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SUMMARY 

The f i r s t  s e c t i o n  o f  t h i s  r e p o r t  d iscusses p r o p e r t i e s  of concrete waste 

forms ob ta ined  through a  1  i t e r a t u r e  rev iew on research and devel opment 

a c t i v i t i e s  assoc ia ted  w i t h  immob i l i za t i on  o f  r a d i o a c t i v e  wastes i n  concrete.  

Types of  r a d i o a c t i v e  waste discussed i n c l u d e  l ow- l eve l  and in te rmed ia te -1  eve1 

r a d i o a c t i v e  waste, s imu la ted  defense h igh - l eve l  waste sludges and ca l c i nes ,  

s imu la ted  n e u t r a l i z e d  AGNS a c i d  f u e l  reprocess ing  waste and s imu la ted  power 

r e a c t o r  f u e l  c y c l e  HLW c a l c i n e s .  The waste form p rope r t i es ,  d iscussed i n  

terms o f  t h e i r  dependency on waste type and amount, i n c l u d e  water lcement r a t i o ,  

s e t  t imes, c u r i n g  exotherms, compressive s t r eng th ,  impact  s t r eng th ,  s t ron t ium,  

ces i  urn, and t r ansu ran i cs  leachab i  1  i t i e s ,  thermal c o n d u c t i v i t y ,  thermal s t a b i l i t y ,  

and r a d i a t i o n  s t a b i l i t y .  Th i s  r e p o r t  does n o t  i n c l u d e  r e p o r t e d  exper imenta l  

procedures. 

The second s e c t i o n  discusses c o n d i t i o n s  and r e s t r i c t i o n s  t h a t  govern the  

feasi  b i  1  i ty  of immobi 1  i z i  ng HLW i n  concrete.  Resul t s  o f  t h e o r e t i c a l  c a l  cu- 

l a t i o n s  based on the thermal c h a r a c t e r i s t i c s  o f  r a d i o a c t i v e  waste forms a re  

d iscussed and i l l u s t r a t e d  i n  11 f i g u r e s  and 4 t ab les .  Waste load ings ,  as 

d i c t a t e d  by these c h a r a c t e r i s t i c s ,  subsequent ly d e f i n e  m a t e r i a l  r equ i  rements ; 

5 f i gu res  and 9  t a b l e s  i l l u s t r a t e  the  e f f e c t  o f  waste l oad ing  on m a t e r i a l  

requi rements.  A lso  d iscussed i s  a  comparison o f  se lec ted  p r o p e r t i e s  o f  g lass  

waste forms and concrete waste forms, and r e p o r t e d  p r o p e r t i e s  o f  hot-pressed 

cement used f o r  the  so l  i d i  f i c a t i o n  o f  r a d i o a c t i v e  wastes. A conceptual  

process f o r  HLW i m m o b i l i z a t i o n  i n  concre te  i s  d iscussed w i t h  major  emphasis 

on p rocess ing  problems assoc ia ted  w i t h  hea t  and r a d i a t i o n  e f f e c t s  on water .  

Since the  c u r r e n t  U.S. p o l i c y  i n d e f i n i t e l y  postpones LWR f u e l  reprocess ing,  

d iscuss ions  on the s o l i d i f i c a t i o n  o f  LWR wastes a r e  presented s o l e l y  f o r  the 

purpose of comparison w i t h  o t h e r  so l  i d i f i c a t i o n  o p t i o n s  and w i t h  o t h e r  wastes 

i nco rpo ra ted  i n  concrete.  

Use o f  h y d r a u l i c  cements f o r  t he  s o l i d i f i c a t i o n  o f  va r ious  low heat  

genera t ing  wastes was shown t o  produce products  w i t h  acceptable p r o p e r t i e s .  

However, h i gh  hea t  genera t ing  r a t e s  (.~9.2kWlMTlJ) and h igh  r a d i o a c t i v i t y  

iii 



6 l e v e l s  (%I .6 x 10 Ci/MTU) o f  HLW appear t o  have de t r imen ta l  e f f e c t s  on the  
Y 

f e d s i b i l i t y  assessment o f  concre te  waste forms. More e l abo ra te  of fgas and 

coo l  i n g  f a c i  1  i t i e s  a re  r e q u i  r e d  du r i ng  p rocess ing  because o f  p o s s i b l e  

r a d i o l y t i c  gas p roduc t i on  and wate r  vapo r i za t i on .  Hot-pressed cement appears 
Y 

a more a t t r a c t i v e  mechanism f o r  HLW i m m o b i l i z a t i o n  because o f  improved 

phys i ca l  p r o p e r t i e s  and reduced m a t e r i a l  requirements.  The o v e r a l l  f e a s i  b i l  i ty,  - 
however, i s  governed by p rocess ing  complex i t y .  
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INTRODUCTION 
e 

C u r r e n t l y  o n l y  smal l  amounts of l i g h t  wa te r  r e a c t o r  (LWR) f u e l  c y c l e  

h i g h  l e v e l  l i q u i d  waste (HLLW) have been generated i n  the  Un i t ed  States.  

Th i s  HLLW, generated a t  the  Nuc lear  Fuel Serv ices  P l a n t  a t  West Va l ley ,  New 

York, d u r i n g  t h e  years  1966-1972, i s  now i n  s t o rage . ( ' )  Present  r e g u l a t i o n s  

r e q u i r e  t h a t  should  a d d i t i o n a l  commercial HLLW ever  be generated i n  the  

U.S. i t  must be conver ted t o  a  s t a b l e ,  d r y  s o l i d  w i t h i n  f i v e  years  a f t e r  f u e l  

r ep rocess ing . ( ' )  However, i t  i s  a l s o  no ted  t h a t  s i nce  t he re  a r e  no p lans  i n  
8 

the U.S. t o  reprocess LWR f u e l s ,  commercial s o l i d i f i c a t i o n  o f  HLLW i s  n o t  

be ing  performed. Several  HLLW s o l i d i f i c a t i o n  p rocess ing  op t i ons  a r e  ready 

f o r  demonst ra t ion on a  commercial sca le ,  a long  w i t h  o t h e r  op t i ons  c u r r e n t l y  

i n  t h e  developmental stage. ( 2 )  Should reprocess ing  and s o l i d i f i c a t i o n  be 

implemented, a l l  t he  s o l i d i f i c a t i o n  op t i ons  must be capable o f  c o n v e r t i n g  

HLLW i n t o  a  d r y  s o l i d  which meets o r  exceeds t h e  c r i t e r i a  e s t a b l i s h e d  con- 

ce rn i ng  chemical ,  thermal,  mechanical ,  and r a d i o l y t i c  s t a b i l i t y .  Furthermore, 

s i nce  t h e  s p e c i f i c  c r i t e r i a  f o r  t h e  waste forms have n o t  been es tab l i shed ,  

a1 1  v i a b l e  s o l  i d i f i c a t i o n  mechanisms a r e  p o t e n t i a l  candidates.  

For  many years  concre te  has been cons idered fo r ,  o r  used f o r  t he  
(3-15) 

so l  i d i  f i c a t i o n  o f  l ow - l eve l  and i n t e r m e d i a t e - l e v e l  r a d i o a c t i v e  wastes. 

Concrete i s  cons idered a t t r a c t i v e  because t h e  raw m a t e r i a l s  a re  inexpensive,  

o n l y  ambient temperatures a re  r equ i  red, and process ing opera t ions  a re  

r e l a t i v e l y  s imp le .  For these reasons concre te  has been cons idered an a1 t e r -  

n a t i v e  f o r  the  s o l i d i f i c a t i o n  of defense h i g h - l e v e l  r a d i o a c t i v e  waste s t o r e d  

a t  the  Savannah R i ve r  P l a n t  (SRP), (16 ) Idaho Chemical Process ing P l a n t  (ICPP) , (17) 
and Hanford. ( l B '  Extens ive  programs have been conducted a t  Savannah R i ve r  

(19-33) 
Labora to ry  (SRL) , and Brookhaven Na t i ona l  Labora to ry  (BNL) 

( 3 4  - 40) 
on 

-. the i n c o r p o r a t i o n  o f  SRP waste s ludges i n  concre te .  Other  types o f  r a d i o a c t i v e  

wastes cons idered  f o r  s o l i d i f i c a t i o n  i n  concre te  i n c l  ude Redox ("I and Purex ( 4 2  
( 3 8 -  40, 4 3 -  46) 

s ludges, aqueous and s o l i d  sodium n i t r a t e  wastes, va r ious  so l  i d  
( 4 3  - 52) (53- 61) 

c a l c i n e s  , t r i t i u m ,  r a d i o a c t i v e  i o d i n e , ( 6 2 )  and s o l  i d s  loaded 
- w i t h  krypton-85.  ( 6 3 )  The advantages and usage of  concre te  f o r  f i x a t i o n  o f  

these waste types suggest t h e  poss i  b i  1  i ty  o f  . i n co rpo ra t i ng  h i g h  s p e c i f i c  . 

a c t i v i t y  wastes i n  concrete .  



OBJECTIVE 

The o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  p rov ide  a general  overv iew o f  develop- 

mental a c t i v i t i e s  and phys i ca l ,  chemical ,  and thermal c h a r a c t e r i s t i c s  o f  

concre te  composites used f o r  the  so l  i d i  f i c a t i o n  o f  va r ious  r a d i o a c t i v e  wastes. 

I nc l uded  a r e  b r i e f  d e s c r i p t i o n s  o f  the  h y d r a u l i c  cements used, t h e i r  bas ic  
-- 

c h a r a c t e r i s t i c s ,  t h e  types o f  r a d i o a c t i v e  and s imu la ted  wastes repor ted ,  and 

c h a r a c t e r i s t i c s  o f  cementlwaste composites. A d iscuss ion  on t he  a p p l i c a b i l i t y  

o f  us i ng  h y d r a u l i c  cements f o r  s o l i d i f i c a t i o n  of h i gh  s p e c i f i c  a c t i v i t y  wastes, 

such as those f rom LWR f u e l  cyc les ,  i s  a l s o  presented. The conc lus ions o f  8 

t h i s  rev iew may p rov ide  a bas i  s  f o r  recommendations f o r  f u r t h e r  devel opmental 

a c t i v i t i e s  on LWR waste i n c o r p o r a t i o n  i n  concrete.  

Th i s  r e p o r t  p resen ts  and descr ibes r e s u l t s  ob ta ined  f rom a 1 i t e r a t u r e  

rev iew o f  research and development a c t i v i t i e s  d i r e c t l y  assoc ia ted  w i t h  t he  

s o l i d i f i c a t i o n  and f i x a t i o n  o f  r a d i o a c t i v e  wastes i n  concrete;  however, i t  

i s  n o t  in tended t o  encompass t he  e n t i r e  spectrum o f  a c t i v i t y  i n  t h i s  area. 

Experimental  methods and procedures a re  n o t  descr ibed  i n  d e t a i l .  More 

emphasis i s  p laced  on recen t  developments w i t h  defense h i g h - l e v e l  waste. 

Discussions r e l a t e d  t o  LWR waste s o l i d i f i c a t i o n  a re  i nc l uded  s o l e l y  f o r  

comparison w i t h  e x i s t i n g  techno log ies  s i n c e  c u r r e n t  U.S. po l  i c y  does n o t  

i n c l u d e  LWR f u e l  reprocess ing  which subsequent ly e l i m i n a t e s  s o l i d i f i c a t i o n  

o f  HLLW. 



CEMENTS USE IN STUDIES 

A mixture of hydraulic cement ( tha t  which reacts with water to  form 

pastes tha t  s e t  and harden), water, and aggregate i s  referred to as "concrete." 

Aggregate in commercial concrete usually consists of sand and gravel; 

however, for  the purpose of solidifying radioactive wastes the aggregate 

consists of various forms of the waste. Three comnionly used types of hydraulic 

cements used in making concrete include portland cement, portland-pozzolanic 

cement, and high-a1 umina cement. The major constituents of these cements 

are  various calcium s i l i ca t e s  and calcium aluniinates. 

Five types of portland cement have been defined and consist mainly 

of tricalcium s i l  icate (3CaO-Si02), dicalcium s i l i c a t e  (2Ca0.Si02), 

t r i ca l  ci um a1 uminate (3CaO.Al 203), and tetracal cium a1 uminoferri t e  

(4CaOaA1 203. Fe203). (54) Re1 at ive compositions of types I-V portland 

cement are  give in Table 1 .  Type I portland cement i s  normal, general 

purpose cement. Type I1 i s  modified to  yield a lower heat of hydration 

than type I ,  i s  low a lka l i ,  and has bet ter  sulfate  resistance. Type I11 

develops a large fraction of i t s  ultimate strength in three days and has 

a larger heat generation ra te  than type I .  Type IV has a low ra te  and amount 
of heat generation. Type V i s  formulated to r e s i s t  severe sulfate  attack. 

Type I-P cement i s  a standard portland-pozzolanic cement with 80% type I 

plus 20% fly-ash (Si02).  Fly-ash enhances the cementitious properties of 

portland cements by reacting with the calcium hydroxide formed during the 

hydration of cement. High-a1 umina cement (HAC) i s  composed primarily of 
monocal ci um a1 uminate (CaOaA1 203). 

Hydration of the compounds in cement i s  a necessary condition for  

the set t ing and subsequent hardening of cement paste into concrete. 

Cementitious hydrates and calcium hydroxide are the reactants in portland 

cement that  sa t i s fy  the above condition. The Ca(OH)2 produced during 

hydration of portland cements does not exhibit cementitious properties; 

however, the pozzol an ( f  ly-ash) in port1 and-pozzol ani c cement reacts with 

Ca(OH)2 to form compounds which possess cementitious properties. High- 
a1 umina cement reacts with water to  form cementi t ious,  hydrated calcium 



a1 uminate and a1 uminum hydroxide. Both A1 (OH)1y formed by hyd ra t i on  o f  

h i  gh-a1 umina cement, and Ca (OH)*, formed by h y d r a t i  on o f  p o r t 1  and cement, a re  -.. 
non-cementi t ious. Calcium hydroxide may c o n t r i b u t e  t o  long- term det r imenta l  

e f f e c t s  on o v e r a l l  concrete s t a b i l i t y ;  aluminum hydroxide, on t h e  o t h e r  hand, 

does n o t  cause these severe e f f e c t s .  

Cement types d i f f e r  i n  t he  amount o f  water requ i red  t o  form a  paste 

w i t h  " i d e a l  w o r k a b i l i t y . "  The waterlcement r a t i o  (w/c) i s  dependent on t h e  

r e l a t i v e  amount o f  i n d i v i d u a l  cement components and general s to i ch iome t ry  

o f  t h e  hydrated and hydroxy lated compounds. Some t y p i c a l  water lcement 

r a t i o s  f o r  var ious  neat  cement pastes a re  shown i n  Table 2. 

Set  t imes a l s o  vary w i t h  d i f f e r e n t  types o f  cement and cond i t i ons .  A 

cement-water paste i s  considered " se t "  when s u f f i c i e n t  hyd ra t i on  has taken 

p lace  t o  g i v e  t h e  mix a  f r i a b l e  r i g i d i t y .  Two methods o f  i nc reas ing  concrete 

s e t  t imes are through a d d i t i o n  o f  s e t  r e t a r d e r s  and/or excess water.  ( 3 1 )  

Set re ta rde rs  a l t e r  t h e  r a t e  o f  hyd ra t i on  though n o t  a f f e c t i n g  the  na tu re  o f  

t h e  hydrated species i n  cements. Retarders may be e i t h e r  o rgan ic  o r  i no rgan i c  

i n  nature.  Organic re ta rde rs  i nc lude  d e r i v a t i v e s  o f  hydroxy la ted  c a r b o x y l i c  

a c i d  and t h e i r  s a l t s  and d e r i v a t i v e s  o f  l i g n i n ,  such as l i g n o s u l f o n i c  a c i d  

and t h e i r  s a l t s .  Inorgan ic  re ta rde rs  i nc lude  z i n c  s a l t s ,  phosphates, s i l i c o -  

f l ou r i des ,  b o r i c  a c i d  and borax. (31) Excess water i s  gene ra l l y  undesi rable 

because phys ica l  p rope r t i es  can be s e r i o u s l y  degraded by excess water i n  

concrete. 



TABLE 1. Re1 a t i v e  Composit ion o f  Por t1  and 
Cements 

Composition, wt% 

Cement Type C sa -3- C sb -2- C AC -3- c A F ~  -4- 

(a) Tricalcium silicate - 3CaO-Si02 
( b )  Dicalcium silicate - 2CaO-SiO2 
(c) Trical cium a1 uminate - 3Ca0-A1203 
(d) Tetracalcium aluminoferri te - 4Ca0-A1203-Fe203 

TABLE 2. Typ i ca l  WaterICement (WIC) Ra t i os  f o r  
Var ious Neat Cements 

Water/Cement 
Cement Type Ratio 

Portland I 

Portland I1 

Portland 111 

Portland V 0.286'~~) 

Type I-P 

HAC 



TYPE OF WASTE INCORPORATED I N  CONCRETE 

LOW- AND INTERMEDIATE-LEVEL WASTES 

For  t h e  purpose o f  d iscuss ion,  1 ow-level  waste (LLW) and i n te rmed ia te -  

l e v e l  waste (ILW) a r e  de f i ned  as: ( 1 6 )  

Low-Level Waste - Wastes c o n t a i n i n g  types and concen t ra t i ons  o f  r a d i o -  

a c t i v i t y  such t h a t  s h i e l d i n g  t o  p reven t  personnel exposure i s  n o t  

requ i red. 

In termediate-Level  Waste - Wastes r e q u i r i n g  some k i n d  o f  a c t i o n  t o  

p r o t e c t  personnel f rom r a d i a t i o n .  

Numerous types o f  low- leve l ,  LWR radwaste have been cons idered f o r  s o l i d i f i -  
(3-13) 

c a t i o n  i n  concrete.  These wastes a r e  u s u a l l y  l i q u i d  concentrates and 

s o l i d  waste generated as by-products o f  t h e  l i q u i d  radwaste t rea tment  systems 

i n  LWR's. Wet s o l i d  wastes c o n s t i t u t e  t he  major  s o l i d  waste on an a c t i v i t y  

b a s i s  and can be c l a s s i f i e d  i n t o  f o u r  bas i c  types:  (12) 

Spent r e s i n s  

F i l t e r  s ludges 

Evaporator  concentrates 

Misce l laneous l i q u i d s  

The spent r e s i n s  r e s u l t  f rom l i q u i d  waste d e m i n e r a l i t a t i o n ,  coo lan t  cleanup, 

BWR condensate p o l i s h i n g ,  and f u e l  s to rage  pool  cleanup. F i l t e r  s ludges 

c o n s i s t  o f  powdered r e s i n  f rom precoa t  f i l t e r / d e m i n e r a l i z e r s  and f i l t e r  a i d  

m a t e r i a l  f rom p recoa t  f i l t e r s .  Evaporator concentrates c o n s i s t  p r i m a r i l y  o f  

sodium s u l f a t e  s o l u t i o n s  f rom t h e  regenera t ion  o f  condensate p o l i s h e r s  i n  

BWR's and b o r i c  a c i d  s o l u t i o n s  f rom PWR coo lan t  adjustment.  Some l i q u i d  

wastes can be so l  i d i f i e d  d i r e c t l y  w i t h o u t  concen t ra t ion .  ( I 2 )  Develop- 

mental t e s t i n g  has been conducted w i t h  s o l i d  wastes o f  low s p e c i f i c  a c t i v i t y  

(LSA) i nco rpo ra ted  i n  concrete.  These wastes, i n  t he  form o f  r a d i o a c t i v e  

f i l t e r  sludges, spent  r e s i n s  and chemical wastes, r e s u l t  f rom t rea tment  o f  

condensed p r ima ry  steam f rom BWR's and water  f rom o t h e r  sources i n  t h e  

p l a n t .  



