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SUMMARY 

T h i s  r e p o r t  summarizes r e s u l t s  f rom s t u d i e s  conducted d u r i n g  FY 1990 t o  
assess t h e  d u r a b i l i t y  o f  g rou ted  d o u b l e - s h e l l  s l u r r y  feed ( D S S F )  waste. These 
s t u d i e s  were performed i n  suppor t  o f  Westinghouse Hanford Company's Grout 
Disposal  Program t o  determine t h e  p h y s i c a l  and chemical p r o p e r t i e s  o f  simu- 
l a t e d  DSSF g r o u t s  cured a t  e leva ted  temperatures.  

Prev ious s t u d i e s  (Lokken e t  a l .  1989 and Lokken e t  a l .  1992a) have 
i n d i c a t e d  a s t r o n g  impact f rom c u r i n g  temperature and c u r i n g  t i m e  on t h e  
s t r e n g t h  and leach r e s i s t a n c e  o f  DSSF g rou ts .  The c u r r e n t  s t u d i e s  were 
expanded t o  determine whether these impacts cou ld  be a t t r i b u t e d  t o  o t h e r  
f a c t o r s ,  such as t h e  d r y  b lend composi t ion and t h e  waste c o n c e n t r a t i o n .  Some 
major conc lus ions f rom these s t u d i e s  i n c l u d e  t h e  f o l l o w i n g :  

Grouts prepared w i t h  d r y  blends c o n t a i n i n g  40 w t %  l imestone had lower 
s t r e n g t h s  than grou ts  prepared w i t h o u t  l imestone.  

Compressive s t r e n g t h s  decreased w i t h  increased c u r i n g  temperature.  

Leach r e s i s t a n c e  decreased w i t h  increased c u r i n g  temperature and c u r i n g  
t ime,  w i t h  c u r i n g  t i m e  hav ing t h e  g r e a t e s t  e f f e c t  a t  t h e  lower  tempera- 
t u r e .  

Waste c o n c e n t r a t i o n  ( d i l u t i o n )  had a major, p o s i t i v e  e f f e c t  on leacha-  
b i l i t y ,  i . e . .  l each r e s i s t a n c e  increased f o r  t h e  grou ts  prepared w i t h  
d i l u t e  DSSF. 

N i t r a t e  leach r e s i s t a n c e  increased w i t h  h i g h  s lag- to-cement  r a t i o s ,  d i -  
l u t e  DSSF and low c u r i n g  temperatures.  

The amount o f  d r a i n a b l e  l i q u i d s  f o r  t h e  grou ts  prepared w i t h  d i l u t e d  
DSSF was lowest  when t h e  s l a g  conten t  was h igh ,  suggest ing t h a t  t h e  s l a g  
r e a c t s  f a s t e r  than t h e  f l y  ash t o  produce a r i g i d  s t r u c t u r e  w i t h i n  t h e  
g r o u t  t h a t  minimizes p a r t i c l e  s e t t l i n g .  

The two most s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  t h e  g r o u t  p r o p e r t i e s  were t h e  
s lag- to-cement  r a t i o  and waste d i l u t i o n .  I n t e r a c t i o n s  between these t w o  
f a c t o r s  were a l s o  s i g n i f i c a n t ,  i n d i c a t i n g  t h a t  r e a c t i o n s  between t h e  
s l a g  and t h e  waste appear t o  dominate t h e  p r o p e r t i e s  o f  DSSF g r o u t s .  

The e f f e c t s  o f  c u r i n g  t ime and c u r i n g  temperature were consisFent  w i t h  
r e s u l t s  f rom prev ious  s t u d i e s  (Lokken e t  a l .  1989).  
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INTRODUCTION 

Cur ren t  p lans  f o r  d isposa l  o f  t h e  l o w - l e v e l  f r a c t i o n  o f  s e l e c t e d  double- 
s h e l l  t ank  wastes a t  Hanford. Washington i n c l u d e  g r o u t i n g .  Grout d isposa l  i n  
t h i s  a p p l i c a t i o n  i s  t h e  process of m ix ing  l o w - l e v e l  l i q u i d  waste w i t h  ce- 
m e n t i t i o u s  powders and pumping t h e  r e s u l t a n t  s l u r r y  t o  nea r -su r face ,  under- 
ground concre te  v a u l t s .  Once t h e  s l u r r y  i s  i n  t h e  v a u l t s ,  t h e  h y d r a t i o n  reac -  
t i o n s  t h a t  occur r e s u l t  i n  t h e  fo rma t ion  o f  a s o l i d  p roduc t  t h a t  b inds  and/or 
encapsulates t h e  r a d i o a c t i v e  and hazardous c o n s t i t u e n t s .  

