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ABSTRACT   6 

Durability is one of the primary considerations in designing concrete structures in aggressive 7 

environment. This paper presents a study of concretes containing fly ash as 30% and 40% of 8 

the total binder in regards to service life, carbon footprint and embodied energy. A simple 9 

deterministic service life estimation technique using the well-known Fick’s law was applied to 10 

assess the service life of similar grade concrete mixes against the corrosion due to chloride 11 

diffusion. The parameters needed to predict the service life of concrete were determined from 12 

laboratory experiments. Compared to control concrete, fly ash concretes showed less chloride 13 

diffusion which is considered as the dominant form of attack in reinforced concrete structures 14 

in marine environment and thus the latter is more durable or have longer service life than the 15 

former. Finally, this paper presents the application of life cycle assessment to measure carbon 16 

footprint and embodied energy consumption saving benefits of the use of more durable fly ash 17 

concretes in the aggressive marine environment. 18 
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 21 

1. Introduction 22 

The most common binder of traditional concrete is Portland cement. Cement production 23 

needs high temperature calcination which is an energy intensive process and causes 24 

approximately 5-7% of man-made CO2 emissions globally [1, 2]. The global cement 25 

production is expected to increase from 3.27 billion metric tons in 2010 to 4.83 billion metric 26 

tons in 2030 [3]. Such increase in cement production will significantly increase the amount of 27 

CO2 emissions in the atmosphere to cause global warming impacts. One effective way to reduce 28 

these emissions of concrete production is to partially replace cement by industrial by-products 29 

with pozzolanic property.  30 

Fly ash is produced as a by-product in coal-fired power plants and it is a pozzolanic material. 31 

When mixed with Portland cement, the products of fly ash-cement interaction are very similar 32 

to those formed by cement hydration [4]. Incorporation of fly ash in partial replacement of 33 

cement shows reliable mechanical and durability properties [5]. In the context of environmental 34 

sustainability, partial replacement of cement with fly ash in concrete can be an effective way 35 

of reducing overall cement production, which in turn will reduce GHG emissions, energy 36 

consumption and solid wastes. However, the usage of fly ash by concrete industries is still 37 

limited. According to Ash Development Association of Australia (ADAA) [6], in 2015, surplus 38 

amount of fly ash constituting about 81% of total generation (12.1 million tonne) is awaiting 39 

some future opportunity for economic reuse. Increased utilisation of fly ash in concrete can 40 

help improve the economic and environmental performance of concrete manufacturing. 41 

Service life of concrete structures mainly depends on the durability of concrete.  Concrete 42 

made of traditional Portland cement is considered as a durable material for the non-aggressive 43 

environment. However, being a heterogeneous porous material, concrete is susceptible to 44 



degradation in aggressive exposures such as in marine environment, underground and in 45 

exposure to chemicals [7, 8]. In such conditions, concrete suffers early deterioration which 46 

eventually reduces service life of structures and require expensive repair and maintenance. For 47 

instance, in USA approximately 18 to 21 billion dollars is spent every year for repairing, 48 

rehabilitation, strengthening and protection of the concrete structures [9]. Nonetheless, good 49 

resistance against aggressive exposures can be achieved by choice of materials and their proper 50 

proportioning without increasing the cost of concrete production and further maintenance [10]. 51 

The use of fly ash as a partial replacement of cement in concrete has been reported to provide 52 

enhanced resistance to chloride penetration in marine environment [11-15]. The use of fly ash 53 

with cement can improve the durability of concrete by its pozzolanic reaction and particle 54 

packing effects [16]. However, the level of effectiveness of fly ash depends on its type, dosage 55 

and appropriate mix proportioning of concrete. Thus this research has studied the implication 56 

of the use of fly ash as a partial substitution of cement on the service life of reinforced concrete 57 

structures in marine environment and its associated environmental impacts.  The results of this 58 

study will be useful for designing durable concrete for structures in marine (e.g. seaport 59 

buildings) and desalination projects. 60 

 For quantifying the environmental implications of the use of FA in concrete, GHG 61 

emissions and embodied energy consumption indicators have been considered in this research 62 

as the construction industries are responsible for almost 23% [17] of Australia’s annual GHG 63 

emissions and approximately 20% of the total energy consumption [18,19].. 64 

Life Cycle Assessment (LCA) is an environmental management tool that has been widely 65 

used to estimate GHG emissions and embodied energy consumption of building industries [20]. 66 

This tool captures the overall environmental impacts of a product, process or services from 67 

mining, production, assembly, operation, to end of life [21].This paper uses the LCA method 68 

to estimate life cycle GHG emissions causing global warming impact (or carbon footprint) and 69 



embodied energy consumption of concrete made of cement and fly ash for use in the marine 70 

environment [22, 23] and to identify further environmental improvement opportunities to 71 

design low carbon infrastructure (i.e. the infrastructure which is specifically designed to 72 

achieve reduced level of life cycle GHG and embodied energy consumption) [20]. Firstly, fly 73 

ash concrete specimens were cast and tested in the laboratory in order to determine the 74 

durability properties for prediction of service life. Then these laboratory results including 75 

service life, compositions and energy and chemical inputs of concrete manufacturing for with 76 

and without FA were incorporated into the LCA analysis for estimating carbon footprint and 77 

embodied energy consumption.  78 

 79 

2. Techno-environmental assessment of fly ash concrete  80 

2.1  Materials 81 

Concrete specimens were cast in the laboratory using commercially available materials. A 82 