Hanford Engineer ing Development Labo ra to r i es  (HEDL) has conducted 

l a b o r t o r y  s tud ies  on f i x a t i o n  o f  waste res idues  f rom s imu la ted  a lpha 

wastes. A1 pha wastes r e f e r  t o  non-hi  gh-1 eve1 wastes c o n t a i n i n g  measurable 

o r  suspended contaminat ion from a c t i n i d e  elements. Three types of waste 

b 
i n co rpo ra ted  i n  concre te  i n c l u d e  Ac id  D iges t i on  Tes t  U n i t  (ADTU) res idue  

dehydrated a t  350°C, fi 1 t e r  res idue ,  and i o n  exchange r e s i n .  Developmental 

a c t i v i t i e s  w i t h  l ow- l eve l  r a d i o a c t i v e  wastes a t  Los Alamos S c i e n t i f i c  

Labora to ry  (LASL) have a1 so i nc l uded  i n c o r p o r a t i o n  o f  wastes i n  concrete 

mat rice^.'^) The a lpha a c t i v i t y  of  the  l i q u i d  waste i s  concentrated i n t o  

sludges through f e r r i c  hydrox ide p r e c i p i t a t i o n  processes. The sludges 

can then be mixed w i t h  cement and water  and t r anspo r ted  t o  va r i ous  d isposa l  

s i t e s .  The a lpha a c t i v i t y  of  t h e  raw waste sludges i s  %lOnCi/g. Numerous 

o t h e r  s i t e s  i n  t he  Un i t ed  States,  Czechoslavakia, France, and I n d i a  have 

i nco rpo ra ted  var ious  low-1 eve l  r a d i o a c t i v e  wastes i n  concrete.  ( 3 )  

Oak Ridge Na t i ona l  Labora to ry  (ORNL) has blended over  one m i l  1  i o n  

ga l l ons  o f  i n t e rmed ia te - l eve l  waste s o l u t i o n  w i t h  cement and c l a y s  and 

i n j e c t e d  t h e  waste m ix tu re  i n t o  cracks produced i n  sha le  fo rmat ions .  (14,151 

The ILW i s  composed o f  a  m ix tu re  o f  a l l  t he  l i q u i d  wastes produced i n  ho t -  

c e l l ,  p i l o t  p l an t ,  and r e a c t o r  opera t ions ;  i t  does n o t  i n c l u d e  process wastes, 

however. The beta-gamnia a c t i v i t y  a f t e r  concen t ra t i on  o f  t h e  s o l u t i o n  i s  

g e n e r a l l y  - c2 Ci /ga l  w i t h  ' j 7 c s  be ing  t h e  major  r ad ionuc l  i de ;  a lpha a c t i v i t y  

i s  2.1 mCi/gal. Aqueous sodium n i t r a t e  waste based on n e u t r a l i z e d  A l l i e d -  

General Nucl ea r  Serv ices (AGNS) a c i d  f u e l  reprocess ing  waste has been i n v e s t i  - 
gated a t  Brookhaven Na t i ona l  Labora to ry  (BNL) f o r  i n c o r p o r a t i o n  i n  con- 

c re te .  ( 38-"0, 4 3 - 4 6 )  AGNS n e u t r a l i z e d  waste i s  2.2.5 ! NaN03 w i t h  2.1x164 ! 
cesium and s t ron t ium.  

DEFENSE HIGH-LEVEL WASTES 

- Defense wastes a re  def ined as nuc lea r  wastes generated f rom government 

defense programs f o r  p lu ton ium produc t ion .  (18)  Defense h i g h - l e v e l  r a d i o a c t i v e  

- - wastes a re  s t o r e d  i n  underground tanks as a l k a l i n e  l i q u i d s  w i t h  p r e c i p i t a t e d  

sludge l a y e r s  a t  Hanford ( 1 8 )  and Savannah R iver .  ( 1 6 )  A f t e r  t he  r a d i o a c t i v i t y  
decay heat  has d im in ished  t o  an acceptable l e v e l ,  wa te r  i s  evaporated f rom 

t h e  1  i q u i d  waste t o  form s a l t  cake t o  reduce volume and m o b i l i t y .  The 



radioactive l iquid waste a t  Idaho Chemical Processing Plant i s  presently being 

converted to  a granular calcine, then stored in underground, s ta in less  steel 

bins in reinforced concrete vaults. (17) 

Extensive studies on incorporation of simulated SRP waste in concrete 

( ' 9 -33 )  and by Brookhaven have been conducted by Savannah River Laboratory 

National Laboratory. ( 3 4 - 4 0 )  Three compositions of simulated washed, dried 
( 2 1  

- 
sludges were used in the i n i t i a l  investigations: 

Sludge I : 50 mole % Fe(OH)3, 50 mole % Al(OH)3 

Sl udge I I : 40% Fe ( O H ) 3 ,  40% A1 (OH)3, 20% HgO k 

Sludge 111: 50% Fe(OH)3, 50% MnO 

These sludges are hydrous oxides of the base metals formed by caustic precipi- 

tation from metal n i t r a t e  solutions. Each sludge also contained %400 ppm 
strontium. Measured compositions of the three sludges are  given in Table 3. 

Following i n i t i a l  studies with simulated SRP waste sludges, SRL incor- 

porated actual radioactive sludges in concrete on a lab-scale basis. (24 ,331  

The sludges were removed from three tanks a t  SRP. Compositions of the sludges 

a re  given in Table 4. The major radionuclide ac t iv i ty  in the sludges i s  

contributed by ' O S ~  which ranges from c16 to 75 mCi/g. Gross alpha ac t iv i ty  

ranges from %0.1 to  0.3 mCi/g. 

Incorporation of simulated Hanford wastes in concrete has also been 

investi gated. ( 4 1 , 4 2 )  Two types of simulated sludges were used in the 
i nvestigations : 

Synthetic washed, dried Redox sludge ( 4 1 )  

Synthetic washed, dried Purex sludge ( 4 2 )  

Compositions of these synthetic sludges a re  given in Table 3. 

Simulated Idaho Chemical Processing Plant (ICPP) calcine has been 

incorporated i n  concrete by Idaho National Engineering Laboratory (INEL) (47) 
( 4 3 , 4 4 , 4 5 )  and BNL.  -. 



TABLE 3. Composit ion o f  S imulated Sludges, w t %  

S RP 
Sl udge 

1(33) 

SRP 
Sludge 
11(33) 

S RP 
Sludge 

I I I ( ~ ~ )  

Hanford 
Redox 

) 

Hanford 
Purex 

~l u d c ~ e ' ~ ~ )  

a )  Residual oxygen by difference. 
b )  Calculated. 

TABLE 4. Compositi~q o f  Washed, D r i e d  SRP Waste 
S l  udges 

W t . %  Element in Sludges from SRP Tanks 
Tank 5 Tank 13 Tank 15 



CEMENTIWASTE COMPOSITES 

Commercial concrete conta ins sand and gravel as i n e r t  aggregate, t h a t  

i s ,  t he  waterlcernent r a t i o  (w/c) i s  n o t  changed w i t h  aggregate add i t i ons .  

When var ious  waste forms are added as aqqreqate i n  cement pastes, t he  values 

o f  w/c may increase due t o  the hydrophyl ic  nature o f  the d ry  wastes. (33,351 

Th is  phenomenon has been s tud ied  w i t h  simulated SRP sludges. ( 3 3 )  The t o t a l  

water requ i red  f o r  i d e a l  consistency o f  a cementlwaste m ix tu re  should be the  

water  requ i red  by the  cement p lus  the  water requ i red  by the  sludge. However, 

workers a t  SRL found t h i s  n o t  t o  be the  case. ( 3 3 )  They have shown t h a t  cements 

and s imulated SRP sludges may i n t e r a c t  causing v a r i a t i o n s  from expected w/c 

r a t i o s .  The t o t a l  amount o f  water requ i red  f o r  cementlsludge mix tures  can 

be expressed as: 

where, 

wc = water requ i red  by cement 

ws = water requ i red  by sludge 

s/c  = weight r a t i o  o f  sludge t o  cement 

a = i n t e r a c t i o n  c o e f f i c i e n t  f o r  each cement-sludge p a i r  

Th is  equat ion can a l so  be expressed as: 

w/c = (wc/c) + (ws/s)(s /c)  + a (ws /s l ( s / c )  2 

where, 

w/c = weight r a t i o  o f  water t o  cement 

wC/c = water requ i red  per  gram o f  cement 

wS/s = water requ i red  per  gram o f  sludge 

Table 5 1 i s t s  parameters ca l cu la ted  f o r  combinations o f  s i x  types of cement 

and th ree  s imulated SRP waste sludges. The i n t e r a c t i o n  term, a, suggests 

t h a t  some r e a c t i o n  i s  occur r ing  between cement and sludge when water i s  

added. ( 3 3 )  From the  data, there  appears t o  be no reac t i on  between 



TABLE 5. Parameters Cal c u l a t  d f o r  Various Cement- 
Sl udge Combi nations933) 

SRP Simulated Sl udge 
I I I I11 

Cement Ws/S 0.449 0.341 0.229 
Type Wc/C In te rac t ion  Coef f i c i en t ,  a 

I 0.323 1.49 0.22 1.44 

I I 0.278 1.07 0.82 0.90 

I I I 0.303 1.21 0.43 1.18 

V 0.286 0.45 0.16 1.05 

I-P 0.323 0.59 0.46 0.53 
HAC 0.257 0.22 0.00 0.60 



high-a1 umina cement and s l  udge I  I .  The 1  a r g e s t  i n t e r a c t i o n  occurs between 

type  I  p o r t l a n d  cement and sludge I .  The r e l a t i v e  h y d r o p h i l i c  n a t u r e  o f  t h e  

SRP sludges can be ordered:  

s ludge I  > sludge I 1  > sludge I11 

Tes ts  w i t h  a c t u a l  SRP sludges i n d i c a t e  t h a t  these sludges a r e  a l s o  

h y d r o p h i l i c ,  w i t h  i n t e r a c t i o n  c o e f f i c i e n t s  rang ing  from 0.25 t o  1.73, -. 
depending on cement t ype  and sludge type.  ( 3 3 )  Stud ies a t  BNL w i t h  NaN03 

waste and HAC have shown a  cons tan t  w/c o f  ~ 0 . 2 2 ,  independent o f  NaN03 con- 

c e n t r a t i o n ,  i n d i c a t i n g  t h a t  NaN03 i s  an i n e r t  a d d i t i v e .  (44) 

The a d d i t i o n  o f  waste t o  cement lwater m i x tu res  has been shown t o  decrease 
(31,33,35) 

s e t  t imes.  A  " s e t "  i s  reached when s u f f i c i e n t  h y d r a t i o n  has taken 

p l a c e  t o  g i v e  a  mix  f r i a b l e  r i g i d i t y .  The s e t  t ime  o f  nea t  p o r t l a n d  t ype  

I 1  cement (w l c  = 0.26) has been measured a t  ~ 1 8 8  minutes; a d d i t i o n  o f  

20 wt% s imu la ted  SRP sludge I1  reduces t he  s e t  t ime t o  8  minutes. (35 

The s u b s t a n t i a l  decrease o f  s e t  t ime can p a r t i a l l y  be a t t r i b u t e d  t o  t h e  

hea t  o f  h y d r a t i o n  o f  t he  sludge components, namely Fe(OH)3 and A1 (OH)3. 

Th i s  i s  evidenced by an inc rease  f rom 8  t o  22 minutes when t h e  sludge i s  

mixed w i t h  water  p r i o r  t o  m ix i ng  w i t h  cement. ( 3 5 )  D i f f e r e n t  combinat ions 

o f  cement t ype  and s ludge type  g i v e  r i s e  t o  v a r i a t i o n s  i n  s e t  t imes.  SRP 

s imu la ted  s ludge I11 appears t o  have a  g r e a t e r  a c c e l e r a t i n g  e f f e c t  on t h e  

s e t  t ime  o f  HAC composites than does sludge I .  ( 3 5 )  The oppos i t e  e f f e c t  

occurs w i t h  t ype  I 1  p o r t l a n d  cement, however. 

Excess ive ly  s h o r t  s e t  t imes can cause a  m i x t u r e  t o  s e t  be fo re  p l a c i n g  

i n  t h e  d e s i r e d  c o n f i g u r a t i o n .  Set  r e t a r d e r s  can be used t o  inc rease  s e t  

t imes by a l t e r i n g  t h e  r a t e  o f  h y d r a t i o n  w h i l e  n o t  a f f e c t i n g  t h e  na tu re  o f  

t h e  h y d r a t i o n  products .  ( 3 1 9 3 5 )  The s e t  t ime o f  a  m i x t u r e  o f  20 wt% SRP 

s ludge I  and t ype  I 1  p o r t l a n d  cement increases f rom 8  t o  150 minutes w i t h  

t h e  a d d i t i o n  o f  0.3% r e t a r d e r  by we igh t  o f  cement. ( 3 5 )  Tests  made w i t h  

f o r m u l a t i o n s  o f  HAC p l u s  40 wt% s imu la ted  sludge show i n c r e a s i n g  r e t a r d e r  

c o n t e n t  (up t o  2.3% by we igh t  o f  cement) g ives  i n c r e a s i n g l y  l onge r  s e t  

t imes  . ( 3 1 )  A d d i t i o n  o f  1.5% r e t a r d e r  t o  m ix tu res  o f  HAC and a c t u a l  SRP 

sludges increases s e t  t imes f rom ~ 3 0  minutes t o  %270 minutes, which i s  

b e l i e v e d  t o  be adequate f o r  l a rge -sca le  opera t ion .  Excess wate r  has a l s o  



been shown t o  inc rease  s e t  t imes. ( 31 )  Th i s  method o f  i n c r e a s i n g  s e t  t imes 

i s  undes i rab le  because t he  r e s u l t a n t  p roduc t  has i n f e r i o r  s t r eng th .  Increases 

i n  t h e  water lcement r a t i o  up t o  ~ 0 . 7  p r o g r e s s i v e l y  inc reases  s e t  t imes; 

above 0.7 t h e r e  appears t o  be no d iscernab le  e f f e c t .  Set t imes o f  30 t o  

100 minutes appear t o  be the  maximum a t t a i n a b l e  i n  s ludgelcement m ix tu res  

by  t he  a d d i t i o n  o f  excess water. (31) 

On t h e  o t h e r  end o f  t h e  spectrum a r e  wastes which may tend  t o  r e t a r d  

t he  s e t t i n g  o f  cements. Borate wastes and b o r i c  a c i d  f rom radwaste t r e a t -  

ment o f  PWR coo lan t  can p reven t  cement pastes f rom s e t t i n g  i f  used i n  s u f f i c i e n t  

q u a n t i t i e s . ( 1 2 )  The a d d i t i o n  o f  l i m e  t o  bo ra te  wastelcement pastes can 

improve t h e  hyd ra t i on  and s e t t i n g  c h a r a c t e r i s t i c s  o f  these waste forms. 

A  necessary c o n d i t i o n  f o r  t h e  f o rma t i on  o f  concre te  i s  t h e  subsequent 

hyd ra t i on  and s e t t i n g  o f  cement pastes. The i n f l u e n c e  o f  waste a d d i t i o n s  

on t he  hyd ra t i on  o f  HAC has been s tud ied  a t  SRL w i t h  a  scanning e l e c t r o n  m ic ro -  

scope us ing  a  m ic rohyd ra t i on  technique. (25) The p r i n c i p a l  f ea tu res  o f  HAC 

hyd ra t i on  are:  1 )  t h e  p r e c i p i t a t i o n  o f  smal l  spheru les (Al2O3-nH20) bo th  

l y i n g  between and coa t i ng  t he  cement p a r t i c l e s ,  and 2 )  growth o f  hexagonal 

p l a t e s  o f  ca lc ium a luminate hydrates, bo th  s i n g l y  and i n  c l u s t e r s .  (26) 

Stud ies w i t h  m ix tu res  o f  HAC, sludges, and z e o l i t e  i n d i c a t e  t h a t  t h e  p r e f e r e n t i a l  

nuc lea t i on  o f  A1203.nH20 suggests t h a t  t he  sur faces  o f  these m a t e r i a l s  can 

be ordered accord ing  t o  t h e i r  e f f e c t i v e n e s s  as n u c l e a t i o n  c a t a l y s t s :  (26) 

s ludge > z e o l i t e  > HAC 

P r e c i p i t a t i o n  o f  A1203-nH20 i s  i n i t i a t e d  a t  r e s p e c t i v e l y  h i ghe r  concen t ra t ions  

of  ~ 1 ~ '  and ca2+ i ons  i n  s o l u t i o n .  When s ludge i s  p resen t  ~ 1 ~ '  and ca2+ 

i ons  a re  removed f rom s o l u t i o n  be fo re  t he  concen t ra t i on  i s  h i g h  enough t o  

p r e c i p i t a t e  onto another  t ype  o f  sur face.  I n  l a r g e  volumes o f  cementlwaste 

mix tu res  a1 1  k inds  o f  p a r t i c l e s  would eventual  l y  be coated w i t h  A1 203.nH20, 

w i t h  hyd ra t i on  products  growing i n  between. Th i s  mechanism may e x p l a i n  

t h e  f a s t  s e t  r e s u l t i n g  f rom sludge a d d i t i o n s .  A  l a y e r  o f  Al2O3-nH2O 

p r e c i p i t a t e  i s  q u i c k l y  formed around t h e  s ludge p a r t i c l e s  f rom which i n t e r -  

1  ock ing hydra te  c r y s t a l  s  grow. 



Dur ing  t h e  c u r i n g  o f  cement pastes, an exotherm occurs as a r e s u l t  o f  

t h e  h y d r a t i o n  reac t i ons .  The t o t a l  heat  evo lved d u r i n g  h y d r a t i o n  o f  HAC 

i s  s i m i l a r  t o  t h a t  o f  p o r t l a n d  cements, b u t  t h i s  hea t  i s  evo lved  a t  a 

f a s t e r  r a t e .  ( 3 6 )  Excessive temperature g rad ien t s  cou ld  develop i n  1 arge 

d iameter  c a s t i n g s  o f  HAC s ince  heat  f l o w  i s  predominant ly  a long  t h e  r a d i a l  

d i r e c t i o n .  The measured c e n t e r l i n e  tem e ra tu res  o f  12- inch d iameter  c a s t -  

i n g s  o f  HAC a r e  r e p o r t e d  t o  be 144°C ( 3 6 7  t o  1 5 2 " ~ ( ~ ~ )  above ambient tempera- 

t u r e .  Most o f  t h e  temperature inc rease  occurs i n  %20 minutes w i t h  t h e  peak 

o c c u r r i n g  12 hours a f t e r  cas t i ng .  The h y d r a t i o n  r e a c t i o n  may be a u t o c a t a l y t i c  

( i  .e. , t h e  exotherm acce le ra tes  subsequent hydrat ion) ,  a1 though above 100°C 

some s teady-s ta te  moderat ion may occur  due t o  evapora t ion  o f  some a v a i l a b l e  

h y d r a t i o n  water. ( 3 6 )  A 12- inch  d iameter  c a s t i n g  o f  t ype  I 1  p o r t l a n d  cement 

demonstrates a much more gradual r a t e  o f  temperature i nc rease  r e s u l t i n g  i n  

a maximum c e n t e r l i n e  temperature o f  97°C. (36) 

The a d d i t i o n  o f  s ludge decreases s e t  t imes and causes a decrease i n  

c e n t e r l i n e  temperature and r a t e  o f  temperature r i s e .  The c e n t e r l i n e  temperature 

i n  a 3 - inch  d iameter  c a s t i n g  o f  HAC p l u s  30 wt% s imu la ted  SRP s l u d  e I11 

reaches a maximum o f  %65"C, compared t o  %125"C f o r  nea t  HAC. (28,367 The 

r a t e  o f  temperature r i s e  f o r  pure HAC i s  %120°C/hr b u t  decreases t o  %23OC/hr 

w i t h  30 wt% s ludge I11 a d d i t i o n s .  Eng ineer ing  c a l c u l a t i o n s  es t ima te  t h a t  

t h e  c e n t e r l i n e  temperature o f  a 24- inch  d iameter  c a s t i n g  o f  HAC p l u s  30 wt% 

s ludge would be %185"C; t he  heat  genera t ion  o f  t h e  waste s ludge i s  assumed 

t o  be 2.1 wa t t s  p e r  g a l l o n  o f  composite. ( 2 8 )  

The water lcement r a t i o  o f  nea t  t ype  I 1  and I11 p o r t l a n d  cement cas t i ngs  

a l s o  a f f e c t s  h y d r a t i o n  and r e s u l t a n t  c e n t e r l i n e  temperatures. ( 5 4 )  cen te r1  i n e  

temperatures r e p o r t e d  f o r  6.4- inch d iameter  cas t i ngs  o f  t ype  I1  p o r t l a n d  

cement a r e  50" and 55OC f o r  w/c r a t i o s  o f  0.18 and 0.25, r e s p e c t i v e l y .  

