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SUMMARY 

This report summarizes results from studies conducted in FY 1989 to assess 
the durability of grouted double-shell tank (DST) waste. These studies were 
performed in support of Westinghouse Hanford Company's Grout Disposal Program 
to determine the physical and chemical properties of simulated DST grouts 
cured for extended time periods at elevated temperatures. This report 
presents results of tests on simulated DST grout samples cured up to 6 months 
at temperatures ranging from 75°C to 95°C. 

All the testing and characterization activities were conducted on a single 
formulation of double-shell slurry feed grout. The simulated waste was the 
same as that used in the November 1988 pilot-scale test of grout processing 
characteristics. The dry blend used to prepare the grout consisted of 47 wt% 
ground blast furnace slag, 47 wt% class F fly ash, and 6 wt% type 1/11 
Portland cement. The dry blend was mixed with the simulated waste at a mix 
ratio of 9 lb/gal. The resultant grout slurry was cast into molds and cured 
at 100% relative humidity at elevated temperatures (i.e.. 75°C. 85°C. and 
95°C). 

The leach resistance and compressive strength decreased with increased 
curing times and curing temperatures. The original hydration phases may have 
densified, resulting in increased pore sizes with corresponding decreases in 
diffusion path lengths, and therefore, a decrease in leach resistance. The 
samples absorbed water during curing (up to 9 wt%) as a result of the osmotic 
pressures caused by the high salt content within the grout. The osmotic 
pressure within the grout may have been sufficiently high to cause localized 
microcracking. thereby reducing strength. Cracking due to increases in 
internal pressures caused by salt crystallization also may have occurred as 
the samples cooled from their curing temperatures to room temperature. 
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INTRODUCTION 

Cur ren t  p lans  a t  Hanford f o r  d i sposa l  o f  s e l e c t e d  l o w - l e v e l  l i q u i d  wastes 
i n c l u d e  s o l i d i f i c a t i o n  o f  t h e  wastes us ing  h y d r a u l i c  b i n d e r s  (i .e., g r o u t i n g ) .  
Grout  d i sposa l  i s  i n tended  f o r  d o u b l e - s h e l l  s l u r r y  feed (DSSF)  waste, one o f  
t h e  types  o f  l o w - l e v e l  wastes s t o r e d  i n  d o u b l e - s h e l l  tanks  on t h e  Hanford 
S i t e .  The i n i t i a l  f o r m u l a t i o n  f o r  DSSF waste g r o u t  i n c l u d e d  a d r y  b l e n d  
c o n s i s t i n g  o f  approx imate ly  47 w t %  ground b l a s t  fu rnace s l a g ,  47 w t %  f l y  ash, 
and 6 w t %  P o r t l a n d  cement. The d r y  b lend  i s  mixed w i t h  l i q u i d  waste a t  a nom- 
i n a l  r a t i o  o f  9 l b  o f  s o l i d s  pe r  g a l l o n  o f  waste (1080 g /L ) .  T h i s  f o r m u l a t i o n  
was developed t o  meet s p e c i f i e d  c r i t e r i a  f o r  p rocess ing ,  l e a c h a b i l i t y ,  and 
p h y s i c a l  p r o p e r t i e s  o f  t h e  grou ted  waste form. Because o f  t i m e  c o n s t r a i n t s  
d u r i n g  f o r m u l a t i o n  s t u d i e s ,  t e s t s  u s i n g  these g rou ts  were conducted a f t e r  
r e l a t i v e l y  s h o r t  c u r i n g  t imes a t  temperatures t h a t  do n o t  a c c u r a t e l y  s imu la te  
t h e  temperatures t h a t  w i l l  occur  under t h e  expected d i sposa l  c o n d i t i o n s .  
Whi le  t h e  g r o u t s  prepared w i t h  t h e  c u r r e n t  f o r m u l a t i o n  met most f o r m u l a t i o n  
c r i t e r i a ,  a d d i t i o n a l  i n f o r m a t i o n  i s  needed t o  v e r i f y  t h a t  l o n g - t e r m  r e a c t i o n s  
w i t h i n  t h e  g r o u t  a t  e leva ted  temperatures w i l l  n o t  s a c r i f i c e  i n t e g r i t y  o f  t h e  
d i sposa l  system and r e s u l t  i n  l e s s  f a v o r a b l e  performance. 

The m a j o r i t y  o f  convent iona l  concre tes  and mor ta rs  used i n  t h e  cons t ruc -  
t i o n  i n d u s t r y  a re  produced w i t h  P o r t l a n d  cement. The h y d r a t i o n  r e a c t i o n s ,  hy -  
d r a t i o n  p roduc ts ,  and d e t e r i o r a t i o n  mechanisms o f  such systems have been s t u d -  
i e d  e x t e n s i v e l y  (e.g.. Lea 1971 and N e v i l l e  1981). Many s t u d i e s  have been 
conducted u s i n g  acce le ra ted  t e s t i n g  methods t o  es t ima te  t h e  s e r v i c e  l i v e s  o f  
convent iona l  concre te  s t r u c t u r e s .  Most o f  these s t u d i e s  d i d  n o t  p r o v i d e  r e l i -  
a b l e  p r e d i c t o r s  o f  d u r a b i l i t y ,  p r i m a r i l y  because o f  t h e  numerous i n t e r a c t i o n s  
between d e t e r i o r a t i o n  mechanisms and d i f f i c u l t i e s  i n  r e l i a b l y  c o n t r o l l i n g  t h e  
t e s t  c o n d i t i o n s .  

DSSF g r o u t s  a re  unique i n  t h e i r  composi t ion and t h e i r  i n tended  purpose. 
The h y d r a t i o n  r e a c t i o n s  f o r  DSSF g r o u t  a re  expected t o  be q u i t e  d i f f e r e n t  f rom 
those f o r  convent iona l  concretes (Lea 1971, Regourd e t  a l .  1983, Wu e t  a l .  
1983) .  Other  c o m p l i c a t i n g  f a c t o r s  i n c l u d e  t h e  h i g h  s a l t  con ten t  i n  t h e  waste 
and h i g h  c u r i n g  temperatures.  High- temperature c u r i n g  and t h e  presence o f  
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s a l t s  a f f e c t  t h e  r a t e s  o f  r e a c t i o n s  and i n f l u e n c e  t h e  m i c r o s t r u c t u r e ,  composi- 
t i o n ,  and p h y s i c a l  p r o p e r t i e s  o f  t h e  r e a c t i o n  produc ts .  

The l o n g - t e r m  d u r a b i l i t y  requirements and degradat ion  mechanisms o f  DSSF 

g r o u t s  d i f f e r  f r o m  those f o r  convent iona l  concre te  s t r u c t u r e s .  D e t e r i o r a t i o n  
o f  concre te  i s  most o f t e n  caused by c y c l i c  environmental  c o n d i t i o n s  (e.g. ,  
f reeze/ thaw c y c l e s ,  we t /d ry  c y c l e s )  and/or e x t e r n a l  chemical i n t e r a c t i o n s  
(e.g. ,  d e i c i n g  s a l t s ,  a c i d  r a i n ,  carbonat ion ,  e t c . ) .  DSSF g r o u t s  w i l l  n o t  be 
exposed t o  such c o n d i t i o n s .  A t  t h e  planned d i sposa l  depths, annual 
f reeze / thaw c y c l e s  w i l l  n o t  occur .  By design o f  t h e  d i sposa l  system ( i . e . .  
th rough t h e  use o f  a d i f f u s i o n  b a r r i e r ) .  t h e  g r o u t  w i l l  n o t  be exposed t o  
e x t e r n a l  chemical i n f l u e n c e s .  Other f a c t o r s  may a f f e c t  t h e  d u r a b i l i t y  o f  t h e  
g r o u t s ,  however. These f a c t o r s  i n c l u d e  h i g h  temperatures (-90°C), temperature 
g r a d i e n t s ,  m o i s t u r e  g r a d i e n t s ,  compos i t ion  g r a d i e n t s ,  i n t e r n a l  chemical 
r e a c t i o n s ,  and r a d i a t i o n .  Under t h e  expected d i sposa l  c o n d i t i o n s ,  t h e  
temperature o f  t h e  g r o u t  w i l l  peak t w i c e .  The f i r s t  peak w i l l  r e s u l t  f r o m  
h y d r a t i o n  hea t ,  and t h e  second w i l l  r e s u l t  f rom r a d i o a c t i v e  decay hea t .  The , 

g rou ts  w i l l  remain a t  e l e v a t e d  temperatures f o r  many years .  The h i g h  
temperatures expected d u r i n g  t h e  f i r s t  f e w  decades a f t e r  d i sposa l  w i l l  
i n c r e a s e  t h e  d r i v i n g  f o r c e  f o r  water vapor t r a n s p o r t  away f rom t h e  g r o u t s ;  t h e  
l o s s  o f  water  may r e s u l t  i n  c rack ing ,  dehydra t i on  o f  hyd ra ted  phases, and 
p r e c i p i t a t i o n  o f  s a l t s  f rom s a t u r a t e d  pore  s o l u t i o n .  A s  t h e  g r o u t  c o o l s ,  t h e  
osmot ic p ressu re  caused by t h e  h i g h  s a l t  con ten t  may draw m o i s t u r e  back i n t o  
t h e  g r o u t  mass. The uptake o f  mo is tu re  may have d e t r i m e n t a l  impacts on t h e  
behav io r  of t h e  g r o u t .  

