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Introduction	
  
Alkali-­‐activation,	
   as	
   a	
   pathway	
   by	
   which	
   waste	
   materials	
   can	
   be	
   converted	
   to	
  
cementitious	
   binders,	
   is	
   rapidly	
   gaining	
   both	
   academic	
   and	
   practical	
   interest	
  
worldwide.1-­‐5	
   The	
   combination	
   of	
   a	
   solid	
   aluminosilicate	
   precursor,	
   supplied	
   in	
  
powder	
  form,	
  with	
  an	
  aqueous	
  solution	
  containing	
  alkalis	
  (e.g.	
  sodium	
  or	
  potassium	
  
silicate	
   or	
   hydroxide),	
   can	
   induce	
   a	
   chemical	
   reaction	
   process3,6	
   which	
   leads	
   the	
  
material	
   to	
   set,	
   harden	
   and	
   gain	
   strength	
   in	
   a	
  manner	
   which	
   is	
   in	
   an	
   engineering	
  
sense	
   analogous	
   to	
   the	
   hydration	
   of	
   Portland	
   cement,	
   but	
   without	
   requiring	
   the	
  
manufacture	
  of	
  a	
  cement	
  clinker	
  via	
  thermal	
  processing.	
  A	
  hardened	
  alkali-­‐activated	
  
binder	
  consists	
  of	
  an	
  aluminosilicate	
  skeleton,	
  with	
  a	
  molecular	
  structure	
  which	
  can	
  
be	
  either	
  ‘zeolite-­‐like’	
  or	
  ‘tobermorite-­‐like’	
  depending	
  on	
  the	
  calcium	
  content.	
  Low-­‐
calcium	
   alkali-­‐activated	
   materials	
   have	
   an	
   alkali-­‐aluminosilicate	
   structure	
   which	
  
resembles	
  a	
  disordered	
  form	
  of	
  a	
  zeolitic	
  framework.7	
  The	
  addition	
  of	
  more	
  calcium	
  
leads	
   to	
   the	
   formation	
   of	
   a	
   binding	
   gel	
   which	
   resembles	
   more	
   closely	
   the	
  
tobermorite-­‐type	
  calcium	
  silicate	
  hydrate	
  structures	
  formed	
  through	
  the	
  hydration	
  of	
  
Portland	
  cement,8-­‐10	
  although	
  the	
  higher	
  levels	
  of	
  alkalis	
  and	
  aluminium	
  present	
  can	
  
lead	
   to	
   structural	
   differences	
   in	
   terms	
   of	
   the	
   nature	
   of	
   the	
   ordering,	
   degree	
   of	
  
crosslinking	
  and	
  the	
  content	
  of	
   interlayer	
  species.11-­‐13	
  These	
  gels	
  can	
  also	
  coexist	
  at	
  
intermediate	
   calcium	
   contents,14,15	
   and	
   the	
   combinations	
   of	
   engineering	
   and	
  
durability	
   properties	
   which	
   can	
   be	
   achieved	
   through	
   appropriate	
   design	
   of	
   such	
  
blended	
  binder	
  systems16,17	
  are	
  focusing	
  significant	
  interest	
  in	
  this	
  area	
  at	
  present.	
  
	
  
The	
   current	
   and	
  planned	
   large-­‐scale	
  production	
  of	
   alkali-­‐activated	
  binders	
   is	
  based	
  
mainly	
   on	
   the	
   use	
   of	
   coal	
   fly	
   ash	
   and	
   metallurgical	
   slags	
   as	
   the	
   dominant	
   solid	
  
aluminosilicate	
  sources,	
  as	
  these	
  are	
  now	
  the	
  most	
  widely	
  available	
  and	
  inexpensive	
  
aluminosilicate	
  waste	
  materials	
  which	
  are	
  amenable	
  to	
  alkali-­‐activation.18,19	
  The	
  use	
  
of	
  calcined	
  clays	
  in	
  alkali-­‐activation	
  is	
  also	
  attractive	
  in	
  a	
  number	
  of	
  applications,	
  and	
  
although	
  the	
  cost	
  of	
  such	
  materials	
  can	
  be	
  higher	
  as	
  they	
  are	
  manufactured	
  products	
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rather	
  than	
  industrial	
  by-­‐products,	
  the	
  simplified	
  supply-­‐chain	
  which	
  results	
  from	
  the	
  
use	
   of	
   a	
   primary	
   resource	
   is	
   attractive	
   in	
   a	
   commercial	
   sense.	
   The	
   high	
   rate	
   of	
  
consumption	
  of	
  blast	
  furnace	
  slag	
  and	
  coal	
  fly	
  ash	
  in	
  blended	
  Portland	
  cements	
  and	
  
concretes	
   in	
   many	
   parts	
   of	
   the	
   world	
   does	
   mean	
   that	
   the	
   availability	
   of	
   these	
  
materials	
   can	
   be	
   constrained	
   –	
   for	
   example,	
   the	
   United	
   Kingdom	
   experienced	
   a	
  
widely-­‐reported	
  shortage	
  of	
  fly	
  ash	
  which	
  impacted	
  concrete	
  production	
  in	
  2014,	
  and	
  
some	
  parts	
   of	
   the	
  USA	
  have	
   also	
   suffered	
   shortages	
   of	
   suitable	
   fly	
   ash	
   in	
   the	
   past	
  
several	
   years.	
   For	
   this	
   reason,	
   although	
   there	
   are	
   parts	
   of	
   the	
   world	
   where	
   the	
  
common	
   fly	
   ash	
   and/or	
   blast	
   furnace	
   slag	
   precursors	
   are	
   readily	
   available	
   (some	
  
parts	
   of	
   North	
   America,	
   China,	
   Australia,	
   South	
   Africa,	
   and	
   elsewhere),	
   there	
   are	
  
other	
  locations	
  where	
  the	
  development	
  of	
  alkali-­‐activated	
  concrete	
  mixes	
  based	
  on	
  
alternative	
  raw	
  materials	
  (particularly	
  those	
  which	
  are	
  not	
  suitable	
  for	
  blending	
  with	
  
Portland	
  cement)	
  will	
  be	
  essential	
  if	
  this	
  technology	
  is	
  to	
  be	
  deployed	
  on	
  an	
  industrial	
  
scale.	
  
	
  

Opportunities	
  for	
  alkali-­‐activation	
  of	
  non-­‐blast	
  furnace	
  slags	
  
There	
  are	
  various	
  non-­‐blast	
   furnace	
  slags	
  which	
  have	
  been	
  tested	
  as	
  precursors	
  for	
  
alkali-­‐activation;	
  these	
  include:	
  

-­‐ Phosphorus	
  slag	
  4,20-­‐22	
  
-­‐ Copper	
  slag	
  23,24	
  	
  
-­‐ Nickel	
  slag	
  25	
  
-­‐ Ferronickel	
  slag	
  26-­‐28	
  
-­‐ Silicomanganese	
  slag	
  29	
  
-­‐ Various	
  steel	
  slags	
  4,30-­‐32	
  
-­‐ Manganese	
  slag	
  33	
  
-­‐ Titaniferous	
  slag	
  34	
  
-­‐ Zinc	
  slag	
  35,36	
  
-­‐ Lead	
  slag	
  37	
  

	
  
Among	
  these	
  slags,	
  an	
  interesting	
  case	
  study	
  is	
  silicomanganese	
  slag,	
  approximately	
  
10	
   million	
   tonnes	
   per	
   annum	
   is	
   produced	
   worldwide,	
   with	
   significant	
   stockpiles	
  
already	
  sitting	
  in	
  landfill	
  due	
  to	
  very	
  low	
  historical	
  utilisation	
  rates.29	
  Silicomanganese	
  
is	
  an	
  important	
  reagent	
  and	
  intermediate	
  in	
  modern	
  steelmaking	
  processes,	
  and	
  its	
  
production	
  results	
  in	
  the	
  generation	
  of	
  a	
  glassy	
  slag	
  which	
  displays	
  some	
  pozzolanic	
  
properties.38	
   The	
   chemical	
   composition	
   of	
   silicomanganese	
   slag	
   is	
   to	
   some	
   extent	
  
similar	
   to	
   that	
   of	
   blast	
   furnace	
   slag	
   (Table	
   1),	
   although	
   with	
   a	
   much	
   higher	
  
manganese	
  content	
  and	
  somehow	
  lower	
  calcium	
  content,	
  rendering	
  it	
  an	
  acidic	
  slag.	
  
