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1.1            Report Structure 

 This report has been prepared by the RILEM Technical Committee on Alkali 
Activated Materials (TC 224-AAM). The objectives of this Technical Committee 
are threefold: to analyse the state of the art in alkali activation technology, to 
develop recommendations for national Standards bodies based on the current state 
of understanding of alkali-activated materials, and to develop appropriate testing 
methods to be incorporated into the recommended Standards. TC 224-AAM was 
formed in 2007, and was the fi rst international Technical Committee in the area of 
alkaline activation. The focus of the TC has been specifi cally in applications 
related to construction (concretes, mortars, grouts and related materials), and thus 
does not encompass the secondary fi eld of application of alkali-activated binders 
as low-cost ceramic-type materials for high-temperature applications at a compa-
rable level of detail. 

 This State of the Art report will be structured in fi ve main sections, as follows:

 –    Chapters   1     and   2     contain a historical overview of the development of alkali 
activation technology in different parts of the world, providing a basis from 
which to understand why the fi eld has developed in the ways it has  

 –   Chapters   3    ,   4    ,   5     and   6     focus on the discussion and analysis of alkali activation 
chemistry, and the nature of the binding phases in different alkali-activated 
systems:
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•    high-calcium alkali-activated systems, in particular those based on 
 metallurgical slags  

•   low-calcium alkali-activated systems, predominantly dealing with alkali alu-
minosilicates and including those materials which are now widely known as 
‘geopolymers’  

•   a discussion of the intermediate compositional region, which is accessible by 
blending calcium-based and aluminosilicate-based precursors, as well as 
through the use of some sole precursor materials  

•   the role of chemical admixtures in developing alkali-activated binders and 
concretes with desirable properties     

 –   Chapters   7    ,   8    ,   9     and   10     contain the technical heart of the work conducted by TC 
224-AAM, addressing issues of durability and engineering properties, standards 
compliance, and testing methods.  

 –   Chapters   11     and   12     outline some of the applications (historical and ongoing) and 
potential areas for implementation of alkali activation technology.  

 –   Chapter   13     concludes the Report by outlining the most important future needs in 
research, development and standardisation in the alkali activation fi eld.     

1.2     Background 

 The reaction of an alkali source with an alumina- and silica-containing solid precur-
sor as a means of forming a solid material comparable to hardened Portland cement 
was fi rst patented by the noted German cement chemist and engineer Kühl in 1908 [ 1 ] 
(Fig.  1.1a ), where the combination of a vitreous slag and an alkali sulfate or carbonate, 
with or without added alkaline earth oxides or hydroxides as ‘developing material’, 
was described as providing performance “ fully equal to the best Portland cements ” .  
The scientifi c basis for these binders was then developed in more detail by Purdon 
[ 2 ,  3 ], who in an important journal publication in 1940 [ 2 ] (Fig.  1.1b ) tested more 
than 30 different blast furnace slags activated by NaOH solutions as well as by 
combinations of Ca(OH) 2  and different sodium salts, and achieved rates of strength 
development and fi nal strengths comparable to those of Portland cements. He also 
noted the enhanced tensile and fl exural strength of slag-alkali cements compared to 
Portland cements of similar compressive strength, the low solubility of the hardened 
binder phases, and low heat evolution. Purdon also commented that this method of 
concrete production is ideal for use in ready-mixed and precast applications where 
activator dosage can be accurately controlled. However, sensitivity of the activation 
conditions to the amount of water added, and the diffi culties inherent in handling 
concentrated caustic solutions, were noted as potential problems. Experience over 
the subsequent 70 years has shown that Purdon was correct in identifying these as 
issues of concern – see the comparable listing of diffi culties presented by Wang 
et al. [ 4 ] in 1995, for example – but it has also been shown that each is able to be 
remedied by correct application of scientifi c understanding to the problems at hand.
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   Following the initial investigations in Western Europe, research into alkali 
activation technology then moved eastward for several decades. Both the former 
Soviet Union and China experienced cement shortages which led to the need for 
alternative materials; alkali activation was developed in both regions as a means of 
overcoming this problem by utilising the materials at hand, specifi cally metallurgi-
cal slags. In particular, work in the former Soviet Union was initiated by Glukhovsky 
[ 5 ] (Fig.  1.1c ) at the institute in Kiev which now bears his name, and focused pre-
dominantly on alkali-carbonate activation of metallurgical slags. 

