.0052 Cradle to Gate 

 

The suggested penalty for including recycled aggregates was incorporated into 

embodied energy based on the aggregate replacement ratio, and the weight of 

coarse aggregate. Using the volume of the functional unit and the density of 

concrete, a final equation for total EE (MJ) was determined (Eq. 30). 

𝐸𝐸 𝑀𝐽 = 𝐸𝐸!" ∙ 𝜌!"#! ∙ 𝑣𝑜𝑙 + (0.140 ∙ 𝐴𝑅𝑅 ∙ 𝐶!"") (30) 

The inventory for developing the COST was based on current US industry 

standards for constituents of the functional unit of concrete (USGS, 2015; ACAA, 

2014; Davis et al., 2015; US EPA, 2009).  Transportation costs are based on a point-

to-point distance, not an actual driving distance, and are, therefore, approximations. 

The cost of aggregates is based on the cost from a recycling plant and does not 
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represent the cost from an on-site crusher. Table 8 illustrates the values used to 

calculate COST using Eq. 31.  

Table 8 – Unit costs for constituent materials. 

Unit Cost for Constituent Materials 

Material Unit Cost Unit Source 

Cement 0.0985 $/kg (USGS, 2015) 

Fly Ash  0.03 $/kg (USGS, 2015) 

Slag 0.017 $/kg (USGS, 2015)(ACAA, 2014) 

Virgin Aggregate 0.012 $/kg (Davis et al., 2015) 

Recycled Aggregate 0.01 $/kg (Davis et al., 2015) 

Transport 0.00055 $/kg/mile (Davis et al., 2015) 

Water 0.541 $/m3 (US EPA, 2009) 
 

𝐶𝑂𝑆𝑇 =𝑊!"#$%&"' ∙ 𝑈𝑛𝑖𝑡  𝐶𝑜𝑠𝑡 (31) 

Where: 

Wmaterial = the weight (kg) or volume of the given material (m3), and 

Unit Cost =  the unit cost (US dollars) taken from table 8.  

The aim of this study was to develop a link between the service life performance 

and LCA of reinforced concrete for both virgin and recycled aggregates for the sake 

of comparison. The incorporation of service-life into life-cycle cost can serve as a 

valuable tool in making comparative decisions regarding material durability, 

sustainability, and cost.  
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CHAPTER V 

 RESULTS 

 

4.1 Results from Analytical Model (Error Function Solution) 

In this section, results are presented from service-life predictions of NA-C, RCA-C, 

and RMA-C using the error function solution to the diffusion equation. In the first 

set of presented results, the concrete materials were not initially doped with any 

initial contaminants and chloride initiation was determined with a constant bulk 

diffusion coefficient. As discussed, normal and lognormal distributions of variables 

were assumed based on empirical values shown in Table 1. The distribution of 

results appeared to yield a lognormal distribution of service life. The figures in this 

analysis were created from a lognormal mean and standard deviation, which was 

taken from the sample data of each Monte Carlo simulation (50,000 simulations). 

All results presented in this portion of the study were based the mean and standard 

deviation. The lognormal distribution was confirmed using the Anderson Darling 

goodness-of-fit test. In simplified terms, the test determines the difference between 

the sample data and a lognormal distribution created using a mean and standard 
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deviation of this sample data. If this difference falls within a certain significance 

level, the distribution is confirmed. Fig. 9 shows the sample data plotted next to the 

distributions created for the case of moderate chloride boundary conditions, severe 

chloride contamination levels (3.0 ± 0.2 kg/m3), and a 100% replacement ratio. 

Sample data is only plotted over the lognormal distributions for the RCA-C and 

RMA-C is because the sample data was nearly identical and would not have been 

visible on this graph for NA-C.  

 

Figure 9 - Graph showing the sample data plotted next to the lognormal distribution 
produced using the lognormal mean and standard deviation of the sample data. The 
Anderson Darling test used these plots to validate the lognormal distribution of the data.   

