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Abstract: In the last decade reducing embodied carbon emissions in concrete has become a large focus 
globally especially with the Paris agreement. Precast pretensioned prestressed concrete (PSC) is 
considered a highly efficient construction method due to a daily production cycle and design efficiency, 
these advantages are well documented over steel or in-situ construction [1] [2] [3].To ensure the daily 
production cycle is maintained, generally a larger amount of Portland cement is required in the concrete mix 
design to ensure the hardened concrete achieves high early age strength and therefore have relatively 
higher embodied carbon concrete per cubic metre than in-situ construction. As Portland cement contributes 
80-90% of carbon emissions in concrete, there is an opportunity to reduce carbon emissions in the 
prestressed concrete industry by reducing the cement used and increasing the supplementary cementitious 
replacement (SCM’s) content within the concrete mix design [2]. It is well documented that increasing SCM’s 
in mix designs lead to lower early age strength, this poses significant risks of not achieving the early age 
strength requirements needed to achieve the daily production cycle and therefore could be unfeasible. 
These initiatives have been relatively successful for improving sustainability performance of in-situ concrete, 
and there has been a large push from industry to improve the material based embodied carbon for concrete 
in PSC construction. Unlike post-tensioned (PT) concrete little research has gone into the study of reducing 
carbon emissions in PSC construction using this methodology.
This paper examines whether reducing the cement and fly ash (FA) binder in a TfNSW B80 registered PSC 
Super Workable Concrete mix design through using a higher performing Australian GP cement will allow a 
noticeable reduction in carbon emission and provide a more sustainable option than current practices of 
replacing cement with higher percentages of SCMs. 
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1. Introduction 
PSC girder like a Super-T has have become popular in Australia due to their rapid construction and design 
efficiency, requiring less concrete and steel reinforcement to achieve the same load bearing capacity 
resulting in a more sustainable girder and structure than in-situ construction [2] [3]. One of the critical 
components to making the Super-T girder economically feasible and sustainable is the precast construction 
methodology brought about by the customary 24-hour production cycle. To maintain a daily production cycle 
the process is reliant on achieving high early age strength normally 35-40MPa in 12-15 hours to be able to 
transfer the pretensioned force and lift the element out of the mould. To achieve this the concrete mix 
designs, tend to use high Portland cement content coupled with heat accelerated curing is used to 
accelerate the curing so the element can achieve the required strength to transfer the pretensioner prestress 
force to the concrete. Heat accelerated curing is performed by applying steam to the PSC element at a 
temperature range of 50-70°C for 8 hours. To avoid the risk of thermal cracking and Delayed Ettringite 
Formation (DEF), temperature limits are imposed by TfNSW B80, minimum pre-setting period of 2 hours, a 
maximum temperature rise of 24°C/h and a maximum temperature of 70°C. Transfer of prestress can occur 
when the element has achieved its minimum transfer strength (as determined by representative test 
specimens cured under identical conditions) and the cured maturity of the concrete is ≥ 350 °C-hrs [1] [4] 
[5].

Concrete is a versatile material and is used in a variety of applications due to its high compressive strength 
and durability. Per kilogram, concrete has lower embodied carbon emissions than other construction 
materials like steel this is illustrated in Figure 1. Due to the high usage of concrete, the concrete industry 
contributes up to 8% of global CO2 emissions, 80-90% of these emissions comes from the manufacture of 
Portland cement. With the increase in urbanisation, cement production is forecast to increase by 25-50% 
globally [1] [2].

 



Figure 1.  Embodied Emissions for materials per industry [6]

Reducing CO2 emissions in concrete has been heavily researched for several decade, one of the most 
efficient ways to reduce the emissions is to increase the partial replacement of Portland cement with SCM’s. 
This is not a new method of thinking, fly ash has been used as a partial replacement in concrete since 1958, 
and ground granulated blast furnace slag since the late 1960’s [3] [7].With the push for sustainability greater 
than before, the concrete industry has started replacing Portland cement with heigh levels of SCM’s, this 
has been relatively successful in reducing the material-based CO2 emissions in in-situ construction and 
therefore widely adopted by sustainability specifications. With projects increasing the use of precast 
pretensioned construction due to its efficiency, sustainability specifiers would like to adopt high SCM 
replacements in precast pretensioned concrete. The extent of Portland cement replacement in precast 
pretension prestressed construction is dependent on, the availability and quality of SCMs in the region and 
their performance within the cementitious binder system (cement + SCM) to achieve the required transfer 
strength within the 24-hour production cycle. SCM’s like fly ash typically react slower than Portland cement, 
therefore as SCM replacement percentages increase the concrete early age strength reduces. Failure to 
achieve the required early age strength has drastic effects on the efficiency of precast pretensioned 
construction, such as increase production time and cost, these also effect girder design. Though this method 
of thinking works for in-situ construction, studies have shown that such approaches do not necessarily 
provide the outcomes sought in precast pretensioned prestressed construction and further thinking on this 
is now required [1] [3] [7] [8].