S i m i l a r l y ,  c e n t e r l i n e  temperatures o f  t ype  I11 cement cas t i ngs  a r e  95' 

and 120°C. As t h e  water lcement r a t i o  approaches i t s  t h e o r e t i c a l  va lue  

c u r i n g  i s  de layed b u t  t h e  e x t e n t  of  h y d r a t i o n  inc reases .  Temperatures a r e  

b e l i e v e d  t o  be l owe r  when w/c i s  g r e a t e r  than r e q u i r e d  because o f  an 

i nc rease  i n  t h e  heat  capac i t y  o f  t he  mix.  (54 



Add i t i ons  o f  va r ious  aggregates has a l s o  been shown t o  decrease cen te r -  

l i n e  temperatures. (36,541 When sand i s  used as an aggregate w i t h  HAC 

temperature g rad ien t s  produced by t he  c u r i n g  exotherm decrease f rom 89°C 

w i t h  no sand t o  41°, 23", and 4°C w i t h  a d d i t i o n s  o f  25, 50 and 78 wt% sand, 

r e s p e c t i v e l y .  ( 3 6 )  The r a t e  o f  temperature inc rease  i s  a l s o  lowered by sand 

a d d i t i o n s  and may be a t t r i b u t e d  t o  increases i n  thermal c o n d u c t i v i t y  and 

heat  capac i ty .  I n c o r p o r a t i o n  o f  20 wt% f l y - a s h  t o  t ype  I 1 1  p o r t l a n d  cement 

reduces cen te r1  i n e  temperatures by 46% i n  6.5-inch d iameter  cas t i ngs .  ( 5 4 )  

As p r e v i o u s l y  mentioned, b o r i c  a c i d  tends t o  r e t a r d  h y d r a t i o n  r a t e s ;  i t  

a l s o  decreases t h e  r a t e  o f  hea t  r e l ease  and t he  t o t a l  heat  l i b e r a t e d  d u r i n g  

t he  c u r i n g  o f  t ype  I11 p o r t l a n d  cement. ( 5 4 )  Calcium hydrox ide has t h e  oppo- 

s i t e  e f f e c t  on c u r i n g  exotherms when used w i t h  b o r i c  ac id .  Commercial 

chemical r e t a r d e r s  have no s i g n i f i c a n t  e f f e c t  on temperature,  however. ( 3 6  

COMPRESSIVE STRENGTH 

Compressive s t r e n g t h  o f  concre te  waste forms i s  an impo r tan t  parameter 

i n  s a f e t y  and acc iden t  eva lua t ions .  The composite must e x h i b i t  s u f f i c i e n t  

s t r e n g t h  t o  w i t hs tand  handl ing,  t r a n s p o r t a t i o n ,  and p o s s i b l e  acc iden t  s i t u -  

a t i  ons w i t h o u t  major  damage. Normal ly, nea t  cement pastes have compressive 

s t r eng ths  on the  o rde r  o f  10 000 p s i .  ( 3 3 )  Table 6  l i s t s  some r e p o r t e d  

compressive s t r e n g t h  values o f  va r i ous  nea t  cement pastes.  The wide range 

o f  values repo r ted  f o r  high-alumina cement may be a t t r i b u t e d  t o  d i f f e r e n c e s  

i n  water/cement r a t i o s ,  ( 3 3 )  c u r i n g  t ime, ( 2 3 )  c u r i n g  c o n d i t i o n s  , ( 2 7 )  and/or 

temperature, ( 3 3 )  each o f  which have been shown t o  a f f e c t  s t r eng th .  Po r t -  

l a n d  cements g e n e r a l l y  develop ~ 9 0 %  o f  u l t i m a t e  s t r e n g t h  a f t e r  28 days 

w h i l e  high-alumina cements develop a  l a r g e  f r a c t i o n  a f t e r  o n l y  3  days. (33) 

The a d d i t i o n  o f  s imu la ted  waste sludges t o  cement mixes has been shown 
(22,23,24,27,32 ,33,35) 

t o  g r e a t l y  reduce compressive s t r eng th .  The amount 

of  s ludge i n  t he  composite appears t o  be t he  dominant f a c t o r  a f f e c t i n g  

. - s t reng th .  Table 7  l i s t s  some t y p i c a l  values f o r  compressive s t r e n g t h  o f  

composites c o n s i s t i n g  o f  s imu la ted  SRP sludges i nco rpo ra ted  i n  s i x  types 
- of  cement. As evidenced by t h e  da ta  compressive s t r e n g t h  decreases w i t h  

i n c r e a s i n g  sludge con ten t  f o r  a l l  cement and sludge types.  The decreases 



TABLE 6. Conlpressive S t r eng ths  o f  Neat Cement Pas t e s  

Cement Type Compressive S t r eng th  ( p s i  ) 

Por t land  I  10 8 ~ 4 ' ~ ~ )  

Por t land  I 1  11 284(33) 

12 3 0 o ( ~ ~ )  

Po r t l and  I1  I  13 478(33) 

14 3 0 0 ( ' ~ )  

Por t land  V 11 898(33) 

I-P 11 9 1 6 ' ~ ~ )  

HAC 



TABLE 7. Compressive S t reng th  o f  Concrete Waste Forms ( 3 3  

SRP Simulated 
S l  udge Compressive S t reng th  ( p s i  ) 

I!@!? j@ Cement Types 
I I I I11 V I - P HAC 



are  be1 ieved t o  be most ly  due t o  l a c k  o f  s t reng th  o f  t he  sludge p a r t i c l e s .  (33) 

Since the  cement m a t r i x  provides nea r l y  a l l  the  s t reng th  o f  t h e  concrete, 

i nc reas ing  sludge content  decreases the  load-bearing area o f  the  hydrated 

cement p a r t i c l e s .  Fractography i n d i c a t e s  t h a t  f r a c t u r e  o r i g i n a t e s  a t  the  

surface o f  t he  sludge p a r t i c l e s ;  t h i s  imp l i es  t h a t  t h e  i r r e g u l a r  i n t e r f a c e  

between agglomerates and the  cement m a t r i x  a c t  as a  s t ress  concentrator .  (22)  

The compressive st rengh o f  HAC decreases ~ 5 0 %  by i nco rpo ra t i on  o f  40 w t %  

unsieved sludge I and 111, and decreases ~ 7 0 %  w i t h  sludge powders l e s s  

than 45 microns (-325 mesh). ( 2 4 )  A  90% s t rength  reduc t i on  i s  evidenced 

i n  type I 1 1  p o r t l a n d  cement w i t h  40 w t %  sludge powder, independent o f  

p a r t i c l e  s ize.  The decrease i n  s t reng th  o f  HAC w i t h  decreasing p a r t i c l e  

s i z e  may be due t o  chemical reac t ions  o f  HAC components w i t h  the  waste 

p a r t i c l e s .  F igures 1-3 graphical  l y  d e p i c t  sludge composit ional dependency 

on compressive s t reng th  o f  HAC and I - P  composites. 

The e f f e c t s  o f  i r r a d i a t i o n ,  temperature, and sa tura ted  steam on t h e  

c u r i n g  o f  high-alumina cement have been s tud ied  a t  SRL. (23 $ 2 4  927)  Neat 

5  HAC pastes r e c e i v i n g  garruna r a d i a t i o n  exposures o f  6  x  10 rads /hr  du r ing  

c u r i n g  a t  25°C e x h i b i t  compressive st rengths ~ 4 0 %  lower than un i r rad ia ted ,  

normal ly  cured samples. ( 2 3 )  S i m i l a r  pastes i r r a d i a t e d  du r ing  c u r i n g  a t  

63°C e x h i b i t  60% l e s s  compressive s t reng th  than the  c o n t r o l .  The decrease 

i n  compressive s t reng th  o f  neat  HAC above 38°C i s  be l ieved t o  be caused by 

conversion o f  t he  metastable phases normal ly  found a t  room temperature 

(var ious  hydrated ca l  c i  um a1 uminates) t o  the s tab le ,  b u t  weaker cubic 

hydrate. ( 2 3 )  Tests w i t h  composites cons i s t i ng  o f  HAC p lus  25 w t %  s imulated 

SRP sludge I and 111, cured i n  6 0 ~ o  r a d i a t i o n  a t  ~ 5 0 ° C  a t  a  dose r a t e  of 
5  6 x  10 rads lh r ,  i n d i c a t e  t h a t  heat  and i r r a d i a t i o n  dur ing  c u r i n g  have no 

s i g n i f i c a n t  e f f e c t  on s t rength .  

The e f f e c t  o f  c u r i n g  HAC concretes i n  saturated steam a t  e leva ted 

temperatures was tes ted  by au toc lav ing  HAC pastes a t  180°C w i t h  and w i thou t  

s imulated SRP sludge I. ( 2 7 )  This  study shows t h a t  steam-cured HAC w i t h  no 

sludge e x h i b i t s  compressive st rengths t h a t  a re  ~ 6 0 %  lower than those of 

normal ly  cured formulat ions.  Pastes o f  HAC p lus  25 w t %  sludge e x h i b i t  
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Waste Forms Containing Simulated 
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compressive s t rengths  t h a t  a re  n e a r l y  the  same (%5500 p s i  ) f o r  steam-cured 

and normal ly  cured samples. Th is  i s  cons i s ten t  w i t h  t he  e f f e c t s  o f  temperature , 

and gamma i r r a d i a t i o n .  (23,24 

Several s tud ies  have been conducted t o  determine the  e f f e c t  of prolonged 

hea t i ng  and e leva ted  temperatures on t h e  compressive s t reng th  o f  cementlwaste 
(33,35,52) 

composi t e s  . Heating o f  neat  p o r t l a n d  cement paste causes an i n i t i a l  

s t reng th  increase, f o l l owed  by a  general l o s s  o f  s t reng th  (%80%) a t  tempera- 

t u r e s  g rea te r  than 300°C. ( 5 2 )  The c r i t i c a l  s t reng th  extends over  a  broad 

temperature range and even tua l l y  increases again due t o  s i n t e r i n g  o r  ceramic 

bonding a t  h igher  temperatures. Calcium aluminate hydrates i n  HAC l o s e  t h e i r  

s t reng th  a t  temperatures f rom 100-1000°C w i t h  a  minimum around 900°C. Heat ing 

o f  concrete waste forms o f  HAC and type  I -P  cements con ta in ing  s imu la ted  

SRP sludge a t  100°C f o r  1  and 3  months r e s u l t s  i n  weight  losses o f  6-16% 

and reduc t ions  i n  compressive s t reng th  o f  most fo rmula t ions .  (33,351 Table 

8  shows the  e f f e c t  o f  heat ing  on the  compressive s t reng th  o f  composites o f  

HAC and type I -P  cements w i t h  s imulated SRP sludges. T y p i c a l l y ,  t h e  s t r e n g t h  

o f  a  specimen heated f o r  3  months a t  100°C i s  %25% lower than t h e  unheated 

sample o f  t h e  same fo rmula t ion .  (33) 

The e f f e c t  o f  gamma i r r a d i a t i o n  on the  compressive s t reng th  o f  var ious  

concrete waste forms has a l s o  been i nves t i ga ted .  ( 3 3  3 3 7  3 4 5 )  concrete specimens 

con ta in ing  s imulated SRP sludge specimens were i r r a d i a t e d  i n  6 0 ~ ~  y - r a d i a t i o n  
7 a t  a  dose r a t e  o f  3.5 x 10 r a d s l h r  t o  a  t o t a l  dose o f  10" rads. ( 3 3 )  The 

samples were cooled by fo rced a i r  t o  65-95°C. The r e s u l t s  o f  t h i s  s tudy 

i n d i c a t e  t h a t  compressive s t reng th  decreases s l i g h t l y  a f t e r  i r r a d i a t i o n ;  

t h e  seve r i t y ,  however, decreases w i t h  i nc reas ing  sludge content .  Since t h e  

samples were heated du r i ng  i r r a d i a t i o n ,  t h e  decreases cannot be a t t r i b u t e d  

t o  r a d i a t i o n  alone. Another s tudy has shown t h a t  compressive s t r e n g t h  of 

composites con ta in ing  28.5 wt% HAC, 2.3 w t %  z e o l i t e ,  37.0 w t %  sludge 111, 

and 32 w t %  water  decreases from 860 t o  756 and 725 p s i  a f t e r  Y - i r r a d i a t i o n  
9  6  t o  10 and 1 0 l o  rads, respec t i ve l y ,  bo th  a t  a  dose r a t e  o f  9  x 10 r a d s l h r .  ( 3 7 )  

- 
Concrete waste forms o f  HAC and type I 1  p o r t l a n d  cements w i t h  NaN03 were 

9 6  i r r a d i a t e d  t o  10 rads a t  4.4 x  10 rads /hr  i n  a i r  a t  68°C. ( 1  compressive 



strengths of HAC formulations demonstrate no s ignif icant  dependency on 
NaN03 concetrtration and are relat ively unaffected by irradiation. Compres- 

sive strengths of formulations of type I1  portland cement decrease from 

1 2  300 psi with no additions to 8000 psi with 30 w t %  NaN03; irradiated 
sample strength i s  not significantly different  than unirradiated strength. 

Cement/A1203 calcine waste forms, irradiated to  10'' rads a t  4.2 x 10 6 

rads/hr, exhibit decreases in compressive strength of %16%. ( 4 4  

Addition of sorbents, used for  cesium f ixat ion,  has also been shown 

to decrease compressive strength of concretes. ( 3 2 )  Strength val ues decrease 

from 6900 psi with no sorbent to 5400 to 1000 psi with 10% additions of 

zeol i te  and vermiculite, respectively. As previously noted, strength 
decreases with increasing sludge content, however; composites with 30 w t %  

simulated sludge plus 10 w t %  sorbent show increases of up  to ~ 7 5 %  over 

similar formulations with no sorbent. Strength i s  also reduced through 

additions of other materials. Increasing percentages of bentonite, calcium 

chloride, and sodium s i l i c a t e  progressively decrease the compressive strength 

of HAC/Zr-2nd cycle calcine composites. P7) 

Compressive strength i s  a measure of the s t ress  required to fracture 

or plasticly deform a material. Since no correlation of strength and safety 

has been developed, workers a t  SRL have conducted impact t e s t s  on solid 

waste forms. ( 2 9 y 3 0 )  In the t e s t s  samples are broken by impact of known 

energy and the part ic le  s ize distribution of the sample i s  determined a f t e r  
impact. The resul ts  of th i s  type of t e s t  are considered important because 
the creation of a large number of small par t ic les  increases surface area 

and the potential for  leaching. The surface area, A ,  created by impact by 
energy input, E ,  may be a useful parameter i n  defining the safety of solid 

waste forms. Typical values of A / E  for various waste forms are given in 
Table 9. The part ic le  s ize distribution resulting from impact i s  also an 

important consideration because the production of excessively small particles 

increases the potential for  creating an airborne hazard. 



TABLE 8. Typical Compressive Strengths of Concrete Waste Forms 
with 40% Simulated SRP Sludge Heated a t  100"~(33)  

Heating 
Cement Time, 
L Y F C  Months 

HAC 

I-P 

Compressi ve Strength, psi 
for Sl udge ~ y p e s  

I - I I - I I I 

TABLE 9 .  Relative Impact Resistance of Various Waste Forms (30 

Waste Form 

Glass with 45% Sludge 

Neat HAC 

Neat I-P 

HAC + 40% Sludge 

I-P + 40% Sludge 

Portland I11 + 40% Sludge 

Surface Area 
Increase Per 
Joule Input* 

A / E , ~ ~ ' / J  

*8 kg-m input for  glass;  9.6 kg-m input for  concrete forms. 



LEACHABILITY 

L e a c h a b i l i t y  i s  cons idered a  ve ry  impor tan t  parameter i n  t h e  s a f e t y  

e v a l u a t i o n  o f  r a d i o a c t i v e  waste forms. Under normal c o n d i t i o n s  t h e  waste 

forms would be con ta ined  w i t h i n  sealed con ta ine rs  v o i d  o f  any water .  Leach- 

a b i l  i ty  becomes a  concern under pos tu l a ted  acc iden t  s i t u a t i o n s  where t h e  

con ta ine r  i s  breached and water  i s  a l lowed t o  come i n  d i r e c t  con tac t  w i t h  

t h e  waste form. The lower  t he  l e a c h a b i l i t y ,  t h e  g r e a t e r  t h e  s a f e t y  by a l -  

l ow ing  more t ime t o  recover  and take a c t i o n  on t h e  exposed waste i n  t h e  

event  o f  an acc ident .  L e a c h a b i l i t y ,  expressed i n  g/cm2-d, may be de f i ned  

by: 

where, 

F = we igh t  f r a c t i o n  o f  species i n  t he  leach  specimen 

A  = sur face  area o f  t h e  leach  specimen 

am = mass o f  species leached d u r i n g  t ime a t  

a t  = t ime  i n t e r v a l  between changes o f  leachant  

Cesium, s t ron t ium,  and a lpha e m i t t e r s  a r e  t h e  spec ies o f  g r e a t e s t  concern 

i n  r a d i o a c t i v e  waste s o l i d i f i c a t i o n  and have rece i ved  t h e  l a r g e s t  a t t e n t i o n  

concern ing t h e i r  l e a c h a b i l i t y .  Another species i n  cementjwaste composites 

t h a t  has been leach  t e s t e d  i s  sodium n i t r a t e .  

S t ron t i um L e a c h a b i l i t y  

Numerous s tud ies  have been conducted on s t r o n t i u m  l e a c h a b i l i t y  f rom 

concrete waste forms c o n t a i n i n g  SRP sludges. (22.25.33.34.35) The results 

i n d i c a t e  t h a t  l e a c h a b i l i t y  v a r i e s  w i t h  t ype  o f  cement, t ype  and amount o f  

sludge, and i s  a  s t r ong  f u n c t i o n  o f  t ime, decreas ing by f a c t o r s  o f  10 t o  200 

ove r  a  6-week l each ing  per iod .  ( 3 3 )  I n d i v i d u a l  leach  t e s t s  w i t h  s imu la ted  

SRP s ludge I and I 1 1  and w i t h  HAC and t ype  I 1  p o r t l a n d  cements i n d i c a t e  t h a t  . 
.? l e a c h a b i l i t y  f rom sludge I 1 1  composites i s  lower  than f rom sludge I o r  I 1  



composi tes.  ( 2 2 ' 3 3 ' 3 5 )  L e a c h a b i l i t y  decreases as s ludge I1  I c o n t e n t  i nc reases ;  

t h e  o p p o s i t e  e f f e c t  occurs  f o r  s ludges I and 11. A f t e r  s i x  weeks, l e a c h -  

a b i l i t y  o f  s t r o n t i u m  f rom concre tes  w i t h  40 wt% s ludge I11 i s  1/15 t h a t  

o f  f o r m u l a t i o n s  w i t h  no s ludge. ( 2 2 )  The decrease can be a t t r i b u t e d  t o  t h e  

Mn02 c o n t e n t  o f  t h e  s ludge which can so rb  s t r o n t i u m  (See Tab le  10 ) .  High- 

a lumina cement has c o n s i s t a n t l y  l ower  s t r o n t i u m  l e a c h a b i l i t i e s  than  does 

p o r t l a n d  cements, p a r t i c u l a r l y  a t  h i g h  s ludge c o n c e n t r a t i o n s  and l o n g  l e a c h  

t imes.  P o r t l a n d  cements r e a c t  w i t h  wa te r  t o  fo rm l e a c h a b l e  Ca(OH), which 
' ..3 

i s  expected t o  c a r r y  s t r o n t i u m .  ( 2 2 )  HAC forms A1 (OH)3 i n  t h e  presence o f  

wa te r ;  t h i s  has l e s s  a f f i n i t y  f o r  s t r o n t i u m .  Leach t e s t s  per formed on 

c o n c r e t e  samples c o n t a i n i n g  a c t u a l  SRP sludges i n d i c a t e  t h e  l e a c h i n g  b e h a v i o r  

o f  i s  g e n e r a l l y  s i m i l a r  t o  n a t u r a l  s t r o n t i u m  i n  s i m u l a t e d  s ludges; 

however, t h e  magnitudes a r e  lower  by  f a c t o r s  o f  10 t o  100 f o r  compared 

w i t h  n a t u r a l  s t ron t ium.  ( 3 3 )  Because t h e  magni tude o f  'OSr l e a c h a b i l i t y  i s  

s m a l l e r ,  t h e  f r a c t i o n  o f  i s  much s m a l l e r  - 0.004 t o  0.9% compared w i t h  

5 t o  10% f o r  n a t u r a l  s t r o n t i u m .  These d i f f e r e n c e s  can be a t t r i b u t e d  t o  t h e  

n a t u r a l  s t r o n t i u m  c o n t e n t  o f  t h e  cements. (33,35) 

O ther  f a c t o r s  t h a t  may a f f e c t  l e a c h a b i l i t y  i n c l u d e  c u r i n g  t in ie ,  (14)  

i r r a d i a t i o n ,  ( 3 3 )  p ro longed  exposure t o  h i g h  temperature ,  ( 3 3 )  and l e a c h a n t  

renewal f requency.  ( 1 4 )  Long c u r i n g  t imes, up t o  28 days, have been shown 

t o  r e s u l t  i n  l e s s  cumu la t i ve  f r a c t i o n  leached; c u r i n g  t imes  g r e a t e r  than  

28 days have no s i g n i f i c a n t  e f f e c t  on l e a c h a b i l i t y .  l 4  The l e a c h a b i l i t y  

f o r  a1 1  SRP s ludge  types  i s  g e n e r a l l y  l o w e r  a f t e r  i r r a d i a t i o n  t o  10" r a d s .  