 

4.1.1 Cumulative Probability of Failure 

Cumulative probability-of-failure distributions for mild (1 ± 0.2 kg/m3), moderate (2 

± 0.2 kg/m3), and severe (3 ± 0.2 kg/m3) chloride environmental boundary conditions 

are shown in Figures 10, 11, and 12, respectively. These results correspond to 
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virgin- and recycled-aggregate concrete that contain no contaminants. All results 

presented in this section were determined using a constant 0.07m cover depth.   

As expected, the probability of failure is shown to increase with recycled aggregate 

content. For example, in Fig. 10 at 50 years, NA-C has a 10% probability of failure, 

while RCA-C has a 30% probability of failure. However, due to the empirical values 

used for chloride levels, the degree to which NA-C and RCA-C differ may be 

exaggerated. 

RMA-C contains more mortar, which has a more porous microstructure than RCA-C 

This high porosity is why RMA-C has the highest probability of failure of the three 

aggregates. Having a less porous microstructure, RCA-C has a lower probability of 

failure when compared to RMA-C, but a higher probability of failure when 

compared with NA-C. These trends remain similar for mild, moderate, and severe 

environments.  
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Figure 10 – A cumulative probability of failure distribution for a service-life simulation 
with 100% replacement ratios and no chloride contamination levels placed in a mild 
chloride environment for NA-C, RCA-C and RMA-C. 

 

Figure 11 – A cumulative probability of failure distribution representing a service-life 
simulation with 100% replacement ratios and no chloride contamination levels placed in a 
moderate chloride environment for NA-C, RCA-C and RMA-C. 
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Figure 12 – A cumulative probability of failure distribution representing a service-life 
simulation with 100% replacement ratios and no chloride contamination levels placed in a 
severe chloride environment for NA-C, RCA-C and RMA-C 

 

4.1.2 Performance of Aggregate Types in Various Environments 

With outputs from simulations of various scenarios, service life comparisons can be 

made between “green” recycled-aggregate and virgin-aggregate alternatives. Graphs 

of these comparisons for each scenario simulated in this study were evaluated at a 

0.07 m cover depth. All of the figures in this section represent side-by-side 

comparisons of median service-life values for NA-C, RCA-C and RMA-C in mild (1 ± 

0.2 kg/m3 Cl), moderate (2 ± 0.2 kg/m3 Cl), and severe (3 ± 0.2 kg/m3 Cl) chloride 

environments. The differences between each figure are the aggregate replacement 

ratios (33%, 66%, 100%) and the severity (mild: 1 kg/m3, severe: 3 kg/m3) of chloride 

contamination levels. Fig. 13 and 14 represent comparisons at 33% replacement 

ratios with mild and severe chloride contamination, respectively; Figures 15 and 16 

represent comparisons at 66% replacement ratios with mild and severe chloride 
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contamination levels, respectively; and Figures 17 and 18 represent comparisons at 

100% replacement ratios with mild and severe chloride contamination levels, 

respectively. Figures 13-18 show that NA-C achieves the longest service life, RCA-C 

achieves the second longest service life and RMA-C exhibits the shortest service life, 

as expected. Also as expected, service life decreases for all types of concrete as the 

chloride environment increases in severity. The environment in which the specimen 

is placed appears to have a much larger effect on service life than amount of 

recycled content. This can be seen when comparing any of Figures 13-18 to Fig. 19 

which makes a comparison of service life for NA-C, RCA-C and RMA-C, where 

environment is held constant at mild and the aggregate replacement ratios are 

varied.  

 

Figure 13 – Comparison of median service-life predictions for NA-C, RCA-C, and RMA-C in 
mild, moderate and severe chloride environments. For this graph RCA-C and RMA-C 
contains a 33% replacement of virgin-aggregates with mild chloride contamination levels. 
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Figure 14 – Comparison of median service-life predictions for NA-C, RCA-C, and RMA-C in 
mild, moderate and severe chloride environments. For this graph RCA-C and RMA-C 
contains a 33% replacement of virgin-aggregates with severe chloride contamination levels. 

