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ABSTRACT

Concrete mix designs are evaluated against multiple technical and environmental criteria, including consistency,
compressive strength, water—cement ratio, durability requirements, cement content and global warming
potential (GWP). This study focuses on two resource- and climate-related quantities: cement content and GWP
per cubic metre. Although both are relevant, they do not indicate the amount of cement or associated GWP per
unit of achieved compressive strength. The proposed indicators are therefore intended as supplementary
screening measures and do not provide evidence of compliance with durability or other technical requirements.

This study proposes and evaluates a paired strength-normalised screening approach based on two indicators:
cement intensity, CI; = C/fcme, and GWP intensity, GI; = GWPy1_s3/fcme, Where tis the specified
assessment age. The experimental assessment covered six medium-workability concrete mixtures designed for
target compressive strengths of 35, 40 and 45 MPa. At each target-strength level, one composition was
proportioned using the modified Bolomey three-equation method, an empirical procedure combining a
strength—water—cement-ratio relationship, water-demand calculation and absolute-volume balance, while the
corresponding composition was proportioned using Abrams’ law. All mixtures were prepared using CEM 1 42.5
R, rounded natural aggregates and water, without chemical admixtures or separately added supplementary
cementitious materials. Six 150 x 150 x 150 mm cube specimens were cast from each mixture and tested at 28
days; therefore, t = 28 days for the experimental dataset analysed in this study.

The environmental assessment was recalculated using a consistent scenario-based cradle-to-gate boundary
comprising constituent production (A1), transport to the concrete plant (A2) and concrete-mix production (A3).
All six mixtures achieved their target compressive strengths, but substantial differences were observed in the
amounts of cement and A1-A3 GWP associated with one MPa of measured mean strength. The largest
difference occurred at the target-strength level of 45 MPa, where the composition designed using the modified
Bolomey three-equation method exhibited approximately 80% higher cement

The indicators identify concrete compositions in which the achieved strength is associated with comparatively
high cement consumption or A1-A3 GWP. However, low CI; or GI; values do not demonstrate that a
composition is technically acceptable or durable. The indicators should therefore supplement, rather than
replace, verification of strength, workability, water-cement ratio, exposure-class requirements and durability
performance.
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1  Purpose and scope of the strength-normalised indicators

Reducing the environmental impact of concrete requires both the use of lower-GWP binders and the efficient
use of cement [1,2]. Cement content and cradle-to-gate global warming potential (GWP) are commonly
expressed per cubic metre of concrete. This provides a consistent basis for production and environmental
reporting but does not account for the compressive strength achieved. Consequently, concrete mixes intended
for the same application may differ substantially in the amount of cement used and the associated cradle-to-
gate GWP per MPa of measured 28-day compressive strength [3-7].

Strength-normalised indicators provide an additional basis for comparing concrete mixes designed to satisfy
the same functional requirements. In this study, two complementary indicators are considered jointly: cement
intensity (Cl), representing the cement content associated with one MPa of measured mean compressive
strength, and GWP intensity (Gl), representing the corresponding scenario-based A1-A3 GWP. Their combined
use distinguishes between the efficiency of cement utilisation and the environmental impact associated with
the achieved strength [8].

The environmental assessment covers the production of the concrete constituents (A1), their transport to the
concrete plant (A2) and the production of the concrete mix (A3). The same production and transport scenario
is applied to all six mixes. Consequently, differences in Gl result from differences in concrete composition and
measured mean compressive strength rather than from inconsistent system boundaries or production
assumptions.

The indicators are intended for screening comparable concrete mixes rather than demonstrating technical
compliance. A low Cl or Gl value cannot compensate for failure to achieve the target strength, specified
workability or applicable durability requirements. Comparisons should therefore be restricted to mixes
intended for the same application, assessed using a consistent A1-A3 system boundary and GWP dataset, and
satisfying the applicable requirements for compressive strength, workability, water—-cement ratio, cement
content and exposure class.

