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Building sciences
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Zero-Carbon & Zero-Waste Challenge for Construction

Source : https://www.architects.org/news/the-new-net-zero 3

~40% from construction industry
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Construction and demolition (C&D) 
waste

&
Agricultural waste

Current availability of biomass in India is around 
500 million tons per year!

Source: Ministry of  New and Renewable Energy, India

Efficient Utilization of Waste for Construction



Vision

Zero-Carbon & Zero-Waste Construction
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Relevant SDGs for construction include:

• Industry, innovation & infrastructure (9)

• Sustainable cities and communities (11)

• Responsible consumption and production (12)

• Climate action (13)

• Life on land (15)

Implementing Sustainability in Todayôs Construction

SUSTAINABILITY
IS MUCH MORE THAN 
CARBON

CONSTRUCTION
IS MUCH MORE THAN 
MAKING THE
STRUCTURE



Influence of the introduction of a 

new cement or binder in a project

• For the constructor: workability, superplasticizer dosage, placing 
time, curing duration and plastic shrinkage (cracking) 

• For the structural designer: strength, stiffness, shrinkage and creep

• For the user: durability

• For the researcher: relation between response/properties and 
composition

• For the administration: service life

• For the environment (planet): carbon footprint, raw material 
consumption, embodied energy



Limestone Calcined Clay Cement (LC3)

Ternary blend of clinker, calcined 

clay & limestone Secondary limestone, 

unusable for cement

Reduction in clinker content by about 

50% intended to significantly reduce 

the total CO2 emissions.



Scope of work at IIT Madras on SCMs

Early age and 

Fresh properties

• Compatibility with superplasticizers

• Slump retention characteristics 

• Plastic shrinkage

Mechanical 

performance

• Evolution of compressive strength 

• Elastic modulus 

• Shrinkage of concrete

Durability 

Performance

• Indices of transport properties

• Carbonation resistance

• Chloride-induced corrosion resistance

• Sulphate resistance

Microstructural 

characteristics

• Pore structure evolution

• Pore connectivity factor and tortuosity

Service life 

modelling

• Chloride induced corrosion

• Carbonation induced corrosion

Sustainability 

potential

• Carbon footprint

• Energy estimates

• Sustainability potential 

SCM: Slag (SG), Fly 

ash (FA), limestone-

calcined clay (LC2)



Concretes Discussed Further

ü OPC

ü PFA

ÁOPC +30% fly ash replacement

ü LC3

Á50% clinker, 31% calcined clay, 

15% limestone and 4% gypsum

ü Design Mixes

ÁM30 & M50 - 30 and 50 MPa (4500 

psi and 7500 30 psi) design 

compressive strength grades

ÁC-Mixes - Similar mixture proportions 

(Binder content = 360 kg/m3)
Target slump: 80 to 120 mm

PFA



Durability parameters 
ïSurface Resistivity

Surface resistivity:

LC3 >>> PFA > OPC

- Resistivity of LC3 is higher than 

PFA and OPC concretes

- Better resistance to ionic 

movement in SCM systems

Wenner 4-probe 
surface resistivity  test

Dhandapani and Santhanam, 2020
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Durability performance 
- Chloride diffusion coefficient

1

2

x

NaClClsurface %16=

?=ClD

Chloride profiles after 56 days exposure: ASTM C1556

DCl

• C(x,t) = Chloride concentration

• Cs= Surface chloride concentration

• Ci = Initial chloride concentration

• x = cover depth

• DCl = apparent chloride diffusion 

coefficient, m2/s

• t = service life [i.e., when C(x, t) = Clth]

Rengaraju, Pillai, Dhandapaniand Santhanam, 2018



DCl values

1

3

• In M30 & M50 mixes

• PFA å LC3 << OPC

• In C-Mixes

• LC3 < PFA << OPC

• PFA and LC3 concretes

• Lower DCl

• Enhanced ionic resistance 

and chloride binding

M30 M50 C-Mixes

Dhandapaniand Santhanam, 2018

M30 –4500 psi
M50 –7500 psi



Reduction of pore size results in highly tortuous pore 

network and a more compact microstructure 

• Main cause for improved chloride resistance

Durability parameters 
ïPore connectivity

Tortuosity τ = 1/√β

„ = bulk conductivity 

(ASTM C 1760)

