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ABSTRACT

I.S. EN 206:2013+A2:2021 Concrete specification, performance, production and conformity defines ‘additions’
as finely divided inorganic materials used in concrete to improve certain properties or to achieve special
properties. Type Il additions are ‘pozzolanic’ or ‘latent hydraulic’. Ground granulated blast furnace slag
(GGBS) and recycled container glass powder (RCGP) fall within this classification. The GGBS component
conformsto I.S. EN 15167-1:2006+A1:2015, supporting compliance of the proposed blended system with the
requirements of EN 206 for Type Il additions. Recent work has highlighted the influence of glass and slag
additions on the hydration kinetics and long-term performance of blended cement systems (Tyrer et al.,
2025), while the combined use of recycled container glass powder and GGBS as cement additions has also
been examined in recent industry-focused studies (O’Hegarty et al., 2025). This study compares three C28/35
concrete mixes produced with identical aggregate grading, total binder content (310 kg/m?3), admixture
dosage (2.23 kg/m3), and water-to-binder ratio (w/b =0.619): (i) a CEM II/A-L reference concrete, (ii) a ternary
binder system comprising clinker, limestone and GGBS (30%), and (iii) a quaternary binder system comprising
clinker, limestone, GGBS and a low dosage of RCGP (14 kg/m3, =4.5% of total binder). Workability was
assessed via slump retention up to 120 minutes, and compressive strength was monitored from 1 to 112
days. The results demonstrate that GGBS and RCGP function effectively as Type Il additions, enabling
enhanced later-age strength development and improved rheological stability without adverse effects on
fresh concrete performance. The findings support the feasibility of quaternary blended systems as practical
lower-carbon alternatives for structural concrete.

Keywords: Additions, Blended cements, Compressive strength, GGBS, Glass powder, Low-carbon concrete,
Quaternary blends, Recycling, Slag, Slump retention.

1 Research & Innovation Lead — Concrete Technology, Kilsaran, Ireland
2 Ecocem Ireland
3 Associate Director — Concrete Products & Aggregates, Kilsaran, Ireland

*Corresponding author: Safeer.Gaffar@Kilsaran.ie

Copyright rests with the author.



1 Introduction

Decarbonising structural concrete requires reductions in clinker factor and the deployment of alternative
binder constituents that deliver reliable fresh and hardened performance in practical production.
Portland-limestone cements (CEM II/A-L) are increasingly used in Ireland and across Europe due to their
reduced clinker content relative to CEM I. Further reductions in environmental impact are typically achieved
through the use of additions as defined in I.S. EN 206.

I.S. EN 206 classifies additions as finely divided inorganic materials used in concrete to improve certain
properties or to achieve special properties. Type Il additions are pozzolanic or latent hydraulic and contribute
to strength development and durability through chemical reaction with hydration products. Ground
granulated blast furnace slag (GGBS) is a well-established Type Il addition used to enhance later-age strength
and durability. However, the long-term availability of traditional industrial by-product additions is
increasingly constrained, motivating interest in alternative sources aligned with circular-economy principles.

Finely ground recycled container glass powder (RCGP) is predominantly amorphous silica and exhibits
pozzolanic behaviour. Research indicates that, when used as a Type |l addition rather than as aggregate,
finely ground RCGP can contribute to secondary C=S—H formation, later-age strength gain, and when ground
below 75um mitigation of deleterious alkali-silica reaction. Despite this, practical implementation of RCGP in
structural concrete remains limited, with concerns relating to early-age strength, rheology, and durability
performance.

Quaternary blended binder systems, incorporating clinker, limestone, GGBS and RCGP, provide a pathway to
balance early-age performance with enhanced later-age strength and durability while reducing clinker
content. However, there remains a lack of controlled, concrete-scale experimental data examining the
combined use of GGBS and low dosages of RCGP under practical mix design conditions and extended curing
periods.