I n  a d d i t i o n ,  t h e  i n i t i a l  c u r i n g  c o n d i t i o n s  d u r i n g  t h e  f i r s t  f e w  months 
a f t e r  p r o d u c t i o n  a re  expected t o  g r e a t l y  i n f l u e n c e  t h e  l o n g - t e r m  p r o p e r t i e s  o f  
t h e  g r o u t .  Cur ing  temperatures w i l l  va ry  w i t h  p o s i t i o n  w i t h i n  t h e  g r o u t  
because o f  t h e  t i m e  r e q u i r e d  t o  f i l l  t h e  v a u l t ,  t h e  temperature g r a d i e n t  due 
t o  h y d r a t i o n  heat ,  and heat loss t o  t h e  sur round ings .  The d i f f e r e n c e s  i n  
temperature may a l s o  r e s u l t  i n  mo is tu re  g r a d i e n t s  and c o n c e n t r a t i o n  g r a d i e n t s  
o f  s a l t s  i n  s o l u t i o n .  

The o b j e c t i v e  o f  t h e  study r e p o r t e d  here  w a s  t o  q u a l i t a t i v e l y  a s s e s s  t h e  
l o n g - t e r m  d u r a b i l i t y  o f  DSSF g rou ts  ( + . e . .  t o  determine whether any changes 
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c o u l d  occur  i n  g r o u t  p r o p e r t i e s  t h a t  would s i g n i f i c a n t l y  a f f e c t  performance).  
DSSF g r o u t s  were sub jec ted  t o  a range o f  c u r i n g  c o n d i t i o n s  and were then 
t e s t e d  t o  i d e n t i f y  chemical and p h y s i c a l  r e a c t i o n s  i n  t h e  g r o u t  t h a t  c o u l d  
p o s s i b l y  impact  t h e  performance o f  t h e  d isposa l  system. T h i s  r e p o r t  p resents  
r e s u l t s  of t e s t s  on s imu la ted  DSSF g r o u t  samples cured up t o  6 months a t  
temperatures r a n g i n g  f rom 75°C TO 95_"C. 
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CONC L U S I O N S  AND RECOMMENDATIONS 

Samples o f  l abo ra to ry -p roduced  DSSF g r o u t  t h a t  were cured a t  temperatures 
o f  75°C. 85OC. and 95°C f o r  up t o  6 months have been t e s t e d  and c h a r a c t e r i z e d  
t o  determine t h e  r e l a t i v e  changes i n  g r o u t  p r o p e r t i e s .  Based on t h e  t e s t  
r e s u l t s ,  t h e  f o l l o w i n g  obse rva t i ons  can be made: 

The l e a c h  r e s i s t a n c e  and compressive s t r e n g t h  o f  most o f  t h e  DSSF g r o u t  
samples decreased w i t h  inc reased c u r i n g  t i m e  and inc reased  c u r i n g  
tempera ture  

The b u l k  volume o f  t h e  DSSF g r o u t  samples d i d  n o t  change apprec iab l y  
d u r i n g  c u r i n g  

DSSF g r o u t  samples absorbed water  d u r i n g  c u r i n g  a t  temperatures up t o  
95°C. 

The decreased compressive s t reng ths  and leach  r e s i s t a n c e  o f  t h e  g rou ts  
may be due t o  d e n s i f i c a t i o n  o f  hydra ted  phases and/or t o  m ic roc rack ing  caused 
by h i g h  i n t e r n a l  p ressures  r e s u l t i n g  f rom water  a b s o r p t i o n  o r  s a l t  
c r y s t a l l i z a t i o n .  A d d i t i o n a l  t e s t i n g  and c h a r a c t e r i z a t i o n  w i l l  address t h e  
f o l  1 owi ng q u e s t i  ons : 

Why do longer  c u r i n g  t imes and h ighe r  c u r i n g  temperatures (up t o  95°C) 
r e s u l t  i n  decreases i n  leach r e s i s t a n c e  and compressive s t r e n g t h s ?  

What a re  t h e  impacts o f  changing t h e  f o r m u l a t i o n  o f  DSSF g rou ts  (e .g. .  
d i l u t i n g  t h e  d r y  b lend  t o  reduce t o t a l  heat  genera t i on )  on t h e  phys i ca l  
and chemical p r o p e r t i e s  o f  t h e  g r o u t ?  

Does t h e  development of  a d d i t i o n a l  c r y s t a l l i n e  phases change t h e  o v e r a l l  
l e a c h a b i l i t y  o f  DSSF g rou ts?  Does temperature a c c e l e r a t e  r e a c t i o n s  t o  
t h e  p o i n t  where g rou ts  cured a t  low temperature and l o n g  t imes y i e l d  t h e  
same phases as s h o r t - t e r m  c u r i n g  a t  h ighe r  temperature? 

Can t h e  new phases be p r e d i c t e d  by chemical s p e c i a t i o n / s o l u b i l i t y  c a l c u -  
l a t i o n s  o f  pore  f l u i d  and/or leach s o l u t i o n  compos i t ion?  Are t h e  phases 
i n  e q u i l i b r i u m  w i t h  t h e  f l u i d s ?  
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The f o l l o w i n g  a c t i v i t i e s  are c u r r e n t l y  underway t o  answer these ques t ions :  

S t a t i s t i c a l l y  designed exper iments a re  be ing  used t o  i d e n t i f y  and 
q u a n t i f y  t h e  e f f e c t s  of dry  b lend  composi t ion,  c u r i n g  c o n d i t i o n s ,  and 
waste compos i t ion .  

Cur ing  c o n d i t i o n s  are  be ing  more s t r i n g e n t l y  c o n t r o l l e d  t o  c o n t r o l  
we igh t  changes d u r i n g  c u r i n g  and t o  p r o v i d e  more accura te  mass balances 
( i . e . ,  m o i s t u r e  g a i n  i n  samples cured up t o  95°C). 

D e t a i l e d  m i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n  i s  be ing  made t o  determine t h e  
e x t e n t ,  if any, of microcracks o r  gross m i c r o s t r u c t u r a l  changes t h a t  may 
a f f e c t  l e a c h i n g  and s t r e n g t h .  

Pore s i z e  d i s t r i b u t i o n  measurements a re  be ing  conducted t o  c o r r e l a t e  
p h y s i c a l  and chemical changes t h a t  occur w i t h i n  t h e  g r o u t .  

6 



M A T E R I A L S  AND METHODS 

SIMULATED WAS TE AND DRY BLEND 

The s imu la ted  DSSF l i q u i d  waste used i n  these s t u d i e s  was ob ta ined  from a 
l a r g e  ba tch  prepared f o r  use i n  t h e  November 1988 p i l o t - s c a l e  t e s t  o f  g r o u t  
p rocess ing  c h a r a c t e r i s t i c s  (Whyatt 1989(a) and Lokken e t  a l .  1992). The 
nominal and analyzed composi t ion o f  t h e  s imu la ted  waste i s  l i s t e d  i n  Table 1. 

The re fe rence  d r y  b lend  composi t ion.  composed o f  47 w t X  b l a s t  fu rnace 
s l a g  ob ta ined  f rom Ash Grove Cement West, 47 w t %  c l a s s  F f l y  ash f rom 
C e n t r a l i a .  Washington, and 6 w t %  t ype  1/11 P o r t l a n d  cement f rom Ash Grove 
Cement West, was used i n  t h i s  s tudy.  The d ry  m a t e r i a l s  were mixed i n  a V -  
b lender  f o r  23 hours p r i o r  t o  g r o u t  p repara t i on .  Four 10-kg  batches were 
prepared i n  t h i s  manner. The ox ide  composi t ion o f  t h e  major  c o n s t i t u e n t s  i n  
t h e  i n d i v i d u a l  d ry  m a t e r i a l s ,  a s  determined by i n d u c t i v e l y  coupled plasma 
( I C P )  spect roscopy,  i s  l i s t e d  i n  Table 2. Table 3 l i s t s  t h e  concen t ra t i ons  o f  
t r a c e  meta ls  i n  t h e  m a t e r i a l s  a s  determined by X-ray f luorescence ( X R F I  
a n a l y s i s .  

Grouts were prepared us ing  a Hobart  mixer  and a w i r e  whip. The waste was 
preheated t o  approx imate ly  45OC.  and then 2 L were poured i n t o  t h e  mixer  bowl. 
Room temperature d r y  b lend  was added t o  t h e  waste a t  a mix  r a t i o  o f  9 l b / g a l  
(1.08 kg /L ) .  A f t e r  mix ing ,  t h e  g r o u t  s l u r r y  w a s  poured i n t o  an i n s u l a t e d  con- 
t a i n e r  and t h e  s l u r r y  was  con t inuous ly  a g i t a t e d .  F i ve  batches o f  g r o u t  s l u r r y  
were prepared i n  t h i s  manner. Samples o f  DSSF g r o u t  s l u r r y  were c a s t  i n t o  
preweighed. po lypropy lene j a r s  o f  e i t h e r  75-mL o r  3 5 - m i  capac i t y .  The j a r s  

were then capped, weighed, and p laced i n  vessels  f o r  c u r i n g  as descr ibed 
below. A t o t a l  o f  239 g r o u t  samples were prepared. Grout s l u r r y  samples f rom 
t h e  f i r s t  ba tch  and t h e  l a s t  ba tch  were t e s t e d  f o r  d e n s i t y  and f o r  rheology 
us ing  a Fann v iscometer .  

