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Foreword

The design, durability and performance of structures play a crucial role in fostering societal
and economic growth. Concrete structures are used extensively for buildings, transport,
infrastructure and maritime applications. By using concrete extraordinary structures can be
realised, and these are often designed for long service lives to gain optimal value from the
material, environmental, intellectual and financial input into the making of the structure.
Although concrete has a fairly limited environmental impact per cubic meter used, concrete
is also one of the most frequently used building materials. In Europe, around 4 tonnes of
concrete per capita are consumed annually. This makes that concrete is often associated with
durability issues and huge environmental costs, for example as the cement industry accounts
for about 8% of global anthropogenic carbon dioxide emissions.

There is a clear demand for a new, sustainable generation of construction materials, since
Ordinary Portland Cement (OPC)-based concrete cannot meet all the challenges of modern
society concerning durability and sustainability. A number of more eco-friendly concrete
technologies have appeared over the years, among which a growing interest in concrete
technology based on alkali-activated materials (AAM), sometimes also referred to as
geopolymers. AAM materials can represent a valuable alternative to OPC for a more
sustainable built environment.

This eBook has been made in the framework of the European Training Network on Durable,
Reliable and Sustainable Structures with Alkali-Activated Materials (DuRSAAM), which
organized a training course on AAM technology held at Karlsruhe Institute of Technology 27-
29 January 2020. This open source book collects the lecture notes by the teachers of this
training course and provides building professionals and stakeholders new insights on alkali-
activated concrete as an emerging building technology.

Stijn Matthys
Alessandro Proia
Ghent, 2020
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1.Outline

Stijn Matthys

Concrete is a popular and efficient building material. However, being used that widely all over
the world, its environmental impact sums up to large numbers. The upside of this observation
is that when improving the environmental impact of concrete, significant improvements can
be made in terms of for example reducing carbon dioxide emissions and using less primary
raw materials. There are various options to reduce the environmental impact of concrete
further, including more efficient cement production, use of recycled aggregates, use of
blended cements via secondary cementitious materials and the use of alternative binders. One
of these alternative binder technologies is alkali-activated materials (AAM).

The information bundled in this eBook is that of a 3-day course, formatted as a training school
open to researchers, practicing engineers, etc., in fact, for all those who want to obtain
profound starting knowledge on AAM technology. The original training course, specifically
developed and delivered collaboratively by the DURSAAM action, was held at the Karlsruhe
Institute of Technology (KIT), spring 2020. A course introduction video is provided here (time
to watch 4 minutes).

The outline of the teaching material bundled in this book, is as follows:
= “The cement perspective” (Chapters 2 till 4):
— Cements and the need for improvements
— Alternative solutions, including alkali-activated materials
— Cement characterisation
=>» “The concrete perspective” (Chapters 5 till 7):
— Standardisation of cements and concretes
— Mechanical properties of AAM concretes
— Durability testing of concrete and their applicability to AAM
=>» “Further into the details” (Chapters 8 till 10):
— Modelling of AAM concretes
— Shrinkage of AAM concretes
— Fibre-reinforced AAM concretes
=» “Hands-on” (Chapter 11):
— AAM lab work

The aim of the teaching material is to impart basic understanding as well as up-to-date
knowledge about AAM binders and concretes. The specific learning objectives are as follows:
v' Understanding about traditional cement versus this new binder technology.
v Obtaining insight into the workability, mechanical and durability behaviour of AAM
concretes.
v Build knowledge on AAM technology and about how these binders and concretes
behave compared to traditional hydraulic cements and concretes, respectively.
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https://youtu.be/qP-cvcX2Xxs

v’ Being able to position the emerging AAM technology and its application amongst other
construction technologies, and to recognize its value for circular concrete.

In short, for the reader of this eBook to grasp the AAM binder technology for concrete
construction.

A brief description of AAM concrete, sometimes also referred to as geopolymer concrete, is
given as follows. The composition of traditional concrete and AAM concrete is analogous, as
indicated in Figure 1.1. The cement is replaced in AAM concrete by mineral powders (fineness
comparable to cement) that will harden by activating these mineral powders with an aqueous
solution of alkalis, in contrast to cement that only needs water to harden. Therefore, both
concrete types use an alternative chemical route to hydrate into an overall similar artificial
rock, based on C(A)SH-like compounds (calcium (alumino)silicate hydrates).

Traditional concrete

Cement + SCMs Water Aggregates Concrete

Alkali-activated concrete

SCMs + By-products, Activators + Water Aggregates AA Concrete

Figure 1.1 — Composition of traditional versus AAM concrete

The binder component of AAM concrete are mineral powders (called ‘precursors’), which are
activated by means of alkalis (called ‘activators). The mineral powders are industrial by-
products such as metallurgical slags, combustion ashes and calcined clays, of which some of
them have already a tradition to be used as secondary cementitious materials (SCMs) in
blended cements. The dosage of these mineral powders, which act as binders instead of
cement, is slightly higher than for traditional concrete. As an order of magnitude, the dosage
is around 400 kg per m3 of concrete, but depends on the specific mix. Various chemical
components can be used for the alkalis, but often a combination of sodium silicate (water
glass) and sodium hydroxide is used. The dosage in terms of dry mass of alkalis is, for example,
an order of magnitude of 5 mass% with respect to the binder content, for an AAM concrete
based on blast furnace slag. The further mix proportioning in terms of fine (sand) and coarse
aggregates is the same as with traditional concrete and is performed on the basis of optimal
packing distribution. In this respect, is also possible to use recycled or artificial aggregates in
AAM concrete. The application of a hybrid solution of concrete with a low dosage of cement
and a high dosage of by-products additionally activated, belongs further to the options.
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AAM concrete is compatible with current solutions for reinforcing concrete (reinforcing steel,
fibre reinforced concrete,...) and pilot projects with AAM concrete have already been realized
in various countries. The characterization and application of AAM concrete is however less
advanced than traditional concrete, and the regulatory framework is still limited. Like for
traditional reinforced or prestressed concrete, AAM concrete mixes are designed to have good
workability, mechanical performance and durability:

e The workability of AAM concrete is generally somewhat more viscous and hardens
faster, whereby attention is given in the mix design to obtain a sufficient workable time
for the fresh concrete.

e High compressive strengths are generally easy to achieve, but requires attention in the
mix design and curing to keep shrinkage deformations under control.

e Due to its generally denser microstructure, AAM concretes have the ability to achieve
strong durability properties. On the other hand, the chemical structure of AAM
concrete and traditional concrete is not identical, so that further durability tests are
recommended to characterize the durability of AAM concrete mixes. In general terms,
the durability of AAM concrete is comparable to that of a cement-based concrete,
although there might be differences (e.g. carbonation resistance of AAM concrete may
be slightly less, resistance to chloride penetration slightly better).

e A common concern of engineers considering AAM concretes for the first time is
damage by ASR (alkali-silica reaction). This durability aspect has been examined by
various researchers and has not been reported as a problem so far. This is attributed
to the fact that alkalis are not freely available in the hardened concrete, but participate
in the chemical processes that allow AAM concrete to harden.

In addition to workability, strength and durability, AAM concretes have a lower environmental
impact. This is at one hand due to the fact that Portland clinker based cement, with its
relatively high environmental impact, is avoided and on the other hand because less primary
raw materials are used. The exact gain in environmental impact is not always straightforward
to establish, because this depends on (1) the details of the AAM concrete composition, (2) the
type of cement based concrete used as a reference for comparison (e.g. concrete based on
CEM | or CEM Ill), and (3) to which extent the environmental impact of the by-products are
allocated to its originating production or to the AAM concrete. Under the assumption that
mainly the environmental impact of the grinding of the mineral powders is assigned to the
AAM concrete and if reference to concrete types with high Portland clinker amounts, values
are mentioned of an environmental gain of 50% and more, in terms of carbon footprint.
Furthermore, in terms of end-of-service-life, AAM concrete is recyclable and reusable
according to common practices. This has been reported, though studies in this respect are still
limited.

By-products for AAM concrete are selected or blended with care, to come to proper mix
proportions and to exploit the reactivity of the by-products. It might also be of interest to
apply beneficiation treatments on the by-products, to purify them from e.g. valuable metals
and to make sure that there is no potential leaching of harmful elements. Environmental
permits to use some types of by-products as constituent for concrete might be applicable,
depending on national legislation.
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Much more information on AAM binders and concretes, in a wider context of concrete
technology, is provided in the following chapters. For further reading on AAMs, also reference
is made to the RILEM Handbook “Alkali Activated Materials: State of the Art Report, RILEM TC
224 AAM”, ISBN 978-94-007-7671-5. A link to this handbook is provided here.
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https://www.springer.com/gp/book/9789400776715

2.Cements and the need for improvements

John Provis

In this chapter an introduction is given to Portland cement and secondary cementitious
materials to create blended cements. The cement hydration is discussed as well as some
sustainability considerations with respect to cement usage. The shift from a single universal
cement to an array of cement types is highlighted and taken.

Portland cement, blended cements,
and the need for improvements

Prof. John Provis
Department of Materials Science &
Engineering
University of Sheffield
l.provis@sheffield.ac.uk

DuRSAAM
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Cements (of various types)

What | will cover today:

* Portland cement production & mineralogy

* Portland cement hydration reactions & products
» Supplementary cementitious materials

+ Introduction to AAMs and a few other non-
Portland cements

« Characterisation of complex materials (e.g.
cements) — materials science techniques

DuRSAAM

Portland cement

» Definition:

“A hydraulic cement capable of setting, hardening
and remaining stable under water. It consists
essentially of hydraulic calcium silicates, usually

containing calcium sulfate”.

* The basis of almost every (>95%) concrete
used worldwide

* The closest thing to magic the human race
has ever invented..?

DuRSAAM
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What is in Portland cement?

* Cement clinker
— Tricalcium silicate (“alite”), 3Ca0O-SiO,
— Dicalcium silicate (“belite”), 2Ca0-SiO,
— Tricalcium aluminate (“aluminate”), 3Ca0O-Al,O,
— Tetracalcium aluminoferrite, 4Ca0O-Al,O; Fe,0O4
( “ferrite solid solution” — composition can vary)

- made from limestone and clays in a Kiln,
then ground to a fine powder

* Gypsum, CaSQO,-2H,0

- added during grinding D i

Developed 200 years ago...

« 1824, Joseph Aspdin, Leeds, UK
— British Patent #5022, “Artificial Stone”

— Developed & improved later,
including by his son William Aspdin

— Louis Vicat (France) worked at a similar time, as
did others

— First standard specification 1859, London
Metropolitan Board of Works (London sewers)

« Similar materials used by the Romans

— Used natural resources (volcanic soil & lime),
no kilns, but basic chemistry is similar —

DuRSAAM

i 5 Of '
sy Sheffield.
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Cement chemistry notation

» Abbreviations for all those ugly formulas
CaO=>C
SiO, =& S
ALO, & A
Fe,O, 2> F
H,O 2> H
SO, &S (or sometimes S or $)

(plus some others not really used here:
CO, = corC, Na,O = N, K,0 = K)

Iy T'he
% University
D u RSAAM glfwffiuhl.

Using this to abbreviate the compounds...

« Tricalcium silicate (alite), 3Ca0O-SiO,

= C,S
« Dicalcium silicate (belite), 2Ca0O-SiO,
=2 C,S
« Tricalcium aluminate, 3Ca0O-Al, O,
= C,A
« Tetracalcium aluminoferrite, 4Ca0O-Al,O5 Fe, 04
- C,AF
« Gypsum, CaS0,-2H,0
- CSH,

| Introduction to AAM technology — Cements and the need for improvement
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Making cement

* Limestone: CaCO,
+ Clay/shale/sand/etc: supply Al,O;, SiO,, Fe,0,
« Heat to ~1400°C in a rotary Kiln
CaCO, » Ca0O + CO,
» Oxides combine to form clinker phases -

http:/fwww. voutube.com/watch ?v=n-PriKTVSXo

» CO, emissions ~0.8 kg per kg cement
—~50% from fuel, ~50% from chemistry

» ~4 Gt cement produced worldwide p.a.
-> ~8% of global human-derived CO,

e I'he
* University
D u RSAAM Sheffeld.

Normal clinker composition

Normal range

+ C;S (‘alite’)— about 60% (45-75%)
— Gives early (< 7 days) strength development
+ C,S ('belite’)— about 20% (7-32%)

— Gives long-term strength gain

* C;A ("aluminate’) —about 10%  (0-13%)
— Regulates initial setting

+ C,AF (ferrite’) —about 10% (0-13%)
— Similar products to C;A, but reacts slower and doesn’t
contribute much strength
— Important in contrelling melting in the kiln
— Gives grey colour

i ‘White Portland cement” has low C,AF content)' me
DURS Vo Sheftic u.l
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The calcination process

* [Image deleted for copyright reasons]

See: P.C. Aitcin, Binders for Durable and Sustainable Concrete, Taylor & Francis, 2007

DuRSAAM

__Phase diagram — Ca0-Al,05-S10,

» [Image deleted for copyright reasons]

See: Y. Waseda & J.M. Toguri, The Structure and Properties of
Oxide Melts, World Scientific, 1998

DuRSAAM
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Effect of Fe on melting (liquidus)

* [Image deleted for copyright reasons]

See: A. Kondratiev & E. Jak, Fuel §0{2001).1888-2000

Iy T'he
% University
D u RSAAM glfwffiuhl.

Cement hydration

* Mixing cement with water makes it react
— Particles dissolve
— lons rearrange in solution phase
— Solid hydrate phases solidify and give strength

* Reaction process is hydration, not drying

— Water forms an essential part of the solid
phases in hardened cement

— Drying is very bad for fresh cement

- slows or stops reactions, causes cracking and
loss of strength

oy The
ﬁ University
D u R SAAM glfn‘ffiuhl.
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The important hydrate phases

» Calcium silicate hydrate (C-S-H)
— Formed by hydration of C,S and C,S
— Non-crystalline (amorphous/disordered)
— Porous on nanometre length scale

— No fixed chemical composition, but often
written as approximately 1.6Ca0O-SiO,-1.8H,0
{you may alsc see it given as
3Ca0-25i0,-3H,0, which is similar)

— Fills a lot of the space
in hardened binders

See: |.G. Richardson, Cement & Concrete Research 28 {1898).1121-1147

Iy I'he
* University
D u RSAAM glrwffiuhl.

C-S-H(l) and C-S-H(ll)

« Two main types of C-3-H exist (we think)
— Differing in structure, C/S ratio and solubility

— Based on structure of tobermorite: a crystalling, fibrous
chain silicate mineral (rare in nature, found in N. Ireland)

(C-S-H(ll) resembles a different chain silicate: jennite,
CagSig0,5(OH)s-8H,0)

— Tobermorite is CagSig0,4(0OH),-4H,0 — C/S ratio 5/6 is
lower than in C-S-H

— ‘dreierketten’ structure (‘dref = 3) in kinked chains

S Si Si
Si\O,-Si—O/ ~0 Si\O/Si—O/ ‘*o_Si\O,Si_o’ ~0—

— Breaking socme of the chains (removing Si sites) gives a
disordered structure — this is C-S-H(l)

% The
University
D u R SAAM glrn‘ffir:lrl.
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The important hydrate phases

 Calcium hydroxide (portlandite, Ca(OH),)

— By-product of C;S and C,S hydration,
because these have more Ca than can be
accommodated in C-S-H

— Makes large crystallites (tens of microns)
— Doesn’t contribute to strength

— Holds internal pH high
to help durability

— Tends to grow around
aggregate particles —
“interfacial transition zone”

T'he

* University
R i y Of
D u SAAM See: P.G. Stuztman, Materials Science of Concrete {2000):58-72 " ':ﬂl"x[f][-m_

The important hydrate phases

* Ettrlnglte (C3A 3C§ 32H) (F can also replace some of the A)
— Also called “AFt* (with “t” for tri-sulphate)

— Formed by reaction of C;A with water and gypsum
— forms very early in reaction process

— Needle-shaped crystals (pic previous slide)
— Interlocking of needles contributes to initial setting
— Mostly converted to AFm at longer ages

— If not enough (or no) gypsum is added, ettringite
can’t form - ‘flash set’

I'he

DUR SAAM 8
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__The important hydrate phases
- AFm phase (approximately C,A-CS-nH)

{or some of the sulphate can be replaced by carbonate and/or hydroxide)
—‘m’ for ‘monosulphate’
— n usually 11-14
— Forms more gradually during hydration
— Ettringite can convert to AFm at later ages

— Important phase, but can
also cause durability
problems (sulphate attack)

Seee: hito:fwww.nanocem.orgifileadminnanccem files/documents viaF TR/TRANSCEND/posters/P13 project.pdf

Iy T'he
% University
D u RSAAM glfwffiuhl.

Reaction of phases over time

« Cement phases react at different rates —
C,S and C,;A fastest, some of the cement
stays unreacted for a very long time

See: B. Lothenbach et al., Cement and Concrete Research 38 (2008) 848860

oy The
ﬁ University
D u R SAAM glfn‘ffiuhl.
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DuRSAAM

I'he
University
0

g f
" Sheffield.
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Supplementary cementitious materials

 “SCMSs” for short

* Any mineral component blended with cement
that reacts to alter the properties of the binder
— Aggregates aren’t SCMs
— Organic admixtures aren’t SCMs
— Most SCMs are pozzolans (see next slide)

« Can be added to improve performance,
improve sustainability, and/or reduce cost

— Sometimes may be able to do all of these at
once..!

e I'he
* University
D u RSAAM Sheffeld.

The pozzolanic reaction

« Blend cement with other sources of

Si0,, with or without additional Al,O,

— Waste or geological materials — cheap and low-CO,
» These react with CH to form more C-S-H

— Fills pore spaces at longer age, refines pores

— Improves strength and durability
Approximately:

CH+nS +xA > C-(A)-S-H (n~16,0<x<0.1)

» Pozzolanic reaction is usually slower than cement

hydration

->Need cement hydration to generate high internal pH first
— Substitution by pozzolans usually reduces early strt[n
o

L

DUR SAAM L= B
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Slag

» Ground granulated® blast furnace slag
- Abbreviated BFS, GGBFS, GBFS, or just ‘slag’
(*or pelletised — but must be cooled rapidly)

» Calcium alumino-silicate glass
— By-product of iron manufacturing (see next slide)
— So useful that it’s not really ‘waste’ any more
— Composition similar to clinker, but less Ca

» Reacts by a process similar to pozzolanic
reaction to form C-S-H

— Classified separately because it's more reactive
(and ‘better’) than normal pozzolans —
=

DuRSAAM

Slag in iron-making

« Reduction of Fe,O; to Fe,
and purification

« CaCO; added to convert
ore impurities to liquid slag
— Impurities mainly silicates
— Chemistry carefully
controlled for pure Fe
* Rapid cooling of slag
gives glassy structure

— If slow-cooled, it crystallises
- unreactive, used as
aggregate in rcad-building

[Image deleted for copyright reasons]

I'he
University

See: hitp:fwww.chemguide co.ukfinarganic/extraction/iron.html ,_ versit
D u RSAAM 7 g:.‘\rfi[-m.
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Slag chemistry

CaO (30-50%)
SiO, (28-38%)
AlLO, (8-24%)
MgO (1-18%)

S (0.5-2%)

(changes redox

environment in
blended cement}

[Image deleted far capyright reasons]

Melilite group: Ca,(Mg,AN(Al,Si)XSIO)]
e.g. akermanite, Ca;Mg(Si,07)  ¢_g_A phase diagram modified with 10% MgO

gehlenite, Ca,Al(AISIO;) % The
University
Du RSAAM See: R. Snellings et al. Rev Mineralogy Geochem 74(2012):211-278 o

Slag reduces early strength, increases

: final strength
» [Image deleted for copyright reasons]

I'he

ﬁ University
Du RSAAM See: R. Snellings et al. Rev Mineralogy Geochem 74(2012):211-278 S
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Main benefits: improved durability

Portland cement
{CEM I)

* [Image deleted for copyright reasons]

Poartland cement
+ ~70% slag
{CEM 1II/B)

Curing duration {days)

) The
% University
- i - a g 2 Of
D u RSAAM See: J.M. Ortega et al. Constr Build Mater 27(2012):176-183 o o

FIy ash (UK name: Pulverised fuel ash, PFA)

+ Waste from coal-fired electricity generation
— Mineral matter from within the coal particles

— Mainly derived from clays, bits of carbonate minerals,
etc., heated to ~1600°C+ as coal is burnt

— When coal is burned, some of these impurities melt, go
up out of the furnace with flue gases, and cool to form
glassy particles

(other parts go out the bottom = “bottom ash™

— Filters in the chimneys collect the ash
(>500 million tonnes p.a. produced worldwide)

— Generally fine (<100 um) particles — size fraction <45
um is the most reactive

Ry I'he
% University
D u RSAAM glfn‘ffir:lrl.
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Understanding ash reactivity

* Fly ash is a mixture of glass and crystalline phases
— Glass is mostly aluminosilicate, with Ca, Mg, K, Na, Fe

— Main crystalline phases in siliceous (ASTM class F) FA are
mullite (3Al,0,-2Si0,), quartz, and Fe oxides/spinels

— Main crystalline phases in calcareous (ASTM class C) FA
are Ca0O, MgO, CaS0,, alkali sulfates, Fe,O,/Fe;0,,
maybe C;Aor C,,A;

— Alsc can be some contamination with Cr, Hg, Cd, Zn efc.

» Not all fly ash is usable in concrete

— If too much unbumed carbon, can soak up important
organic additives (‘fadmixtures’ — see later in semester}

— Recent ‘shortages’ in UK & US relate to high percentage of
off-specification ash being produced

Iy I'he
* University
D u RSAAM & , gl’n\ffir!l(l.

Particle morphology is important
» Particles mainly spherical

» Many are also hollow
(wholly or partially)

[Image deleted for copyright reasons]

[Image deleted for copyright reasons]

S. Kumar & R. Kumar, Ceram Int 37(2011%533-341

% The
University
Du RSAAM F. Goodarzi & H. Sanei, Fuel 88(2009):382-286 2o 2N,
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Fly ash glass chemistry

- Interparticle heterogeneity

- Intraparticle heterogeneity

- Fe?®* sites (substitution for Al3+?)
- Role of alkali metals

- Role of Ca?*

-Aluminosilicate glass immiscibility

Iy I'he
% University
D u RSAAM Sheffeld.

How does fly ash react in cements?

« Mainly the pozzolanic reaction:
Ca(OH), + xSiO, + yAl,O; 2 C-(A)-S-H
— Forms Al-substituted C-S-H

— Up to ~20% of Si in C-S-H can be replaced by Al
within the tobermorite-like structure

— Any extra reactive Al can also form calcium aluminate
hydrate phases (AFm mostly)

» Reaction is fairly slow

— Needs high OH- concentration (generated by plenty of
cement hydration) to really make it start reacting

— After a few weeks, pH inside cement reaches ~13,
which is encugh to make fly ash start to dissclve

— Some parts of the ash will never react

Ry I'he
% University
D u R SAAM glfn‘ffir:lrl.
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Natural pozzolanic material ("P” in EN 197)

« Volcanic soils tend to have reactive components

« Basis of Roman concretes (as mentioned before)
— original “pozzolan” was volcanic soil from Pozzuoli, Italy

« This behaves similarly to fly ash glasses in reacting
with cement
— Now widely used in Portland cement blends, but very

variable in properties & performance

» Geologically altered (aged) pozzolans can also react,

but usually slower than glassy (fresh) pozzolans

— Partially crystallised {often into hydrous minerals) by
geological processes — less reactive

— Can be calcined for more reactivity (“Q” in EN 197)

Iy I'he
* University
D u RSAAM glrwffiuhl.

Compositions of reported natural pozzolans

» [Image deleted for copyright reasons]

Usually also:
~15% Al,O,,
~10% (CaO+MgO)

I'he

% University
Du RSAAM See: R. Snellings et al. Rev Mineralogy Geochem 74(2012):211-278 S
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Calcined clay (Qin EN 197)

» Heat-treatment of clays at ~600-800°C gives a
disordered, reactive phase

— Kaolinite clay - metakaclin
— Halloysite clay 2 metahalloysite (...&etc.)
» Highly reactive
« Al-rich (Si/Al~1)
» Pozzolanic
» Also makes AFm
—e.g. in ternary

blends with
limestone (*LC3")

Iy I'he
% University
D u RSAAM Sheffeld.

Problem — particle shape

+ Metakaolin particles are plate-shaped
— High surface area

— Take up a lot of water in a
cement blend, make flow
properties worse

— Limits usage to ~20% in
most blended cements [Image deleted for copyright reasons]

— Flash calcinaticn can reduce
this prcblem

— Valuable in refining pore
network structure — increases
durability of concretes

— Ternary blends “LC3” in Cuba,

India, China, etc. — with CaCO, The
)

University
D u RSAAM B.B. Sabir et al., Cem Concr Compos 23(2001).441-454
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Silica fume ("D” in EN 197)

By-product of semiconductor Si or ferrosilicon
alloy manufacture

Also called ‘microsilica’
Pozzolanic reaction, CH + xS -2 C-S-H

Very small SiO, particles, ~0.2 um diameter
— Powder handling challenges...
— Tend to agglomerate
— High water demand — can’t use >10%
— Accelerates cement hydration (next slide)

— Densifies pore structure, reduces permeability 2>
improves concrete durability

e I'he
* University
D u RSAAM Sheffeld.

Rice hull (rice husk) ash

» Rice husk waste is burned as fuel, remnant
ash is mainly silica in small particles

+ Another fairly pure source of SiO,
— Often has some crystalline SiO, and some
unburned carbon, though

— Particles are mainly porous, which tends to
increase the water demand of the cement

* Much cheaper in most parts of the world
— Lots of developing countries which need
cements have a lot of rice husks, not much
semiconductor manufacturing... S—
:

DuRSAAM -

ends of
sy Sheffield.
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Limestone

« Calcium carbonate, CaCO,

» Not technically a pozzolan, but can act in some
similar ways to improve cements

» Used as an ingredient in the kiln, but can also add
extra (unburned) limestone to cement
— Usually very finely ground for reactivity

» Cheapest of all mineral admixtures

« Small amounts (<5%) can give improved properties
— Makes extra AFm phases (monocarbonate}
— Any more than this doesn’t react — reduces strength
— Synergy with metakaclin as mentioned previously

Iy I'he
€§i§? University
D u RSAAM D G,

Sustainability in construction materials

« Cement manufacture causes ~8% of CO, emissions
worldwide

» ~0.8 ton of CO, per 1 ton of cement
» Global market will double by 2050
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A major global issue

2050, low cement production
cement
16%

cement

2012
8%

all other
human
activities
84%

2050, high cement production

i cement
o
activities 24%
92%

In perspective: air transport now 2% ‘e

activities

all transport now 23% 76%

all other

I'he
University
of

¥ Sheffield.