General Purpose (GP) Portland cement conforming to Australian standard [24] was used as the 83 

main binder and a Class F fly ash [25] was used to partially replace cement. The fine aggregate 84 

was natural sand with a nominal maximum size of 1.18 mm and the coarse aggregate was 85 

crushed granite with nominal maximum size of 7, 10 and 20 mm. Both types of aggregates met 86 

the Australian standard [26]. Normal tap water was used in the mixing and a high range water 87 

reducer (superplasticiser) was used to enhance workability of the concrete. 88 

 89 
2.2  Mix design and casting of specimens 90 

The mix design of concrete was conducted using the ACI 211.4R-08 guidelines [27] of the 91 

American Concrete Institute (ACI). A control concrete mixture without any fly ash (FA0), a 92 

mixture with 30% fly ash (FA30) and a mixture with 40% fly ash (FA40) were used to cast test 93 

specimens and to determine the strength and durability properties. The mixtures were designed 94 



with varying total binder content and water-binder ratio (w/b) in order to achieve similar 28-95 

day compressive strengths. The dosage of superplasticiser was adjusted to achieve adequate 96 

workability of the fresh concrete. The mixture proportions and the measured slumps of the 97 

concretes are given in Table 1. 98 

It can be seen from the slump values in Table 1 that the inclusion of fly ash improved the 99 

workability of concrete. Increase in fly ash generally allowed reduction of w/b ratio to achieve 100 

the similar workability. Concrete cylinders of 100 mm diameter and 200 mm height were cast 101 

for compressive strength and chloride diffusion test. The cylinders were demoulded at 24 hours 102 

after casting and then cured in water at 23 oC for up to 28 days. 103 

 104 
Table 1 105 

Concrete mixture proportions and slump 106 

 107 

Mix 
ID 

Binder Aggregate  
Plasticiser 
(kg/m3) 

  
Fly ash 

(%) 
Fly ash 
(kg/m3) 

Cement 
(kg/m3)  

Granite 
(kg/m3)  

Sand 
(kg/m3) 

Water 
(kg/m3) 

w/b Slump 
(mm) 

FA0 0 0 355 1185 740 145.5 5.11 0.41 140 

FA30 30 132 308 1185 661 141.0 4.77 0.32 170 

FA40 40 176 264 1185 665 136.5 4.75 0.31 185 

 108 
 109 
2.3  Test methods 110 

 111 
2.3.1  Compressive strength 112 

The compressive strength was evaluated by tests performed on the cylindrical specimens 113 

(100 × 200 mm) at the ages of 3, 7, 28, 56, 91, 210 and 335 days. 114 

 115 

2.3.2.  Chloride diffusion 116 

Chloride diffusion test was carried out in accordance with the NT Build 443 test method 117 

[28]. Three slices of the 28-day sample were used for the chloride diffusion test and one other 118 



slice was used to determine the initial chloride content. The samples were 50 mm thick and 119 

100 mm in diameter. The test specimens were epoxy-coated on every face leaving only one 120 

surface open to be exposed to the sodium chloride solution (165 ± 1 gm/L). The exposure 121 

period was extended up to 56 days considering the presence of fly ash, low water to binder 122 

ratio and the maturity of the concrete. After that, eight layers were grinded from each sample 123 

at an interval of 2 mm from the exposed surface and dried in the oven. A potentiometric titration 124 

method was used to determine the acid soluble chloride content of the oven-dried ground 125 

samples. The chloride content in each layer was calculated as the average of the test results 126 

from three identical samples. The values of surface chloride concentration (Cs) and apparent 127 

chloride diffusion coefficient (Da) were determined by fitting Eq. 1 to the measured chloride 128 

contents by means of a non-linear regression analysis in accordance with the method of least 129 

squares fit [28]. Equation 1 is a solution of Fick’s 2nd law of diffusion which represent the 130 

chloride ion penetration into concrete [29]. 131 

 132 

𝐶(𝑥, 𝑡) =  𝐶𝑠 − (𝐶𝑠 − 𝐶𝑖). 𝑒𝑟𝑓 [
𝑥

√4.𝐷𝑎.𝑡
]     (1) 133 

 134 

Where, C(x, t) = chloride concentration measured at depth x and exposure time t (mass %), 135 

Cs = projected chloride concentration at the interface between the exposure liquid and test 136 

surface (mass %), Ci = initial chloride concentration in concrete prior to submersion in the 137 

exposure solution (mass %), x = depth below the exposed surface (m), Da = apparent chloride 138 

diffusion coefficient (m2/s), t = the exposure time (seconds) and erf = error function. 139 

2.4. Service life estimation 140 

For calculating service life against chloride attack, a deterministic approach based on Fick’s 141 