Under	
   Chinese	
   standards	
   specifying	
   slag	
   activity	
   indices	
   based	
   on	
   chemical	
  
composition,	
  MnO	
  is	
  considered	
  to	
  reduce	
  the	
  activity	
  of	
  slags;	
  for	
  example,	
  the	
  ratio	
  
(CaO	
   +	
   MgO	
   +	
   Al2O3)/(SiO2	
   +	
   MnO	
   +	
   TiO2)	
   is	
   used	
   to	
   represent	
   slag	
   activity	
   in	
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regulatory	
  standards,4	
  indicating	
  that	
  the	
  presence	
  of	
  Mn	
  is	
  classified	
  as	
  detrimental	
  
to	
  the	
  pozzolanic	
  reaction	
  of	
  the	
  slag.	
  	
  
	
  
Table	
  1:	
  Compositions	
  of	
  slags	
  used	
  in	
  this	
  work,	
  in	
  wt.%,	
  as	
  determined	
  by	
  X-­‐ray	
  

fluorescence.	
  All	
  components	
  are	
  represented	
  as	
  oxides,	
  although	
  it	
  is	
  probable	
  that	
  
some	
  elements	
  are	
  present	
  in	
  the	
  slags	
  in	
  reduced	
  redox	
  environments.	
  

	
  
Oxide	
  component	
   Blast	
  furnace	
  slag	
   Silicomanganese	
  slag	
  29	
  
SiO2	
   35.8	
   42.6	
  
Al2O3	
   10.9	
   12.2	
  
CaO	
   41.2	
   25.2	
  
Fe2O3	
   0.8	
   1.0	
  
MgO	
   7.8	
   4.2	
  
MnO	
   0.4	
   9.9	
  
Na2O	
   >0.1	
   0.4	
  
K2O	
   0.4	
   2.2	
  
TiO2	
   0.6	
   0.4	
  
SO3	
   1.6	
   0.1	
  

	
  
Nonetheless,	
   there	
   is	
   interest	
   in	
   valorising	
   this	
   material	
   due	
   to	
   its	
   relatively	
   high	
  
availability	
  in	
  some	
  locations,	
  and	
  its	
  low	
  cost	
  compared	
  to	
  blast	
  furnace	
  slag	
  in	
  those	
  
locations	
  where	
   it	
   is	
   available,	
   as	
   it	
   is	
   essentially	
   a	
  material	
  which	
   is	
  diverted	
   from	
  
landfill.	
  There	
  are	
  some	
  concerns	
  associated	
  with	
  the	
  toxicity	
  of	
  manganese	
   in	
  high	
  
concentrations,	
  particularly	
  when	
  inhaled	
  or	
  ingested,39	
  thus	
  the	
  possible	
  leaching	
  of	
  
manganese	
   from	
   products	
   based	
   on	
   Mn-­‐rich	
   slags	
   must	
   be	
   investigated	
   and	
  
controlled.	
  Nonetheless,	
  if	
  slags	
  from	
  silicomanganese	
  processing	
  can	
  be	
  successfully	
  
valorised,	
  this	
  may	
  be	
  of	
  significant	
  industrial	
  interest,	
  as	
  indicated	
  by	
  the	
  existence	
  
of	
  a	
  standard	
  for	
  alkali-­‐activated	
  silicomanganese	
  slag-­‐based	
  materials	
  in	
  the	
  former	
  
USSR	
   standardisation	
   system.40	
   Kumar	
   et	
   al.29	
   demonstrated	
   that	
   the	
   mechanical	
  
activation	
   of	
   silicomanganese	
   slag	
   through	
   very	
   high	
   energy	
  milling	
   is	
   desirable	
   in	
  
terms	
   of	
   achieving	
   a	
   high-­‐reactivity	
   precursor	
   for	
   production	
   of	
   alkali-­‐activated	
  
binders	
  with	
   high	
   strength	
   (>	
   100	
  MPa	
   at	
   28	
  d,	
   Figure	
   1),	
  whereas	
   a	
   standard	
  ball	
  
milling	
   process	
   for	
   particle	
   size	
   reduction	
   yielded	
   a	
   less	
   reactive	
  material,	
   and	
   less	
  
than	
   25%	
   of	
   the	
   compressive	
   strength	
   for	
   the	
   final	
   product.	
   Mechanochemical	
  
activation	
  through	
  high-­‐energy	
  milling	
  has	
  been	
  shown	
  to	
  induce	
  chemical	
  reactivity	
  
in	
  otherwise	
  unreactive	
  phases	
  such	
  as	
  halloysite41	
  and	
  quartz,42	
  and	
  it	
  is	
  likely	
  that	
  a	
  
similar	
  effect	
  will	
  also	
  be	
  observed	
  in	
  the	
  silicomanganese	
  slag.	
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Figure	
  1:	
  Compressive	
  strength	
  data	
  for	
  alkali-­‐activated	
  silicomanganese	
  slag,	
  milled	
  

in	
  a	
  ball	
  mill	
  (BM),	
  attrition	
  mill	
  (AM)	
  and	
  vibratory	
  mill	
  (VM).	
  
	
  
The	
  AM	
  and	
  VM	
  samples	
  were	
  of	
   very	
   similar	
  particle	
   size	
  distribution,	
  with	
  d50	
  of	
  
5	
  µm	
  and	
  100	
  %	
  passing	
  40	
  µm,	
  while	
  the	
  BM	
  sample	
  had	
  a	
  d50	
  of	
  30	
  µm	
  and	
  100	
  %	
  
passing	
  200	
  µm.	
  The	
  alkali-­‐activator	
  used	
  for	
  all	
  samples	
  was	
  6	
  M	
  sodium	
  hydroxide,	
  
added	
  at	
  a	
   liquid/slag	
  mass	
   ratio	
  of	
  0.35.	
  Samples	
  were	
  70	
  mm	
  paste	
  cubes,	
   cured	
  
under	
  sealed	
  conditions	
  at	
  27	
  °C.29	
  
	
  
Considering	
   the	
   cost	
   and	
   energy	
   input	
   required	
   for	
   high-­‐energy	
   milling	
   of	
  
metallurgical	
   slags	
   –	
   which	
   tend	
   to	
   be	
   harder	
   and	
   more	
   difficult	
   to	
   grind	
   than	
  
Portland	
   cement,	
   for	
   example	
   –	
   it	
  may	
  be	
   that	
   these	
  processes	
   involving	
   very	
   fine	
  
grinding	
  are	
  less	
  environmentally	
  friendly	
  -­‐	
  or	
  cost-­‐efficient	
  than	
  a	
  less-­‐fine	
  grinding	
  
of	
  the	
  slag	
  followed	
  by	
  its	
  use	
  in	
  a	
  blended	
  binder	
  system.	
  

	
  
To	
  explore	
  this	
  possibility,	
  Figures	
  2	
  and	
  3	
  present	
  analytical	
  data	
  for	
  the	
  production	
  
of	
  an	
  alkali-­‐activated	
  binder	
  based	
  on	
  ground	
  granulated	
  blast	
  furnace	
  slag,	
  replaced	
  
by	
  up	
   to	
  20	
  wt.	
  %	
  silicomanganese	
  slag.	
  The	
  silicomanganese	
  slag	
  was	
  crushed	
   in	
  a	
  
laboratory	
  ring	
  mill,	
  which	
  is	
  a	
  moderately	
  high	
  intensity	
  milling	
  technique,	
  to	
  reach	
  a	
  
d50	
   of	
   20	
  µm	
   and	
   with	
   all	
   particles	
   passing	
   100	
  µm.	
   The	
   alkali-­‐activator	
   used	
   was	
  
sodium	
  metasilicate,	
  added	
  at	
  a	
  dose	
  of	
  5	
  g	
  per	
  100	
  g	
  of	
   total	
   slag	
  precursors,	
  and	
  
with	
  a	
  water/slag	
  mass	
  ratio	
  of	
  0.42.	
  All	
  alkali-­‐activated	
  binder	
  samples	
  were	
  cured	
  
under	
  sealed	
  conditions	
  at	
  20	
  °C. 
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Figure	
  2:	
  Isothermal	
  calorimetry	
  data	
  for	
  alkali-­‐activated	
  blast	
  furnace	
  slag,	
  blended	
  

with	
  0	
  and	
  5	
  %	
  silicomanganese	
  slag.	
  The	
  alkali-­‐activator	
  used	
  was	
  sodium	
  
metasilicate,	
  added	
  at	
  a	
  dose	
  of	
  5	
  g	
  per	
  100	
  g	
  of	
  slag	
  precursors,	
  and	
  with	
  a	
  

water/slag	
  mass	
  ratio	
  of	
  0.42.	
  