A f t e r  42 days o f  l e a c h i n g  t h e  l e a c h a b i l i t y  o f  s ludge I samples i s  20 t imes  

1  ower than  u n i  r r a d i a t e d  samples. ( 3 3 )  Concrete waste forms c o n t a i n i n g  SRP 

waste s ludge, heated f o r  one month a t  400°C, demonstrated i n c r e a s e s  i n  

'OSr l e a c h a b i l i t y  by as much as 500 t imes.  ( 3 3 )  S tud ies  have shown t h e  

c u m u l a t i v e  f r a c t i o n  leached inc reases  as t h e  l e a c h a n t  renewal f requency  

inc reases .  ( 1 4 )  T h i s  behav io r  suggests t h a t  t h e  d a t a  a r e  b e i n g  i n f l u e n c e d  

b y  t h e  c o n c e n t r a t i o n  o f  t h e  spec ies  i n  t h e  l e a c h a n t  and/or  p o s s i b l e  s u r f a c e  

c o n c e n t r a t i o n  e f f e c t s .  

Leach t e s t s  w i t h  Hanford s i m u l a t e d  Purex s ludge c o n c r e t e  specimens 

r e v e a l e d  s l i g h t l y  h i g h e r  va lues  o f  l e a c h a b i l i t y  w i t h  40% s ludge than  w i t h  

30% s ludge  con ten t .  ( 4 2 )  NO apparent  r e l a t i o n s h i p  between l e a c h a b i l  i ty  and 

cement t y p e  was observed. 



TABLE 10. Reported S t ron t i um Leach Data f o r  Var ious 
Concrete Waste Forms 

Cement AggregateType 
Type and AmourIt,wtS: 

209 SRP Sludge I 
209 SRP Sludge I 1  

H AC 
H AC 
HAC 10% SRP Sludge I 

10% SRP Sludge I 
25% SRP Sludge I 
25% SRP Sludge I 
40% SRP Sludqe I 
40% SRP Sludye I 
10% SRP Sludge I 1  
101  SHP Sludge I 1  

25% SRP Sludge I 1  
25% SRP Sludge I 1  
40% SRP Sludge I 1  

40% SRP Sludge I 1  

10% SRP Sludge I 1  I 
10% SRP Sludge I 1  I 
25% SRP Sludge I 1 1  
25% SRP Sludge I 1 1  
40% SRP Sludge 111 
40% SRP Sludqe 111 

P o r t l a n d  I 1  

H AC 
HAC 37.5% SRP Sludge 111 
HAC 37.5% SRP Sludge 111 

HAC 19.3% SHP Sludge 111 
HAC 28.2% SRP Sludye I 1 1  
IIAC 37.2%. SRP Sludge I 1 1  

Leach 
Time(Ht-) 

240 
240 

2 
1008 

2 
1008 

2 
1008 

2 
1008 

2 
1008 

2 
1008 

2 

1008 
2 

1008 
2 

1008 
2 

1008 

Bu lk  Leach Rate 
h l c m 2 A l - _ -  

F r a c t i o n  
Re1 ease 

4 .8  x 
'c3.6 x 10-5 

Comnlen t s  Re f s r e n c ~  

Contains 420 ppm S r  35,40 
Contains 346 ppm S r  35.40 

3 3 

Contains 720 ppln Sr  35,40 

Contains 190 ppm St* 35.40 
Contains 2.3% Z e o l i t e  37 

C o n t a i n s 2 . 3 % Z e o l i t e  37 

35.40 



TABLE 10. ( con t . )  

Cement 
-JB% - 

HAC 
Por t l and  I 1  

Por t l and  I 1  
Por t l and  I 1  

Por t l and  I 1  
HAC 
H AC 
HAC 

H AC 
H AC 

HAC- 
HAC 
I - P  
I - P  
I -P 

I -P  
I -P  

I -P  

HAC 

HAC 
HAC 

H AC 

HA C 

I -P  

I - P  

I -P  

Aggregate Type 
and Amount,wtX 

46.2% SRP Sludge 111 
20.0% SRP Sludge 111 

30.0% SRP Sludge I11  

40.0% SRP Sludge I11  

50.0% SRP Sludge 111 
37.0% SRP Sludge I11  
10% SUP Tank 5 Sludge 
40% SUP Tank 5 Sludge 

10% SRP Tank 13 Sludge 
40% SRP Tank 13 Sludge 

10% SRP Tank 15 Sludge 
402 SRP Tank 15 Sludge 
10% SRP Tank 5 Sludge 
40% SUP Tank 5 Sludge 
10% SRP Tank 13 Sludge 
40% SRP Tank 13 Sludge 
10% SRP Tank 15 Sludge 

40% SUP Tank 15 Sludge 

10% SRP Tank 13 Sludge 

25% SRP Tank 13 Sludge 
4 0 i  SRP Tank 13 Sludge 

40% SRP Tank 5 Sludge 
40% SRP Tank 15 Sludge 

40% SRP Tank 5 Sludge 

40% SRP Tank 13 Sludge 

40% SRP Tank 15 Sludge 

Leach 
Tirne(Hr1 

240 
240 

240 

240 
240 
7 20 

1008 
1008 

1008 
1008 

1008 
1008 
1008 
1008 
1008 
1008 
i ooa 
1008 
1008 

1008 

1008 
1008 

1008 

1008 
1008 

1008 

Bulk Leach Rate 
--L9b!&L - 

~ 1 . 1  x 10-5 

4.5 x 10-4 

1.3 x 10-4 
~ 5 . 0  x 10-5 

<1.3 x 1 0 - ~  
7.3 x 10-6 
1 .5  x 10-6 
9.1 x 10-8 

8.7 x 
5.0 x 10-6 

1.5 x 
2.0 x 10-5 
1.7 x 10-6 
1.4 x 10-7 
7.1 x 10-6 
6.9 x 10-7 
1.1 x 10-5 
3.2 x 10-5 
2.2 x 10-3 

1.7 x 10-3 
2.4 x 10-3 

1.3 x 10-3 

3 .0  x 10-3 

4.2 x 10-4 
8.3 x 10-4 

1.8 x 10-4 

Reference 
F r a c t i o n  
Release -- Cornmen t s  -- 

~ 1 . 2  x 10-4 

4.3 x 10-3 

1.3 x 10-3 

<5.3 x 10-4 
<1.4 x 10-4 
8 .8  x 10-2 Contains 2.3% Z e o l i t e  
1.9 x 10-4 33 
4.0 x 10-5 

9.0 x 10-4 

8.1 x 10-4 
1.9 x 10-3 
3.4 x 10-3 
3.3 x 10-4 
9.0 x 10-5 
1.7 x 10-3 

9.6 x 10-4 
3 .0  x 10-3 

8.7 x 10-3 

Heated 30 days a t  400°C 3 3 



Cesi um Leachabi 1  i t v  

Some t y p i c a l  values r e p o r t e d  f o r  l e a c h a b i l i t y  and f r a c t i o n  re l ease  

o f  cesium f rom concre te  waste forms a r e  shown i n  Table 11. L e a c h a b i l i t y  

o f  cesium i s  g e n e r a l l y  g rea te r  than t h a t  o f  s t r o n t i u m  f rom s i m i l a r  waste 

forms. These d i f f e r e n c e s  may be p a r t i a l l y  exp la ined  by t h e  r e s u l t s  o f  leach  

s tud ies  w i t h  m ix tu res  o f  p o r t l a n d  type  I cement and r a d i o a c t i v e  l i q u i d  

s o l u t i o n s  t h a t  i n d i c a t e  t h a t  l e a c h a b i l i t y  i s  lower  f o r  d i v a l e n t  species 

(Co, Cd, S r )  than  f o r  monovalent species (Na, Cs). ( 6 )  Cesium l e a c h a b i l i t y  

values f o r  concrete waste forms c o n t a i n i n g  cesium-loaded z e o l i t e  a re  repo r ted  

t o  be s t r o n g l y  t ime  dependent, approx imate ly  f o l l o w i n g  a  t -'I2 law, which 

suggests t h a t  cesium re l ease  f rom the  composite i s  d i f f u s i o n  c o n t r o l l e d .  (33) 

The l e a c h a b i l i t y  o f  specimens con ta in i ng  o n l y  z e o l i t e  i s  10 t o  400 t imes 

lower  than f o r  samples c o n t a i n i n g  37.5% SRP sludge I 1  p l u s  2.5% Cs-loaded 

z e o l i t e .  Cesium l e a c h a b i l i t y  i s  a l s o  lower  f o r  concre te  waste forms w i t h  

near  t h e o r e t i c a l  water icement r a t i o s  than f o r  m i x tu res  w i t h  excess water  and/or 

chemical a d d i t i v e s  such as b o r i c  ac id .  

Most o f  t h e  leach  s tud ies  r e p o r t e d  use stagnant,  de ion ized  o r  d i s t i l l e d  

water  as l each ing  medium. The ra te -de te rm in ing  s tep  o f  l each ing  under s t a t i c  

cond i t i ons  i s  t he  ex te rna l  d i f f u s i o n  o f  t h e  species through t h e  i n t e r f a c e  

l a y e r  between t he  s o l i d  waste form and t h e  l i q u i d .  Under these cond i t i ons  

temperature and species concen t ra t i on  i n  t h e  wate r  a r e  expected t o  a f f e c t  

t h e  o v e r a l l  l each  r a t e .  The l each ing  behavior  o f  1 3 7 ~ s  has a1 so been 

s tud ied  under n o n - s t a t i c  c o n d i t i o n s  t o  eva lua te  s a f e t y  o f  sea and ground 

d isposa l  o f  cement composites. ( 6 4 )  The r a t e  c o n t r o l l i n g  s tep  o f  leach ing  

under dynamic c o n d i t i o n s  i s  t he  i n t e r n a l  d i f f u s i o n  o f  t h e  species through 

t h e  cement m a t r i x .  D r a s t i c  increases i n  specimen sur face  area g e n e r a l l y  

inc rease  l each  ra tes ;  t h i s  was t h e  bas i s  o f  a  s tudy  on t h e  l each ing  o f  1 3 7 ~ s  

from the  crushed s t a t e  o f  concrete waste forms. ( 6 4 )  Leach r a t e s  were 

measured under bo th  s t a t i c  and dynamic c o n d i t i o n s  t o  a s c e r t a i n  t h e  e f f e c t  

o f  a g i t a t i o n  on l each ing  k i n e t i c s .  The waste f o rm  i n v e s t i g a t e d  cons i s ted  

o f  an aqueous s o l u t i o n  o f  10-20 wt% sodium s u l f a t e  w i t h  ~ 1 - 2 . 5  pCi /g  

3 7 ~ s ,  s i m u l a t i n g  evaporator  concentrates produced i n  BWR1 s. Resul ts  

i n d i c a t e  t h a t  t he  f r a c t i o n  o f  1 3 7 ~ s  re leased ,  f rom p o r t l a n d  cement composites 

increases w i t h  decreas ing p a r t i c l e  s i z e  - f rom 0.53 t o  0.75 f o r  average 



TABLE 11. Reported Cesium Leach Data f o r  Var ious 
Concrete Waste Forms 

Cement AggregateType 
Type an-dAmount,wt% 

HAC 2.5% Z e o l i t e  

HAC 7.4% Z e o l i t e  

HAC 11.3% Zeol i t e  

HAC 15.3% Z e o l i t e  

HAC 15.3% Z e o l i t e  

HAC 10% Cs-loaded Z e o l i t e  

HAC 25% Cs-loaded Z e o l i t e  

HAC 40% Cs-loaded Z e o l i t e  

I - P  10% Cs-loaded Z e o l i t e  

I - P  252 Cs-loaded Z e o l i t e  

I - P  40% Cs-loaded Z e o l i t e  

HAC 37.5% SRP Sludge I 

37.5% SRP Sludge I 1  

37.5% SRP Sludge I 1 1  

37.5% SRP Sludge I 

37.5% SRP Sludge I 1  

37.5% SRP Sludge 111 

I - P  37.5% SRP Sludge I 

37.5% SRP Sludge I 1  

37.5% SRP Sludge 111 

37.5% SRP Sludge I 

37.5% SRP Sludge I 1  

37.5% SRP Sludge 111 

HAC 37.0% SRP Sludge 111 

? 8 . 3 % S R P S l u d g e I I I  

? 8.3% SRP Sludge 111 

Leach Bu lk  
Time Leach Rate 
(hr) (g/cm2*d) 

240 1.40 x 10-4 

240 1.09 x 

240 8.59 x 10-4 

240 7.13 x 

744 5.33 x 10-5 

1008 5.10 x 

l oo8  2.30 

l oo8  1.10 10-5 

1008 1.70 x 

1008 5.90 x 

1008 3.10 x 10-6 

2 2.60 x 

2 1.10 x 10-2 

2 4.20 x 

1008 4.40 x 10-4 

1008 5.30 x 10-4 

1008 1.10 x 10-3 

2 5.40 x 10-2 

2 4.00 x 10-2 

2 6 . 7 0 ~ 1 0 - 2  

1008 1.10 x 10-3 

l oo8  1.60 10-3 

1008 1.50 x 10-3 

720 3.90 x 10-3 

240 3.50 x 10-4 

240 (1.60 x 10-4 

Comments 
F r a c t i o n  
Release 

7.60 x 10-4 

5.74 x 10-4 

4.34 10-4 

3.53 10-4 

8.18 x 10-4 

3.90 x 10-3 

2.20 10-3 

1.20 

1.63 x 

6.20 x 10-3 

3.00 x 10-4 

Contains 2.5% Cs-loaded Z e o l i t e  

1.40 x 10-1 

1.47 x 10-1 

2.05 x 10 - I  

4.75 x 10-2 Contains 2.3% Z e o l i t e  

Contains 35wt% s a n d t 4 . X  Z e o l i t e  

Same as above + 8.18% Polymer 

Reference -- 
4 0 



TABLE 11. ( c o n t . )  

Cen~en t Aggregate Type 
.Type and Amount,wt% 

H AC 10% SRP Tank 5 Sludge 

10% SRP Tank 13 Sludge 

10% SRP Tank 1 5 Sludge 

40% SRP Tank 5 Sludge 

40% SRP Tank 13 Sludge 

40% SRP Tank 15 Sludge 

I - P  10% SRP Tank 5 Sludge 

10% SRP Tank 13 Sludge 

10% SRP Tank 15 Sludge 

40% SRP Tank 5 Sludge 

40% SRP Tank 13 Sludge 

40% SRP Tank 15 Sludge 

HAC 2% AW-500 

2% 2-900 

2% Verm icu l i t e  

2% 2-500 

2% 2-200 

2% C l i n o p t i l o l i t e  

2% AW-300 

I - P  2% AW-500 

2% 2-900 

2% Vermi c u l  i t e  

2% 2-500 

2% 2-200 

2% C l i n o p t i l o l i t e  

2 M W -  300 

Leach 
T i  me 
Lh_L 

Bulk  
Leach Rate 
1g/c1n2-d) . 

F r a c t i o n  
Release -- 

5.60 x 10-2 

2.66 x 10-1 

5.19 x 10-1 

9.50 x 10-2 

5.22 x 10-1 

4.30 x 10-2 

1.15 x 10-1 

2.15 x 10-1 

4.47 x 10-1 

1.57 x 10 - I  

4.63 x 10 - I  

9.20 x 10-2 

5.70 x 10-2 

6.00 x 

6.30 x 

6.50 x 10-2 

9.10 x 

1.31 x 10-I  

1.79 x 10-1 

4.60 x 10-2 

3.90 x 10-2 

3.80 x l o m 2  
4.50 x 

6.50 x 

9.20 x 

9.30 x 

Co1111nen t s  Reference 

3 3 



p a r t i c l e  s izes  o f  0.4 and 0.1 cm, respec t i ve l y .  A d d i t i o n  o f  25 wt% z e o l i t e  

reduces t h e  f r a c t i o n  re leased t o  ~0 .012 ,  independent of p a r t i c l e  s i ze .  

No s i g n i f i c a n t  d i f f e r e n c e s  were found i n  1 3 7 ~ s  l e a c h a b i l i t y  i n  de ion ized  

and sea water.  

A1 pha E m i t t e r  Leachabi l  i t y  

The leachabi  1  i t y  o f  a1 pha r a d i o a c t i v i t y  e m i t t e r s  f rom concrete waste forms 
2  con ta in ing  ac tua l  SRP sludges ranges f rom ~ 1 0 - ~ ~ / c m  ad i n i t i a l l y  t o  

2  1.1 ad a f t e r  6 weeks w i t h  l e s s  than Pu leached a f t e r  6 weeks. (33) 

Consis tent  w i t h  cesium and s t ron t i um l e a c h a b i l i t y ,  a lpha e m i t t e r  leach-  

a b i l i t y  i s  a  s t rong  f u n c t i o n  o f  t ime; however, t h e  da ta  more c l o s e l y  f o l l o w  

a  t-' r e l a t i o n s h i p  ( r a t h e r  than t - ' l 2 ) ,  i n d i c a t i n g  t h a t  l e a c h a b i l i t y  i s  

c o n t r o l l e d  by f a c t o r s  o t h e r  than d i f f u s i o n  w i t h i n  t he  m a t r i x .  These r e s u l t s  

a r e  s i m i l a r  t o  those obta ined from concrete waste forms con ta in ing  s imulated 

SRP sludges. ( 3 3 )  Plutonium l e a c h a b i l i t i e s  f rom samples con ta in ing  5  x  10 
7  

d i s l m i n  o f  2 3 9 ~ u ,  which range from 1  i n i t i a l  l y  t o  1  

a f t e r  12 weeks, a re  s t rong  func t i ons  o f  t ime, and are  r e l a t i v e l y  unaf fected 

by cement type, sludge type, and sludge content .  , 

Leach r a t e s  f o r  p lu tonium f rom s imulated ILW , cement . products have 

been determined i n  f o u r  d i f f e r e n t  leach ing  media. ( 6 5 )  Plutonium leach-  

a b i l i t i e s  i n  de ion ized  water, 0.01 M NaCl so lu t i on ,  and 1  1 NaCl s o l u t i o n  
2 a re  comparable and range from 2-11 x  1 0 - ~ ~ / c m  ad. I n  sa tura ted  c a r n a l l i t e  

2  s o l u t i o n  the  p lutonium leach r a t e  a f t e r  35 days i s  s5  x  1 0 - ~ ~ / c m  ad. 

