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ABSTRACT 

The paper investigates the use of an alternative binder as a cement replacement. This binder is produced by 

co-grinding Recycled Container Glass (RCG) with Granulated Blast-furnace Slag (GBS). The work is motivated 

by the need to reduce dependency on an already diminishing supply of an already accepted, lower-emitting 

and technically sound solution in Ground Granulated Blast-furnace Slag (GGBS).  A case is presented here for 

the inclusion of this GGBS+ glass powder combination to be considered as a Type II addition (i.e. a pozzolanic 

or latent hydraulic addition) upon meeting the relevant chemical and physical requirements for GGBS, for 

which a harmonized standard exists. The study argues that if these criteria are met the material should be 

considered as a viable option. It was found that up to 20% of RCGP could be used to replace GGBS while 

meeting all chemical and physical requirements. 

Keywords: Alternative Binders, Recycled Container Glass, Ground Granulated Blastfurnace Slag, 

Sustainability  
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1 Introduction 

Between 25-30 thousand tonnes (kT) of glass are left un-recycled in Ireland every year (Repak, 2021). And 

the situation is not unique to Ireland; in the USA, 12 million tonnes (Mt) of glass waste is generated each year 

and more than half of this finds its way into landfill. In 2018, of the 12.3 Mt of glass waste generated in the 

US, 3.1 Mt of which was recycled, 1.6 was combusted with energy recovery and the remaining 7.6 Mt (~60%) 

was sent to landfill (EPA - United States, 2018). 

 

Figure 1.  Nature’s attempt at solving the waste glass problem in Vladivostok beach, Russia  

 

The accelerating depletion of the world’s natural resources puts an onus on all sectors of the global economy 

to develop new and innovative solutions to reduce their use of virgin resources and move to a more circular 

economy. One method of reducing the use of natural resources is by simply consuming less material in total. 

However, global population increase, and a projection that the built floor area will be doubled by 2040 (UN 

Environment, 2017), conflicts means other solutions are also needed.  Another method is to replace the use 

of virgin material with waste material, incorporating secondary and tertiary recycling processes where 

required.  

Ireland’s climate action plan now includes an entire section on circular economy with a specific action calling 

for the reduced demand of virgin materials (Department of the Environment, Climate and Communications, 

2022). Although the focus of this work is on Ireland, it has a more general applicability, with many nations 

around the world setting targets to reduce the use of virgin materials and embrace a more circular economy. 

 

1.1 The environmental case for the use of glass in concrete 

Concrete is the largest consumer of natural resources and second most consumed substance on the planet 

after water, and as a consequence is receiving intensifying scrutiny in relation to its environmental impact. 

Its success as a construction product is its own worst enemy. The sheer volume of concrete produced means 

that its impact is inevitably going to be significant, but the argument that concrete in isolation is 

unsustainable is far too simplistic. Its success is not by chance, but rather is due to its unparalleled durability, 

resilience and resource availability, as well as the fact that it can be manufactured from low-cost raw 

materials using simple equipment. However, in order for concrete to enhance its environmental credentials 



it’s incumbent upon the stakeholders to examine and explore all innovative contributions. The intensifying 

need to reduce our use of natural resources coupled with the compelling academic evidence highlighting 

ground glass as an alternative pozzolanic addition suggests market adoption should be well in progress. 

“Type II” additions are defined in EN206 Concrete specification, performance, production, and conformity as 

“Pozzolanic or Latent Hydraulic”, but currently Irish codes restrict the use of Type II additions to Ground 

Granulated Blastfurnace Slag (GGBS) and Fly Ash. As Fly Ash is not readily available in Ireland, GGBS is the 

only “de facto” approved Type II Addition. These Type II additions can be added at the production stage and 

therefore offer the concrete producer greater flexibility from a material optimisation perspective. 

It had previously been anticipated that approved Supplementary Cementitious Materials [SCMs] would  be 

subject to supply constraints in the future (John et al., 2018; Scrivener et al., 2018). The predicted shortage 

is now evident and adds to the scale of the challenge required to reduce the embodied carbon in nations 

with predicted population growth. Ireland is one example of a country which is both 1. expecting an increase 

in population, and the subsequent need for  more housing and infrastructure, and 2. Requiring a reduction 

in the embodied carbon of construction. Amongst other efforts, technical and low carbon material solutions 

are required if both objectives are to be achieved (O’Hegarty and Kinnane, 2023, 2022). 