Some potential impacts

» Global climate change « Waste

« Ozone depletion » Respiratory effects
« Acidification of waters * lonising radiation

« Eutrophication « Ecotoxic substances
« Summer smag « Land use

« Winter smog « Raw materials

« Heavy metals « Etc...

« Carcinogenic substances

Calculating and somehow totalling these impacts is a contentious issue...

I'he

s,
. University
D u R SAAM g{wﬁir:hl.
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Why is this important to engineers?

« To design a ‘sustainable concrete’, we need to
define what we mean by ‘sustainable’!
— Just CO, emissions? Resource depletion? etc...

» Durability of concrete is very significant in a life-
cycle analysis

— But most life-cycle practitioners are essentially
accountants, not specialists in a material

 Allocation of environmental impacts to wastes/by-
products/secondary products is important
— Can also be very controversiall (and philosophical)

— Decisions made in this area — often by regulators - can
determine the overall viability of new products/processes

e I'he
* University
D u RSAAM Sheffeld.

Shorter-term possibilities

More efficient Portland cement processes
— Kilns — newer ‘dry process’ is more efficient
— Heat recovery, integration & recycling

— Grinding

Blended cements

Alternative fuels for kilns

Modification of clinker chemistry to reduce
processing temperature

Some (more mature) non-Portland
cement binders

% The
University
D u RSAAM 2»‘.«rfn-m.
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Limited scope for more direct efficiency gains...

* [Image deleted for copyright reasons]

Sec: hitp:Mwww.whesdcement. org/pdfftechnologwWBCSD-IEA Cement%20Roadmap.pdf

Iy T'he
% University
D u RSAAM glfwffiuhl.

Longer-term possibilities
« Some (less-mature) non-Portland cement
binders
« Carbon capture and storage
* Oxygen-fired kilns
* Multi-cyclone precalciner kilns

* Fluidised bed kilns or other alternative
calcination processes

Advanced grinding technologies
Alternative raw materials for cement kilns

oy The
ﬁ University
D u R SAAM glfn‘ffiuhl.
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What is the answer?

» Portland cement production is already
pretty efficient
— Not much scope for further savings there
— Blended cements are being developed further

— Limitations on the availability of some of the
blending components

» The way forward: a toolbox approach
— The right cement for the right application
— Portland and non-Portland cements
— Clinker-based and non-clinker-based binders

DuRSAAM

Traditional and non-traditional cements

Increasing

Ca content Moving from a
single universal
cement to an array

Alkali activated
I EHEE

Increasing
Al content

Increasing
alkali content
Geopolymers

Also supersulfated cements, Mg-based binders,
and various others

See: JL Provis & J3J van Deventer, State of the Art Report, RILEM ;g  of
DuUR SAAM [ESviNid- ) i
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3. Alternative cements, what is available?

John Provis

In this chapter an overview is provided of different alternative cements, including alkali-
activated binders. The basics are discussed of a set of 8 non-Portland cements which have been
put forth as non-traditional cements.

Alternative cements — what is
available?

Prof. John Provis
Department of Materials Science &
Engineering
University of Sheffield
L.provis@sheffield.ac.uk

DuRSAAM
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Non-Portland cements

» Useful in specific circumstances
» Can be more environmentally efficient

» Can give improved technical properties —
particularly resistance to chemical attack

» Each produced in much lower
volumes than Portland cement

« Some can be processed and placed using the
same technology as Portland cement concretes
— This is highly desirable — people don'’t like to replace
familiar things with unfamiliar things!
» Most require some special attention in

formulation and/or curing for good performamce
DuRSAAM

Alkali-activated cements

» Aluminosilicate materials + alkaline solution
(“activator’) — can use blast furnace slag, coal
fly ash, natural pozzolans, calcined clays

{see last lecture on blended cements for mare info on these materials)

—~60-90% less CO, emissions than Portland cement
— Main drawback: need for an alkaline solution

— Commercial production in Eastern Europe, China,
Australia, increasingly in UK/EU

% The
University
D u RSAAM 2»‘.«rfn-m.
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Alkali-activated binders - Why?

« Common SCMs (fly ash, slags, metakaolin etc.) can be
used directly in alkali-activation

— These are less reactive than clinker, so reaction with water
is slow

- Chemical activation needed

« High-volume blended cements can use PC clinker as
activator — but it is not optimised for this task!

— Clinker components & gypsum balanced to give optimal
rheology, reaction & strength when used alone

— If another material dominates, this is no longer optimal

- Why not use a purpose-designed alkali activator instead?

DuRSAAM

7 The
& University
of

+ Sheffield.

Versatility of alkali activation

Green Silicate Carbonate | Sulphate

desirable

Hydroxide

Blast furnace slag

Blue
acceptable

Calcined clays

Natural pozzolans

Framework

requires blending
aluminosilicates

with clinker

Synthetic glass

Steel slag

paor Phosphorus slag

Ferronickel slag

White Copper slag
Little or no
information Red mud
Bottom ash

J.L. Provis &).5.). van Deventer (eds.), State of the Art Report pivers
DuRSAAM of RILEM TC 224-AAM, 2014 a3
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Two basic types of material
 High-calcium and low-calcium (“geopolymer”)

AAMs

» Classified together because reaction process

is similar

— Interaction of an alkali source (usually liquid) with
an aluminosilicate powder

» Binding phases can be very different,
depending on calcium content/availability

« Sometimes (with high Ca) gives C-S-H type
phases, sometimes very different products

(N-A-S-H)

Iy I'he
University
Qe Of

0" Sheffield.

How does the reaction happen?

|
Dissolution of solid Silicate species in
aluminosilicate source activating selution
BEER \ / e
‘»-m‘;g?&
S Rearrangement and
exchange among
dissclved species
High Ca
| Gel nucleation |
{medium-high Mg) Low Ca

Layered double

hydroxides

% University
: - & of
Du RSAAM J.L. Provis & 5.A. Bernal, Anmu. Rev. Mater. Res., 2014, 44: 299-327 &> O

i

| C-A-S-ngl | low Mg) N-A-5-(H) gel

J

Selidification, hardening and
strength development

I'he
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Phase assemblage controlling durability

MgAl layered double hydroxides give resistance to carbonation, and
restrict chloride ingress
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R.). Mvers et al. Zppfred Ceochemisiny, 61(2015): 233-247
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Gel chemistry — C-A-S-H gel

 Alkali activation with more calcium — main binder
product is Al-substituted C-S-H (C-A-S-H) type gel:
(0.6-1.6)Ca0-(0-0.3)Al,05Si0,(1.0-1.6)H,0
— Compared to PC hydration products: Lower C/S ratio (PC
has 1.6), higher Al content (PC usually has <0.04)
— Alkalis can be sorbed on gel, or free in the pore solution

— Secondary phases can include hydrotalcite, zeolites (or N-
A-S-(H)), AFm phases

— Bound water gives strong space-filling effects

— Can also be cross-linked tobermorite-type structures (Q%)

Al"in a g° environment
I

QZ non-crosslinked
~._ C~[N)-A-5-H unit

.........

RJ. Myers et al. {angmuir
29(2013):5294-5306

-

v’ " K A
d Al"inaqg® 2

- S -
J / e .
E crosstinked  Allinaq? 3" -~ ; l[;}rt(ivcrsilv
D R AN M Q’(1Al1) C-(N)-A-S-H unit (bridging) Q(1Al) i Of ’
u envirenment * Bheffield.
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Gel chemistry — N-A-S-(H) gel

« Alkali activation with low calcium gives, as the
main binding product, a ‘geopolymer’
(N-A-S-(H)) gel: Na,O-Al,O5-(2-6)Si0,-(0-0.5)H,0
— Highly crosslinked (Q*) framework structure — similar to
a zeolite (“pre-zeolitic’?)
— Little chemically bound water — almost of the water is

held in pores not in the gel itself

+ This is good for fire resistance — don't
need to destroy the gel to remove water

+ But - tends to give high permeability
— Also generally has good acid
and sulfate resistance

+ Low Ca content means usual mechanisms
observed in PC aren’t a problem

RJ. Myers et al. Langrruir 2002013).5204-5306,
D u RSAAM J.L. Provis et al. Cemr Coner Res 42(2012).855-864

Modelling N-A-S-(H)

Amorphous:

Crystalline: Defective:
Si:Al 1.4 K Si:Al 1.5 / Si:Al 1.5

Partially disordered — not fully amorphous — structure
gives the best match to experimental results

DuR SAAM F. Lolli et al. ACS Appl. Mater. interf. 10(2018): 22809-20
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Different gels can co-exist in one sample

Sio,
10

B 100% FA
@ 50% FA/50% BFS
/\ 100% BFS

06
0.5 -

04

0.7
0.2 -~ 08

0.1 - 09

Ca0O1 09 08 0.7 06 0.5 0.4 03 0.2 0.1

A S.A. Bernal, J.L. Provis, f Am. Ceram. Soc., 32014):997-1008
Du RS (data from Ph.D. thesis, |. Ismail}

s Of =
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o Some of the reactions...

(note — not written balanced!)

+ Alkali-activation of aluminosilicates

— NS +AS + H 2> N-A-S-(H)

— NH + AS 2 N-A-S-(H) (lower Si/Al ratio})
(S/Aratio can be ~2-6; N-A-S-(H) gel and/or zeclites)

 Alkali-activation of slag
— NS (or NH) + C-A-S (slag) + H 2> C-(N)-A-S-H
— Nc + C-A-S (slag) + H 2 Cc + C-(N)-A-S-H
— Mg + Al frem slag + OH- 2 hydrotalcite
(layered Mg-Al hydroxide/carbonate)
+ Low heat of reaction (~10-50% cf. Portland cement}

DuRSAAM
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Current/ongoing issues

* Workability control — organic admixtures
used in Portland cement don’t work well

» Needs careful curing to keep water in

* Understanding steel corrosion chemistry
» Controlling shrinkage

» Standards environment restrictive

« Competing with an extremely successful
commodity product!

e I'he
* University
D u RSAAM Sheffeld.

Supersulphated cement

» BFS + calcium sulfate (hydrous or anhydrous) + ~5%
Portland cement clinker — almost AAM chemistry?

» Developed in Germany ~1209, based on high-Al
(~14% Al,O,) slags
— Al levels of slags dropped ~1960s, the cements stopped
working so well, standards were withdrawn
— Now coming back into use, standards have been rewritten
and approved in EU
« C-S-H, ettringite, hydrotalcite as main binding phases
— Pore solution pH lower than Portland cement
— Low heat of hydration
— Large ettringite needles

% The
University
D u RSAAM 2»‘.«rfn-m.
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Phase evolution in supersulphated cement

NS
o

pore solution

[ . N
o N
o O

C-S-H hydrotalcite

ettringite

gypsum

A O @
o O O

unhydrated slag

N
o

g/100 g supersulfated cement

o

0 10 20 30 40 50
% of slag hydrated

7 The
* University
Du RSAAM M.C.G. Juenger et al. Cem Concr Res 41(2011):1232-1243 .

Properties

» Fairly long initial setting times
+ Somewhat slower strength development, but 28-
day strengths similar to Portland cement

« Careful curing is very important

— Not suited to heat curing, because ettringite degrades at
high temperatures

» Very good sulphate resistance
— Ettringite can’t be further attacked by sulphates

» Low porosity — generally good durability
» Very low CO, emissions
« Drawbacks: limited availability of the correct slags

DuRSAAM
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Calcium aluminate cement

» CAC (also high-alumina cement - HAC, trade
name Ciment Fondu or SECAR)
— Special type of clinker
— Used since 1908 (developed by Lafarge)
— High early strength (90% of final strength after 24 h}) —

used in prestressed components

+ Sometimes has catastrophic strength loss if
used under the wrong conditions—> “conversion”
— Banned in structural applications in many places
— Very sensitive to water content

— Expensive retrofitting (or demolition) of many
buildings has been required

Iy I'he
* University
D u RSAAM glrwffiuhl.

Converted strength

» Depends strongly on w/c ratio

w/c Converted strength as % of initial
0.30 55-70

0.35 45-60

0.40 35-50

0.50 25-40

0.60 15-30

0.70 5-20

» Suggestions to use low w/c and design to
converted strength as final material strength?

D u RSAAM I. Odler, Special Inorganic Cements, Taylor & Francis, 2000 glfn‘ffiuhl.l

39 | Introduction to AAM technology — Alternative cements, what is available?



Conversion as a function of time or temperature

[ —
Hours atroom T ‘ ~years al room T

6CA + 60H T<r297°C

30°C<T<70°C
ﬁ—
T>70°C
1. 6CAHy,
2. 3C,AH, + 3AH,
+27H
= 3. 2C,AH, + 4AH
5 - 2L3AH, 3
s +36H
£
(7]

Density:

CAH;,, C,AH;  CsAH,
1.72 1.95 2.52

Time
« Strength and volume both change
Du RSAAM M.C.G. Juenger et al. Cem Concr Res 41(2011):1232-1243
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Warm, wet environments make it worse

» Stepney School swimming pool roof

structural beams
DuRSAAM
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DuRSAAM

Useful in some specific applications

Refractory cements (up to 1800°C)
Rapid-hardening mortars

Pipes

Flooring

Used in many cement blends

Potentially lower CO, emissions than
Portland cement (lower Ca content)

Bauxite is generally more expensive than
most cement ingredients

— not ideal for bulk concreting
X

Calcium sulphoaluminate cement

Very popular in China — ‘Third Cement Series’
(TCS) — not so widely used elsewhere

Clinkers based on the phase ye’elimite, C4A3§
— Generally together with belite, with or without C ,AF

— Made from limestone, silica, bauxite and CaSQO, - or
replace some of these by wastes for lower cost

— Fe in some bauxites leads to C,AF component
Interground with gypsum

Cements are rapid-hardening, high-strength, can
be designed to expand upon hydration

Moderate pore solution pH

s P ed at slightly lower T than PC cllnke e
an L= X o
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Phase assemblage

[Image deleted far copyright reasons]

' University
g 2 Of
D u RSAAM See: F. Winnefeld, B. Lothenbach, Cem Concr Res 40(2010):1239-1247 & Shefeld.

Adjustable

Varying expansion depending on gypsum
added (and water)

Enables self-stressing concrete production
— Reducing cracking during drying shrinkage

— Pipes, water towers, runways, efc.

Also used in floor screeds and other niche
applications

Lower CO, emissions: made using CaSO,
and lower production temperature

— Can use some waste materials (i.e. red mud)

oy The
ﬁ University
D u R SAAM glfn‘ffiuhl.
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Carbonation-curing cements

* New high-profile development, e.qg.
“Solidia Cement” and competitors

* Produce a mixture of CS and C;S,, react
with water and high-pressure CO,

* Binder product phases are silica gel and
CaCO,

— C-S-H isn’t stable at such high CO,
concentrations

» Mostly useful for precasting — need to
apply the CO, from a cylinder, can tJust

ncrete of this type

Magnesium-based
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» Low temperature formation of strong minerals
» Water resistant?

— Cheap and readily available
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Magnesium-based

Si0,
A

+ Ca0-Al,0,-SiO,
— Several naturally hydraulic
regions

U
\
gpseupo- |/
WOL|

« MgO-Al,0;-SiO,
— MgO only

I Mgo

Magnesium phosphate cement

» Acid-base chemistry

» MgO + soluble acid phosphate

 Originally designed as refractory cements
— Initially a sprayable composition

— Quick setting, so began to be sold as rapid-
repair cements by early 1970’s

FebSET 45

Can drive over it after 45 minutes
Can be used down to temperatures of -20°C

o The
% University
A A WOy Of
D u R S M httpsziwww.everbuild.co.uk/productifebset-45/ Sheffield.
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Magnesium phosphate cement

» Acid-base chemistry

e.g. MgO + KH,PO, + 5H,0 > (IgkPO,-6H,0

Struvite-K

[Image deleted for copyright reasons]

AS. Wagh & SY. Jeong, J Am Ceram Soc 86{2003).1838-1844

DuRSAAM

Magnesium phosphate cement

* Form a crystalline binder — need correct
stoichiometry to get desired products
— Unreacted MgO issues?
— Phosphate efflorescence

+ Also substitute for both Mg and K sites

— Replace some Mg?* with Ca?* (but reaction is very fast)
or Fe2* (but reaction is very slow)

— Replace some K* with Na*, Cs*, or H*

» Workability control can be challenging

— Not really proposed for use in large-scale concreting
— Binds to steel

DuRSAAM
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Magnesium silicate cement

» First seen as a degradation product in sea walls and
from sulfate attack:
C-S-H + MgSO, > CaSQ, + Si0, + Mg(OH), > CaSO, + M-S-H
» Interestin 1980’s as a refractory binder
« Cement interest mid 2000’s in China
— MgO + silica fume + industrial by-products
» High water demand and expensive precursors

« Chemistry not well described in the scientific
literature

— Appears to be a type of poorly crystalline serpentine /
phyllosilicate (e.g. lizardite / talc)

e I'he
* University
D u RSAAM Sheffeld.

Magnesium silicate cement

+ “Novacem” (Imperial College spin-off) — high
publicity, no longer produced, but interesting anyway
— “carbon negative cement”
* Binding gel is magnesium silicate hydrate (M-S-H),
similar to C-S-H
— M/S ratio lower than C/S ratio of C-S-H, strength and
stability generally lower

« Carbonates by CO, uptake from the atmosphere —
gains strength from MgCO, formation

« Salts added to increase internal RH
— Aided formation of MgCO,-3H,0

« Related to this: “Reactive magnesia” cements

% The
University
D u RSAAM 2»‘.«rfn-m.
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Magnesium oxychloride cement

« Main binder phase 5Mg(OH),-MgCl,-8H,0, but
many other phases exist
« Wide range of filler materials
— Granite, sawdust, ivory dust [Image deleted for copyright reasons]
« Variants use sulphate instead
of chloride, or zinc instead
of magnesium — this can
enhance the Water reSiStance http:/iwww.lebvoss .defimages/PICTO188 PG
— Magnesium oxysulfate
— Cupric oxychloride
— Zinc oxychloride

DuRSAAM

Magnesium oxychloride cement

* Renewed interest
— Lower CO, (disputed)
— Use of local natural resource (usually MgCI brine)

Qinghai salt lakes (China) p—
Dead sea (Israel / Jordan) > &=
Salt lake (Utah)

Fire resistance (~35% hydrated water by weight)
— MgO refractory, high melting temperature

& University

D u R SAAM Image from Wikimedia commons & -' s o

CS Sheffield.
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_Magnesium oxychloride cement

* Niche uses:
— Temporary oil-well cements
— Stabilising salt mines
— Dry-wall (replacing gypsum}
— Industrial flooring

[Image deleted far capyright reasons]

Endiager Asse IF Aklueliter Stand der Arbeiten zur
Stabiisierung und sicheren Schiiefung; BIS (2010)

[Image deleted for copyright reasons]

hitpsAvww eurofit gr/magnesite himf % The
£
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4.Cement characterisation

John Provis

In this chapter an introduction is provided to the characterisation of cements. Typically a
combination of techniques are used to characterize the cement powder by means of
experimental testing. Various techniques are discussed in terms of principles of the test method
and characterized binder properties.

Introduction to characterisation
of cements

Prof. John Provis
Department of Materials Science &
Engineering
University of Sheffield
L.provis@sheffield.ac.uk

DuRSAAM
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What do you need to know?

» There are many analytical tools which are
available, and each gives different information

 |Itis very rare, in modern materials science, to get
important results using only one technigque
— Combining techniques will give you more information
— Approach the same question from different angles

|t is essential to understand the techniques you
use

— Even if a technician is running the instrument for you,
you heed to know what they do, and why

— Know the limitations of your data — what can it not tell
you? Why?

I'he
* University
D u RSAAM Sheffeld.

Comments on testing...

“It is very important to understand the
philosophy of testing. Only people ignorant of
the true situation regard a test result as an
accurate portrayal of the property tested.
Unfortunately, this tends to include many
people in authority such as specifiers,
controllers, and legal people.”

(KW Day, J Aldred & B Hudsan, Concrete Mix Design, Quality Controf and
Specification, 4" ed. 2014, CRC Press)

* The
University
Du RSAAM Sheffeld.
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Testing cement powders

* When producing any industrial product, it is
essential to provide reliable performance

* For materials used in construction, and the oil
industry, this is a major safety consideration

Deepwater Horizon

[Images deleted for copyright reasons] http:#wrwr eoearth_org/files
M42601_142700:142603/di
spersantsE_globahwarming.
P9

hitp:ffwnwwe thetimes.co.ukdtto/multi
media/archive/00260MNM294402_a
_269855¢c jpg

Earthquake, China, 2008 — Schools built with The
‘fake cement’ hitoswww. meclatchyde.com/2008/08/2 1/
I 38020_angry-parentsprotest-collapse. html?rh=1 )

Main initial acceptance tests

« Composition — does it contain the correct
components?
— Wet chemical (or XRF) and Bogue analysis
— Increasingly, XRD for quality control

* Particle size — will it react at the correct
speed?
— Blaine fineness
— Gas sorption and BET method for surface area
— Laser granulometry

* The
University
Du RSAAM Sheffeld.
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Blaine fineness

* Measure the flow of a gas through a packed
bed of particles

— This relates to the particle size — smaller
particles have smaller inter-particle spaces,
which give more resistance to gas flow

Low resistance ity
ta gas flow “

)

tHigh resistance
DURSAAM to gas flow

eld.

The Blaine apparatus

hitp:/Awwwe_controls-group.com'backend/prodotti/img_upload/img_big/M203191126100_1_62_10041_a 62 10041_c|pg

» [Image deleted for copyright reasons]

DuRSAAM
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Assumptions in the Blaine method

» The equation used in Blaine calculations (Carman-
Kozeny eqgn.) is only true for single-sized spheres

— Calculate a surface area from compariscon to a known
reference material — assume similar shapes

— Cementitious powders are never single-sized, and rarely
spheres (only fly ash has spherical particles)

— Use empirical carrection factors to work-around problems

* Neglects any internal surface area

— Fly ash has hollow particles, and sponge-like unburned
carbon particles — very high actual surface area, but not
seen in Blaine method

] The
* University
BIBIRSYAVANWIN . Arvaniti o al., Materias & Structures, 2015, 48(11):3675-3686 0% U opnun

Nitrogen sorption (BET method)

» Brunauer-Emmett-Teller (v. Am. Chem. Soc, 1938)
- calculation of surface area from gas sorption

« Usually use N, as probe gas, sometimes Ar or H,O (but
H,Q is difficult for cements)

« Atlow T (liquid N,), the gas condenses on the surface of a
solid sample with increasing pressure

— Assumed to form a monolayer first — and identify the point at which
the monolayer is complete from the sorption isotherm

— Can use this assumption to calculate surface area from the amount
of gas condensation in the region 0.05 < (P/P;) < 0.35

— Pyisthe saturation  E | el Nomeporous / Mesoporous ([
pressure of the gas — / [
which is 1 atm for N, — |/
at 77 K (normal test

conditions)

Amount adsorb

. -
. .
>

Relative pressure {P/P;) 4 University
D u RSAAM glrn‘ffir:lrl.
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Particle sizing by laser scattering

+ Use a laser in the visible light region — light
scatters from particles according to size
(=Bragg’s Law, as in XRD)

— Convert scattering/diffraction patterns to particle size
distribution information

— Need to know refractive index of the particles

— Alsc assumes spherical particles (no good for
metakaolin)

* Need to disperse the particles before analysis —
wet or dry methods possible
— Ultrasound normally used for dispersion
— Difficult to adequately disperse silica fume

1iversity

= T
* Universit;
BIBIRST VANV c Arvarit ot al, Materials & Structures, 2015, 48(11):3575-3585 U

"he
f

Other relevant particle sizing techniques

 Sieving — simplest method
— Need to de-agglomerate particles from each other
— Not useful for very fine particles
— Mainly used for aggregate grading

— SCMs often have a single sieve residue
requirement in standards
(e.g. fly ash/metakaolin not more than 34%
retained on 45 um sieve, ASTM C618)

» Microscopy/image analysis — direct method
— Optical microscopy or SEM
— Can do shape analysis as well as size

DuRSAAM

i 5 Of '
sy Sheffield.
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Example of size and shape analysis by scanning
_electron microscopy - metakaolin

Shape
Normal MK Flash MK

[Image deleted far copyright reasons]

Size >

) The
% University
i i - _ & 3 Of
D u R S AAM R. San Nicolas et al. Apped Ofay Science 83(2013):253-262 .. o

Hydration/reaction - measuring by heat release

« Most important reactions in cement hydration
are exothermic (release heat)
— True for PC and almost all alternative cements

—>cumulative heat released is a good way of
measuring the extent of hydration/reaction

» Can ideally see distinct peaks for each process
in the reaction sequence

« Two main ways to do this:
— Isothermal calorimetry
— Semi-adiabatic calorimetry o= The

DuRSAAM ety

G e Of
aanr Sheffield.
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Isothermal calorimetry (ICC)

Hold a sample at constant temperature
— T-controlled metal block, or oil or water bath

Measure heat released by sample
— Measure voltage, calibrate to convert to heat flow
— Report either differential or cumulative data

Sample size up to a few grams
— (new instruments ~200 g for concrete testing)

Difficult to measure very early stages
— Internal or external mixing?

Iy T'he
% University
D u RSAAM glfwffiuhl.

C,S hydration measured by ICC

» [Image deleted for copyright reasons]

) The
% University
DuRSAAM JW. Bullard et al. Gem Concr Res 41(2011):1208-1223 S
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Alkali-activation of BFS

Shading - Vicat initial & final setting times
120 7F

120, ' Ms 2.4]
e M 2.0
| Ms 1.6
90 4

804

Heat release rate
(Q) (kJ/kg.h)

60 | -
0'0' 0.4 0.8 1.2
3041 e
0 3 10 20 30 40
Time (h)

= The
University
§ » Of
e - " Sheffield.