 After the work of Purdon, alkali activation research in the Western world was 
quite limited until the 1980s, as highlighted in the timeline published in a review by 

  Fig. 1.1    Early publications relating to slag activation: ( a ) the 1908 patent of Kühl; ( b ) the 1940 
paper of Purdon, “ The action of alkalis on blast furnace slag ”; ( c ) the 1959 book of Glukhovsky, 
 “Gruntosilikaty ”       
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Roy [ 6 ]. Davidovits, working in France, patented numerous aluminosilicate-based 
formulations for niche applications from the early 1980s onwards [ 7 ], and fi rst 
applied the name ‘geopolymer’ to these materials [ 8 ]. The United States Army pub-
lished a report in 1985 discussing the potential value of alkali activation technology 
in military situations, particularly as a repair material for concrete runways [ 9 ]. This 
report was prepared in conjunction with the commercial producers of an alkali- 
activated binder which was at the time sold under the name Pyrament.  

1.3     Combining Activators with Solid Precursors 

 Since the 1990s, alkali activation research has grown dramatically in all corners of 
the globe, with more than 100 active research centres (academic and commercial) 
now operating worldwide, and detailed research and development activity taking 
place on every inhabited continent. Much of this work has been based around the 
development of materials with acceptable performance, based on the particular raw 
materials which are available in each location; there are a very large number of 
technical publications available in the literature which report the basic physical and/
or microstructural properties of alkali-activated binders derived from specifi c com-
binations of raw materials and alkaline activators. Rather than recapitulating these 
results in detail, the general outcomes of the work which has been published over 
the past several decades regarding the amenability of different precursors to activa-
tion by different alkali sources are summarised in Table  1.1 .

1.4        Notes on Terminology 

 Some comments on terminology are also necessary as a part of this State of the Art 
Report, as this is a contentious point in the fi eld of alkali activation in general. The 
discussion here follows in general terms the presentation of van Deventer et al. [ 10 ]; 
it should be noted that the Technical Committee is not necessarily in complete 
agreement regarding all of the points raised here. 

 There exists a plethora of names applied to the description of very similar materi-
als, including ‘mineral polymers,’ ‘inorganic polymers,’ ‘inorganic polymer glasses,’ 
‘alkali-bonded ceramics,’ ‘alkali ash material,’ ‘soil cements,’ ‘soil silicates’, ‘SKJ-
binder’, ‘F-concrete’, ‘hydroceramics,’ ‘zeocements’, ‘zeoceramics’, and a variety of 
other names. The major impact of this proliferation of different names describing 
essentially the same material is that researchers who are not intimately familiar with 
the fi eld will either become rapidly confused about which terms refer to which spe-
cifi c materials, or they will remain unaware of important research that does not appear 
upon conducting a simple keyword search on an academic search engine. In the con-
text of this Report, the terms ‘alkali-activated material (AAM)’ and ‘geopolymer’ are 
at least worthy of some comment:

J.L. Provis



5

   Ta
bl

e 
1.

1  
  Su

m
m

ar
y 

of
 th

e 
di

ff
er

en
t c

om
bi

na
tio

ns
 o

f 
so

lid
 p

re
cu

rs
or

 a
nd

 a
lk

al
in

e 
ac

tiv
at

or
 w

hi
ch

 h
av

e 
be

en
 s

ho
w

n 
to

 b
e 

fe
as

ib
le

 a
nd

/o
r 

de
si

ra
bl

e   

 M
O

H
 

 M
 2 O

· r
 Si

O
 2  

 M
 2 C

O
 3  

 M
 2 S

O
 4  

 O
th

er
 

 B
la

st
 f

ur
na

ce
 s

la
g 

 A
cc

ep
ta

bl
e 

 D
es

ir
ab

le
 

 G
oo

d 
 A

cc
ep

ta
bl

e 
 § 

3.
2,

 §
 3

.3
.1

 
 § 

3.
2,

 §
 3

.3
.2

 
 § 

3.
3.