 

Figure 1. Projected emissions associated with the Irish built environment when building and infrastructural 

development is accounted for in accordance with the National Development Plan. Extracted from 

O’Hegarty et al. (2022) 

 

When the current estimated consumption of cement is matched with the estimated availability of GGBS the 

potential replacement rate is of the order of 18%. At this rate the concrete sector will be hampered in 

achieving the required reduction in emission targets by the limited selection of type II additions currently 

allowed in IS EN 206. 

The objective of this research is that Recycled Contained Glass Powder (RCGP) + GGBS combinations be 

considered for inclusion as an approved Type II addition to EN 206, subject to meeting the compliance 

requirements set out in I.S. EN 15167 Ground granulated blast furnace slag for use in concrete, mortar and 

grout - Part 1: Definitions, specifications and conformity and evaluated as per the requirements set out in I.S. 

EN 15167-2 Ground granulated blast furnace slag for use in concrete, mortar and grout. Conformity 

evaluation. 



In the case of processed recycled glass, better known as glass cullet, several solutions already exist. A 

literature review of 700 papers on glass cullet (Dhir et al., 2018) reported  on the production characteristics 

and use of glass cullet in construction.  After analysing 165 soda lime glass samples, the consistency of the 

main oxides in glass cullet were reported as follows: 

          Mean     SD               Current Source 

SiO2  71%        2.9%                    72% 

CaO    9.8 %      2.4 %                  10.7%  

Na2O  13%        2.6%                    0.21% 

One specific construction application is the incorporation of glass cullet in powder form as a pozzolanic 

addition in concrete (Jiang et al., 2019). Suraneni et al. (2019) investigated the reactivity of commonly used 

SCMs including GGBS, Fly Ash (FA) and Silica Fume (SF) as well as alternative SCMs including ground glass 

and demonstrates that ground glass behaves as a pozzolanic material, (see Figure 2). Furthermore, this 

view is also supported by Dhir et al., (2018) in their review of over 100 papers addressing the utilization of 

glass powder in concrete concluding it to be a promising SCM.   

 

Figure 2. Heat release vs calcium hydroxide consumption plot from (Suraneni et al., 2019) highlighting the 

location of ground glass – denoted as GG. 

 

Field trials of the use of glass powder in concrete field trials is limited. However, there are some studies 

including the testing of field slabs in Australia (Shayan and Xu, 2006), the testing of slabs, sidewalks and 

Walls in Canada (Omran and Tagnit-Hamou, 2016) and sidewalks and parking in the UAE (Nassar et al., 

2021). 

1.2 Defining Recycled Container Glass Powder  

The literature pertaining to recycled glass is extensive. This study is concerned only with the use of coloured 

container glass cullet which complies with Grade C/D glass cullet as specified in BSI PAS 101 (2003).  

This glass cullet is then reduced to powder form by grinding to less than 75 µm (see particle size distribution 

on Figure 12) and this definition Recycled Container Glass Powder (RCGP) is subsequently used throughout 

this work. Glass can be recycled either in a closed loop, where it gets re-processed into forming glass or in an 

open loop (Figure 3) where it is used to manufacture a product other than glass (Dhir et al., 2018). The open 

loop approach is appropriate to this study and presented in detail in Figure 5. 



 

Figure 3. Open loop recycling approach, adapted from (Dhir et al., 2018) 

 

1.3 Methodology for inclusion of RCGP in concrete  

An expansion of the list of Type II additions is required to enable the large-scale market adoption of other 

materials. The Irish National Annex to EN 206 states that Type II additions, when combined in the concrete 

mixer, count towards water/cement ratio in concrete and includes GGBS conforming to I.S. EN 15167-1 

(2006).  

 

 

Figure 4. Flow chart illustrating proposed process of RCGP and GGBS combinations 

 



EN 15167-1 defines ground granulated blastfurnace slag as: “fine powder made by grinding granulated 

blastfurnace slag” and “granulated blastfurnace slag” as “vitrified material made by rapid cooling of a slag 

melt of suitable composition, obtained by smelting iron ore in a blastfurnace, consisting of at least two thirds 

by mass of glassy slag and possessing hydraulic properties when suitably activated”. 