DuR S VAVAN\V/I  S.A. Bernal et al. Cem Concr Compos 33(2011):46-54

___ Semi-adiabatic calorimetry

« Measure temperature inside a (mostly insulated)
sample as a function of time
— Use this toc describe rate of reaction

» Advantages
— Represents conditions inside large concrete blocks
— Can use much larger samples than ICC

» Disadvantages
— Can’t convert directly to heat evolution

— Reactions all happen at different temperatures -
activation energy effects can be significant

— Temperature can change by as little as a few °C, or
as much as >30°C, depending on sample setup

DuRSAAM

I'he
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Example of data for PC hydration

* [Image deleted for copyright reasons]

hitp:/fwww.cptechcenter.org/i2/documents/ 10Practical SACTTCC-NCC8-23-08 000.pdf The
b
o

DuRSAAM

Main materials science techniques

Mechanical properties testing

Microscopy

— Looking at arrangements of phases in space:
optical microscopy, SEM, TEM

Diffraction

— Looking at arrangements of atoms (crystal
structures)

Spectroscopy
— Looking at bonds between atoms: FTIR
— Looking at local environments of atoms: NMR

oy The
ﬁ University
D u R SAAM glfn‘ffiuhl.
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Mechanical properties testing

» Strength (compressive, flexural, tensile)
» Hardness (Vickers, nanoindentation)

» Standard procedures for testing each
particular type of material

— The standards describe specimen geometry, test
equipment, rate of application of load, etc.

— Always test by a standard method — or you won’t
be able to compare with other people’s results

— Always test a ‘representative’ number of
specimens (the standards say how many to use),
and report mean and standard deviation

DuRSAAM

Scanning electron microscopy

* Scan an electron beam across the surface
of a sample T A
— Can measure backscattere ' :

electrons (BSE)

— Showing structures in
a polished surface), or...

— Can measure secondary
electrons (SE)

— showing topography of
a surface

- ULLVELSILY
: . o8y of :
DuR S AAM RR. Lioyd et al. . Mater. Sei. 44(2000)620 S ¥ o,
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Transmission electron microscopy

« Measure electrons travelling through a very very
thin sample
— Highest resclution of all of these techniques

— Sample preparation can be very difficult, beam can
alsc damage the sample

— Interpretation of images
can also be difficult

hitpobswww.ccber.ucsh edu/
research/esau/ftopics-of-
studyimicrosconesielectro
N_microscope.jpg

D u RSAAM See: I.G. Richardson, Cem. Concr. Compas. 22(2000):57-113

Elemental compositions

« SEM and TEM can be coupled with energy-
dispersive X-ray spectroscopy (EDS or EDX)

R. San Nicolas & J.L. Pravis, Frontiers in Malerials, 2015, 2, #70
« Gives composition
at one position in
the sample

 Definition of ‘one
position’ depends on
the instrument setup

=T

« Or can collect at many
points and make maps

DuRSAAM

Alkali Activated Slag
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Elemental correlation mapping

Al/Ca vs Si/Ca

Shows all Si-Al-Ca phases, but different AFm phases all in one point
(¢

[Image deleted far copyright reasons]

CEMI
* LS-MK blend
. A
. *AFm
@
A

T'he

% University
D u RSAAM M. Antoni et al. Cement and Concrete Research 42 (2012} 1579-1589 glr"\ffi“m_

Elemental correlation mapping
S/Ca vs Al/Ca

[Image deleted for copyright reasons]

Shows Al/Ca ratio of C-A-S-H, distinguishes AFt, and can
separate different AFm phases from each other

{plots are for cement being attacked by an external sulfate source,
presented in terms of depth from the surface, showing AFm conversion
to AFt as the paste is damaged) The

o

University
D u RSAAM W. Kunther et al. Cement and Concrete Research 44 (2013)77-86  ©
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Diffraction

» X-ray diffraction (XRD) most commonly
used in lab analysis of cements

— Can also use neutrons (on a dedicated
beamline), or electrons (in a TEM)

— All work on the same principle — Bragg's Law
— Gives a ‘fingerprint’ for a crystal structure

o The
htto:ihvperphysics phy-astrgsu eduinbase/guantumfimagua/bragalaw gif University
R ‘! ‘! & 2 Of
D u S M N » " Sheffield.

What to do with this...?

* |dentify phases — search/match in databases
— Commercial: ICDD Powder Diffraction File (PDF)

— Free online: http://rruff.geo.arizona.edu/AMS/amesd.php

— Sometimes it's easy... Single phase, simple
crystal structures (NaCl here)

[Image deleted for copyright reasons]

http://universe-review.ca/l13-04-XRD.ipg

oy The
ﬁ University
D u R SAAM glfn‘ffiuhl.
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» Complex phase mixtures in most
cements

» Each phase has a fingerprint’ in XRD

* Not very helpful for C-S-H or N-A-S-H,
though

DuRSAAM

A diversion — what is “amorphous™?

» [Image deleted for copyright reasons]

D u RSAAM C. Meral et al. Cem Coner Res 41(2011):696-710
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Spectroscopy - NMR

* Nuclear magnetic resonance (NMR)

— Needs a nucleus with a non-zero spin —
selective for specific isotopes
i.e. Can see 2°Si (~4% of all Si), not 28Si
(~96%), similarly can see 3C (1.1%) but not
12C (98.9%)

— can use this to selectively ‘label the parts of a
molecule/structure that you want to see

» Relatively easy for liquid samples

— More difficult for solids; need to spin the sample
very rapidly (>5 kHz) to get sharp peaks

I'he
* University
D u RSAAM Sheffeld.

How it works (in very simplified form)

» Measures density of electrons around a nucleus
— response to a (pulsed) magnetic field — ‘resonance’

« Compare against a reference compound to say
whether an element in your sample has more or
less electron density

— This tells about chemical bonding envirconments

— Neighbouring atoms either donate or withdraw
electron density from the atom of interest

* In cements, most useful for analysis of H, Al, Si
— Still possible but trickier: Mg, O, Na, K
— Very difficult to get useful information: S, C, Ca
— Tends to get messed up by Fe — broadens the spectra

* The
University
Du RSAAM Sheffeld.
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Final comments on characterisation

» Cements are nasty to characterise by
most techniques

* More expensive toys won't necessarily
give better information

— More useful to be clever than rich!

* Excellent advice on sample preparation

and instrument setups efc.:

A Practical Guide to Microstructural Analysis
of Cementitious Materials

(K Scrivener, R Snellings, B Lothenbach)

Iy I'he
* University
D u RSAAM glrwffiuhl.
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5.Standardisation of cements and concretes

John Provis

In the construction sector standards and product certification are often applicable. When using
novel binder and concrete technologies, existing standards might not always be fully applicable
or adapted yet. Nevertheless, though new concrete technologies might be out of scope of
existing standards, this does not prevent that they can be already used to some respect. A
discussion in this respect is given in this chapter.

Standardisation of cements &
concretes

Prof. John Provis
Department of Materials Science &
Engineering
University of Sheffield
L.provis@sheffield.ac.uk

DuRSAAM
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Standardisation of cement & concrete

 IMPORTANT NOTE: The majority of tables and
extracts from standards documents within this
set of slides are too small to read all the details.
This is intentional — | don’t want you to sit
memorising these tables!

- Understand the significance of the things that are in
them, rather than the exact numbers/details.

» Note also that every time you use a standard in
your professional work, you should obtain the
newest version of it to ensure that it hasn’t
changed.

Iy I'he
* University
D u RSAAM glrwffiuhl.

European approach to specifying cement/concrete

« Afamily tree of
standards

» Controlled by cement
and concrete industry

« Cascading set of
requirements for
materials to be used in
concrete

— Hopefully not conflicting
with each other. !

— Many testing methods
are integrated into
material standards me

A=y Y

DuRSAAM
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Types of Portland cement

» British & European Standard BS EN 197-1

» 27 sub-types of cement, 5 categories:
— CEM | Portland cement (295% Portiand clinker)

— CEM Il Portland-composite cement
{65-94% Portland + 1 pozz./limestone)

— CEM Il Blastfurnace cement
{5-64% Portland + slag)

— CEM IV Pozzolanic cement
{45-89% Portland + 1 pozz.)

— CEM V Composite cement

{20-64% Portland + slag + 1 other SCM)

Note also: USA uses different types (ASTM Types |-V) The

DuRSAAM > &

S0 Sheffield.

Cements standards

* Prescriptive standards — 27 different types of
cement are listed in the standard (EN 197-1)

[Image deleted for copyright reasons]

Ry I'he
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Allowed certain combinations of SCMs

* [Image deleted for copyright reasons]

See: http:/www.cemnet. comicontentuploads/images/3894c1c4-8014-4e83-805-aface 7eef086 jpg

Iy T'he
% University
D u RSAAM glfwffiuhl.

_Each is also given a strength class

» 28 d compressive strength, mortar with ratio 3:1
sand:cement, w/c 0.50, 40 mm pseudo-cubes®

*produced as 40x40x160
mm prisms, braken in flexian
then ends tested as ‘cubes’

L: Low

N: Normal

R: Rapid (high
early strength)

* Full name of product includes cement type and
strength class —e.g. CEM II/B-V 42.5 N e

DuRSAAM o
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Concrete classes

« ‘Strength classes’ also defined for concretes,
based on 28-day cube & cylinder strengths

— E.g. C40/50 : 40 MPa cylinder, 50 MPa cube @28d
» ‘Exposure classes’ are used to describe the

environments in which concretes are used —
each environment type is defined

» Each country in Europe then has rules about
which cement types, and which minimum
cement contents and strength grades, can be
used in each exposure class

Iy I'he
* University
D u RSAAM glrwffiuhl.

Assume high strength, low w/c =2 good durability

» Define maximum w/c ratio, minimum strength class,
minimum cement content for each type of exposure
— assumed to give sufficient performance

% The
University
D u R SAAM glrn‘ffir:lrl.
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e.g. UK national standard BS 8500-1

Iy T'he
% University
D u RSAAM glfwffiuhl.

How can a new material be used..?
 Add itto the EN standard?

— Extremely slow

— Standards committees controlled by producers of
existing materials

— National appendix (or guideline) is a way into this
« European Technical Assessments

— Product-based specifications, funded by producers of
the new product, issued by national approved
authorities

— Products are deemed to be acceptable across EU
» National specification (e.g. UK “PAS” system)

— Publicly Available Specification — not legally a standard
» Qutside the standard? Alternative applicatior:

DuRSAAM
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Target the right application

» Specialty products often have purpose-
written, performance-based standards
— Roof tiles
— Masonry blocks
— Paving slabs
— Tile grouts
— Etc...

* Waste immobilisation

— Nuclear waste industry in the UK only
requires 0.7 MPa @ 28 d, but has a lot of
other requirements instead of strength g =

DuRSAAM

s Of ’
sy Sheffield.

ASTM approach to standards

* Prescriptive standards

— ASTM C150 — Portland cement
(defines 5 types of cement)

— ASTM C595 — Blended hydraulic
cements

» Performance-based standard

— ASTM C1157 — ‘Standard
Performance Specification for
Hydraulic Cement’

% The
University
D u R SAAM glrn‘ffir:lrl.

74 | Introduction to AAM technology — Cement characterisation



ASTM C150

» Prescriptive standard for cement composition,
defines clinker composition (next slide)

— Contrast to BS EN approach, where clinker composition is
barely described beyond ‘it is Portland cement clinker’

ASTM cement Wde&ted far copyright reasons]

(would all be classified
as CEM |l in UK/EU)

l[;ml'ersil}-
D u RSAAM . » glrwffir!ld.

ASTM C1157

» [Image deleted for copyright reasons]

l[;m;'tr%il_p
D u RSAAM glrwﬁir:ld.
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Comments on C1157

* Pure performance-based standard
— Very few prescriptive requirements

» Not yet really trusted in practice

» Seen as a way forward for alternative
cements — we want to follow a similar route

— Main question: are the tests any good? — see
last two lectures...

— Useless to base a standard on tests that don't
apply to the materials we want to test... see
lectures on testing methods!

e I'he
* University
D u RSAAM Sheffeld.

Standardisation of AAMs

* A recent example, PAS 8820:2016 (BSI) —
“Construction materials — Alkali-activated cementitious
material and concrete — Specification”

* World-first, UK standardisation process for alkali-
activated materials

— Performance-based specification for
alkali-activated cements and concretes
(“AACMSs”)

— Testing methods, quality criteria, etc.

— Bagged cement, ready-mix concrete,
precast elements = e

DuRSAAM
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The PAS 8820 approach

* Performance based specification

* ‘AACM’ binder chemistry described very broadly

— Minimal prescription required to avoid overlap with BS EN
197-1 cement classes = no more than 5% PC

* Following established UK practice where possible
* Basic philosophy — design a ‘reference concrete’ to the
BS 8500 exposure class regulations, and test in parallel

— Reference should have chemistry as close as possible to the
AACM (i.e. maximum use of same SCMs)

— Specified suite of durability tests, same for both materials

— AACM concrete must perform at least as well as the concrete
of known (assumed?} good performance % The
o

Du RSAAM University

s Of
Sheffield.

Where does this lead?

* Intended to be a very conservative approach
» Conformity & identity testing required — strength & flow
» Tests follow established methods where possible
— Most require adaptation for application to AACMs
* For all concretes:
— ASR (RILEM AAR-3)

— freeze-thaw (HETEK/Boras)
— sulfate including permeability {ASTM C1012 & BS EN 12390-8)

* For reinforced concretes, also: (non-accelerated tests)
— carbonation (DD CEN/TS 12390-10}
— chloride ingress (DD CEN/TS 12390-11}

% The
University
D u RSAAM gl’n‘ffir:hl.
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6. Mechanical Properties of AAM concretes

Frank Dehn

Given the somewhat different chemical composition of AAM concretes, it is of interest to look
into its mechanical performance, and to compare it with relationships provided in existing
standards for traditional concrete. This chapter looks into typical strength parameters for
concrete, as well as their development over time. Also long-term sustained stress, resulting in
creep strains, is discussed.

DuRSAAMY : : [t

PhD Training Network on Durable, Reliable and Sustainable Structures with Alkali-Activated Materials
Mechanical Properties of AAM
concretes

Prof. Dr.-Ing. Frank Dehn
DuURSAAM — Course on “AAM Technology”

27-29 January 2020
AN

Karlsruhe Institute of Technology
DuRSAAM — H2020-MSCA-ITN-2018-813556
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Alternatives to cement

OPC +
oPC reactive components
(e.g. composite cements,
sag cements)

3 Slag Silica Fume
Clinker Fly Ash
hydraulic latent- pozzolanic

m hydraulic

CSH-Phases, CAH-Ph and others

CEM | CEMIL I, IV, v
(EN 197-1} (EN 197-1}

beterain: Heremann 4. g 4. Bebn 6. P017) 54 ructursl conrete based omal l-scivated ki nders:Te i nclagy, reaclion
wechatiams miz oz 1 Structurm Concrete, DOl 0.1

KIT

Eavbirune nsiuce f Technolesy

Pertland compesite cements (PCM} as binary and ternary
blended cements or special types of cement

Alternative SCMs {according to RILEM TC 238 SCM
Hydraticn and microstructure of concrete with
supplementary cementitious materials”):

Biomass cr bagasse ash
Waste glass

Calcined marl and clay
Red mud

Steel slag

Waste gypsum

Nanosilica

Municipal incineration slag

DuR SAAM

Alternatives to cement

OPC +
OPC reactive components

{e.g. composite cements,
slag cements)

ol Slag Silica Fume
Sy Fly Ash
hydraulic latent- pozzolanic

m hydraulic

CSH-Phases, CAH-Phases and others

CEM | CEMIL, IIl, IV, V
{(EN 197-1} (EN 197-1}
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Fiyash
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Siica fume
Metakaolin
Capper mine taiing
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 Guartz powder
Limestone powder
Calcined shale
+ Rice husk ash

z
s
E
H
H

scee

]

Saica fume
qua

far ey
100, 0
sio, O 100 Ca0+Mgo

m Bottom ash

m Filter residues

m Paper ash

B Concrete recycling

Peference: Barthel M Rilbrer, K; Kihoe, W Bogge 4 Betn 1 1o p
ity v Geme hezea e Yol ure 8, lasie 7, ppASE<SE, 0O 10,1880 sk 00143

DuR SAAM
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Alternatives to cement

Qassification following the chemical composition

Alkali-activated hinder {exemplarily}

e.g. Geopalymers

Sialate alumosilicate
polymer network

®  Silicon or Aluminium, Si/Al>=1
®  Oxygen
®  Sodium or Polassium

A Geepolymers is understeed as a family of mineral binders
Alkali-activated slag, Si0,-tich alkali-activated whose amorphous to semi-arystalline, 30 alumaosilicate
Ca0-rich ctivated Fly Ash, alkali network is comparable to thatin an artificial zeclite
it g ® Binder designation refers to the formed reacticn phases

AT 5

Eavbirune nsiuce f Technolesy

Chemical composition and Mechanical
properties

Influence of CaO-content

S i . ¢
Metakaolin i FlyAsh $¢

5 ‘e

i

Reactant

0% Ca0D-content 50 %

4
Q
>

w7
o
=

@

T ‘

Karhruhe mtitute of Technoloay
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Chemical composition and Mechanical
properties

Influence of CaO-content on compressive strength f . ., and tensile strength f,,

20 10

Flesural tensie sength
Tr— He

— [ ot ek LY A Diaz-Loya el al (2011) HC
32 B0 - P W Joscoh & hathew (2012, HO Fid " & Femandez-Jmenez (2006), HC
% B Ganesan s . (2013) HO . ¥ Joseoh & Mathew (2012), HC
o - " t g Bnran e e = 84 ¥ b Bashat st al. (2016). HC
pll 4 4 tjt0 & Rangan. ) n A Olivia & Nikraz (2012), RT

E A S Bumenmd 0% ) = a & [ 3 ® Sofietal (2007), RT

B A « a == N © Sofi_2007
e 801 t L] a < - < N E o " = : - * Wuetal (2011)
= o < ¢ = 0 6 4 8 A pe = # Douglas et al (1992)
EEJS I A T B 22 5 .

B H L o ) = « Sgiting tensile sirangtn

5 s gl R B[ 2 vounesacomrr 55 « : A 2 Geesan et o, 2013) HC
5 40 4 v 1 S ra | e AT = & e « G & Bashar etal (2016). HC
] . 5 o | E sketmcsonnr g 4 4 - S smwanne
o 30 s 2 H R . 4 - A Thomas & Peet (2015)
=3 ¥ - Wangpa et al. (2010) P A Olivia & Nikraz (2012), RT
g ) & N e 8 Lo 03] 2 : Fa & & Ghi(2018), RT

4 20 - N - Chlae 2, ‘% # Thomas & Peet (2015), RT
s : 2 2 B | trmaiy

] @ Dougies st (1992) s i

£ 10 1¢ L] & Wuetal 2011) =] = Yang & Song (2012)

S5 @ “ = Yang & Song (2012) % < > Collins & Sanjayan (1899)
3 ol ® S Wardnono s (201) & Chicos)

0 B ats, @i 04 “ # Thomas & Pest. (2015)
& Chi (2018)
0 10 20 3 40 80T B 3 10 20 30 40 50
Ca0-content in wt.-% CaO content in wt-%

= No correlation between Ca0 content and compressive strength or tensile strength

AKIT

Tochnaiea,

Using existing standards for cement-based
concrete

In this Model Code, concrete is classified on the basis of its compressive strength [obtained at a
concrete age of 28 days]. Design is based on a grade of concrete which corresponds to a specific
value of its characteristic compressive strength f.

Fib Model Code 2010, bulletin 65

XX = Class of concrete, such as f,,(28 days) = XX MPa

&

Existing classes: FTWTV
C12,€16, C20, €25, C30, €35, C40, C45,

C50, €60, C70, €80, €90, C100, C110, C120

fem = fox + Af S
/ \ est results

mean value of specific characteristic 8 i Stremg:h
compressive strength compressive strength fox S
DuR SAAM
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Using existing standards for cement-based
concrete

Relation between Splitting Tensile Strength Tensile Strength for fib {2010}
and Compressive Strength for = 03 (F)™? for concrete grades < £50

. for =212 1In(1+ 0.1 (fir + AFY)  for concrete grades > £50
- = = = i 230)
g : - axvmenn Harm |65 3500
= B Vengsong 201
e @ Taketar, Bt 2017 jaaES| Tensile Strength far AS 3600 (2018}
5. by
= R
&4 o o e, 2052
= X ook cral 2015
Z ¥ ek 019 o ' =,
i 2 o v Splitting Tensile Strength :/ \E:\AD
£ ® Taketar Ratil 2017 R for =08 frop ’ }
E, & Famsanjayen, Eangan, 2011 {for both standarcds} iy —
% a 0 40 ] BO 100 O Anuiadhs, Sresvidys, 2012 \\ //’ Specimen

Compressive Strength {MPa}

B Existing standards for tensile strength can be adapted to predict AAM tensile strength

Using existing standards for cement-based
concrete

Relation between Flexural Tensile Strength Tensile Strength for fib {2010}
and Compressive Strength foe = 03 (f)?* for concrete grades < 50

s for =212 1n(1 + 0.1 (for, + AfY)  for concrete grades > 50
£ .*

16
=
JE:: " [ Tensile Strength far AS 3600 (2018}

12 Marm |85 3500| —
§ 10 . e . o\m:mk—my,zlmz fer = 036y ek
&, ¢ I P det -y 2011
= . L . m=;n,mm:-.,zuu Specimen
w5 - & Tabekar, Patil 2017
E F Flexural Tensile Strength [ — ——
5, for =05 forg (fib Model code) o o
%o Fer =06 freqp (A5 3600}
[T 20 20 80 30 100

Compressive Strength {MPa}

B Existing standards for tensile strength can be adapted to predict AAM tensile strength
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Using existing standards for cement-based

concrete

Relation between Young’s modulus E_, and compressive stre

60

Diaz-Loya et al. (2011) HC

50 -

40

30 4

204

Young’s modulus £, (28d} in GPa

T
-0 0

Compressive strength T,

LML ML S [ S S I S S S |
10 20 30 40 S50 60 70 80 90 100 110 120

m, oyl

(28d}in MPa

drehn FPREPAFOEPAqAEA

FoceTd

Jimenez (2008), HC
Joseph & Mathew (2012) HC
Bashar et al. (2016). HG
Noushini et al. (2016) HC

Ng & Foster

Rashad (2015) HG

Thomas & Peet (2015), HC
Lee & Lee (2013) RT

Olivia & Nikraz (2012), RT
Noushini et al. (2016) RT
Sofi et al. (2007).RT
Thamas & Past (20151, RT

Lee & Lee (2013}
Diaz-Loya et al. (2011)
Wongpa et al. (2010)
Neupane et al. (2015)
Ng & Faster

Sofi et al. (2007)

Yang & Song (2012)
Collins & Sanjayan (1999)
Douglas et al. (1992)
Warhono et al. (2015)
Rashad (2015}

Thomas & Peet.(2015)

- EN 1992:2011-1 +/- 20%

low Cal

moderate
Cal

high CaD

B Young's modulus is globally largely under-estimated for AAM concretes

KIT

Eavbirune nsiuce f Technolesy

1/3
_ o + AFYY
Eci = Leplp T

Af:8 MPa
E0:21.5 GPa

Type of aggregates g

Basalt, dense limestone 1.2
Quartzite 1.0
Limestone 0.9
Sandstone 0.7

DuRSAAM

Using existing standards for cement-based

concrete

Stress/Strain behaviour of AAC / GP

55.0
50.0 4~
45.0
400
35.0
30.0
250
2001
15.0 -
10.0

5.0-

Stress in MPa

0.0
0.00

T

Karhruhe mtitute of Technoloay
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-0.50

T T
-1.00 -1.50
Strain in %o

T
-2.00

T
-2.50

m Cracks not located at the same place:

-CEM: matrix-aggregates bond

-AAM: aggregates

DuRSAAM
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Using existing standards for cement-based

concrete

Relation between Fracture Energy G and compressive strength f

Relation between fracture energy and compresssive

strength

200
e
_g- 180
Z 14 —tlorm (fib 2010]
-
ho 120
= * a Eeierri, 2019
S 10
i
o B W Mayak, 2018
5 * *
g % £ ‘ & Rovnanik, 2017
B .
@ 4 %
i

20 A

0

a 20 40 B B0 100 120

Compressive Strength {MPa}

KIT

Eavbirune nsiuce f Technolesy

cm,cyl

Fracture Energy G [N/m]

Gp = 73 f518

m Fracture Energy is largely under-estimated for

AAM concretes

Using existing standards for cement-based

concrete

DuR SAAM

Development of strength with time

m Development of the strength entirely dependent on the
strength class of cement

Jem () = Beelt) * fon (28 days)

Development of strength with time according to fib,
for Portland cencrete
14
12
1 gre
e ﬁ"
2 o6 |d
0.4
2o b wresemee strength class ©42.5 R, 52.5 M, 52.9 R
o

= = wsrength class 3251

s s wstrength class 325 Ror42.5 N

Q 50 100
Time {days)

m Strictly increasing

B Stronger concretes have faster strength development

T

Kartrune mstiuce o Technotesy

vo-ssfl-(2)]

t expressed in days: B-(28 days) = 1
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Using existing standards for cement-based

concrete

Development of strength with time

B Development of the strength entirely dependent on the
strength class of cement

Jem(£) = Boc{t) * fom (28 days)

Development of strength with time according to fib,
for Portland concrete

14
12 8 ——
el R e )
1 agpans et BT TS = = ctrength dass 325 N
Zooe v
T o _41'# =+ o strENgTh Class © 32.5 R or 425 N
Roa
0o b eeveerss strength class ; 42,5 R, 52.5 M, 52.5 R
a2
o 50 100
Time {days)

B Strictly increasing

B Stronger concretes have faster strength
development

ST

Tochnaiea,

Retrense: et 2 il €. [2008)

Slag, Ca0=32.6 [%mass]

I

—_—

a

20 40 B
Time (days)

—s—f [cm ) (28 days) = 26,2 MPa
£ (em ) (28 days) = 29,2 MPa

—e—1_[cm ) [28 days] =58,9 MPa

)
Canatruction a1 Bl g MY AIZ 23, pp. 245255

15

efcc(t)

Q

Rekrere: vallah,

Fly ash, Ca0 < 3 [%mass]

"

2

20 40 3]
Time (days)

S8 Pangan, B, [1508) Lovw-cald um s based gopel

G2 Facuty o Engineering Curlin Univeraly of Fechoctcgy, Feh vt i

m 5lag and fly ash time-behaviours are similar as Portland cement

i martar,

—e—f_[m ) (28 days) = 14 MPa
£ (tm ) (28 days) = 23 MPa
= f_[cm ) [28 days) = 35 MPa

100

B Fly-ash has a very slow strength development at early stage

DuR SAAM

Using existing standards for cement-based

concrete

Development of strength with time

m Development of the strength entirely dependent on the
strength class of cement

Jem () = Beelt) * fon (28 days)

Development of strength with time according to fib,
for Portland cencrete
14
12
= m]a e R
2 oos | e

Sog [Fp”
02 | #

= = wsrength class 3251
=+ o strength class : 32.5 R or 42.5 N

eveseeer strength class : 42.5 R, 52.5 M, 52.5 R

Time {days)

m Strictly increasing
m Stronger concretes have faster strength development

Kartrune mstiuce o Technotesy
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Metakaolin

10 20 30
Time (days)

B Kinetic can differ for metakaolin |

| Introduction to AAM technology — Mechanical Properties of AAM concretes

Source: San Nicolas - 1
et 50l CE SN MiColes - 2

—e—>5ource: Rovnanik

DuR SAAM
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Using existing standards for cement-based
concrete

Creep: strain generated by the application of the load

Strain evoluticn (illustration, without thermal effect}
1200

Creep strain:
E-(t)= €4 (fg) + Ec(E) + Ecs (&) + e (1) 1009

thermal strain

» shrinkage strain i
—
creep strain (f = t5) E oo
» initial strain at loading § £ (Lo}
@
Creep coefficient: “ [N DRV e—
£ (t tg) i -I G
pclt, tp) = ——= . L2 "o
Ect (tﬂ) a 100 200 300 00 500 600
Time [days]
———total strain = « =shrinkage = = shrinkage from t=28 days  ~——- oading

AT .