The proposed procedure combines concrete composition, measured mean 28-day compressive strength and
scenario-based cradle-to-gate GWP. It enables mixes with comparatively high cement or GWP intensity to be
identified and indicates where the composition or strength margin may require further review. The procedure
is a preliminary screening tool and does not replace an environmental product declaration, a full life-cycle
assessment or experimental verification of durability.

The original contribution of the study is the paired application of Cl and Gl to concrete mixes proportioned using
two different design methods at matched target-strength and workability levels. Technical eligibility is verified
before the strength-normalised indicators are compared, separating compliance assessment from
environmental screening.
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Figure 1: Proposed procedure for screening concrete mix designs using cement intensity (Cl) and GWP intensity
(GI). Only mixes satisfying the predefined technical eligibility criteria are included in the strength-normalised

comparison.
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2  Experimental dataset and calculation procedure

2.1. Mix-design equations

The six concrete compositions considered in this study were originally proportioned using two different
approaches: the modified Bolomey three-equation method and Abrams’ law [9].

At each target compressive-strength level, the two methods were applied using the same constituent types and
the same required consistency class. The equations are presented here to clarify the basis of the original mix-
design calculations. The constituent quantities used in the present analysis were adopted directly from the
experimental dataset reported in [1] and were not recalibrated.

In the modified Bolomey three-equation method, the water—cement ratio was determined from the following
piecewise strength relationship [10]:

1
fer = A1 (W_/C — 0.5) forw/c > 0.40 (1)
fer = A (WL/C + 0.5) forw/c < 0.40 (2)

where f.,is the target compressive strength, w/cis the water—cement ratio by mass, and A;and A,are
empirical coefficients dependent on the cement type and aggregate characteristics. For CEM | 42.5 R and
rounded natural aggregate, the values adopted in [1] were A; = 20MPa and A, = 13MPa.

The total water demand was calculated from the water requirements of the cement and the individual
aggregate fractions:

W=Cwc+ ) Myjwy; 3)

n
j=1

where Wis the total water content, Cis the cement content, w.is the water demand of the cement, M, jis the
mass of aggregate fraction j, and wy jis the corresponding water-demand coefficient. The water-demand

coefficients were selected in [1] to obtain the required medium workability, corresponding to consistency class
S3.

The constituent contents were required to satisfy the absolute-volume equation:
n

c w Mg
—+—+ —==1000 4)
Pc Pw Pa,j

j=1

where p¢, pyand p, ;jare the densities of cement, water and aggregate fraction j, respectively. The calculations
were performed for 1m3, equivalent to 1000dm3 using densities of 3.10kgdm™3for cement,
1.00 kg dm~3for water and 2.65 kg dm™~3for the natural aggregate. The aggregate term comprised the 0-2, 2—
8 and 8—-16 mm fractions. Application of Equations (1)—(4) resulted in water—cement ratios of 0.44, 0.39 and
0.33 for target compressive strengths of 35, 40 and 45 MPa, respectively.

For the corresponding compositions designed using Abrams’ law, the relationship between compressive

strength and the water—cement ratio was expressed as:
a

fer = Gz (5)

where f_ ;is the target compressive strength, w/cis the water—cement ratio by mass, and aand fare empirical
coefficients. These coefficients are not universal material constants. They depend on factors including the
cement and aggregate characteristics, specimen geometry, concrete-production procedure, curing conditions
and testing age.



In the experimental programme reported in [1], the Abrams relationship was calibrated for concrete made using
CEM | 42.5 R and rounded natural aggregate and tested using 150x150x150 mm cube specimens under the
adopted production and curing conditions. The numerical values of @and Swere not reported in [1]. They were
therefore neither reconstructed nor recalibrated in the present study. The water—cement ratios and constituent
contents obtained from the original calculations were adopted directly from the dataset in [1]. The resulting
water—cement ratios were 0.60, 0.53 and 0.46 for target compressive strengths of 35, 40 and 45 MPa,
respectively.