3 
 § 

3.
3.

4 
 Fl

y 
as

h 
 D

es
ir

ab
le

 
 § 

4.
2.

1,
 §

 4
.3

, §
 5

.4
.1

 
 D

es
ir

ab
le

 
 § 

4.
2.

2,
 4

.3
, §

 5
.4

.1
 

 Po
or

 –
 b

ec
om

es
 

ac
ce

pt
ab

le
 w

ith
 

ce
m

en
t/c

lin
ke

r 
ad

di
tio

n 
 § 

5.
5.

5 

 O
nl

y 
w

ith
 c

em
en

t/
cl

in
ke

r 
ad

di
tio

n 
 § 

5.
5.

4 

 N
aA

lO
 2  –

 
ac

ce
pt

ab
le

 
 § 

4.
2.

3 

 C
al

ci
ne

d 
cl

ay
s 

 A
cc

ep
ta

bl
e 

 D
es

ir
ab

le
 

 Po
or

 
 O

nl
y 

w
ith

 c
em

en
t/

cl
in

ke
r 

ad
di

tio
n 

§ 
5.

5.
5 

 § 
4.

2.
1,

 §
 4

.4
.1

, §
 4

.4
.2

 
 § 

4.
2.

2,
 §

 4
.4

.1
, §

 4
.4

.2
 

 N
at

ur
al

 p
oz

zo
la

ns
 a

nd
 

vo
lc

an
ic

 a
sh

es
 

 A
cc

ep
ta

bl
e/

D
es

ir
ab

le
 

 D
es

ir
ab

le
 

 § 
4.

5 
 § 

4.
5 

 Fr
am

ew
or

k 
al

um
in

os
ili

ca
te

s 
 A

cc
ep

ta
bl

e 
 A

cc
ep

ta
bl

e 
 O

nl
y 

w
ith

 c
em

en
t/

cl
in

ke
r 

ad
di

tio
n 

 O
nl

y 
w

ith
 c

em
en

t/
cl

in
ke

r 
ad

di
tio

n 
 § 

4.
4.

3 
 § 

4.
4.

3 
 Sy

nt
he

tic
 g

la
ss

y 
pr

ec
ur

so
rs

 
 A

cc
ep

ta
bl

e/
D

es
ir

ab
le

 (
de

pe
nd

in
g 

on
 g

la
ss

 c
om

po
si

tio
n)

 
 D

es
ir

ab
le

 
 § 

4.
7 

 § 
4.

7 
 St

ee
l s

la
g 

 D
es

ir
ab

le
 

 § 
3.

7.
1 

 Ph
os

ph
or

us
 s

la
g 

 D
es

ir
ab

le
 

 § 
3.

7.
2 

 Fe
rr

on
ic

ke
l s

la
g 

 D
es

ir
ab

le
 

 § 
3.

7.
3,

 §
 4

.6
 

(c
on

tin
ue

d)

1 Introduction    and Scope



6

 M
O

H
 

 M
 2 O

· r
 Si

O
 2  

 M
 2 C

O
 3  

 M
 2 S

O
 4  

 O
th

er
 

 C
op

pe
r 

sl
ag

 
 A

cc
ep

ta
bl

e 
(g

ri
nd

in
g 

of
 

sl
ag

 is
 p

ro
bl

em
at

ic
) 

 § 
3.

7.
3 

 R
ed

 m
ud

 
 A

cc
ep

ta
bl

e 
(b

et
te

r 
w

ith
 

sl
ag

 a
dd

iti
on

) 
 § 

5.
5.

