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Abstract:  Earth Friendly Concrete (EFC) by Wagners has been on a journey of commercialising 
geopolymer concrete as an ultra-low carbon concrete alternative for over a decade.  To date, over 
100000m3 of EFC has been used commercially in Australia.

The mechanical properties of EFC has been demonstrated to be comparable to Portland Cement 
Concrete (PCC) while its durability often exceeds that of traditional concretes.  In underground 
applications the increased resistance to sulphate attack and low chloride permeability results 
indicate asset performance may be improved by its inclusion.

Comparison testing of EFC for fire resistance to the RABT-ZTV fire curve; simulated tunnel fire 
with rapid temperature rise to 1200oC, shows equivalent performance to similar Portland Cement 
based concretes in this application.

EFC is able to provide significant reductions in the embodied carbon footprint of tunnel linings, 
estimated to be in the order of 210kg/m3 of concrete- approximately 1.8 tonnes of embodied CO2 
per linear metre of a typical rail tunnel profile.  Additionally, the curing chamber requirements for 
EFC panels are optimally around 36oC, thereby reducing the energy consumption and associated 
carbon emissions with steam accelerated curing programs.

Wagners Precast in Queensland have successfully manufactured a series of test segmental 
panels through a carousel casting system.  Along with undertaking comparison testing to typical 
specification properties associated with segmental lining concrete supply.

Environmental benefits and final costings on the use of EFC in tunnel linings could be quantified 
by conducting full scale production trials and further development of design properties. 
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1. INTRODUCTION

There are increasing concerns regarding greenhouse emissions of the cement and concrete 
industry which has increased the interest in development and commercialisation of low-carbon 
binders as alternatives to ordinary Portland cement (OPC), as evidenced by the growing volume of 
research in this topic over the past decade.  Geopolymer and alkali-activated material binder 
systems have been identified as a key component in the development of clinker free cements which 
exhibit performance comparable to, and in some areas exceeding that of conventional Portland 
cement blends.

Geopolymers are produced from the reaction of aluminosilicate precursor materials with a 
concentrated alkali solution.  Wagners EFC Pty Ltd (Wagners) of Australia produce a proprietary 
product trademarked as “Earth Friendly Concrete” (EFC) which may be recognised as a blended 
system of alkali activated cementitious materials (AACMs or AAMs), consisting of blast furnace slag 
(GGBS or Slag) + flyash (PFA) + an alkali source.  The EFC technology utilises no Portland cement 
and uses aggregate combinations in very similar proportions to normal concretes.



To date, over 100,000m3 of EFC has been used commercially in Australia.  The first permanent 
works in a structural application occurred in the construction of the Global Change Institute (GCI) 
at the University of Queensland (UQ) in 2012.

In the United Kingdom (UK), EFC has been used in a number of projects since 2020 for temporary 
and permanent works.  The exceptional performance in resisting sulfate attack, as proven through 
comprehensive testing programs, has enabled designers to implement the product confidently, 
particularly in aggressive ground conditions.

Utilising Wagners concrete and precast facilities, EFC has been developed, cast, and tested parallel 
to typical project specifications for segmental tunnel linings.  The findings are presented herein.

2. RESULTS OF TRIAL SEGMENT TESTS

2.1  Carousel casting

Wagners have been able to utilise their precast carousel plant to cast a set of EFC panels during 
the Legacy Way vehicle tunnel project in 2012.  The concrete was produced offsite through 
traditional batching facilities and transferred using conveyor system into the carousel pouring 
bucket.  A low workability concrete was developed in line with a comparable OPC mix to maintain 
the curved extrados surface finish during carousel operation.

The carousel steam oven was turned off prior to production as a way of preventing excessive heat 
which has been found to affect reactivity outside optimal ranges.  At the completion of the 
carousel circuit, the segment units were demoulded, lifted, and transferred by traditional methods.  
A series of photos taken throughout the process are included in photo 1 and 2 below.

Photo 1. EFC tunnel segments cast at Wagners Precast



Photo 2. Demoulding of cast segment with vacuum lifter

2.2 Mix properties and testing

During the casting of fire panel tests for the Brisbane Cross River Rail (CRR) project in 2020, 
Wagners included a set of EFC panels for determination of fire testing alongside the traditional 
OPC design used in the project.  The S50MPa mix design for OPC segments comprised 440kg/m3 
of cementitious with 25% flyash replacement and a water cement ratio (w/c) of 0.36.  The design 
included 35kg/m3 of Bosfa Dramix steel fibres and 1.5kg/m3 of polypropylene fibres.  The 
comparative EFC mix design was cast with 420kg/m3 of binder powders (GGBFS and Flyash) and 
testing included:

 Vebe testing for workability
 Compressive strength
 Residual tensile strength beam tests to BS EN 14651:2005
 Fire tests to RABT-ZTV (Eureka) fire curve
 Testing of core samples after fire test exposure

The vebe test was used for consistence as the low workability is best represented by the 
concrete’s response to energy input during casting.  For OPC concrete in production during the 
CRR, an average figure of 11 seconds was typical.  The EFC comparison mix was tested to a 
vebe of 10 seconds.