2nd law of diffusion was used which has been widely applied and recommended by previous 142 



researcher [29]. A practical procedure described by Cao and Bucea [30] for service life 143 

estimation of marine structures was followed. All the concrete test specimens were subjected 144 

to submersed condition. The estimation requires the value of Da and Cs at any time t. The value 145 

of Da decreases with time and the value of Cs tend to increase up to a maximum value [11, 30]. 146 

Equations 2 to 4 were applied in this study to predict Da at time t using Da at 28 days from the 147 

experimental results [31, 32]. 148 

                                                                   (2) 149 

                                                                                             (3) 150 

                                                                                     (4) 151 

Where, Da (t) = chloride diffusion coefficient (m2/s) at time t (days), D28 = chloride diffusion 152 

coefficient at 28 days (m2/s), Dult = ultimate chloride diffusion coefficient (m2/s) (Eq. 3), m = 153 

diffusion decay constant (Eq. 4), FA = percentage of fly ash and SG = percentage of slag in the 154 

binder.  155 

The value of m varies in the range of 0.26 - 0.60 depending on the presence of supplementary 156 

cementitious materials in the mix [32]. While the value of m equals to 0.26 was used for control 157 

concrete as per Eq. 4, a conservative value of m = 0.40 was used for fly ash concretes 158 

considering the variations of cementitious mixes of this study from the original mixes used in 159 

order to develop Equations 2 to 4. The value of Cs was used as 0.8% for both fly ash concrete 160 

and control concrete which is suggested by Cao and Bucea [30] for the grade 60 concretes. 161 

These values of Da (t) and Cs as well as Ci that obtained from experiments, were substituted in 162 

Eq. 1 to calculate chloride concentration at the cover depth of reinforcement (x). Corrosion of 163 

the reinforcing steel is considered to be initiated by the chloride concentration reaching a 164 

threshold level (Ccr) at the cover depth of reinforcement. There is no universally accepted single 165 
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value of Ccr for corrosion initiation. The value of Ccr is equal to 0.1% and 0.2% w/w of concrete, 166 

as suggested by Cao and Bucea [30], were used in this study. The calculation was repeated 167 

with different sets of Da (t) and t until the concentration at cover depth became equal to the 168 

assumed critical chloride level (C(cover, t) = Ccr). The time at this point is the estimated service 169 

life of the concrete. In this study, age at initiation of corrosion of the reinforcing steel is being 170 

considered as the service life of the concrete, by taking into account the uncertainty of 171 

subsequent corrosion rate and serviceability of the structure [32, 33]. Service life was 172 

calculated for varying concrete cover depths ranging from 10 to 100 mm.  173 

2.5. Quantification of environmental impacts  174 

The LCA has been used to quantify carbon footprint and embodied energy consumption 175 

of the concrete mixtures following the guidelines as outlined in ISO14040-44 [21] which 176 

consists of four steps, namely: goal and scope, inventory analysis, impact assessment and 177 

interpretation.  178 

The goal of this study is to assess the carbon footprint and embodied energy consumption 179 

of the production and use of concrete. Three concrete mixes, as given in Table 1, were 180 

considered for LCA analysis: a control concrete without any fly ash (FA0), a concrete with 181 

30% fly ash (FA30) and a concrete with 40% fly ash (FA40). 182 

The system boundary of this concrete LCA includes the mining to use stages of the 183 

product life cycle. This consists of several stages including mining of raw material, 184 

manufacturing and processing of construction materials, transportation of these materials to the 185 

construction site, construction stage, and usage stage. The disposal/recycling strategy of 186 

concrete has been excluded as it is uncertain what will happen at the end of life of these 187 

products.  188 



The functional unit of this study is 1 m3 of concrete used over its service life. Since the 189 

service lives of these three concrete mixes vary, their environmental performance has been 190 

compared per m3 per year basis. 191 

An inventory analysis was conducted to estimate energy and materials used during 192 

concrete life cycle. The amount of different materials or compositions of concrete mixtures and 193 

their service lives were based on the experimental data measured following the procedure in 194 

the previous section. These inputs and outputs are used to create the life cycle inventory (LCI) 195 

for the concrete batching plants. It was assumed that no maintenance is required during the 196 

service life these mixtures. Table 2 shows the LCIs consisting of inputs, including cement, FA, 197 

aggregates, sand, superplasticiser, water, electricity and transportation, of three concrete mixes 198 

which were pre-requisites to carry out a life cycle impact analysis. 199 

Input life-cycle inventory data in Table 2 were entered into SimaPro 8.2 LCA software 200 