4 
 B

ot
to

m
 a

sh
 a

nd
 

m
un

ic
ip

al
 s

ol
id

 w
as

te
 

in
ci

ne
ra

tio
n 

as
h 

 A
cc

ep
ta

bl
e 

 § 
3.

7.
4 

  T
he

 s
ec

tio
n 

nu
m

be
rs

 o
f 

th
is

 r
ep

or
t w

he
re

 th
es

e 
di

ff
er

en
t c

om
bi

na
tio

ns
 a

re
 a

na
ly

se
d 

in
 d

et
ai

l a
re

 a
ls

o 
gi

ve
n 

 N
ot

es
: 

 1.
 C

la
ss

ifi 
ca

tio
ns

 a
re

 a
s 

fo
llo

w
s:

 
  

D
es

ir
ab

le
: t

he
 s

yn
th

es
is

 o
f 

hi
gh

-p
er

fo
rm

an
ce

 (
hi

gh
 s

tr
en

gt
h,

 d
ur

ab
le

) 
bi

nd
er

s 
an

d 
co

nc
re

te
s 

ca
n 

be
 a

ch
ie

ve
d 

by
 th

e 
us

e 
of

 th
is

 a
ct

iv
at

or
 

  
G

oo
d:

 p
er

fo
rm

an
ce

 is
 g

en
er

al
ly

 s
lig

ht
ly

 b
el

ow
 th

at
 w

hi
ch

 is
 a

ch
ie

ve
d 

w
ith

 th
e 

op
tim

al
 a

ct
iv

at
or

, b
ut

 g
oo

d 
re

su
lts

 c
an

 s
til

l b
e 

ac
hi

ev
ed

 
  

 A
cc

ep
ta

bl
e:

 th
e 

ge
ne

ra
tio

n 
of

 v
al

ua
bl

e 
al

ka
li-

ac
tiv

at
ed

 b
in

de
rs

 is
 p

os
si

bl
e,

 b
ut

 th
er

e 
ar

e 
si

gn
ifi 

ca
nt

 d
ra

w
ba

ck
s 

in
 te

rm
s 

of
 s

tr
en

gt
h 

de
ve

lo
pm

en
t, 

du
ra

bi
lit

y,
 

an
d/

or
 w

or
ka

bi
lit

y 
  

 Po
or

: s
tr

en
gt

h 
de

ve
lo

pm
en

t i
s 

ge
ne

ra
lly

 in
su

ffi
 c

ie
nt

 f
or

 m
os

t a
pp

lic
at

io
ns

; s
ys

te
m

s 
w

he
re

 it
 is

 n
ot

ed
 th

at
 th

e 
ad

di
tio

n 
of

 s
ig

ni
fi c

an
t l

ev
el

s 
of

 P
or

tla
nd

 c
em

en
t 

cl
in

ke
r 

is
 r

eq
ui

re
d 

w
ou

ld
 o

th
er

w
is

e 
fa

ll 
in

 th
is

 c
at

eg
or

y 
 2.

  M
 r

ep
re

se
nt

s 
an

 a
lk

al
i 

m
et

al
 c

at
io

n;
 a

ct
iv

at
io

n 
un

de
r 

hi
gh

-p
H

 c
on

di
tio

ns
 b

ut
 i

n 
th

e 
ab

se
nc

e 
of

 a
lk

al
i 

m
et

al
 c

om
po

un
ds

 (
e.

g.
 l

im
e-

po
zz

ol
an

 c
em

en
ts

) 
is

 
be

yo
nd

 th
e 

sc
op

e 
of

 th
is

 R
ep

or
t 

 3.
 B

le
nd

s 
of

 v
ar

io
us

 r
aw

 m
at

er
ia

ls
 a

re
 n

ot
 d

es
cr

ib
ed

 e
xp

lic
itl

y 
in

 th
is

 T
ab

le
 

 4.
 T

he
 c

ol
um

n 
he

ad
ed

 M
 2 O

· r
  S

iO
 2  d

es
cr

ib
es

 th
e 

fu
ll 

ra
ng

e 
of

 a
lk

al
i m

et
al

 s
ili

ca
te

 c
om

po
si

tio
ns

, r
eg

ar
dl

es
s 

of
 m

od
ul

us
 (

 r )
 

 5.
 B

la
nk

 c
el

ls
 d

es
cr

ib
e 

sy
st

em
s 

w
hi

ch
 h

av
e 

no
t b

ee
n 

ch
ar

ac
te

ri
se

d 
in

 th
e 

op
en

 s
ci

en
tifi

 c
 li

te
ra

tu
re

  

Ta
bl

e 
1.