„ = pore solution 

conductivity 

(from extracted pore 

solution, Snyder et al. 2003)

ū= vacuum saturated 

porosity

β = (electrical) pore 

connectivity

„ „Ȣ Ȣ‍

Dhandapani and Santhanam, CCR, 2020
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Clthreshold obtained by monitoring the  
inverse of polarization resistance (1/Rp)

Rengarajuand Pillai, 

2018

Á Electrochemical parameters

• Scan range: ± 10 mV

• Scan rate: 0.05 mV/s

ÁExposure

• 2-day wetting & 5-day drying (25°C, 65% RH)

• 3.5% NaCl + Simulated pore solution
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Clthreshold for TMT/QST steel embedded in 
OPC, PFA and LC3 mortars

Clthreshold: OPC > PFA > LC3

Rengarajuand Pillai, 2018
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Database of properties: Materials Passport

Á(Digital) Catalogue of building materials

ÁInformation to support assessment and 

certification

ÁFacilitates estimation of future material flows 

and requirements

ÁHelps recycling/ reuse of materials and 

elements

ÁIncentives for suppliers with complete data

Materials Passport ςBest Practice
Innovative Solutions for a Transition to a Circular Economy in the Built Environment
Heinrich and Lang, 2019



Case study - Service life of a typical 
bridge pier/girder exposed to chlorides

Variables Input values (means)

Clear cover, d (mm) Girder : 50 

Pier    : 70

Chloride threshold, Clth
(%bwob)

• OPC : 0.4

• PFA  : 0.3 

• LC3  : 0.1

Chloride diffusion coefficient, 

DCl

(× 10-12 m2/s)

OPC-M30 18.7

PFA-M30 2.8

LC3-M30 4.7

LC3-C 1.3

OPC-M50 15.6

PFA-M50 1.9

LC3-M50 1.6

Maximum chloride conc. at the 

concrete surface, Cls, max

Cls, max = 3 %bwoc 

(0.6 % wt. conc.) (800 m away from the 

coast)

Decay constant (from electrical 

conductivity measurements), 

m

OPC 0.40

PFA 0.55

LC3 0.50

Girder

Pier

M30 –4500 psi
M50 –7500 psi



Service lives of pier and girder with 
M35 & M50 concretes

Pillai et al. 2018

Service life: OPC << PFA åLC3

Probability of corrosion initiation (Pf)

at 100 years of service

OPC-

M30 

PFA-

M30

LC3-

M30

LC3-C 

95% 80% 85% 65%

Probability of corrosion initiation 

(Pf) at 100 years of service

OPC-M50 PFA-M50 LC3-M50

95% 80% 82%
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ÇLife Cycle Assessment (LCA)
ÇSystem definition (here, 

ground-to-gate system is 
considered)
ÇData collection for the 

inventory from plants
ÇConversion of inventory 

data to the impacts

ÇImpacts considered:
ÇCarbon dioxide emissions 
ÇEmbodied energy

Environmental Impact Assessment  

When there is no readily database 
available, the data for the inventory 
has to be collected for all materials 
and processes involved.

Ground-to-Gate or Cradle-to-Gate 
system considers all processes from 
the mining of raw materials and 
fossil fuels, construction of the 
plants to the final product.
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1. Cement Plant, Ariyalur,  Tamil Nadu, India (AR) 
(Integrated Cement Plant)- OPC, PPC

2. Cement Plant, Arakkonam, Tamil Nadu, India  
(Grinding unit)- OPC, PPC

3. Cement Plant, Nandyal, AP, India* (ND)  
(Integrated Cement Plant) - OPC, PSC, GGBS

4. Cement Plant,Bellary, KA, India*                 
(Grinding unit)- PSC, GGBS

5. Cement Plant, Nimbahera, Rajasthan, India (NB) 
(Integrated Cement Plant) - OPC, PPC

6. Cement Plant,Mangrol, Rajasthan, India (MG) 
(Integrated Cement Plant) - OPC, PPC

7. Cement plant, Nimbol, Pali, Rajasthan, India (NM) 
(Integrated Cement Plant)  - OPC, PPC

Case Studies –Clinker/Cement 
Production

Limestone clusters 
in India

* Cements plants using grid electricity



Case Study for Foreground Data

Materials/Processes
(per tonne of clinker)