2.3 Compressive performance

Compressive strength testing of the EFC in the CRR trials gave the below tabled cylinder 
strengths:

Age (days) Avg. compressive strength (MPa)

5 36.3

7 38.0

28 48.6

57 54.5

Table 1. Cylinder compressive data



2.4 Residual tensile testing

150x150mm cross section beams were cast for residual tensile testing in accordance with BS EN 
14651:2005, Test method for metallic fibered concrete- Measuring the flexural tensile strength 
(limit of proportionality (LOP), residual).  3 beams were tested to this method as shown below in 
figure 1.  The resulting graphs are of a similar profile to OPC designs though the EFC exhibits 
higher magnitude in result.

Figure 1. Residual tensile beam results- EFC

2.5 Fire testing of panels

A series of fire tests were undertaken at the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) prior to the CRR project as validation of a series of OPC designs, in 
addition to the comparative EFC design (1).

Concrete panels were placed in the furnace and subjected to the RABT-ZTV (Eureka) fire curve to 
simulate a hydrocarbon fire event within rail tunnels.  The results are summarised below in Table 
2.  It can be seen from the tabled results that the EFC mix has favourable results in comparison to 
OPC designs with similar binder and poly fibre contents within this series.

S50MPa segmental concrete containing 35kg/m3 of Steel Fibres

Surface material loss (mm)Sample Type

Average Maximum

440kg/m3 OPC:PFA (25%), 1.5kg PP fibres, Admix 1 1.4 3.5

440kg/m3 OPC:PFA (25%), 1.5kg PP fibres, Admix 2 0.9 3.3

440kg/m3 OPC:PFA (25%), 1.8kg PP fibres, Admix 2 1.0 2.8

470kg/m3 OPC:PFA (25%), 1.5kg PP fibres, Admix 2 1.0 2.2

440kg/m3 OPC:PFA (25%), 1.8kg PP fibres, Admix 2 0.7 2.7

420kg/m3 EFC, 1.5kg PP fibres, Admix 3 1.0 2.5

Table 2. Surface material losses of concrete in RABT-ZTV fire test



2.6 Post fire test assessment

After the panels were exposed to furnace temperatures and surface readings completed.  Core 
samples were taken from the concrete panels and tested for residual compressive strength.  
Several cores were taken from each panel with compressive strength determined at different 
depths within the panel.  The results for EFC specimens are shown below in table 3.

The average compressive strength of the EFC prior to fire testing was 55.0MPa; after fire testing 
the lowest residual strength occurred at the hot face section and shows a decrease in 
compressive performance of 25%.  The comparable OPC designs showed maximum decrease in 
the order of 27-30% at the hot face section, again demonstrating that EFC performance in 
application is comparable.

Residual compressive strength (MPa) after fire exposure

Full core Hot face Middle Cold face

44.0 46.5 54.0 43.5

41.0 41.0 51.0 49.0

Table 3. Residual compressive strength of EFC after fire testing

3. DURABILITY TESTING OF EFC®

There are many discussions drawn to the reduced environmental impact potential of alternative 
binders, it is important to highlight that there are also technical benefits.  For EFC, the ordered 
structure results in very low permeability when compared to traditional concrete which is reflected 
in the potential for improved durability of implementations.  

Resistance to sulfate attack is one such example of how the product is well suited to aggressive 
ground conditions in comparison to OPC concrete.  If figure 2 below, progressive testing using the 
BRE SD1 method, shows negligible losses after 1 year exposure to strong sulfate solutions, a 
comparable OPC sample in this test to class 5 solution would typically show about 3mm surface 
loss at similar exposure.



Figure 2. Sulfate testing samples after 1 year exposure

4. STANDARDS AND APPROVALS

In 2015, Wagners requested Brameshuber & Uebachs Ingenieure GmbH (BU) to conduct a series 
of structural performance and durability tests on samples of EFC geopolymer concrete that was 
cast in a SFR concrete tunnel segment (2). The reason for such an extensive set of tests was to 
obtain approval from the Deutsche Institut fur Bautechnik (DIBt) for the use of EFC in compliance 
with DIN EN 206 (3).

BU cast the EFC tunnel segments at the pre-cast factory of Max Bogl in Germany and tests on the 
hardened samples were conducted at the Institute of Building Materials Research (IBAC) in 
Aachen (4). In addition, BU conducted a number of other tests on samples of EFC with the same 
mix proportions.