	
  
	
  
	
  
The	
  isothermal	
  calorimetry	
  data	
  in	
  Figure	
  2	
  show	
  a	
  retarding	
  effect	
  upon	
  inclusion	
  of	
  
silicomanganese	
  slag	
  –	
  even	
  at	
  a	
  dose	
  as	
  low	
  as	
  5	
  %,	
  and	
  much	
  more	
  than	
  would	
  be	
  
expected	
   if	
   the	
   slag	
   was	
   unreactive.	
   This	
   indicates	
   a	
   hitherto	
   unknown	
   chemical	
  
effect,	
  potentially	
  due	
  to	
  the	
  release	
  of	
  manganese	
  from	
  the	
  silicomanganese	
  slag	
  as	
  
it	
   starts	
   to	
   dissolve,	
   which	
   is	
   influencing	
   the	
   setting	
   and	
   hardening	
   of	
   the	
   blast	
  
furnace	
  slag.	
  Manganese	
  nitrate	
  is	
  known	
  to	
  retard	
  the	
  setting	
  of	
  Portland	
  cement,43	
  
but	
  its	
  role	
  in	
  alkali-­‐activation	
  processes	
  is	
  much	
  less	
  well	
  understood,	
  and	
  requires	
  
further	
  investigation.	
  	
  
	
  
Figure	
  3	
  presents	
  X-­‐ray	
  diffraction	
  data	
  for	
  the	
  alkali-­‐activated	
  blended	
  blast	
  furnace	
  
slag-­‐silicomanganese	
   slag	
   binders	
   at	
   7	
   and	
   28	
   days,	
   where	
   there	
   is	
   little	
   evident	
  
mineralogical	
   difference	
   between	
   the	
   samples	
   at	
   either	
   age;	
   the	
   only	
   notable	
  
difference	
  between	
  the	
  samples	
  is	
   in	
  the	
  peaks	
  .	
  Manganese	
  is	
  known	
  to	
  substitute	
  
onto	
   both	
   the	
   Mg	
   and	
   Al	
   sites	
   in	
   hydrotalcite-­‐group	
   minerals,44	
   and	
   thus	
   may	
  
participate	
  in	
  the	
  formation	
  of	
  this	
  phase	
  in	
  these	
  blended	
  binder	
  systems.	
  The	
  role	
  
of	
  hydrotalcite	
  in	
  enhancing	
  the	
  carbonation	
  resistance	
  of	
  alkali-­‐activated	
  slag-­‐based	
  
binders	
  has	
  been	
   identified	
  and	
  described,45	
  and	
   so	
   it	
   remains	
   to	
  be	
   seen	
  whether	
  
this	
   characteristic	
   can	
   also	
   be	
   enhanced	
   through	
   the	
   incorporation	
   of	
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silicomanganese	
  slag,	
  or	
  other	
  waste	
  materials	
  containing	
  available	
  transition	
  metal	
  
cations	
  which	
  can	
  participate	
  in	
  the	
  formation	
  of	
  hydrotalcite-­‐group	
  phases.	
  
	
  
	
  
	
  

 

	
  
	
  
Figure	
  2:	
  X-­‐ray	
  diffractograms	
  (Cu	
  Kα	
  radiation)	
  for	
  alkali-­‐activated	
  blast	
  furnace	
  slag,	
  
blended	
  with	
  0,	
  5,	
  10	
  and	
  20	
  %	
  silicomanganese	
  (SM)	
  slag,	
  cured	
  for	
  7	
  and	
  28	
  days.	
  
Circled	
  peaks	
  are	
  due	
  to	
  the	
  aragonite	
  and	
  calcite	
  polymorphs	
  of	
  calcium	
  carbonate.	
  
	
  
	
  
The	
   development	
   of	
   the	
   ability	
   to	
   control	
   the	
   setting	
   and	
  hardening	
   rate	
   of	
   alkali-­‐
activated	
  blast	
  furnace	
  slag	
  binders	
  is	
  an	
  area	
  of	
  active	
  research	
  at	
  present,	
  and	
  thus	
  
any	
  additive	
  which	
  offers	
  a	
  reliable	
  and	
  predictable	
  retarding	
  or	
  accelerating	
  effect	
  in	
  
this	
   system	
   without	
   a	
   detrimental	
   effect	
   on	
   the	
   final	
   binder	
   is	
   of	
   interest	
   in	
   this	
  
regard.	
  These	
  data	
  indicate	
  that	
  the	
  silicomanganese	
  slag	
  may	
  be	
  able	
  to	
  play	
  such	
  a	
  
role,	
  which	
  could	
  be	
  of	
  interest	
  both	
  in	
  terms	
  of	
  partial	
  replacement	
  of	
  (increasingly	
  
scarce)	
  blast	
  furnace	
  slag	
  with	
  other	
  metallurgical	
  industry	
  wastes,	
  and	
  also	
  in	
  terms	
  
of	
  developing	
  ways	
  by	
  which	
  the	
  early-­‐age	
  behaviour	
  of	
  alkali-­‐activated	
  slag	
  binders	
  
may	
  be	
  more	
  precisely	
  controlled.	
  Questions	
  regarding	
  leachability	
  of	
  manganese	
  (or	
  

7	
  days	
  
20%	
  SM	
  

10%	
  SM	
  

5%	
  SM	
  

0%	
  SM	
  
	
  
	
  
	
  
28	
  days	
  
20%	
  SM	
  
10%	
  SM	
  
5%	
  SM	
  
0%	
  SM	
  



	
  

4th	
  International	
  Slag	
  Valorisation	
  Symposium	
  	
  |	
  	
  Leuven	
  	
  |	
  	
  15-­‐17/04/2015	
  	
   181	
  

similarly	
   chromium	
   or	
   lead	
   from	
   other	
  metallurgical	
   slags)	
   obviously	
   remain	
   to	
   be	
  
answered,	
   but	
   this	
   does	
   appear	
   to	
   be	
   a	
   promising	
   pathway	
   for	
   the	
   valorisation	
   of	
  
currently	
  underutilised	
  sources	
  of	
  slags.	
  