 

Figure 15 – Comparison of median service-life predictions for NA-C, RCA-C, and RMA-C in 
mild, moderate and severe chloride environments. For this graph RCA-C and RMA-C 
contains a 66% replacement of virgin-aggregates with mild chloride contamination levels. 
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Figure 16 – Comparison of median service-life predictions for NA-C, RCA-C, and RMA-C in 
mild, moderate and severe chloride environments. For this graph RCA-C and RMA-C 
contains a 66% replacement of virgin-aggregates with severe chloride contamination levels. 

 

Figure 17 – Comparison of median service-life predictions for NA-C, RCA-C, and RMA-C in 
mild, moderate and severe chloride environments. For this graph RCA-C and RMA-C 
contains a 100% replacement of virgin-aggregates with mild chloride contamination levels. 
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Figure 18 – Comparison of median service-life predictions for NA-C, RCA-C, and RMA-C in 
mild, moderate and severe chloride environments. For this graph RCA-C and RMA-C 
contains a 100% replacement of virgin-aggregates with severe chloride contamination levels. 

 

Figure 19 - Side-by-side comparison of median service-life for NA-C, RCA-C and RMA-C 
containing mild chloride contamination levels in a mild chloride environment at 
replacement ratios of 33%, 66% and 100%.  
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4.1.3 Manipulating Cover Depth  

Given that both RCA-C and RMA-C exhibit shorter service lives than NA-C, the 

service-life modeling approach was used to evaluate the feasibility of increasing 

cover depth of RCA-C and RMA-C to achieve similar service lives to NA-C. For 

example, Figure 20 shows that in order to make RCA-C with a 33% replacement 

ratio, the cover would need to be increased by .015m. This result suggests that 

increasing the cover depth could prove to be an effective way to make the 

performance of RCA-C with mild chloride contamination levels more competitive to 

NA-C in mild chloride environments.  

  

Figure 20 – A graphical representation of the cover depth (in meters) that is needed for 
RCA-C to achieve a service life (in years), which is equivalent to that of NA-C. The required 
cover depth is shown for aggregates containing mild chloride contamination levels and 
replacement ratios of 33%, 66% and 100% placed in a mild chloride environment.  
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Figure 21 shows that the strategy for increasing the cover for RMA-C to increase its 

competitiveness with NA-C will not work as well as it may for RCA-C. Even at low 

replacement ratios, increasing the cover is not that effective. For example, when the 

cover is increased to .120m for RMA-C with a 33% replacement ratio, it still exhibits 

a shorter service life than NA-C with a 0.07m cover.  These results suggest that 

increasing the cover depth in order to achieve a longer service life is more effective 

with RCA-C than with RMA-C.     

  

Figure 21 - A graphical representation of the cover depth (in meters) that is needed for 
RMA-C to achieve a service life (in years), which is equivalent to that of NA-C. The required 
cover depth is shown for aggregates containing mild chloride contaminant levels and 
replacement ratios of 33%, 66% and 100% placed in a mild chloride environment. 
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was Los Angeles, CA where the monthly temperature profile presented in Fig. 4 

was used to model the temperature-dependence of the diffusion coefficient. The 

parking structure exposure conditions were based on this location. The remaining 

boundary conditions were based on distances from the coastline. Since these 

diffusion coefficients and exposures were based on real data for a specific location, 

comparisons cannot be made between the first and the second service-life models 

developed in this study. As previously mentioned, the one-dimensional finite 

difference approach to service-life modeling is not capable of analyzing RCA-C. Thus, 

values in this part of the study represent those taken from simulations of NA-C and 

RMA-C only.  

SCMs were included in this part of the study. Due to lack of life-cycle energy and 

cost data, silica fume and metakaolin were excluded. However, the numerical model 

is capable of including silica fume and metakaolin. The effect of incorporating ultra 

fine fly ash was assessed using cement replacement ratios of 15% and 30% (by 

volume). Similarly, the effect of incorporating slag was assessed at replacement 

ratios of 25% and 30% (by volume).  