2. Project Scope
This scope of the project is to investigate through field and laboratory experimental trials to reduce the 
materials-based CO2 emission in concrete used in precast pretensioned construction, while still achieving 
the early and late age strength criteria through using a high-performance cementitious binder system.  The 
trials will be performed using an approved TfNSW B80 mix designs which has a 600kg cementitious binder 
system consisting of 75% GP cement and 25% fly ash (FA) which is required to achieve the required transfer 
strengths of 35-40MPa in 12-15 hours. 

The experiment aims to investigate if using the best performing cementitious materials (GP cement/fly ash/s) 
in the binder system as less of them would improve the concrete CO2 emission rather than using a high 
SCM binder. The following scenarios were investigated.

a) Investigate performance of several different sources of GP cements 
b) Reduce the cementitious binder – Through using the best cementitious materials, reduce the total 

binder from 600kg to 550kg
c) Increase SCM replacement level – Maintain a 600kg binder with high level SCM replacement 

(FA=40%)



3. Experimental Methodology
Over 50 trials were performed to investigate the hypothesis described in section 2, all trials were conducted 
using the methods and tests described in the standards outlined in Table 1.

Table 1.  List of tests conducted and the corresponding standard

Test Type Standards
Sampling of Fresh Concrete AS1012.1
Preparation of concrete mixes in the Laboratory AS1012.2
Methods of making and curing concrete AS1012.8
Heat Accelerated Curing TfNSW B80
Slump flow test ASTM C1611
Static Segregation ASTM C1612
J-Ring ASTM C1621 / BS EN12350
Compressive strength test AS1012.9
Coarse and Fine aggregate moisture content tests AS1141.5 / 6
TfNSW QA Specification cementitious materials & binders TfNSW 3211
Specification if concrete manufacture & supply AS1379
General purpose and blended cements AS3972
Supplementary Cementitious materials part 1 (fly ash) AS3582.1
Chemical admixtures for concrete AS1478

3.1 Mix design
The research presented in this paper compares a TfNSW B80 registered prestressed concrete mix designs 
with different binder or Portland cement reductions contents which is presented in Table 2. Initially the 
performance of different cements available to the Australian market were investigated in both laboratory 
and field trials. The outcome of the initial trials was then used to investigate if it was feasible to reduce the 
binder contents or increase the SCM percentage using the best performing cement while achieving the 
required early age strength.

Table 2.  Experimental Mix designs

Experiment Control 4.3% 
Reduction 

7.4% 
Reduction 40% FA 30% FA

Strength Grade 60 60 60 60 60
Total Cementitious (kg/m3) 600 570 550 600 600
Portland Cement (kg/m3) 450 427.5 412.5 360 420
Fly Ash(kg/m3) 150 142.5 137.5 240 180
w/c ratio 0.31 0.31 0.31/0.28 0.31/0.28 0.31/0.28
CO2 Emissions (kg/m3) 418 400 387 346 395

3.2 Embodied Carbon Assessment
The Embodied Carbon for the concrete mix designs focused on module A1-A3, the values varied dependant 
on the source, such as previous research, sustainability data bases and manufacturer supplied Environment 
Product Declarations (EPDs).  The emission values adopted are presented in table 3 and the associated 
CO2 emissions for the mix designs are shown in table 2. 



Table 3.  Material Embodied Carbon Emission Data [1] [3] [7] [9]

Material Embodied Carbon 
Range

Embodied 
Carbon - Used

Unit

Portland Cement 0.809 – 0.982 0.83 t CO2/tonne

Coarse Aggregate 0.0062 – 0.036 0.036 t CO2/tonne

Fine Aggregate 0.005 – 0.014 0.014 t CO2/tonne

Fly Ash 0.01 – 0.027 0.027 t CO2/tonne

GGBFS 0.019 – 0.143 0.0143 t CO2/tonne
4. Results
4.1 Cement comparison

The initial phase of the project compared three different sources of Australian GP cements to identify if there 
was performance variability between the manufacturing sources. During the laboratory trials the several key 
observations were made in the plastic concrete properties indicating a difference in reactivity.

a) The three GP cements using the same water binder ratio (w/c) required different dose rates of super 
plasticiser. The most reactive cement (cement II) required 300ml/m3 less super plasticiser than the 
least reactive to achieve a slump flow of 600mm. 

b) Mixing time, similar to the quantity of super plasticiser, the mixing time varied to achieve the same 
concrete consistency varied by up to 1 minute between the most reactive cement and the worst, 
which required supplementary mixing. 