Eavbirune nsiuce f Technolesy

Using existing standards for cement-based
concrete

Comparison Model Codes / AAM Creep coefficient:
£cclt, o)
@t ty) =
&ci(to)
Creep coefficient for a slag {Ca0=40.3%mass]} Creep coefficient for a fly ash, class F
Concrete age [days] 25
2523 56 84 112 140 168 |?6 224 Fl =

MC 2010+ 40w, deviation ra -

S e a8 pa TG 2816 onsonied £ s - - oM AS 3600
= ap AASTloncrate, So1:=0.50. unsealed o L=
= 20 AAS-concrete, O/1.~0.35, unsealed oo - o2 ’ reaflrne Wallah, Rangan (2006)
= e H ’
] ; S5
§ 1 o= R el s L lai = [ RH = 500 (+/—10%)
13 e e ERE] I3 fom =40 M P2
g 10 g : g e e e oS be g = 7 dlzys
8 At i o5 WIPRRVEVE AR R S .
B o5/ ; : o
8 o5/ oo o SIS SSUUUUS SUUUS: ORI

bl 50 100 150 200 250 300 350

0 28 56 84 112 140 168 196 Time under lasd [days]

Loading duration [days]

S, ngen BV LongTerm Froperties, Curtin

Bekrios: M, 4Bt Uriversity ofTechoiogy, hesearch Beport 5C2 [poos)

Stractural Concrate, J01T;48 20140, W1 el A1) 10,1000 auco 20160147

[DuR SAAM IR E
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Using existing standards for cement-based
concrete

Mechanical Property Correlation with f .., given by standards

Tensile Strength f.; Standards adapted

Young’s modulus E No real correlation

Fracture Energy G Small correlation, standard largely underestimate the value

Development of strength + Slag & Fly Ash: development similar as with cement
fem(t) + Metakaolin: different kinetic

Creep New norm to create

Other physical insights

Metakaolin Metakaolin

404 e
406
354 0'C
w0'e

~
=

g 3

R

e

KK,

e

e

Haat swolution (Wg~')

Compressive strength, MPa

AAARARRANNNEASSASS
NNNNNNRNNNANNRRAN NN

P R
R RR R ITR

(R

1 3 T 28
days

5 m|=2n253nsseonss-a;i:)ﬁmmhanas 90 95 120 110 115120 ‘.muc @20°C 040°C D60°C @80 °C |

et rence: MUE-a 120, 05 [Z01A] The Sfec oferapera1 e on 1he gropelp e st process
1 8 Metataciebase grogety g Mateial Letters 2 nat), st 26

MetaRaciir-basect g e, Conatrucion 41 il ng aterials 24 (2030} 11961183

® Increasing the temperature increases the kinetic speed
> Lower setting time
» Faster strength development
» Lower 28-day compressive strength
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Other physical insights

Temperature effect: Fly Ash

Fy Ash
90
! 85°C
g @ i I
- e A T N . B Here, increasing the temperature increases also
= A= = 65°C _
£ 60 - i the kinetic speed
o
gso 7 45°C » Lower setting time
b e .
o 0 ¥ SRS > Faster strength development
g 30 > > Bigger 28-day compressive strength
220 . > Curing plays a crucial role for Fly Ash
210
E 0 L 1 L L it 1 1
0 50 100 150 200 250 300 350 400
Time (Hours)
(IT DuR SAAM AN
e bt S et

Other physical insights

B Properties related to non-static loading:

| Fatigue

Few investigations cn the subjects
m Impact

B Transport phenomena

B Permeation
m Diffusion

Related te durability properties
m Capillary suction

T

[DuR SAAM |2l
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7.Durability testing of concretes

John Provis

In view of the service life of concrete structures, it is important that concretes are made
durable. Different durability issues can become apparent in (reinforced) concrete. It is
important to also understand how the durability of concrete is tested, so to understand if test
methods remain suited to verify the durability behaviour of AAM concrete.

Durability testing of concretes

Prof. John Provis
Department of Materials Science &
Engineering
University of Sheffield
L.provis@sheffield.ac.uk

DuRSAAM
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A few things can go wrong with concrete...

« structural loading
+ impact damage
plastic shrinkage
plastic settlement
thermal contraction
+ chemical/self-desiccation shrinkage
drying shrinkage
movement resulting from the use of a moisture sensitive aggregate
chloride induced corrosion
« carbonation induced corrosion
+ freeze-thaw attack
+ external sulphate attack
external acid attack

oxidation of iron sulphide minerals in aggregates resulting in internal
sulfuric acid

alkali-silica reaction (ASR)
+ delayed ettringite formation (DEF)
+ scaling due to salt crystallisation

+ _attack by organics e sty
DuRSAAM D.W. Hobbs, Infernational Materials Reviews, 2001, 48(3):117-144, &7 &

How to stop damage?

* Undamaged concrete stops steel from rusting
— Chloride, acid, or carbonate can cause corrosion
— Need to stop these getting into the concrete
= Reduce permeability

— Permeability depends on porosity, porosity
depends on water content

= Reduce water/binder ratio for better durability

« This is of course an oversimplification, but actually
not a very bad one

— Chemical additives (superplasticiser/high range water
reducer) can help reduce w/c while retaining good flow

% The
University
D u RSAAM S Ghemena
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Transport-related durability

« Key issue here is usually chloride

— Chloride exposure doesn’t affect the binder chemistry
very much, but makes steel rust

— Alittle bit of binding of CI- in AFm phases, but no
damage to C-S-H or other hydrates

» Chloride permeability is assumed in many cases
to be the key factor limiting concrete service life

— Particularly in North America & northern Europe — salts
applied to concrete for de-icing

— Marine conditicns are also problematic

» Need to understand how, and how rapidly, the
chloride will move through the pore network of the

material
D u RSAAM D Gl

What helps to keep chloride out?

* Dense binder
— Low water/cement ratio
— Lots of C-S-H
— Refined pore structure (small, tortuous pores)

» Pozzolanic reactions really help this in the
long term

— Producing more C-S-H from portlandite
(portlandite doesn’t restrict chloride movement)

— Extra AFm phases help a little, but not as much
as C-S-H

% The
University
D u RSAAM 2»‘.«rfn-m.
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Chloride corrosion

* Cold and warm
environments

» Steel rusts, expands,
cracks concrete

hitp/fwww . efcweb.org/efcweb media/Bilder/WP11/
KorroMeer.jpg

[Images deleted for copyright reasons]

http: /fwww buildreport. com_aw/news/2003_03_spalling_ 01 jpg

Iy T'he
% University
D u RSAAM glfwffiuhl.

Testing chloride penetration

« Simplest methods — “ponding” tests

— Make a concrete cylinder or slab, put a pool of
chloride solution (usually NaCl) on top, and wait

— After several months (6-24), measure how far
the chloride has travelled into the material

» Advantage — generally very accurate
» Disadvantage — very very slow

— Need to get answers faster than this

— Use electricity to force chloride to move faster,
and use this to calculate material parameters
(diffusion coefficient)

Ry I'he
% University
D u R SAAM glfn‘ffir:lrl.
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Rapid Chloride Permeability Test

» ASTM C1202 — apply a voltage and
measure current passed by the specimen in
6 h, use this as a measure of permeability

g T'he
* University
DuRSAAM http J//www.concrete. ora/ FAQiles/082006-fiqurel.pn o o

But what is it really measuring?

» Charge passed depends on multiple factors:
— Partly due to chloride moving in to the specimen
— Partly due to dissolved ions in the pore solution moving
under the applied electric field
« Testis actually a resistivity/conductivity test
— Measuring the electrical properties of the specimen, and
assuming that this relates to chloride diffusion
» For materials with similar chemistry, this can be true
— Changing chemistry will change pore fluid conductivity

— Test can’t be used to compare materials with different
chemistry, but is useful for quality controf of one material

— Resistivity tests sometimes used non-destructively in the
field, but can have errors from temperature or humidity

% The
University
D u RSAAM gl’n‘ffir:hl.
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Better methods are becoming available

« Becoming more popular — hybrid methods

— E.g. NordTest NTBuild 492 (recommended as an EN
standard by an EU project)

— Use electrical acceleration of chloride migration, but
measure actual chloride depth at end of test

« Give the advantage of a 24-hour testing time, but
without needing to assume things about the
resistivity of the material

— Can compare different types of cements

— More reproducible (RCPT test has a £42% error margin
according to ASTM standard)

« But all use fully saturated (underwater) material —
no splashing/drying effects e
=)

DuRSAAM

Sulphate attack on Portland cement

» Internal sulphate attack

— Sulphates present within concrete causing phase
evolution after a long time

» External sulphate attack (more common)

— Sulphates from the environment entering material and
causing phase changes

* In both cases, AFm - AFt conversion is the key
mechanism

— External MgSQ, also causes decalcification of C-S-H to
form M-S-H and gypsum

» Result is expansion and cracking
« Use slag blends or low-C,A clinker to resist it

% The
University
D u RSAAM 2»‘.«rfn-m.
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Causes severe cracking

http://static? theconstructor.orghwp-contentiuploads/2010/04/images5.ong - hitpiwww.understanding-cement.com/sulfate. himl

http: iwww.cementaid.ie/about.htmi http:iwww.isse. org.uk/index php/survey/sall-analysis-side

Iy T'he
University
e Of
L ,‘ Sheffield.

DuRSAAM

Testing sulphate resistance

» Immerse the concrete in a sulphate-rich solution
(usually 5% Na,SOQ,)
— Measure specimen length regularly

» Testing for conversion of AFm to AFt phases,

which causes expansion
— Not enough to fully explain expansion, but important

[Image deleted faor copyright reasons]

The
University

Du RSAAM W. Kunther st al., Cement and Concrete Research 48 (2013) 2320 o
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Sulphate-resistant cements

* Low C,;A content, or high slag in PC blend

— Favour formation of C-S-H rather than AFm
phases, so don’t expand

[Image deleted far copyright reasons]

T'he

% University
D u RSAAM W. Kunther et al., Cement and Concrete Research 46 (2013} 23-29 e 2.'.‘%“._

Thaumasite sulphate attack

« Relatively rare worldwide, important in UK conditions

* Needs cool (4-10°C), wet conditions, with both
carbonate and sulphate

+ Thaumasite: Ca,Si(OH)4(S0,)(CO,)-12H,0

— C-8-H converted to thaumasite
becomes ‘mush’

— No strength at all — soft
hiips://www.youtube.com/waich7v=AFRYPVHRjLw

[Images deleted for copyright reasons]

Buried sample
3 years exposure

g The
htip:/fwww.sheffield.ac.uk/polopoly_fs/1.14298314ile/05.pcf % University
o

hitp:/fwww.sheffield.ac.uk/emrufresearch/thaumasitefindex S Ghemena
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Alkali-aggregate (alkali-silica) reactions

* Portland cement contains a small quantity of
alkalis (Na and K)
— Remains in the pore solution upon hydration
— Pore solution pH is very high

* If the aggregate is unreactive (e.g. quartz),
this is fine

« If the aggregate contains reactive (e.g. glassy,
opal etc.) components, it can be attacked by

the pore solution
— Chemical reaction at the aggregate surface

Iy T'he
% University
D u RSAAM glfwffiuhl.

Alkali-silica reaction products

* Makes an expansive, white silicate gel product

[Images deleted for copyright reasons]

Ahdelrabhman et al. Conslr Build Mater 95(20135):408

httos:fwww.vdz-online.de/en/services/tesearch-and-technology/concrete-
and-conslituents/asr-dkali-silica-reaction/alkali-kieselsasure-reaktion/

Ry I'he
% University
D u R SAAM glfn‘ffir:lrl.
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How is it identified?

» Reaction of alkalis with silica from
aggregates causes concrete to expand

» Characteristic ‘map-cracking’ on surface

http:Awww fhvwa.dot.g ov/pavement'concrete/reactive/v02issuel2.cfm http://fsel engr.utexas. edu/researchiiac-rcbeams/index.cfm

Iy I'he
* University
D u RSAAM glrwffiuhl.

Alkali-aggregate testing
« Test the aggregate, the cement, or both?

» Which test?

— Appendix X1.3 of ASTM C33 lists 8 different methods for
combinations of cement, SCM and silicecus aggregates
(plus 3 more for carbonate aggregates)

« UK approach follows BRE Digest 330 (4 parts)

— Limits on alkali content of concrete based on aggregate
reactivity classification (low/normal/high) from rock type

— Concrete prism test (similar to ASTM method below) if
uncertain — 12 months duration

— Most cements sold in the UK are low-alkali — if not, need to
calculate concrete alkali content (some complexity...)

— Blending with slag or pozzolans helps protect from damage

% The
University
D u R SAAM glfn‘ffir:lrl.
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Testing alkali-aggregate reaction quickly?

« ASTM C1260, mortar bars in 40 g/L NaOH at
80°C, measure expansion at 16 days

» Because alkali concentration is so high, there is
no influence from the alkalis in the cement

— Really only an aggregate test, arguably not related to
cement properties at all?

— Well known to give false positives — extremely
aggressive test
« Advantage is that it is fast,
and widely used — but used
far beyond its scope, e.g. for
cement testing... .

https:#ifwaew fhwa dot gowpublicationsfresearchiinfrast
D u R SAA M nicture/pavements/con crete/061 33/002.cfm

[Image deleted for copyright reasons’

Testing both aggregate and cement?

« ASTM C1293 — concrete prism test

— Extra alkali added into the cement (double the limit of
0.60% Na,Oe), then store at 38°C for 1 year (to show
excessive expansion), or 2 years (o show no
expansion preblems) 2> Slow

— Can also test the use of pozzolans or slag to reduce
expansion — but alkali levels are artificially high

anyway
» Considered the most reliable test,
but also very slow

http:/iwww. thwa.dot.gov/pavement/concrete/reactivelfissued1.cfm iE The
o

DuRSAAM

P, o Of
sy Sheffield.
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o Carbonation testing

« Interaction with atmospheric CO, can cause
problems — CQO, acts as an acid
Ca(OH), + CO, - CaCO;+ H,0, portlandite consumed

— Reduces the alkalinity (pH) of the cement, which can
induce corrosion of the steel reinforcing

— Extreme cases of carbonation can also show damage
(decalcification) in C-S-H phases
— Happens fastest at intermediate humidity (~65%) or
under wet-dry cycling
« Generally want to measure the depth of CO,
penetration into the concrete

— Rate of ingress under natural conditions is ~mm/yr, so
use higher CO, concentrations to accelerate the test
RES

X T'he

% University
D u R SAAM LG .

Measuring carbonation

» Phenolphthalein is a useful indicator of pH change
— Pink when conditions are alkaline (pH >12)
— Colourless when pH drops below 9
— Colour change corresponds well to ‘danger levels’ for

alkalinity in concrete leading to steel corrosion

« Measure depth of CO, ingress after exposure to
elevated concentration, and scale this to predict
performance in natural conditions

— This is the main limitation on concrete service life in
many warm =
climate areas
without marine
exposure

D u R SAAM SA. Bernal etal. Cement & Concrete Research, 41201118 .
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- Freeze-thaw damage

» Very similar mechanisms for bricks, concrete, and
porous building stones

 When it freezes, water expands ~9%
— salt makes this worse — more dramatic volume change
— external surface of the material is daaged/remgyed_

hitphwww expertsmind.comiquestions/density-of-
walter-in-relation-to-temperature-30125050.aspx

hitp:/hwww. petercox.com/
penetrating-damp php

D u R SAAM http-iiwww_concrete-experts comfpagesift htm

Freeze-thaw testing

Many tests, none universally accepted
Samples usually cylinders or slabs
Freeze-thaw cycle repeatedly (e.g. +4/-18°C
every 4 h, or +20/-18°C every 24 h)

— Tens to hundreds of cycles used

— Measure changes in elastic modulus, dimensions,
mass (material scaled from surface)

— Sometimes just give a visual rating of damage

Tests are generally very harsh cf. normal UK
environmental conditions

DuRSAAM

& University
& bo, Of
S Sheffield.
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How to protect? — Air entrainment

» Put appropriately sized bubbles (< 1 mm, a few
% by volume, well spaced) into concrete
— Gives the water space to expand into as it freezes

[Image deleted far copyright reasons]

T'he

% University
D u RSAAM hllps:m:a.gcpal_t:om."emnewsfblUgﬁgcp-labs-ana\yze-wncrete-oplim\ze-perfurmance’-" g,fwm“m_

Activities of RILEM TC 247-DTA (2012-9)

+ Analyse available durability testing methods applied to
alkali-activated materials (AAMs) in key areas:

— Chloride

— Sulfate

— Carbonation

— Freeze-thaw/frost-salt
— ASR

« Generate recommendations for which test methods should
be applied to AAMs

+ Round-robin test — 19 labs, 12 countries returned results
+ All testing the ‘same’ concretes

— Same mix designs, same precursors, same activator
chemistry

I'he

University

-
D u RSAA‘H‘;E afs & Structures 52(20:19):#99; G.).G. Gluth et al., Materials & Structures under re' E fi'f (fiel I.
i aonelnelda.
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Underlying question

» Testing the tests — not specifically the materials — so
mix designs are not intended to be “optimised”

» 2 mix designs for GGBFS, 2 for fly ash, 1 for
metakaolin

— Targeting one of expected good perfermance, one of
expected less-good performance

- Can the tests, as specified in existing standards,
distinguish a ‘good’ from a ‘less good’ AAM?

J.L. Provis et al., Maferials & Sifructures 52(2019):#99

G.J.G. Gluth et al., Materials & Sfructures under review
DuRSAAM

T'he
University

" Sheffield.

Chloride - all mixes @ 28 d

[ —

NT Build 443 D__, (x10°12 NT Build 492 D, (x10°'2 m?/s})
m?/s)
Mean Range Mean Range

S1b 0.66 0.62—-0.69 1.80 0.1-567

S3a 1.12 095-1.2 2.25 0.3-4.04

FA2 45.9 42 —67 34.1 25.3-48.0

FAB 79 39-99 61.4 32.8-86.2

MK 77 59 — (>95) 117.0 79.1-163.8

« NT Build 492 (migration) within-lab reproducibility is generally better than
+15% across 2 or 3 samples

+ Ranking of ‘good’ and ‘less good’ mixes not in agreement with expectations
from strength and mix design for slag mixes

= NT Build 443 {ponding} shows lower-strength S1b with less chloride ingress cf.
higher-strength S3a - paste volume is determining factor?

« ASTM C1202 RCPT gave very scattered results — not recommended

D R M J.L. Provis et al., Materiafs & Structures 52(2019):#99
U AA G.J.C. Cluth et al., Materiols & Structures undler review

The
University
0

f
" Sheffield.
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Can we relate durability to strength?

No direct correlation between chloride
migration and compressive strength for two
alkali-activated slag concretes

& *S3a | [Higher-strength concrete
o~

5
£ sib | [Moderate-strength concrete
o
S 4 .
x
g .
£ 3
a H
o~
[=2]
< 2
k=l
]
o |
=
z

]
0 ‘ : .
0 20 40 60 80

28-day compressive strength (MPa)

To be investigated further in new RILEM TC CAM (chair: A. Castel, UTS})

I'he
University
Of

JL. Provis et al., Materials & Structures 52{2019):#09 %
()

D u RSAAM G.J.G. Gluth et al., Materials & Structures under review

" Sheffield.

Brief summary of other TC findings

» Accelerated carbonation at 1% CO, gave mostly the
same rank order of samples as natural carbonation

— Alkali washout important for cutdoor carbonation, rate is
reduced cf. sheltered conditions

« Sulfate damage in all tests with Na,SO, is limited,
MgSQO, is more aggressive
— Difficult to set ‘zero’ point for length measurement

» ASR tests show no problems of inducing reaction in
unreactive aggregates

— Some expansion can be induced with very reactive
aggregates, as expected for any concrete/mortar

* Freeze-thaw and frost-salt tests require more work,

but salt effects are important B Do
A A G.).G. Gluth et al., Materiafs & Structures, under review; fJF _ ’
D u R S M F Winnefeld et al., Moteriofs & Structures, in preparation " Sheffield.
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General comments on testing AAMs

» Be careful with curing regimes

— When changing binder chemistry, are the
specified curing conditions still optimal (or even
relevant?)

» Be careful with sample pre-conditioning
— Blended cements can crack under the harsh
drying regimes specified for pure OPC
» Be careful with differential ageing of
specimens in long-duration tests

* Look at precision statements of the tests

I'he
* University
D u RSAAM Sheffeld.

Concluding comments

» We need to be very careful when applying
standardised testing methods

— many of them are actually testing quite different things
compared to what they claim to test

- must understand what the test is really testing!

« Test methods vary in usefulness and applicability
— Usually, the fastest methods are the least accurate

» It is worthwhile to use multiple methods to test
important parameters

« Some tests are mainly useful for quality control
between batches in a production run, not as an
absolute measure of the properties of a material

* The
University
Du RSAAM Sheffeld.
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8. Modelling of AAM concretes

Guang Ye

In this chapter the hydration mechanisms and the resulting microstructure of concrete is
considered, looking especially on how to model this. Both Portland cement and alkali-activated
materials are considered.

DURSAAM PhD training Network

Hydration and Microstructure Modelling
of

Portland cement and alkali-activated materials

Dr. Guang Ye, associate professor

Concrete Modelling and Materials Behaviour (cmmb)
Microlab/Section Materials and Environment

TU Delft, The Netherlands

5
b AALV TUDelft
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Concrete Modelling and Materials Behaviour (cmmb)

Focuses on the modelling and design of cement-based materials for the use in concrete structures

Materials behavior

Concrete modelling
Mixing and casting, the hydration process, volume Concrete design based on fundamental materials laws, i.e.,
changes, transport properties, time-dependent behaviour,

thermodynamics, nano-, microstructural development; modelling materials
durability and service life behavior based on multi-scale approach.

bl
{ oot
wdprae
_— ﬁ .

Reaction kinetics, thermodynamics, microstructure
formation, degradation and transport

= . Construction
Alternative binders Waste
for concrete
Industrial by-products, wastes to be
used as supplementary cementitious Msw
materials or alternative binders in ashes
concrete.

Biomass ashes

Goal of this lecture

O To provide basic knowledge on modelling of reaction
process and microstructure formation of Portland
cement paste and alkali-activated materials

a To introduce cement hydration and microstructure
model HYMOSTRUC3D and alkali-activated materials
model GeoMicro3D

]
DURDAAI TUDelft
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Outline of the lecture

« Introduction
« Cement hydration and microstructure models

« Numerical framework for alkali-activated materials

-]
3
DuR SAAM TUDelft

Introduction

- omoue |
3
AAV TUDelft
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Multi-scale features of concrete

globules 'ydration models Sand  Aggregates >

| csH (| Cementpaste | Mortar| Concrete | Structure
10 % 10

102 101 [m]

Nano-structure Micro-structure Meso- / Macro-structure Engineering structure

%
DuR SAAM TUDelft

Alkali-activated slag
view under BSE
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Cement hydration models - history

HYMOSTRUC (van Breugel) CEMHYD3D (Bentz) wic {(Shashank)
1991 1994 2008

]
2
BIVIRSYAVALY TUDelft

Modelling Cement Hydration and
Microstructure Formation

- cmous
3
L) AAV TUDelft
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What are we going to simulate?

— What kind of phases are present? < Chemical reaction
— How much of each phase is present? < Reaction kinetics

— What is the shape and length scale of each phases and how
the phases are connected? < Nucleation and growth

S ey
%
DURSAAM TUDelft

Jenning’s approach (1986)

‘ Bogue calculation | Approximated Avrami equation &
1 chemical equation Taylor's Constant
Composition of v
cement Composition
Density of of cement
Initial w/c component
3 I [

Calculation volume of various phases: unhydrated cement, C-5-H
solid, C-S-H pores, CH, AFm, Capillary pores, total pores

.