(a) Whyatt,  G. A. 1989. P i l o t - S c a l e  Product i o n  o f  Grout w i t h  S imula ted  
Double-Shel l  S l u r r y  Feed. PNL-dra f t ,  P a c i f i c  Northwest Labora tory ,  
Rich land,  Washington. 
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J A B I F  1. Composi t ion o f  S imu la ted  DSSF Waste 

Species 

A1 
B 

Ba 
C a  

C r  
Fe 
K 

M¶ 
Mn 

Mo 
Na 

S i  

Zn 
c1-  
N02- 
PO4 -3 

~ 0 3  - 
s04-2  
TOC(C) 

CornPosit ion. a / L  
Analyzed(a)  Nomi na 1 (b) 

22.4 20.3 

0.136 0.105 
0.6 0.623 
0.573 0.2 
1.26 1.15 

1.49 1.41 

11.5 9.72 
0.32 

3 .01  2.75 
0.068 0.049 

122 121 -8  
0 e 502 0.56 
2.93 1.63 

5.36 3.86 
27.2 23.0 

5.4 5.65 

186 154.4 

5 .1  5.05 

1 556 1.28 

( a )  Analyzed f o r  t h i s  s tudy  
( b )  Claghorn (1987) 
( c >  T o t a l  o r g a n i c  carbon a s  EDTA and c i t r a t e  

8 



TABLE 2. Oxide Composit ion o f  B l a s t  Furnace Slag,  
Class F F l y  Ash, and Cement 

Composition. w t % ( a )  

Oxide S1 ag F l y  Ash Cement 
A1 203 13.4 23.5 3.3 

8203 0.5 0.105 

Ba0 0.117 0.169 0.084 

C a O  43.4 8,05 65.4 
Fez03 0 377 5.73 4.08 

K20 0.89 0.98 0.65 

MgO 5.62 1.57 1.38 
Mn02 1.03 0.088 0.072 
Na2O 0.401 3.02 0.32 
p205 0.94 
S i  02 33.3 47.8 22.2 

T i  02 1.08 4.43 0.22 

Tota 1 99.693 97.087 97. a46 

S r O  0.078 0.31 0.035 

----- ----- ---- ---- 

( a )  Determined by I C P  a n a l y s i s  

TABIF 3. Concent ra t ion  of Trace Me ta l s  i n  Ground 
B l a s t  Furnace Slag and Class F F l y  Ash 

Concent ra t ion ,  ppm(a) 
Trace 
Meta l  S1 ag Fly Ash 

Ag <4.6 <4.7 
As  3 . 1  22.2 
Cd <5.2 <5.1 

Hg <4,3 <4.6 
Pb <3.9 22.9 
Se 2 .0  2.0 

( a >  Determined by XRF a n a l y s i s  
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C U R I N G  PROCEDURES 

The polypropylene j a r s  containing the grout s lurry were placed i n  vessels 
containing a solution approximating the composition of the i n i t i a l  pore 
solution i n  the grout. 
preparing DSSF grout s lurry i n  the standard manner, a g i t a t i n g  the s lurry for  
approximately 48 hours a t  room temperature, f i l t e r i n g  the s lur ry .  a n d  
analyzing the f i l t r a t e .  The f i l t r a t e  was analyzed by I C P .  ion chromatography 
( I C ) .  a n d  acid t i t r a t i o n  for  hydroxide content. Table 4 l i s t  the resu l t s  of 
these analyses. Based on these r e su l t s ,  a simulated pore solution was 
prepared t h a t  contained the major consti tuents ident i f ied by the analyses. 
Table 5 l i s t s  the amounts o f  compounds used t o  prepare the simulated pore 
sol  u t i  o n .  

The composition of the pore solution was determined by 

Curing the grout samples i n  the simulated pore solution minimized osmotic 
pressure gradients through the polypropylene j a r s  a n d  maintained constant 
moisture conditions,  thereby min imiz ing  the transport  o f  water i n t o  or o u t  o f  
the grout by decreasing the driving force for  water vapor t ransport .  

The vessels containing the grout samples ( ins ide  the polypropylene j a r s )  
and  the simulated pore f l u i d  were placed i n  ovens i n i t i a l l y  operating a t  25°C 
t o  35°C. The temperature o f  the ovens was increased over a 3-day period t o  
95"C, 8 5 O C .  or 75°C. Table 6 l i s t s  the number o f  samples cured a t  each 
temperature. 

S A M P L E  R E M O V A L  

After curing for  the desired time periods, the samples were removed from 
the vessels a n d  were placed i n t o  other vessels containing the simulated pore 
solution t h a t  had  been preheated t o  the appropriate curing temperature. The 
samples i n  these vessels were allowed t o  cool slowly t o  room temperature. The 
grout samples were removed from the polypropylene j a r s  by careful ly  cutt ing 
one side o f  the j a r  w i t h  the t i p  o f  a h o t  soldering iron. Upon removal, the 
grout specimens were weighed a n d  then stored i n  p l a s t i c  bags u n t i l  t e s ted .  
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TABLE 4 .  Analyzed Composi t ion o f  Pore 
DSSF Grout A f t e r  48 Hours o f  

F l u i d  o f  
A g i t a t i o n  

Composit ion, 
Species g/L 

1.04 
0.36 
0.41 
0.82 

12.5 
157 

1.25 
1.60 1 
3,2 

30 
200 

20 
1.3 

J A B l E  1. Composi t ion o f  S imulated Pore S o l u t i o n  
Used f o r  Cur ing DSSF Grouts 

Amount, 
Compound m/ L 

H N O ~  2.91 
Na2C03 0.538 

N a C l  0.09 
KN 03 0.32 
N a A l O 2  0.0385 

NaOH 4 .51  
Na2S04 0.21 
NaN02 0.65 

11 



TABLE 6. Cur ing  M a t r i x  f o r  DSSF Grout  D u r a b i l i t y  S tud ies  

Number o f  Samples Cured 
a t  Each Temperature 

Cur ing  
T i  me 95°C 85°C 75°C 

28 days 9 9 9 
2 month 5 5 5 
3 months 11 9 11 
4 months 5 5 5 
6 months 10 10 10 

- - -  

>6 months(a) 20 20 20 

( a )  A d d i t i o n a l  samples produced and cured 
f o r  1 ong- term eval  u a t i  on 

PHYSICAL PROPERTY TESTS 

Compressive s t r e n g t h  t e s t i n g  w a s  conducted w i t h  an I n s t r o n ( a )  t e s t  machine 

a t  a cons tan t  crosshead speed o f  0.05 in . /min.  The l o a d - t o - f a i l u r e  was de- 
te rmined f rom t h e  maximum p o i n t  o f  a l oad -de fo rma t ion  curve .  compressive 
s t r e n g t h  va lues  were c a l c u l a t e d  by d i v i d i n g  t h e  maximum l o a d  by t h e  c ross -sec -  
t i o n a l  s u r f a c e  area o f  t h e  c y l i n d e r s .  The l e n g t h - t o - d i a m e t e r  r a t i o  o f  these 
samples was one. Bu lk  d e n s i t y  was determined by d i v i d i n g  t h e  we igh t  o f  t h e  
compressive s t r e n g t h  samples by t h e i r  b u l k  volume as determined by l e n g t h  and 
d iameter  measurements. 

The m o i s t u r e  con ten t ,  o r  amount o f  evaporable water ,  o f  t h e  g r o u t s  was de- 
te rmined by d r y i n g  t h e  compressive s t r e n g t h  samples ( a f t e r  t e s t i n g )  t o  a con- 
s t a n t  we igh t  a t  105°C k 2°C. 

A M F R I C A N  N U C I F A R  SOCIETY ( A N S  16.1) IFACH TFST 

The ANS 16 .1  l each  t e s t  ( A N S  1986) w a s  used t o  determine t h e  e f f e c t s  o f  
c u r i n g  tempera ture  and c u r i n g  t i m e  on l e a c h a b i l i t y .  The t e s t  i s  an 
i n t e r m i t t e n t  l e a c h a t e  exchange t e s t  designed t o  s i m u l a t e  a dynamic l e a c h i n g  

~~ ~~ ~ 

( a )  I n s t r o n  Corpora t ion ,  Canton, Massachusetts 
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s i t u a t i o n .  The leacha te  exchange i n t e r v a l s  used f o r  these t e s t s  a re  l i s t e d  i n  
Table 7 .  