The presentation of Equations (1)—(5) is intended to document the basis of the two proportioning approaches.
The present study does not propose a new mix-design equation or validate the empirical coefficients over a
broader range of materials. Its purpose is to compare the cement intensity and scenario-based A1-A3 GWP
intensity of compositions designed using the two methods at matched target-strength and workability levels.

2.2. Concrete mixes and compressive-strength testing

The experimental dataset comprised six concrete mixes proportioned for target compressive strengths of 35,
40 and 45 MPa. At each target-strength level, one mix was designed using the modified Bolomey three-equation
method and the corresponding mix was designed using Abrams’ law. All mixes were produced at the same
medium-workability level, corresponding to consistency class S3. This paired experimental design allowed the
two proportioning methods to be compared at matched target-strength and workability levels.

All mixes were prepared using CEM | 42.5 R, rounded natural aggregates and water, without chemical
admixtures or separately added supplementary cementitious materials. The use of the same constituent types
provided a consistent material basis for the comparison. The resulting compositions differed in water—-cement
ratio and in the contents of cement, water and aggregate.

Six 150 x 150 x 150 mm cube specimens were cast from each mix, giving a total of 36 specimens. After
demoulding, the specimens were stored in water at 20 + 2°C until testing at 28 days. The mean 28-day
compressive strength, f.,,»g, and standard deviation were determined from the six individual test results
obtained for each mix. Compressive strength was determined in accordance with EN 12390-3.

2.3. Strength-normalised indicators

Two strength-normalised indicators were calculated for each concrete mix: cement intensity (Cl) and GWP
intensity (Gl):

Cl = [kg cement m~3 MPa™1] 6)
cm,t
GI = —GW;’A*“ [kg CO,e m™3 MPa™'] (7)
cm,t

where Cis the cement content in one cubic metre of concrete, f,, +is the measured mean compressive strength
of six cube specimens at t days, and GW P4, _ 43is the scenario-based cradle-to-gate global warming potential of
one cubic metre of concrete.

Cl expresses the mass of cement associated with one MPa of measured mean t-day compressive strength,
whereas Gl expresses the corresponding scenario-based A1-A3 GWP. The indicators are comparative screening

measures rather than compliance criteria.

2.4. Scenario-based A1-A3 assessment

The environmental assessment covered the production of the concrete constituents (A1), their transport
to the concrete plant (A2) and the production of the concrete mix (A3):

GWPAl—A3 = GWPAl + GWPAZ + GWPA3 (8)



A consistent system boundary and the same emission-factor dataset were applied to all six mixes. The declared
unit was one cubic metre of fresh concrete at the concrete-plant gate.

The A1l contribution was calculated from the cement, mixing-water and natural-aggregate contents:

GWP,; = 0.8200C + 0.0008W + 0.04594 )

where W is the mixing-water content and Ais the total content of natural aggregate, including the 0-2, 2—8 and
8-16 mm fractions. All constituent contents are expressed in kg/m3.

The A1-A3 calculations were based on a realistic reference production scenario developed from a review of
published environmental data, national emission-factor datasets, concrete-plant technical information and
operating parameters representative of medium-sized ready-mixed concrete production. The adopted values
were not intended to reproduce the operation of a specific concrete plant. They provide a technically plausible
and internally consistent basis for comparing all six concrete mixtures under identical production and transport
conditions. The scenario inputs are summarised in Table 1.

Table 1. Input data adopted for the scenario-based A1-A3 assessment

Module Input or process Adopted value Unit
CEM142.5R 0.8200 | kg COze/kg
Mixing water 0.0008 | kg CO2e/kg

Al Natural sand, 0-2 mm
Natural gravel, 2-8 mm 0.0459 | kg COze/kg
Natural gravel, 8—16 mm
Cement transport distance (S,) 200 | km

A2 Aggregate transport distance (S,) 70 | km
Road-freight emission factor 0.095 | kg CO2¢e/(t-km)
Plant electricity consumption 3.15 | kWh/m3

A3 Electricity emission factor 0.553 | kg CO2/kWh
Wheel-loader diesel consumption 0.20 | I/m3
Diesel emission factor 2.66 | kg COze/l

Note: The values represent realistic reference-scenario assumptions informed by published environmental
data, national emission-factor datasets, concrete-plant technical information and typical operating parameters.
Transport distances, plant output and equipment operation were selected to represent a plausible medium-
sized ready-mixed concrete plant. The same assumptions were applied consistently to all six concrete mixtures.
The resulting A1-A3 GWP values are intended for comparative screening and should not be interpreted as
measured plant-specific data or verified EPD results.