¥

Microstructure of cement

Unhydrated CH, AFm C-S-H Capillary
cement pores

N, inaccessible | N, accessible

!

| Predictions: surface area, volume of porosity |

-
%
DURSAAM TUDelft
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NIST’s approach: Pixel (CEMHYD3D) model

dissolution diffusion reaction

S 1.7 diffusing -—él—-— precipitates into

CSH species i solid CSH
] dissolved
i H C35 pixel form /
L H
. 0.61 diffusing é nucleates into
EaaR CH species +* solid CH

Cellular Automaton rules

B . A A \/ Bentz and Garboczi, 1994 16U Delft

I I II I\ v

Initial Dissolution Diffusion 25% reacted  75% reacted

e
N ‘ A A \/ Bentz and Garboczi, 1994 1,-;U Delft
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Cement particles — shape and size distribution

« CEMI 425N
¢ Size:
Max: ~50 um
Min: ~ 0.5 um
palcl o -
AccV Spot Magn Det WD Exp F———— soum N - Irregular

25.0kV 3.7 500x GSE 13.1 1 3.7 Torr CEMIB2.5R
5w s N y

5
DURSAAIV TUDelft

Cement particles — shape and size distribution

100
. —— CEMI1525 ,.-;-“"
S s
; — — CEMI42.5 A
£ 80 f—-4
£ / /
B
£ e /
£ /
E f
40
/7
3 f 7
s
20 ‘
L
o e
0,01 010 1,00 10,00 100,00 1000,00
Particle size (jam)

Based on laser analysis

o ey
%
DURSAAM TUDelft
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Cement chemical composition

The principal oxides in clinker of Portland cement clinker

analyte {Oxide) weight { %)

CaQ 64.4

8i0, 20.36

AlD, 4.96
Fe 0, 317

K.O 0.64

Na,O 014

S0, 257

Mg 2.09

T, 0.35
Mn, 0, 0.14

P,0O, 0.18

LOI 0.88

free Cal 0.6
total 987 A example of CEMI 42.5N
.
5
DURSAAM TUDelft

Cement chemical composition

Main constituents

+ Tricalcium silicate 3Ca0-Si0, {C;S) > Alite

+ Dicalcium silicate 2Ca0-Si0, (C,S) - Belite

« Tricalcium aluminates 3Ca0-ALO; (C;A)

« Calcium ferroaluminate 4Ca0-Al,05-Fe;05 (CLAF).
« Gypsum CaS0,-2H,0 (CSH,)

Bogue equation [Taylor 1989]

+ C,S = 4.07 Ca0 - (7.60 Si0O,+ 6.72 ALO; + 1.43 Fe,0, + 2.85 SO,)
. C,S=2.87 S0, - 0.754 C,$

. CA = 2,65 AL,O, - 1.69 Fe,0,

. C,AF = 3.04 Fe,0,

.
%
DURSAAM TUDelft
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Stoichiometry of cement hydration

(1) Reactions of C,& and C,S:
Cq5+3.3H—Cy 75H,+1.3CH

Cy5+4.3H—Cy 75H,4+0.3CH

{2) Reactions of C;A and C,AF {depends on actual content of gypsum and AFt):
a. If gypsum Is present:

0.30 - Stage 1 Stage 2 Stage 3
C3A+3C8H,+26H—CgAS3H; = |
oty }
— — - L.
C4AF+3C8H3+30H—CgAS3Hgp+ CH+FHy § S }
E 020 ) |
|
b. IT gypsum is used up and AFt is present: % —m=— Gypsum "-._ |
_ _ 5 015 *— AFt - |
2C3A+C5AS3H3 HH—3C 1 ASH 5 ) |
Eow .,
2C4AF+CgAS 3H35+12H—3C4ASH 3 #2CH+2FH3 £ '-T"-_
€ pos ‘,-'{\ .l‘ second boundary time:
i i . 3 W
c. IT gypsum is used up and AFt is used up: (g . e I e
- | /s
CaA+6H—CqAH i e ) /

T e ey |

X .ﬁ;s1 boundary 1:'m|a.mG
C4AF+10H—CaAHg +CH+FH, Simulation time step. 10 hours

.
%
DURSAAM TUDelft

Degree of hydration

Degree of hydration a{i) [-], is defined as the ratio of
the amount of cement that has reacted at time frelative
to the original amount of cement

_amount ¢f cement that has reacted at time t

a(t) =

total amount cf cement at time t =0

o e
%
DURSAAM TUDelft
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Degree of hydration — experiments

u( = Q0 _ W ®

fQ pot /Wn,pot

That depends on the accuracy of Q,,, of W, .

Q(t), total heat release at time t (Cal)

Qpot, potential total heat (Cal/1g cement)

W, (t), Non-evaporable water at hydration time t (g)

W, now Potential Non-evaporable water content (g/1g cement)

%
DURSAAM TUDelft

What and how much of the phases ?

ids
Water
0.84
0.6+

0.44

Volumentric fraction [-]

0.24

Clinker+ gypsum

0 1 ] 1 1 1 I 1
0 01 02 03 04 05 06 07 08

Degree of hydration [-]

%
DURSAAM TUDelft
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The shape and length scale of each phases
and how the phases are connected

A e
2 x O\ v g }'_. AL 1
Ay 3 5 y -
N\ N ’ ;,_.‘-. 25
@ unhydrated cement eSS
[ & ~ 5 . /:

2
DuRSAAM TUDelft

Phases distribution

Phase distribution @ Unhydrated core
£ 100% - 0 CH
& BC-S-H
5 80% A
£ B Pore
8  60% -
<
40% +
20% A
0% T 1
1 3 28
Curing age (days)
]
) AAN TUDelft
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Hydration and microstructure modeling of
Portland cement

« Hydration Kinetics: particle kinetics, particle
kinetics, integrated Kkinetics

« 3D Microstructure building up

o e
%
DURSAAM. TUDelft

Modelling of hydration and kinetics

Overall kinetics models (I}

— Avrami: at) =1—e &0

Features:

o (t)

- Fits well on nucleation and
growth mechanism

- No particle size distribution
information and mineral
composition

oo = |
3
TUDelft

AALV
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Modelling of hydration and kinetics

Overall kinetics models (11}

- Taylor {1987)

&, = l—expl-k, (1 /24— k)" ]

Where:
K1, k2 and k3 are three characteristic parameters {(dimensionless), list in table

* t= hydration time (in hour)

k1l k2 k3
.46 .12 G
R S
%
DURSAAM TUDelft

Modelling of hydration and kinetics
» Overall kinetics models (II}
- Taylor (1987)

0.9 |
. 08 wic=0.4 / !
c 07 Features:
2 /
£ 0.6 / - Not fits on nucleation and
> 08 / growth mechanism
<
§ 0.4 / - Not consider the particles
5 03 interaction,
[:1]
[=1] - -
02 - Not consider the mineral
0.1 composition
0 . .
0 50 100 150 200 250 300 350
Time (days)
DURSAAN TUDelft
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Particle kinetics — Different mechanisms

acce. Diffusion
controlled

v

time

Stages in hydration process — classical concept

3
DURHSAAI TUDelft

Particle kinetics — different mechanisms

Cement

Phase-Boundary Nucleation Diffusion controlled
reaction reaction
5
DURSAAN TUDelft
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Particle kinetics — different mechanisms

Phase-Boundary reaction

For a spherical particle with radius
ry=x/2 of the reactant and penetration
depth §,,(t), the degree of hydration is:

5m,f(z)T

& s =1—{1— p
0

the penetration depth §,,(t) is

S, ()=kxt=r, X{l —(l-a,, )ﬂ
]
]
AAN TUDelft

Particle kinetics — different mechanisms

Diffusion controlled reaction

e Jander

1-(-a ] =24

fo

» Ginstling and Brownshtein

.l 2
[1-"2]-(1-a,)® =kt
3
« Carter
2 2

[1+(v—Dxa, P +(v=Dx(l-a ) —v=kt

v, the ratio of the v. of the reaction products relative to that of the dissolved part of the reactant

T
3
AAL TUDelft
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Particle kinetics — there is a limitation

o4 Hydration follows
particle kinetics _ .. -

-

Hydration obtained
from experiment

%
BIVIRSYVALY TUDelft

Particle interaction— Schematic
20% hydrated paste

/i

.5

dense gel w4 layer of acicular gel
-
A %
. f A A ‘ Crar ju & Maso (1984) TU Delft
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Chemical reaction affected by physical contact
between hydrating cement particles

-

Interaction between hydration kinetics and
microstructural development

-

Integrated kinetics model

3
AALV TUDelft

Overlap volume: . Gel
To be redistributed at the
. Cement

periphery of hydrating particles

Particles interaction — Conceptual
After Jennings et al (198€)

T
3
AAL TUDelft
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Two hydrating cement particles - apart

Ca++

Diffusion-controlled hydration of individual grains

I
: 3
DURSAAM TUDelft

Two hydrating cement particles - overlap

Hampered diffusion
due to particle

interaction ——

s

“Intesrated kinetics”

I —
: 3
DuURSAAM TUDelft
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HYMOSTRUC is an integrated kinetics model

embedded
particles

expansion caused by
embedded particles

outer product

inner product

Particle interaction due to outward growth, van Breugel 1991

%
DURSAAM TUDelft

dSin
dt
| | |
Particle i jl |
Basic rate formula:
do in, i

s

tr

Rate of penetration of reaction front in particle i

e
%
DURSAAM TUDelft
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Ao, ; o(a ;)
dtj =K,*Q *Q,*Q,*F *F, * 5

ir

K, = basic rate factor: function of C,S content

2,3 =factors allowing for state of water in the system

1. water withdrawal mechanism
2. amount of water
3. distribution of water in pore system

F,, =factors allowing for effects of temperature

1.  Arrhenius function
2. Coarseness of pore structure

3, = transition thickness: phase-boundary == diffusion

o; = degree of hydration of particle i

]
DURSAAM TUDelft
do,, ; o(a ;)
dts :KO*QI$92$93*FI*F2* 8_

tr

0, accounts for water
& consumption by embedded
cement particles
Reduction of the rate of
-_/ hydration of particle i
Principle of water withdrawal mechanism

L msweweam a
%
DURSAAM TUDelft
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3D Microstructure simulation

Input parameters

v Particle size distribution of the cement particles
v Water/cement ratio

v Clinker compasition of the cement

v Reaction temperature

v Size of calculation body

L msmeweam e
%
BIVIRSYAVAWY TUDelft

Particle size distribution

— The cumulative particle size distributions of cement are
described using the Rosin-Rammler function

G, (x)=1—exp(-b_ x")

— The cement mass and volume of the fraction Fx

‘2o

R — —h_ x" W X
chm (x): 7><bcm xncem X xreem ! xe Boom cem( )

cam

Ven(X) =

— The number of particles Ax in fraction Fx

Mo —1 =B x
N FVeons YRy X1ty X5 Xe
cem,x 3

Vv TXX

cam.x

X 0, X107

.
%
BIVIRSYAVAWY TUDelft
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Particle size distribution

» Particle size distribution

»  wfc Number of cement particles

» Simulation body (shape and size)

Particles random distribution

3
AALV TUDelft

Integrated kinetics - HYMOSTRUC3D

» W/C
» Particle size distribution Particle interaction due
» Simulation body (shape to outward growth
and size)
. S 4

) . HYMOSTRUC o
» Clinker composition gy

] . expansion caused by | |,
» Mixture composition b

. outer product

» Reaction temperature 7 ‘p;“/'

3
AALV TUDelft
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3D Microstructure simulation

Check the particle size distribution with experiments

~ 100 -
Ea —i—Experiments
= -#—Simulation
B T T
= B0
=
e b
% ' [
> 60 1 — T
oo
40 i
' o
[
oo
20 i ———
' o
i [
oo
P ]
0

0.1 1 10 100
Particle diameter (pm)

.
%
BIVIRSYVALY TUDelft

3D Microstructure simultion
Check predicted degree of hydration with experiments

704
p=
8
T 60
o
=
=
% 50
@ — fe=0.30 e xperiment
% 40 4 — ¢ {C=(.40 & Xperiment
o — w/c=0.50 experiment
30 - wfc=0.60 experiment
¥ wic=0.30 simulation
20 1 /-‘ A w/c=040 simulation
Ll
]‘ o w/c=0.50 simulation
101 w /c=0.60 simulation
L]
¢ g2 T T . . .
] 50 100 150 200 250

Time (hours}

.
%
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Microstructure simulation

1 10 100 1000 10000 100000

3D simulated cement paste (w/e=0.35) Time(hrs)

.
%
[B) AAM TUDelft

Microstructure simulation

0.6
0.4

0.2

0 Y Y y g —
1 10 100 1000 10000 100000

3D simulated cement paste, Pore structure (w/c=0.35) Time(hrs)

e
2
DURSAAM TUDelft
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o=0.70

Reaction and Microstructure Simulation of

Alkali-activated Materials (AAM)

Experimental Study and Numerical Simulation
of the Reaction Process and Microstructure
Formation of Alkali-Activated Materials

Yibing ZUO

Hy

A %

https://doi.org/10.4233/uuid: 193a4016-5fc7-401b-babe-722{f6a35ab¢
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Comparison between AAM and OPC

AAM OPC
Binder aluminosilicate precursors, such as slag, fly ash  ordinary Portland
...{reactivity/amorphous content) cement (C,5, C,8.))
Liquid alkaline activator, such as sodium hydroxide, water
sodium silicate ...(nature and concentration)
Reaction high-Ca AAM: C-8-H, CH, AFt, AFm
products C-(N-)A-8-H, Ht, C,AH,,, C,AH,, C,ASH, ...
low-Ca AAM:

N-A-S-H, zeolites such as hydroxysodalite,
zeolite P, Na-chabazite ...

Microstructure  heterogeneous (sodium hydroxide), heterogeneous
formation homogeneous (sodium silicate)

_ 5
DURSAAM TUDelft”

Reaction and Microstructure simulation - GeoMicro3D

- Modelling Scheme

GeoMicro3D

Module I11
Transport of ions

Module IV
Thermodynamic modelling

Module V
Nucleation & growth
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Module I: Initial particle parking structure

- Real shape particles

Spherical harmonic expansion: a set of spherical harmonic coefficients, a,,, is
used to describe the irregular shape

(r. 6, @) (8¢) T § '__'y (6 .o

Al g g) = Kl A

T T et =
[ P

b +

=== shape
Spherical polar coordinate system CT scan database

Anm

(Extended)

Yibing Zuo, Zhiwei Qian, Edward ] Garboczi, Guang Ye. Numerical simulation of the initial 4

. A N particle parking structure of cement/geopolymer paste and the dissolution of amorphous TU D Ift
=\ k‘ silica using real-shape particles. Construction and Building Materials. 185{2018) 206-219. e

l' i
(A)BFS (B) BFS
| (C)FA
I (E) BFS+FA
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Module I: Initial particle parking structure

- Real shape particles, and spherical particles of BFS

12 . -
—real-shape | NaOH St:)lutlt:m/BFS_(]_sg3
10 — —sphere cube: 125%125+125 um
—fit real-shape
8
g’ 6 1 [ I SSArpaI-shape =8.722/D-0.0131
= A il
5 4 R2=0.9231
SSAsphere - G/D
2
INi &E"_'i-‘-_..
0
i 10 100
D (um)

Databased of BFS was taken from E.J. Garboczi

Yibing Zuo, Zhiwei Qian, Edward ] Garboczi, Guang Ye. Numerical simulation of the initial 4

A N particle parking structure of cement/geopolymer paste and the dissolution of amorphous
mYm L‘ silica using real-shape particles. Construction and Building Materials. 185{2018) 206-219. TU Delft

Module I: Initial particle parking structure

- Real shape particles, and spherical particles of fly ash

12 NaOH solution/FA=0.53

real-shape cube: 125x125x125 um?
10 +—— — —sphere

——fit real-shape

ey
g_ 6 SSA st shape = 7.2243/D - 0.004
< R?=0.9492
2% T

SSA, o0 = 6/D

sphere

1 10 100
D (um)

Databased of FA was taken from E.J. Garboczi

3
AALV TUDelft
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Module II: Dissolution

- Dissolution of Al, Si, Ca...from precursor

solution
" wo | {A) Alkali and alkali-earth metal
‘ elements are initially dissolved from the
H,0
... | surface through metal/proton exchange
reactions.
H,0
(4 (B) v {B) The hydrolysis of Al-O bonds starts
'0'"-—\”20 P solution ;J—--.,__ IOOH solution
Ngim o g 5 Ca™ -
TTONoH e MO 170son  we | {(C) The bonds of Si-O start to break
e ., NICH);” i ", AllOH),”
% _ * HO - -
ramework T om0 = e I ew | (D) Tetrahedrally coordinated Al and Si
o L g o 7% | inthe framework are released into the
| Hy Y Nat .
‘ ! solution
(D) (©

Schematic illustration of the dissolution of

aluminosilicate ilass iP. Duxscn, J.L. Provisi

%
DURSAAM TUDelft

Module II: Dissolution

Activated -
According to transition state theory, the complex Transition
dissolution rate of glass can be described by | . state

= (1o (-25)

- ¢ the ratio of the rate of dissolution of the
activated compiex

- A*¥ the chemical affinity
- = _rTIn (122
A" = —RTln (K )

sp

Reactants

Potential energy

AP - the ion activity product Products

Ksp - the solubility product

1
1AP /e
r=r|1- P
5P Reaction coordinate

E.H. Oelkers, General kinetic description of multioxide silicate mineral and "
AWA ‘
DU mVm WAl glass dissolution, Geochim. Cosmochim. Acta, 65 (2001) 37032710, TUDelft
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Module II: Dissolution

Calt, Mg, K*

i+ Si0, + 20H™ © H,0 + 810, LogKgyg = 2.09
T Al{OH),
J e o Al 0, + 20H™ > Hy0 + 2410, LogKgp 41 = 0.55
——p [S/SHOR a0 + Hy0 © 20H™ + CaZ* LogK,, ;=458

AP Yo l
i
TSi:T+,Sf 1_(K )
S5p,S1 G0, * Om,0

[APg; =—>——
1, oH- * oy~
IAP
Tar =Tyark1l-— A _ Bajo,” *Qq10,” * BR0
Kspat 1w = AoH- * Qon-
1 Qoo+ * Qop- * Aoy~
14PN\ 1ap,, — eat * Gou *dou
Tca = T+ca 1- K OH, 0
sp.la
AAVI TUDelft

Module II: Dissolution
- Depression of dissolution rate by aluminium species:

-The initially released Al
species were absorbed to
¢ the leached surface layer
o0 and slowed down the
dissolution of fly ash in
S:};f:,‘:;f the sodium hydroxide
activated fly ash system

Al(OH),
i

\sl ag

or fiy ash

(A) release of modifying elements  (B) release of Al (C) release of Si

The depression of the dissolution rate of quartz is related to the adsorption of
AI{OH)* at silanol sites on the surface of quartz (Bickmore et al ):

Ysi,with™ Vst with A1=84) IAPg; Yo
i,wi i withou Tt = Test 1_(_5) (1_9.41)

6. — Y Ksp.si
Al ™ (1+bC)(1+kNBO/T) Almax

8, is the fraction of the quartz surface that is passivated

em_max = —0.177pH + 3.23
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Module II: Dissolution

- Implementation by LB — dissolution amount

Mgb

; Fraction of

solid phase
dissolving Na* '_0.8
0.6
K 04
£0.2

Al(OH),~ 0.00055798

Ca?t

Dissolved amount of elements at one lattice Boltzmann time step: Any ; = 1y ;ToLo”
The total dissolved amount: ANy = 3% Any;
%
DURSAAM TUDelft

Module III: Transport

- Transport of aqueous ions: LB approach

O At the microscopic level, a fluid made up of particles can move
randomly in all directions as a result of collisions of particles with other
particles. The probability of these particles’ position in the physical
space is dynamically described by the continuous Boltzmann equation:

al ai .a_f: 10 ; A 3
YR e mal e €)) RS / ]
of -] . o e /j
(f)==—{r=1%) l AN
.-’, (] 9.’_33

%
DURSAAM TUDelft
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Module III: Transport

- Transport of aqueous ions: LB approach

O By discretizing the physical space with regular lattice nodes, the
lattice Bhatager-Gross-Krook (BGK) equation can be:

filx+e;8t, ¢+ 8t) = fi(x, 1) — ?[f,-(x, ) — f;°x, )] + w5t

Where, and is the non-equilibrium and equilibrium particle distribution
functionfrespegfvely. dt is the time step, ¢/ is the microseopic velocity at location
x at time t and in velocity direction j, and w; is the weighting factor in the
velocity direction j. S is the source term to consider the influence of dissolution.

£ = eyF
Ion concentration F in the lattice node:

F=35of;(x + et t +8t) for D3Q7

Module III: Transport

- Transport of aqueous ions: LB approach
I start }—b| T = 0: initialization (F, f{(x, t)) I

P T=T+T,

I calculate f;¢? (Equation Tf}gq = w;F

J

dissolution (1)

l dissolution of precursor: calculate S (Equation ANy = Z?=1 Anx‘,-{
reaction (])

I collision process: calculate fi(x+e,5t, t+6t) (Equation f; (x+ e;6t, t + Jt)
= £ ) = Z[f(x.0) = £, (. O] + w,5tS

I streaming process: ions transport

I apply periodic boundary conditions I

I update concentration of ions (Equation F = Ef:o fi(x +eott + 6t)

e o *>foutput | —»fend]
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Microstructure simulation - GeoMicro3D

- Dissolution

An example:
the activation energies of Siis 8.3x10* J/mol,
the activation energies is Al 8.01x10% J/mol,

the activation energy of Ca = 1.36x10% J/mol.
the value of owas taken as 1 in the model.

The diffusion coefficients and the activation energy of diffusion of ions [Huang, Cussler]

Tons Si0;”  AlOy  Ca® Mg~ S” K Na O
D (¥10°m*s)  07° 06 072 071 10I° 196 133 528
Eaz (<10 TJmol)! 246 2.04 232 126 143 1.60  1.67 180

a. This value was raken from the diffusivity ot‘stiOf':

b. This value was taken from the diffusivity of A"

¢. This value was taken from the diffusivity of SO,

d. The activation energy of diffusion of aqueous 1ons were calculated based on [175-177].

%
DURSAAN TUDelft

Microstructure simulation - GeoMicro3D
- Dissolution

Simulation of the dissolution of slag in alkaline solution

—Sodium hydroxide solution with alkali
concentrations of 0.1, 0.5 and 1 mol/L

—4.9992x 107 g of slag was parked in a cube of
1000 pm x 1000 pm x 1000 pm, equivalent to 0.1
g slag in 200 mL NaCH solution.

—Resolution of digitized slag: 2 pm x 2 pm x 2 ym.
—The specific surface area of the digitized slag:
0.249 m/g.

—Assume the ions in the liquid nodes were evenly
distributed into the solution in each LB step.
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Microstructure simulation - GeoMicro3D

- Dissolution
Simulation of the dissolution of slag in alkaline solution

3D
0 LBS step 10 LBS steps

VonelMune

cross sections in 2D
S LBS steps 10 LBS steps 12 LBS steps

Vonelite

e
'.h '.,.
.M
bos
.

$a2 02

1848298 A0IK089 SA1046e-§

Progressing dissolution front as a function of lattice Boltzmann simulation

Microstructure simulation - GeoMicro3D

- Dissolution
Simulation of the dissolution of slag in alkaline solution — Ca concentration
0.6
i ] —0.1 mol/L_model ® 0.1 mol/L_exp.
% 0.5 4 —0.5 mol/L_model # 0.5 mol/L_exp.
g 1 —1 mol/L_model A 1 mol/L_exp.
~ 0.4
S =
‘e = @
5 o
Bo2{ 5=
=
[}
€ 0.1
£o.
&)
0 T r T T T T T
0 30 60 90 120 150
Time (min)
3
BIFIRSYAVAW TUDelft
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Module IV: Chemical reaction

» Thermodynamic modelling

- When aluminosilicate precursors are contacted with
an alkaline activator, their constituents start to
dissolve, 2 an increase of the concentrations of

solubility curve of aqueous ions in solution (red curve, kinetics).

precursors

- When the concentrations of the aqueous ions
increase to a certain level, the solution is saturated or
supersaturated, = precipitate and form solid reaction
products.

XY, 2]

solubility curve of solid
reaction product

.\ - Two kinds of thermodynamic interactions:
kinetics

i. Between the precursors and the solution,
(A, B, C] continuously releasing elements into solution.

ii. Between the solution and the solid reaction
products, leading to growth of the solid
reaction products.

.
%
[B) AAM TUDelft

Module IV: Chemical reaction

» Thermodynamic modelling for C-(N-)A-S-H gel in AA-slag
Chemical reactions and solubility products (Log Ksp) at 25 °C and 1 bar for C-(N-)A-S-H
and hydrotalcite-like phases (Myers, Bernal and Provis, CCR 66 (2014) 27-47)

Solids Dissociation reactions Log K,y
CNASH _ss model [69]
SCA (Ca0)1.25°(Al:03)0.125°(S102) (H20), 625 -10.75
> 1.25Ca* + Si0Z~ + 0.25Al10; + 0.250H" + 1.5H,0
INFCA (Ca0)-(Al03)0.15625"(S102)1 1875 (H20)1 65625 +0.68750H~ -8.90
> Ca?* + 1.18755i02" + 0.3125A10; + 2H,0
SCNA (Ca0);.25°(Na20)0.25"(AL03)0.125°(S102)- (H20)1 25 -10.40
— 1.25Ca%* + SiOg“ + 0.25A10; + 0.5Na* + 0.750H™ + H,0
INFCNA  (Ca0)'(Nay0)g 34375 (AL03)0 15625 (S102)1 1875 (H20)1 3 -10.00
— Ca’t + 1.18755i0§_ + 0.3125A10; + 0.6875Na* +
1.3125H,0
INFCN  (Ca0)-(NayO)o3125*(SiO2)y 5 (H:0)1 175 + 0.3750H" -10.70
— Ca®* + 1.5Si03~ + 0.625Na* + 1.375H,0
T2E™ (Ca0);5-(Si0,) (H,0),5 <« 1.5Ca’* + SiO§‘ + OH™ + 2H,0 -11.60
i 1) % (Ca0)y25°(Si01)125:(H0)s 5 <> 1.25Ca%* + 1.255i0§_ + 2.5H,0 -10.50
TobH* (Ca0)(Si0,); 5:(H20)y5 +OH™ > Ca’* + 1.5510%- + 3H,0 -7.90

MA-OH-LDH ss model [54)

MiAH;,  (MgO)y(ALOs)(H:O)o > 4Mg?* + 2A10; + 60H™ + 7H,0  -49.70
MiAHp  (MgO)s-(ALOs)-(H:O)2 <> 6Mg?* + 2A10; + 100H™ + 7H,0  -72.02
MsAH,4 (MgO)s (ALO3) (H,O)y4 8N1g2+ + ZAIOZ + 140H™ + 7H20 -94.34
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Module IV: Chemical reaction

» Thermodynamic model for the N-A-S-H gel in AA-Fly ash
Chemical reactions and solubility products (Log Ksp) at 25 °C and 1 bar for N-(C-)A-S-H

Solids Dissociation reactions LogK,,

.N"ASI‘I_I-Ia (Na30)0_5'(A1203)0_5‘(Si02)1-(H30)1 + 20H™ -6.51
< Si03™ + AlO; + Na* + 2H,0

NASH_:-I (Nazo)os(‘A1303)05(SIO_2)2(H30)1 + 40H~ -8.01
> 2Si03™ + AlO; + Na* + 3H,0

NASH_3-1 (Na20)0.5 (AlO3)o5'(Si02)3*(H20)1 + 60H™ -9.51
— 3Si03™ + AlO; + Na* + 4H,0

NASH 4-1 (Na,0)o.5'(ALO3)o 5°(Si0,)4*(H,0); + 80H™ -11.01
« 4Si0%” + AlO; + Na* + 5H,0

NCASH_1-0.1 (Nax0)o.0s(Ca0)o.4s5° (Al203)05°(Si02)1°(H20)1 + 20H™ -8.51
— Si03~ + AlO; + 0.45Ca%* + 0.1Na* + 2H,0

NCASH_2-0.1 (Nay0)p.05'(Ca0)g 45° (Al203)05°(S10,),'(H,0), + 40H™ -10.01
— 2Si03™ + AlO; + 0.45Ca?* + 0.1Na* + 3H,0

NCASH_3-0.1 (Na,0)0.05'(Ca0)g.45° (Al,03)05°(S10,)3:(H,0); + 60H™ -11.51
— 3Si0%~ + AlO; + 0.45Ca®* + 0.1Na* + 4H,0

NCASH_4-0.1 (Na,0)0.05°(Ca0)g.4s5° (Al,03)05°(S10,)4-(H,0); + 80H™ -13.01

— 4Si0%~ + AlO7 + 0.45Ca%* + 0.1Na* + 5H,0

a. The first and second number after N(C)ASH represent the molar ratio of Si/Al and Na/Al in the solid solution
member. respectively.