The samples used i n  these t e s t s  were c y l i n d r i c a l ,  w i t h  approx imate dimen- 
s ions  o f  3.2-cm d i a .  by 4.5-cm h igh .  The samples, w i t h  a nominal su r face  area 
of 61  cm2, were suspended by n y l o n  monof i lament  i n  approx imate ly  610 rnL o f  

de ion i zed  water  w t h i n  po l ye thy lene  con ta ine rs .  The ANS l each  t e s t s  were 
conducted th rough  9 1  days. A f t e r  t h e  e lapsed t i m e  pe r iods ,  t h e  samples were 
removed f rom t h e  eachates and p laced i n t o  con ta ine rs  c o n t a i n i n g  f r e s h  
l eachan t .  The pH o f  t h e  leachates  was measured immedia te ly  a f t e r  removing t h e  
samples. A l i q u o t s  o f  l eacha te  were f i l t e r e d  th rough a 0.45 pm f i l t e r  and then 
submi t ted  f o r  c a t i o n  a n a l y s i s  by I C P ,  f o r  an ion  a n a l y s i s  by IC, and f o r  
a n a l y s i s  o f  t o t a l  o rgan ic  carbon (TOC). 

The ANS 16 .1  l each  t e s t  was used i n  these s t u d i e s  t o  determine t h e  
r e l a t i v e  l e a c h i n g  r e s i s t a n c e  f o r  major  c a t i o n s  and anions and t o  determine 
changes i n  l e a c h a b i l i t y  due t o  d i f f e r e n t  c u r i n g  c o n d i t i o n s .  A lso ,  changes i n  
t h e  l e a c h i n g  behav io r  can p r o v i d e  some i n s i g h t  i n t o  p h y s i c a l  and chemical 
changes t h a t  may be o c c u r r i n g  i n  t h e  g rou t .  The ANS 16.1 l each  t e s t  i s  
des igned t o  determine a " f i g u r e  o f  m e r i t "  parameter c a l l e d  t h e  l e a c h a b i l i t y  
i ndex  (L). The l e a c h a b i l i t y  index  f o r  a g i ven  species i s  d e f i n e d  a s  t h e  nega- 
t i v e  l o g a r i t h m  (base 10) o f  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  ( D )  o f  t h a t  
spec ies .  When l e s s  than 20% of a g i ven  species i s  leached. t h e  e f f e c t i v e  d i f -  
f u s i v i t y  i s  g i v e n  by ( A N S  1986): 

where D = e f f e c t i v e  d i f f u s i v i t y .  cm2/s 
an = c o n c e n t r a t i o n  o f  i o n  re leased f rom t h e  specimen d u r i n g  t h e  

A. = t o t a l  amount of spec ies i n  t h e  specimen a t  t h e  beg inn ing  o f  
l e a c h i n g  i n t e r v a l  n 

t h e  l each  t e s t  
(A t ) ,  = tn - tn-l. d u r a t i o n  o f  t h e  n - t h  l e a c h i n g  i n t e r v a l ,  s 

v = volume o f  specimen, cm3 
S 
T 

= geometr ic  su r face  area o f  specimen, cm2 
= C1/2 (6 + d G ) 1 2 ,  rep resen t ing  t h e  "mean t ime"  o f  t h e  

l e a c h i n g  i n t e r v a l ,  s .  
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When g r e a t e r  t han  20% o f  t h e  t o t a l  i n v e n t o r y  o f  a spec ies i s  leached, t h e  e f -  
f e c t i v e  d i f f u s i v i t y  i s  c a l c u l a t e d  by: 

where D = e f f e c t i v e  d i f f u s i v i t y ,  cm2/s 
G = d imensionless t ime  f a c t o r  f o r  c y l i n d e r  
d = c y l i n d e r  d iameter ,  cm 
t = elapsed leach ing  t ime  f rom beg inn ing  o f  t e s t ,  s 

TABLF 7 .  Leach I n t e r v a l s  Used f o r  t h e  ANS 16.1 Leach Tes t  

Leach 
I n t e r v a l  

No. 

T i  me 
Between 

I n t e r v a l s  
Cumulat ive 

T i  me 

7 h r  
17 h r  
24 h r  
48 h r  
72 h r  

7 d  
14 d 
28 d 
35 d 

7 h r  
1 d  
2 d  
4 d  
7 d  

14 d 
28 d 
56 d 
9 1  d 
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RESULTS AND D I S C U S S  I ON 

Th is  s e c t i o n  presents  t h e  r e s u l t s  ob ta ined  t o  da te  on p r o p e r t i e s  of DSSF 
g rou ts  p repared f o r  s t u d y i n g  t h e  l o n g - t e r m  behav io r  of t h e  g r o u t  a t  e l e v a t e d  
c u r i n g  temperatures.  

SLURRY PROPERTIES 

Two samples o f  DSSF g r o u t  s l u r r y  were c o l l e c t e d  d u r i n g  t h e  sample c a s t i n g  
procedure f o r  use i n  de te rm in ing  s l u r r y  d e n s i t y  and r h e o l o g i c a l  p r o p e r t i e s .  
The d e n s i t i e s  o f  t h e  s l u r r i e s  were 1.65 and 1.66 g/cm3 and t h e  c r i t i c a l  f l o w  

r a t e s  were 36.1 and 38.1 gpm. r e s p e c t i v e l y ,  f o r  t h e  samples c o l l e c t e d  a t  t h e  
beg inn ing  and a t  t h e  end o f  t h e  c a s t i n g  pe r iod .  The measured d e n s i t i e s  were 
w i t h i n  t h e  range o f  d e n s i t i e s  measured on o t h e r  DSSF g r o u t  samples prepared 
w i t h  t h e  same waste and d r y  b lend.  The average d e n s i t y  of  these g r o u t  s l u r -  
r i e s  was 1.66 g/cm3, w i t h  a s tandard  d e v i a t i o n  o f  0.01 g/cm3. The c r i t i c a l  

f l o w  r a t e s  were below t h e  maximum acceptab le  l i m i t  o f  60 gpm. 

WEIGHT CHANGE D U R I N G  CU R I N G  

The DSSF g r o u t  samples were cured i n  sealed po lyp ropy lene  j a r s  p laced i n  
secondary vesse ls  t h a t  con ta ined a s imu la ted  pore  s o l u t i o n .  As d iscussed 
p r e v i o u s l y .  these c o n d i t i o n s  were i n tended  t o  min imize  w a t e r  vapor t r a n s p o r t  
i n t o  o r  o u t  o f  t h e  g rou ts .  However, t h e  m a j o r i t y  o f  t h e  g r o u t  samples gained 
we igh t  d u r i n g  c u r i n g .  Table 8 l i s t s  t h e  average we igh t  changes f o r  t h e  DSSF 

g r o u t  samples cured up t o  6 months. Fu r the r  d i scuss ion  on t h e  we igh t  changes 
d u r i n g  c u r i n g  f o r  t h e  compressive s t r e n g t h  samples and t h e  e f f e c t s  on o t h e r  
p r o p e r t i e s  i s  p resented  i n  t h e  f o l l o w i n g  s e c t i o n .  

C O M P R E S S I V E  STRENGTH. D E N S I T Y .  AND MOISTURE CONTENT 

Tab le  9 summarizes t h e  r e s u l t s  o f  unconfined compressive s t r e n g t h  and as-  
cured b u l k  d e n s i t y  measurements. As a genera l  r u l e ,  t h e  average compressive 
s t r e n g t h  decreased as t h e  b u l k  d e n s i t y  o f  t h e  samples inc reased.  Th is  e f f e c t  
i s  i l l u s t r a t e d  i n  F igu re  1, which shows data f rom samples cured  a t  75°C. 85°C 
and 95°C f o r  1 t o  6 months. A l though t h e r e  i s  cons ide rab le  s c a t t e r  i n  t h e  
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TABLE 8. Weight Changes f o r  DSSF Grout  Samples Dur ing  Cur ing  
f o r  1 t o  6 Months 

Cur ing  Average Weight u 
Temp., "C Change, w t %  S.D. (a )  Low High 

75 2.90 2.78 -0.64 

85 

95 

4.50 
6.57 

2 - 4 8  

2.20 

- 4  e 03 
0.43 

9.06 

9.00 

9.78 

( a >  S.D. = One s tandard  d e v i a t i o n  f r o m  average 

No. o f  
Sam1 es 

39 

37 

38 

da ta  around t h e  r e g r e s s i o n  l i n e .  t h e  c o r r e l a t i o n  i s  s t i l l  r e l a t i v e l y  good ( R 2  

= 0.76) c o n s i d e r i n g  t h e  range o f  c u r i n g  t imes and c u r i n g  temperatures o f  t h e  
samples. The decrease i n  compressive s t r e n g t h  w i t h  i n c r e a s i n g  d e n s i t y  ( o r  
we igh t  g a i n )  c o u l d  have been caused by h i g h  i n t e r n a l  p ressures  e x e r t e d  w i t h i n  
t h e  g r o u t  s t r u c t u r e  by t h e  imbibed water .  thus  r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  
m ic roc racks .  M ic roc rack ing  a l s o  may have occur red  as t h e  g r o u t  samples coo led  
f rom t h e i r  r e s p e c t i v e  c u r i n g  temperatures t o  room temperature.  Because t h e  
s o l u b i l i t y  o f  t h e  s a l t s  l i k e l y  would be h ighe r  a t  t h e  e l e v a t e d  temperatures,  
decreas i  ng the temperature cou ld  have r e s u l t e d  i n  t h e  c r y s t a l  1 i z a t i  on o f  
s a l t s ,  w i t h  cor respond ing  inc reases  i n  i n t e r n a l  p ressures  assoc ia ted  w i t h  
c r y s t a l  1 i z a t i o n .  