Like GGBS, RCGP is a vitrified industrial by-product sourced from furnace firing but no harmonized standard 

for RCGP or GGBS-RCGP combinations exist. A paucity of newly formed harmonized standards exists and this 

situation is likely to persist given the current moratorium in The European Committee for Standardization 

(CEN) on developing newly harmonized standards, catalysed by an Irish case study (Medzmariashvili, 2017). 

 

1.4 Examination of the hydration of blended GGBS RCGP blends 

An independent examination was undertaken by Professor Mark Tyrer into the hydration characteristics of 

GGBS to ISEN15167 and GGBS-RCGP which is reported on in Tyrer and Newell, (2025). The same sources of 

Cement, GGBS and RCGP were used in that modelling analysis and the analysis undertaken in this current 

report. The modelling work concludes that there is no significant difference in the hydration process between 

GGBS and the GGBS-RCGP blends examined. Therefore, for specification purposes the conformity criteria 

contained in IS EN 15167 Part 1 and Part 2 are appropriate to be utilized for the blends examined. 

 

1.5 Proposed methodology for adoption of RCGP 

As a result of the slow process of developing harmonized standards and the accelerating requirement for 

alternative solutions, the proposal is in this work is for an amendment to the Irish Annex of EN 206 to 

accommodate GGBS-RCGP combinations as a Type II addition. This paper argues that this is a viable route 

and made possible as EN 206 is a non-harmonised standard, and amendments can be made at a national 

level. Given the similar nature of RCGP and GGBS, the technical requirements for the GGBS-RCGP 

combinations are those defined in EN 15167-1. This work argues that if the requirements of EN 15167-1 are 

met, the GGBS-RCGP should be viable.   

Should the GGBS-RCGP combinations examined be demonstrated to comply with the technical requirements 

of EN 15167-1, conformity of the combinations could be assured by applying compliance requirements 

contained in EN15167-2 Ground granulated blast furnace slag for use in concrete, mortar and grout. 

Conformity evaluation. This in turn can facilitate an appropriate amendment to EN 206 for approval of 

combinations of GGBS-RCGP as a Type II addition.  

2 Methodology  

A two-pronged (chemical and physical) test suite is presented in this research to ascertain what percentage 

of RCGP can be used as a GGBS replacement while still conforming to I.S. EN 15167-1. The criteria for GGBS, 

which are proposed here for GGBS-RCGP combinations are outlined in Table 1. 

A picture of the recycled container glass cullet and recycled container glass powder are presented in Figure 

5. All standards used in the testing programme are listed in Appendix I. 

 



 

Figure 5. Recycled glass cullet (left) and Recycled Container Glass Powder (right) 

 

1.6 Chemical tests 

The chemical tests are conducted on GGBS, RCGP and two combinations: a 90-10 and 80-20 ratio of GGBS-

RCGP.  

The chemical composition of cement is determined by conducting an X-ray Fluorescence (XRF) analysis on 

GGBS, RCGP and the two blends (The XRF results for glass and GGBS samples are presented in Figure 6). The 

criteria are presented in Table 1 and Figure 7. 

 

  

Figure 6. XRF results for glass and GGBS 

Glass Test Result



Table 1. Chemical and physical criteria requirements for GGBS-RCGP combinations 

 

 

Figure 7. Other criteria listed in EN 15167-1 

 

1.7 Physical tests 

The physical tests are conducted on mortar bars following I.S. EN 196-1 (2016). The cement and combinations 

of the five mixtures are presented in  

Table 2 and an image of the samples being prepared are displayed in Figure 8. 

Table 2. Cement combinations of mortars used for physical testing 

Glass replacement Cement % GGBS% RCGP% 

M-Ref 100 0 0 

M-0 50 50 0 

M-10 50 45 5 

M-15 50 42.5 7.5 

M-20 50 40 10 



 

 

Figure 8. Preparation of ingredients before mixing (left) and cast samples of mortar bars (right) 

 

The activity index is obtained from the compressive strength results of the mortar tests and is defined in 

Section 5.3.2.3 of EN 15167-1 as: “the ratio (in percent) of the compressive strength of the combination (by 

mass) of 50 % of ground granulated blastfurnace slag with 50 % of test cement, to the compressive strength 

of the test cement on its own”, noting that the compressive strength “shall be determined in accordance 

with EN 196-1 and the water: combination ratio and the water: cement ratio shall both be 0,50.”. and, 

furthermore, that “The activity index gives no direct information on the strength contribution of ground 

granulated blastfurnace slag in concrete, nor is the use of the ground granulated blastfurnace slag limited to 

the mixing ratio used in the activity index test.” 