For module A2, CEM 142.5 R was assumed to be transported 200 km, while all three natural-aggregate fractions
were assumed to be transported 70 km to the concrete plant. The distances represent loaded one-way
journeys; an empty return trip was not allocated to the concrete. A road-freight emission factor of 0.095 kg
COe/(t-km) was applied. Because the same transport distance and emission factor were adopted for all
aggregate fractions, their combined mass was used:

A
X S, +—><SA> (10)

GWP,, = 0.095( 500

1000

Module A3 was based on a reference industrial-production scenario for a medium-sized Liebherr concrete
plant equipped with a 2.0 m3 forced-action planetary mixer with three mixing arms. The plant was assumed to
produce approximately 5,000 m® of concrete per month under summer operating conditions, without heating
the mixing water or aggregates.



Total plant electricity consumption was assumed to be 3.15 kWh/m3. This value covered concrete mixing,
constituent dosing, internal material handling and auxiliary plant operations. Diesel consumption by the wheel
loader was assumed to be 0.20 I/m3. An electricity emission factor of 0.553 kg CO,/kWh and a diesel emission
factor of 2.66 kg CO,e/| were applied. The A3 contribution was therefore:

GWP,; = 3.15(0.553) + 0.20(2.66) = 2.27 kg CO,e/m3 (11)
The same A3 contribution was assigned to all six mixes because they were assumed to be produced at the same

plant under identical operating conditions. The assessment represents a transparent comparative scenario
rather than a verified environmental product declaration or a full life-cycle assessment.

3  Results and indicator-based comparison

The Cl and Gl indicators were calculated for all six concrete mixes using the measured mean 28-day compressive
strength determined from six cube specimens. All mixes achieved their target compressive strengths and
corresponded to consistency class S3. The paired experimental design enabled direct comparison of the
compositions obtained using the two proportioning methods at the same target-strength and workability levels.
The results are presented in Table 2.

Table 2: Composition, measured mean 28-day compressive strength and strength-normalised indicators for
six concrete mixes of consistency class S3 (slump 100-150 mm) that achieved their target compressive
strengths. The compressive-strength results are presented as mean * standard deviation (n = 6). Cl-cement
intensity; Gl-scenario-based A1-A3 GWP intensity.

Target Method w/c | Cement Water Total fem,28 £SD GWP41_43 CI GI
strength (kg/m3) | (kg/m3) | aggregate (MPa) (kgCO2e/m3) (kg cement (kg COze
(MPa) (kg/m?3) -m=3MPa™) | -m=3MPa™)
Three- 0.44 451 198 1740 49.7+2.2 472.2 9.07 9.50
35 equation
Abrams 0.60 264 158 2006 39.3+2.8 329.3 6.72 8.39
Three- 0.39 579 226 1556 55.7+33 570.0 10.39 10.23
40 equation
Abrams 0.53 323 171 1921 47.0+4.1 374.3 6.88 7.97
Three- 0.33 879 290 1130 58.4+33 799.4 15.04 13.68
45 equation
Abrams 0.46 414 190 1793 49.6+4.2 444.0 8.34 8.95

Note: f.n, 25 is the measured mean 28-day compressive strength of six 150 x 150 x 150 mm cube specimens.
SD is the sample standard deviation calculated from the six individual results. GW P44 _43includes constituent
production (A1), transport to the concrete plant (A2) and concrete-mix production (A3), calculated using the
consistent scenario described in Section 2.4. Total natural aggregate includes the 0-2, 2-8 and 8—16 mm fractions.