	
  

Progress	
  in	
  the	
  application	
  of	
  alkali-­‐activation	
  technology	
  
In	
  the	
  past	
  decade,	
  alkali-­‐activation	
  has	
  grown	
  from	
  a	
  field	
  which	
  was	
  predominantly	
  
the	
   domain	
   of	
   a	
   limited	
   number	
   of	
   research	
   laboratories,	
   to	
   the	
   current	
   situation	
  
where	
   it	
   is	
   the	
   topic	
   of	
   both	
   commercial	
   and	
   regulatory	
   progress	
   on	
   multiple	
  
continents,	
   as	
   well	
   as	
   a	
   very	
   large	
   number	
   of	
   research	
   organisations.	
   Commercial	
  
progress	
   and	
   large-­‐scale	
   applications	
   of	
   alkali-­‐activation	
   technology	
   have	
   been	
  
described	
   in	
   a	
   recent	
   RILEM	
   State	
   of	
   the	
   Art	
   report,46	
   including	
   deployment	
   in	
  
eastern	
   and	
   western	
   Europe,	
   China,	
   Australia	
   and	
   the	
   Americas.	
   Recent	
  
developments	
   include	
   the	
   construction	
   of	
   infrastructure	
   elements,47	
   airport	
  
facilities48	
  and	
  public	
  buildings49	
  from	
  alkali-­‐activated	
  concretes	
   in	
  Australia,	
  as	
  well	
  
as	
   scale-­‐up	
   leading	
   to	
   production	
   of	
   alkali-­‐activated	
   binders	
   and	
   concretes	
   by	
   a	
  
rapidly	
   increasing	
   number	
   of	
   countries	
   worldwide.	
   Standardisation	
   efforts	
   by	
  
organisations	
   including	
   ASTM	
   International50,	
   VicRoads51	
   and	
   SIA52,	
   in	
   addition	
   to	
  
prescriptive	
  standards	
  which	
  are	
  in	
  place	
  in	
  nations	
  such	
  as	
  Ukraine53,54	
  and	
  China55	
  
demonstrate	
   explicit	
   regulatory	
   acceptance	
   of	
   alkali-­‐activated	
   binders.	
   These	
  
materials	
   also	
   fall	
  within	
   the	
   scope	
  of	
  performance-­‐based	
   standards	
   such	
  as	
  ASTM	
  
C115756	
  which	
  do	
  not	
  specify	
  a	
  particular	
  type	
  of	
  binder	
  chemistry.	
  	
  
	
  
This	
   standardisation	
   and	
   regulatory	
   approval	
   process	
   in	
   various	
   jurisdictions	
  
worldwide	
  is	
  paving	
  the	
  way	
  for	
  much	
  more	
  widespread	
  usage	
  of	
  these	
  materials	
  in	
  
large-­‐scale	
  applications,	
  as	
  many	
  legal	
  and	
  liability	
  issues	
  related	
  to	
  the	
  specification	
  
and	
   construction	
   processes	
   are	
  much	
  more	
   straightforward	
   when	
   it	
   is	
   possible	
   to	
  
specify	
  materials	
   according	
   to	
   a	
   regulatory	
   standard.	
   There	
   exist	
   both	
   prescriptive	
  
and	
   performance-­‐based	
   approaches	
   to	
   the	
   specification	
   of	
   alkali-­‐activated	
  
materials;57	
   the	
  performance-­‐based	
  methodology	
   is	
   certainly	
   the	
  pathway	
  which	
   is	
  
more	
   amenable	
   to	
   the	
   valorisation	
   of	
   a	
   wide	
   variety	
   of	
   slags,	
   but	
   relies	
   on	
   the	
  
availability	
  of	
  appropriate	
  testing	
  methods,	
  which	
  is	
  not	
  always	
  the	
  case.	
  Conversely,	
  
a	
   prescriptive	
   approach	
   based	
   on	
   the	
   specification	
   of	
   a	
   particular	
   mix	
   design	
   and	
  
combination	
   of	
   precursors	
   would	
   arguably	
   provide	
   more	
   confidence	
   for	
   the	
  
consumer,	
   but	
   is	
   much	
   more	
   cumbersome	
   in	
   terms	
   of	
   requiring	
   the	
   testing	
   and	
  
validation	
  of	
  each	
  specific	
  formulation	
  to	
  be	
  included	
  in	
  the	
  standard.	
  It	
  is	
  undoubted	
  
that	
   a	
  mixture	
   of	
   the	
   two	
   approaches	
   will	
   continue	
   to	
   be	
   utilised	
  worldwide,	
   and	
  
both	
   approaches	
   offer	
   valuable	
   pathways	
   for	
   the	
   uptake	
   and	
   utilisation	
   of	
   alkali-­‐
activated	
  materials.	
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Possible	
  pitfalls	
  and	
  areas	
  for	
  caution	
  
In	
  developing	
  any	
  new	
  material	
   for	
   large-­‐scale	
  deployment,	
   it	
   is	
  essential	
  to	
  ensure	
  
that	
  there	
  is	
  a	
  sufficient,	
  and	
  robust,	
  supply	
  chain	
  in	
  place.	
  This	
  is	
  particularly	
  critical	
  
in	
  the	
  construction	
  materials	
   industry	
  because	
  of	
  the	
  enormous	
  volumes	
  of	
  cement	
  
and	
   concrete	
  which	
   are	
   produced	
   and	
   used	
  worldwide;	
   a	
  modern	
   cement	
   kiln	
  will	
  
usually	
   process	
   several	
   thousand	
   tonnes	
   per	
   day	
   of	
   material,	
   by	
   comparison	
   with	
  
most	
   process	
   industries	
  where	
   this	
   sort	
   of	
   figure	
   could	
   easily	
   represent	
   an	
  annual	
  
throughput.	
   The	
   cement	
   and	
   concrete	
   industry,	
   and	
   the	
   extractive	
   metallurgy	
  
industry,	
  are	
  arguably	
  the	
  only	
  process	
  sectors	
  which	
  are	
  equipped	
  to	
  handle	
  a	
  such	
  
a	
   large	
   volume	
   of	
   solids	
   as	
   both	
   precursor	
   and	
   product,	
   and	
   this	
   raises	
   important	
  
questions	
   when	
   analysing	
   a	
   potential	
   new	
   route	
   to	
   market,	
   or	
   a	
   new	
   product.	
  
Fundamentally,	
   when	
   defining	
   whether	
   a	
   particular	
   alkali-­‐activated	
   binder	
  
formulation	
   (or	
   application	
   for	
   these	
   materials)	
   will	
   be	
   worthy	
   of	
   commercial	
  
attention,	
  the	
  key	
  question	
  often	
  becomes:	
  is	
  it	
  actually	
  possible	
  to	
  make	
  enough	
  of	
  
this	
  material	
   for	
   the	
  project	
   to	
  be	
  commercially	
  viable?	
  There	
   is	
  a	
   large	
  number	
  of	
  
academic	
   studies,	
   conducted	
   and	
   published	
   every	
   year,	
   which	
   describe	
   the	
  
production	
   of	
   an	
   alkali-­‐activated	
   binder	
   system	
   from	
   particular	
   combinations	
   of	
  
industrial	
  wastes	
  and	
  chemical	
  feedstocks.	
  However,	
  if	
  a	
  particular	
  waste	
  material	
  is	
  
available	
  only	
  in	
  quantities	
  of	
  a	
  few	
  tens	
  of	
  tonnes	
  per	
  day	
  from	
  a	
  given	
  location,	
  it	
  
will	
  be	
  very	
  difficult	
  to	
  produce	
  a	
  sufficient	
  volume	
  of	
  alkali-­‐activated	
  concrete	
  using	
  
this	
  as	
  the	
  main	
  precursor,	
  to	
  provide	
  a	
  commercially	
  viable	
  source	
  of	
  materials	
  for	
  
general	
  construction	
  or	
  infrastructure	
  applications.	
  
	
  
This	
   means	
   that,	
   in	
   essence,	
   the	
   majority	
   of	
   alkali-­‐activated	
   concretes	
   based	
   on	
  
waste	
  streams	
  of	
  lower	
  to	
  moderate	
  volume	
  (including	
  most	
  slags	
  arising	
  from	
  non-­‐
ferrous	
  metallurgy)	
  will	
   require	
  a	
  driver	
  other	
  than	
  simply	
  the	
  production	
  of	
  a	
   low-­‐
cost,	
  standard-­‐performance	
  concrete	
  to	
  enable	
  their	
  use	
  in	
  a	
  practical	
  and	
  profitable	
  
context.19	
  Specific	
  environmental	
  or	
  cost	
  benefits	
  which	
  can	
  arise	
  from	
  the	
  use	
  of	
  a	
  
particular	
   solid	
  waste	
  material	
   (through	
  diversion	
   from	
   landfill)	
   or	
   source	
   of	
  waste	
  
alkalis	
   (replacing	
   some	
   of	
   the	
   costly	
   sodium	
   silicate	
  which	
   is	
   usually	
   used	
   in	
   large-­‐
scale	
  alkali-­‐activated	
  concrete	
  production)	
  	
  
	
  

Conclusions	
  
Valorisation	
  of	
  a	
  wide	
  variety	
  of	
  metallurgical	
  slags	
  can	
  be	
  achieved	
  through	
  the	
  use	
  
of	
   these	
   materials	
   as	
   precursors	
   for	
   alkali-­‐activated	
   binders	
   and	
   concretes.	
   Most	
  
alkali-­‐activated	
  mixes	
  are	
  currently	
  based	
  on	
  ground	
  granulated	
  blast	
  furnace	
  slag	
  or	
  
on	
   fly	
   ash,	
   with	
   alternative	
   metallurgical	
   slags	
   generally	
   used	
   in	
   lower	
   volumes.	
  