The above observations were consistent through the duplicate laboratory trials performed on each cement, 
clearly identify there was a difference in cement reactivity. Similar observations were made through 
comparing the compressive strength performance shown in figure 2 and table 4. Figure 2 shows cement II 
has a 5-10MPa higher compressive strength compared to cement I and III. Coupled with the observation 
made during the mixing process it can be said that cement II is a higher performing cement. It was also 
noted that cement III’s failed to achieve the early age (transfer) strength requirements of 35MPa to be used 
in precast pretension construction. The laboratory trials highlighted that not all GP cements are suitable for 
the use in precast pretensioned concrete construction.
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Figure 2.  Average Compressive Strength Results of Laboratory Cement Trials



Table 4.  Average Compressive Strength Results of Laboratory Cement Trials

Average Compressive Strength
Age Cement I Cement II Cement III
15 hours 36 41 31
7 days 46 53 46
28 days 61 67 61
Number of duplicate trials 3 5 3

The field trails average compressive strength results are presented in Figure 3, the results show a similar 
trend to the laboratory trials, demonstrating that there is a performance different between Australia GP 
cements. Comparing figure 2 and 3 highlights that transitioning from laboratory to field trials a 3-5MPa 
reduction in compressive strength can be expected. 
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Figure 3.  Average Compressive Strength Results of Field Cement Trials
4.2 Binder Reduction

Using the results of the cement comparison in section 4.1, the cementitious binder was reduced from 600kg 
to 570kg and 550kg using cement II. As a result of these reductions the transfer strengths reduced by 4 & 
7MPa respectively indicating the importance of Portland cement in achieving early age strength in precast 
pretensioned concrete mix designs which is illustrated in figure 4 and table 5. The 550kg binder with a 0.31 
water cement ratio failed to achieve the early age strength requirement however lowering the water cement 
ratio to 0.29 the transfer strength of 35MPa is achievable. Indicating an 7% CO2 emission reduction can be 
achieved in the laboratory, however transitioning to the field may not be achievable. Considering the risks 
associated with transfer strengths if required prudent to use the 570kg binder with a 5% reduction in CO2 
emissions to ensure strength is achieved to continue the daily production cycle.
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Figure 4.  Average Compressive Strength Results of Binder Reduction Trials

Table 5.  Average Compressive Strength Results of Binder Reduction

Average Compressive Strength
Age 570kg 550kg (w/c=0.31) 550kg (w/c=0.29)
15 hours 37 35 36
7 Days 50 44 51
28 Days 64 61 66

Number of duplicate trials 2 1 1

4.3 40% Fly Ash Replacement

The concrete trials presented in section 4.2 identified that there is an opportunity to reduce cementitious 
materials used in mix designs while simultaneously reducing material-based CO2 emissions. To be thorough 
further trials were performed using the maximum fly ash replacement (40% FA) under TfNSW quality 
specification 3211 would be achievable in precast pretensioned construction. The results of the trials are 
summarised in figure 5, which compares a water binder ratio of 0.31 and 0.28. The results show that 
increasing the partial replacement of Portland cement with fly ash from 25-40%, reduces the early age 
strength gain further as expected. The trials show that high replacement levels would not be appropriate in 
precast pretention construction where achieve high early age strength is required.
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Figure 5.  Average Compressive Strength Results 40% Fly Ash Trials

5. Discussion
The primary goal of the experimental research presented above was to investigate if it was feasible to 
reduce CO2 emissions through using a high-performance cement to either reduce the total binder or 
increase the percentage of fly ash replacement within the mix design for the use in prestressed precast 
concrete. Through analysing the results, the following has been observed;

 There is a performance difference between various sources of Australian GP cements 
 Through using a high performing GP cement a maximum of 7% reduction in CO2 emissions using 

a 550kg binder could be achieved while achieving the benchmark strengths under ideal 
circumstances. However, it would be more practical to use a 570kg binder with a 4% reduction 
instead which yield higher strengths and allows for material variability

 In the late 1990’s and early 2000s there used to be several different cement types for different 
applications, currently there are little to no speciality cements available to the local market. The 
cements investigated are readily available to batch plants and by no means speciality or high 
performance, if higher performing cements were available, further reductions would be achieved at 
lower risks. 

 Before 2013, several approved RMS B80 mix designs used a 550kg binder (75% GP cement, 25% 
FA) and were able to achieve transfer strength greater than 35MPa. The results shown above show 
that this was only achieved under laboratory conditions, so what has changed?

 Using a higher SCM replacement levels like 40% fly ash are not appropriate for precast 
pretensioned prestressed construction.

 Comparing the 4% reduction in CO2 emission (570kg binder) in table 2 to a 30%FA (600kg binder) 
replacement yield a very similar reduction in CO2 emission (5-6kgCO2/m3). Would it be more 
sustainable to use less material (i.e. 570kg vs 600kg) than focus on reducing CO2 emission?

6. Conclusion
Reducing CO2 emissions within precast pretensioned prestressed concrete construction is not so simple as 
increasing the amount of SCM’s within the concrete mix designs and multiple factors need to be considered. 
This highlights that new method of assessing carbon reduction in precast pretensioned prestressed concrete 
is required.
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