Carnal 1  i t e  s o l u t i o n  corresponds t o  an e q u i l i b r i u m  s o l u t i o n  f rom water-  

leached n a t u r a l  s a l t  deposits;  i t s  composit ion i nc ludes  62.83 wt% H20, 

2.04% MgS04, 34.3% MgC1 2, 0.62% KC1, and 0.21 % NaC1. (65) 

Sodium N i t r a t e  L e a c h a b i l i t v  

Some t y p i c a l ,  r epo r ted  values o f  leach  r a t e s  o f  NaN03 and A1203-calcine 

cement composites a re  presented i n  Table 12. Leach t e s t s  w i t h  cement specimens 

con ta in ing  aqueous !la1103 i n d i c a t e  a  s t rong composit ion dependency on t h e  



(43,44,45) 
l each  r a t e  o f  NaN03. The f r a c t i o n  o f  NaN03 re leased  a f t e r  14 days 

f rom a  sample c o n t a i n i n g  15 wt% NaN03 i s  0.61 w h i l e  a  sample con ta in i ng  5% 

NaN03 re leases  o n l y  0.24. Composites con ta in i ng  up t o  15 w t %  NaN03 demonstrate 

a  g rea te r  composi t ional  dependency than those w i t h  g r e a t e r  than 15 wt%. 

I n  composites w i t h  l e s s  than 15 wt% NaN03, t he  concen t ra t i on  i s  s u f f i c i e n t l y  

low t o  comple te ly  d i s s o l v e  i n  water.  The mechanism f o r  composites w i t h  

<15 wt% NaN03 i s  be1 ieved  t o  i n v o l v e  d i f f u s i o n  o f  NaN03 f rom t h e  pores 

w i t h i n  t he  cement m a t r i x  i n t o  t he  leachant .  (43,441 For composites w i t h  

>15 wt% NaN03, t h e  species which d i f f u s e s  o u t  o f  t h e  pores i s  rep laced  

through t he  d i s s o l u t i o n  o f  excess NaN03 presen t  i n  t he  composite as 

aggregate. Furthermore, t he  NaN03 exposed t o  t h e  su r f ace  o f  t h e  composite 

w i l l  be leached through d i s s o l u t i o n .  

An inc rease  i n  t e m ~ e r a t u r e  has been shown t o  c o n t r i b u t e  t o  an increase 

i n  t h e  re l ease  r a t e  o f  NaN03. ( 4 3 )  Specimens c o n t a i n i n g  5, 15, and 30 w t %  

NaN03 leach  much f a s t e r  a t  60°C than a t  25OC, w i t h  >97% leached w i t h i n  

32 days. The e f f e c t s  o f  r a d i a t i o n  on t he  re lease  o f  NaNO, have a l s o  been 
3 

i n ves t i ga ted .  ( 4 3  y 4 4 )  Composites o f  HAC and 30 wt% NaN03, i r r a d i a t e d  a t  
6  11.5 x  10 rads /h r  i n  6 0 ~ o  y - i r r a d i a t i o n ,  show no s i g n i f i c a n t  changes i n  

9 NaN03 re leased  a f t e r  a  t o t a l  i n t e g r a t e d  dose o f  3.5 x  10 o r  1  x  1 0 l o  rads. (43) 
9 Another s e t  o f  samples c o n t a i n i n g  up t o  30 wt% NaN03, i r r a d i a t e d  t o  10 rads 

c 

a t  a  r a d i a t i o n  i n t e n s i t y  o f  4.4 x  10' rads /h r  i n  a i r  a t  ~ 6 8 ° C ~  demonstrates 

no apprec iab le  change i n  l e a c h a b i l i t y  over  u n i r r a d i a t e d  samples. (44) 

Cement t ype  may a l s o  e f f e c t  r e l ease  o f  NaN03 f rom concre te  waste forms. 

Leach r a t e s  have been shown t o  be s l i g h t l y  lower  f o r  t ype  I1  p o r t l a n d  cement 

composites than f o r  HAC fo rmu la t i ons .  ( )  For low concent ra t ions  o f  NaN03 

t h e  leach  r a t e s  f rom p o r t l a n d  cements a r e  %20% those o f  HAC composites. 

The s l i g h t  d i f f e r e n c e  may be a t t r i b u t e d  t o  pore s i z e  and pore s i z e  d i s t r i -  

bu t i on ;  t he  average pore s i z e  o f  HAC has been measured a t  0.5vm, compared 

t o  0. 095pm f o r  p o r t 1  and cement. (44) 

Polvmer- Im~reanated Concrete 

Ove ra l l  l e a c h a b i l i t y  o f  concre te  waste forms can be reduced cons ider -  

a b l y  by impregnat ing t h e  i n te r connec t i ng  p o r o s i t y  w i t h  s ty rene  monomer, 



TABLE 12. Reported Sodium N i t r a t e  Leach Data f o r  
Var ious Concrete Waste Forms 

Cement Aggregate Type Leach 
Type - and Amount.wt% -- T i n ~ e ( h r )  

HAC 5% NaN03 ? 

10% NaN03 

15% NaN03 

20% NaN03 

25%NaNO3 

30% NaN03 

5% NaN03 

10% NaN03 

15% NaN0-j 

20% NaN03 

25% NaN03 

30% NaN03 

29.8% NaN03 168 

29.8% NaN03 168 

29.8% NaN03 168 

Por t l and  11 5% NaN03 

25% NaN03 

7.4% NaN03, 15.4% f l y a s h  

15.1% NaN03, 13.9% f l y a s h  

25.0% NaN03, 12.32 f l y a s h  

29.8% NaN03, 11 .5% pumice 

29.8% NaN03, 17.0% pumice 

HAC 38.9% A1203 c a l c i n e  

38.9% A1203 c a l c i n e  

F r a c t i o n  
Bu lk  Leach Rate -Release Con~~nen t s  

1.3 10-3 

5.0 x 

1.0 x 10-2 

1.5 x 10-2 

1 .8  x 

2.3 x 

1.4 x 

6.1 x 10-3 

1.6 x 10-2 

1.4 x 

1.9 x 

1.9 x 10-2 

8.0 x 10-2 4.8 x 10-1 area volume = 1.87 

8.2 x 2.5 x 10-1 ah-ea/volume - 0.95 

7.8 x 1.2 x 10-1 area/volume - 0.48 

2.5 x 

9.8 x 

7.9 x 10-4 

5.8 x 10-3 

6.7 x 10-3 

8.2 x 10-3 

8.2 x 10-3 

7.0 x 10-4 

6.8 x 10-4 

I r r a d i a t e d  t o  l o 9  rads 
a t  4.4 x 106 rads /h r  
a t  68°C 

I r r a d i a t e d  t o  10'' rads 
a t  4.2 x l o 6  rads /h r  

Reference 

44 



which i s  subsequent ly po lymer ized -- i n  s i t u .  ( 4 0 )  Styrene monomer con ta in i ng  

a  po l ymer i za t i on  c a t a l y s t  i s  a l lowed t o  soak i n t o  t he  concrete and heated 

t o  50 t o  70°C t o  induce po lymer iza t ion .  Benzoyl perox ide  and AIBN[2,2 ' -Azobi s-  

(2-methyl p r o p i o n i t r i l e ) ]  have been used as po l ymer i za t i on  c a t a l y s t s  f o r  

s ty rene  monomer a t  a  concen t ra t i on  o f  ~ 0 . 5  wt% i n  the  monomer. ( 4 0 )  polymer- 

impregnated concrete (PIC) specimens e x h i b i t  b u l k  leach  r a t e s  a t  l e a s t  two 

o rders  o f  magnitude lower  than cement concre te  specimens. 

THERMAL ANALYSIS 

Thermal Conduct iv i  ty  

Thermal c o n d u c t i v i t y  i s  an impor tan t  parameter i n  t he  e v a l u a t i o n  o f  

r a d i o a c t i v e  waste forms because o f  t h e  heat  generated as a  r e s u l t  o f  

r a d i o a c t i v e  decay. When thermal c o n d u c t i v i t y  i s  ext remely  low, temperature 

g rad ien ts  can be generated i n  s u f f i c i e n t  magnitude t o  cause degradat ion o f  

mechanical p r o p e r t i e s .  BNL has conducted thermal c o n d u c t i v i t y  measurements 

on severa l  concre te  samples c o n t a i n i n g  siniul a ted  SRP sludges. (35,36,37) 

The t e s t s  were conducted a t  100°C, 200°C, and aga in  a t  100°C, a l l o w i n g  30 

minutes f o r  e q u i l i b r a t i n g .  Samples c o n t a i n i n g  t ype  I 1  s ludge were heated 

t o  200°C p r i o r  t o  t e s t i n g  t o  remove any r e s i d u a l  mercury. Some t y p i c a l  

values t o  thermal c o n d u c t i v i t y  r e p o r t e d  f o r  va r i ous  concrete waste fornis 

a r e  g iven i n  Table 13. A d d i t i o n  of s imu la ted  SRP s ludges t o  cement m ix tu res  

r e s u l t s  i n  decreases i n  thermal c o n d u c t i v i t y  w i t h  i nc reas ing  sludge content ,  

i ndependen t o f  s  1  udge type.  ( 3 3  y 3 6 )  Residual  wa te r  i n  concrete samples 

causes l a r g e r  thermal c o n d u c t i v i t y  values than f o r  samples d r i e d  p r i o r  t o  

t e s t i n g ,  as evidenced by r e p o r t e d  va l  ues a t  100°C. Thermal c o n d u c t i v i t y  

o f  d r i e d  samples increases w i t h  temperature f rom 100° t o  20Q°C. Concrete 

waste forms c o n s i s t i n g  of  HAC e x h i b i t  g rea te r  c o n d u c t i v i t i e s  than s i m i l a r  

formulat ions w i t h  t ype  I - P  cement. 

Thermal c o n d u c t i v i t y  has a l s o  been determined f o r  NaN03 concrete 

compos i t i e s  (See Tab1 e  13) .  Measurements were made a t  t h r e e  temperatures, 

the  s e l e c t i o n  o f  which was based on t h e  i n i t i a l  temperature (100°C) a t  

which unbound o r  " f r e e "  water  begins t o  evaporate and leave  t he  composite, 



Cenlen t 
Type 

TABLE 13. Thermal C o n d u c t i v i t y  o f  Var ious Waste Forms 

. Aggregate Type 
and Arnount,wt% 

HAC 

- 
- 

40% SRP Sludge I 

40% SRP Sludge I 1  

10% SRP Sludge I11  

19.3% SRP Sludge I11  

19.3% SRP Sludge 111 

25.0% SRP Sludge I11  

28.2% SRP Sludge 111 

37.2% SRP Sludge 111 

46.2% SRP Sludge I11  

60% Wetted Zeo l i te  

7.2% NaN03 

15.0% NaN03 

20.0% NaN03 

25.0% NaN03 

I - P  

40% SRP Sludge I 

40% SRP Sludge I 1  

10% SRP Sludge I11  

25% SRP Sludge 111 

40% SRP Sludge I I 1  

Thermal Conduct iv j ty  (BTU/hr f t  O F )  

100°C 130°C 150°C 10o0c* Reference- 

*Preheated t o  200°C before measurements were made. 



the temperature (130°C) a t  which a l l  the free water leaves the concrete, 

and the temperature (1  50°C) a t  which dehydration s t a r t s .  ( 4 3 )  The general 

trends evidenced by the data indicate increasing thermal conductivity with 

increasing NaN03 content and decreasing temperature. A t  150°C, thermal 

conductivity appears to be relat ively independent of NaN03 concentration. 

DTA-TGA- EGA 

Differential thermal analyses (DTA) , thermogravimetric analyses (TGA)  , 
and effluent-gas analyses ( E G A )  have been conducted on various concrete 

(21,33,54) waste forms. Weight losses of neat cement pastes determined by 

DTA, have been shown to be dependent on curing time. ( 5 4 )  Long curing times 

reduce the amount of f ree water in the pastes by allowing increased hydration 

of the cement consit i tuents.  Cumulative weight losses for  type I11 portland 

cement paste measured a t  125°C are reported to be 6.3, 5.8, and 5 . 2  w t %  for 

cure times of 1 ,  7 ,  and 28 days, respectively. ( 5 4 )  Of the portland cements, 

cumulative weight losses were lowest for type I and highest for  type 11. HAC 

pastes demonstrate lower weight losses below 250°C than portland cements, 

b u t  higher weight losses between 300" and 500°C due t o  dehydration of aluminum 

hydroxide. Table 14 l i s t s  some reactions reported for  various concrete 

waste forms and neat cement pastes determined by DTA-TGA-EGA. Addition of 

sludge to cement pastes resul ts  in DTA curves which can be approximated by 

addition of the respective sludge and cement curves indicating no significant 

interaction between cement and sludge. ( 2 1  ) 

The combined effects  produced by cement curing exotherms, waste heat 

generation, and sorbed and free water within the cement matrix may resul t  

in extreme pressures in a closed container. Tests conducted to determine 

the pressures generated during heating of concrete waste forms show that 
preheating the waste form to 150°C for  5 to 6 hours prior to  sealing the 

canisters can l imit  pressures generated by steam to %50 psiq a t  a temper- 

ature of 240°C. ( 2 7 , 3 3 1  .. _. With no preheating, canister pressures a t  240°C 
may reach 450 to 500 psig. 



TABLE 14. Typical Reactions Oc urr in  in Heated 
Concrete Waste ~ormsC29,33Q 

Temperature 
Range, O C  Reaction 

a Sorbed water, cap i l l a ry  water and water 
of crys ta l1  izat ion a re  evolved from 
cement matrix. 

a Hydroxyl water i s  evolved from Mn02-xH20. 

a Water i s  evolved from A1203-xH20 in HAC,  
Sludge I ,  and Sludge 11. 

Water i s  evolved from Fe203-xH20. 

a Water i s  evolved from A1 (OH)3 in HAC, 
Sludge I ,  and Sludge 11. 

a HgO in Sludge I1 decomposes. 

a Water i s  evolved from Ca(OH)2 in Portland 
cement concretes. 

a Mn02 reacts  t o  re lease  02 and form Mn2O3. 

a CaC03 reacts  t o  release C02 and form CaO. 

a Mn203 reac t s  t o  release 02 and form Mn304. 



RADIOLYTIC GAS PRODUCTION 

Concrete samples containing simulated SRP waste sludges have been i r -  

radiated by 6 0 ~ o  gamma rays and 2 4 4 ~ m  alpha particles t o  determine the extent 

of gas production due to  radiolysis. ( 6 7 , 6 8 1  Radiolysis of waste forms 
I 

during long-term storage in sealed containers may produce gas pressures 

of suff ic ient  magnitude t o  rupture the container. Gamma radiolysis of 

concrete containing Fe203 or Mn02 shows that H 2  i s  the only gas produced 

in t e s t s  of b o t h  high and low dose rates.  The magnitude of the dose rates 

i s  reported to  affect  b o t h  the i n i t i a l  production rate  of H 2  and the equil- 

ibrium pressure of Hz; a t  higher dose-rates, larger steady-state pressures 

are achieved. (") Differences in steady-state pressures are a1 so caused 

by the type of simulated waste in the irradiated concrete as evidenced by 

higher pressures generated in samples containing reagent-grade Fe 0 t h a n  2 3 
in Mn02 samples. There i s  reported t o  be no effect  of water/cenient rat io  

on the equilibrium H z  pressure, however. 
- 

Tests on samples containing added NO3 and ~ 0 ~ -  show that  no additional 
4 pressurization results when irradiated a t  a dose ra te  of 8.9 x 10 radslhr. ( 6 8 )  

A t  th i s  dose rate H 2  i s  produced, O2 i s  consumed and small amounts of N20 
7 are produced. A t  a dose ra te  of 2.8 x 10 radslhr O2 i s  produced, indi- 

cating that  a different mechanism of radiolysis i s  present. I t  i s  also 
- - 

reported that  N O 3  and NO2 a r e  reduced by the H atom formed by the radiol- 

ysis  of water, thereby lowering the amount of H z  produced. 

Organic compounds may decompose and form H z ,  C O z ,  and CHq in the 

presence of radiation. ( 6 7 , 6 8 )  Concrete samples containing high-alumina 

cement, Fe-A1 simulated waste, and ascorbic acid (C6H806) produce H z  upon 
4 gamma irradiation a t  8.9 x 10 radslhr;  pressurization does not reach 

steady s t a t e  as in the case with no organic se t  retarder,  however. Tests 
7 a t  higher dose rates (1 .4  x 10 radslhr) indicate that pressurization due 

to  H production in the presence of ascorbic acid se t  retarder reaches an 2 
': equi 1 i bri um s t a t e  a t  approximately 150 psi. 

The effects  of alpha radiation on concrete samples containing simulated 

wastes have been determined using 2 4 4 ~ m  as an alpha radiation source. ( 6 7 , 6 8 )  



The r e s u l t s  d i f f e r  f rom ganima r a d i o l y s i s  i n  t h a t  bo th  Hz  and O2 a r e  p ro -  

duced w i t h  an 02/H2 r a t i o  va ry i ng  from 0.2 t o  0.5. Furthermore, a  steady- 

s t a t e  pressure i s  n o t  achieved up t o  200 ps i .  The e f f e c t  o f  pro longed 

exposure and h i g h e r  pressures was determined w i t h  concre te  c o n t a i n i n g  

Fe-Mn s imu la ted  waste. The pressure increases l i n e a r l y  t o  ~ 2 0 0  p s i  over  
5 

, 
a  4.5-month p e r i o d  a t  a  c a l c u l a t e d  dose r a t e  o f  4 x  10 rads/hr .  ( 6 9 )  A 

s teady-s ta te  p ressure  o f  ~ 5 0  p s i  i s  p r e d i c t e d  f rom gamma r a d i o l y s i s  f o r  corn- - 
parab le  dose r a t e s  i n d i c a t i n g  t h a t  d i f f e r e n t  r a d i o l y t i c  mechanisms a r e  

ope ra t i ng  under a lpha r a d i a t i o n .  The f i n a l  gas composi t ion r e s u l t i n g  f rom 

t h e  4.5-month t e s t  i n d i c a t e s  t h a t  wa te r  p resen t  i n  t h e  samples was decom- 

posed by a lpha r a d i o l y s i s  t o  s t o i c h i o m e t r i c  q u a n t i t i e s .  



LITERATURE REVIEW SECTION SUMMARY 

The following i s  a brief summary of selected properties of cements and 

concrete waste forms presented in the l i te ra ture .  

WATERICEMENT RATIO 

Water/cement rat ios  may vary with type of cement and type and amount of 

waste additions. SRP simulated and radioactive sludges are hydrophilic and 

react with cement components resulting in increases in the amount of water 

required t o  form a workable paste. The extent of reaction i s  expressed by 

an interaction coefficient which ranges from 0 to 1.49 depending on cement 

and sludge type. Additions of NaNQ3 waste do not e f fec t  w/c. 

SET TIMES 

SRP sludges containing Fe(OH)3 and A1 ( O H ) 3  decrease s e t  times of type I1 

portland cement mixtures from 188 minutes to 8 minutes as a resul t  of the 

heat of hydration of the two components. Commercial s e t  retarders and/or 

excess water may be used to  increase s e t  times suff ic ient ly  to enable proper 

handling and process operations. Boric acid and borate wastes tend to increase 

se t  times and i f  present in suff ic ient  quantit ies can prevent the mix from 
set t ing.  

CURING EXOTHERMS 

Temperatures resulting from hydration reactions in neat cement pastes 

may reach 152°C along the centerline of 12-in. diameter castings. Additions 

of aggregate to cement pastes decrease the ra te  and amount of heat evolved 
and the resultant centerline temperatures of cylindrical castings because 
of possible increases in thermal conductivity and heat capacity and/or decreasing 
amounts of cement components. Boric acid also decreases the rate  of heat 

.: release and the total  heat liberated during curing; commercial chemical s e t  

retarders have no significant effects .  