[34]; application requires relevant materials to be linked to Australian emission databases to 201 

represent the local conditions of Western Australia (WA). Firstly, the inputs of each concrete 202 

class are multiplied by the corresponding emission factors available in the emission databases 203 

to estimate their environmental impacts and then these impacts are added to determine the 204 

overall impact. Where local emission databases were not available, new libraries were 205 

developed from similar LCA studies. Australian emission databases have been considered for 206 

cement, fly ash, sand, electricity, transportation and water [35]. The unit of tkm (tonne-207 

kilometres) was used in order to calculate the transport emissions. Since the databases for 208 

coarse aggregate are not available in the SimaPro software databases, new databases for them 209 

were created knowing the diesel consumption for crushing them. The emissions associated with 210 

the combustion of diesel are available in the Australian databases. The foreign database, which 211 

is known as Eco-invent, has only been used for determining the emissions from the production 212 

of plasticiser [36]. 213 



The Intergovernmental Panel on Climate Change -IPCC2007- global warming potential 214 

(GWP) method was used to calculate the associated global warming potential (GWP) or carbon 215 

footprint of three concrete mixes [37]. GWP or carbon footprint values are expressed over 20-216 

, 100- and 500-year time horizons to assist policy makers in the relevant climate change 217 

decisions. The greenhouse gases (e.g. CO2, CH4 and N2O) associate with the production and 218 

use of inputs were converted to CO2-equivlanet (or CO2 e-) using established conversion 219 

factors for time horizons of 20-, 100- and 500-year (IPCC 2013). But we only used 100-year 220 

horizon for converting GHG emissions to CO2 e- as it is considered as the reference for climate 221 

change policy [38, 39]. The cumulative energy demand method was also used to estimate the 222 

embodied energy consumption of these products.   223 

The inputs used during the life cycle of concrete have been converted to carbon dioxide-224 

equivalent (CO2 e-) GHG emissions (e.g. CO2, CH4, N2O) using Eq. (5) to calculate GWP. 225 

𝐺𝑊𝑃 (𝐶𝑂2 𝑒 −) = ∑ ∑ 𝐼𝑖𝐸𝐹𝑖𝑗
𝑗=𝑀
𝑗=1

𝑖=𝑁
𝑖=1 𝑥 𝐶𝐹𝑗     (5) 226 

where, I is the amount of an input 227 

i  :1, 2,…..N; type of inputs (e.g. cement, fly ash, aggregate, electricity etc.) 228 

EFij : Emission factor = Amount of emission of GHG type ‘j’ per kg of input of 229 

type ‘i’   230 

CFj : CF1, CF2, ……. CFM; characterisation factors of GHGs (e.g. 1 for CO2, 28 for 231 

CH4, 265 for N2O) 232 

Using Eq. (6), all inputs in the LCI have been multiplied by the corresponding energy 233 

consumption values to determine the total embodied energy consumption of concrete [40]. 234 

𝐸𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐼𝑖
𝑁
𝑖=1  𝑥 𝐸𝐸𝑖        (6) 235 



where, EEi is the embodied energy consumption of an input i.  236 

2.5.1. Uncertainty analysis 237 

There are uncertainties associated with the quality of data (i.e. inputs and output and the 238 

emission factors) that is used for estimating GHG emissions (GWP or carbon footprint) and 239 

embodied energy consumption. In order to estimate these uncertainties a stochastic modelling 240 

approach, [41], known as Monte Carlo Simulation (MCS) was conducted to estimate the 241 

uncertainty of each of these data points and predict the influence that a variable has on the 242 

environmental impacts [42]. The simulation is an iterative approach which utilizes an input 243 

from a probability distribution and produces a distribution of all possible values for 1000 244 

iterations and 95% confidence level [42]. 245 



 246 

Table 2 247 

Life cycle inventory of concrete mixtures  248 

Stage 1 – Mining to material    Stage 2 – transportation of materials to batching plant 

Ingredients FA0 FA30 FA40  FA0 FA30 FA40 

Fly ash (%) 0 30 40 km travelled tkm/m3 tkm/m3 tkm/m3 

Cement (kg/m3) 355 308 264 10 3.55 3.08 2.64 

Fly Ash (kg/m3) 0 132 176 191 0 25.21 33.62 

Coarse aggregate - 20 mm (kg/m3) 746 746 746 12 8.95 8.95 8.95 

Coarse aggregate - 10 mm (kg/m3) 166 166 166 12 1.99 1.99 1.99 

Coarse aggregate -   7 mm (kg/m3) 273 273 273 12 3.28 3.28 3.28 

Sand (kg/m3) 740 661 665 20 14.8 13.22 13.30 

Water (kg/m3) 145.5 141 136.5 - - - - 

Superplasticiser (kg/m3) 5.11 4.77 4.75 - - - - 

Total kg/m3 2430.61 2431.77 2431.25 Total tkm/m3 32.57 55.732 63.776 

Stage 3 – Manufacturing at batching plant        

Energy consumption at the batching plant 

(kWh/m3) 
76.89 78.09 78.56 

    
Stage 4 - Transportation from batching plant to point of use      
Amount of concrete transported (Excl. water) 2284.27 2319.97 2333.96 

    
tkm 7.69 7.81 7.86 

    
  249 



3. Results and discussion 250 

3.1. Structural analysis of concrete mixtures 251 

3.1.1.    Compressive strength 252 

Compressive strength is used as the primary design consideration of concrete. Design of 253 

concrete structures is usually conducted based on the 28-day compressive strength of concrete. 254 