Blending	
  of	
  these	
  slags	
  as	
  minor	
  constituents	
  of	
  a	
  mix	
  based	
  on	
  blast	
  furnace	
  slag	
  or	
  
fly	
  ash	
  can	
  offer	
  a	
  lower-­‐risk	
  and	
  potentially	
  highly	
  attractive	
  path	
  to	
  their	
  utilisation,	
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as	
  the	
  quality	
  control	
  and	
  metals	
  leachability	
  issues	
  which	
  are	
  often	
  associated	
  with	
  
such	
   slags	
   are	
   reduced	
   through	
   dilution.	
   The	
   specific	
   chemistry	
   of	
   various	
   slags	
  
derived	
   from	
   non-­‐ferrous	
   metallurgy	
   can	
   also	
   be	
   of	
   value	
   in	
   manipulating	
   the	
  
engineering	
  properties	
  of	
  the	
  blended	
  binder	
  formulation,	
  either	
  at	
  early	
  or	
  later	
  age.	
  
Standardisation	
   and	
   large-­‐scale	
   commercial	
   deployment	
   of	
   alkali-­‐activation	
  
technology	
   is	
   taking	
   place	
   rapidly	
   in	
   many	
   jurisdictions	
   worldwide,	
   and	
   although	
  
most	
   of	
   the	
   mixes	
   now	
   being	
   used	
   at	
   scale	
   are	
   based	
   on	
   a	
   smaller	
   selection	
   of	
  
precursors,	
   a	
   performance-­‐based	
   approach	
   to	
   standardisation	
   does	
   certainly	
   offer	
  
scope	
   for	
   the	
   utilisation	
   and	
   valorisation	
   of	
   a	
   much	
   wider	
   range	
   of	
   silicate	
   and	
  
aluminosilicate	
  slags	
  as	
  precursors	
  for	
  the	
  production	
  of	
  alkali-­‐activated	
  concretes.	
  
	
  

Acknowledgements	
  
This	
   work	
   has	
   been	
   supported	
   by	
   the	
   European	
   Union	
   FP7	
   Programme	
   through	
  
European	
   Research	
   Council	
   Starting	
   Grant	
   #335928.	
   The	
   authors	
   thank	
   Dr	
   Susan	
  
Bernal	
   (University	
   of	
   Sheffield)	
   for	
   valuable	
   discussions	
   and	
   input,	
   and	
   also	
   thank	
  
FERROATLÁNTICA	
  S.L.	
  for	
  kindly	
  providing	
  the	
  SiMn	
  slag	
  used	
  in	
  this	
  research.	
  
	
  

References	
  
1. J.L.	
   Provis	
   and	
   J.S.J.	
   van	
   Deventer,	
   (eds.),	
   Alkali-­‐Activated	
   Materials:	
   State-­‐of-­‐the-­‐Art	
   Report,	
  

RILEM	
  TC	
  224-­‐AAM,	
  Springer/RILEM,	
  Dordrecht,	
  2014.	
  
2. S.A.	
  Bernal	
  and	
  J.L.	
  Provis,	
  "Durability	
  of	
  Alkali-­‐Activated	
  Materials:	
  Progress	
  and	
  Perspectives,"	
  J.	
  

Am.	
  Ceram.	
  Soc.,	
  97	
  (4)	
  997-­‐1008	
  (2014).	
  
3. J.L.	
   Provis	
   and	
   S.A.	
   Bernal,	
   "Geopolymers	
   and	
   Related	
   Alkali-­‐Activated	
   Materials,"	
   Annu.	
   Rev.	
  

Mater.	
  Res.,	
  44	
  (1)	
  299-­‐327	
  (2014).	
  
4. C.	
  Shi,	
  P.V.	
  Krivenko	
  and	
  D.M.	
  Roy,	
   "Alkali-­‐Activated	
  Cements	
  and	
  Concretes."	
  Taylor	
  &	
  Francis,	
  

Abingdon,	
  UK,	
  2006.	
  
5. F.	
  Pacheco-­‐Torgal,	
  J.A.	
  Labrincha,	
  C.	
  Leonelli,	
  A.	
  Palomo	
  and	
  P.	
  Chindaprasirt,	
  (eds.),	
  Handbook	
  of	
  

Alkali-­‐Activated	
  Cements,	
  Mortars	
  and	
  Concretes,	
  Woodhead,	
  Cambridge,	
  UK,	
  2015.	
  
6. J.L.	
   Provis	
   and	
   J.S.J.	
   van	
  Deventer,	
   "Geopolymerisation	
   Kinetics.	
   2.	
   Reaction	
   Kinetic	
  Modelling,"	
  

Chem.	
  Eng.	
  Sci.,	
  62	
  (9)	
  2318-­‐29	
  (2007).	
  
7. J.L.	
  Provis,	
  A.	
  Fernández-­‐Jiménez,	
  E.	
  Kamseu,	
  C.	
  Leonelli	
  and	
  A.	
  Palomo,	
  "Binder	
  Chemistry	
  –	
  Low-­‐

Calcium	
  Alkali-­‐Activated	
  Materials,"	
  In:	
  Alkali-­‐Activated	
  Materials:	
  State-­‐of-­‐the-­‐Art	
  Report,	
  RILEM	
  
TC	
  224-­‐AAM,	
  Provis,	
  J.L.	
  and	
  van	
  Deventer,	
  J.S.J.	
  (eds.),	
  93-­‐123,	
  Springer/RILEM,	
  Dordrecht,	
  2014.	
  

8. I.G.	
  Richardson,	
  A.R.	
  Brough,	
  G.W.	
  Groves	
  and	
  C.M.	
  Dobson,	
  "The	
  Characterization	
  of	
  Hardened	
  
Alkali-­‐Activated	
  Blast-­‐Furnace	
  Slag	
  Pastes	
  and	
  the	
  Nature	
  of	
  the	
  Calcium	
  Silicate	
  Hydrate	
  (C-­‐S-­‐H)	
  
Paste,"	
  Cem.	
  Concr.	
  Res.,	
  24	
  (5)	
  813-­‐29	
  (1994).	
  

9. I.G.	
  Richardson,	
  "Tobermorite/Jennite-­‐	
  and	
  Tobermorite/Calcium	
  Hydroxide-­‐Based	
  Models	
  for	
  the	
  
Structure	
   of	
   C-­‐S-­‐H:	
   Applicability	
   to	
   Hardened	
   Pastes	
   of	
   Tricalcium	
   Silicate,	
  β-­‐Dicalcium	
   Silicate,	
  
Portland	
  Cement,	
   and	
  Blends	
  of	
   Portland	
  Cement	
  with	
  Blast-­‐Furnace	
   Slag,	
  Metakaolin,	
   or	
   Silica	
  
Fume,"	
  Cem.	
  Concr.	
  Res.,	
  34	
  (9)	
  1733-­‐77	
  (2004).	
  

10. S.A.	
  Bernal,	
  J.L.	
  Provis,	
  A.	
  Fernández-­‐Jiménez,	
  P.V.	
  Krivenko,	
  E.	
  Kavalerova,	
  M.	
  Palacios	
  and	
  C.	
  Shi,	
  
"Binder	
   Chemistry	
   –	
   High-­‐Calcium	
   Alkali-­‐Activated	
   Materials,"	
   In:	
   Alkali-­‐Activated	
   Materials:	
  
State-­‐of-­‐the-­‐Art	
   Report,	
   RILEM	
   TC	
   224-­‐AAM,	
   J.L.	
   Provis	
   and	
   J.S.J.	
   van	
   Deventer	
   (eds.),	
   59-­‐91,	
  
Springer/RILEM,	
  Dordrecht,	
  2014.	
  