COMPRESSIVE STRENGTH 

Neat cement pastes exhibit compressive strengths of approximately 

10 OCO psi with portland cements developing ~ 9 0 %  ultimate strength a f t e r  
30 days and high-alumina cements developing ~ 7 5 %  a f t e r  only 3 days. Compres- 

sive strengths of cement-sludge samples progressively decrease w i t h  increasing 
sludge content; the decreases are primarily due to the lack of strength of .- 
the sludge part ic les .  Neat cement pastes receiving gamma radiation exposures 
during curing exhibit lower compressive strengths than normally cured samples. 
Strength of high-alumina cement containing simulated sludges i s  not affected 
by heat or i r radiat ion during curing. The same ef fec t  of waste additions i s  
seen fo r  steam-cured samples, i . e . ,  strength i s  decreased i n  neat pastes b u t  

unaffected by sludge additions. Specimens heated a t  100°C for  3 months 

exhibit  %25% lower stengths than unheated samples of indentical formulations. 

Gamma irradiation ef fec ts  on the strength of cured samples are minimal. Sor- 
bents alone tend to  decrease strength; however, formulations with sludge plus 
sorbent exhibit  strengths that  are higher than those of formulations with 
sludge or  sorbent alone. 

LEACHABILITY 

Strontium leachabili ty i s  a strong function of time, decreasing by 

factors of 10 to  200 over a 6-week period. Leachability varies with sludge 
type and decreases w i t h  increasing sludge content in some cases and increases 
in others. Long cure times and irradiation tend to  decrease leachabili ty 
while prolonged exposure to  high temperatures and increased leachant renewal 
frequency tend to  increase leachabili ty.  Cesium leachabili ty i s  generally 
greater than strontium leachability b u t  decreases by 10 t o  400 times w i t h  

sorbent additions. Plutonium leach rates from various formulations range 
2 from %I o - ~  to  1 om8 g/cm - d .  

THERMAL CONDUCT1 VITY 

Thermal conductivity generally decreases w i t h  increasing waste additions 

and residual water content. Cement-NaN03 samples demonstrate increasing 
thermal conductivity w i t h  increasing NaN03 content and decreasing temperature. 



FEASIBILITY OF INCORPORATING HIGH ACTIVITY WASTE IN  CONCRETE 

The r a d i o a c t i v e  waste descr ibed  and d iscussed i n  t h i s  s e c t i o n  i s  

assumed t o  be t h e  s o l i d i f i e d  p roduc t  o f  h i g h - l e v e l  l i q u i d  r a d i o a c t i v e  

waste generated from t h e  p r ima ry  co-decontaminat ion c y c l e  o f  a  nuc lea r  

f u e l  rep rocess ing  f a c i l i t y .  H igh - l eve l  l i q u i d  waste i s  a  s o l u t i o n  o f  

n i t r a t e  s a l t s  and n i t r i c  a c i d  w i t h  t h r e e  ca tago r i es  o f  c o n s t i t u e n t s .  

The r e l a t i v e  n o n - v o l a t i l e  ox i de  con ten t  o f  these c o n s t i t u e n t s  a re :  ( 2 )  

1  ) 28 w t %  i n e r t s  ( non - rad ioac t i  ve reprocess ing  chemica ls)  , 
2 )  57 wt% f i s s i o n  products ,  and 

3 )  15 w t %  a c t i n i d e s .  

These va lues a r e  f o r  f u e l  i r r a d i a t e d  a t  a  power l e v e l  o f  35 MWIMTU t o  a  

t o t a l  burnup o f  25 000 MWdIMTU. The r a d i o a c t i v i t y  decay heat  genera t ion  

r a t e s  f o r  t h e  waste a re  a  f u n c t i o n  o f  t ime  o u t  o f  r e a c t o r  and a r e  18.5, 

9.2, and 0.86 kW1MTU f o r  160 days, 1  year ,  and 10 years ,  r e s p e c t i v e l y .  ( 2 )  
6 The t o t a l  a c t i v i t y  o f  t h e  waste i s  %1.6 x 10 CiIMTU a f t e r  a  1  -year  c o o l i n g  

pe r i od .  ( ' )  For purposes o f  d i s cuss ion  i t  i s  assumed t h a t  reprocessed 

spent  f u e l  e q u i v a l e n t  t o  1500 MTU w i l l  be s o l i d i f i e d  p e r  yea r  process ing 

5  MTUIday ope ra t i ng  300 days lyear .  

The ma jo r  f a c t o r s  a f f e c t i n g  t he  f e a s i  b i l  i ty  o f  i n c o r p o r a t i n g  h i gh  

a c t i v i t y  waste i n  concre te  i n c l  ude: 

p o t e n t i  a1 r a d i o l y s i  s  problems 

a lpha and gamma r a d i a t i o n  damage 

h i g h  hea t  genera t ion  r a t e s  

low thermal c o n d u c t i v i t y  

1  ow p roduc t  temperature 1  i m i t a t i o n s  

l e a c h a b i l  i ty  o f  r ad ionuc l  i des  

s t r e n g t h  o f  t h e  waste form. 

LITERATURE REVIEW 

To date, no data have been found i n  t h e  l i t e r a t u r e  on t he  i n c o r p o r a t i o n  

o f  l i g h t  wa te r  r e a c t o r  f u e l  c y c l e  HLW i n  concre te .  



DISCUSSION 

Heat T rans fe r  and Waste Loading Considerat ions 

Four major  f a c t o r s  d i c t a t i n g  waste l oad ing  l i m i t a t i o n s  i nc l ude :  

1  ) vo l  umet r i c  hea t  generat ion,  

2 )  thermal c o n d u c t i v i t y ,  

3 )  c a n i s t e r  diameter,  and 

4 )  p roduc t  1  i m i  t i n g  temperature.  

A l though t he  thermal c o n d u c t i v i t y  of concre te  waste forms i n c o r p o r a t i n g  

HLW c a l c i n e  may vary  w i t h  waste content ,  mo is tu re ,  and temperature,  no 

abso lu te  va lues a re  a v a i l a b l e  and c a l c u l a t i o n s  have been performed under 

t he  assumption o f  cons tan t  thermal c o n d u c t i v i t y .  Furthermore, t he  maximum 

temperature p e r m i t t e d  w i t h i n  a  c a n i s t e r  o f  HLW concre te  has n o t  been estab-  

l i s h e d .  References made t o  a  l i m i t i n g  c e n t e r l i n e  temperature a r e  chosen 

w i t h i n  a  temperature range t h a t  i s  n o t  expected t o  s e r i o u s l y  t h rea ten  

p roduc t  i n t e g r i t y ,  s o l e l y  f o r  t he  purpose o f  d iscuss ion  and comparison. 

Can i s te r  c e n t e r l  i n e  temperatures were c a l c u l a t e d  u t i  1  i z i n g  t he  heat  t r a n s f e r  

r e l a t i o n s h i p  used by Hoskins and Be r re th  f o r  c a n i s t e r  s to rage  o f  h igh-  

l e v e l  s o l  i d i f i e d  waste. (69) For waste s t o r e d  i n  a  so l  i d  c y l i n d e r ,  the  

c e n t e r l  i n e  temperature,  T1 , and w a l l  temperature,  T2, a re  c a l c u l a t e d  by: 

where, 

R = c a n i s t e r  rad ius ,  m 

k = thermal c o n d u c t i v i t y ,  W/m°C 

h = heat  t r a n s f e r  c o e f f i c i e n t  

Q = vo lume t r i c  heat  generat ion,  W/m 
3 

To = ambient temperature,  O C  



For f ree  convection in a i r  with a turbulent  boundary layer ,  

The above equations are  solved i t e r a t i v e l y  t o  obtain T1 and T2. All 

, cal cul at ions were performed under the condi t ions t ha t  ambient temperature 

i s  30°C and the can i s te r  a c t s  as  an i n f i n i t e  cylinder with heat t ransfer-  

red along the radial  d i rec t ion .  Due t o  the low product 1 imiting temper- 

a ture ,  radiat ion heat t r ans fe r  has been neglected and heat t r ans fe r  within 

the can i s te r  i s  assumed t o  be by conduction only. 

To el iminate the need f o r  assuming the exact physical form of the 

waste t o  be incorporated in cement, waste loading and material requirement 

calculat ions a re  based on the to ta l  heat generated by the waste. Assuming 

1-year old waste with a radioactive decay heat generating r a t e  of 9.2 kW/MTU, 

13 800 kW/year must be encapsulated. Similarly,  5-year old waste requires 

encapsulation of 2550 kW/year. Tables 15 and 16 l i s t  material requirements 

f o r  canis ters  of concrete waste forms l imited to  center l ine  temperatures 

of 200" and 300°C, respectively,  i l l u s t r a t i n g  the e f f ec t s  of diameter 

and thermal conductivity. For the purpose of di scussion and comparison, 

calculat ions were performed f o r  a sample case w i t h  the following assumptions: 

center1 ine temperature 1 imited t o  200°C 

thernial conductivity of 0.6 W/m°C (0.35 BTU/hr.ft°F) 

can i s te r  i s  3 m long; wall thickness i s  1.27 cm; density i s  7 kg/L 

heat generation i s  9.2 kW/MTU 

1500 MTU i s  processed per year 

conductive heat t r ans fe r  re la t ionship  ( 6 9 )  

no temperature dependency on thermal conductivity 

no waste dependency on thermal conductivity. 

As evidenced in Table 15, the to ta l  number of 0.5-m diameter canis ters  
*,- 

required per year i s  6220 compared t o  14 460 0.1-m diameter can i s te r s ;  

however, the to ta l  annual mass of can i s te r  material fo r  the larger  canis ters  

i s  much greater  -- 282 tonnes compared t o  123 tonnes. Figure 4 shows the 



f r a c t i o n a l  change o f  these two requi rements i n  a d d i t i o n  t o  t he  annual 

volume o f  cement and volume o f  waste p e r  c a n i s t e r  as a f u n c t i o n  o f  c a n i s t e r  

d iameter  f o r  the  aforement ioned sample case. The optimum waste l o a d i n g  

and c a n i s t e r  d iameter  must be determined by e v a l u a t i n g  t h e  r e l a t i v e  impor- 

tance o f  each o f  t h e  requi rements.  

The r e s u l t s  presented f o r  t h e  above sample case a r e  de r i ved  from many % 

assumptions, and a l a r g e  var iance may occur  under d i f f e r e n t  c o n d i t i o n s  

and r e s t r i c t i o n s .  The r e l a t i o n s h i p  o f  thermal c o n d u c t i v i t y ,  c a n i s t e r  d i a -  

meter, and vo lume t r i c  hea t  genera t ion  t o  c a n i s t e r  c e n t e r l  i n e  temperature 

i s  dep i c ted  i n  Tables 17 and 18 and i n  F igures 5 through 12. The indepen- 

den t  v a r i a b l e s  used i n  these t h e o r e t i c a l  c a l c u l a t i o n s  a r e  chosen t o  i l l u s -  

t r a t e  comparat ive r e l a t i o n s h i p s  of c a n i s t e r  c e n t e r l  i n e  temperature under 

va ry i ng  c o n d i t i o n s .  The c o n d i t i o n s  and r e s u l t a n t  temperatures may n o t  be 

d i r e c t l y  a p p l i c a b l e  t o  concrete waste forms because o f  r e l a t i v e l y  low 

p roduc t  1  i m i  ti ng temperatures b u t  may app ly  t o  g l ass  o r  va r i ous  a1 t e r n a t i v e  

waste forms. Table 19 l i s t s  t h e  maximum c a n i s t e r  diameters pe rm iss ib l e  f o r  

s p e c i f i e d  vo l  umet r i c  hea t  generat ion,  thermal c o n d u c t i v i t y ,  and c a n i s t e r  

c e n t e r l i n e  temperature.  S i m i l a r l y ,  Table 20 and F igures  13 and 14 g i v e  

t he  maximum v o l  ume t r i c  hea t  genera t ion  a1 lowed i n  c a n i s t e r s  o f  s p e c i f i e d  

diameter,  thermal c o n d u c t i v i t y ,  and c e n t e r l  i n e  temperature.  The r e l a t i o n -  

sh ips  dep i c ted  i n  the  above t a b l e s  and f i g u r e s  can be used as a guide i n  

de te rmin ing  the  poss i  b i l  i t y  and f e a s i b i l i t y  of  i n c o r p o r a t i n g  r a d i o a c t i v e  

waste i n  concrete;  however, w h i l e  a  number o f  parameter combinat ions may 

make the  process t h e o r e t i c a l l y  poss ib le ,  a  p a r t i c u l a r  s e t  o f  parameters 

may p rov ide  more favorable economic and t echno log i ca l  advantages. For  

example, by 1 i m i  t i ng the  c a n i s t e r  c e n t e r l  i n e  temperature t o  200°C, v o l  u- 

m e t r i c  hea t  genera t ion  o f  t he  waste form can vary  f rom 0.5 W/L i n  a  c a n i s t e r  

w i t h  a  d iameter  of 0.5 m and an e f f e c t i v e  thermal c o n d u c t i v i t y  of  0.2 W/m°C 

t o  22.4 W/L i n  a  c a n i s t e r  w i t h  a  d iameter  o f  0.1 m and a thermal c o n d u c t i v i t y  

of 1.0 W/m°C. The t o t a l  hea t  p e r m i t t e d  p e r  c a n i s t e r  f o r  a  g i ven  s e t  o f  

parameters d i c t a t e s  t h e  number o f  c a n i s t e r s  r e q u i r e d  t o  process 1500 MTU 

s o l i d  waste as seen i n  Table 21 and F igures 15 and 16. Obvious ly ,  t he  

c o n d i t i o n s  which r e q u i r e  the  l e a s t  number o f  c a n i s t e r s  a r e  those t h a t  a1 low 
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the l a rges t  to ta l  heat content per can i s te r  (not  the l a rges t  volumetric 

heat generation).  Within the range of conditions of t h i s  study, these 

conditions are  a diameter of 0.5 rn and a thermal conductivity of 1.0 W/m°C 
h fo r  a l imit ing center l ine  temperature of 200°C. Minimizing the number 

of can i s te r s  may be des i rable  from the standpoint of process economics, 

handling, and technological s impl ic i ty ;  however, f o r  a given s e t  of con- 

d i t i ons ,  as the number of can i s te r s  decreases, the to ta l  amount of materials  

required t o  produce the can i s te r s  increases (See Figures 17 and 18) .  

This may be a concern when raw material conservation and/or material cos ts  

a re  considered. For the sample case the number of can i s te r s  required per 

year i s  14 460 and 6220 fo r  0.1- and 0.5-m diameters, respectively.  The 

annual material weight of the can i s te r s  increases from 123 tonnes to  282 

tonnes, which means t h a t  the amount of chromium and nickel required ranges 

from 22.1 t o  53.4 tonnes and 16.4 t o  39.4 tonnes, respectively,  assuming 

the can i s te r s  a re  type 316 s t a i n l e s s  s t e e l .  The to ta l  weight of the 

encapsulated waste form increases by a fac to r  of 10 when the larger  diameter 

canis ters  a re  used. 

The radioact iv i ty  decay heat genera t i  on r a t e s  of radioactive waste 

i s  a  strong function of time out of reactor  as  evidenced in Figure 19. 

Allowing a "cooling o f f"  period pr ior  t o  so l i d i f i c a t i on  great ly  lessens 

the material requirements by permitting more to ta l  waste i n  the can i s te r s .  

Table 22 shows calculated material requirements f o r  sol id i fying waste 

in concrete with a volunietric heat generation of 8.5 W/L of so l id i f i ed  

product, a  can i s te r  diameter of 0.3 m ,  and a thermal conductivity of 

0.6 W/m°C. In t h i s  case,  the amount of waste incorporated within the  can- 

i s t e r  increases with cooling time resul t ing in a decrease in the number 

of can i s te r s  required per year from 7657 t o  716 and a corresponding reduction . in to ta l  annual can i s te r  weight by a fac to r  of 11 a f t e r  10 years.  The 

above sample case assumes a constant volumetric heat loading and can i s te r  
. . diameter. Table 23 shows material requirements calculated with a constant 

volume percentage of waste per can i s te r .  The diameter and volumetric 

heat loading a r e  dependent on the time out of reactor  and on a l imit ing 

center l ine  temperature of 200°C. For both cases the thermal conductivity 



was assumed t o  be 0.6 W/m°C. 

Temperatures generated within can i s te r s  of so l i d i f i ed  radioactive 

waste decrease w i t h  time as seen i n  Figure 20. The waste i s  assumed t o  

be so l i d i f i ed  in a 0.3-m diameter can i s te r  a f t e r  a  1-year cooling period. 

The volumetric heat generation a t  time of so l i d i f i c a t i on  i s  14.5 W / L ;  

a f t e r  10 years i t  i s  reduced t o  1.36 W / L .  

Comparison of Concrete and Borosi l ica te  Glass 

V i t r i f i c a t i on  i s  considered a prime candidate f o r  the  so l i d i f i c a t i on  

of power reactor  HLW. (2) HLW oxides a r e  mixed with glass-forming addi t ives  

and melted by e i t h e r  a batch o r  continuous process. Typical character-  

i s t i c s  of boros i l i ca te  g lass  include: PI 
Waste oxide content 20-35 w t %  

Typical volume 60-80 LIMTU 
Density 3.0-3.6 kg/L 

Thermal conductivi ty 

Leach r a t e  

Processing temperature 1000"-1400°C 

Maximum center1 i ne temperature 800°C 

Results of ca lcula t ions  ~f material requirements f o r  the immobilization of 

HLW in g lass  a r e  compared t o  those of concrete waste forms in  Table 24. 

The calcula t ions  a re  based on a cen te r l ine  temperature of 800°C, volumetric 

heat generation r a t e s  of 115 and 153 W/L,  thermal conductivi ty values of 

0.9 and 1 .3  W/m°C, and a g lass  density of 3.3 kg/L. Because of higher 

thermal conduct iv i t ies  and l a rger  1 irni t i  ng temperatures, more waste can 

be incorporated i n  the can i s te r s  of g lass ,  r esu l t ing  in fewer can i s te r s  

required per year.  

Potential Processing Problems 

The preceding discussion on heat t rdns fe r  and waste loading i l l u s t r a t e s  

the pos s ib i l i t y  of incorporating radioactive waste in concrete u t i l i z i ng  

various combinations of diameter and waste loading t h a t  l im i t  cen te r l ine  

temperature t o  a desired value. However, problems encountered during 



process ing procedures p r i o r  t o  f i l l i n g  a  c a n i s t e r  w i t h  a  cement/waste 

m i x t u r e  may prove t o  be a  p r o h i b i t i v e  f a c t o r  i n  t h e  assessment o f  techno l -  

o g i c a l  f e a s i b i l i t y .  Furthermore, assuming t h e  waste m i x t u r e  can be p u t  

i n  c a n i s t e r s ,  t h e r e  may e x i s t  a d d i t i o n a l  problems which r e q u i r e  i d e n t i f i -  

c a t i o n  and subsequent r e c t i f i c a t i o n  i f  HLW i m m o b i l i z a t i o n  i n  concre te  i s  

t o  prove f e a s i b l e .  The many p o t e n t i a l  problems assoc ia ted  w i t h  t h e  process 

a re  a  d i r e c t  r e s u l t  o f  t h e  r a d i o a c t i v e  decay hea t  o f  t h e  waste, t he  water  

con ten t  o f  t h e  mix,  and t he  r a d i o a c t i v i t y  o f  t he  waste. Fac to rs  a f f e c t i n g  

t h e  o v e r a l l  f e a s i b i l i t y  o f  i m m o b i l i z i n g  HLW i n  concre te  a r e  d iscussed f o r  

f o u r  p rocess ing  s teps:  

1 )  n i i x ing  o f  waste, cement, and water ,  

2)  c a s t i n g  t he  m i x t u r e  i n t o  c a n i s t e r s ,  

3 )  c u r i n g  o f  t h e  cementlwaste m i x tu re ,  and 

4)  sho r t - t e rm  and long- te rm storage.  