F o l l o w i n g  compressive s t r e n g t h  t e s t i n g ,  t h e  samples were d r i e d  t o  cons tan t  
we igh t  a t  105°C t o  determine t h e  amount o f  evaporable water  p resen t  w i t h i n  t h e  
samples. The we igh t  change d u r i n g  c u r i n g ,  evaporable water  con ten t ,  and 
amount o f  bound water  i n  t h e  DSSF g r o u t  samples a re  summarized i n  Tab le  10.  
The amount o f  bound, o r  reac ted ,  water  i n  t h e  samples was c a l c u l a t e d  assuming 
t h e  i n i t i a l  water  con ten t  was 37.2 w t % .  t h e  i n i t i a l  d e n s i t y  was 1.66 g/cm3. 

a l l  we igh t  change d u r i n g  c u r i n g  was due t o  t h e  g a i n  o r  loss o f  water ,  and a l l  
we igh t  l o s t  d u r i n g  d r y i n g  a t  105°C w a s  f r o m  water  loss .  
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TABLE 9 .  Summary of As-Cured Bulk Density and Compressive Strength 
Values of DSSF Grout Samples 

Curing Curing 
Temp., "C Time(a) 

75 1 
2 
3 
4 
6 

Density, Compressive 
g / 0 3  Strength. psi 

1.67 f O . O l ( b )  1150 & 30 
1 .70  f 0.03 1170 f 180 
1 .70  f 0.02 1460 f 60 
1.77 f 0.01 730 f 230 
1 . 7 5  f 0.04 950 f 490 

85  

95 

1 1.69  k 0.02 1290 k 350 
1 . 7 3  f 0.03 
1 .75  f 0.06 
1.81 f 0.01 
1 .77  k 0.06 
1 .76  f 0.04 
1 . 7 8  f 0.03 
1 . 7 8  k 0.01  
1.80 k 0.00 
1.81 & 0.00 

1400 f 210 
910 f 570 
500 f 70 
670 & 350 

1020 f 180 
610 _+ 220 
540 f 160 
410 k 20 
330 f 0 

(a) Curing time in months 
( b )  f values represent one standard deviation from average 

No. of 
Sarnpl es 

3 
3 
2 
3 
3 
3 

2000 I 

3 
3 

3 
3 
2 

1500 

1000 

500 

1 I I I 

1.60 1.65 1.70 1.75 1 .80 1.85 

As-Cured Density, g/cc 

FIGURE 1. Unconfined Compressive Strength v s .  As-Cured Density for DSSF 
Grout Samples Cured at 75OC. 85OC. and 95°C for 1 to 6 Months 
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T A B I F  1Q. Summary o f  Cur ing  Weight Gain, Evaporable Water Content ,  and 
Percentage of Water Reacted Dur ing  Cur ing  o f  DSSF Grout  Samples 

85 

95 

Cur ing  Cur ing  
Temp., O C  T ime(a)  

75 1 
2 
3 
4 
6 
1 
2 
3 
4 
6 
1 
2 
3 
4 
6 

Weight Change Evaporabl e 
Dur ing  Cur ing.  Water Content, 

w t % ( b )  w t % ( C )  

0.12 f 0.56(e) 32.3  f 0.4 
2.08 k 1.49 31.2 f 1.0 
2.55 k 1.08  30.8 f 0.7 
6.82 f 1.21  29.8 * 0.5 
5.37 f 3.27 30.4 f 0.9  
2.64 f 1.13 
4 .33  f 2.35  
5 , 6 1  k 4.37 
8.77 f 0.35 
5.60 f 3.75 
5.74 f 1.90 
6,57 f 1.85  
6 . 7 1  k 0.53  
8 .44  k 0.72  
9 .58  f 0.29 

31.2 f 0 . 8  
3 0 . 3  f 1 . 4  
29.8 k 1 . 2  
28.7 & 1.1 
30.1 f 1 . 0  
29.8 f 2.3  
30.3 f 1 . 4  
29 .8  +- 0.9 
30.2 f 0 .3  
30 .1  f 0.1  

Water Reacted, No. of 
w t % ( d )  Samples 

13.3 f 1.7  3 
18 .9  +- 4 . 5  3 
20.5 k 3.2 2 
27.7 f 1.8 3 
24.6 f 5.5  3 
19 .6  f 3 . 4  
23.7 f 6.0 
26.0 f 7 . 8  
32.0 k 2 . 8  
25.4 f 6 .0  
26.4 f 7.7 
26 .1  k 5.4 
27.7 k -1 .6  
28.3 f 1 . 4  
29.4 f 0.0  

( a >  Cu r ing  t i m e  i n  months 
(b )  C a l c u l a t e d  by [ (As -cu red  W t  I n i t i a l  W t )  / I n i t i a l  W t  * loo%] 
( c )  C a l c u l a t e d  by [(Wet W t  - Dry W t )  / Wet W t  * l O O % l  
(d )  C a l c u l a t e d  by [ ( T o t a l  H20 - Evap. H2O) / T o t a l  H20 * 100%1 
( e >  f va lues  rep resen t  one s tandard  d e v i a t i o n  f r o m  average 

F i g u r e  2 i l l u s t r a t e s  t h e  e f f e c t  o f  c u r i n g  t i m e  and c u r i n g  tempera ture  on 
t h e  we igh t  changes. The average we igh t  o f  DSSF g r o u t  samples cured  a t  75OC. 
85OC, and 95°C i nc reased th rough 4 months o f  c u r i n g .  A f t e r  6 months o f  c u r i n g  
a t  75°C and 85°C. however, t h e  average we igh t  had decreased f r o m  t h e  4-month 
va lues ,  w h i l e  t h e  we igh t  o f  t h e  95°C samples con t inued  t o  i nc rease .  

I t  i s  b e l i e v e d  t h a t  a l l  t h e  we igh t  ga ins  i n  t h e  samples were due t o  w a t e r  
a b s o r p t i o n  i n t o  t h e  g rou ts  because o f  t h e  h i g h  s a l t  con ten t  and t h e  
cor respond ing  h i g h  osmot ic  p ressures .  The data i n  F igu re  3 i n d i c a t e  t h a t  
inc reases  i n  t h e  as-cured b u l k  d e n s i t y  o f  t h e  g r o u t  samples correspond t o  
inc reases  i n  we igh t  d u r i n g  c u r i n g .  The c o r r e l a t i o n  o f  we igh t  change and 
d e n s i t y  i s  ve ry  good ( R 2  = 0 . 9 6 ) .  suppor t i ng  t h e  b e l i e f  t h a t  t h e  inc reases  i n  

d e n s i t y  can be a t t r i b u t e d  a lmost  e n t i r e l y  t o  t h e  i nc rease  i n  we igh t ,  and n o t  
t o  s i g n i f i c a n t  changes i n  t h e  o r i g i n a l  b u l k  volume o f  t h e  g r o u t .  

3 
3 
3 
3 
3 
2 
2 
3 
3 
2 
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The d a t a  i n  Tables 9 a n d  10 were used t o  determine the density of  the 
grout samples corrected for the changes i n  weight during curing, the b u l k  dry 
density, a n d  a n  estimated volume change during curing. The resul ts  o f  these 
calculations are shown i n  Table 11. The corrected densit ies were calculated 
from the b u l k  volumes o f  the as-cured grout samples a n d  the weights o f  the 
grout sampl es prior t o  curing. 

- 75°C *-- 85°C - 95°C ---- 

o !  I I I I I I 

0 1 2 3 4 5 6 7 
Curing Time, months 

FIGURE7.. Curing Weight Change of DSSF Grouts Cured a t  7 5 O C .  8YC, a n d  95°C 
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TAB1 F U. Summary of Cor rec ted  Dens i ty ,  Dry Dens i ty .  and Es t imated Volume 
Change Dur ing  Cur ing  o f  DSSF Grout Samples 

Cur ing  Cur i  ng 
Temp., "C Time 

75 1 
2 
3 
4 
6 

Cor rec ted  
Dens i t y  , Dry Dens i ty .  

g1cm3 g I cm3 

1.663 f 0,006 1.127 f 0.015 
1.665 f 0.005 1.170 f 0.037 
1.656 k 0.004 1.175 f 0.027 
1.660 f 0.009 1.246 f 0.013 
1.663 f 0.016 1.220 f 0.043 

85 1 1.645 k 0.007 1.162 f 0,024 
2 1.654 f 0.007 1.202 k 0.046 
3 1.662 f 0.016 1.231 k 0.059 
4 1.665 f 0.003 1.291 f 0.025 
6 1.676 f 0.009 1.237 f 0.052 

95 1 1.661 f 0.011 1.233 f 0.071 
2 1.672 k 0.001 1.242 f 0.048 
3 1.671 f 0.003 1.252 f 0.008 
4 1.662 k 0.008 1,258 f 0.008 
6 1.651 f 0.007 1.264 k 0.004 

Es t imated 
Volume Change, No. of 

Vol% Sampl es 
-0.12 f 0.35 3 
-0.26 f 0.28 3 
0.31 f 0.22 2 
0.03 k 0.54 3 

-0.15 f 0.94 3 

0.99 k 0.44 3 
0.44 f 0.43 3 

-0.03 k 0.96 3 
-0.22 k 0.19 3 
-0.89 k 0.54 3 
-0 .01 k 0.65 2 
-0.68 f 0.04 2 
-0.57 f 0 .21  3 
-0 .05 k 0.49 3 
0.60 f 0.40 2 