For the six concrete mixtures of consistency class S3, cement intensity (Cl) ranged from 9.07 to 15.04 kg
cement-m~3-MPa™" for the mixtures designed using the modified Bolomey three-equation method and from
6.72 to 8.34 kg cement-m=3-MPa™" for those designed using Abrams’ law. The corresponding GWP intensity (Gl)
ranges were 9.50—-13.68 and 7.97-8.95 kg CO,e-m~3-MPa™, respectively. At each target-strength level, the
mixture designed using the modified Bolomey three-equation method exhibited higher Cl and Gl values than
the corresponding mixture designed using Abrams’ law.




The largest differences were observed for the mixtures designed for a target compressive strength of 45 MPa.
The composition designed using the modified Bolomey three-equation method had a water—cement ratio of
0.33 and contained 879 kg/m3 of cement. It achieved a measured mean 28-day compressive strength of 58.4
MPa, with a standard deviation of 3.3 MPa. The corresponding composition designed using Abrams’ law had a
water—cement ratio of 0.46 and contained 414 kg/m*® of cement. It achieved a measured mean 28-day
compressive strength of 49.6 MPa, with a standard deviation of 4.2 MPa. Both compositions therefore achieved
the target compressive strength. However, their Cl values were 15.04 and 8.34 kg cement-m~3-MPa™",
respectively, while the corresponding Gl values were 13.68 and 8.95 kg CO,e-m=3-MPa™. Consequently, the
composition designed using the modified Bolomey three-equation method achieved approximately 18% higher
measured mean compressive strength but exhibited approximately 80% higher cement intensity and 53%
higher GWP intensity.

The comparison shows that the greater margin between the target and measured mean compressive strengths
of the composition designed using the modified Bolomey three-equation method was accompanied by
substantially higher cement consumption and scenario-based A1-A3 GWP per MPa of achieved strength. This
result does not demonstrate that the composition designed using Abrams’ law would provide better overall
technical performance. The lower water—cement ratio of the composition designed using the modified Bolomey
three-equation method may influence permeability, carbonation resistance and other durability-related
properties. These properties were not determined in the present study and are not represented by Cl or Gl.

The cement content of 879 kg/m3 also requires separate technological consideration. Such a high cement
content increases the paste volume and may increase heat release during hydration and the risk of shrinkage-
related cracking. The proposed indicators should therefore be used to identify concrete compositions requiring
further technical and environmental assessment, rather than as stand-alone criteria for determining their
suitability for a particular application.
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Figure 2: Strength-normalised indicators versus measured 28-day compressive strength: a) above cement
intensity (Cl); b) below GWP intensity (Gl). Results for six medium-workability mixes that achieved their target
strength.



b) GWP intensity (Gl)
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(CI); b) GWP intensity (Gl). Results for six S3-consistency mixes that achieved their target strength.



b)

Figure 4: Representative fresh concrete mixes and 150 mm cube specimens used for the 28-day compressive-
strength test: (a) fresh mix designed using the three-equation method; (b) fresh mix designed using the Abrams
method; (c) specimens before testing; (d) specimen during testing; (e) specimen cast from the mix designed
using the three-equation method after testing; and (f) specimen cast from the mix designed using the Abrams
method after testing.

4 Interpretation, limitation and potential use

The indicators are not intended to rank concretes designed for different applications or to replace established
mix-selection and conformity procedures. They provide an additional basis for comparing compositions only
after the relevant performance and exposure-related requirements have been defined. Comparisons should
therefore be restricted to concretes intended for the same application and assessed using consistent technical
criteria, system boundaries and environmental data.

The results show that compositions designed for the same target strength and consistency class may differ
substantially in cement content, water-cement ratio and scenario-based A1-A3 GWP. In the investigated
dataset, the additional strength achieved by some compositions did not offset their substantially higher cement
and GWP intensities. Cl and Gl can therefore identify technically eligible compositions in which cement use or
the associated environmental impact is high relative to the strength achieved. They do not, however, determine
which composition is technically optimal, because properties such as durability, early-age performance,
constructability and production reliability are not represented by these indicators.