Module IV: Chemical reaction

- Degree of reaction

The degree of reaction of slag or fly ash {(a(#)) can be calculated as the ratio
of cumulative heat release at time t ({)(#)) to the total heat release ((,.,.)

a(t) = &

Qmax

@Q « can be described using an exponential function as follows

Q(t) = Qmaxexp(—()P)

-]
3
AAL TUDelft
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Module IV: Chemical reaction

- Implementation

+ GEM-Selektor V3 was used for performing thermodynamic
calculations

+ The CEMDATAO7 thermodynamic database was used as the basis
thermodynamic database

+ The thermodynamic models for the C-(N-)A-S-H gel, N-A-S-H gel
and hydrotalcite-like phase, and the thermodynamic data for
zeolite phases are added to the basis thermodynamic database for
thermodynamic modelling of the reactions in AAMs.

]
AALV TUDelft
Module IV: Chemical reaction
- Implementation
Example of AA-Slag

hemical shrinkage

Aqueous solution Aqueous solution

Mackinawite

@
o

Portlandite

Mackinawite

Portlandite

¢m’/100 gslag

C-(N-)A-S-H

cm3/100 g slag
-
o

Unreacted slag]

@ =94%

1 10 3 10
Time (days) Time (days)
(A) BES N4S0 (B) BES N6S0

2
DuRSAAM TUDelft
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Module IV: Chemical reaction

- Implementation
Example of AA-Slag

80

hemical shrinkag

Aqueous solution

¥

Mackinawite CAH

6

em’/100 gslag

C-(N-JA-S-H

o =93%

100

1 10
Time (days)
(C) BFS_N6S5.4

%
IROAAN TUDelft

Module IV: Chemical reaction

- Implementation
Example of AA-Slag

10000 s -
i omsi .

1000: *[Ca] -, 5

-
8
al
L}
i
2
\
\
\

Simulated concentration (mmol/L)
—
N
Y
N
Y
Y
Y
Y
N
\
] \
E hy
4 >
] &
\

—
o
sl
A
\

01 +° 7 2
: ,/’

0.01 S_— e
001 0.1 1 10 100 1000 10000
Experimental concentration (mmol/L)

L —
5
IRSAAM TUDelft

146 | Introduction to AAM technology — Modelling of AAM concretes



Module IV: Chemical reaction

- Implementation
Example of AA-Fly ash

90
80
70 Aqueous solution
5 < Aqueous solution
© 60 CH . :
o Goethite  Portlandite Brucite = < Goethite  Portlandite
20 a
S a0 Jvatroind 8
O 40 fNatrolite 40
- 2 Narroie
g 30 IN-(C-JA-S- £ 30
& = IN-(C-)A-S-H|

N
(=}

Unreacted fly as| Unreacted fly ash)

-
o

20 = SR Cavities A __ cavities i,
20 40 60 80 100 120 140 160 9% 20w & B b & M 2
Time (hours) Time (hours)
(A) FA N6.2S0T60 (B) FA N9.3S0T60

2
AAM TUDelft

Module IV: Chemical reaction

- Implementation
Example of AA-Fly ash

90
< Agqueous solution
@ 60
5 Goethite Portlandite Brucite
0o 90
o
=
<
"'E 10 Natrolite
5 IN-(C-)A-S-

~
o

nreacted fly ash

-
o

_cavities
0 20 40 60 80 100
Time (hours)

(C) FA_N9.3S9T60

-
5
AAM TUDelft

120 140 160

147 | Introduction to AAM technology — Modelling of AAM concretes



Module V: Nucleation and growth

« Simulation of the nucleation

The probahility P{t) that at least one critical nucleus has formed in a
time interval At

P{At)=1—-exp (—j-V-At)
where Vis the solution volume within which the nucleus forms and J7is

the nucleation rate

J(§)=A-S - exp(——

where Ais the Kinetic parameter, S'is the supersaturation ratio and Zis the
thermodynamic parameter of nucleation.

.
%
BIVIRSYVALY TUDelft

Module V: Nucleation and growth

« Simulation of the nucleation

The thermodynamic parameter Zfor heterogeneous nucleation is expressed
with the following equation
B _ iCB.VZ_ygf

T 27 KkjT3

where ¢ is a shape factor ((36n)1/3 for spheres and 6 for cubes), v is the molecular
volume of the phase, kB is the Boltzmann constant and T is the absolute temperature. yef
is the effective interfacial energy, where yef = wy with activity factor 0 < w < 1. For
homogeneous nucleation w = 1.

The interfacial energy is calculated using the following equation

1 1 )

y=ﬁN'k8-T.ﬁ-ln(Nﬂ—p-(‘

where S is a numerical factor (£, = 0.514 for spherical nuclei), A, is Avogadro's number
and ¢*is the molar solubility.

%
BIVIRSYVAWY TUDelft
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Module V: Nucleation and growth

- Flowchart of nucleation probability module

Nucleation probability module

Np - (Prandnm< PJ\" ¥ ‘Prandam< P'r')
e B oroom SEZ) il B random i s

[
1
'
"
I
'
'
[
1

P(At) = 1 —exp(—]-V - 4t)

€[0,1

]

Ns - (Pmndom< PX) * (Pmndam< P\’)
. ('Pi'\'mdorrl‘< P ' it (PMMM<P“.)

Thermodynamic modelling module

1)

2)

3)

4)

Calculate the nucleation
probabilities, £, P,and ~»
for primary reaction
products and £, Fzand A
for secondary reaction
products.

Generate a random
probability 0 £ A, < 1.

Calculate the numbers (i.e.
N, and A) of primary
reaction products and
secondary reaction products
that are predicted to
nucleate, respectively.

If A, z1and N, 21, then
the thermodynamic
modelling module is called.

Module V: Nucleation and growth

- Diffusivity of ions through lattice nodes

I T 1 T 1
Original boundary l
e | N
L) l!
' K B
Reaction starts R "
= [ s
® ) A -
w " -
B u »
KN 1 H
CHCD
o dae
L (;; =l 1O
e L
T) A |) 4 l I

Schematic representation of the diffusion of ions through different lattice nodes in 2D. In the graph
black, white, red and green represent precursor, solution, primary reaction products and secondary
reaction products, respectively. (T) and (2) represent precursor and solution nodes, respectively. 3)
represents nodes where precursor may dissolve and reaction products may precipitate, and @)
represents nodes that are completely or partially filled with reaction products.

A
-

A
-

W
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Module V: Nucleation and growth

- Diffusivity of ions through lattice nodes (voxel)

Model-I Model-11 Model-III
z = Phase C — non-diffusive
Phase B — non-diffusive Phase B - diffusive
Phase B - diffusive
Phase A — diffusive Phase A — diffusive Phase A - diffusive

Y Dsc = Dg(1— 6¢)°/3

B D.{1 5/ (DB - Dmedium)( DA ) & 1/

5 = — 3
medium a( ¢5) Dp— Dy Dinedium (DBC - Dmedium) ( Dy ) 5
Dgc — Dy Dpy

edium,

=1- 0,

=1-0g
where D, Dy Dg-and D, are the diffusivities of ions in phase A, phase B, phases
BC and the medium, respectively. ¢, is the volume fraction of phase B in the

medium, ¢, is the volume fraction of phase C in the phases B and C. ¢g-is the
volume fraction of phases B and C in the medium

Module V: Nucleation and growth

+ The primary reaction products, i.e. the C-(N-)A-S-H gel and the N-A-S-H
gel, are diffusive for ions.

+ The secondary reaction products, i.e. crystalline phases, are non-
diffusive for ions.

Relative diffusivity of ions through the C-S-H gel

Ions Relative diffusivity Ref.

Cl 0.0025 [E. Garboczi]

H,O 0.001 [S. Kamali-Bernard]

Electron 0.00775 [H. Ma]
Description of the lattice node Selection of the model
Contains one diffusive phase, i.e. solution, and one non- Model-I
diffusive phase, i.e. slag orfand secondary reaction products
Contains two diffusive phases, i.e. solution and primary Model-11
reaction products
Contains one non-diffusive phase, i.e. slag or/and secondary Madel-111

reaction products, and two diffusive phases, i.e. solution and
primary reaction products
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Reaction and microstructure simulation by GeoMicro3D

@ Initial particle parking
structure

@) Dissolution of
slag/fly ash

LBM

@ Thermodynamic 3 Nucleation and
modelling growth

Modules of the GeoMicro3D model

2
D AAM TUDelft

The overal Howcharf of the GeoMicro3D model.

Input
Precursor Activator Mixture
+ chemicalcomposition *  NBO/T *  5i0, concentration +  Liquid/precursor ratio
+ Particle size distribution *  Density *  [Na] concentration +  Temperature
*  Amorphous content * Density *  Volume/surface ratio

Initial particle parking structure

digitize
¢=u
1

Main program

Initialization
--------------------- Main loop - = * Structure information
+ Node information

1
Dissolution module i=i-|i|-—|— + Particle distribution function
* Relaxation time
+ Target time

_ Streaming process =0
Collision e st oy Apply boundary|
process condition

condition

Nucleation and
growth module

Thermodynamic
modelling module

No

QOutput

Update TaT. Tyes + Degree nf.reacliun

« Pore solution composition Lo + Pore solution composition

« Microstructure ars=0 : + S0lid phase evolution
L s e g I * Microstructure
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Reaction and microstructure simulation by GeoMicro3D

- An example of simulation of alkali-activated slag
Simulation parameters

- Mixture

Sample Precursor  Na20 Si02 Msh Curing temperature
BFS_N450 slag 4 0 0 20°C

BFS_N6&S0 slag 6 0 0 20°C

BFS_N6S5.4 slag 6 5.4 0.93 20°C

water-to-slag ratio = 0.4

- Diffusivities of ions in solution and activation energy of diffusion of ions
Tons S0 AlO,y Ca® Mg~ ST K Na® OH
Dy (<107 m'/s) 0.7 0.6° 072 071 1.01° 196 133 528
Eiir (<10'TJmol)*  2.46 2.04 232 126 143 .60 1.67 1.80

a. This value was taken from the diffusivity of H,Si0,™
P

b. This value was taken from the diffusivity of A’
¢. This value was taken from the diffusivity of SO,
d. The activation energy of diffusion of aqueous ions were calculated based on [175-177].

- Kinetic parameter A

C(N)ASH ss  MsAH,, MsAH;» MsAH;, C3AHs CASH: CH Natrolite

Am's") 42410 4712107 471-107"  471<107" 276 0.101 471+10°  9.62+10°

Reaction and microstructure simulation by GeoMicro3D

- An example of simulation of alkali-activated slag
Simulation parameters

Simulated initial particle parking structure of slag in alkaline. In the graph, blue and gray represent activator
and slag, respectively. The size of the cubic unit cell is 125 pm X 125 pm x 125 pm. The digitization
resolutionis 1 pm x 1 pm x 1 pm.

e
2
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152 | Introduction to AAM technology — Modelling of AAM concretes



Reaction and microstructure simulation by GeoMicro3D

- Results

Degree of reaction

70
— aAAM
60 -
[ <=
550
=
®

40
£ —BFS_N4S0_GeoMicro3D
3 30 = BFS_N4S0_exp.
o —BFS_N650_GeoMicro3D
020
8 4 BFS_N6S0_exp.

10 ——BFS_N655.4_GeoMicro3D

* BFS_N655.4_exp.
0 # . . . -
0 40 80 120 160 200

Time (hours)

=
2
TUDelft

Reaction and microstructure simulation by GeoMicro3D

- Results

Pore solution chemistry

g

g

Element concentration (mmol/L) ..
8

g

8

g

Element concentration (mmol/L) ..

10 10 .
1 1
o, . .
01 =+ 01
0 40 80 120 160 0 a0 80 120 160 200
Time (hours) Time (hours)
(A) BFS_N4S0 (B) BFS_N6S0
_10000
= —[Si]_GeoMicro3D m [Si]_exp.
£ 1000 -
£ —[Al]_GeoMicro3D A [Al]_exp.
c
2 10 ——[Ca)_GeoMicro3D ¢ [Ca]_exp.
§ 10 ——[K]_GeoMicro3D x [K]_exp.
<
o
Z.; i —[Na]_GeoMicro3D * [Na]_exp.
o
5 o1 ——[OH-]_GeoMicro3D ® [OH-]_exp.

0 40 80 120
Time (hours)

160

(C) BFS_N6S5.4
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Reaction and microstructure simulation by GeoMicro3D

- Results

2
8

= [SI]_GuoMxcro3D

3

—|Ca]_GaoMicro3o
— [Na]_GooMicro3D

Element concentration {mmol/L)

= |Al]_GaoMiro3D
— [K]_GeoMicto3D
~—{0OH-]_GooMicroiD

-

—|Si]_GeoMcro3n
~[Ca]_GeoMicro3D

—[Na]_GeoMicro3D

e |Al]_GeoMicro3D
[K]_GecMicro3p
—|OH.]_GeoMicro3D

Element concentration (mmol/L) _

02 . v v L8] v ————
[} 15 02 0.3 04 0s o (15} 02 03 o4 05
Time (hours) Time (hours)
(A) BFS_N4S0 (B) BFS_N6S0

10000 ]

2 |

= i 1

o |

E 1000

E —|Si]_GeoMicro3D —[All_GeoMicro3D

9 [Ca]_GeoMicro30 [K)_GeoMicro3d

S 10§ —[Nal{ D —[oH 30

- e

c / \

g w \* — |

& 3 —— —

8 = |

e 1 =

«

E
K
@ 01 v ——r——r {

e 01 02 03 0a 0s
Time (hours}

(C) BFS_N6S5.4

Reaction and microstructure simulation by GeoMicro3D

- Results
Volume evolution of phases

10

Aqueous solution

Natrolite C,ASH,  Portlandite

adsorbed water C-(N-JA-S-H

Unreacted slag

20 40 60 8O

100
Time (hours)

(A) BFS_N4S0, using GeoMicro3D

120 140 160 180

[aucous sokition CaM, CASH,  Portiandite

Natrolite

adsorbed water C-(N-)A-S-H

60 80 100

Time (hours)

(E) BFS N6S5 4. using GeoMicro3D

120

140 160

DuR SAAM

5
TUDelft
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Reaction and microstructure simulation by GeoMicro3D

- Results

Microstructure development

I (A)O | (B) 3 hours

(C) 1day (D) 7 days
I Liquid Slag Reaction front [ll/ B Partially/completely filled products

Reaction and microstructure simulation by GeoMicro3D

- Results

Microstructure development

e ¢ e i
(A)N6SO. 0.=0.317
I Liquid Slag Reaction front [/ BN Partially/completely filled products

e
2
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Reaction and microstructure simulation by GeoMicro3D

- Results

Volume evolution of phases

60
—BFS_N4S0
50 -
—BFS_N6SO
—BFS_NG6S5.4

B
o
el

Capillary Porosity (%)
s

20 4
10
0 . v '
0 50 100 150 200
Time (hours)
%
D) AAN TUDelft

Application: Diffusion in alkali-activated slag paste

= N4SO

4 N8SO

1E-10 4

E1E114
o A

Diffusivity (m%/s)

1E-124 A

1E-13

0 10 200 %0 40 50 600 700
Curing age (hours)
Mlicrostructure of AAS Concentration distribution

paste (N6S0) at 28 days at equilibrium

D, -
—&f —35%x10™ D v :2}(10_9 - Dejf = 7)(10_13

50
solution

Dy AAM Zhiyuan Xu, 2020 1"‘U De|ft
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9.Shrinkage of AAM concretes

Guang Ye

AAM concrete by nature might sometimes be more sensitive to shrinkage and it is important
to consider this in the mix design and curing conditions. In this chapter first a discussion is
provided on different forms of shrinkage, how they can be characterized via testing and what
can be done to mitigate excessive shrinkage. Secondly, this discussion is continued looking
especially into autogenous shrinkage of AAM concrete.

DuRSAAM PhD training Network

Shrinkage
of

Portland cement paste and alkali-activated materials

Dr. Guang Ye, associate professor
Concrete Modelling and Materials Behaviour {cmmb}
Microlab/Section M&E

TU Delft, The Netherlands 30 Jan 2020 @KIT
|
3
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Content

« Introduction of chemical shrinkage, autogencus shrinkage and dry
shrinkage in cementitious materials
— Mechanism
— Test method
— Mitigation

« Autogenous shrinkage of Alkali activated concrete
Mechanism

Test method

Cracking potential

- Mitigation
e
= 2
DURSAAN TUDelft

Volume change in concrete

| Volume Change

| [ 1

- | Stress Independent | Stress Dependent
(Drwmg: forces) $Visco-elastic response)

EEE
S

Intendl irfluences. Inte rred influences. B .
Bzl
hydration heat) Extemd Irfluenees gt External inluences. 1z Gresp Crying creep
—  F— I I
| 1 1 1
Thermal Thermal . . Carbonation ) Dry
xpaneian shrinkage Chemicd shrinkage i Flastie shrinkage dirfice Swelling F
|
I s P
Autogenous
shrinkage
E |
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Chemical shrinkage

Definition

The absolute volume of cement and water is greater than the eventual hydration products due to
chemical reactions forming new products of higher density than original reactants.

chemical
shrinkage

1
- 26,5 + 5.6H > C;S;H; + 2.6CH,
= 0.8 free water 2C,S + 3.6H = C;S,H; + 0.6CH,
2
= ;
£ os / CoA + 3CSH, + 26H > CoAS;Hy, (AFE)
® - = 2CA + CASHz,+ 4H > 3CASH;, (AFm)
g (CSH+CH+AFt (AFm))
2
S o2 mnkydratea C,AF + 3CSH, + 30H > Co(AF)S:Hs, + (AF)H; + CH
13
" = CLAF + Co(AF)S;Hy, + 2CH+23H > 3C,(AF)SH; + (A FH,

0.2 0.4 0.6 0.8 1.0
Degree of hydration [-]

Comssemao s
2
DURSAAM TUDelft

Chemical shrinkage

- Volume of chemical shrinkage (V)
Powers's Model

According to Powers, the chemical shrinkage of 1 g of cement at complete hydration is 0,064 cm?3.

Then: the volume fraction of chemical shrinkage is: _ 0.064m,
cs
Ve + Wy
Powers’s Model
Assume: Mass of dry cement me __0.064m (1—p)
Density of dry cement pc=3.15g/ cm? - v
- Mass of waters m,, <
A Density of water Pw= 1.00 g/ cm? _ _
Volume of dry cement Ve =m./ peem = 0.064 p(1- p)
Volume of water Vw=m,/ps
Ve Water/cement by mass w/c = 0.2(1- p)
Then: Volume of cement paste Ve+vw If the degree of hydration is o, then
it ity - Vi r chemical shrinkage (V..) is:
Initial porosity p: =2 - C Ve s
porosity p:  p V.V, (%Jrﬁew_) —»1—p=v+cv
- Ves = 0.2(1-p) o
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Chemical shrinkage

ASTM C1608 - Standard Test Method for Chemical Shrinkage of Hydraulic Cement Paste

Wl 7% PC-0.3 (Simulated by HYMOSTRUC3D-E)
/ zero 2 A  PC-0.3 (Measured by experiment)
Sl 2 64  =—--- PC-0.4 (Simulated by HYMOSTRUC3D-E)
volume at o X PC-0.4 (Measured by experiment) s
time n E 5 4
Lime S
saturated &% =
water g = 4
\ Water EJ =
level at =z 3
time n £ ES3
-E 2
5 2
Cement E 1.9
paste —F S

Time [days]

Cmsemeo
BIFIRSYAVALY mEAmRIR 1”';U Delft

Autogenous shrinkage

Coessemedmo
2
DURSAAM TUDelft
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Introduction

Definition of autogenous shrinkage

By ASTM C1698-09 - The bulk strain of a sealed specimen of a cementitious mixture, not subjected to
external forces and under constant temperature, measured from the time of final setting until a specified age.

J

“final setting”: i.e. time-zero of autogenous shrinkage occurs in standard.

J

“time-zero”: the time which the concrete develops sufficient structure to enable tensile stress transfer
through the concrete. {J. Weiss, 2002)

-
&
DURSAAL TUDelft

Autogenous shrinkage
Mechanism of autogenous shrinkage - Self-desiccation

« As a rigid network of hydration products forms (after final setting), chemical shrinkage leads to the creation
of empty porosity and a reduction in the internal RH, this process is known as self-desiccation.

« Chemical shrinkage results in internal empty poresity, not in external volume changes

air -
water
- water
Hydration product
cement
cement \S‘r;‘.\. '*'é
T et
Fresh paste Herdened paste schematic Hardened paste "Real’
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“Internal drying” by continuing hydration
Development of capillary stresses

According to Kelvin — Laplace equation, the menisci formed in these (partially) empty pores will

create a capillary tension on the pore solution and also reduce the internal Relative Humidity
{RH) of the specimen.

e 2YcosOL _ — In(RH)RT
cap™ r %4

m

odeorpﬁoh layer

Hardened paste “Real” Water and air in capillary pores

ater !

Chemical shrinkage and autogenous shrinkage

0 L l L l L I L l L l L l L
Time-Zero ('t0") -
-3000 I B
—_ - 11 -
E  s000- ny -
E E ol i
= -9000 - S0 Experimental Measurement |

£ i ’é’l 13 —e— Chemical Shrinkage
g 12000 - 'l E —&- Autogenous Strain B
w ] | 1= L
15000 — I -
J 11 L

44

-1 8000 1 I L] I Ll ' L} I L ' L I ¥ I L}

0 6 12 18 24 30 36 42 48

Age of Specimen (Hours)
Sant, Lura, 2006

e
5
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Autogenous shrinkage

Volume change of cement paste due to self-desiccation - macroscopy scale

AV RT
Volume change: v p [ M v, In RH j

R = universal gas constant: 8.13 J/mol constant

T =temperaturein K constant or variable

M = molar weight of water constant

v,, = specific volume of absorbed water constant

RH = relative humidity changing with o

B = compressibility coefficient of the specimen changing with o

(¢ = degree of hydration)

e
x
BIVIROYAVALY TUDelft

Autogenous shrinkage
Early age autogenous shrinkage test for cement paste

+ ASTM C1698 standard originally developed by Jensen and Hansen.
» Three sealed corrugated moulds of 440 mm X ®28.5 mm for each mix composition, T=20 °C.

TR P
#“

m— — — ’
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Autogenous shrinkage

Autogenous Deformation Testing Machine {ADTM) for concrete

foil insulated mould:
- external insulating m aterial
- steel plate

LVDT

quartz rod quartz rod

-support

embedded steel
bar

LVDT

wooden frame

Factors affecting autogenous shrinkage

Autogenous shrinkage is strongly correlated to the hydration process

Substantial autogenous shrinkage occurs in mixtures with |Jow water/cement
ratio

B ..
2
DURSAAN TUDelft
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1000

Water/cement ratio 2=
L.
l wel -SF-5PY
Autogencus shrinkage of cement paste g 0L-0-0
'E 1000 -
w/c Silica ume =
a 030- 0-0
0.40 0 = h
2000 ._‘Cl?l- 0—-06
0.30 0 \
0.23 0 az3-10-06
3000
0.23 10 % \
0.17 10 % 017 —10 =20
Tazawa e.a. 1992 “o00 T |2 A 2Il ! t:?””I
———> dagen
<
DURSAAM TUDelft

Water/cement ratio

Concrete mixtures

Strain capacity: 120x10°6

——— (30~ 0-040 C T
—ereem 050 0=0,%6 e

8

Autogenous shrinkage (I 10 6)

Strain capacity concrete: 100x10% - 120x10°6
Tazawa e.a. 1992

3
DURSAAL TUDelft
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Effect w/c on autogenous shrinkage. w/c 0.25 to 0.60

— 1,2
= 1.0 R
]
Q
-3 0,8 E_—Ej‘ \ 28 dagen
E 06 i e e wic N
£ .04 o e © 0.25 e
e i e 0,30 \
I 0,2 D 035 1
=3 ® 0.40 T o
— & 045 7
0.2 /"”’e A 050 | / \\
' © 0.60 / \

-0,4

1
O 20 40 60 80 100 120 140 1

R Age [days]

Strain capacity: 120x10°®

DURSAAN

60/6,2 0,3

Effect cement type (cement paste. w/c 0.3)

04 05 06 0,7
— W/C

(Baroghel Bouny, 1996)

<2
TUDelft

I‘ﬂﬁ -
s 1 Fr—T1 T
_)'e_“ cement pasta, w/c = 0,30, 4x4x16 cm
[
o
(7]
5
a (0] —
5 ﬁm )
-
— cement \ p—1 "\
o M type
o o N (Normal) \9"6*
T ® M (High early strength) \ T~
é 0 M (Moderate Heat of Hydration Pt |
= m S (Low Heat Hydration) \, ©
& A W (White cement) B N
2 T : 2 4 7 2128 70100 1000
coment CaS 2S Cah C.AF
N 51,5 2. 8.9 8.8
T T TN N Age [days]
S 61,0116 1.7114.6
w 61.1 }16. 12,1 ] 0.6
AR due to the formation of expansive phases like ettringite or the re-absorption of the bleeding water. f‘
mYallY TUDelft
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Relative humidity vs. Shrinkage of cement paste

Internal RH decrease - Kelvin radius decrease - tension \"‘
stress increase
_ 2YcosQ. _ —In(RH)RT

cap r V,

80

§ 100
—
- L
=
2 go N
2 >
= \b*
[}
¥ 85

m

o6 07 o08 09 10 1,1 12 13 14 1k, 16 1,7
— 3 strain [10-3]

(Baroghel Bouny, 1996)

<2
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Microcracking due to Self Desiccation

Hardening concrete

+

Det WD Exp FH——— 200pum
BSE 9.1 1 0.4 Torr 02BNr. 08

167 | Introduction to AAM technology — Shrinkage of AAM concretes



Relative Humidity can be measured

100
Improved hygrameter method 98 4
96
£ -
: . 92 4
T{Air): 20£0.1°C &
{(Air) © 9o -
©
g 88
T {Water bath): 12.5 £ T 86 1
0.1°C R a4 -
Humidity sensor 82 1 |
- SD T T T T T 1
Avoid condensation on sensor at very early age 0 24 48 72 % 120 144

Time (h}
Cement pastes with w/c 0.28

Internal RH result is obtained since 1-2 hour after casting

DR SAA M *H Huang, G Ye, Examining the “time-zero” of autogenous shrinkage in high fultra-
ARY

<
high performance cement pastes, CCR 97 (2017), 107-114 TU Delft

Mitigating Autogenous shrinkage

Possible solution to reduce autogenous shrinkage (AS)

Internal RH decrease - Kelvin radius decrease = tension stress increase

__ 2¥cosOL _ — In(RH)RT

r Vv

»

Ccap
Lower tension stress > bigger Kelvin radius - higher internal RH

Internal Curing Technology Q
e

<7
DURSAAN TUDelft
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Mitigating Autogenous shrinkage

Internal Curing Technology

» Super Absorbent Polymers (SAP) (Jensen & Hansen,
2001, ...