3 Results  

 

The results from the chemical and physical tests are presented in this section.  

3.1. Chemical tests 

The precise chemical composition of GGBS, RCGP and the two combinations (10% and 20%) are presented in 

Table 3 and illustrated in 

Figure 9, along with the limiting criteria set out in EN 15167-1 for GGBS. Although research has shown 

promising results using glass powder at dosages >20%, initial chemical analysis shows that a 20% GGBS 

replacement was a likely upper boundary condition for the proposed test methodology. While all criteria are 

met for both blends, the 20% RCGP replacement blend only passes Criteria 3 (C3.) by 0.004%, so an additional 

combination with 15% RCGP is considered for the physical test phase.  

Table 3. Chemical composition and limiting criteria for EN 15167-1 

Chemical CaO MgO SiO2 Al2O3 Fe2O3 TiO LOI 
(CaO + 

MgO)/(SiO2) 

(CaO + MgO 

+ SiO2) 

GGBS 41.8 7.9 34.4 11.2 0.5 0.9 1.1 1.4 84.1 

RCGP 10.7 1.2 72.2 1.8 0.4 0.1 0.9 0.2 84.2 

90% GGBS + 

10% RCGP 
38.7 7.2 38.2 10.3 0.4 0.8 1.1 1.2 84.1 

80% GGBS + 

20% RCGP 
35.6 6.6 42.0 9.3 0.4 0.7 1.1 1.0 84.1 

Table 1 of 
EN 15167-1 

  < 18%         < 3% > 1.0 >66% 

Criteria #  C 1.     C 2. C 3. C 4. 



The Loss on ignition (LOI) of the individual samples is higher than typical but is still well below the limits. It is 

expected that this will be reduced further at production and upon further blending mixing. This work is 

focused on a practical solution and 15% is deemed a more conservative combination.   

The chemical composition of the GGBS-RCGP combinations is presented in ternary diagram form in Figure 

10, illustrating how both combinations are well within the chemical boundaries of standard GGBS. 

Additionally, the proposed GGBS-RCGP combination fall within the domain of current CE-marked GGBS on 

the market. 

 

 

Figure 9. Chemical criteria for GGBS, RCGP, combinations and associated limitations. 

 



 

Figure 10. Ternary diagram of the compositional distribution of a selection of blast furnace slags taken from 

Snellings et al. (2012), the GGBS used in this current research and the GGBS-RCGP blend. 

 

3.2. Physical tests 

The results from the physical testing of mortar bars and particle size distribution are presented in this section 

using both a reference cement (CEM I/42.5N) and additionally a popular commercially available cement (CEM 

II/42.5N). The results presented in Table 4 and Figure 11 show that each of the tested combinations pass the 

criteria specified in EN 15167. As CEM II A-LL is the predominant cement currently used in the production of 

concrete in Ireland an additional set of tests was conducted using CEM II A-LL. The results are presented in 

Table 5 which shows that all criteria are again met.   

Strength development 

Although no criteria are set in EN 15167 at 56 days, additional testing was conducted to investigate the 

strength development beyond 28 days (see Table 4 and  

 

 

Table 5). All GGBS-RCGP combinations continued to increase in strength beyond 28 days and all are greater 

than 28-day strength of the benchmark 100% cement mix.  

Table 4. Summary of physical test results of three different combinations of GGBS-RCGP using reference 

               cement (CEM I/ 42.5N) 

Composition 7 day 28 day  
56-day strength 

development 

Ref 

Cement 

% 

GGBS% RCGP% 
Strength 

(MPa) 

Activity 

Index  

Strength 

(MPa) 

Activity 

Index 

Not < 

70% 

Initial 

Setting 

Time 

Strength 

(MPa) 

56 day vs 28 

day of 100% 

cement 

100 0 0 43.0   58.8   190 59.1 101% 

50 50 0 33.3 77% 59.3 101% 220 64.1 109% 

50 45 5 31.2 73% 54.1 92% 230 63.0 107% 

50 42.5 7.5 29.5 69% 51.1 87% 230 61.5 105% 

50 40 10 27.3 64% 49.9 85% 230 60.9 104% 



EN 
15167-
1 limit 

   > 45%  >70% 
< 380 

reference 
  

Clause    5.3.2.3  5.3.2.3 5.3.2.2   

Criteria 
# 

   P1.  P2. P3.   