4.2.1 Model Validation 

As discussed, the model developed in this study was based on the computer program 

Life-365 (Life-365, 2014), which calculates the service life of reinforced concrete 

using a numerical solution to Fick’s second law of diffusion. The current commercial 

version of this modeling software does not include the effects of recycled aggregates. 

To validate the model developed in this study, an analysis with identical 
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parameters was performed using both models. These parameters are shown in 

Table 9. 

Table 9 - Parameters for validation simulation. 

Validation Scenario  

One-Dimensional 

Location Los Angeles 
 Exposure Parking Garage 
 Thickness 500 mm 

Cover Depth 70 mm 

Diffusion Coefficient, D28 8.8718 10-12m2/s 
 

The outputs for chloride concentration versus time at the cover depth of the 

specimen are represented in the line graph shown in Fig. 22a. The LIFE365 data in 

the line graph shown in Fig. 22a was the output from this studies numerical model, 

and it matched the LIFE-365 program exactly (see Fig. 22b). The NEW data shown 

in the line graph in Fig. 22a represents the model run with the same parameters 

but with an updated diffusion coefficient. The only difference between these two 

models is the diffusion coefficient and the decay constant. The model presented in 

this study uses an ultimate limiting factor to the time dependent reduction in the 

diffusion coefficient, and Life-365 does not include such a factor. The decay factor 

used for the NEW simulation was taken from Eq. 16, where Life-365 uses a value of 

m = 0.20. The results of this simulation show the updated model developed for this 

study is conservative (i.e., results in shorter service life predictions) in comparison 

to Life-365. The bar graph in Fig. 22b shows the same data from the line graph, but 

most importantly illustrates a direct comparison of the outputs from the Life365 
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(a) 

program and the validation simulation ran using the finite difference model 

developed for this study.  

   

 

Figure 22 - A comparison of chloride concentration at the steel reinforcement vs. time for 
the numerical model developed for this study and Life-365 model of which it was based on. 
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RMA-C (100% replacement, mild contamination, mild chloride environment), and 

RMA-C (100% replacement, severe contamination, severe chloride environment). 

The concentration profiles at Time 2 in the figures represent the time at failure. In 

Fig. 23, 24, and 25, Time 2 is equal to 54 ± 1 years, 44 ± 6 years, and 5 ± 3 years, 

respectively. Time 0 in Fig. 23 (NA-C) shows that there are no initial contaminants. 

However, in Fig. 24 and 25 are for RMA-C, Time 0 shows initial spikes of mild and 

severe chloride levels, respectively, that correspond to the location of original, 

contaminated recycled mortar aggregates. Together, these figures illustrate how 

chloride levels at the cover depth are exacerbated by the presences of initial 

chlorides from recycled-aggregates.  

 

Figure 23 – a graphical representation of the time-dependent chloride concentration 
throughout the cover depth of the reinforced concrete specimen for NA-C used in a parking 
structure (>1.5km) from the coast. Note no initial chloride contamination associated with 
the virgin aggregates at Time 0 for NA-C.  
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Figure 24 – A graphical representation of the time-dependent chloride concentration 
throughout the cover depth of the reinforced concrete specimen for RMA-C used in a 
parking structure (>1.5km) from the coast. This graph represents RMA-C with a 100% 
replacement ratio containing mild chloride contamination levels. 