	
  

184	
   4th	
  International	
  Slag	
  Valorisation	
  Symposium	
  	
  |	
  	
  Leuven	
  	
  |	
  	
  15-­‐17/04/2015	
  

11. R.J.	
   Myers,	
   S.A.	
   Bernal,	
   R.	
   San	
   Nicolas	
   and	
   J.L.	
   Provis,	
   "Generalized	
   Structural	
   Description	
   of	
  
Calcium-­‐Sodium	
  Aluminosilicate	
  Hydrate	
  Gels:	
  The	
  Crosslinked	
  Substituted	
  Tobermorite	
  Model,"	
  
Langmuir,	
  29	
  (17)	
  5294-­‐306	
  (2013).	
  

12. R.J.	
  Myers,	
  S.A.	
  Bernal,	
  J.L.	
  Provis,	
  J.D.	
  Gehman	
  and	
  J.S.J.	
  van	
  Deventer,	
  "The	
  Role	
  of	
  Al	
  in	
  Cross-­‐
Linking	
  of	
  Alkali-­‐Activated	
   Slag	
  Cements,"	
   J.	
   Am.	
   Ceram.	
   Soc.,	
   in	
   press,	
  DOI	
   10.1111/jace.13360	
  
(2015).	
  

13. C.E.	
   White,	
   L.L.	
   Daemen,	
   M.	
   Hartl	
   and	
   K.	
   Page,	
   "Intrinsic	
   Differences	
   in	
   Atomic	
   Ordering	
   of	
  
Calcium	
   (Alumino)Silicate	
  Hydrates	
   in	
   Conventional	
   and	
  Alkali-­‐Activated	
   Cements,"	
  Cem.	
   Concr.	
  
Res.,	
  67	
  66-­‐73	
  (2015).	
  

14. J.L.	
  Provis	
  and	
  S.A.	
  Bernal,	
  "Binder	
  Chemistry	
  –	
  Blended	
  Systems	
  and	
   Intermediate	
  Ca	
  Content,"	
  
In:	
   Provis,	
   J.L.	
   and	
   van	
  Deventer,	
   J.S.J.	
   (eds.)	
  Alkali-­‐Activated	
  Materials:	
   State-­‐of-­‐the-­‐Art	
  Report,	
  
RILEM	
  TC	
  224-­‐AAM,	
  pp.125-­‐44.	
  Springer/RILEM,	
  Dordrecht,	
  2014.	
  

15. I.	
   García-­‐Lodeiro,	
   A.	
   Palomo,	
   A.	
   Fernández-­‐Jiménez	
   and	
   D.E.	
   Macphee,	
   "Compatibility	
   Studies	
  
between	
   N-­‐A-­‐S-­‐H	
   and	
   C-­‐A-­‐S-­‐H	
   Gels.	
   Study	
   in	
   the	
   Ternary	
   Diagram	
   Na2O-­‐CaO-­‐Al2O3-­‐SiO2-­‐H2O,"	
  
Cem.	
  Concr.	
  Res.,	
  41	
  (9)	
  923-­‐31	
  (2011).	
  

16. I.	
  Ismail,	
  S.A.	
  Bernal,	
  J.L.	
  Provis,	
  R.	
  San	
  Nicolas,	
  D.G.	
  Brice,	
  A.R.	
  Kilcullen,	
  S.	
  Hamdan	
  and	
  J.S.J.	
  van	
  
Deventer,	
   "Influence	
  of	
  Fly	
  Ash	
  on	
   the	
  Water	
  and	
  Chloride	
  Permeability	
  of	
  Alkali-­‐Activated	
  Slag	
  
Mortars	
  and	
  Concretes,"	
  Constr.	
  Build.	
  Mater.,	
  48	
  1187-­‐201	
  (2013).	
  

17. I.	
  Ismail,	
  S.A.	
  Bernal,	
  J.L.	
  Provis,	
  R.	
  San	
  Nicolas,	
  S.	
  Hamdan	
  and	
  J.S.J.	
  van	
  Deventer,	
  "Modification	
  
of	
  Phase	
  Evolution	
   in	
  Alkali-­‐Activated	
  Blast	
   Furnace	
  Slag	
  by	
   the	
   Incorporation	
  of	
   Fly	
  Ash,"	
  Cem.	
  
Concr.	
  Compos.,	
  45	
  125-­‐35	
  (2014).	
  

18. J.S.J.	
  van	
  Deventer,	
  J.L.	
  Provis,	
  P.	
  Duxson	
  and	
  D.G.	
  Brice,	
  "Chemical	
  Research	
  and	
  Climate	
  Change	
  
as	
  Drivers	
  in	
  the	
  Commercial	
  Adoption	
  of	
  Alkali	
  Activated	
  Materials,"	
  Waste	
  Biomass	
  Valoriz.,	
  1(1)	
  
145-­‐55	
  (2010).	
  

19. J.S.J.	
  van	
  Deventer,	
  J.L.	
  Provis	
  and	
  P.	
  Duxson,	
  "Technical	
  and	
  Commercial	
  Progress	
  in	
  the	
  Adoption	
  
of	
  Geopolymer	
  Cement,"	
  Miner.	
  Eng.,	
  29	
  89-­‐104	
  (2012).	
  

20. Y.	
   Fang,	
   Z.	
  Mao,	
   C.	
  Wang	
   and	
   Q.	
   Zhu,	
   "Performance	
   of	
   Alkali-­‐Activated	
   Phosphor	
   Slag-­‐Fly	
   Ash	
  
Cement	
  and	
  the	
  Microstructure	
  of	
  Its	
  Hardened	
  Paste,"	
  J.	
  Chin.	
  Ceram.	
  Soc.,	
  35	
  (4)	
  451-­‐5	
  (2007).	
  

21. C.	
  Shi,	
  "Study	
  on	
  Alkali	
  Activated	
  Phosphorus	
  Slag	
  Cement,"	
  J.	
  Nanjing	
  Inst.	
  Chem.	
  Technol.,	
  10(2)	
  
110-­‐6	
  (1988).	
  

22. C.	
  Shi	
  and	
  Y.	
  Li,	
  "Investigation	
  on	
  Some	
  Factors	
  Affecting	
  the	
  Characteristics	
  of	
  Alkali-­‐Phosphorus	
  
Slag	
  Cement,"	
  Cem.	
  Concr.	
  Res.,	
  19	
  (4)	
  527-­‐33	
  (1989).	
  

23. J.	
  Deja	
  and	
   J.	
  Malolepszy,	
   "Resistance	
  of	
  Alkali-­‐Activated	
  Slag	
  Mortars	
   to	
  Chloride	
  Solution,"	
   In:	
  
Malhotra,	
  V.M.,	
  (ed.)	
  in	
  Proceedings	
  of	
  the	
  Third	
  International	
  Conference	
  on	
  Fly	
  Ash,	
  Silica	
  Fume,	
  
Slag,	
   and	
   Natural	
   Pozzolans	
   in	
   Concrete,	
   ACI	
   SP114,	
   Trondheim,	
   Norway.	
   Vol.,	
   pp.1547-­‐64.	
  
ACI/CANMET	
  (1989).	
  

24. S.	
   Ahmari,	
   K.	
   Parameswaran	
   and	
   L.	
   Zhang,	
   "Alkali	
   Activation	
   of	
   Copper	
  Mine	
   Tailings	
   and	
   Low-­‐
Calcium	
   Flash-­‐Furnace	
   Copper	
   Smelter	
   Slag,"	
   J.	
   Mater.	
   Civil	
   Eng.,	
   in	
   press,	
   DOI	
  
10.1061/(ASCE)MT.943-­‐5533.0001159	
  (2015).	
  

25. X.	
   Bin	
   and	
   X.	
   Yuan,	
   "Research	
   of	
   Alkali-­‐Activated	
   Nickel	
   Slag	
   Cement,"	
   In	
   Proceedings	
   of	
   the	
  
Second	
   International	
   Conference	
   on	
   Alkaline	
   Cements	
   and	
   Concretes,	
   P.V.	
   Krivenko	
   (ed.),	
   Kiev,	
  
Ukraine.531-­‐536,	
  ORANTA,	
  1999.	
  