 

Figure 11. Physical criteria and associated results for mortar mixes M-0 (0% RCGP by weight of GGBS) to 

M-20 (20% RCGP by weight of GGBS). 

 

 

Table 5. Summary of physical test results of three different combinations of GGB/RCGPS using  

               CEM II/A-LL 42.5 N 

Composition 7 day 28 day  
56 day strength 

development 

CEM II % GGBS% RCGP% 
Strength 

(MPa) 

Activity 

Index 

28 day 

strength 

Activity 

Index 

Not < 

70% 

Initial 

Setting 

Time 

Strength 

(MPa) 

56 day vs 

28 day of 

100% 

cement 

100 0 0 42.7  53  170 57.8 109% 

50 50 0 31.2 73% 53.8 102% 230 60.2 114% 

50 45 5 32 75% 53.6 101% 230 59.1 112% 

50 40 10 29.3 69% 47.2 89% 230 54.2 102% 

EN 15167-1 

limit 
   > 45%  >70% < 380 ref.   

Clause    5.3.2.3  5.3.2.3 5.3.2.2   

Criteria #    P1.  P2. P3.   

 

Particle size 

It is well accepted that the reactivity of a cement or SCM increases with increased fineness.  This conclusion 

holds also for glass powder (Dhir et al., 2018). Consequently, to eliminate fineness as a variable, the RCGP 



and GGBS used in this study were ground to a similar PSD. 100% <75 µm was set as the boundary for this 

study. The Particle Size Distribution (PSD) of each is presented in Figure 12. 

 

Figure 12. Particle Size Distribution of GGBS and RCGP 

 

 

3.3. Concrete Trials 

The challenge for stakeholders in the concrete industry is to produce a product that fulfills the [(often 

conflicting]) specification requirements e.g.  strength, durability, consistency and, now lower embodied 

carbon. In addition to the primary results of this study, presented in the previous section, concrete made 

from six Irish aggregate sources was used to assess the GGBS-RCGP combinations.  

The exercise is not intended for direct comparison purposes due to the many variables arising from the 

variety of material sources e.g. Cements, Aggregate types, Admixtures and dosage rates and workability. The 

objective of the study was to give general direction and investigate whether there were any unforeseen 

consequences associated with the inclusion of RCGP in a range of concrete mixes, using the compressive 

strength as the metric for comparison. 

The concrete mixes ranged from C20/25 to C40/50 and included a variety of different aggregates, admixtures 

and water/binder ratios ranging from 0.4 to 0.59. The results therefore capture a range of concretes used in 

the Irish concrete industry. The results show minor reductions in the strength upon addition of RCGP as part 

of the combinations. Further research is required to verify the extent of this reduction upon optimisation of 

the particle size distribution of the GGBS-RCGP combinations. It is important to note that any reduction in 

performance (strength, consistency, etc.) should not be made up for by increasing the overall volume of the 

blend. For the solution to be effective a net reduction in GGBS and cement per unit of performance is 

required.  
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Figure 13. Concrete trials. Note all mixes are different. The objective was to assess the impact with 

different % of glass. 

 

4 Durability considerations  

This study is focused on investigating the use of GGBS-RCGP combinations as a cement replacement. It is 

not a complete review of all performance criteria but instead focuses on those that might be required for 

compliance. Despite this focus, some durability matters are discussed here.  
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4.1 Alkali Silica Reaction 

The consensus in the academic literature is that glass in powder form enhances ASR resistance, whereas in 

the form of aggregates the risk of ASR is increased. This study is only interested in glass in powder form. 