Quantities 
(Nandyal)

Raw material (kg)
Limestone 1420
Flue dust (Bellary, 225 km) 30
Red mud (Belgavi, 540 km) 30
Laterite (Rajamandri, 500 km) 46
GBS (Bellary, 225 km) 23

Fuels (kg)

Pet coke (Mangaluru, 630 km) 60
Coal (USA, 22,000 km) 32
Pharma solids (Hyderabad, 300km) 3
Pharma liq. (Hyderabad, 300 km) 2
Carbon Black (Hyderabad, 300 km) 3

Electricity (kWh)
Electricity (Limestone crushing) 1.77
Electricity (Raw mill) 21.30
Electricity (Coal mill) 3.57
Electricity (Clinkerization) 25.59

Secondary data used for cement factory, 
refractory lining, steel, lubricating oil

Nandyalcement plant (Kurnool, 
Andhra Pradesh, India)

Established in 2011
Integrated plant (6-stage 
preheater with precalciner)
Present capacity: 4.8 million 
tonnesper annum
Products: OPC, PSC & GGBS
Fuel used: 100 kg/tonne of clinker
Electricity from the grid (88.7 
kWh/t of OPC)

Taken as the cement source for the 
assessment of concrete 
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System Boundaries –Processes 
Considered 

CSI

CSI

Clinker Production



Impact of Clinker (Ground-to-Gate) 

Integrated Cement Plant in Nandyal

5300 MJ energy consumed/tonne of clinker 910 kg CO2 eq./tonne of clinker

(72%)

(27%)

(2%) (4%)

(56%)

(30%)

(8%)



Processes considered for Cements 
(OPC, PSC)
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LC3 - Calcination energy: 2.6 MJ/kg of clay

910

670

560
600

920

Impact Assessment (Ground-to-Gate) : 
Cement

CO2 Emissions

Cement Clinker SCM

OPC, Ordinary portland 
cement

90-95% 5% fly ash, limestone

PPC, Portland 
pozzolonacement

70-75% 25-30% fly ash

PSC, Portland slag 
cement

40-50% 50-60% GGBS

LC3, Limestone calcined 
clay cement

50% 30% calcined kaolinitic 
clay, 15% limestone
(waste grade)

Clinker



Impact Assessment (Ground-to-Gate) : 
Cement

5900

4600

4100

4750

5260

LC3 - Calcination energy: 2.6 MJ/kg of clay

Energy Consumed

Cement Clinker SCM

OPC, Ordinary portland 
cement

90-95% 5% fly ash, limestone

PPC, Portland pozzolona
cement

70-75% 25-30% fly ash

PSC, Portland slag 
cement

40-50% 50-60% GGBS

LC3, Limestone calcined 
clay cement

50% 30% calcined kaolinitic 
clay, 15% limestone
(waste grade)

Clinker



Life Cycle Assessment of Concrete

0.658 kg CO2 eq./ m3 

11 MJ/kilo litre

Cement 
(Nandyal) 
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aggregates
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Impact Assessment : Concretes with 
SCMs 

Lower binder content leads to reduction in total emissions and energy consumed 

M30 M50 C-mixes M30 M50 C-mixes
M30 –4500 psi
M50 –7500 psi



Environmental Product Declaration (EPD)

ÁEPD is a report giving the environmental 

impacts of material production. 