This paper presents a controlled experimental study of three C28/35 concrete mixes produced in Ireland: a
CEM II/A-L reference concrete, a ternary blend containing 30% GGBS (CEM II/A-L (70%) + GGBS (30%)), and
a quaternary blend in which a low dosage of RCGP partially replaces GGBS at constant total binder content
and water-to-binder ratio. The objectives are to (i) assess the influence of RCGP on workability retention, (ii)
evaluate early- and later-age compressive strength development, and (iii) examine the suitability of
quaternary Type Il addition systems for practical low-carbon structural concrete. Therefore, the main
objective of this paper is to evaluate the effect of SAPs in relation to different supplementary cementitious
materials (SCMs). The study was conducted through a systematic literature review, based on research articles
published in the last 15 years. The main properties analysed were shrinkage, porosity, and mechanical
strength.

2 Materials and Methods

2.1 Constituents

Cementitious constituents comprised CEM II/A-L cement, ground granulated blast furnace slag (GGBS), and
recycled container glass powder (RCGP). Coarse aggregates consisted of crushed rock with nominal maximum
sizes of 20 mm and 10 mm, while washed natural sand was used as fine aggregate. A commercially available
mid-range water-reducing admixture based on blended modified lignosulphonates conforming to I.S. EN 934-
2 was used to achieve the target workability (dosed at 2.23 kg/m3 for all the mixes). Potable water was used
throughout. The experimental programmme was designed to isolate the influence of binder composition by
maintaining constant aggregate grading, total binder content, water-to-binder ratio and admixture dosage.

The particle size distributions (PSDs) of the cementitious binders are shown in Figures 1-3.
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Figure 1: Particle size distribution of CEM II/A-L cement determined by laser diffraction
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Figure 2: Particle size distribution of ground granulated blast furnace slag determined by laser diffraction
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Figure 3: Particle size distribution of recycled container glass powder determined by laser diffraction



2.2 Mix Design

Three concrete mixes targeting strength class C28/35 were produced. Total binder content was fixed at 310
kg/m?3 and the water-to-binder ratio was maintained at 0.619 (mixing water 192 kg/m?3). The water-to-binder
ratio (w/b = 0.619) was selected to reflect practical ready-mixed concrete conditions and to achieve slump
class S3 with extended workability retention. Initial slumps of 170 mm, 190 mm and 170 mm were recorded
for Mix 1, Mix 2 and Mix 3 respectively. The selected mixing water content (192 kg/m3) is consistent with
established DOE/BRE-based mix design guidance for achieving high workability with 20 mm crushed
aggregate and was retained across all mixes to ensure comparable rheology and to isolate the influence of
the Type Il additions when using a mid-range water-reducing admixture.

The reference mix contained CEM II/A-L only. The ternary mix incorporated 30% GGBS by mass of binder +
70% CEM II/A-L. The quaternary mix incorporated RCGP at 14 kg/m3 (=4.5% of total binder), with a
corresponding reduction in GGBS content to maintain constant total binder mass (70% CEM II/A-L kept
constant).

Table 1: Concrete mix proportions (kg/m?3)

CEM Coarse Fine Admixture
Mix Ref. B RCGP w
X Re I/A-L GGBS G Aggregate | Aggregate ater (kg/m?3) w/b
Mix 1 310 0 0 974 914 192 2.23 0.619
(Reference)
Mix 3 217 79 14 974 914 192 2.23 0.619

The relatively low coarse-to-fine aggregate ratio reflects a deliberately sand-rich grading adopted to enhance
cohesion and workability retention. The mix design is representative of general structural ready-mixed
concrete intended for pumpable applications, where stable rheology, resistance to segregation and
consistent placement characteristics are required.

2.3 Fresh concrete testing

Consistence was assessed using the slump test in accordance with EN 12350-2. Slump measurements were
recorded immediately after mixing and at 30, 60, 90 and 120 minutes to evaluate workability retention under
extended open-time conditions.