Several studies have shown that the use of glass powder with a particle size of < 600 microns in concrete 

exhibits no negative impact on the concrete’s susceptibility to ASR (Siddika et al., 2021a, 2021b) while Idir et 

al. (2010) conclude that glass particle sizes < 1000 microns do not exhibit swelling from ASR. Ke et al. (2018) 

concluded that the pozzolanic behaviour of glass powder particle less than < 300 microns can in fact enhance 

concrete’s resistance to ASR. A long-term field trial of using powdered waste glass in concrete from 

researchers in the UAE concluded that, after three years of use, and exposure to harsh conditions, no signs 

of degradation were observed and that the compressive strength was in fact enhanced (Nassar et al., 2021). 

To eliminate the possibility of ASR, a conservative approach is adopted in this study where a maximum 

particle size of < 75 microns has been used (Figure 12). 

4.2 Carbonation 

Carbonation is another durability criteria of concern for this type of concrete mixture. A separate study 

conducted by Imperial College London tested several combinations of the combination presented here. This 

carbonation testing work is reported on in a recent study by Tyrer and Newell (2025) who concluded that the 

trialled GGBS-RCGP and CEM II-AL blends performed similarly to conventional GGBS and CEM II-AL blended 

cements.  

 

5 DISCUSSION  

With the UN predicting a considerable increase in the global built floor area by mid-century, the volume of 

construction material consumption is likely to continue to grow. Even in best-case scenarios where the use 

of existing buildings are maximised and the circular economy is fully embraced, the scale of the demand for 

infrastructure and housing in many parts of the world will require a considerable volume of material. Much 

of this material will be concrete. At the same time, an increasingly robust body of scientific literature is 

highlighting the need to reduce emissions across all sectors. Several decarbonisation levers are available to 

the concrete industry, including potentially cost negative solutions like enhanced structural design as well as 

highly costly solutions like carbon capture storage and utilisation. The solution focused on here is cement 

replacement, arguably the most effective decarbonisation solution to date in the concrete industry. 

However, this solution has been heavily reliant on a small selection of bi-products (slag from iron production 

and fly ash from coal burning) and inert (marginally reactive) material (e.g. limestone powder). As demand 

for concrete increases (or even continues) and supplies of these materials deplete, the need for both more 

abundant replacement materials (e.g. Calcined clay) but also a greater variety of options becomes 

increasingly important.  

The local case put forth in this paper is for the allowance of recycled container glass powder into Irish 

concrete as a part replacement of an already approved SCM. Ireland is an interesting case study of a 

developed country with an expected increase in population, an increasingly challenging housing crisis and 

stringent national carbon reduction measures. This mix of challenges necessitates a more agile approach to 

innovation. A necessity which can be mirrored at a global scale. While the adoption of RCGP won’t do enough 

to meet all of Ireland’s ambition alone, it offers a potential first-step for the Irish standards bodies to prepare 

themselves for what is likely going to be a disruptive few decades, if of course, climate targets are to be met.  

The results presented in this work show that there are potentially more creative fast-track routes to enabling 

the integration of low-carbon materials into the Irish market while still ensuring acceptable performance.  

 



6 CONCLUSIONS 

The results from the presented test suite show that up to 20% RCGP can be added to GGBS while meeting all 

chemical and physical criteria set out in existing standards for GGBS. At an operational level the replacement 

rate is likely to be less than 20% to comply with the requirements of IS EN 15167-2. These results are 

significant in that they show compliance to an existing norm and therefore a potential faster route to market. 

Further testing and optimisation of the blend will of course be necessary to ensure performance at a concrete 

level. While this work was not focused on the concrete scale it is important that whatever materials are 

adopted do not come with any performance penalties so significant that they would necessitate the inclusion 

of more material overall.             

                                                                                                                

This work is innovative in the mechanism for inclusion as a GGBS combination, but some learnings can be 

accrued from studies on ground glass powder specifically. In a review of several hundred studies, for example,  

Dhir et al. (2018) concluded that the use of ground glass cullet in concrete can enhance the durability of 

concrete in the same ways as other pozzolanic materials do.  

 

Ultimately the addition of recycled container glass powder (RCGP) into concrete has the potential to reduce 

the embodied carbon of concrete mixtures, reduce the quantity of material ending up in landfill and enhance 

the resource depletion of supplementary cementitious materials. Combinations of RCGP with GGBS is 

presented as a potential methodology to facilitate the immediate incorporation of RCGP into concrete. The 

GGBS-RCGP combinations examined in this work lie within the range of GGBS sources commercially available. 
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