 

Figure 25 - A graphical representation of the time-dependent chloride concentration 
throughout the cover depth of the reinforced concrete specimen for RMA-C used in a 
parking structure (>1.5km) from the coast. This graph represents RMA-C with a 100% 
replacement ratio containing severe chloride contamination levels. 
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4.2.3 Performance of Aggregate Type in Various Environments 

Comparisons between median service-life predictions for NA-C and RMA-C are 

illustrated in Figures 26-31. These Figures represent predictions of service life for 

reinforced concrete placed in various chloride environments defined by the locations 

presented in Table 3. As expected, as the severity of chloride exposure conditions 

decreases, service life increases. With a 33% replacement ratio and both mild and 

severe initial chloride contamination levels, RMA-C displays a comparable service-

life performance to that of NA-C with an 11% difference between the two, 

respectively. This is show in Figures 26 and 27. Even with 66% and 100% 

replacement ratios and mild initial chloride contamination levels, RMA-C continues 

to perform relatively well next to NA-C with a 30% difference between the two. 

However, with a 66% replacement ratio and severe initial chloride contamination 

levels, the service-life performance of RMA-C decreases. This result is especially 

evident in Fig. 30, with a 100% replacement ratio and severe initial chloride 

contamination levels. In this case the corrosion initial is immediate, and the service 

life is due to the time it takes to crack the concrete surface. Together, the data 

presented in these figures suggest that the exposure conditions (rather than initial 

level of aggregate contamination) have the greatest effect on service life, while, at 

higher replacement ratios, severity of contaminants has a greater effect on expected 

service life.  
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Figure 26 – A side-by-side comparison of NA-C and RMA-C with a 33% replacement ratio in 
various environments. In this graph, RMA-C contains mild chloride contamination levels.  

 

 

Figure 27 – A side-by-side comparison of NA-C and RMA-C with a 33% replacement ratio in 
various environments. In this graph, RMA-C contains severe chloride contamination levels. 
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Figure 28 – A side-by-side comparison of NA-C and RMA-C with a 66% replacement ratio in 
various environments. In this graph, RMA-C contains mild chloride contamination levels. 

 

 

Figure 29 – A side-by-side comparison of NA-C and RMA-C with a 66% replacement ratio in 
various environments. In this graph, RMA-C contains severe chloride contamination levels. 
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Figure 30 – A side-by-side comparison of NA-C and RMA-C with a 100% replacement ratio 
in various environments. In this graph, RMA-C contains mild chloride contamination levels. 

 

 

Figure 31– A side-by-side comparison of NA-C and RMA-C with a 100% replacement ratio 
in various environments. In this graph, RMA-C contains severe chloride contamination 
levels. 
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4.2.4 Service-Life Performance with SCM Additions 

Figures 32-37 show the results discussed in the previous section next to the median 

service-life predictions for NA-C and RMA-C that were obtained by including Slag 

(SG). Similarly, Figures 38-43 show the results discussed in the previous section 

next to the median service-life predictions for NA-C and RMA-C that were obtained 

by including Ultra Fine Fly Ash (UFFA). The results clearly show that the 

inclusions of SCMs increase the service life of concrete. The only case where the 

service-life of RMA-C including SCMs did not exceed NA-C was with concrete made 

with recycled-aggregates that contained severe initial contamination and 

replacement ratios of 66% and 100%.  

 
Figure 32 – A side-by-side comparison of NA-C and RMA-C with a 33% replacement ratio in 
various environments. In this graph, RMA-C containing mild chloride contamination levels 
with 25% and 50% cement replacement of Slag. 
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Figure 33 – A side-by-side comparison of NA-C and RMA-C with a 33% replacement ratio in 
various environments. In this graph, RMA-C containing severe chloride contamination 
levels with 25% and 50% cement replacement of Slag. 

 

Figure 34– A side-by-side comparison of NA-C and RMA-C with a 66% replacement ratio in 
various environments. In this graph, RMA-C containing mild chloride contamination levels 
with 25% and 50% cement replacement of Slag. 

 



71 
 

 

 

Figure 35 – A side-by-side comparison of NA-C and RMA-C with a 66% replacement ratio in 
various environments. In this graph, RMA-C containing severe chloride contamination 
levels with 25% and 50% cement replacement of Slag. 