1 
(c

on
tin

ue
d)

J.L. Provis



7

•    Alkali activated material (AAM) is the broadest classifi cation, encompassing 
essentially any binder system derived by the reaction of an alkali metal source 
(solid or dissolved) with a solid silicate powder [ 11 ,  12 ]. This solid can be a 
calcium silicate as in alkali-activation of more conventional clinkers, or a more 
aluminosilicate-rich precursor such as a metallurgical slag, natural pozzolan, fl y 
ash or bottom ash. The alkali sources used can include alkali hydroxides, sili-
cates, carbonates, sulfates, aluminates or oxides – essentially any soluble sub-
stance which can supply alkali metal cations, raise the pH of the reaction mixture 
and accelerate the dissolution of the solid precursor. Note that acidic phosphate 
chemistry in ceramic production [ 13 ] is not covered by this defi nition; in spite of 
occasional tendencies towards describing chemically bonded phosphate ceram-
ics using ‘geopolymer’ terminology [ 14 ], this serves only to confuse the issue 
even further. This report also specifi cally excludes the analysis of lime-pozzolan 
based systems and other materials where an elevated pH is generated through the 
supply of alkaline earth compounds. The reactions which can take place between 
some (usually Class C) fl y ashes and water [ 15 ], or (over an extended period of 
time) between slag and water [ 16 ], are also not incorporated into this defi nition, 
although a brief discussion of each of these classes of material is included in the 
report for the sake of comparison and completeness.  

•   Geopolymers [ 17 ] are in many instances viewed as a subset of AAMs, where the 
binding phase is almost exclusively aluminosilicate and highly coordinated [ 18 , 
 19 ]. To form such a gel as the primary binding phase, the available calcium con-
tent of the reacting components will usually be low, to enable formation of a 
pseudo-zeolitic network structure [ 20 ] rather than the chains characteristic of 
calcium silicate hydrates. The activator will usually be an alkali metal hydroxide 
or silicate [ 21 ]. Low-calcium fl y ashes and calcined clays are the most prevalent 
precursors used in geopolymer synthesis [ 22 ]. It is also noted that the term ‘geo-
polymer’ is also used by some workers, both academic and commercial, in a 
much broader sense than this; this is often done for marketing (rather than scien-
tifi c) purposes.    

 The distinction between these classifi cations is shown schematically in Fig.  1.2 . This 
is obviously a highly simplifi ed view of the chemistry of concrete-forming systems; any 
attempt to condense the chemistry of a system such as CaO-Al 2 O 3 - SiO   2 -M 2 O-Fe 2 O 3 -
SO 3 -H 2 O (to list only the most critical components) into a single three-dimensional plot 
is inevitably fated to make signifi cant omissions. However, as a means of illustrating the 
classifi cation of AAMs and their position with respect to OPC and sulfoaluminate 
cementing systems, it does serve a useful purpose. Geopolymers are shown here as a 
subset of AAMs, with the highest Al and lowest Ca concentrations.

   We note also that the general classifi cation of blast furnace slag (BFS) will be 
used throughout this Report; this will be used to encompass slags which have been 
cooled and pelletised or granulated by any of the variety of available processes. This 
review will not enter in detail into the discussion of the details of slag processing 
and chemistry; some of the information presented will relate specifi cally to pel-
letised slags and some to ground granulated slags, but they will be addressed under 
the general heading of BFS.     

1 Introduction    and Scope
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