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Please refer to MSE-322 
for basic knowledge of concrete

Course Schedule



By the end of this class, you will be able to…

 Define how concrete is made and which parameters affect its property.

 Identify the main desired and required properties of concrete.

 Identify the main factors that enable a reduction of the carbon footprint in concrete.

 Establish mix design strategies to meet the specified requirements for concrete with the 
lowest amount of embodied CO2.

Learning objectives
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Please refer to MSE-322 
for basic knowledge of concrete



Background and Carbon footprint
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Concrete is everywhere around us
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Why do we use concrete as a construction material?

Barcelo, L., Kline, J., Walenta, G. et al. Cement and carbon emissions. Mater Struct 47, 1055–
1065 (2014).
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As a consequence…

 We use a lot of it -> 
that’s why it has a high environmental 
impact despite its relatively low 
environmental impact.

 There is still significant space for 
improvement in terms of embodied CO2

content.

Cement

Ranking of most used materials
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Embodied carbon at different scales

Different scale

Lecture 10 Lecture 11



Concrete design
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Review of basic definitions
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Review of reinforced concrete components
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Aggregates
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1

Function: 
Skeleton (60-75 vol.%), 
Reduce price (x5 less than cement)
Reduce cement content (packing)
Limit cracks and shrinkage

Requirements: 
EN 12620

Properties:
Nature (natural / recycled)
Origin (river, lake, quarry, recycled concrete aggregates, ..)
Mineralogy of the rock (sedimentary, metamorphic, vulcanic..)
Shape (round/cubic)
Shape index 
Flakiness index 
Texture (smooth/rough)
Size and fractions 0/4, 4/8, 8/16, 16/32, 32/64, 64/128 mm
Impurities (should be clean!)



Aggregates
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Aggregate size and shape:
Affect concrete workability (Slump)
Affect water content
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Aggregates
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1

Choice of the maximum size of aggregate (DN).

DN is limited by: 
Size of the element
Spacing between rebars
Min spacing between stirrups and formwork
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2
FIBERS / TEXTILE / STEEL REBARS

If we see reinforced concrete
as a composite material:

• Concrete is the matrix 
• Fibers/fabrics/rebars-stirrups 

are the reinforcement

Function:
Provide tensile and shear, so bending strength
Post-pone the failure
Ductile failure mode
Redistribution of stresses and cracks

Properties:
Diameter size (µm to cm)
Material (steel, PP, carbon, glass, ..)
Texture (smooth, rough, improved adhesion)

Fibres Fabric Rebars+stirrups
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CEMENT PASTE (BINDER+WATER)

Function:
Bonding aggregates (around 30 vol.%)
Develop hydration (chemical prop.)
Develop mechanical resistance (mechanical prop.)
Provide workability at fresh state (rheology prop.)

Requirements:
Cement type and SCMs– EN 197-1

Properties:
Reactivity and heat of hydration
Particle size distribution 
Cost
Microstructure, permeability (durability)
Content (w/b ratio, workability, bleeding, 
segregation, compaction)

EN 197-1
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CEMENT PASTE (BINDER+WATER)

Function of water:
Hydration (it continues until water is available)
Development of strength over time
Workability and consistency

Concrete does not dry, it becomes hydrated!
(chemical reaction between cement and water which forms 
hydrates).

Water is combined in hydrates (1 vol. solids -> 2 vol. hydrates)

Cement + water (after mixing)
Cement grains dissolve

Hydrates fill the space
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CEMENT PASTE (BINDER+WATER)

Higher water content or w/c ratio:
Better workability
Easier casting/compaction
Higher porosity
Risk of segregation/bleeding
Lower strength

Lower water content or w/c ratio:
Poorer workability
More difficult casting/compaction
Lower porosity
Lower risk of 
segregation/bleeding
Higher strength

Water/cement ratio

Water/cement ratio
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(M

P
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day
days
days
days
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Different function (as from ASTM 494/C494M-17):
Water reducing admixtures
Retarding admixtures
Accelerating admixtures
Water-reducing and retarding admixtures
Water-reducing and accelerating admixtures
Water-reducing, high-range admixtures
Water-reducing, high-range, and retarding admixtures
Specific performance admixtures

Different chemical composition

Most important use in concrete:
control workability 
without increasing w/c ratio
while keeping performances Refer to Lecture 6, 16th Oct:

Chemical admixtures for concrete 

CHEMICAL ADMIXTURES



“The ingredients of good concrete are very simple: water, cement, 
sand, aggregates, mineral additions and chemical admixtures. 