 

 

Figure 36 – A side-by-side comparison of NA-C and RMA-C with a 100% replacement ratio 
in various environments. In this graph, RMA-C containing mild chloride contamination 
levels with 25% and 50% cement replacement of Slag. 
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Figure 37– A side-by-side comparison of NA-C and RMA-C with a 100% replacement ratio 
in various environments. In this graph, RMA-C containing severe chloride contamination 
levels with 25% and 50% cement replacement of Slag. 

 

Figure 38– A side-by-side comparison of NA-C and RMA-C with a 33% replacement ratio in 
various environments. In this graph, RMA-C containing mild chloride contamination levels 
with 15% and 30% cement replacement of Ultra Fine Fly Ash (UFFA). 
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Figure 39 – A side-by-side comparison of NA-C and RMA-C with a 33% replacement ratio in 
various environments. In this graph, RMA-C containing severe chloride contamination 
levels with 25% and 50% cement replacement of Ultra Fine Fly Ash (UFFA). 

 

Figure 40 – A side-by-side comparison of NA-C and RMA-C with a 66% replacement ratio in 
various environments. In this graph, RMA-C containing mild chloride contamination levels 
with 15% and 30% cement replacement of Ultra Fine Fly Ash (UFFA). 
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Figure 41 – A side-by-side comparison of NA-C and RMA-C with a 66% replacement ratio in 
various environments. In this graph, RMA-C containing severe chloride contamination 
levels with 15% and 30% cement replacement of Ultra Fine Fly Ash (UFFA). 

 

Figure 42 – A side-by-side comparison of NA-C and RMA-C with a 100% replacement ratio 
in various environments. In this graph, RMA-C containing mild chloride contamination 
levels with 15% and 30% cement replacement of Ultra Fine Fly Ash (UFFA). 

 



75 
 

 

 

Figure 43 – A side-by-side comparison of NA-C and RMA-C with a 100% replacement ratio 
in various environments. In this graph, RMA-C containing severe chloride contamination 
levels with 15% and 30% cement replacement of Ultra Fine Fly Ash (UFFA). 
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4.2.5 Energy Analysis 

The embodied energy was calculated using methods presented in section 3.5. 

Because the transportation was included as a general value, based on a distance of 

8km or less given in the life cycle inventory, these numbers are not location-specific 

and are only differentiated by type of aggregate, the recycled-to-virgin aggregate 

replacement ratio, and the SCM replacement ratio of cement.  In future work this 

approach could be improved up to include more accurate energy costs due to 

transportation. Figures 44 and 45 show the embodied energy of NA-C and RMA-C 

with SCM replacement ratios of slag and ultra-fine fly ash, respectively. These 

results show that replacing virgin-aggregates with recycled-aggregates increases 

the embodied energy needed to produce concrete when SCMs are not included. As 

expected, when UFFA and Slag are included the embodied energy decreases. Slag 

appears to create a more significant reduction in embodied energy than UFFA. Fig. 

46 shows the percent difference of RMA-C with varying SCM cement replacement 

ratios and types from NA-C.  
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Figure 44 – A comparison of embodied energy (MJ) for RMA-C (including mixtures with 
Slag) with NA-C. Embodied energy for this study was not location dependent. Embodied 
energy was tabulated for aggregate replacement ratios of 33%, 66%, and 100%.  

 

Figure 45 – A comparison of embodied energy (MJ) for RMA-C (including mixtures with 
Ultra Fine Fly Ash - UFFA) with NA-C. Embodied energy for this study was not location 
dependent. Embodied energy was tabulated for aggregate replacement ratios of 33%, 66%, 
and 100%. 
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Figure 46 – An illustration of the percent difference of embodied energy for each RMA-C 
mixture including Slag and Ultra Fine Fly ash Mixtures from that of NA-C. Embodied 
energy was not dependent on location in this study.  