( a >  Cur ing  t i m e  i n  months 
( b )  f values rep resen t  one s tandard d e v i a t i o n  f rom average 

1.85 3 1 

1.60 ! I I I I I I 
- 2  0 2 4 6 8 10  

Curing Weight Change, wt% 

F I G U R E  3. As-Cured Dens i ty  a s  a Func t ion  of Weight Change Dur ing  Cur ing  f o r  
DSSF Grout Samples Cured a t  7 5 O C .  85°C. and 95°C f o r  1 t o  6 Months 
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F igu re  4 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between c o r r e c t e d  d e n s i t y  and as- 
cured d e n s i t y  f o r  DSSF g rou t  samples cured up t o  6 months a t  temperatures o f  
75°C. 85°C. and 95°C. The reg ress ion  l i n e  f o r  t h e  data suggests t h a t  t h e r e  
as-cured d e n s i t y  may have a s l i g h t  e f f e c t  on t h e  c o r r e c t e d  d e n s i t y .  Because 
t h e  c o r r e c t e d  d e n s i t i e s  a re  based on t h e  i n i t i a l  we igh t  of t h e  g r o u t ,  a de-  
crease i n  these va lues would be caused by an inc rease i n  volume. However, t h e  
s m a l l  s lope and t h e  poor c o r r e l a t i o n  (R2 = 0.11) suppor t  t h e  b e l i e f  t h a t  t h e  

i nc rease  i n  d e n s i t y  o f  t h e  DSSF g rou ts  d u r i n g  c u r i n g  w a s  due p r i m a r i l y  t o  
we igh t  g a i n  r a t h e r  than volume changes, a s  d iscussed above. 

The d r y  d e n s i t i e s  l i s t e d  i n  Table 11 were c a l c u l a t e d  from t h e  as-cured 
b u l k  volumes and t h e  weights  of t h e  g rou t  samples a f t e r  d r y i n g  a t  105°C. 
These va lues represent  t h e  amount o f  i n i t i a l  s o l i d s  p resent  i n  t h e  g rou ts  and 
any s o l i d  r e a c t i o n  produc ts  formed by t h e  h y d r a t i o n  r e a c t i o n s .  The es t imated 
d ry  d e n s i t y  o f  DSSF g r o u t  s l u r r y  p r i o r  t o  any r e a c t i o n s  averages 1.118 C 0.006 
g/cm3. Th is  va lue  i s  based on a s l u r r y  d e n s i t y  o f  1.661 C 0.008 g/cm3 and an 

i n i t i a l  evaporable water conten t  o f  37.2 w t % .  The d ry  d e n s i t i e s  o f  a l l  t h e  
samples cured  a t  75°C t o  95°C increased w i t h  c u r i n g  t imes up t o  4 months, 
i n d i c a t i n g  c o n t i n u i n g  r e a c t i o n s  t h a t  produced a d d i t i o n a l  s o l i d  p roduc ts .  The 

1.70 
R*2 = 0.109 

1.68 1 a 

'-7 
1.62 ! I I I I 

1.60 1.65 1.70 1.75 1.80 1.85 

As-Cured Density, g/cc 

F I G U R F  4. As-Cured Dens i ty  v s .  Dens i ty  Corre.cted f o r  Cur ing  Weight Change 
f o r  DSSF Grout Samples Cured a t  7 5 O C .  85OC, and 95°C f o r  1 t o  6 
Months 
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d r y  d e n s i t i e s  o f  t h e  samples cured f o r  6 months a t  75°C and 85°C decreased 
s l i g h t l y  r e l a t i v e  t o  t h e  4-month d e n s i t i e s .  These e f f e c t s  a re  c o n s i s t e n t  w i t h  
t h e  we igh t  ga ined  d u r i n g  c u r i n g ,  t h e  amount o f  evaporable water  p resen t  a f t e r  
cu r ing ,  and t h e  es t ima ted  amount o f  water  reac ted  (see Tab le  10) .  

The es t ima ted  volume changes were determined by t h e  r a t i o s  o f  t h e  c o r -  
r e c t e d  d e n s i t i e s  and t h e  average s l u r r y  d e n s i t y  (i .e., 1.661 g/cm3). A1 though 

t h i s  method o f  c a l c u l a t i n g  volume change i s  n o t  exac t  because t h e  i n i t i a l  v o l -  
ume o f  t h e  i n d i v i d u a l  samples was n o t  determined, t h e  r e s u l t s  suggest t h a t  t h e  
es t imated  volume change a t  c u r i n g  temperatures o f  75°C t o  95°C i s  t y p i c a l l y  
l e s s  than +1 ~ 0 1 % .  w i t h  an o v e r a l l  average o f  -0.05 ~ 0 1 % .  

MATER VAPOR D I F F U S I V I T Y  

The h i g h  c u r i n g  temperatures (-90°C) t h a t  t h e  DSSF g r o u t s  w i l l  be exposed 
t o  d u r i n g  t h e  f i r s t  few decades a f t e r  d i sposa l  w i l l  r e s u l t  i n  a d r i v i n g  f o r c e  
f o r  water  vapor t o  d i f f u s e  f rom t h e  g r o u t  and i n t o  t h e  sur round ings .  As  t h e  
g r o u t  coo ls ,  t h e  water  vapor p ressures  above t h e  s a t u r a t e d  s a l t  s o l u t i o n  i n  
t h e  g r o u t  may p r o v i d e  a g r a d i e n t  t o  cause water  vapor t o  r e t u r n  t o  t h e  g r o u t .  

A s imp le  t e s t  t o  measure t h e  r a t e s  o f  water  vapor t r a n s p o r t  f rom DSSF 
g r o u t  samples and subsequent r e a b s o r p t i o n  i n t o  t h e  g r o u t  was conducted. I n  
t h i s  t e s t ,  c y l i n d r i c a l  samples o f  DSSF g r o u t  cured a t  75OC, 85°C. and 95°C 
were p laced  i n  a f o r c e d - a i r  convec t ion  oven o p e r a t i n g  a t  60°C and near  0% 
r e l a t i v e  h u m i d i t y .  The we igh ts  o f  t h e  samples were mon i to red  w i t h  t i m e  u n t i l  
cons tan t  read ings  were ob ta ined.  Fo l l ow ing  t h e  d r y i n g  phase, t h e  samples were 
p laced i n  a c o n t a i n e r  ma in ta ined a t  100% r e l a t i v e  h u m i d i t y  a t  60°C. Again, 
t h e  weights  were mon i to red  w i t h  t ime.  F igu re  5 i l l u s t r a t e s  t h e  r e s u l t s  o f  
these t e s t s .  The we igh t  o f  t h e  samples cured a t  75°C and 85°C decreased a t  
about t h e  same r a t e ,  reach ing  a cons tan t  we igh t  a f t e r  about 9 days. The r a t e  
o f  we igh t  change f o r  t h e  95°C sample showed a c o n t i n u a l  decrease th roughout  
t h e  d r y i n g  p e r i o d .  Compared w i t h  t h e  r a t e s  o f  we igh t  change f o r  t h e  o t h e r  
samples, t h e  r a t e  o f  change f o r  t h e  95°C sample was g r e a t e r  a t  t h e  beg inn ing  
and g r a d u a l l y  became l e s s  a f t e r  t h e  f i r s t  day. The d i f f e r e n c e s  may be due t o  
d i f f e r e n c e s  i n  t h e  pore  s i z e  d i s t r i b u t i o n  between t h e  samples. A l a r g e  
f r a c t i o n  o f  t h e  evaporable water  may have been h e l d  i n  sma l le r  pores i n  t h e  
95°C sample. A f t e r  t h e  samples were p laced i n  a 100% r e l a t i v e  h u m i d i t y  
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atmosphere, w a t e r  was absorbed ve ry  r a p i d l y ,  w i t h  t h e  samples reach ing  n e a r l y  
100% s a t u r a t i o n  w i t h i n  about 2 days. The l a r g e  d i f f e r e n c e  between t h e  r a t e s  
of w a t e r  l o s s  and water  g a i n  i s  caused by osmot ic  pressures and c a p i l l a r y  
f o r c e s  w i t h i n  t h e  g rou ts .  