However, the ingredients of bad concrete are essentially the same. 

The difference lies in the know-how and the understanding”.

Neville, properties of concrete, 1996

Concrete design

23



24

STANDARD PRESCRIPTIONS

Every single component in concrete must meet 
some requirements prescribed by standards.

Here is the total set of European standards in 
concrete construction which takes into 
consideration the interfaces between design 
and construction, concrete composition 
and manufacture, as well as the execution 
of concrete structures.

C. Müller 2012, Use of cement in concrete according to 
European standard EN 206-1

Different 
standardization 
levels.
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STANDARD PRESCRIPTIONS

At the concrete and structural level, for a given exposure class Standards prescribe:
Minimum strength class,
Minimum water/cement (w/c) or water/binder (w/b) ratio,
Minimum cement content
Minimum cover depth

R. Douglas Hooton 2019, Future directions for design, specification, 
testing, and construction of durable concrete structures

Guide for the concrete mix design!
High safety factors, safe design.
But also a limitation to CO2

emission (see later)
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CONCRETE DESIGN
LOCATION

–> Exposure class
-> Variable loads                                          
(earthquakes, snow, 
wind etc.) USE OF THE 

STRUCTURE
(residential, industrial, 

hospital, school, bridge)

-> Permanent 
Variable loads

STRUCTURE TYPE
(frame structure, wall 
structure, geometry, 

floors, etc.) 

-> Permanent Static 
loads

TOTAL LOADS ON 
THE STRUCTURE

-> Strength class

DESIRED SLUMP

-> Max. aggregate size
-> Mixing water + air

EXPOSURE CLASS+ 
STRENGTH CLASS

-> type of cement
-> w/b ratio
-> binder content

w AND c:

-> Total V aggregates 
-> Aggregate grading
-> Vi aggregates

TRIAL BATCHING 
and ADJUSTMENT

Iterative workflow.

Decision-making process.

Standards-driven process but 
with a margin of choice.

The mix design of concrete is 
strictly dependent on structural 
design. (Location, exposure, 
strength class required, required 
slump).
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CONCRETE DESIGN - GOALS

The main goal of concrete mix design is to provide certain qualities of interest:

Workability ease of correct casting, vibration, consolidation and finishing 
without segregation.

Consistency relative mobility or ability of fresh concrete to flow, measured in 
terms of slump.

Compressive 
strength

Main engineering property, conventional strength target at 28-
days

Durability

To maintain, over its designed service life, the performance 
levels for which it was designed, given the environmental 
characteristics in which it is located and the expected level of 
maintenance. 

Others Density, low-heat release

Cost Always at the minimum cost (service life vs initial cost)

Embodied carbon At the minimum amount of CO2 / cubic meter of concrete

Mainly engineering-
related.
Already discussed.

Focus now
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SUSTAINABILITY CONSIDERATIONS

Embodied CO2 of concrete comes from clinker 
(850 kg CO2 / ton of clinker)!

How to reduce the clinker content in concrete, thus making 
concrete more sustainable???

1. Reduce the amount of clinker in cement by 
incorporating SCMs (use blended cements), while 
retaining or improving performance.

2. Reduce the amount of cement per cubic meter of 
concrete, while retaining workability, strength and 
durability.



29

SUSTAINABILITY CONSIDERATIONS

How to reduce the clinker content in concrete, 
thus making concrete more sustainable???

1. Reduce the amount of clinker in 
cement by incorporating SCMs (use 
blended cements).

2. Reduce the amount of cement per 
cubic meter of concrete
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Only achievable if the concrete mix is 
designed correctly.

Technological and engineering approach.

Some useful parameters to control to 
achieve sustainability:

1. Select the slump
2. Select the max. size of aggregate and 

aggregate grading
3. Select the mixing water and air
4. Select w/b
5. Select binder type (blended cements)

SUSTAINABILITY CONSIDERATIONS
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1. LOWEST SLUMP

The slump is specified by the contractor/field engineer 
and measured by ASTM C143-143M-20.
If not specified, ACI 211.1-91 provides reference values.

Requirement: Concrete needs to flow and fill the spaces 
between rebars (without segregating).

Lower slump -> lower water dosage -> lower binder 
content (at constant w/b).

Solution for sustainable concrete: Use the lowest slump 
possible that meets the requirements of the project!

Type of 
construction

Slump (mm)

Max.* Min.