Although the experimental comparison was based on compressive strength measured at 28 days, the approach
is not restricted to this assessment age. The indicators defined in Equations (6) and (7) may also be calculated
using the measured mean compressive strength at another specified age, such as 56 or 90 days. Within the EN
206 framework, the assessment age should be defined at the specification stage and applied consistently to
strength testing, indicator calculation and conformity assessment. For the experimental dataset examined in
this study, the assessment age was 28 days.

A later assessment age may be particularly relevant to concretes made with lower-clinker cements. Cements
containing blast-furnace slag, fly ash, natural or calcined pozzolans, limestone, or combinations of these
constituents may develop strength more slowly than CEM | while providing lower cradle-to-gate GWP.
Assessment at 28 days alone may therefore undervalue compositions whose technical and environmental
benefits become more evident at 56 or 90 days. Nevertheless, the selected assessment age must be compatible



with the construction schedule, formwork removal, prestress transfer, loading sequence and other project-
specific requirements.

For concrete producers, a high Cl value may prompt a review of cement content, water demand, aggregate
grading, paste volume and the margin between specified and measured strength. A high Gl value may
additionally prompt examination of the cement emission factor, constituent transport and concrete-production
impacts. Possible responses include optimising aggregate grading, using an appropriate water-reducing
admixture, reducing unnecessary paste volume or selecting a lower-GWP cement. Any reduction in cement
content or change in cement type must be confirmed through trial production and testing under representative
manufacturing and curing conditions.

Cl and Gl should be interpreted only after the applicable requirements of EN 206-1 and the provisions valid at
the place of use have been considered. A composition with a low Cl or Gl remains unacceptable if it fails to
satisfy the specified consistency, compressive strength, maximum water—-cement ratio, minimum cement
content or other exposure-related requirements. Relevant durability properties, such as freeze-thaw
resistance, resistance to water penetration, chloride ingress or carbonation, must be verified separately
according to the intended application and governing exposure conditions. In the present experimental dataset,
technical eligibility was confirmed with respect to target compressive strength and consistency class, whereas
durability performance was not experimentally assessed.

The proposed approach may assist comparative review in ready-mixed and precast-concrete production, but
its interpretation must reflect the production context. In precast production, for example, a high cement
content or strength margin may be justified by early demoulding, rapid mould reuse or prestress-transfer
requirements. In ready-mixed concrete, cement content and strength margin should be assessed against
production variability, conformity requirements and durability performance. Requirements may also differ
between countries because EN 206 is supplemented by national provisions, while other regions apply different
specification and conformity systems. Cl and Gl remain applicable as comparative indicators provided that the
technical eligibility criteria, assessment age, GWP boundary and emission-factor dataset are clearly defined and
applied consistently.

5 Conclusions

This study proposed the combined use of cement intensity (Cl_t) and GWP intensity (Gl_t) as strength-
normalised screening indicators. They quantify the cement content and scenario-based A1-A3 GWP associated
with one MPa of compressive strength measured at a specified assessment age.

Application to six concrete compositions showed that mixes designed for the same target strength and
consistency class may differ substantially in cement and GWP intensity. At the target-strength level of 45 MPa,
the composition designed using the modified Bolomey three-equation method achieved approximately 18%
higher mean 28-day compressive strength than the corresponding Abrams composition but exhibited
approximately 80% higher cement intensity and 53% higher GWP intensity. The indicators thus identified a
strength margin associated with substantially greater cement consumption and A1-A3 GWP per MPa of
achieved strength.

Cl and Gl are comparative screening indicators, not acceptance or mix-selection criteria. In the present dataset,
technical eligibility was confirmed with respect to target compressive strength and consistency class, whereas
durability was not experimentally assessed. The indicators do not replace conformity assessment, durability
verification, verified environmental product information or life-cycle assessment. Further work should evaluate
their application to a wider range of concrete compositions and examine their relationships with durability
performance and service life.
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