* Light weigh aggregates {(van Breugel, 1998, Bentur, Igarishi, &
Kovier, 1998, ...)

» Shrinkage reducing agents (Lange, 2004, Sato 2009, ...)

3
DU S AL TUDelft

Mitigating Autogenous shrinkage
Super Absorbent Polymers (SAP)

Pore3 SAP-Beton

Mechtcherine et al 2008 Lura and Ye, 2008

Disadvantages: Reduce strength more or less, remain big pores in concrete

%
BIVIRSYAVANY TUDelft
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Mitigating Autogenous shrinkage

Light Weigh Aggregates (LWG) for HPC

- HPC @ LWG . Water filled intrusion
I ——

A M After Bentz and Weiss, 2010 -?u Delft

Mitigating Autogenous shrinkage

Light Weigh Aggregates (LWG) for UHPC

Vi
T

- UHPC @ LWG . Water filled intrusion
=

A l ‘ After Bentz and Weiss, 2010 "r‘U Delft
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Mitigating Autogenous shrinkage

Using RHA as an example on Mitigating the autogenous shrinkage

100

| 100
T T T 98
3 8
E -100 o |
é" o4
% -300 4 = |
= = 92
: E gp 4
=
S s =
g £ 88 -
Dal} —
E —Ref 0.25 86 1 —Ref0.25
< 7009 309 RHA-7 —20% RHA-7
—20% RHA O 84 1 w209 RHA-S
20% RHA-12 0% RHA-12
-900 82
Time [d] Time [d]
{a) (b}

Cement pastes incarporating RHA with different particle sizes {a) autogenous shrinkage since the onset of self-
desiccation; {b] internal RH change since casting.

RHA can reduce the AS

Degree of hydration show the consequence of internal curing by RHA

0.40 - Curing temperature: 20°C
2 0.36 - The mean particle size of RHA: 5.6 um
= - The water to binder ratio: 0.18, by
E 0.32 weight
é - Cement replacement percentage: 20%
S 0.28
g
& o0.2a

7 28 91
0.20 t
1 10 100
Time (days)
= T d Ye, 2012 x.3
DURSAAN uan and T&, TUDelft
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Drying shrinkage

T ————
2
DURSAAN TUDelft

Introduction
Definition of drying shrinkage

— As the volume reduction that concrete suffers as a consequence of the moisture migration
when exposed to a lower relative humidity envirenment than the initial one in its own pore

system.
— Dry shrinkage is independent of applied loads

— Dry shrinkage is the time-dependent strain measured in an unloaded and unstrained

specimen at constant temperature.

-
2
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Introduction

Drying shrinkage

Condition: When concrete is exposed to drying
environment where the relative humidity is lower
than the internal relative humidity of the concrete,
the free water in concrete evaporates.

32

Mechanism of drying shrinkage
Capillary tension

Action: underpressure is generated in the pore water because of the existence of menisci of
liguid/vapour interfaces. To balance this underpressure, compressive stress acts on the solid
materials and leads to contraction of the paste.

According to Kelvin — Laplace equation, the menisci formed in these (partially) empty pores will
create a capillary tension within the pore solution and also reduce the internal RH of the
specimen.

‘Water evaporates __ 2YcosOL. __ — In(RH)RT
pore /\ Ocap™ i e v

m

i & Resuli: an externally measurable shrinkage of the matrix
{akes place.

33
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Mechanism of drying shrinkage
» Relative humidity and the water status in cement paste D Y
combined
are matter water I
L= 1y |8
5 i adsorbed §
o : -
g : water .8
1 =
S - 8
Interlayer 173 '
Water 9 i 2V .
. o2
: £
Capillary | A
Water 0 100
Relative Humidity
Physicall
Adrd C
Water
S >
g S o
& s
» The loss of water held in gel pores that causes the =
significant change in the volume. B
A
. 34
[Metha and Monteiro 2014] Loss of Water
Drying shrinkage vs. water loss
Weight loss (%)
s 10 15 20
o T
0.10
0.20
S o030
&
o
E 0.40 558 —0-20
& 550 —o.07
0.50} /
® Water. Cement 0.35
oeol= O Water: Cement 0.50 0.07

Typical drying shrinkage vs. water loss curves: for different w/c ratios highlighting measured RH at each point during the drying process of a
HCP (data by Roper, 1966; taken from Bazant, 1988)

%
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Reversibility

1000 N
Drying E Rewetting  =———
o 800 |- H
= A ———
> i) 1
% 600 |— Reversible Total
ﬁ + \_ shrinkage shrinkage
2 400 | R e
© H
> H
D .
=Z 200 |- »  lrreversible
2 shrinkage
0 L 1 1 L i ! L
(o} 10 20 30 40 50 60 70 80

Time (days)

Moisture movement in concrete

o remeaonerean %
g
DURSAAM TUDelft

Drying shrinkage - Test method of cement mortar

- ASTM C175

- First 7 days sealed curing at
20 °C

- Test was carried out in a
room with 50% RH and 20 °C

Comparator (accuracy 0.001Tmm)

The length and mass were monitored at regular time intervals.

<2
TUDelft
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Factors affecting drying shrinkage

Materials and mix-proportion

Powers, 1961
o 0.50 w/c ratio

1
% ={1-g) e ® 0.35 w/c ratio
é % 08 - Range for
o Normal Concrete
o 0.6 -
5., shrinkage of concrete E
5, shrinkage of cement paste £ 04
g, the volume fraction of aggregate in concrete & 02
o I 1 ] I

o

20 40 60 80 100
Content of Aggregate and
Unhydrated Cement, %

o remadvemereao) %
x
BIVIROYAVALY TUDelft

Factors affecting drying shrinkage

Materials and mix-proportion

— Cement content and water/cement ratio

2~

200 400 600 800 1000
Cement Content, |Ib /cu yd

N
!

Drying Shrinkage or
Creep Coefficient, Kp

o9
N

04 06 08 10
Water/Cement ratio

(a) (b)

Effect of water-cement ratio (a) and cement content (b) on dry shrinkage

3
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Factors affecting drying shrinkage

Humidity
&
=
50 |- 2
= z
= =
w 40 - £ —
2 = 25
> =
% 30 —§ E
£ 20 |-% |
E = E
cg) 10 I d i
£ [ | i i
s ya i
= ! l
i i L 1 1
100 90 80 70 60 50 40

Relative Humidity of Air, %

Influznce of the relative humidity on drying shrinkage

o e aemere) 4
e 2
DURSAAM TUDelft

Autogenous shrinkage and cracking potential

of

Alkali activated concrete

3
BIVIROYAVALY TUDelft
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Autogenous shrinkage mechanism

Raw Materials

Chemical compositions of slag and fly ash measured with XRF

| S0 A0, [0 [MBO JFe,0,]S0, (KO JTIO, [Other [IO] [ | pso |
mﬂ.?? 13.25 4050 927 0.52 1.49 0.34 097 021 1.31 18.3 pm
56.8 238 48 15 72 03 16 1.2 16 1.2 48.1 pm

Mixture proportions of AAS pastes with and without MK

Mixture |Slag(g)  |Flyash (g) |SiO, (mol) [Na,0 {mol) [H,0(g) |
m 1000 : 1.146 0.76 384
m 500 500 1.146 0.76 384

e
%
DuURSAAM TUDelft
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Autogenous shrinkage mechanism

Experimental methods

- Autogenous shrinkage, chemical shrinkage, and RH

Humidity sensor

—m

| .

Data logging
unit

Balance

Paraffinoil ~
Alkali solution

Paste

Thermostated bath
Gravimetry method, after [Bouasker, et al] [ASTM C1968]

2
DURSAAM TUDelft

Autogenous shrinkage mechanism

Experimental methods | 2L |
|  FR |

- Hydration and Microstructure characterization — | Calorimeter |
|  ICP-OES |

S | Nitrogen-ab |

TAM calorimetry Micrometrics Gemini VIl 2390 V1 TM 100 ATR-FTIR spectrometer

2
DURSAAM TUDelft
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Autogenous shrinkage mechanism

Experimental methods

- Setting, compressive strength, flexural strength and elastic modulus

Chamber room

Accelerometer
clamping device peam sample

H camtin: £
) time z time
Automatic Vicat apparatus E-modulus testing setup
AYA' "
DURDAAN TUDelft
Autogenous shrinkage mechanism
Setting time & autogenous shrinkage
0 —_— .
1 3 a 5 7
— -1000 |
Vicat setting time of the pastes {min). ‘E
£ -2000
g ——0PC0.4
£ 6000 | — pasr
x
7000 J TAAS
Time (days)

Autogenous shrinkage of AAS and AASF pastes in comparison with OPC paste.

N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 5
- — alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU DEIft
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Chapter 3 Autogenous shrinkage mechanism

Microstructure characterization

1d Q ——Flyash ——AAS1d 7d Q ~——Flyash ——AAS7d
——AASF1d ——Slag

——AASF7d ——Slag

o Main reaction products: CASH gel
o Increases with time

o Decreases when slag is replaced

by fly ash
10 20 30 40 50 60 0 10 2 30 10 50 60 70
2theta (°) 2 theta (°)
XRD patterns. M, Q and H stand for mullite, quartz and hematite, respectively.
D A A Z Li, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 2
z V=il alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU Delft

Autogenous shrinkage mechanism

Microstructure characterization

o 950,900, 815, 660 cm-! for CASH
gels.

o Increases with time

o Decreases when slag is replaced

~——— AASF 1d
——AAS 1d
——Slag

~— AASF 7d
——AAS 7d
~——Slag

by fly ash
o No NASH gel is detected.

600 700 800 900 1000 1100 1200 600 700 800 900 1000 1100 1200
Wavenumber (cm™) Wavenumber (cm™)

FITR spectra

D A A Z Li, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 2
z mVallY alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU Delft
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Autogenous shrinkage mechanism

Microstructure characterization

6 - 160

5 4 | Dormant period 140 A
= Acceleration period o 120 A
S 4 = . .
= § 191 o Later acceleration period and
z =

34 80
2 2 lower heat release for AASF.
g 2 E 801
= 2 104 RS o Fly ash lower reactivity

14 3 04 —— AASFL

0 . - - ‘ 0 .

0 10 20 30 40 0 24 48 72 9 120 144 168
Time (hours) Time (hours)

Heat flow and cumulative heat of AAS and AASF pastes

N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 2
i — alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU DEIft

Autogenous shrinkage mechanism

Microstructure characterization

3 4 140 -
Role of fly ash?
25
=
£ 2 b . A
el 5 o Little difference from quartz...
=15 A =
z E
o =l
= 14 5
H g
05 4 3
----- AASQ 130
0 - . ‘ . 0 . —_— ; . ‘ .
0 10 20 30 20 0 24 48 72 965 120 144 168

Time (hours) Time (hours)

Heat flow and cumulative heat of AASF pastes made from fly ashes ordered in different
batches and AASQ pastes where fly ash is replaced by quartz with different particle sizes.

N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 5
i — alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU DEIft
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Autogenous shrinkage mechanism

Microstructure characterization

0.1 4 0.16 -

0.09 AAS7d —onasTd
008 014 1 ——AASF7d
| 1 —— AASF 7d 012 4
= 007 4 =3
£ 005 £ ol
g 0059 T 008 1 o The presence of fly ash induces a
g 004 0.06 4
@ 003 coarser pore structure.
£ o002 4 004 1
001 4 0.02 4
0 - . ) 0 - - .
1 10 100 1000 1 10 100 1000
Pore diameter (nm) Pore diameter (nm)
Pore size distribution of for AAS and AASF
N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 2
: . alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU DEIft

Autogenous shrinkage mechanism

Chemical shrinkage

0.01 - 0.01
g o ER
% K] -
E e o The presence of fly ash induces a
= 001 - E -0.01
£ g lower chemical shrinkage.
© 002 - £ 002 .
£ £ o Inthe unit of mass of slag, the two
= =
£ 003 - Z 003 hemical shrink il
k AASE g chemical shrinkages are similar.
'g 004 1 —AAS 2 004
r= o
% o5 4 T OPCR4 -0.05

Time (days) Time (days)
{a) {b)

{a) Chemical shrinkage of AAS and AASF pastes in comparison with that of OPC paste,
in ml per gram of paste and {b} chemical shrinkage of AAS and AASF paste in ml per
gram of slag.

N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 5
i — alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU DEIft
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Autogenous shrinkage mechanism

Internal RH and pore pressure

100 4 100 -

AAS
AASF RHy = RH/RH;

95 A 95

90 90 | *‘\r—\,\\ - RHis the measured RH in paste,
g g e - RHgis due to the dissolved salts
Z 81 Z 81 = in the pore solution

i - “'R“z - RH s due to the curvature

::z: effect of the liquid-gas menisci
75 R S a— 4 75 ———————
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (days) Time (days)

Internal RH results of AAS and AASF

D A A Z Li, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 2
z V=il alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU Delft

Autogenous shrinkage mechanism

Internal RH and pore pressure 35
—|—AAS
According to Kelvin equation and Laplace equation 30 1
= 25 4 ——AASF
2y, =
In(RHz) = —m= 3 27
=
g 151
2y 2
g=—-—— @ 10 A
v S
=% 5 4
Internal pore pressure .
0 1 2 3 4 5 6 7
g = ,M Time (days)

Y

Calculated pore pressure
Pore pressure: AAS » AASF > OPC

N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 5
i — alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU De”:t
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Autogenous shrinkage mechanism

Internal RH and pore pressure

Is pore pressure the only driving force of autogenous shrinkage?

. Activator

s Paste

ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of

3
alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU Delft

DURSAAN

Autogenous shrinkage mechanism

Shrinkage under saturated condition

=]
o
@
8

— -1000 A — -1000 . 400 4
: H H
£ -2000 { E -2000 E 200 -
n o n
% 3000 | % -3000 g 0
z z z o\ 1 2 3 a4 5 6 7
£ -4000 £ -a000 £ -200 A
g -5000 1 é 5000 é-aoo 1
% % % ~——Saturated condition
£ -6000 ——Saturated condition £ 6000 {——Saturated condition £ -600 _
< 7000 |——5ealed condition . 7000 ——Sealed condition 2 _800 4 — Sealed condition
Time (days) Time (days) Time (days)
AAS AASF OPC
* Self-desiccation is not the only mechanism...
* Especially before the deceleration period.
N AAM ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of 5
* . alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU DEIft
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Chapter 3 Autogenous shrinkage mechanism

Possible mechanism

Force in sub-micro/nm level:

i | Repulsion

o - 1 Electric double layer force

£ -

] ke | i
Sojlulion 9 *—» | * Total of potential \‘“»-E/DLVO

/ © e energy e
/"' 3 !* 0 /\ ———— Distance
' T =
P H P Bl ™ & 5 | | e
Gel P Gel e g).k
L) s. o
: — ot | *"JS* der Waals f
drR 0dr = : sk Potential | b van der Waals force
; * Attraction
—d d2ie— Distance
: Outer Helmholtz plane
DLVO theory {van der Waals and Double-layer force)
ZLi, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of
A A ’ ’ 7 ’
D V=il alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 TU Delft
Autogenous shrinkage mechanism % o

Possible mechanism

o5+
L3

Force in sub-micro/nm level: » DLVO theory fail at small pores and high
. . (& LY
ions concentrations 5 ’ 5 ' )
. .

» Non-DLVO force such as steric-hydration 5 ‘

Soliution force plays more important role O
T LR et 1000 7=, 4SO -&-N6SO -©-N8SO
5 H 1 BT =) () -N4527 W-N6SS4 NSS4
€ 10 [fa— Steric-hydration §-g‘° r 141 2 -A-N4§5.4
= sE o m¥ —-ozSnn: P H
T 2z Hhanatn, E =
g 1 g P T T P £ E 2 .
g - fo | 2 £ 3
8 g g
2 o1 10?5 £
3 & g
© 001 Lt = cm 0 200 400 600 500

0 50 |= 100 4
Distance, D (nm) Time (hours)
[Israelachvili, 2011] [Zuo et al. CCR. 2019]

Z Li, T Lu, X Liang, H Dong, G Ye, {2020) Mechanisms of autogenous shrinkage of
alkali-activated slag and fly ash pastes, Cement and Concrete Research 135, 106107 Tu Delft
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Autogenous shrinkage mechanism

Possible mechanism

0 e 10 0 —————r 5
500 | 5 1 15 2 25 &g 05 1 15 2 25 145
B | —Shrinkage under s T 500 1 | —Shrinkageunder |
£ -1000 A | saturated condition 5 T | | SHat“I":‘ted condition 55 =
— r = = —Hea ow F 32 =
3—_1500 | Heat flow .; _;,1000 i | ‘ncn .
Z e = & | 3= # lons concentrations l
E-zmo 4 ls 3 _‘E—!.SOO - | | | - 25 3 )
4 | La 2 5 | | L, = # Repulsive force l
2500 1 | - B 5 -2000 - | | |15 £ )
£ 3000 A . e L I [ o= # The skeleton shrinks
2 I M2 2 2500 - 1
5 -3500 4 | F1 s | | - 05
2 | : 2 I i .
-4000 < -0 -3000 - 0
Time (days) ' Time (days)

Shrinkage of AAS {left) and AASF {right) under saturated
condition, plotted together with the reaction heat

Z Li, 5 7Zhang, X Liang, G Ye {2020) Cracking patential of alkali-activated slag and fly ash concrete f‘
) ] AVANWII  subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft

Autogenous shrinkage induced stress

Paste, by ring test:

0 0 T T \
50 100 150
0.5 A 05
— 14 a4
£ g
215 S35
2 2
4 g
& 21 &5 2
2.3 2.5
-3 4 3
3 ——0OPCOD.4
35 4 ——AASF 35 )
Time (hours) Time (hours)

Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete f‘
subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft
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Autogenous shrinkage induced stress

0T 12 07 8
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Autogenous shrinkage -induced stress plotted together with reaction heat , autogenous shrinkage (AS) and
elastic modulus of (a) AAS and (b) AAS F. 0 h of all the curves represents the moment of adding activator into
the precursors. The solid line and the dashed line indicate the start of the acceleration period and the peak ing
time of the reaction heat, respectively.

Z Li, S Zhang, X Liang, G Ye (2020) Cracking patential of alkali-activated slag and fly ash concrete ,‘
B ) A A \i subjected to restrained autogenaous shrinkage, Cement and Concrete Composites, 103767 TU Delft

Cracking potential of geopolymer concrete

/
[ Shrinkage measurement ] ///
/
¥ '
/
//
[ Shrinkage mechanism ] //
/
/
U /
[ Cracking potential
. 4 '
\
\
[ Mitigating strategy ] \\
\
A
\

Thermal Stress Testini Machine

Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete pf
) ) JAVANAY/ subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 Tu Delft
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Compressive and splitting strength of geopolymer concrete

100 - (a) 6 - (b)
= 90 1
S 80 1 g%
5 ] 5
% 50 A g 3
2 40 A )
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£ 20 A a1 4
S 10 4 —a— AASF concrete ? —a—AASF concrete
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0 7 14 21 28 0 7 14 21 28
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Compressive (a) and splitting strength (b) of AAS and AASF concrete. The strength was tested at 1, 3, 7, 28 days
and the day when the beam in TSTM cracked. For splitting strength, the error bar is shown in the diagram, but
it is too small to be clearly distinguished from the marker.

Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete p‘
) ) JAVANAY/ subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft

Compressive and splitting strength of geopolymer concrete
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Compressive strength of OPC based concrete {dashed lines), in Elastic modulus of AAM concrete {solid lines), in
comparison with AASF concrete {solid line). comparison with OPC based concrete {dashed lines)

Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete f‘
subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft
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Autogenous shrinkage of geopolymer concrete

Autogenous shrinkage (um/m)

Time (days)
Geop onmer concrete
~ —CEM | concrete — — CEM IlI/A
— —CEM III/B concrete ——— AAS concrete
—— AASF concrete

Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete 4
U AVANAYIE  subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft

Autogenous shrinkage induced stress — TSTM test
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Lower stress + Later cracking !
Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete f‘
) ] AVANWII  subjected to restrained aulogenous shrinkage, Cement and Concrete Composites, 103767 TU De|ft
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Creep of Geopolymer Concrete

Creep coefficient
w

T T T T

T T 1
0 20 40 60 80 100 120
Time (days)

{SO = 100%FA, 530 = 30%BFS+70%FA......., $100=100%BFS)

. J A A \‘ A. Kostiuchenko et al. {15 ICCC and 73th RILEM week, 2019} +‘U Delft

Cracking potential of Geopolymer Concrete
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Stress development and the resultant cracking of concrete due to restrained shrinkage

A A Z Li, S Zhang, X Liang, G Ye (2020) Cracking potential of alkali-activated slag and fly ash concrete "
D) d AALV subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft
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Mitigating strategies. Part 1: Internal curing

Key results:

et

SAP : super absorbent polymer

Water reservoir!!

Mitigating strategies. Part 1: Internal curing

Key results:
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. 35
200 e
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— 0.5
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e Time (hours) Absorption time (hour)
Absorptions of SAP in distilled water, NaOH solution and activator. lons concentrations before and after absorption

Z Li, M Wyrzykowski, H Dong, J Granja, M Azenha, P Lura, G Ye (2020) Inlemal curing by 4
Du AAIV] superabsorbent polvmers in alkali-activated slag, Cement and Concrete Research 135, 106123 TU De|ft
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Mitigating strategies. Part 1: Internal curing

Key results:

" 0 S —
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Autogenous shrinkage of AAS paste with and without SAP Autogenous shrinkage of AASF paste with and without SAP

Z Li, M Wyrzykowski, H Dong, J Granja, M Azenha, P Lura, G Ye (2020) Intemal curing by f‘
Dy AAIV superabsorbent polvimers in alkali-activated slag, Cement and Concrete Research 135, 106123 TU De'ft

Mitigating strategies. Part 1: Internal curing

Key results:

Z Li, M Wyrzykowski, H Dang, J Granja, M Azenha, P Lura, G Ye {2020) |nternal curing by

DUy JAVAN\Y superabsorbent polymers in alkali-activated slag, Cement and Concrete Research 135, 106123 TU De|ft
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Mitigating strategies. Part 2: Adding MK

Key results:

Mixture proportions of AAS and AASF pastes with and without MK.

S100 1000
SO0MK10 <00
SB0MK20 800
500
SALF50MKS 450
SA40F50MK10 400

500
500
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[Mixture  [Slag (g) _[Fly ash (g) [MK ()

100
200
50

100

Z Li, 5 7Zhang, X Liang, G Ye {2020) Cracking patential of alkali-activated slag and fly ash concrete f‘
) ] AVANWII  subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft

Mitigating strategies. Part 2: Adding MK

Key results:

Autogenous shrinkage (pm/m)

Time (days)
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Mitigating strategies. Part 2: Adding MK

Heat flow (mW/g)

Heat flow (mW/g)

——S50F50
——S45F50M5
~——S40FS0M10

Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete
subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767
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Mitigating strategies. Part 2: Adding MK

Mitigating mechanism:
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Z Li, M Wyrzykowski, H Dong, J Granja, M Azenha, P Lura, G Ye (2020) Inlemal curing by
superabsorbent polymers in alkali-activated slag, Cement and Concrete Research 135, 106123
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Mitigating strategies. Part 2: Adding MK

Combine SAP + MK:
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Autogenous shrinkage (p strain)
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Both the early age the late age
autogenous shrinkage is
significantly mitigated!

Autogenous shrinakge AAS and AASF pastes with MK and SAP: Mixture X

Z Li, 5 7Zhang, X Liang, G Ye {2020) Cracking patential of alkali-activated slag and fly ash concrete

Cracking potential by ring test (paste)

subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TUDelft
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Z Li, S Zhang, X Liang, G Ye {2020) Cracking potential of alkali-activated slag and fly ash concrete (‘
B ) A A Wi subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767 TU Delft
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Cracking potential by TSTM (concrete)

Stress (MPa)

claws
28 35 42 49 56
05 - Time (days)
— — = CEM | concrete — — — CEM llI/A concrete
— — = CEM IIl/B concrete —— AAS concrete . . .
pr— AR Cracking potential is supposed to be =0

Z Li, S 7Zhang, X Liang, G Ye {2020} Cracking potential of alkali-activated slag and fly ash concrete
J A : “ subjected to restrained autogenous shrinkage, Cement and Concrete Composites, 103767
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10. Fibre-reinforced AAM concretes

Frank Dehn

Fibre reinforced concretes have become more and more popular of the last decades. This type
of concrete is reinforced with short fibres, to improve the post-cracking toughness of the
concrete. In this chapter fibre reinforced concrete is discussed both from the perspective of
concretes based on ordinary Portland cement and alkali-activated materials.

DuRSAAM
U Innovative Training Network

PhD Training Network on Durable, Reliable and Sustainable Structures with Alkali-Activated Materials

Fibre-reinforced concretes
OPC vs AAMs

Prof. Dr.-Ing. Frank Dehn
DuRSAAM — Course on “AAM Technology”
27-29 lanuary 2020

ST

DURSAAN — HZ020-MECATN-2015-813596 Karlsruhe Institute of Technology
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Introduction

Agar Quf (1500 years B.C.) —bricks reinforced with straws or horse hair! Tipu Sultan’s palace in Srirangapatna (India) — built with sheep’s wool?

Roman Colosseum (80 A.C.) —built with horse-hair as secondary reinforcement? APueblo house (1540s) — built with straw reinforcement adobe brick?