The test programme continues to this date and results are still being published. The results of the 
tests show the EFC geopolymer concrete to have equal or better performance than OPC based 
concrete.  The tests conducted are extensive and include the following properties:

 Pore solution analysis & porisometry
 Sulphate resistance
 Water absorption



 Compressive, flexural, flexural tensile and split tensile strengths
 Modulus of elasticity
 Early age and long-term shrinkage
 Creep
 Carbonation
 Gas diffusion
 Freeze-thaw resistance
 Leaching

The reports on the testing by IBAC and BU are available upon request from Wagners EFC.

Within Australia, ongoing testing is being undertaken from commercial supply.  In 2015, AECOM 
produced an “Engineering properties” report (5) with reference to many concrete design properties 
of Australian Standards (e.g. AS 3600).  The results contained within demonstrate comparable 
performance with OPC.  The published report is available from Wagners and included in Appendix 
to this document.

5. ENVIRONMENTAL IMPACTS AND CO2 CONTRIBUTION

The EFC product includes zero Portland cement, due to this it’s embodied carbon footprint 
(ECO2) is significantly lower than traditional concrete products.  In 2020, Wagners commissioned 
a product carbon footprint declaration for the EFC product (6).  This document estimated the 
“cradle to gate” embodied carbon emissions per unit of product, and per kg of binder in current 
Australian commercial production.  These are compared with traditional concrete and binder 
combinations in context of Australian, USA and UK averages.  These are compared in figures 3 
and 4 below.

Figure 3. Embodied CO2 of cementitious/binder combinations (per tonne basis)



Figure 4. Embodied CO2 of EFC concrete product (per m3) against reported figures

A typical segmental tunnel lining in Australian precast conditions will be an S50MPa product with 
cementitious in the order of 440kg/m3 and SCM replacement in the range 25-40%.  The mix 
comparison used for the CRR project of 440kg cementitious with 25% flyash would have an ECO2 
contribution from the binder of 283.9kg/m3 using inventory figures from the Mineral Products 
Association (MPA).  The EFC binder used in the comparative trial with 420kg/m3 of binder would 
have an embodied CO2 contribution of only 49.4kg/m3 inclusive of the alkali activators and their 
impacts.  When considering the aggregate combinations would be the same between the mix 
designs the EFC system represents a linear reduction in ECO2 of about 230kg/m3. Given that 
most concrete production utilises localised aggregate sources the binder system represents the 
largest contributor to emissions output; to continue the prior example in South-East Queensland 
(Australia) the OPC example would have an ECO2 calculated at 377.2kg/m3 while the EFC 
example would be only 142.7kg/m3 (a reduction of over 60%).

A typical rail tunnel with an internal diameter of 7.50m and a segment thickness of 350mm would 
contain approximately 8.6m3 of concrete per linear metre of tunnel. By using EFC in the 
segments, a carbon footprint saving of 1.84 tonnes per linear metre, or 1,840 tonnes per kilometre 
of tunnel, could be realised through concrete input alone.

Since EFC requires a lower curing temperature than Portland cement based concrete for early 
strength and demoulding, there are possible further savings to be made in both energy costs and 
carbon footprint.  The trial program did not include optimisation of curing cycle and further work 
would be required in this area to determine a suitable regime.  Potentially additional curing lanes 
may be required to achieve a project’s output requirements.

6. ECONOMY OF PRODUCTION

It is not possible to identify the costings of the incorporation of EFC geopolymer in the segmental 
tunnel linings until full scale production trials are conducted and early strength and cycle times are 
optimised.



Current experiences with the production of high strength EFC in Brisbane and London indicates 
that an overall cost increase of 10% to 15% is possible. However, some of this additional cost 
might be offset by the reduction in energy requirements for the curing.

7. CONCLUSION AND SUMMARY

It is considered that a geopolymer concrete based on the Wagners EFC binder technology is a 
viable alternative to Portland cement based concretes for the production of segmental tunnel 
linings.

The benefits of EFC geopolymer concrete may be summarised as follows:

• Compressive strength grade S50MPa can be produced consistently in segment manufacturing.

• Flexural tensile strengths are comparable to those of Portland cement based SFR concretes for 
tunnel segments.

• Excellent spalling resistance when tested to the RABT-ZTV fire curve for rail tunnels with a 
maximum compressive strength reduction of 25.4% after exposure to fire.

• Excellent long-term durability performance exceeding that of Portland cement based concretes.

• Approval of DIBt for use of EFC binder for concretes based on DIN EN 206-1 standard in 
Germany.

• Extremely low embodied carbon footprint compared to conventional concretes for segmental 
linings based on Portland cements. A reduction in embodied carbon content of approximately 60% 
per cubic metre when compared with a similar concrete containing 30% Flyash.

• Approximate carbon footprint savings of approximately 234 kg/m3, equating to an overall saving 
of 1,840 tonnes of carbon in per kilometre of tunnel (dependent upon tunnel diameter).

• Further carbon footprint and energy savings possible from heat reduction in carousel curing 
chamber.

• Possible increase in base concrete cost of approximately 10% to 15%, dependent upon 
production trials.
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