LEACHABILITY 

ANS 16 .1  l each  t e s t s  were conducted on DSSF g r o u t  samples cured a t  75OC. 
85OC, and 95°C f o r  1. 3, and 6 months. These t e s t s  were conducted t o  
determine r e l a t i v e  changes i n  t h e  l each  behav io r  o f  DSSF g r o u t  as a f u n c t i o n  
o f  c u r i n g  t i m e  and c u r i n g  temperature,  r a t h e r  than t o  p r o v i d e  d i r e c t  data f o r  
assess ing t h e  performance o f  t h e  g r o u t  d i sposa l  system. Also, changes i n  t h e  
l e a c h i n g  behav io r  can p r o v i d e  i n s i g h t  i n t o  p h y s i c a l  and chemical changes t h a t  
may be o c c u r r i n g  w i t h i n  t h e  g rou t .  The g r o u t  samples were leached f o r  91  days 
i n  d e i o n i z e d  water .  The leachates  were analyzed by I C P  f o r  c a t i o n s .  I C  f o r  
anions, and f o r  TOC and pH. Only t h e  a n a l y t i c a l  da ta  f o r  A l ,  C a ,  N a ,  S i ,  NO3. 

and TOC were used f o r  e v a l u a t i n g  t h e  e f f e c t i v e  d i f f u s i v i t i e s .  Aluminum, C a .  
and S i  were 
N i t r a t e ,  Na 
w i t h i n  t h e  

i n c l u d e d  because they  comprise t h e  major  t y  o f  t h e  s o l i d  phases. 

i q u i d  phase i n  t h e  g r o u t ,  where t h e i r  r e  ease would be c o n t r o l l e d  
and TOC were analyzed because they  were expected t o  remain most ly  

1.00 4 Curing Temperature 
I 

0.95 

0.90 

0.85 

0.80 

0.75 

0.70 

".VU , I I I I 

0 10 20 30 40 

Time, d 

F I G U R E  5 .  Water Vapor D i f f u s i o n  Out o f  and I n t o  DSSF Grout  Samples a t  60°C. 
Samples were Cured a t  75Y ,  85OC. and 95°C f o r  1 Month 
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by d i f f u s i o n .  

I n  t h e  ca c u l a t i o n  of e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s ,  t h e  o r i g i n a l  
i n v e n t o r y  o f  spec ies  p resen t  i n  t h e  g r o u t  samples ( A o )  was c a l c u l a t e d  f rom 
a n a l y t i c a l  da ta  f o r  t h e  s t a r t i n g  waste and t h e  d r y  b l e n d  c o n s t i t u e n t s ,  and was 
assumed t o  be t h e  same f o r  a l l  samples. 
p r i m a r i l y  on NO3 and Na r e l e a s e  f rom t h e  g r o u t  samples, and on t h e  pH o f  t h e  
r e s u l t a n t  l eacha tes .  Tab le  12 summarizes t h e  l e a c h a b i l i t y  i n d i c e s  f o r  N a  and 
NO3 f o r  t h e  DSSF g r o u t  samples. 

The f o l l o w i n g  d i s c u s s i o n  focuses 

F igu res  6 th rough 8 i l l u s t r a t e  t h e  e f f e c t  o f  c u r i n g  tempera ture  and c u r i n g  
t ime  on t h e  cumu la t i ve  f r a c t i o n  o f  NO3 leached f rom DSSF g r o u t  samples. A s  
shown i n  F i g u r e  6. t h e  amount o f  NO3 leached from t h e  sample cured  f o r  6 
months a t  75°C i s  more than  4 t imes g r e a t e r  than t h e  amount leached f rom t h e  
sample cured  f o r  1 month. The curve  f o r  t h e  amount o f  NO3 leached f rom t h e  
sample cured  f o r  3 months l i e s  between t h e  o t h e r  two curves,  showing t h e  
dependence o f  c u r i n g  t ime  on t h e  l e a c h a b i l i t y  o f  NO3 f rom these samples. 

The e f f e c t  of c u r i n g  t i m e  on t h e  NO3 l e a c h a b i l i t y  f o r  t h e  samples cured  a t  
95°C i s  shown i n  F igu re  7. There i s  no s i g n i f i c a n t  e f f e c t  f rom c u r i n g  l onger  
than  3 months on t h e  amount o f  NO3 leached f rom these samples. 
r e l e a s e  f o r  t h e  3-month and 6-month samples i s  ex t remely  h igh ,  w i t h  a lmost  t o -  
t a l  d e p l e t i o n  of  NO3 w i t h i n  5 days o f  leach ing .  The i n i t i a l  r a t e  o f  NO3 

r e l e a s e  f rom t h e  sample cured  f o r  1 month i s  sma l le r  t han  t h e  r e l e a s e  r a t e  f o r  
t h e  o t h e r  samples: however, a f t e r  about 5 days, t h e  r a t e s  a re  s i m i l a r ,  a s  

The r a t e  o f  

TABbE. Average Na and NO3 L e a c h a b i l i t y  I n d i c e s  f o r  DSSF Grout  Samples 
Leached by t h e  ANS 16.1 Procedure 

Cur ing  Cur ing  
Temp., "C Time. months 

75 1 
3 
6 
1 85 
3 
6 

95 1 
3 
6 .  

LN a L N O ~  

8.3 k 0 . 2  
7.6  f 0.2  
7 . 0  f 0.2 
7 . 5  k 0.2 
6.9 k 0.4 
6.2 f 0.5 
6.8 k 0.4 
6.0 f 0.5 
5.9 +- 0.5 

8.2 k 0.1 
7.4 k 0 .2  
6.5 f 0.2 
7.4 k 0.2 
6.5 f 0.4 
5.7 k 0.5 
6.4 f 0 . 4  
5.9 f 0.5 
5.7 f 0.5 
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evidenced by the slope o f  the curves. 

Comparing the curves in Figures 6 a n d  7 shows t h a t  the NO3 release from 
the sample cured for  6 months a t  75°C i s  nearly the same as the release from 
the sample cured for  1 m o n t h  a t  95°C. 
11 shows t h a t  other properties of the samples cured under these conditions are 
also very s imilar .  These s imi la r i t i es  suggest t h a t  whatever caused the leach 
resistance o f  the grout t o  decrease may be kinetically controlled. 

Comparing the d a t a  i n  Tables 9 through 

Figures 8 and 9 i l l u s t r a t e  the changes i n  leachate pH during the ANS 16.1 
leach t e s t .  As shown i n  the f igures ,  there was a large range of pH values d e -  
pending on the curing temperature o f  the grout samples. The overall values o f  
pH tend t o  parallel  the amount of NO3 leached from the samples. i . e . ,  higher 
pH values correspond t o  larger amounts of NO3 leached. The pH values o f  the 
leachates for  the samples cured for 6 months were higher t h a n  those for the 
samples cured for 1 m o n t h .  The a m o u n t  of NO3 leached was also greater from 
the samples cured for  6 months. 

0.8 1 I Curing Time 

0.6 

0.4 

0.2 

0.0 
0 1000 2000 3000 

Square Root of Time, 6 

FIGURE 6. Cumulative Fraction of  Nitrate Leached from DSSF Grout Samples 
Cured a t  75°C for  1. 3. a n d  6 Months 
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0.8 

0.6 

0.4 

0.2 

0.0 

Curing Time 
1 month 

o 3 months 
m 6 months 

0 1000 2000 3000 

Square Root of Time, dsec 

F I G U R E  7 .  Cumulative Fraction o f  Nitrate Leached from DSSF Grout  Samples  
Cured a t  95°C for  1. 3. a n d  6 Months 

F I G U R E  8. 

10.5 I 
0 2 4 6 

Leaching Interval 
8 10 

Leachate pH from ANS 16.1 Leach Tests on DSSF Grout Samples Cured 
for  1 M o n t h  a t  7 5 O C ,  8 5 O C .  a n d  95°C 
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F I G U R E  9. Leachate pH f rom ANS 16.1 Leach Tes ts  on DSSF Grout  Samples Cured 
f o r  6 Months a t  75OC. 8 5 O C .  and 95°C 

F igures  10 and 11 summarize t h e  e f f e c t s  o f  c u r i n g  t i m e  and c u r i n g  tempera- 
t u r e  on t h e  l e a c h a b i l i t y  i n d i c e s  f o r  Na and NO3. r e s p e c t i v e l y .  A s  shown i n  
t h e  f i g u r e s ,  b o t h  c u r i n g  t ime  and c u r i n g  temperature have a l a r g e  i n f l u e n c e  on 
t h e  l e a c h a b i l i t y  i n d i c e s  f o r  b o t h  Na and NO3. The e f f e c t  o f  c u r i n g  
temperature i s  g r e a t e s t  a t  t h e  s h o r t e r  c u r i n g  t imes,  and t h e  e f f e c t  o f  c u r i n g  
t ime  i s  g r e a t e s t  a t  t h e  lower  c u r i n g  temperatures.  Comparing t h e  curves i n  
F igu re  11 shows t h a t  c u r i n g  f o r  6 months a t  75°C r e s u l t s  i n  a l e a c h a b i l i t y  
i ndex  t h a t  i s  e q u i v a l e n t  t o  c u r i n g  f o r  3 months a t  8 5 O C .  o r  1 month a t  95°C. 
The l a r g e  e f f e c t  o f  t i m e  and temperature on t h e  l each  r e s i s t a n c e  appears t o  be 
r e l a t e d  t o  t h e  p h y s i c a l  changes t h a t  occur red  i n  t h e  g r o u t  samples d u r i n g  
c u r i n g ,  p redominant ly  d e n s i f i c a t i o n  o f  hydra ted  phases. As discussed above. 
m i c r o c r a c k i n g  a l s o  may have occur red  e i t h e r  d u r i n g  c u r i n g  a s  a r e s u l t  o f  water  
abso rp t i on ,  o r  d u r i n g  c o o l i n g  as a r e s u l t  o f  s a l t  c r y s t a l l i z a t i o n ,  I f  t h e  
e x t e n t  of m i c r o c r a c k i n g  were severe, t h e  e f f e c t i v e  su r face  area a v a i l a b l e  f o r  
l e a c h i n g  under s a t u r a t e d  c o n d i t i o n s  cou ld  have increased s i g n i f i c a n t l y .  
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FIGURF 1Q. Sodium Leachability Index f o r  DSSF Grouts as a Function of Curing 
Temperature and Curing T i m e  