 

4.2.6 Cost Analysis 

The results of this portion of the study are based on the methods outline in section 

3.5, where the cost of the functional unit is tabulated using the content (weight and 

volume) of each constituent material and its corresponding unit cost. The results of 

this study varied by location due to transportation costs, but were a point-to-point 

distance from a randomly selected location in each exposure environment to the 

closest source of recycled aggregates in the Los Angeles area. This random distance 

has no significance in this study, but was included in the model as an option to 

make service life and LCA simulations location-specific. Since this study does not 
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analyze location dependence, it was held constant for the sake of making 

comparisons between materials.   

As expected, the results illustrate that the inclusion of recycled-aggregates 

decreases the total cost. Much greater cost savings are achieved with the inclusion 

of SCMs. A side-by side comparison of NA-C with each RMA-C mixture is 

illustrated in Fig. 47. The reduction due to the inclusion of SCMs is greater for slag 

than for ultra-fine fly ash. The percent differences of each RMA-C mixture from NA-

C are illustrated in Fig. 48. In general, the cost of concrete decreases as recycled-

aggregates and SCMs increases.  

 

Figure 47 – A graph representing the cost (in US Dollars) for each mixture scenario for a 
parking structure located further than 1.5km from the coast.  
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Figure 48 – A graph representing the percent difference of cost (in US Dollars) for each 
mixture scenario with respect to NA-C for a parking structure located further than 1.5km 
from the coast. 

 

4.2.7 Incorporating Service Life and Life-Cycle Assessment 

In this portion of the study, comparisons between concrete alternatives are made by 

comparing data collected from the energy and cost analyses. The energy and cost 

data were plotted against each other for each concrete mixture. Data were only 

plotted if the mixture resulted in an average minimum service life. For example, the 

graphs shown in Figures 49 and 50 show mixes that result in concrete with service 

lives greater than 25 and 50 years, respectively. The reason for plotting these two 

different graphs was to illustrate design options with could exceed a desired service 

life. If you have a lower desired service life, you will have more cost effective, energy 

efficient options.  
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Both figures demonstrate that all RMA-C mixtures are beneficial with respect to 

cost. The embodied energy of RMA-C, however, is higher than NA-C in some cases, 

and lower in others. The cases were RMA-C has higher embodied energy than NA-C 

is due to the recycled aggregate replacement ratio. The higher the replacement ratio 

of recycled aggregates to normal aggregates, the higher the embodied energy 

required to produce the concrete becomes. However, the embodied energy presented 

by high recycled aggregate content is countered with the inclusion of SCMs which 

provide energy reductions. For example, RMA-C with no SCMs requires more 

embodied energy to produce than NA-C regardless of replacement ratio. But when 

you compare RMA-C with the inclusion of 15% UFFA, RMA-C with a 33% 

replacement ratio of normal aggregate requires less embodied energy to produce. 

The RMA-C with the lowest cost has the lowest embodied energy. These figures 

illustrate the trade-offs between cost and embodied energy when comparing RMA-C 

to NA-C.   
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Figure 49 - Embodied energy vs. cost for service-life exceeding 25 years for NA-C and RMA-
C. RMA-C data includes the inclusion of SCMs (UFFA – 15-30%, Slag 25-50%) and 
replacement ratios of virgin-aggregate concrete (33%, 66%, and 100%). Cover Depth = 
0.07m.  

 

Figure 50 - Embodied energy vs. cost for service-life exceeding 50 years for NA-C and RMA-
C. RMA-C data includes the inclusion of SCMs (UFFA – 15-30%, Slag 25-50%) and 
replacement ratios of virgin-aggregate concrete (33%, 66%, and 100%). Cover Depth = 
0.07m.    
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      CHAPTER V 

 CONCLUSIONS 

In this study, two diffusion-based service-life models were developed by modifying 

existing analytical and numerical models to include the effects of recycled-

aggregates and supplemental cementitious materials (SCMs).  These models were 

used to make service-life comparisons of concrete containing virgin- and recycled-

aggregates and SCMs. The effects of varying chloride boundary conditions, recycled-

aggregate content, initial levels of chloride contamination present in the recycled-

aggregate, and SCM content were investigated. A life-cycle assessment was 

conducted to take the constituents of the concrete used to achieve a certain service-

life and measure life-cycle metrics in terms of embodied energy (MJ) and cost (US 

Dollars). This approach provided the basis for a framework to illustrate the trade-

offs between material cost, service life performance, and environmental 

sustainability. 