The development of compressive strength of the concrete mixes at different ages up to 335 255 

days is plotted in Fig. 1. As shown in Table 3, the 28-day compressive strengths of the mixtures 256 

FA0, FA30 and FA40 were 69 MPa, 73 MPa and 66 MPa, respectively. These strengths are 257 

above 50 MPa, which is the minimum required compressive strength of concrete for maritime 258 

structures in the spray and splash zones as recommended by the Australian Standard (AS 3600, 259 

2009) [43].  It can be seen from Fig. 1 that the strength development rates of the fly ash 260 

concretes were higher than that of the control concrete during the age between 7 days and 56 261 

days. The fly ash concretes gained more than 110% strength of the control concrete at 56 days 262 

and then continued to gain strength at slower rates. The late age strength development is 263 

attributed to the well-known pozzolanic reaction of fly ash [44].  264 

 265 

Fig 1.  Compressive strength development of concrete mixtures. 266 
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 267 

Table 3 268 

 Compressive strength and chloride diffusion results of concrete  269 

 28 days 180 days 

Mix ID 

Compressive 

strength  

(MPa) 

Cl diffusion 

coefficient, Da  

(×10-12 m2/s) 

Surface 

chloride (mass 

% of concrete) 

Cl diffusion 

coefficient, Da  

(×10-12 m2/s) 

Surface 

chloride (mass 

% of concrete) 

FA0 69 4.68 0.57 3.41 0.62 

FA30 73 3.51 0.37 0.70 1.38 

FA40 66 3.42 0.40 0.90 1.05 

 270 

3.1.2.  Chloride diffusion 271 

The concrete samples were exposed to NaCl solution at the age of 28 days and 180 days. 272 

The results of chloride diffusion test after 56 days of exposure in submerged condition are 273 

given in Table 3. The variations in diffusion coefficients of the concrete samples are shown in 274 

Fig. 2. It can be seen from the results that, fly ash concretes have shown greater resistance to 275 

chloride diffusion as compared to the control concrete. The chloride diffusion coefficients of 276 

the concretes with no fly ash, 30% fly ash and 40% fly ash were 4.68 ×10-12 m2/s, 3.51 ×10-12 277 

m2/s and 3.42 ×10-12 m2/s,  respectively for 28-day samples. The reductions of chloride 278 

diffusions by fly ash are consistent with the reduction of permeability of these mixtures, as 279 

presented previously [45]. The product of pozzolanic reaction and the filling effect of fine 280 

unreacted fly ash particles, together with the lower water to binder ratio resulted in a denser 281 

microstructure that eventually reduced the chloride penetration of the fly ash concretes. The 282 

chloride diffusion decreased with the increase of age from 28 days to 180 days for all the three 283 

mixtures. This is due to the continued hydration of the binder with the increase of age. 284 

However, the reduction of the chloride diffusion coefficient with age was much higher in the 285 



fly ash concretes than in the control concrete. The inclusion of fly ash reduced chloride 286 

diffusion coefficient of the concrete mixtures by at least 25% and 73% of the control concrete’s 287 

value at 28 days and 180 days of age, respectively. The significantly higher resistance to 288 

chloride penetration of the fly ash concretes is due to the continued pozzolanic reaction of the 289 

fly ash at later ages.  290 

       291 
 292 

Fig 2.  Comparison of chloride diffusions of concrete mixes at different ages. 293 

 294 
The surface chloride concentration (Cs) over the period of exposure is an important 295 

parameter related to chloride diffusion. Usually at maturity, fly ash concretes accrue higher 296 

surface chloride concentration than control concrete due to their higher resistance to chloride 297 

diffusion [46]. It can be seen from Table 3 that, at 28 days, fly ash concretes had less amount 298 

of surface chloride concentration as compared to that of the control concrete. This is due to the 299 

early age effect of Class F fly ash. The test was conducted at 28 days when fly ash concretes 300 

continued to develop its mechanical properties through pozzolanic reactions, as evident in the 301 

compressive strength results. However, at 180 days, fly ash concretes accrued higher surface 302 

chloride than the control concrete. This is because of the increased resistance to chloride 303 

penetration by the inclusion of fly ash in the mixtures. 304 
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 305 

3.1.3.  Service life  306 

The method described in Section 2.4 was used to predict the service life of reinforced 307 

concrete based on the 28-day chloride diffusion test results. Despite the fact that, the hydration 308 

of fly ash concrete continued beyond 28 days, it was conservatively assumed that fly ash 309 

concretes had reached the similar maturity of the control concrete at 28 days, as the mixtures 310 

achieved similar 28-day strengths.  311 

 

(a) 

 

 

(b) 

 

Fig 3: Variation of service life with cover depth when (a) Ccr = 0.1% (b) Ccr = 0.2% 312 