8 -  

7 -  

6 -  

Curing Times 

I I 

70 80 90 
Curing Temperature, "C 

1 00 

FIGURF 11 . Nitrate Leachability Index f o r  DSSF Grouts a s  a Function o f  Curing 
Temperature and Curing T i m e  
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DSSF GROUT CHEMISTRY 

A s e r i e s  o f  t e s t s  were conducted on DSSF g r o u t  samples t o  i n v e s t i g a t e  t h e  
cause o f  t h e  s i g n i f i c a n t .  nega t i ve  e f f e c t s  o f  inc reased c u r i n g  tempera ture  and 
c u r i n g  t i m e  on t h e  l e a c h i n g  behav io r .  As discussed above, t h e  i n t e r p r e t a t i o n s  
o f  t h e  l e a c h  t e s t  r e s u l t s  were based on t h e  assumption t h a t  a l l  o f  t h e  cured  
g r o u t  samples were o f  t h e  same i n i t i a l  compos i t ion  - i .e . .  t h e  o v e r a l l  b u l k  
compos i t ion  d i d  n o t  change d u r i n g  c u r i n g .  

I n  t h e  f i r s t  t e s t ,  t h e  amount o f  s o l u b l e  species i n  DSSF g r o u t  samples 
cured f o r  1 month was determined. The samples were f i r s t  d r i e d  a t  105°C. The 
d r i e d  g r o u t s  were then p u l v e r i z e d  i n  a l a b o r a t o r y  g r i n d i n g  m i l l .  Two grams o f  
powder were leached f o r  48 hours i n  1 L o f  d i s t i l l e d  water .  The r e s u l t a n t  
s o l u t i o n s  were f i l t e r e d  and analyzed by I C P  and I C .  The r e s u l t s  o f  these 
analyses a re  presented  i n  Table 13. The c o n c e n t r a t i o n  o f  spec ies i n  t h e  s o l u -  
t i o n s  o f  g r o u t s  d i d  n o t  appear t o  be g r e a t l y  i n f l u e n c e d  by c u r i n g  temperature.  
The Ca c o n c e n t r a t i o n  decreased s l i g h t l y  w i t h  inc reased c u r i n g  temperature:  
however, t h e  concen t ra t i ons  o f  t h e  o t h e r  species were about t h e  same f o r  a l l  
t h e  samples. 

Samples o f  d r i e d  DSSF g r o u t  powder were submi t ted  f o r  I C P  a n a l y s i s  t o  de- 
te rm ine  t h e  t o t a l  amount o f  spec ies i n  t h e  samples. The r e s u l t s ,  shown i n  
Tab le  14, were normal ized  w i t h  respec t  t o  t h e  c a l c u l a t e d ,  o r i g i n a l  Ca  con- 
c e n t r a t i o n  t o  a l l o w  a b e t t e r  comparison o f  t h e  r a t i o s  o f  t h e  o t h e r  species.  
Only t h e  c a t i o n i c  species were determined because t h e  a n a l y t i c a l  methods i n -  
vo lved f u s i o n  o f  t h e  powders f o l l o w e d  by a c i d  d i s s o l u t i o n ,  which v o l a t i l i z e s  
most an ions .  The normal ized  concen t ra t  
i n  a l l  t h e  samples. i n d i c a t i n g  t h a t  t h e  
n o t  change apprec iab l y  d u r i n g  c u r i n g .  

Severa l  DSSF g r o u t  samples t h a t  had 

on o f  most o f  t h e  species i s  t h e  same 
b u l k  compos i t ion  o f  t h e  samples d i d  

Deen cured up t o  6 months were used t o  
determine t h e  compos i t ion  o f  pore  s o l u t i o n  conta ined i n  t h e  g r o u t s .  
C y l i n d r i c a l  samples were f i r s t  p laced  i n  a c o n t a i n e r  a t  100% r e l a t i v e  humid i t y  
and a l lowed t o  come t o  e q u i l i b r i u m  ( i . e . ,  cons tan t  w e i g h t ) .  The samples were 
then p laced  i n  a s t e e l  d i e  and a p ressure  of approx imate ly  10,000 p s i  w a s  ap- 
p l i e d  f o r  about 1 5  minu tes .  The s o l u t i o n  t h a t  was e x t r a c t e d  was c o l l e c t e d  i n  
a s y r i n g e .  The s o l u t i o n  was f i l t e r e d  and t h e  f i l t r a t e  w a s  submi t ted  f o r  ICP 

29 



and I C  analyses.  Table 15 shows t h e  r e s u l t s  o f  these analyses.  Some genera l  
t rends  are  shown by t h e  data.  For example, i n  most cases, t h e  Na 
concen t ra t i on  i n  t h e  pore s o l u t i o n s  inc reased w i t h  1) increased c u r i n g  t ime  a t  
a g i ven  temperature,  and 2 )  i nc reased c u r i n g  temperature f o r  a s p e c i f i c  c u r i n g  
t ime.  
w i t h  i nc reased  c u r i n g  temperature:  however, i n  t h e  6-month samples, t h e r e  was  
very  l i t t l e  d i f f e r e n c e  i n  t h e  NO3 concen t ra t i ons .  

The NO3 c o n c e n t r a t i o n  i n  t h e  samples cured f o r  1 month a l s o  inc reased 

TABLE 13. Concent ra t ion  o f  S o l u t i o n s  Prepared w i t h  2 g of  D r i e d  DSSF Grout 
Powders i n  1 L o f  Deionized Water 

Amount i n  S o l u t i o n ,  mg/L Cure 
Temperature A 1  C a  K Na c1 NO2 NO3 SO4 PH -------- 

7 5°C 2.41 1 1 , O  11 97 5.6 19.6 166 25 11.10 
85°C 2.56 7.2 14 112 5.7 19.2 180 29 11.06 
95°C 1.63 4,6 13 104 4 .7  16.6 169 25 10.96 
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TABLE 14. Composi t ion o f  D r i e d  DSSF Grout Powders. 
Analyses were Conducted by I C P .  

Concent ra t ion  o f  S o l i d s .  w t %  
(Normal ized R e l a t i v e  t o  C a )  

Species 
A1 
B 
Ba 
C a  
C r  
Fe 
K 
Mg 
Mn 
Na 
P 
S i  
S r  
T i  
V 
Zn 
Zr 

7 5°C 
5.18 
0.047 
0.074 
9.17 
0.054 
1.12 
0.625 
1.14 

85°C 
5.15 
0.048 
0.074 
9.17 
0.054 

9 5°C 
5.07 
0.042 
0.073 
9.17 
0.054 

1.13 
0.794 

1.13 
0.716 

1,1 
0.196 
6.9 
0.188 
8.52 
0.077 
0.679 
0.014 
0.109 
0.029 

34.22 

1.12 
0.195 
7 - 4 5  
0.158 
8.38 
0.078 
0.687 
0.014 

0.199 
6.33 
0.167 
8.61 
0.076 
0.687 
0.014 
0.11 
0.035 

33.63 

0.738 
0.022 

T o t a l  35.09 

TABLE 15.  Pore S o l u t i o n  Concent ra t ion  f o r  DSSF Grouts Cured a t  75OC. 85°C. 
and 95°C f o r  1 t o  6 Months 

Pore S o l u t i o n  Concent ra t ion .  ms/L 
Species 75-1 75-3 -- 75-6 85-1 85-3 85-6 95-1 95-3 95-6 

A 1  
B 
C a  
Fe 
K 
Mo 
N a  
S i  
c1 
NO2 
NO3 

s o 4  

44.5 
65 .5  

326 
5.15 

10,400 
46 

82,800 
14 

5,200 
22,900 

175,550 
17,300 

72 
84 

306.5 
6.65 

11,550 
36 

82,500 
26 

5,800 
20,700 

188,100 
19,400 

43 
163.5 

176 
7.35 

11.850 
21.55 

116,950 
228 

4.515 
25,950 

194,200 
2 1  * 100 

34 
50 

329 
5.35 

10.900 
43 

86,050 
11 .2  

5.760 
20,500 

185,050 
18,000 

2 5  
187 
231 
8-7 

14,350 
37.5 

108,250 
90.5 

6,310 
27,900 

226,700 
26,200 

28.5 
314 
192 

2.65 
14,350 

31  
120,400 

189 
5 * 345 

26,950 
211,250 
24,450 

71 
153.5 
283.5 
8.85 

13,200 
41 

99,150 
79.5 

6,130 
24,650 

202 * 100 
23,700 

27.5 
289 

153.5 
2.7 

12,750 
2 5  

118,350 
218.5 
5,150 

28,650 
220,250 
24,000 

26.5 
243 

142.5 
4.55 

12,800 
21.7 

127,050 
250 

4,800 
27,700 

210,750 ~ 

22,550 

T o t a l  g/L 315 329 37 5 327 410 404 370 410 406 
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