Foundations 
(reinforced)

75 25

Foundations (plain) 75 25

Beams and walls 100 25

Columns 100 25

Pavement and slabs 75 25

Placing issues
(honeycomb)

*can be increased using admixtures
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Cement paste is a lubricant between aggregates 
enabling flow. It coats and separates aggregates.

Increase the volume of aggregate -> reduce 
paste volume as much as possible.

Possible by:
1. Optimizing the aggregate gradation 
2. Increasing the maximum size of aggregates

2. BEST GRADATION and LARGEST DN

~ 30% (vol.) paste
< 30% (vol.) paste

Additional volume 
of aggregates

~ 70% (vol.) aggregates
> 70% (vol.) aggregates
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Optimizing the gradation of aggregates provide::
 Smooth and no-gaps- granulometric curve 

(packing density or void content of 
combined aggregate fractions).

 Filling the space between large aggregates 
with fine aggregates (fillers).
->Only the small gaps that cannot be taken 
by fine aggregates remain to be filled with 
cement paste.

Solution for sustainable concrete: 
Use the best gradation possible to lower 
voids!

2. BEST GRADATION and LARGEST DN
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Increasing the maximum size of aggregates DN:

 Reduces surface/volume ratio -> lower 
amount of paste (binder) to coat the surface 
of aggregates.

 Reduces the void content between 
aggregates -> lower amount of paste (binder) 
required to fill the voids.

Solution for sustainable concrete: Use the largest 
DN available that is technically/economically 
feasible.

2. BEST GRADATION and LARGEST DN
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At constant w/b ratio, water content is directly 
proportional to cement content.

Higher slump -> higher mixing water dosage 
(at constant binder content - higher w/b
at constant w/b – higher cement content) 

Higher DN -> lower mixing water dosage at 
constant slump (and lower entrapped air)

Solution for sustainable concrete: Reduce the 
water content to reduce cement content.

3. MIXING WATER
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Chemical admixtures can enable to achieve certain 
properties (slump, early-age strength, shrinkage) and 
reduce the embodied CO2 content.

Use chemical admixtures in the form and dosage 
recommended by the manufacturer

Solution for sustainable concrete: Use chemical 
admixtures to reduce water demand (reduce w/b) 
and so cement content.

3. MIXING WATER 
Reducing CO2 by using SP, exercise:

Hypothesis:
Water demand: 200 kg/m3

CO2,eq PC = 0.82
CO2,eq SP = 1.88 (EFCA EPD)

Cost PC = CAD 150 / ton (Statista, 2020 value)

Cost SP = CAD 13 / m3 (Canadian building materials, pricelist 2021)

No SP

Water    = 200 kg /m3

w/c        = 0.45
PC         = 444 kg /m3

CO2EQ PC = 364 kg/m3

1% SP

Water    = 150 kg /m3 

w/c        = 0.45
PC         = 333 kg /m3

SP         = 3.3 kg /m3 (2.1 L/m3)

CO2EQ PC = 273 kg/m3

CO2EQ SP = 6.2 kg/m3

-23% !
CO2EQ = 279.2 kg/m3

Binder = $ 54.6 Binder = $ 53.9
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4. WATER/BINDER RATIO

Max w/b is prescribed by Standards and depends on:
• Min. strength class to achieve
• Exposure class (durability)

Max w/b vs compressive strength depends 
on cement type! (Slide 19) ->
Same strength target – different cement types –
different w/b ratios

Solution for sustainable concrete: 
Not always obvious which w/b allows for more 
sustainable concrete. Depends on strength and 
durability requirements!

Reducing CO2 by using different w/b ratios, exercise:

Hypothesis:
Target slump: 100 mm
Two target strengths:

- 25 MPa
- 45 MPa

Two cement types:
- General use, 70% clinker
- High strength, 80% clinker

Water for DN 25 mm = 193 kg/m3

Clinker content (cement content)?

Case 1, 25MPa

Case 2, 45MPa
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Solution for sustainable concrete: Use of SCMs to 
reduce clinker in the binder. 