M i x i ng  o f  t he  waste, cement, and wate r  t o  form a  cas tab le  paste 

i s  assumed t o  be accompl i shed  by conven t iona l ,  mechanical means ( i  .e., 

tumbl ing,  mechanical s t i r r i n g ,  e t c . ) .  The preceding s e c t i o n  de f i nes  the  

amount o f  waste a l lowed f o r  a  des i r ed  maximum c e n t e r l i n e  temperature and 

c a n i s t e r  diameter;  t h i s  amount o f  waste i s  added t o  predetermined amounts 

o f  cement and water  and mixed u n t i l  a  pas te  w i t h  app rop r i a t e  w o r k a b i l i t y  

i s  a t t a i n e d .  Under these batch c o n d i t i o n s  t h e  hea t  generated by t h e  waste 

would cause temperatures w i t h i n  t he  pas te  t o  exceed t he  b o i l i n g  p o i n t  o f  

water .  As an example, a  0.3-m d iameter  c a n i s t e r  may c o n t a i n  approx imate ly  

6.3% waste r e s u l t i n g  i n  a  vo l ume t r i c  hea t  gene ra t i on  o f  14.5 W/L and a  

c e n t e r l i n e  temperature o f  300°C f o r  a  thermal c o n d u c t i v i t y  o f  0.6 W/m°C. 

The t o t a l  volume o f  cement/waste paste t o  be mixed per  ba tch  i s  212 L. 

Assuming t he  pas te  i s  mixed i n  a  s p h e r i c a l l y  shaped vessel  w i t h  a  volume 

of 424 L, t h e  c a l c u l a t e d  vessel  d iameter  i s  0.93 m. Temperatures w i t h i n  

t he  vessel  may t h e o r e t i c a l l y  reach 800" t o  1000°C depending on thermal 

c o n d u c t i v i t y  and t h e  r a t e  o f  hea t  d i s s i p a t i o n .  An a l t e r n a t i v e  t o  batch 

n i i x i  ng cou ld  i n v o l v e  a  semi -cont inuous process where measured q u a n t i t i e s  

o f  water  and a  powdered m i x t u r e  o f  cement and waste a re  i n t r oduced  a t  t he  

head end o f  a  cont inuous,  f l ow- th rough  m ixe r  t h a t  i s  coo led  t o  l e s s  than 



100°C. A continuous stream of cement/waste paste e x i t s  the mixer and i s  

c a s t  i n to  can i s te r s .  While t h i s  type of mixing process may a l l e v i a t e  the 

problem of excessing temperatures, technological s impl ic i ty  i s  sac r i f i ced .  

Problems during mixing ( e i t h e r  batch o r  semi-continuous) may a l so  be 
caused by rad io lys i s  of l iquid  water and organic conpounds by alpha and 

gamma radia t ion.  Studies a t  Savannah River have shown t h a t  gamma rad io lys i s  

of concrete waste forms produces Hz which eventually reaches equilibrium 

i n  a closed system. ( 6 8 )  Alpha rad io lys i s  of s imi lar  waste forms produces 

H z  and O 2  w i t h  no equilibrium pressure u p  t o  200 psi within a closed 

container.  The magnitude of gas production was shown t o  be dose r a t e  

dependent f o r  both cases. Dose r a t e s  from HLW may be as  much as  100 times 

those studied a t  SRL. During the mixing operation,  r ad io lys i s  of the 

water may cause s i gn i f i c an t  amounts of hydrogen and oxygen gas t o  be pro- 

duced within the s lu r ry .  Problems a r i s e  because of the lack of an escape 

route f o r  the gases resul t ing i n  v io lent  ag i t a t ion  o r  "bubbling" of the 

wet paste.  Additional problems may be encountered as a d i r ec t  r e s u l t  of 

hydrogen gas production. Safeguards agains t  hydrogen explosions would have 

t o  be added t o  the system resul t ing in increased technological complexity. 

When the desired consistency of the cement/waste paste i s  a t t a ined ,  

the mixture i s  c a s t  in to  cyl indr ical  can i s te r s .  The major problem t h a t  
may be encountered during cast ing i s  the s e t t i ng  of the paste before i t  
can be t ransferred t o  the can i s te r .  Premature s e t t i ng ,  which can be 
caused by heat o r  reactions between cement and waste, can be controlled 
by addit ions of chemical s e t  re tarders  d u r i n g  the mixing operations. 

Many of the problems associated w i t h  mixing may a l so  be encountered 

during curing. Heat generated by the waste and by hydration reactions 

may produce temperatures i n  excess of the boil ing point of water causing 

violent  ag i t a t ion  of the mixture. Sealing the  can i s te r  during curing wil l  

c rea te  pressures due t o  water vapor t h a t  could prevent boil ing of the  

residual water. Additional sources of pressurizat ion may include radiolys is  

of unbound water and organic s e t  re tarders  which produces H z ,  02, and 

possible o ther  gases. The to ta l  pressure generated i n  the closed system 



may reach su f f i c i en t  magnitude t o  rupture the can i s te r ;  therefore ,  pressure 

r e l i e f  valves would be required t o  maintain a pressure greater  than t ha t  

required t o  prevent boil ing b u t  l e s s  than the pressure t h a t  would threaten 

can i s te r  i n t eg r i t y  and safe ty .  When the mixture i s  s e t ,  the can i s te r  

would be vented t o  allow the unbound water within the can i s te r  to  escape. 

C- The time required f o r  a l l  the unbound water t o  be eliminated from the 

product i s  expected t o  be excessively long because only one end of the 

cylinder would be exposed. This problem may be a l l ev ia ted  by providing 

a path of escape f o r  the water not d i r ec t l y  exposed t o  the open end. 

Encapsulation of HLW in Hot-Pressed Cement 

Workers a t  The Pennsylvania S ta te  University have encapsulated 

simulated PW-4b, PW-4c, PW-6, and calcined PW-6 in cement cylinders using 

hot-pressi ng techniques. (49-52) The hot-pressing operations were per- 

formed a t  pressures ranging from 25 000 t o  100 000 psi and temperatures 

from 150" to  400°C. Hot-pressed cement products possess propert ies superior 

to  those of normally hydrated and cured concrete. Interconnecting porosity 

i s  v i r tua l ly  eliminated with the samples containing a3% closed porosity,  

compared t o  20-30 vol% porosity in ordinary concrete forms. The main 

advantages of hot-pressed cement over normal concrete f o r  the i so la t ion  

of radioactive waste include: 

compressive strengths of ~ 3 5  '700 psi 

1 ower water content ( l e s s  potential  f o r  radiolys is  problems) 

lower l eachab i l i ty  

increased thermal conductivity and thermal s t a b i l i t y .  

Sampl es containing PW-4c and Fondu (40% A1 203) cement, hot pressed 

a t  50 000 p s i ,  f o r  30 minutes a t  a temperature of 150°C, exhibi ts  decreases 

in strength with increasing waste content. This re la t ionship  i s  depicted 

in Figure 21. Although strength reductions were considerable with 50% 

a,H PW-4c content ,  overall s trengths f o r  a l l  formulations are  vast ly superior 
to  normally hydrated and cured concrete waste forms. ( 3 3 )  Hot-pressed 

cement samples prepared with Fondu cement and 40% PW-4c exhibi t  compressive 

strengths on the order of 20 000 p s i ,  compared t o  ~ 5 0 0 0  psi f o r  normally 



cured samples of HAC plus 40% simulated SRP sludges. Thermal shock resis-  

tance of hot-pressed samples was tested by immersion of samples heated to  

760°C in cold water; no signs of cracking or disintegration were evidenced. 

Furthermore, heating of Fondu cement plus 20% PW-6 a t  230°C causes an i n i t i a l  

strength increase up  to  24 hours, followed by a gradual decrease through 

28 days. ( 4 9 )  

The lower water content of hot-pressed cement samples, generally 

about 30% that  required for  normally hydrated and cured cement pastes, 

allows the production of high strength, high density products. Leach- 

a b i l i t y  and volume s t a b i l i t y  are expected to be superior to  ordinary 

cement pastes because of the absence of interconnecting porosi ty within 

the hot-pressed samples. Thermal conductivity also increases with in- 

creasing density as evidenced in the relationship proposed by Tye and 

Spi nney : ( 7 0 )  

where, 

k = thermal conductivity, W/m°C 
3 

p = density, kg/m . 
Concrete composites containing 40% simulated SRP waste sludges have i n i t i a l  

densit ies of %I700 kg/m . (33) After heating for 3 months a t  100°C, speci- 

mens containing type I-P cement plus 40% sludge I demonstrated weight 
3 losses of %16%, resul ting in a "dry" density of 1428 kg/m . Eva1 uating 

the above equation with th is  density gives a thermal conductivity of 

0.647 W/m°C, which compares to the measured values of 0.411 and 0.796 W/m°C 

a t  100" and 200°C, respectively. ( 3 3 ' 3 6 )  Similarly, evaluating the above 
3 ( 4 9 )  I 

equation for  hot-pressed samples with a nominal density of 2700 kg/m 

yields a thermal conductivity of 2.92 W/m°C. 
C 

Hot-pressing operations require processing temperatures of 100" - 
400°C. ( 4 9 )  The heat generated from radioactive decay of the waste may 



be used t o  ach ieve these temperatures.  Two approaches t h a t  may be used 

i nc l ude :  1 )  t h e  i n c o r p o r a t i o n  o f  a  c a l c u l a t e d  amount o f  waste s u f f i c i e n t  

t o  ach ieve t h e  d e s i r e d  temperature i n  a  c o n t a i n e r  o f  s p e c i f i e d  diameter,  

and 2 )  t h e  i n c o r p o r a t i o n  o f  a  s p e c i f i e d  amount o f  waste i n  a  c o n t a i n e r  

w i t h  a  d iameter  s u f f i c i e n t  t o  a t t a i n  a  des i r ed  temperature.  As an example 

o f  t he  l a t t e r  approach, t h e  c a n i s t e r  d iameter  which r e s u l t s  i n  a  400°C 

c e n t e r l i n e  temperature f o r  a  thermal  c o n d u c t i v i t y  o f  2.5 W/m°C and a  

vo l ume t r i c  hea t  gene ra t i on  o f  60 W/L i s  c a l c u l a t e d  t o  be 0.375 m. Under 

these c o n d i t i o n s ,  a  temperature g r a d i e n t  o f  211°C e x i s t s  between t h e  sur face  

and cen te r  o f  t he  c y l i n d e r  r e s u l t i n g  i n  a  surface temperature o f  189°C 

when coo led  by n a t u r a l  conven t ion  t o  a i r  a t  30°C. Many combinat ions o f  

d iameter  and v o l  ume t r i c  hea t  gene ra t i on  g i v e  r i s e  t o  d e s i r e d  temperatures 

w i t h i n  t he  waste forms. 

R e l a t i v e l y  l a r g e  thermal c o n d u c t i v i t i e s  o f  hot -pressed cement waste 

forms coupled w i t h  h i gh  l i m i t i n g  temperatures reduces m a t e r i a l  r e q u i r e -  

ments s i g n i f i c a n t l y  over  those of conven t iona l  concre te  waste forms. 

Tables 25 and 26 l i s t  m a t e r i a l  requ i rements  f o r  hot-pressed cement waste 

forms l i m i t e d  t o  c e n t e r l i n e  temperatures of 400" and 700°C, r e s p e c t i v e l y .  

Thermal c o n d u c t i v i t y  i s  assumed t o  be 2.5 W/m°C (based on d e n s i t y ) ,  t h e  

hea t  gene ra t i on  r a t e  i s  9200 W/MTU, and t h e  b u l k  d e n s i t y  o f  t he  hot-pressed 

cement i s  2.7 kg/L, independent o f  waste con ten t .  Tables 24, 25, and 26 

i l l u s t r a t e  t h e  c o m p a r a b i l i t y  of hot-pressed cement and b o r o s i l i c a t e  g l ass  

f o r  the  s o l i d i f i c a t i o n  o f  h i g h - l e v e l  wastes. 

Conceptual HLW I m m o b i l i z a t i o n  Process 

I m m o b i l i z a t i o n  o f  power r e a c t o r  HLW i n  concre te  r e q u i r e s  severa l  

p rocess ing  and s to rage  s teps.  I n  t he  conceptual  process, d r y ,  HLW ox ide  

powder i s  mixed w i t h  h y d r a u l i c  cement t o  form a  homogeneous blend. Th i s  

m i x t u r e  i s  blended w i t h  water  and mixed u n t i l  t h e  d e s i r e d  cons is tency  

..- i s  a t t a i n e d ,  a t  which t ime  t he  wet pas te  i s  c a s t  i n t o  c y l i n d r i c a l  can is -  

t e r s  and a l lowed t o  cure.  The cured waste form c a n i s t e r s  a r e  sealed, 

s to red ,  and e v e n t u a l l y  p l aced  i n  a  r e p o s i t o r y .  A l though t h e  e n t i r e  process 

appears r a t h e r  s imple,  many comp l i ca t i ons  may r e s u l t  d u r i n g  p rocess ing  



and s to rage  t h a t  r e q u i r e  a t t e n t i  on i f  t h i s  s o l  i d i f i c a t i o n  a1 t e r n a t i v e  i s  

t o  prove f e a s i b l e .  

The conceptual  process i s  d iscussed i n  terms o f  m ix ing ,  c a s t i n g ,  

cu r i ng ,  and s to rage  of m i x tu res  of waste, cement, and water.  The waste 

i s  assumed t o  be h i g h - l e v e l  waste ox ides ( c a l c i n e d  HLLW) w i t h  an i n i t i a l  

hea t  gene ra t i on  of 9200 W/MTU and y e a r l y  o u t p u t  o f  1500 MTU. The cement/ 

waste m i x t u r e  i s  c a s t  i n  0.3-m (12 - i n )  diameter,  3-m l o n g  c y l i n d r i c a l  

c a n i s t e r s .  The waste con ten t  of t he  m i x t u r e  i s  3.6 v o l %  r e s u l t i n g  i n  a  

vo lume t r i c  hea t  genera t ion  of 8.3 W/L f o r  an a r b i t r a r i l y  se lec ted  l i m i t i n g  

temperature of  200°C and a  thermal c o n d u c t i v i t y  o f  0.6 W/m°C. Temperatures 

w i t h i n  t h e  wet cement/waste m i x t u r e  a r e  ma in ta ined  a t  l e s s  than  100°C 

d u r i n g  m i x i n g  and cas t i ng ,  l e s s  than ~ 1 5 0 ° C  du r i ng  cu r i ng ,  and l e s s  than  

200°C du r i ng  s torage.  

M i x i ng  and Cas t ing  

HLW c a l c i n e  i s  blended w i t h  h y d r a u l i c  cement t o  fo rm a  homogeneous, 

d r y  m ix tu re .  The powder, which i s  coo led  t o  a  temperature l e s s  than 

100°C t o  p reven t  v a p o r i z a t i o n  of t h e  water,  i s  con t i nuous l y  metered i n t o  

a  m ixe r  and blended w i t h  predetermined amounts o f  water.  The m i x i n g  

process may be e i t h e r  cont inuous,  where a  c o n t r o l l e d  f l o w  o f  powder and 

wate r  a r e  combined a t  the  head end o f  a  cont inuous m ixe r  and t h e  pas te  

e x i t s  a t  a  cons tan t  f l o w  r a t e ,  o r  m u l t i p l e - b a t c h  m i x i n g  where severa l  

smal l  batches a r e  mixed s imu l taneous ly .  These two m ix i ng  processes f a c i l -  

i t a t e  hea t  removal s i nce  t he  temperature d u r i n g  m ix i ng  must n o t  exceed 

t he  b o i l i n g  p o i n t  of  water .  The mixers  a re  coupled t o  an o f f g a s  system 

f o r  t rea tment  of gases produced by r a d i o l y s i s  and water  vapor should t he  

temperature exceed 100°C. M ix i ng  con t inues  u n t i l  a  paste o f  des i r ed  

cons is tency  i s  a t t a i ned ,  a t  which t ime  t he  paste i s  c a s t  i n t o  a  0.3-m d i a -  

meter c a n i s t e r  t h a t  has a  p e r f o r a t e d  tube runn ing  t he  l e n g t h  o f  t h e  c a n i s t e r  

through t he  c e n t e r l i n e .  The c a n i s t e r  i s  coo led  d u r i n g  c a s t i n g  t o  i n s u r e  

a  temperature o f  l e s s  than 100°C w i t h i n  t he  paste.  Processing 5  MTU/d 

r e q u i r e s  25 c a n i s t e r s ,  o r  approx imate ly  one pe r  hour,  w i t h  each c a n i s t e r  

c o n t a i n i n g  218 L  of  p roduc t  and weigh ing 465 kg. 



Curing 

The f i l l e d  canisters are sealed with a l i d  containing a pressure 

control valve connected t o  an offgas system. The concrete waste form 

i s  allowed to cure under a pressure that  i s  suff ic ient  to  inhibi t  boiling 

of the unbound water. Pressures caused by radiolysis and water vapor 

are maintained a t  a level which sa t i s f i e s  the above condition while not 

threatening canister integri ty  and safety. Temperature increases caused 

by radioactive decay heat and hydration of cement components are controlled 

to l imit  the temperature to a level tha t ,  when coupled with the pressure 

within the canister,  prevents boiling. When the mixture has s e t ,  i . e . ,  

achieved a s t a t e  of r ig id i ty ,  the canister i s  vented and the unbound 

water i s  allowed to escape. The perforated tube through the centerline 

acts as an escape path for  the water not direct ly  exposed to the top 

surface. Canisters remain vented until a l l  the unbound water i s  driven 

off .  Two or three days may be required for  complete drying, requiring 

floor space and offgas f a c i l i t i e s  capable of handling 50-75 canisters 

during one period. 

Storage 

When the water has been driven o f f ,  the canisters of concrete waste 

forms are sealed and stored for a period of time prior to  ultimate dis- 

posal in a repository. The amount of waste contained in each canister 

i s  determined by the thermal characteristics of the waste form, i . e . ,  

thermal conductivity and product limiting temperature, and the canister 

diameter and volume. The storage f a c i l i t y  for  waste canis ters ,  assuming 

a 10-year storage period, must be capable of accommodating 76 000 canisters,  

each weighing 465 k g .  See Table 27 for  selected material requirements 

calculated for  concrete waste forms encapsulated in 0.3-m (1  2-in) and 

0.15-m (6-in) diameter canisters with a 1 imi ting center1 ine temperature 
* . - of 200°C and a thermal conductivity of 0.6 W/m°C for  1-year and 5-year 

cool ed waste. 



FEASIBILITY SECTION SUMMARY 1 

The radioactive waste discussed in the feas ib i l i ty  section i s  the 

sol idif ied product of high-level l iquid waste generated from power reactor 

fuel irradiated a t  a power level of 35 MW/MTU to a total  burnup of 

25 000 MWd/MTU with reprocessed spent fuel equivalent to  1500 MTU sol idif ied 

per year. The radioactivity decay heat generation ra te  and total  ac t iv i ty  
6 of the waste are 9 .2  kW/MTU and 1.6 x 10 Ci/MTU, respectively, a f t e r  

one year out of reactor. Theoretical calculations, relating volumetric 

heat generation, thermal conductivity, canister diameter, and temperature, 

indicate several parametric combinations may make possible the incorporation 

of HLW in concrete. From these many combinations, a particular s e t  of 

parameters may provide more favorable economic and technological advantages. 

Identifying the exact conditions i s  not possible because of the lack of 
absolute property values and c r i t e r i a .  The general trends, however, can 

be summarized as follows: 

Canister center1 ine temperature increases with: 
2 

1 ) increasing diameter, f ( r  ) 

2 )  decreasing thermal conductivity, f ( l / k )  

3) increasing volumetric heat generation, f ( Q )  

The number of canisters required to  encapsulate 1500 MTU increases with: 

1 ) decreasing diameter 

2) decreasing thermal conductivity 

3) decreasing product 1 imi t i n g  temperature 

4)  decreasing heat content per canister 

5) decreasing time out of reactor before sol idif icat ion 

Total mass of concrete waste forms increases with: 

1 ) decreasing diameter 

2) decreasing thermal conductivity 

3 )  decreasing product 1 imi t i  ng temperature 

4)  decreasing waste content per canister.  