ÁCradle-to-Gate system is considered; Impacts 

are given for a function unit, e.g., metric tonne; 

Core impact indicators are reported; Values 

based on LCA; Limited validity

ÁCan be used for checking if requirements are 

satisfied

ÁCan be used for comparing similar products

ÁCan be used to calculate environmental 

impact for applications of the material



Estimation of impacts for a community

Mahalingam, 2023



Ç Frameworkfor the Choice of sustainable concrete mix considering:
ÇStrength and Workability
ÇEmbodied energy
ÇCarbon footprint
ÇDurability

Sustainability Assessment for 

Concrete in a Construction Project 

In a construction project, many concrete mix designs can be used to

obtain similar workability, strength and other properties, in order to

comply with the specifications and tender conditions.

Can the final choice be made based on sustainability?



Sustainability or eco-efficiency indicators 
considered

Energy Intensity Index 

(eics)

▄░╬▼(╜╙/□ /╜╟╪) =
╔▪▄►▌◐ ╬▫▪▼◊□▄▀

╒▫□▬►▄▼▼░○▄ ▼◄►▄▪▌◄▐
 

Combines the influence of embodied 
energy and mechanical integrity 
(through strength)

Embodied energy also loosely 
represents cost and clinker content

OPC: Ordinary portland cement
PFA: Class F Fly ash
SLG: Ground granulated blastfurnaceslag
LC2: Limestone + Calcined kaolinitic clay (1:2)

Energy consumed or embodied 
energy is calculated based on the 
energy sources and the 
processes involved



Apathy Indices (A-indices)

A set of indicators based on durability and environmental impact 
parameters of concrete

The A-index stands for the apathy towards carbon footprint and 
durability; often reflected in specifications and construction 
contracts

═░
╒╞▄□░▼▼░▫▪▼

╢▄►○░╬▄■░█▄▬╪►╪□▄◄▄►

Sustainability or eco-efficiency indicators 
considered



Apathy Indices (A-indices)

═░
╒╞▄□░▼▼░▫▪▼

╢▄►○░╬▄■░█▄▬╪►╪□▄◄▄►

When chloride ingress governs durability

where,

with Dcl having units as m2/s, 

and CO2 emissions in kg-CO2 eq./m3 of concrete

• Carbon emissions calculated based 
on raw materials, energy sources 
and the processes involved.

• Diffusion coefficient is determined 
here based on migration or 
surface resistivity

Proposed Framework for Sustainability Through 
Durability



High SCM content, and ternary blends Ą Low eics and AichlorĄMore sustainable 

It is possible to proportion concrete mixes with high resistance against chlorides, 

and reduced energy use and emission Ą Sustainable options

M50

M50

M50

M30

M30

M30

C-mix

C-mix

C-mix

M30 –4500 psi
M50 –7500 psi

Sustainability framework: 
Chloride attack



Recycling of Waste Concrete in New Structures

Challenges:

• Structural design codes do not 
allow use of recycled aggregates

• Waste is not separated at 
source, leading to undesirable 
material even after rigorous 
sorting at recycling plant 

• No compulsion or incentives 
except in few places, e.g., 
Bogotá, to use waste



Main challenge in the use of crushed 
concrete as aggregates in structural 
applications

Crushed concrete

The adhered mortar 
normally leads to:
• High water absorption 

(4 to 5 times)
• Lower mechanical 

strength 
• Compressive strength 

reduction up to 30% 



Thermomechanical Beneficiation of Waste 
Concrete

ωMajor chemical change occurs at 
450̀ C, when Ca(OH)2 decomposes 
weakening the concrete. Differences 
in thermal expansion ease the 
disintegration.

ωHeating for one hour at 500̀C, and 15-
minute milling with steel balls yields 
acceptable material.

ωThe obtained RCA have dry density 
and absorption comparable to pristine 
granite aggregate.

ωThis process generates fines that could 
be used for other applications such as 
filler, activated SCM in concrete or as 
raw meal for clinker production.