The service lives of reinforced concrete for various cover depths were predicted as plotted 313 

in Fig. 3. The graphs present the variations of service life of similar grade concretes having 314 

different mixture proportions with the assumptions outlined in section 2.4. It can be seen from 315 

the figures that, the service life of the fly ash concretes is much longer than the control concrete 316 
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for the same concrete cover to the reinforcing steel. There is no significant difference between 317 

the results of the concretes with 30% and 40% fly ash, since the difference between the 318 

experimental values of the 28-day diffusion coefficients of the two fly ash concretes was very 319 

small and the same value of diffusion decay constant m was used in the calculation for mixtures 320 

FA30 and FA40. 321 

The effect of critical chloride level (Ccr) on the cover depth requirement is compared in Fig. 322 

3 and in Table 4. It can be deduced from Table 4 that the service life is longer for higher value 323 

of Ccr for any given cover depth. In other words, concrete with higher Ccr requires less cover 324 

depth for a given service life. When the value of Ccr is raised from 0.1% to 0.2% of concrete 325 

(100% increase), the required cover depth decreased by 25%. Since there is no universal value 326 

of Ccr, the lower value can be suggested for design conservatively. 327 

Table 4 328 

Cover depth requirement for the service life of 50 and 100 years 329 

Mix ID 
Fly ash 

(%) 

Required cover depth (mm) 

when Ccr = 0.1% 

Required cover depth (mm) 

when Ccr = 0.2% 

50 years 100 years 50 years 100 years 

FA0 0 110 150 82 110 

FA30 or, FA40 30 or, 40 60 78 44 58 

 330 

The cover depth requirement for fly ash concretes to achieve expected service life of 50 331 

years and 100 years are predicted (Table 4). For the assumed conditions, the fly ash concretes 332 

required only 52 - 55% of cover depth of control concrete for service life up to 100 years. This 333 

indicates that, fly ash concretes having similar 28-day strength of control concrete required less 334 

(at least 45%) cover depth to achieve similar service life of control concrete. As illustrated in 335 

Table 4, service life can be increased from 50 years to 100 years by increasing the cover as 336 

much as 30-32% for fly ash concrete and 34-36% for the control concrete. 337 



Service life estimation of this study has been compared with those predicted by Thomas 338 

[47], Chalee at al. [13] and Shafiq [48]. Whilst the prediction models of these studies were 339 

based on different threshold chloride values and concrete mixture proportions, their results 340 

differ slightly from those of the current study. The time to initiate corrosion in reinforcing steel 341 

with 50 mm cover depth was approximately 7, 8 and 8 years for cement concrete and 30, 24 342 

and 32 years for fly ash concrete as predicted by Thomas [47], Chalee at al. [13] and the current 343 

study (Ccr = 0.1%), respectively. However the prediction of corrosion initiation time of the 344 

same specimen by Shafiq [48] was found to be 25 years longer than the aforementioned studies. 345 

The difference is due to consideration of different diffusion coefficients and threshold chloride 346 

values. Nevertheless, results of all these studies confirm that the service life of a concrete 347 

product can be enhanced by replacing cement with FA. 348 

According to the Australian Standard AS 3600-2009 [43], for a design life of 50 years ± 349 

20%, the required cover depth is 35 mm for permanently submerged condition (exposure 350 

classification B2) where standard formwork and compaction are used. This value is 351 

significantly less than that estimated for 50 years of service life of both the fly ash concretes 352 

and the control concrete. In this regard, it should be noted that in this study the variation of 353 

diffusion coefficient for the presence of fly ash in concrete was considered in terms of diffusion 354 

coefficient at 28 days and the diffusion decay constant (m). The variation of service life due to 355 

the variation of other variables, such as Cs, Ccr and cover depth, over the age [33] was not 356 

considered in this estimation. Moreover, the critical chloride content is assumed constant for 357 

all the concretes, which can be different for fly ash concretes [49]. However, the estimates 358 

presented here show the effects of fly ash on service life of reinforced concrete based on the 359 

28-days chloride diffusion values. 360 

 361 



3.2. GHG emissions and embodied energy consumptions  362 

 363 

The use of fly ash as a partial replacement of energy and carbon intensive cement has thus 364 

been found to increase the durability of concrete in the marine environment. This means that 365 

more virgin resources like limestone and iron for steel production can potentially be conserved 366 

and the environmental impacts associated with the production of cement can be avoided. In 367 

addition, inclusion of fly ash in concrete could potentially improve the green star rating of 368 

concrete structures which is a very important design consideration for the development of 369 

buildings and infrastructures in Australia [50]. 370 

Using an LCA methodology, as outlined in Section 2.5, carbon footprint and embodied 371 

energy consumption of the concrete mixtures FA0, FA30 and FA40 have been determined to 372 

estimate the environmental benefits associated with the replacement of cement with fly ash 373 

(Table 5). Monte Carlo simulation was performed using a confidence interval of 95% and 1000 374 

iterations using the SimaPro software.  The mean values of carbon footprint of 1 m3 of FA0, 375 

FA30 and FA40 concretes have been estimated to be 345 kg CO2 e-, 269 kg CO2 e- and 269 376 

kg CO2 e-, respectively. In the case of embodied energy consumption, the values are 3090 MJ, 377 