2.4 Hardened concrete testing

Compressive strength was determined in accordance with EN 12390-3 at ages 1, 2, 3, 7, 14, 21, 28, 56, 84
and 112 days. Concrete specimens (100 mm x 100 mm) were cast and stored in their moulds for
approximately 24 h at a temperature of 20 £ 5 °C, protected against moisture loss in accordance with I.S. EN
12390-2. After demoulding, the specimens were cured in water at 20 £ 2 °C until the time of testing.



3. Results

3.1 Slump retention

The ternary GGBS mix exhibited the highest initial slump (190 mm), reflecting the favourable rheological
characteristics of slag. The reference and quaternary mixes both recorded initial slump values of 170 mm.
Over 120 minutes, the reference mix exhibited the greatest slump loss (-70 mm), whereas the quaternary
mix showed improved retention (-50 mm), maintaining 120 mm at 120 minutes. These results indicate that
low-level incorporation of RCGP does not adversely affect workability and may contribute to rheological
stability through a filler and particle-packing effect.

Papers were collected from the following online scientific databases: Web of Science, Scopus, and Scielo.
These were selected based on the wide range of international papers compilation in the area of Engineering.
Within these databases, searches were primarily conducted using information found in titles, abstracts, and
keywords, based on selected key search terms and their synonymous (as defined in Table 2). The study was
focused on pozzolanic and slag-based SCMs, always in combination with SAP.

Table 2: Slump retention (mm)

Mix Ref. 0 min 30 min 60 min 90 min 120 min
Mix 1 170 150 130 120 100
Mix 2 190 160 150 140 120
Mix 3 170 160 150 140 120
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Figure 4: Slump retention over 120 minutes




3.2 Compressive Strength Development

Early-age compressive strengths were highest for the reference mix due to its higher clinker content. Both
mixes containing Type |l additions exhibited reduced early-age strength, consistent with slower reaction
kinetics. At 28 days, the ternary GGBS mix matched the reference strength (46.6 MPa versus 46.2 MPa).
Beyond 28 days, both the ternary and quaternary mixes exhibited substantial strength gains, reaching 58.5
MPa and 53.8 MPa respectively at 112 days, compared with 47.8 MPa for reference. FprEN 1992-1-1:2024
Annex B [B4] recognizes the potential post-28-day strength gains and provides a methodology for the
assessment of these gains.

Table 3: Compressive strength (MPa)

Mix /
Age 1 2 3 7 14 21 28 56 84 112
(days)

Mix1 | 11.47 | 26.17 | 31.94 | 40.83 | 41.98 | 46.13 | 46.21 | 48.99 | 47.62 | 47.78

Mix2 | 5.78 1456 | 20.75 | 31.44 | 38.24 | 42.37 | 46.59 | 52.83 | 57.8 58.45

Mix3 | 6.01 | 14.82 | 19.43 | 28.79 | 35.74 | 41.3 | 43.04 | 48.42 | 52.38 | 53.78
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Figure 5: Compressive strength development
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Figure 6: Strength ratio relative to the control mix (Mix 1)

4, Discussion

The results demonstrate the distinct and complementary roles of GGBS and RCGP as Type Il additions.
Increased later-age strength in both ternary and quaternary mixes is attributed to continued formation of
calcium-silicate-hydrate (C—S—H) gel from latent hydraulic and pozzolanic reactions. The quaternary mix
achieved later-age strengths exceeding the reference by approximately 13% while maintaining superior
slump retention.