ﬂ(!:I,: e B DuR SAAM

2
a
Introduction
ibre reinforced co te today
N y . . ¥ . Museum of Civilisations from Europ and the Mediterranean (MUCEM], Marseilles —facade built
L'Oceanografic (Valencia) — Access building and restaurant —steel fibre-reinforced concrete shell i hbie el tored Enhil e e e e (UG
Images:
! iy
g!(IT Py —
5. i il st besutifyl muzzum
o 7 : ARG DuR SAAN !
4 e
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Definition

Fibre-reinforced concrete (FRC) is a composite material
containing discontinuous dispersed fibres, which can vary for
material, shape and size

E
Raincowrete. ¢ I ¢ concrete fracture
— I . . process zone
We— micro-crack growth macro-crack
Comentions RO I
i / macro-crack growth |
! b
F [ T / g
a4
Al = wy for
B J
T A0 3

macro-crack growth
—

bridging and | micro-
traction free branching racking,

oo crack g |
Raducad cack welhe o777 |

- Increased moment resistance o

- Increased flexural sfifftess Elongation, A/ Bridging stress
- Increased duetiy in compression

- Imgroved behaviour &l elevatad

« Incrasped shoar reslsiancs Tamparature Fracture mechanism in plain concrete under uniasial tension and the related stresscrack opening relationship (Loferen, 2005}

- Increased punching resistance

::mmﬂm g:‘:mm . Micro-cracks pre-exist within the concrete, even before stresses are applied (shrinkage and thermal deformations). When a uniaxial
- Increased confinement of anchored bars tension is applied, micro-cracks start growing, initially at the interface between the cement paste and the aggregstes [A); when the
Fracture rechansm in iain <oncret under unia:ial tensian and the related peak stress is reached (C), micro-craks propagate in an unstable manner and macro-cracks propagate through the specimen

stress—crack opening relatianship (Laferen, 20050

I Ref. Lifgren, I, Fibre-reinforced concrete for industrial construction — a fracture mechanics approach to material testing and structural analysis, Goteborg, 2005 DuRSAAM 4

Kariruba Imsute of Tesnaicay

Definition

Fibre-reinforced concrete

macro-crack

|

»

i Itraction bridai d crack | micro-
| | free ndging ary growth Icracking
| < branching - > < >
| <+ >
! aggregate
I bridging /
|
I'E
|

Elongation, A/ Bridging stress
Fibre effect on the fracture mechanism in uniaxial tensian and the relsted stress-crack opening reltionship [Léferen, 2005)
e ‘MW“I Ref: Lofgren, |, Fibre-reinforcen concrete for industrial construction— & fracture mechanics approach to material testing and structural analysis, Goreborg, 2005 uRSAAM 5
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Fibre types and properties

Parameters influencing FRC properties — Fibre material

Inorganic fibres Organic fibres
1 2y y N . 3 i}

Natural fibres

4

< f

* Specific gravity: 7,86 * Specific gravity: 2,7 » Specific gravity: 0,9-2,15 » Specific gravity: 1,12 -1,5
* Tensile Strength [MPa]: 1000 - 4000 * Tensile Strength [MPa]: 2000 - 4000 * Tensile Strength [MPa]: 76 -2930 * Tensile Strength [MPa]: 120 - 568
*  Elastic modulus [GPa]: 200-210 * Elastic modulus [GPa]: 70-80 » Elastic modulus [GPa): 3 — 380 * Elastic modulus [GPa): 13 — 26
* Ultimate elongation: 4-10% * Ultimate elongation: 1,5-3,5% * Ultimate elongation: 0,5 — 150% * Ultimate elongation: 1,5-41%
» Common applications: precast and + Common applications: exterior facade + Common applications: floor slabs, cladding +  Common applications: roof shingles,
structural applications, pavements, tunnel panels, formworks, sewer lining, building panels, shotcrete siding, planks and pipes.
lining, bridge decks. restoration
AT
1 o 280358 bami
2. itns/ /o hme i/prod ucts/micro-syrthete fers<i
s S DuRSAAM

2, hitpselk adslidds comy 201 nutibre.

Fibre types and properties

Fibre classification (EN 148891) Fibre shape and geometry

Group | — Cald-drawn wire [ Bt e (7 |l Defarmation at fibre end |

Round with end padd|es
| Group Il - Cut sheet | | Micra-fibres [dg & 0.5mm) | X % % P——
| Group Ill —Melt extracted || Group Ia —Mono-filamented | 'w
[ ] | | - A
| Group IV —Shaved cold-drawn wire || Group Ib — fibrillated | Ccular  Quadraic  Reclangular  Trianguier Found with hooked ends
| Group ¥ — Milled form blocks || Meso-fibres (0.5mm < d,= 30mm) | - [ ) [ ] [ ]
Digkel  Homon  Ocsoon e || Deformation along the fibre |
| ’ Group le — Meso fires (mono-fiamented] |
Fiore aspect ratio the | | [ Rectangular fibres | Toothes surtice
ratio of length to ————

dismeter for equivalent
digmeter for non drcular
fibres) of a fibre

Indented surface
awt | w=fibre width
| de = [— | t=fibre thickness
Crirped (round, flat ar of any section)

[ Iregular fibres

i

Irregular
] m =fibre mass R
0 e developed length Bowshaped
76 | o =fibre naminal density /——-\
T g
i o st e 00500 g
Y imgag z e i i
Kotobe e ey 3. itost 18 preeTeET e DuRSAAM
H D pra T apben bt i Faprozybne Cunest i o
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Fibre types and properties

arameters influencing FRC properties — Fibre geometry and amoun
Fibre orientation and amoun

Broken comer
of matrix

>0
) Og?c,

®

I

l | l

Representation of different fibre composites (Léfgren, 2005) Schematic representation of a cracked fibre composite containing M fibres

per unit area [Mewman and Cho, 2003)
- =039 Fibre orientation, volume fraction and number of fibres crassing a crack. o
ferit = o o plan influence the mechanical behaviour of the compasite. In addition, v o= 1 for fibre aligned in one dirzction
boundaries influence fibre distribution {especially when the dimensians. N=a-L | =Zforrandom fibresintwo dimensions
5, = composite cracking stress of the specimen sre less than 5 time the length of the fibres) I Sy
1 =fibre strength or average pulk-out stress of fibre z

I Ref: Lifgren, |, Fibre-reinforced concrete for industrial construction— a fracture mechanics approach to material testing and structural analysis, Goteborg, 2005

) BB wewman, ), Choo, B, Abvanced Concrete Technology - Proceses, 2003 Y

Fibre types and properties

Parameters influencing FRC properties

Fibre — Matrix interaction

Deformation of
end hook
o

1 r

=

Fiorn pull-oul

5 »

Caack front
| Fioes brigaing | |dsboncng

|

/ / = ~~Hooked-end fibre
Fire { ¢
|- Sy dsbonding Straight fibre
b ficton Pastic
kg dsformation
1 1 | ) ok Ta=
(@ b el P s n'dee
Fibre mechanimzto contribute to energy dissipation (Lofgren, 2005 P
P ~Pull-out curve The bonding strength of the fibre-
] Energy absorbed  F Energy absorbed —Debonding energy matrix interface is influenced by:
2 = B Filire charecteristic [aspect ratio
E 2 i (4}, type, grometry, orientation
z & \ “-Pure friction curve and tensile strength)
P \ . + Motrix chorocteristic (composition,
“Debonding contribution curing canditions, age, strength
e y and stiffness)
*Friction contribution 3 -
B Cisplacement Displacement i ! . Transition Zone (ITZ)
L s it & 5
Differem energy dissipation of twa different fibre mechanisms after crack formation €0 e
fibre breakage (Iefth and fire pull-out [right) Straight and hoaked-end fiare different pull-out mechanim (Liferen, 2005)
e o oy, Ref: Lfgren, |, Fibre-reinforced concrete for industrial construction— a fracture mechanics approach 1o material testing and structural analysis, Goteborg, 2005 uRSAAM
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Fibre types and properties

Parameters influencing FRC properties

Fibre — Matrix interaction
Aggregate — matrix ITZ Fibre — matrix ITZ
7) e g ) 2

OPC mortar
Steel fiber

tanston
\zone (172)

TN
\

Cement grains —ageregates.
particles size difference
results in the “wall” effect
and in the ITZ origin. ITZ
represent the weak link in
omncrete, where multiple
micro-craks develop.

The "wall" effect (Scrivener, 2004} OPCmatrix —fibre interface (Bhutta et al,, 2017} Detail OPC matrix —fibre interface (Bhutta et al,, 2017}

g( Ref: Scrivener, K. et al, The Interfacial Transition Zone (ITZ) between cement paste and aggregate in concrete, Interface Science 12, 411421, 2004
e sy BNUTES, A et al,, Flexural behaviour of geopolymer omposites reinforced with steel and polypropylene macrofibres, Cement and Composites 80, 31-40, 2017 DuRSAAM I s]

Mechanical properties of FRC

own|oAslod

Pore analysis - ransition zone (Kanig, 2018)

ST

v %, Ref:Konig A et al, Theoretical moels for FCCs under extreme conditions - Part 1: In-situ pXCT investigations about the mode of action of recycled fibres in mortar (SuperConcrete H2020)  [BIFRSYAVANN] 11
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FRC Classification - fib Model Code 2010

.A_,I
| F
F I
|
1 1
[ ) i
| 150 by,
1
L1 1
Ao |
25| =t 250 RES
= 550 |
4
i
3
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2

EM 14651 - Test methed for metallic fibre cencrete - measuring the flexural tensile strength — Test
sperimen dimensions and detail of the notch

T
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Possible Load-CMOD diagrams and £, [EN 14651), the valug of the nominal strength, corresponding to the peak

strength in bending (EN 14651)

DuR SAAM

FRC Classification - fib Model Code 2010

Residual flexural tensile strength — Three-po

! : CMCD [mm]
CMOD, =15  CMOD,-2.5  CMOD, -3.5

CMOD, = 0.5

Typical load F —CMDD curve for plain concrete and FR (b Madel Cade 2010)

fage Moy = 0.82 — 2b

57 oy
[MPa)

f=2.2 MPa
f=1.8 MPa

| cMoD,

0.0 05 10 15 20 25 30 3
CMOD [mm]
Typical exsmple af FAC<lassificatian [Di Prisca et al, 2009

o
-
=

Kartiube Imtiute of Tshociogy

bending test (EN 1651}

- 2biE,

£y [MP3] = residual flexural
strength at CMOD;

By [N] = load recorded at
CMOD;

| {mm] = span length

& [mm] = specimen width

gy [mm] = distance between
the notch tip and the top of the
specimen [125 mm]

For structural applications, the material classification is
based on the post-cracking residual strength:

CMOD, = 0.5 mm = fp,, (SLS)
CMOD; = 2.5 mm = fg3q (ULS)

The material is dencted by 8 number (fyy, - the strength
interval) and a letter, representing the frs . /a1 ratio:

21 05 = Fagpffary < 0.7

bif0.7 = fagp/fagy < 09

0.9 < fagpffrrp < 11

i1 < Fogeffage < 13
e f fagi/frne = 13

Fibre reinforcement can substitute rebar reinforcement at

A FRCwith

fare = 2.2 MPa
frze =1.8 Mpa
(Erae /1 =0.82)
is classified as “2h"

ULS ff anly the following relstionships are fulfilled:

* Mgl 204
* fpaefln1e2 05

Ref: Di Prisco et al., Fibre-reinforced concrete in fib Model Cote 2010: principles, motels and test validation, Structural Conerete 14, No. 4 (2013)

where ; is the characteristic value of the nominal
strength, corresponding to the peak strength in bending,
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FRC Classification - fib Model Code 2010

Constitutive laws in uniaxial tensio

P P
b T
P crack formation crack formation
o P 3
Buf- By localization
[} é
fa) by

Softening (a) and hardening (5) benaviour in uniaxial tension [fit: Mozl Code 2010)
G, G,

rigid-plastic
Flu 1 post-i rack hai rdenmg
V e ]

frafo

_ifFu
post-crack softening

: ’ . ’
Wi w we W

crack cpening constitutive lav

A

£=wila

o=Exx Ses
M M
« =045 fy, _U.ng;-O.!fM

Sress diagrams for the HETEMMINGTIon of fres (b] and fry, [F) for th linzar model, raspactively it M otel Codz 2010)

Freu Wy = CMOD) is calculated at
ULS by rotational equilibrium:

Myex = = Mumifen:

Frebtfe _ frushl

B - 2
FOr f peye and vy, # CMOD, alinear
constitutive law between CMOD, and
CMODs, is considered.

model Llinear model

Sres = 0.45f 7y
Te = fees —

Ton Trts = 05frs + 02 )2 0
The stress value correspanding to the crack
opening CMOD; is determined fram
equilibrium

M (CHOD,) = /2220

Simplified post — macking constitutive laws [fib Model Cote 2010)

T

Kariube Inaiute of Tecnoiogy

DuR SAAM BT

FRC Classification — Eurocode 2

Residual flexural tensile strength

RILEMTC TDF (EN 1892-1-1}

o-£ design method

. asen, .7
£, [%, o Ot
w2, s sosen, oson, o,
The residusl flexural tensile strengths fr, and fr.
are defined at the following CMOD; or mid span u ey Qe ama/E, T o —
deflections 8, - o N e+ 01%
Eflections fg ¢ a s oy Namr)  ey=25% Ok,
CHOD =0.5mm - 8z, =0.46 mm F,= 9500 (T * (')
CHMOD,= 3.5 mm - 8z 4= 3.00 mm - e factar T ash,
B e e e ok,
1.0 - 1
s b M, —n038, OSh,
The classification of 5FR concrete is based on two 0o = fu W=t 0% T
“’2’29‘“ ”E‘E:""E" b¥ fan T_”"If*?v:z 04 o AN fry ore calculated considering s linesr sls stic stress distribution in the
e = Jfg =0 L i LS R 02 ! sertion (s}, Considering oy constant inthe rracked part of the FRC section (] and
+ FELg= faa -the nesrest multipls of 05 Mpa | oy
; =M,
- :
0 2 o 40 S0 s 70

The residual strength class is represented
as FL = FLos/FLss b fem]

Stress-strain relationship (TC 162-TOF, 2003)

Kartiube Imtiute of Tshociogy

DuR SAAM I H]

205 | Introduction to AAM technology — Fibre-reinforced AAM concretes



Mechanical properties of FRC

Effect of fibres cn the mechanical properties

1 i Uné-adigl response .

Nomotn _tomo g hutenn sty b |
High paromance
Fibreweinforced Blazourel
Concrels Tl

Deection harsening

—————— [{rrennip]

Crack localization

ol

Stress

+* deformation

Strain 110 B —
Strain [107] & v Defecton

Plain and fitre-reinfarced concrete [FRC) having both normal and high strength The tensile hehaviour hased on uniayial response and dassified asstrain- Characterisation af the tensile and flesural hehaviour [Janssan, 2008}

inder uniasial compressian (Lifaren, 2005) saftening ar pseuda strain-hardening [L5faren, 2005)

A material showing a ten sion-softening behaviour when

i 1ty i e DR e GG, G Ioaded under uniaxial stress can show either deflection

resistance against longitudinal crack growth. Plain concrete and fibrereinforced concrete with low or
: : hardening or softening behaviour. This behaviour depends on
The effect of fibres is highly dependent on: moderate volume fractions of fibre can be considered as .
0 1 . . . the toughness of the material as well as the dimension of the
» Type, size and properties of fibre used strain-softening materials. However, fibres have a A N
specimen. In fact, fibre distribution and orientation are
+ Volume fraction (f] mnsiderable impact on the tensile fracture behaviour
influenced by the specimen geometry.
I Ref. Lofgren, |., Fibre-reinforced concrete for industrial construction— a fracture mechanics approach to material testing and structural amalysis, Goteborg, 2005 DURSAAM
arerche irtuste of Sechrolooy Jansson, A, et al, Design methods for fibre-reinforced concrete: a state-of-the-art review, Nordic Concrete Research 38, 21-36 (2008) U

Mechanical properties of FRC
Effect of fibres on the mechanical properties — OPC vs AAMSs

Compressive strength Splrtting ter

70 4.5

—_ T 4
T 60 g

= S35

50

< B 3
o 5

@ 40 825

& w o

v @

¥ 30 z 2
= =

] 15

H] &1

» 20 o

a £ 1
£ E
S 10 =

& 0.5

o 4]

AAS S AAS PP AAFASF  AAFAAPP  CEMISE  CEMIPP BAS ST AAS PP AAFAST  AAFAAPP  CEMIST  CEMIFPP
Mixes Mixes
0% W030% WO.60% 0% m030% mMOE0%
Compressive strength of differant matrix (OPE, fiy ash and slag) and different fibre type and vol 3 Splitting tensile strength of different matrix (OPE, fy ash and slag) and different fibre type and vol 5%
Compressive strength is not significanthy Splitting tensile strength is not significantly affected by fibre
afected by fibre type and volume fraction type and volume fraction. Fibres influence the residual strength
e iy, REF KBRig A et al, Flexwal behaviour of steel mdmacro-FP fibre reinforced concretes based on akair-rotivated binders, Construction and Building Materials, 211 (2013), 583-539 DURSAAM
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Mechanical properties of FRC

Effect of fibres ol

Load in kN

OPC with different fibre vol. %

he mechanical properties

OPC vs AAMS

AAS with differentfibre vol

- OPC 08 ol % PPF

18 T RAFAA O3 vol % PPF
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The addition of fibres influences
positively the residual load

OPG shows a different behaviour with
stesl and macro-PP fibres

Gradual development of the post-
cracking behaviour

T
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Ref. KBnig A. etal, Fexural behaiour of steel andmacre-FP filsre reirforced concretes based on aikalr aetivated kirders, Construction and Building Materials, 211 (2019], 583-599

The addition of fibres influznces
positively the residual load
Alkali-activated fly ash (AAFA] have a
different behaviour with steel and
macro-PP fibres

The addition of fibres influences
positively the residual load
Alkali-activatad slag (AAS) have a s
behaviour with bath types of fibre

Mechanical properties of FRC

Effect of fibres ol

he mechanical pr

erties

OPC vs AAMs

Steel fibre-reinforced OPC and AAM

#—OPC 0 vel. % 20 & OPC 0.6 vol. % PPF_ 20 ®-OPC 06 vol % 5IF
i i AAFA D% L RAPARDG vt PRE L AFADs ik o
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Y 18 L 18] A
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Different first crack laad, according to
the compressive strength

Mo residusl flexural strength

Similar post — cracking behaviaur

<7

Kartiube Imtiute of Tshociogy

Ref: KBnig A. etal, Flexural behaviour of steel andmacyo-FP fibre reinforced concretes based on alkalr activated birders, Construction and Building Marerials, 211 (2019), 583-599

+ Alkali-activatad slag (A45) shows the
highest residual load
+ Allthe mixes have a similar behaviour
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+ Alksli-activated slag (445) and alksli-
activated fly ash (44FA) have @
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Mechanical properties of FRC

Effect of fibres on the mechanical properties — OPC vs AAMs

GP matrix

Steel fiber
Steel fiber

Steel fiber

Geopolymer (fly ash based) matrix—fiore interface (Bhutta et al, 2017} Geopolymer (fly ash based) matris —fibre interface (Bhutta et al, 2017}

mwum:mmwlm Ref: Bhutta, A et al., Flexural behaviour of geopolymer omposites reinforced with steel and polypropylene macrofibres, Cement and Composites 80, 31-40, 2017 DuR SAAM

Mechanical properties of FRC

Alkali-activated fly ash

Before cracking 0.2 mm crack opening 0.6 mm crack opening

Before cracking 0.2 mm crack opening 0.6 mm crack opening

I Ref: Ksnig A, et al, Fiexural behaviour of steef andmacro-FP fibre reinforced concretes based on aikalractivated binders, Construction and Building Materials, 211 (2019), 583-599 DuRSAAM

Karisrube Iniute of Tecrnology

208 | Introduction to AAM technology — Fibre-reinforced AAM concretes



Mechanical properties of FRC

activated slag

Before cracking, 0.2 mm crack opening. | 0.6 mm crack opening

Before cracking 0.2 mm crack opening mm crack opening

I Ref: Kbnig A. et al, Flexural behaviour of steef and macro-FP fibre reinforced concretes based on alkai-activated binders, Construction and Building Materials, 211 (2019), 583-599 DuRSAAM vl

Karsrube Imsiute of Techrciogy

Mechanical properties of FRC

Deformat a single fibre during bending — pXCT analysis

Fibre length variation

Before cracking Before cracking

E w

o b 3am

) o 3mm

; 1% CEM I [mm]

@ b=

2 :

o

= = 0z 06

= ] mm  mm

E

0.2 mm 2 0.2 mm 006 017

013 024
0.00 018

'S 000 001

The fibre thickness is not measurable once affected by deformation,

0.6 mm 0.6 mm which is not satisfactory explained by the velues chosen

I Ref: KBnig A. etal, Flexural behaviour of steel andmacyo-FP fibre reinforced concretes based on alkalr activated birders, Construction and Building Marerials, 211 (2019), 583-599 DuR SAAM S}
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11. AAM lab work

Frank Dehn

Having gained theoretical insights with respect to alkali-activated concrete, it might be good
to experience the manufacturing of AAM concrete. This can be easily achieved in a concrete
lab or similar workshop, provided that you can get hold on the constituent materials. In this
chapter, two exemplary mix designs (one concrete and one mortar) are provided for those who
want to get first experience with making AAM concrete.

Part 1: Fly ash concrete

Material and Proportions

Product Mass (kg)
Fly Ash (class F) 15.032
NaOH solution  (50% solid, 50% water) 2.270
Waterglass (35% solid, 65% water) 4.026
Extra water 1.187
Aggregate (0-2 mm) 16.681
Aggregate (2-8 mm) 16.681
Aggregate (8-16 mm) 22.242
Superplasticizer : BB334-BASF 0.075

Moulds of (15cm*15cm*15cm)

Corresponding parameters
water:binder = 0.33 (kg:kg)
Si02:Na;0 = 0.91 (mol:mol, in the solution)
Si0,:H,0 = 0.065 (mol:mol, in the solution)

Protocol
Mix aggregates and binder 60s
Add waterglass, then sodium hydroxide, then water and let mix  60s
Add progressively superplasticizer, if needed
Fill cubes (15cm*15cm*15cm)

Curing
-2 cubes at ambient conditions (T=20°C, RH=65%)

-2 cubes cured at 70°C during 48 hours then ambient temperature
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Compressive strength after 7 days

Compressive strength (MPa)

Curing conditions | Sample 1 Sample 2 | Average
Ambient
conditions
Curing 70°C 48
hours
Part 2: Metakaolin mortars
Material and Proportions
Product Mass (g) for Specimen 1 Mass (g) for Specimen 2
Metakaolin (MetaMax) 300 300
NaOH solution  (50% solid, 50% water) 180 180
Waterglass (35% solid, 65% water) 320 320
Extra water - 50
Sand (0-2 mm) 1350 1350

Moulds of 4cm*4cm*16cm

Corresponding parameters
water:binder = 1.00 (kg:kg)
Si02:Na;0 = 0.92 (mol:mol, in the solution)
Si03:H,0 = 0.085 (mol:mol, in the solution)

Protocol
1. Sand + metakaolin mixed for 30s.
2. After 30s, add activators.
3. Letall mix during 60s at low speed.
4. Stop the mix for 30s during which one should remove the material from the paddle.
5. Mix again at high speed during 60s.

Workability

Specimen 1 Specimen 2
Workability
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Compressive strength after 7 days (storage: T=20°C, RH=65%)

Compressive strength (MPa)

Sample Specimen 1 Specimen 2

1

2

3
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Associate professor in the Section of Materials and Environment
of TUDelft, chair of the research group of Concrete Modelling
and Materials Behavior, author/co-author of 300
journal/conference papers, editor/co-editor of 8 conference
proceedings and Chapter contribution of 6 books, member of
several RILEM Technical Committees like TC-ICC, TC-ATC, TC-
SHC and TC-SAP, TC-DTA and fib committee of 8.10 and 8.12.

John Provis - University of Sheffield

Professor of Cement Materials Science and Engineering and
Head of the Engineering Graduate School of University of
Sheffield, Deputy Chair of RILEM Technical Committee 283-
CAM, an invited TAC Expert of RILEM, a Voting Member of
committees of BSI, ASTM and ACI, Associate Editor of the
leading journals Cement and Concrete Research and Materials
and Structures, and Speciality Chief Editor for the Structural
Materials section of Frontiers in Materials.
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Stijn Matthys - Ghent University

Stijn Matthys is full professor on renovation of civil structures
at Ghent University, Magnel Laboratory for Concrete Research.
He is manager of the Ghent University “DuraBUlLDmaterials”
knowledge cluster. His expertise relates to structural
renovation of civil structures, fibre reinforced polymer (FRP)
reinforcement, structural behaviour of concrete structures,
damage diagnostics and monitoring, and technologies for
durable building materials and techniques.
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About DURSAAM

DuRSAAM is a collaborative PhD framework creating a critical mass of experts skilled in
innovative alkali-activated material (AAM) concrete, as a key enabling technology for a
sustainable and resilient built environment. AAM technology presents a new generation of
materials, ideally conceived to respond to the need for more efficient, durable, eco-friendly
and reliable construction, and utilizing by-product resources as raw materials. Modern
concrete will be produced with low carbon footprint (CO2 emissions reduced by 80%), lower
energy consumption and reduced use of primary resources (>1.5 t raw materials are quarried
per t Portland cement clinker; this will be reduced by >60%), and with an addressable market
for AAM binders of 5 B€/yr. DURSAAM answers unmet industry demands, to facilitate
emerging AAM technology for continued market entry and to unlock its potential in society.

The consortium brings together 7 academic and 15 non-academic partners, to excel in the
scientific development and exploitation of AAM concrete, advancing design, modelling and
practice beyond the state-of-the-art. It holds a unique focus on: (1) today’s concerns of users
and engineers that the durability and sustainability of AAM concrete is yet insufficiently
quantified; and (2) provision of an AAM technology for rehabilitation of structures to meet
the growing demand for renovation, to be developed in parallel with AAM for new concrete
structures.

DuRSAAM runs from 2018 till 2023 and delivers world-leading training in this multidisciplinary
field through 13 PhDs in interrelated aspects of AAM concrete, fibre reinforced high-
performance concrete, and textile-reinforced mortar, as well as sustainability assessment. The
outcomes will be instrumental in delivering a sustainable future in Europe’s construction
industry, which is increasingly driven by the growing demand for durable yet cost-effective
solutions, driving a greater focus on reliable and comprehensive eco-efficient material
technologies such as AAM.

- D u RSAA The PhD Training Network on Durable, Reliable and
Sustainable Structures with Alkali-Activated Materials

This project has received funding from the European Union’s Horizon 2020 research and innovation

programme under grant agreement No 813596 DuRSAAM.
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