26. The	
   Ukrainian	
   Cooperative	
   State	
   Enterprise	
   of	
   Agroindustrial	
   Construction,	
   "Technical	
  
Specifications	
  “A	
  Slag	
  Alkaline	
  Binder	
  from	
  Ferronickel	
  Granulated	
  Slag”	
  (TU	
  559-­‐10.20-­‐001-­‐90)",	
  	
  
Zhitomir	
  (1990).	
  

27. K.	
  Komnitsas,	
  D.	
  Zaharaki	
  and	
  V.	
  Perdikatsis,	
  "Effect	
  of	
  Synthesis	
  Parameters	
  on	
  the	
  Compressive	
  
Strength	
  of	
  Low-­‐Calcium	
  Ferronickel	
  Slag	
  Inorganic	
  Polymers,"	
  J.	
  Hazard.	
  Mater.,	
  161	
  (2-­‐3)	
  760-­‐8	
  
(2009).	
  

28. K.	
   Komnitsas,	
   D.	
   Zaharaki	
   and	
   V.	
   Perdikatsis,	
   "Geopolymerisation	
   of	
   Low	
   Calcium	
   Ferronickel	
  
Slags,"	
  J.	
  Mater.	
  Sci.,	
  42	
  (9)	
  3073-­‐82	
  (2007).	
  

29. S.	
   Kumar,	
   P.	
   García-­‐Triñanes,	
   A.	
   Teixeira-­‐Pinto	
   and	
   M.	
   Bao,	
   "Development	
   of	
   Alkali	
   Activated	
  
Cement	
  from	
  Mechanically	
  Activated	
  Silico-­‐Manganese	
  (SiMn)	
  Slag,"	
  Cem.	
  Concr.	
  Compos.,	
  40	
  7-­‐
13	
  (2013).	
  



	
  

4th	
  International	
  Slag	
  Valorisation	
  Symposium	
  	
  |	
  	
  Leuven	
  	
  |	
  	
  15-­‐17/04/2015	
  	
   185	
  

30. A.	
  Natali	
  Murri,	
  W.D.A.	
  Rickard,	
  M.C.	
  Bignozzi	
  and	
  A.	
  van	
  Riessen,	
  "High	
  Temperature	
  Behaviour	
  
of	
   Ambient	
   Cured	
   Alkali-­‐Activated	
  Materials	
   Based	
   on	
   Ladle	
   Slag,"	
   Cem.	
   Concr.	
   Res.,	
   43	
   51-­‐61	
  
(2013).	
  

31. L.	
  Kriskova,	
  Y.	
  Pontikes,	
  F.	
  Zhang,	
  Ö.	
  Cizer,	
  P.T.	
  Jones,	
  K.	
  Van	
  Balen	
  and	
  B.	
  Blanpain,	
  "Influence	
  of	
  
Mechanical	
   and	
  Chemical	
   Activation	
   on	
   the	
  Hydraulic	
   Properties	
   of	
  Gamma	
  Dicalcium	
   Silicate,"	
  
Cem.	
  Concr.	
  Res.,	
  55	
  59-­‐68	
  (2014).	
  

32. M.	
   Salman,	
   Ö.	
   Cizer,	
   Y.	
   Pontikes,	
   R.	
   Snellings,	
   L.	
   Vandewalle,	
   B.	
   Blanpain	
   and	
   K.	
   Van	
   Balen,	
  
"Cementitious	
   Binders	
   from	
   Activated	
   Stainless	
   Steel	
   Refining	
   Slag	
   and	
   the	
   Effect	
   of	
   Alkali	
  
Solutions,"	
  J.	
  Hazard.	
  Mater.,	
  286	
  211-­‐9	
  (2015).	
  

33. X.Y.	
  Song,	
  M.L.	
  Yang,	
  J.Y.	
  Han	
  and	
  Z.H.	
  Zuo,	
  "Research	
  on	
  the	
  Mechanical	
  Property	
  and	
  Hydration	
  
Process	
  of	
  Alkali-­‐Activated	
  Manganese	
  Slag	
  and	
  Slag	
  Cementitious	
  Materials,"	
  China	
  Cem.	
  Concr.	
  
Prod.,	
  3	
  9-­‐12	
  (2010).	
  

34. J.-­‐X.	
   Chen,	
   H.-­‐B.	
   Chen,	
   P.	
   Xiao	
   and	
   L.-­‐F.	
   Zhang,	
   "A	
   Study	
   on	
   Complex	
   Alkali-­‐Slag	
   Environmental	
  
Concrete,"	
   In	
   Proceedings	
   of	
   the	
   International	
   Workshop	
   on	
   Sustainable	
   Development	
   and	
  
Concrete	
   Technology,	
   Beijing,	
   China.	
   Vol.,	
   pp.299-­‐307.	
   Center	
   for	
   Transportation	
   Research	
   and	
  
Education,	
  Ames,	
  IA,	
  2004.	
  

35. T.C.	
   Alex,	
   A.M.	
   Kalinkin,	
   S.K.	
   Nath,	
   B.I.	
   Gurevich,	
   E.V.	
   Kalinkina,	
   V.V.	
   Tyukavkina	
   and	
   S.	
   Kumar,	
  
"Utilization	
   of	
   Zinc	
   Slag	
   through	
   Geopolymerization:	
   Influence	
   of	
   Milling	
   Atmosphere,"	
   Int.	
   J.	
  
Miner.	
  Proc.,	
  123	
  102-­‐7	
  (2013).	
  

36. A.	
   Fernández-­‐Jiménez,	
   E.	
   Flores,	
  O.	
  Maltseva,	
   I.	
  García-­‐Lodeiro	
   and	
  A.	
   Palomo,	
   "Hybrid	
  Alkaline	
  
Cements.	
   Part	
   III.	
   Durability	
   and	
   Industrial	
   Applications,"	
   Romanian	
   J.	
   Mater.,	
   43	
   (2)	
   195-­‐200	
  
(2013).	
  

37. S.	
  Onisei,	
   Y.	
  Pontikes,	
   T.	
  Van	
  Gerven,	
  G.N.	
  Angelopoulos,	
   T.	
  Velea,	
  V.	
  Predica	
  and	
  P.	
  Moldovan,	
  
"Synthesis	
  of	
  Inorganic	
  Polymers	
  Using	
  Fly	
  Ash	
  and	
  Primary	
  Lead	
  Slag,"	
  J.	
  Hazard.	
  Mater.,	
  205–206	
  
101-­‐10	
  (2012).	
  

38. M.	
   Frias,	
  M.I.	
   Sánchez	
   de	
   Rojas,	
   J.	
   Santamaría	
   and	
   C.	
   Rodríguez,	
   "Recycling	
   of	
   Silicomanganese	
  
Slag	
  as	
  Pozzolanic	
  Material	
   in	
  Portland	
  Cements:	
  Basic	
  and	
  Engineering	
  Properties,"	
  Cem.	
  Concr.	
  
Res.,	
  36(3)	
  487-­‐91	
  (2006).	
  

39. M.	
   Aschner,	
   T.R.	
   Guilarte,	
   J.S.	
   Schneider	
   and	
   W.	
   Zheng,	
   "Manganese:	
   Recent	
   Advances	
   in	
  
Understanding	
  Its	
  Transport	
  and	
  Neurotoxicity,"	
  Toxicol.	
  Appl.	
  Pharmacol.,	
  221	
  (2)	
  131-­‐47	
  (2007).	
  

40. The	
  Ministry	
  for	
  Ferrous	
  Metallurgy	
  of	
  the	
  USSR,	
  "Technical	
  Specifications	
  “A	
  Slag	
  Alkaline	
  Binder	
  
Made	
  from	
  Silicomanganese	
  Granulated	
  Slag”	
  (TU	
  14-­‐11-­‐228-­‐87),"	
  Kiev	
  (1987).	
  