The number o f  c a n i s t e r s  r e q u i r e d  t o  encapsulate 1500 MTU HLW i n  concrete 

i s  7  t o  22 t imes t he  number o f  waste-glass c a n i s t e r s  r e q u i r e d  because o f  

1  ower p roduc t  temperatures (200°C vs. 800°C) and 1  ower thermal conduc- 

t i v i t y  ( ~ 0 . 6  W/m°C vs.  0.9 t o  1 .3  W/m°C). M a t e r i a l  requi rements a r e  

lessened and p roduc t  q u a l i t i e s  improved i f  HLW i s  i nco rpo ra ted  i n  ho t -  

pressed cement because o f  increases i n  compressive s t reng ths ,  h igh-  

temperature s t a b i l i t y ,  and thermal c o n d u c t i v i t y .  St rengths o f  hot-pressed 

products  may be t en  t imes those o f  no rma l l y  hydrated and cured concre te  

waste forms; thermal c o n d u c t i v i t y  i s  es t imated  t o  be up t o  f o u r  t imes 

g rea te r  based on a  proposed d e n s i t y  dependency o f  thermal c o n d u c t i v i t y .  

The heat  genera t ion  r a t e  o f  1-year o l d  waste may be a  p r o h i b i t i v e  

f a c t o r  i n  the  f e a s i b i l i t y  assessment o f  HLW immob i l i za t i on  i n  concrete.  

The r a d i o a c t i v i t y  decay heat  d im in ishes  from 9200 W/MTU a f t e r  1-year  

c o o l i n g  t o  1700 WIMTU and 860 W/MTU a f t e r  5- and 10-year c o o l i n g  per iods,  

r e s p e c t i v e l y .  S i m i l a r l y ,  t he  t o t a l  number o f  c a n i s t e r s  and t o t a l  waste- 

form volume decreases i n  d i r e c t  p r o p o r t i o n  w i t h  heat  generat ion,  i . e . ,  

by f ac to r s  of 5.4 and 10.7 a f t e r  c o o l i n g  per iods  o f  5  and 10 years,  

r e s p e c t i v e l y .  

Problems assoc ia ted  w i t h  r a d i o l y t i c  gas p roduc t i on  a r e  a n t i c i p a t e d  

du r i ng  a l l  phases o f  HLW s o l i d i f i c a t i o n  i n  concrete.  Large q u a n t i t i e s  

o f  Hz, 02, and water  vapor may be produced d u r i n g  m i x i n g  and c a s t i n g  

opera t ions  r e s u l t i n g  i n  v i o l e n t  a g i t a t i o n  o r  bubb l i ng  o f  the  wet m ix tu re .  

During s to rage  i n  a  c losed  system, excess ive pressures may be generated, 

n e c e s s i t a t i n g  pressure r e g u l a t i o n s  and of fgas t rea tment .  



CONCLUSIONS 

The major conclusions of th i s  review are as follows: 

Hydraulic cements are  considered candidates fo r  the immobilization 

of low-level, intermediate-level, and aged, defense high-level 

wastes because of inexpensive raw materials, low processing temp- 
eratures ,  and relat ive processing simplicity. 

Concrete waste forms incorporating simulated wastes demonstrate 

relat ively acceptable thermal, chemical, physical, and radiolytical 

s t ab i l i t y .  

Concrete waste forms with radioactive SRP sludges have properties 

comparable to  those of simulated waste products 

The properties of HLW that  pose the greatest  threat to  economic 

and technological f eas ib i l i t y  are the i n i t i a l  levels of radioactivity 

decay heat (9200 W/MTU) and specific ac t iv i ty  (21.6 x lo6 Ci/MTU) 

because of the i r  e f fec ts  on water and organic compounds. 

Immobilization of HLW in concrete appears infeasible,  both technol- 

ogically and economically, in l ieu  of processing d i f f i cu l t i e s  and 

material volumes because heat generating rates and radioactivity 
levels of power reactor fuel cycle HLW are a t  l eas t  two orders of 

magnitude greater than those of other wastes considered for  immobil- 
ization in concrete. 

Allowing the HLW to cool prior to sol idif icat ion decreases material 

requirements and potential radiolysi s problems because of decreases 

in heat generation and radioactivity. 

Concrete waste forms are generally infer ior  to glass forms regarding 

radionucl ide leachabi 1 i t y ,  thermal conductivity, maximum product 

temperatures, compressive and impact strength, radiation ef fec ts  

(radiolysi s of water in concrete), and required material outputs 

(canis ters ,  total  mass, offgas, e tc .  ) 



Immobilization of power reactor fuel cycle HLW in hot-pressed cement 

appears more a t t rac t ive  than conventional cement processes because 

of improved product qual i t ies  and less  potential for  radiolysis; 

however, the complexity of the hot-pressing operations may be a 

serious drawback. 



TABLE 15. Material Requirements for  the Incorporation 
of Radioactive Waste in Concrete 

Number o f  Canisters 
Requ i reda 

Volumetric Volume o f  Volume o f  . . . - - . . 

Canister  Thermal Heat Waste per Cement per 
Diameter Volume Conduct iv i ty  Generation ~ a n i s t e r b  Canister 

(m) (L)  (W/m°C) - (W/L) per  Year per Day (L)  ( L )  

a. Based on 200°C cen te r l i ne  temperature 
b. Based on 40 LIMTU 
c. Based on t o t a l  can is te r  mater ia l  ; can is te r  i s  3 m long w i t h  1.27 cm wa l l  thickness 

Annual 
Cement 
Volume 
0 

Annual 
Canister 
WeightC 
0 



TABLE 16. Ma te r i a l  Requirements f o r  t h e  Inco rpo ra t i on  
o f  Radioact ive Waste i n  Concrete 

Number o f  Canisters 
Requ i redd 

Vo lu~ne t r i c  
Heat 

Genera t i o n  
.-lYLl- 

Vol urlle o f  
Waste per 
~ a n i  s tevb 
-.u- 

Volume o f  
Cen~en t per  

Canister 
( L )  -- -- - - - 

Annual 
Cement 

Annual 
Canister 
weightc 

_ 

Canister Thermal 
Diameter Volume Conductivi ty 
- 1 -  -&L.- .A!!&-. 

Vo 1 ume 
(m3-L. per  Year per Day. 

11 150 37.17 

3 717 12.39 

2 230 7.43 

12 049 40.16 

4 016 13.39 

2 409 8.03 

a. Based on 300°C center1 i l le  teniperature 
b. Bdsed on 40 L/MTU 
c. Based on t o t a l  can is te r  rndter idl ;  can is te r  i s  3 In long w i t h  1.27 crn wa l l  th i ck r~ess  
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A - Waste per canister 

6 - Number of  canisters 

c - Canister weight 

D - Cement weight 

FIGURE 4. Fractional Change in Waste Loading 
Requirements as a Function of 
Canister D i  ame t e r  



TABLE 17. Canister  Center l  i ne Temperatures as 
a Funct ion o f  Diameter and Thermal 
Conduct iv i ty  

Center l  i n e  Temperature (OC) 

Diameter 
(m) Thermal Conduct iv i ty  (W/m°C) 



TABLE 18. Can is te r  Cen te r l i ne  Tempc!rature as a 
Funct ion o f  Diameter and Volumetr ic  
Heat Generation 

Center1 i ne Temperature ("C) 

Diameter 
(m) Heat Generation, Q (W/L) 

100 80 60 40 2 0 15 10 5 . -- -- - - - 
0.5 2167 1766 1359 944 51l. 403 288 169 

0.4 1516 1241 961 674 37E1 297 216 131 

0.3 984 811 634 452 260 209 156 100 

0.2 569 474 377 275 16E 137 106 73 

0.1 264 225 185 141 94 81 67 51 



D I A M E T E R ,  m 

FIGURE 5. Canister Centerline Temperature 
as a Function of Diameter and 
Ther.ma1 Conducti vi ty 



DIAMETER, ,  m 

FIGURE 6. Canister Centerl.ine Temperature 
as a Function of Diameter and 
Vol urnetri c Heat Generati on 



T H E R M A L  CONDUCTIV ITY w/rnOc 

FIGURE 7. Can i s te r  C e n t e r l i n e  Temperature 
as a  Funct ion o f  Thermal Conduc t i v i t y  
and .Volumetr ic  Heat Generat ion 



T H E R M A L  CONDUCl ' IVI  TY, w/rnOc 

FIGURE 8. Canis te r  Center l ine  Temperature as  
a Function of Thermal Conductivity 
and Volumetric Heat Generation 



THERMAL CONDUCTIVITY, w/rnOc 

FIGURE 9. Can is te r  Center l ine  Temperature as 
a Funct ion o f  Thermal Conduct iv i t y  
and ,Val umetr ic  Heat Generation 



T H E R M A L  C O N D U C ' r l V I  TY, w/rnOc 

FIGURE 10. Can i s te r  Cen te r l i ne  Temperature as 
a  Func t ion  of Thermal C o n d u c t i v i t y  
and Diameter 





HEAT GENERATION, w / L  

FIGURE 1 2 .  Canister Centerline Temperature -- 
as a Function of Volumetric Heat 
Generation and Diameter 



TABLE 19. Maximum Diameter f o r  Various Temperatures 
as a Funct ion o f  Thermal Conduc t i v i t y  

Maximum Diameter (m) 

Temperature 
("C) Thermal Conduc t i v i t y  (W/m°C) 

0.2 0.4 0.6 0.8 1 . O  

0.0118 0.0225 0.0326 0.0423 0.0514 

0.0340 0.0615 0.0850 0.1063 0.1254 

0.0562 0.0965 0.1300 0.1593 0.1858 

0.0764 0.1275 0.1688 0.2042 0.2368 

0.0952 0.1551 0.2034 0.2449 0.2818 



TABLE 20. Maximum Al lowable Volumetr ic  Heat 
Generation as a Funct ion o f  Diameter 
and Thermal Conduc t i v i t y  

3 Maximum A1 lowable Volumetr ic  Heat Generation (W/m ) 

C Temperature = 100°C -L 

Diameter 
(m> Thermal Conduc t i v i t y  (W/m°C) 

C Temperature = 300°C 4 

C Temperature = 500°C 4 

0.2 0.4 0.6 0.8 1 .O 



DIAMETER,  m 

FIGURE 13. Volumetr ic  Heat Generat ion as a Func t ion  
o f  Diameter and Thermal Conduc t i v i t y  



DIAMETER, m 

FIGURE 14. Vo lumet r i c  Heat Generat ion as a Func t ion  
o f  Diameter and Thermal C o n d u c t i v i t y  



TABLE 21. Number of  Can i s t e r s  Required t o  Encap- 
s u l a t e  1500 MTU Waste a s  a Function of 
Diameter and Thermal Conduct ivi ty  

Number of Can i s t e r s  Required per  Year 
Q = 9.2 kW/MTU 

C Temperature = 300°C 4 

Diameter 
(m) Thermal Conduct ivi ty  (W/m°C) 

C Temperature = 500°C 4 

C Temperature = 800°C -L 

0.2 0.4 0.6 0.8 1 . O  --- 



CL Temperature = 300 OC 
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- 
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DIAMETER, m 

FIGURE 15. Number o f  Can is te rs  Required 
p e r  Year as a Funct ion o f  Diameter 
and Thermal C o n d u c t i v i t y  



C Temperature = 500 OC 
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DIAMETER,  m 

FIGURE 16. Number o f  Can is te rs  Required 
p e r  Year as a Func t ion  o f  Diameter 
and Thermal C o n d u c t i v i t y  



C Temperature = 3 0 0 ' ~  
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D I A M E T E R ,  m 

FIGURE 17. Annual Can i s te r  Weight as a 
Func t ion  o f  Diameter and 
Thermal C o n d u c t i v i t y  
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DIAMETER, m 

FIGURE 18. Annual Can is te r  Weight as a  
Funct ion o f  Diameter and 
Thermal Conduct iv i t y  



Y E A R S  O U T  O F  R E A C T O R  

FIGURE 19. R a d i o a c t i v i t y  Decay Heat as a 
Func t ion  o f  Time Out o f  Reactor 



TABLE 22. Requi rements f o r  t h e  Immobi 1  i z a t i o n  o f  
R a d i o a c t i v e  Waste i n  Concrete  

~i ametera (m) 

Volume ( L )  

Heat g e n e r a t i o n  (W/L) 

kW/can is te r  

Cani s t e r s l y e a r  

Cani s t e r s l d a y  

Waste volume ( L l c a n i s t e r )  

Volume p e r c e n t  waste 

Cement v o l  ume (L /can i  s t e r )  
3 Cement v o l  ume (m / y e a r )  

C a n i s t e r  m a t e r i a l  we igh t  ( k g )  

C a n i s t e r  m a t e r i a l  we igh t  ( t / y e a r )  
b  T o t a l  w e i g h t  ( k g l c a n i s t e r )  
b  T o t a l  w e i g h t  ( t l y e a r )  

Years Out o f  Reactor  

2  - 3 - 5 - 

a. Based on maximum c e n t e r l i n e  tempera tu re  o f  200°C w i t h  thermal  c o n d u c t i v i t y  = 0.6 W/m°C 
b. B u l k  d e n s i t y  o f  conc re te  waste f o r m  = 2.0 kg/L  



~i arnetera (m) 

Volume ( L )  

Heat gene ra t i on  (N IL )  

kW/canis ter  

Cani s t e r s l y e a r  

TABLE 23. Requirements f o r  t h e  I m m o b i l i z a t i o n  o f  
Rad ioac t i ve  Waste i n  Concrete 

Years Out o f  Reactor 

1  - 2  - 3 - 5  - 10 - 

Canis te r s l day  

Waste vo l  ume ( L l c a n i s t e r )  

Vol ume percen t  waste 

Cement v o l  ume (L /can i  s t e r )  
3 Cement volume (rn / year )  

Can i s te r  m a t e r i a l  weight  ( kg )  7.2 12.1 16.8 25.0 39.8 

Can i s te r  m a t e r i a l  weight  ( t l y e a r )  117.2 71.3 52.3 36.2 24.2 
b  To ta l  we igh t  ( k g l c a n i s t e r )  41.2 106.1 194.0 407.4 962.1 
b  To ta l  we igh t  ( t / y e a r )  669.2 624.2 604.4 590.6 585.1 

a. Based on a  maximum c e n t e r l i n e  temperature o f  200°C w i t h  thermal c o n d u c t i v i t y  = 0.6 W/m°C 
b. Bu lk  d e n s i t y  o f  concrete waste form = 2.0 kg/L 

* 
, * f'. 



Y E A R S  O U T  O F  R E A C T O R  

FIGURE 20. Canister Centerline Temperature 
as a Function of Time Out of 
Reactor 



TABLE 24. Comparison of Requirements for the 
Immobilization of Radioactive Waste 
in Concrete and Borosi 1 i cate Gl ass 

Diameter (m) 

Volume (L )  

Q (MIL) 
Wat ts /canis ter  

Cani s t e r s / y r  

Cani s ters /day 

Waste volume ( L l c a n i s t e r )  

Volume percent  waste 

Cement volume (L/cani s t e r )  
3 Cement volume (m / y r )  

Canister mate r ia l  weight (kg) 

Canister mate r ia l  weight ( t / y r )  
f Tota l  weight (kg/canis ter )  
f Tota l  weight ( t / y r )  

B o r o s i l i c a t e  Glass 

0.234' 0. 222d 0 . 2 7 9 ~  

128.8 116.5 183.9 

153.3 115.0 115.0 

19744.3 1 3402.3 21152.5 

698.9 1029.7 652.4 

2.3 3.4 2.2 
- - - 

a. Based on maximum cen te r l i ne  temperdture o f  200°C w i t h  thermal conduc t i v i t y  = 0.6 W/m°C 
b. Cente r l i ne  temperature = 800°C; thermal conduc t i v i t y  = 0.9 W/m°C; heat generat ion = 153.3 W/L 
c. Cen te r l i ne  temperature = 800°C; thermal conduc t i v i t y  = 1.3 W/m°C; heat generat ion = 153.3 W/L 
d. Cneterl  i n e  temperature = 800°C; thermal conduc t i v i t y  = 0.9 W/m°C; heat generat ion = 115.0 W/L 
e. Cen te r l i ne  ten~perature = 800°C; thermal conduc t i v i t y  = 1.3 W/rn°C; heat generat ion = 115.0 W/L 
f. Bulk densi ty  o f  concrete waste form = 2.0 kg/L; bu lk  densi ty  o f  glass monol i th  = 3.3 kg/L 



PW-4c CONTENT, % 

FIGURE 21. S p l i t t i n g  T e n s i l e  S t r e n g t h  of  
Hot-Pressed Cement C o n t a i n i n g  
PA-4c 



TABLE 25. Requirements f o r  t h e  I n c o r p o r a t i o n  o f  
Rad ioac t i ve  Waste i n  Hot-Pressed Cement 
w i t h  a  L i m i t i n g  Temperature o f  400°C 

Hot-Pressed cementa 

Diameter (m) 

Volume ( L )  

Heat gene ra t i  on (W/L) 

kW/canis ter  

Cani s t e r s l y e a r  

Cani s t e r s l d a y  

Waste v o l  ume ( L l c a n i s t e r )  

Vol ume pe rcen t  waste 

Cement volume ( L l c a n i s t e r )  
3 Cement vo l  ume (m /year )  

Can i s te r  m a t e r i a l  we igh t  ( kg )  

Can i s te r  m a t e r i a l  weight  ( t l y e a r )  
b T o t a l  we igh t  ( k g l c a n i s t e r )  
b T o t a l  we igh t  ( t / y e a r )  

a. Based on maximum c e n t e r l i n e  temperature o f  400°C w i t h  thermal c o n d u c t i v i t y  = 2.5 W/m°C 
b .  Bulk  d e n s i t y  o f  hot-pressed cement waste form = 2.7 kg/L 



TABLE 26. Requirements f o r  t h e  I n c o r p o r a t i o n  o f  
Rad ioac t i ve  Waste i n  Hot-Pressed Cement 
w i t h  a  L i m i t i n g  Temperature o f  700°C 

Diameter (m) 

Volume ( L )  

Heat generat ion (MIL) 

kW/canister 

Cani s t e r s l y e a r  

Cani s t e r s l d a y  

Waste volume ( L l c a n i  s t e r )  

Vol ume percen t  waste 

Cement volume (L /can i  s t e r )  
3 Cement volume (m /year )  

Can i s te r  m a t e r i a l  we igh t  ( kg )  

Cani s t e r  ma te r i  a1 we igh t  ( t l y e a r )  
b T o t a l  we igh t  ( k g l c a n i s t e r )  
b T o t a l  weight  ( t / y e a r )  

Hot-Pressed cementa 

a. Based on maximum c e n t e r l i n e  temperature o f  700°C w i t h  thermal  c o n d u c t i v i t y  = 2.5 W/m°C 
b .  Bulk  d e n s i t y  o f  hot -pressed cement waste form = 2.7 kg/L 



TABLE 27. Requirements f o r  t h e  Conceptual Process 
f o r  HLW I m m o b i l i z a t i o n  i n  Concrete 

Years Out o f  Reactor 

Diameter (m) 0.3048 0.3048 0.1524 0.1524 

Volume ( L )  

Heat genera t ionC (W/L) 

Cani s t e r s l y e a r  

Cani s  t e r s / d a y  

Waste v o l  ume ( L l c a n i s t e r )  

Vol ume percen t  waste 

Cement vo l  ume ( L l c a n i  s t e r )  211.0 176.2 49.3 25.2 
3  Cement volume (m /year )  1604.3 247.5 541.3 51.1 

C a n i s t e r  m a t e r i a l  weight  ( kg )  26.8 26.8 13.1 13.1 

C a n i s t e r  m a t e r i a l  weight  ( t / y e a r )  204.0 37.7 143.9 26.6 

T o t a l  we igh t  ( k g l c a n i s t e r )  464.6 464.6 122.5 122.5 

T o t a l  we igh t  ( t l y e a r )  3532.5 652.8 1  346.5 248.8 

a. Heat genera t ion  = 9200 W/MTU 
b. Heat genera t ion  = 1700 W/MTU 
c. Ca l cu la ted  f o r  a  maximum c e n t e r l i n e  temperature o f  200°C w i t h  thermal c o n d u c t i v i t y  = 

0.6 W/m°C 
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