Proper t ies of  Concrete wi th 
Recycled Aggregate (RAC):  
Compress ive s t rength

40

The compressive strength 
was not affected 
significantly - slight 
reduction at high 
replacement levels
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Concrete wi th only  Recycled Aggregate 
(FCRAC):  Proper t ies

Parameters FCRAC NAC

Compressive strength (MPa) 45.1 47.5

Surface resistivity (kohm.cm) 38.6 31.1

Chloride migration coefficient 

( 1ͧ0- 12 m 2/s)

3.7 5.1

Oxygen permeability index (OPI) 10.3 10.2

Strength and durability parameters for concrete with fine 
and coarse recycled aggregates (FCRAC), compared with 
reference concrete with natural aggregates (NAC)

Beneficiated RCA can 
completely replace pristine 
aggregate 



Tr ia ls  a t  Ind ia One Solar  Thermal  
Power Plant  wi th  heat ing through 
concentrated so lar  rad iat ion



Beneficiation using 
concentrated solar energy



For sustainable construction:

• New low carbon cements

• Extending durability

• Recycling of old concrete

• Lowering the water demand

• New composite systems Thank you





Natural carbonation tests (in Chennai)

Sheltered Open

100 Ĭ100 Ĭ500 mm prisms

No measurements 

are taken on the 

aggregate surfaces

Carbonation coefficient (KCO2) was determined 

with data up to 5 years, from ongoing tests 

Grade Mix ID w/b
Binder

kg/m3

M30

OPC-M30 0.50 310

PFA-M30 0.45 360

LC3-M30 0.50 310

M50

OPC-M50 0.40 360

PFA -M50 0.35 380

LC3-M50 0.40 340

C-Mix

OPC-Cmix 0.45 360

PFA-Cmix 0.45 360

LC3-Cmix 0.45 360

Rathnarajanand Pillai, 2018

M30 –4500 psi
M50 –7500 psi



KCO2obtained using Tuttiôs model

- Sheltered case
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Square root of time (year0.5)

M30

LC3

PFA

OPC
Grade Mix ID

KCO2

(mm/ãyr)

M30

OPC - 1 4.9

PFA - 1 8.1

LC3 - 1S 8.5

LC3 - 1P 7.5

M50

OPC - 2 4.4

PFA - 2 4.8

LC3 - 2 7.1

●▀ ╚╒╞ ◄
M50

KCO2: OPC < PFA < LC3

M30 –4500 psi
M50 –7500 psi



Sustainability or eco-efficiency 
indicators considered

Apathy Indices (A-indices)

═░
╒╞▄□░▼▼░▫▪▼

╢▄►○░╬▄■░█▄▬╪►╪□▄◄▄►

Implementing Sustainability in Today’s 
Construction

When carbonation governs durability

where,

Carbonation rate (k CO2) having units of          and CO2 emissions in kg-CO2 eq./m3 of concrete

• Carbon emissions are calculated 
based on the raw materials, 
energy sources and the processes 
involved.

• Carbonation rate is determined 
from exposed, sheltered 
specimens.



M30

M30

M30

Sustainability framework: Carbonation 

LC3, high SCM contents and ternary blends Ą Low eics, possibly higher Aicarb

It is possible to proportion concrete mixes considering carbonation resistance, and 

energy use and emissions

C-mix

C-mix

C-mix

M50

M50 M50

M30 –4500 psi
M50 –7500 psi



Compar ison of  the proper t ies  o f  
aggregates 
(RCA: Recyc led Concrete Aggregates,  wi th  
o thers)  

Treated RCA 

Fine aggregates Dry density 
(kg/m 3)

Water 
absorption 

(%)
River sand 2.61 0.7
Treated RCA 2.35 5.9
Crushed sand 2.45 3.0

Laboratory jaw crushed RCA 2.04 9.8

Industrially produced RCA 
(<2 mm) 2.26 10.8

Coarse aggregates
Dry 

density 
(kg/m 3)

Water 
absorption 

(%)

Crushing 
value 

Impact 
value

Adhered 
mortar 

(%)
Granite aggregates 2.74 0.4 21.1 19 -

Treated RCA 10 mm 2.79 1.2 23.7 12 420 mm 2.87 1.0
Jaw crushed RCA 10 mm 2.23 5.9 31.2 29 4320 mm 2.40 4.8
Industrially 
produced RCA

10 mm 2.29 5.4
33.8 41 3020 mm 2.52 5.7
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