2807MJ and 2816 MJ for FA0, FA30 and FA40 concrete mixes, respectively. 378 

An average residential household in Perth Western Australia consumes about 54.34 GJ of 379 

energy per year [20], which is equivalent to the amount of embodied energy that can potentially 380 

be saved by replacing only 190 m3 of the control concrete with FA concrete in the marine 381 

environment. Thus, the use of by-product such as FA as a partial replacement for energy 382 

intensive materials like cement in concrete could help strengthen energy security of a nation. 383 

Interestingly, the increase in the substitution of cement with FA in concrete from 30% to 384 

40% does not appear to make any additional carbon saving. This can be explained by the fact 385 

that the value of tonne-km of FA40 is higher than FA30 (Table 2) due to transportation of 386 



additional amount of fly ash (i.e. 10%) from coal fired power plant to the point of use. The 387 

emissions from this additional amount of tonne-km outweigh the emissions saving benefits of 388 

the substitution of additional amount of cement (i.e. 10%) by FA40 concrete. Similarly, the 389 

value of embodied energy consumption has not been decreased with the increase of FA in 390 

concrete due to the fact that an additional amount of diesel was burnt for transporting an 391 

additional amount of FA to the point of use. 392 

It is derived from Table 5 that carbon footprint of the use of 1 m3 of concrete in the marine 393 

environment can be decreased by 22.1% and 21.9% due to replacement of FA0 with FA30 and 394 

FA40, respectively. Similarly, embodied energy consumption can be decreased by 9.2% and 395 

8.9% due to replacement of FA0 with FA30 and FA40, respectively. CO2 e- saving benefit of 396 

the use of fly ash is more than that of embodied energy consumption mainly due to the 397 

avoidance of carbon intensive electricity in both cement manufacturing and batching plants. 398 

MCS shows that the standard deviations (SD) are between 3.4% and 3.8% of the means of 399 

carbon footprint and those for embodied energy consumption are between 6.1% and 7.5% of 400 

the means. This validates the quality of data used in this LCA analysis [22].  401 

 402 

Table 5 403 

Mean and SD of carbon footprint and embodied energy consumption  404 

FA0      

Impact category Unit Mean Median SD CV 

Embodied energy consumption MJ LHV 3090 3069 233 7.5 

Global warming kg CO2 e- 345 344 13.1 3.8 

FA30      

Cumulative energy demand MJ LHV 2807 2799 173 6.2 

Global warming kg CO2 e- 269.0 268.9 9.4 3.5 

FA40      

Cumulative energy demand MJ LHV 2816 2804 173.14 6.1 

Global Warming kg CO2 e- 269 269 9.2 3.42 

 405 



The flow network of the FA40 concrete is shown in Fig. 4. Mining to material stage accounts 406 

for significant portion of total environmental impacts (77%) even with 40% substitution of 407 

cement by fly ash in concrete, as shown by the red thick lines in Fig. 4. Other stages do not 408 

seem to influence the overall environmental performance of concrete. Cement alone accounts 409 

for 72% of the total carbon footprint of FA40 and is being considered as an environmental 410 

hotspot. This is mainly because of the fact that cement is an energy intensive material and the 411 

energy for cement production alone accounts for 35% (i.e. 19% thermal and 16% electricity) 412 

of the total carbon footprint of FA40. Therefore, the substitution of fossil fuels by renewable 413 

fuels in the energy-intensive cement manufacturing process can be considered to further reduce 414 

CO2 emissions and to conserve energy resources for the future generations [51]. On the other 415 

hand, waste combustion has been found to be well suited to cement kilns because of these fuels’ 416 

high process temperature and because the clinker product and limestone feedstock act as gas-417 

cleaning agents. Used tyres, wood, plastics, chemicals, treated municipal solid waste and other 418 

types of waste can be co-combusted in cement kilns in large quantities. Cement producers in 419 

Belgium, France, Germany, the Netherlands and Switzerland have reached substitution rates 420 

ranging from 35% to more than 80% of the total energy used, while in Australia, alternative 421 

fuels account for only less than 10% of the total cement energy consumption [52].  422 

The use of renewable energy for electricity supply and waste for cement kiln in the cement 423 

production could help further reduce carbon footprint and embodied energy consumption of 424 

FA40 concrete. 425 



 426 

Fig 4. Flow network of FA40 concrete. 427 
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According to Renewable Energy Target Scheme of the Australian government, the 428 

electricity that is consumed in the final stage of milling of cement production can potentially 429 

be generated from renewable resources [53]. This milling stage alone is responsible for around 430 

half of the overall electricity that is consumed in the cement manufacturing process. In Western 431 

Australia, a significant portion of the renewable electricity (63%) is generated from wind [54]. 432 

Therefore, electricity generation from wind turbines can be considered to supply electricity for 433 

this milling process of cement production. Following the information obtained from Lund and 434 