(Cement + SCMs) = 
୵ୟ୲ୣ୰

୵/ୠ

Warning: SCMs have lower densities than OPC

->Be aware of the proportioning approach! by mass vs 
by volume

5. SCMs

Portland cement (3.0 < r < 3.1)
Fly ash (2.0 < r < 2.6)
Natural pozzolans (2.4 < r < 2.7) 
Calcined clays (2.2 < r < 2.6) 
GGBFS (2.7 < r < 2.9) 

Proportioning of LC3-50 (55% OPC, 30%CC, 15%LS), exercise:

by mass:
𝜌𝑃𝐶 = 3.0
𝜌𝐶𝐶 = 2.5
𝜌𝐿𝑆 = 2.7
Tot. mass = 100kg

Same w/b (by mass)
But more vol. paste
Less vol. water to coat all the particles – workability issues -> use SPs

by volume:
𝜌𝑃𝐶 = 3.0
𝜌𝐶𝐶 = 2.5
𝜌𝐿𝑆 = 2.7
Tot. volume = 1 lt

Same cement paste (by volume)
But higher w/b

𝑉ଵ଴଴௉஼ =
100

𝜌௉஼
= 33.3 𝑙𝑡

𝑉௅஼ଷହ଴ =
55

𝜌௉஼
+

30

𝜌஼஼
+

15

𝜌௅ௌ
= 35.9 𝑙𝑡

Δ𝑉 =
35.9

33.3
= 1.08 → +8%

𝑀ଵ଴଴௉஼ = 𝜌𝑃𝐶 𝑥 1 = 3kg

𝑀௅஼ଷହ଴ = (𝜌𝑃𝐶 𝑥 0.55) + (𝜌𝐶𝐶 𝑥 0.30) +
(𝜌𝐿𝑆 𝑥 0.15) = 2.80Kg

Δ𝑀 =
2.8

3
= 0.93 → −7%

Δ𝑤

𝑏
=

𝑤

0.93 𝑏
= +7%
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RECAP ON SUSTAINABILITY

The golden rule is to develop (blended) cements with 
the least amount of embodied CO2 that 
have sufficient performance to enable their use 
without a significant increase in binder content per m3

A sustainable concrete conceived this way is also 
cost-effective!
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RECAP ON SUSTAINABILITY
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RECAP ON SUSTAINABILITY

Avoiding the overdesign of concrete is another effective an necessary strategy 
to save CO2:

1. Design for the lowest slump that is technically feasible for the application
2. Do not over-specify strength for applications where is not needed
3. Be practical and realistic in assigning exposure classes to concrete

Final remarks that can be considered depending on the specific scenario:

1. Use locally available SCMs 
2. Optimize, optimize, optimize. Even saving 10 kg/m3 of clinker make a 

difference in a project with millions of cubic meters.
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RECAP ON SUSTAINABILITY

The binder with the lowest amount of clinker will not always lead to the lowest embodied 
CO2 content. Depends on:

• Strength vs w/b ratio (lower strength binder requires lower w/b to meet f’c)
For a given water content, lower w/b implies more cement per m3.

• Rheological performance of the binder (how much water do I need to achieve slump?)
If I’m forced to increase the water content, I need to increase the cement content to 
keep w/b. Can I control it with admixtures?

• Durability performance (can I meet the exposure class requirements?)
Some cements will not be allowed, or will lead to requirements of repair/replacement
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 ACI PRC 211.1-91: Standard practice for selecting proportions for normal, heavyweight and mass concrete

 ACI Education Bulletin E1-07: Aggregates for concrete

 ACI 318M-19 Chapter 19: Concrete design and durability requirements

 UNEP Report ”Eco-efficient cements: potential economically-viable solutions for a low-CO2 cement-based 
materials industry”, available at https://wedocs.unep.org/handle/20.500.11822/25281

 Cheung et al., Admixtures and sustainability, Cement and Concrete Research, V.114 (2018), pp. 79-89

 Featured RTL paper on “ultra-green concrete” (stay tuned during the year).

Additional resources



Learning objectives
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Now, at the end of this class, you are able to…

 Define how concrete is made and which parameters affect its property.

 Identify the main desired and required properties of concrete.

 Identify the main factors that enable a reduction of the carbon footprint in concrete.

 Establish mix design strategies to meet the specified requirements for concrete with the 
lowest amount of embodied CO2.

Always design in a durable and sustainable way!

Please refer to MSE-322 
for basic knowledge of concrete
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What’s next? Embodied carbon at different scales

Different scale

Lecture 10 Lecture 11 Lecture 12
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WHAT’S NEXT?



Course Schedule
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Very well done to everybody!!



Questions?

Advanced cementitious 
materials, MSE 420 

Lecture 11:  
Concrete design

Dr. Beatrice Malchiodi
27 November 2024