Type Il additions increase the formation of calcium-silicate-hydrate (C—S—H) gel within the cementitious
matrix, which reduces permeability and the associated risks of environmental deterioration from chloride
ingress and sulfate attack. The mitigation of alkali-silica reaction through the use of finely ground recycled
glass powder has been reported in the literature (Aliabdo et al., 2016). In particular, Ke et al. (2018)
demonstrated that waste glass powder with particle sizes below 300 um, and especially below 75 um, can
significantly reduce ASR expansion due to its pozzolanic behaviour and the associated consumption of
calcium hydroxide. In addition to ASR mitigation, previous studies on blended binder systems incorporating
low dosages of recycled glass powder have indicated that carbonation performance can remain compatible
with the durability requirements of I.S. EN 206 when appropriate binder compositions are adopted (Yio and
Wong, Imperial College London). In the present study, the recycled container glass powder (RCGP) was
ground to a particle size of less than 75 um and incorporated at a low dosage (approximately 4.5% of total
binder), which is consistent with ranges reported in the literature to provide durability benefits without
adverse effects on concrete performance.

The draft Standard prEN 206-1:2024 for which public consultation has been completed, introduces mitigation
classes regarding CO2 emissions. The classification of concrete based on Global Warming Potential (GWP)
defining nine classes related to embodied CO, emissions. Global Warming Potential (GWP) is used to compare
the relative global warming impacts of different greenhouse gases. It represents a measure of the amount of
energy absorbed by the emission of a given mass of a gas over a specified time period relative to the same
mass of carbon dioxide (CO,). A higher GWP indicates a greater warming effect compared to CO, over the
defined time horizon, which is conventionally taken as 100 years. The use of GWP provides a common unit



of comparison that allows emissions of different gases to be aggregated and facilitates the comparison of
emission reduction strategies across materials and processes (EPA Ireland, 2025). The GWP of an assessed
concrete and a reference concrete is determined in accordance with EN 15804 and the additional rules of EN
16757 considering the Global Warming Potential indicator for modules Al to A3. While Environmental
Product Declarations (EPDs) are not currently available for all emerging additions such as recycled container
glass powder (RCGP), the proposed framework promotes the increasing need for verified environmental data
including EPD’s to support transparent and consistent assessment of novel cementitious materials.

In addition to performance considerations, the implications of the proposed binder systems for clinker
reduction and practical decarbonisation pathways are discussed below.

The inclusion of RCGP/GGBS blend increases the availability of a viable SCM to the concrete industry by 15%
thereby increasing the opportunity for the industry to reduce the CO2 content in concrete and make a
positive contribution to the “circular economy”. This is practical, EN 206 compliant solution that can be
readily implemented within existing ready-mixed concrete supply chains. Incremental reductions in Portland
cement content achieved through the combined use of established and emerging Type Il additions offer a
pragmatic pathway to lower-carbon structural concrete without requiring changes to production
infrastructure, curing regimes or conformity assessment procedures.

5. Conclusions

® GGBS and recycled container glass powder function effectively as Type Il additions under I.S.
EN 206.

® Low-level incorporation of RCGP (=4.5% of binder) does not adversely affect workability and
improves slump retention.

® Ternary and quaternary mixes exhibit significant later-age strength gains relative to the
reference concrete.

®* The quaternary binder system achieved approximately 13% higher compressive strength than
the reference at 112 days.

e (Quaternary blended systems can be a practical pathway for the concrete industry to reduce
clinker content, support lower-carbon concrete to provide lower-carbon structures.

6. Limitations and future work

The role for novel additions in themselves will continue to provide the required reductions in carbon and
where there are long-term gains in concrete strength will provide additional reductions GWP of concrete.

The research shows, the gain in strength between 28 day and 112 days in round terms is 10 MPa suggesting
that a C28/35 at 28 days is effectively a C35/45 at 112 days and suggest that the “one size fits all” approach
on a compliance date is contributing to overdesign, unnecessary carbon.

Further work is required on the optimization of the post 28-day strength and RCGP content of the binder to
capture dormant carbon reductions and current quality assurance systems can be availed of to provide
correlations between early and post 28-day strengths.

Specific suitability for Freeze/Thaw and Chemical attack has not been included in this study.

The results from Carbonation testing of in-situ concrete would provide valuable comparison with laboratory
findings.
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