From this study, the following conclusions could be made: 
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• As expected, the service life of reinforced concrete decreases as the severity of 

the chloride environment increase; 

• In general, an increase in the replacement ratio of virgin-aggregates with 

recycled-aggregates decreases the service life of reinforced concrete;  

• The increased severity of chloride contamination levels in the recycled-

aggregates decreases the service life of concrete; 

• For aggregate replacement ratios of 33% and 66%, the severity of the chloride 

environment had a greater impact on service-life than the severity of initial 

chloride contamination levels; 

• Both models developed in this study showed very poor service-life 

performance for concrete that contained 100% recycled-aggregate and 

aggregates with severe initial chloride contamination levels, especially if 

placed in severe chloride environments; 

• All replacement ratios of aggregates that contain mild initial contamination 

that were placed in a mild chloride environment exceeded a service life of 40 

years; 

• The modified Crank-Nicolson model results showed that at lower recycled-

aggregate replacement ratios (33%), service-life is comparable in all chloride 

environments; 

• The inclusion of SCMs increased the service-life of RMA-C and exceeded NA-

C for all scenarios other than a 100% replacement ratio of aggregates with 
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severe initial chloride contamination levels placed in severe chloride 

environments; 

• UFFA may be more effective at extending the service-life of RMA-C than Slag; 

• RMA-C without the inclusion of SCMs requires more embodied energy, but 

costs less than NA-C; 

• The inclusion of Slag and UFFA in RMA-C decreases the required embodied 

energy to a lower value than that of NA-C; 

• The inclusion of SCMs reduces the cost of reinforced concrete; 

• Slag is more effective than ultra-fine fly ash at reducing the cost of concrete; 

• Plotting embodied energy to cost can serve as a tool in determining 

environmental and economic trade-offs for concrete containing SCMs and 

recycled aggregates. 

 

5.1 Recommendation for Future Work 

5.1.1 Modifying Error Function Parameters 

There are significant differences in the two models’ prediction of service-life for NA-

C. Since the Crank-Nicolson numerical approach takes into account non-steady 

state conditions that are neglected in Crank’s simple error function analytical 

approach, parameters of the analytical approach could be modified to reflect more 

realistic approximations of service life by using the results from the numerical 

approac. Since the analytical model does not require as much computational power 
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as the numerical model, it would be advantageous to use the analytical model with 

modified parameters for service-life prediction.  

5.1.2 Improvements of Life-Cycle Inventory 

While the life cycle assessment inventory created for this study was sufficient for 

displaying a relationship between service-life and environmental impacts, 

improvements to this inventory could be made. Finding an inventory that includes 

the effects of silica fume and metakaolin in addition to fly ash and slag, would allow 

for an evaluation of all four SCMs, which the numerical model is capable of 

including in its service-life prediction. Compiling an inventory that has a more 

direct approach to address the incorporation of recycled-aggregates would also be 

advantageous.   

5.1.3 Optimization & Location-Based Decision-Making 

The modeling methodology presented in this study is, in fact, capable of 

determining service-life, embodied energy, and cost for concrete specimens at a 

specific latitude and longitude. The results have allowed for general conclusions to 

be made on the effects of distinct inputs. It is possible, however, to select a specific 

geographical point and run a multi-objective evolutionary algorithm, which provides 

a suite of potential solutions in an attempt to maximize and minimize specific 

performance objectives. This could serve as an extremely powerful tool for decision-

makers who are trying to make decisions in regard to sustainable materials design 

by analyzing tradeoffs on cost, embodied energy, and service-life performance of 

“green” and conventional reinforced concrete. 
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