Biswas [55] and LCS [30], it has been estimated that 99% of GHG emissions from the 435 

electricity generation can be avoided by substituting current Western Australian grid electricity 436 

with wind generators. The use of wind electricity could thus reduce the GHG emission by 22.6 437 

kg CO2 e- (i.e. (45.7 kg – 45.7 kg x (100-99)/100)/2) from the milling process of cement 438 

production. On the other hand, it was estimated that 5% of CO2 emission can potentially be 439 

mitigated by replacing 30% of coal with municipal solid waste (MSW) to meet the thermal 440 

energy demand of clinker production in Australia [56]. Fig. 4 shows that 28 kg CO2 is emitted 441 

from the combustion of coal to meet the demand of thermal energy. If 30% of coal is replaced 442 

with MSW, about 1.4 kg CO2 e- GHG emissions (i.e. 28 kg – (100-5)/100 × 28 kg) can be 443 

mitigated to meet the demand for thermal energy for clinker production (Fig. 4). Therefore, it 444 

is estimated that approximately 6% (i.e. 413 – 22.5 – 1.4 = 389 kg CO2 e) of the total carbon 445 

footprint of FA40 can be reduced due to use of these two improvement measures. 446 

Service life of concrete has a major bearing on GHG emissions and embodied energy 447 

consumption. Since FA30 and FA40 have the same service life (Table 3), only FA40 has been 448 

compared with FA0 concrete to investigate the impact of service life on their environmental 449 

performance. Table 6 shows the embodied energy consumption and carbon footprints of 450 

concrete mixtures in terms of per m3 per year basis for different concrete covers (i.e. 35 mm, 451 

40 mm, 50 mm). Since the service life of FA40 is 1.6 to 1.75 times higher than FA0 for covers 452 



between 35 mm and 50 mm, carbon footprint saving (36% - 43%) and embodied energy 453 

consumption saving (36% - 38%) have emerged as significant benefits of the use of FA in 454 

concrete.  The carbon footprint and embodied energy consumption have been found to decrease 455 

with the increase of thickness of concrete covers.  456 

 457 

Table 6 458 

Effect of service life on the embodied energy consumption and carbon footprint of concrete 459 

mixtures 460 

 FA0 FA40 

Service life for marine exposure zone B2 (years)   

35 mm cover 18 29 

40 mm cover 25 40 

50 mm cover 45 70 

Embodied energy consumption (MJ/m3/year)   

35 mm cover 171.7 106.6 

40 mm cover 112.3 70.2 

50 mm cover 62.6 40.2 

Carbon footprint (kg CO2 e-/m3/year)   

35 mm cover 19.18 11.90 

40 mm cover 10.76 6.73 

50 mm cover 5.99 3.85 

 461 

 462 

4. Conclusions 463 

Use of fly ash as a partial replacement of cement in concrete for marine infrastructure (e.g. 464 

seaport buildings, desalination plant) has not only been found structurally sound but also offers 465 

significant environmental benefits in terms of increased durability, reduction of carbon 466 

intensive cement production and conversion of waste to resources. The substitution of 40% 467 

cement with fly ash in concrete (i.e. FA40) has been found to increase the service life by 1.6 to 468 

1.75 times more than the conventional concrete (FA0) for the covers to reinforcing steel 469 



between 35 mm and 50 mm, when used in the aggressive marine environment. This increased 470 

durability of fly ash concrete conserves raw materials and energy for cement production and 471 

also reduces associated GHG emissions and embodied energy consumption. 472 

Life cycle assessment analysis has been conducted to capture the carbon footprint and 473 

embodied energy consumption saving benefits associated with use of FA as partial replacement 474 

of cement in concrete. The replacement of FA0 with FA30 and FA40 could potentially reduce 475 

the carbon footprint by 22.1% and 21.9% per m3 of concrete, respectively and embodied energy 476 

consumption by 9.2% and 8.9%, respectively. Cement accounting for 72% of the total carbon 477 

footprint of FA40 concrete, has thus been identified as the hotspot even after 40% replacement 478 

of cement with fly ash. The carbon footprint of this FA40 concrete can be reduced further by 479 

24% by using renewable energy sources such as wind and MSW in the milling and clinker 480 

production processes in the cement manufacturing plant.  481 

Last but not the least, service life has a significant bearing on the overall environmental 482 

performance of concrete mixtures. When FA40 is compared with FA0 per m3 per year basis, 483 

the former has been found to save carbon footprints between 36% - 43% and embodied energy 484 

consumption between 36% - 38% for different concrete covers to reinforcing steel between 35 485 

mm and 50 mm. The other indirect environmental benefits that could result in due to use of 486 

this fly ash in concrete in the aggressive marine environment are the reduction of land use 487 

changes and loss of biodiversity associated with the production of cement and disposal of fly 488 

ash at the coal fired power plants.  Provided there is a long term continuing supply of fly ash 489 

by-product from a variety of sources, concrete mixtures of FA30 and FA40 could help achieve 490 

a sustainable infrastructure for Australia. 491 

The use of FA as a partial replacement for cement can help achieve sustainable infrastructure 492 

by saving money, reducing deforestation, fuels and the loss of biodiversity associated with the 493 



production of cement from limestones. On the other hand, the coal power plant will benefit 494 

from the reduction of residue handling area, as well as, health effects associated with the 495 

presence of FA in air. 496 

 497 

  498 
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