41. K.J.D.	
   MacKenzie,	
   "Utilisation	
   of	
   Non-­‐Thermally	
   Activated	
   Clays	
   in	
   the	
   Production	
   of	
  
Geopolymers,"	
   In:	
  Provis,	
   J.L.	
  and	
  van	
  Deventer,	
   J.S.J.	
   (eds.)	
  Geopolymers:	
  Structure,	
  Processing,	
  
Properties	
  and	
  Industrial	
  Applications,	
  pp.296-­‐316.	
  Woodhead,	
  Cambridge,	
  UK,	
  2009.	
  

42. S.	
  Mohammadnejad,	
  J.L.	
  Provis	
  and	
  J.S.J.	
  van	
  Deventer,	
  "The	
  Effect	
  of	
  Grinding	
  Mechanism	
  on	
  the	
  
Preg-­‐Robbing	
  of	
  Gold	
  onto	
  Quartz,"	
  Int.	
  J.	
  Miner.	
  Proc.,	
  128	
  1-­‐5	
  (2014).	
  

43. C.	
   Gervais	
   and	
   S.K.	
   Ouki,	
   "Performance	
   Study	
   of	
   Cementitious	
   Systems	
   Containing	
   Zeolite	
   and	
  
Silica	
   Fume:	
   Effects	
   of	
   Four	
   Metal	
   Nitrates	
   on	
   the	
   Setting	
   Time,	
   Strength	
   and	
   Leaching	
  
Characteristics,"	
  J.	
  Hazard.	
  Mater.,	
  93	
  (2)	
  187-­‐200	
  (2002).	
  

44. S.J.	
   Mills,	
   A.G.	
   Christy,	
   J.-­‐M.R.	
   Génin,	
   T.	
   Kameda	
   and	
   F.	
   Colombo,	
   "Nomenclature	
   of	
   the	
  
Hydrotalcite	
   Supergroup:	
   Natural	
   Layered	
   Double	
   Hydroxides,"	
  Miner.	
   Mag.,	
   76	
   (5)	
   1289-­‐336	
  
(2012).	
  

45. S.A.	
  Bernal,	
  R.	
  San	
  Nicolas,	
  R.J.	
  Myers,	
  R.	
  Mejía	
  de	
  Gutiérrez,	
  F.	
  Puertas,	
   J.S.J.	
  van	
  Deventer	
  and	
  
J.L.	
   Provis,	
   "MgO	
   Content	
   of	
   Slag	
   Controls	
   Phase	
   Evolution	
   and	
   Structural	
   Changes	
   Induced	
   by	
  
Accelerated	
  Carbonation	
  in	
  Alkali-­‐Activated	
  Binders,"	
  Cem.	
  Concr.	
  Res.,	
  57	
  33-­‐43	
  (2014).	
  

46. J.L.	
   Provis,	
   D.G.	
   Brice,	
   A.	
   Buchwald,	
   P.	
   Duxson,	
   E.	
   Kavalerova,	
   P.V.	
   Krivenko,	
   C.	
   Shi	
   J.S.J.	
   van	
  
Deventer	
   and	
   J.A.L.M.	
   Wiercx,	
   "Demonstration	
   Projects	
   and	
   Applications	
   in	
   Building	
   and	
   Civil	
  
Infrastructure,"	
   In	
   Alkali-­‐Activated	
   Materials:	
   State-­‐of-­‐the-­‐Art	
   Report,	
   RILEM	
   TC	
   224-­‐AAM,	
   J.L.	
  
Provis	
  and	
  J.S.J.	
  van	
  Deventer	
  (eds.),	
  309-­‐38,	
  Springer/RILEM,	
  Dordrecht,	
  2014.	
  

47. Zeobond	
  Pty	
   Ltd.,	
   "Projects,	
   Swan	
   St	
  Retaining	
  Wall",	
   http://www.Zeobond.com/Projects-­‐Swan-­‐
St-­‐Retaining-­‐Wall.html,	
  2012.	
  



	
  

186	
   4th	
  International	
  Slag	
  Valorisation	
  Symposium	
  	
  |	
  	
  Leuven	
  	
  |	
  	
  15-­‐17/04/2015	
  

48. Engineers	
   Australia,	
   "Brisbane	
   West	
   Wellcamp	
   Airport	
   World’s	
   Greenest",	
  
http://www.engineersaustralia.org.au/Portal/News/Brisbane-­‐West-­‐Wellcamp-­‐Airport-­‐
World%E2%80%99s-­‐Greenest",	
  2014.	
  

49. Hassell	
   Architects,	
   "University	
   of	
   Queensland	
   Global	
   Change	
   Institute",	
  
http://www.Hassellstudio.com/en/cms-­‐projects/detail/the-­‐University-­‐of-­‐Queensland-­‐Global-­‐
Change-­‐Institute/,	
  2013.	
  

50. ASTM	
  International,	
  "New	
  Test	
  Method	
  for	
  "Standard	
  Test	
  Method	
  for	
  Compressive	
  Strength	
  of	
  
Alkali	
  Activated	
  Coal	
  Fly	
  Ash	
  and	
  Raw	
  or	
  Calcined	
  Natural	
  Pozzolan	
  Cement	
  Mortars	
  (Using	
  2-­‐Inch	
  
or	
  [50	
  mm]	
  Cube	
  Specimens)",	
  WK42602,"	
  West	
  Conshohocken,	
  PA,	
  2015.	
  

51. VicRoads,	
   "VicRoads	
   Standard	
   Specifications,"	
   In:	
   Section	
   703	
   -­‐	
   General	
   Concrete	
   Paving,	
  
VicRoads,	
  Melbourne,	
  Australia,	
  2010.	
  

52. Schweizerisches	
   Ingenieur	
   and	
   Architektenverein	
   (SIA),	
   "Anforderungen	
   an	
   Neue	
   Zemente	
  
(Merkblatt	
  2049),"	
  Zürich,	
  Switzerland,	
  2014.	
  

53. The	
   State	
   Committee	
   for	
   Construction	
   of	
   Ukraine,	
   "Binders,	
   Alkaline,	
   for	
   Special	
   Uses	
   -­‐	
  
Geocements.	
  Technical	
  Specifications	
  (TU	
  U	
  V	
  2.7-­‐16403272.000-­‐98),"	
  Kiev,	
  1998.	
  

54. The	
  State	
  Committee	
  of	
  Ukrainian	
  Republic	
  of	
  the	
  USSR	
  for	
  Urban	
  Planning	
  and	
  Architecture,	
  "A	
  
Slag	
  Alkaline	
  Binder.	
   Technical	
   Specifications	
   (DSTU	
  BV	
  2.7-­‐24-­‐95	
   Supersedes	
  RST	
  UkrSSR	
  5024-­‐
89),"	
  Kiev,	
  1995.	
  

55. National	
   Standardization	
   Technical	
   Committee	
   for	
   Cement	
   Products	
   (China),	
   "Alkali-­‐Activated	
  
Slag-­‐Fly	
  Ash	
  Concrete	
  for	
  Anticorrosive	
  Cement	
  Products,	
  GB/T29423-­‐2012,"	
  Beijing,	
  China,	
  2012.	
  

56. ASTM	
   International,	
   "Standard	
   Performance	
   Specification	
   for	
   Hydraulic	
   Cement	
   (ASTM	
  
C1157/C1157M-­‐11),"	
  West	
  Conshohocken,	
  PA,	
  2011.	
  

57. L.S.-­‐C.	
  Ko,	
   I.	
  Beleña,	
  P.	
  Duxson,	
  E.	
  Kavalerova,	
  P.V.	
  Krivenko,	
  L.-­‐M.	
  Ordoñez,	
  A.	
  Tagnit-­‐Hamou,	
  F.	
  
Winnefeld,	
  "AAM	
  Concretes:	
  Standards	
  for	
  Mix	
  Design/Formulation	
  and	
  Early-­‐Age	
  Properties,"	
  In	
  
Alkali-­‐Activated	
  Materials:	
   State-­‐of-­‐the-­‐Art	
  Report,	
  RILEM	
  TC	
  224-­‐AAM,	
   J.L.	
   Provis	
   and	
   J.S.J.	
   van	
  
Deventer	
  (eds.),	
  157-­‐76,	
  Springer/RILEM,	
  Dordrecht,	
  2014.	
  

	
  
	
  

	
   	
  