Cement i t ious m a t e r i a l s  have been o r  w i l l  be used a t  many l o c a t i o n s  f o r  t h e  
s o l i d i f i c a t i o n  and d isposa l  of l o w - l e v e l  r a d i o a c t i v e  wastes. Oak Ridge N a -  

t i o n a l  Labora tory  (ORNL) began d i spos ing  o f  l o w - l e v e l  l i q u i d  wastes i n  1966 
us ing  a process known a s  h y d r a u l i c  f r a c t u r i n g  (de Laguna 1966, Weeren 1976). 
Th i s  process i n v o l v e d  m i x i n g  l i q u i d  wastes w i t h  a b lend  o f  cement, f l y  ash, 
p o t t e r y  c l a y ,  and a t t a p u l g i t e  c l a y ,  and pumping t h e  s l u r r y  a t  3000 t o  5000 p s i  
i n t o  sha le  format ions u n d e r l y i n g  t h e  ORNL s i t e .  The h i g h  pressures caused t h e  
sha le  t o  f r a c t u r e ,  and t h e  g r o u t  f i l l e d  t h e  r e s u l t a n t  f i s s u r e s .  The Savannah 
R iver  P l a n t  ( S R P )  i s  p lann ing  t o  dispose o f  400 m i l l i o n  l i t e r s  o f  a l o w - l e v e l  
s a l t  s o l u t i o n  us ing  t h e  " s a l t s t o n e "  process (Langton 1988, W i l h i t e  e t  a l .  
1988). S a l t s t o n e  i s  t h e  name g iven t o  t h e  produc t  prepared by m i x i n g  t h e  s a l t  
s o l u t i o n  w i t h  a b lend  o f  f l y  ash. b l a s t  fu rnace s l a g ,  and cement. Th is  p r o -  
cess i s  very  s i m i l a r  t o  t h e  g r o u t i n g  process a t  Hanford (Guymon e t  a l .  1988). 
Both processes use t h e  same t ype  of d ry  s o l i d s ,  and t h e  major c o n s t i t u e n t s  i n  
t h e  waste s o l u t i o n s  are t h e  same ( i . e . ,  NaN03. NaN02. N a A l ( O H 1 4  and N a O H ) .  

Westinghouse Hanford Company (WHC) operates t h e  Grout Treatment F a c i l i t y  
(GTF) f o r  t h e  U.S. Department o f  Energy ( D O E ) .  The GTF i n c l u d e s  t h e  Dry Ma- 
t e r i a l s  F a c i l i t y  (DMF). t h e  Grout Processing F a c i l i t y  ( G P F ) ,  and t h e  g rou t  
d isposa l  v a u l t s .  The DMF rece ives ,  s to res ,  batches, and blends t h e  i n d i v i d u a l  
d ry  m a t e r i a l s  f o r  use i n  t h e  g r o u t i n g  opera t i on .  The blended s o l i d s  are - 
t r a n s p o r t e d  t o  t h e  s i t e  o f  t h e  GPF where they are mixed w i t h  t h e  l o w - l e v e l  
waste i n  a cont inuous process a t  r a t e s  up t o  70 g a l l o n s  o f  g r o u t  per minute.  
The g r o u t  s l u r r y  i s  pumped t o  underground concre te  v a u l t s  where i t  hardens and 
immobi l i zes  t h e  hazardous and r a d i o a c t i v e  c o n s t i t u e n t s  through chemical reac-  
t i o n s  and/or mic roencapsu la t ion .  
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Pacific Northwest Laboratory(a) ( P N L )  provides support t o  the Grout 
Disposal Program a t  Hanford through laboratory support a c t i v i t i e s  (Lokken 
e t  a l .  19871, radioactive grout leach tes t ing (Serne e t  a l .  1987).  performance 
assessments (Sewart e t  a l .  1987) .  a n d  pi lot-scale  t e s t s  (Fow e t  a l .  1987). A 
major p i lo t - sca le  t e s t  was performed i n  1986 w i t h  a simulated phos- 
phate/sulfate waste (PSW) t o  assess the effectiveness of the grouting opera- 
t ions and  t o  characterize the grout produced w i t h  p i lo t - sca le  equipment and 
cured i n  a large mass. The resul ts  of t h a t  t e s t  are presented i n  Fow e t  a l .  
(19871, Lokken e t  a l .  (1988). and  Lokken and Mitchell 11988). 
Characterization of grout samples taken from a n  actual disposal v a u l t  have 
also been reported by Martin a n d  Lokken (1992).  

Grout disposal wi l l  be used for  double-shell slurry feed (DSSF) waste, one 
of  the types of low-level wastes stored i n  double-shell tanks on the Hanford 
S i t e .  The i n i t i a l  formulation for DSSF waste included a dry blend consisting. 
of approximately 47 w t %  ground blast  furnace slag,  47 w t l  f l y  ash, a n d  6 w t %  
P o r t l a n d  cement. The dry  blend i s  mixed w i t h  l i q u i d  waste a t  a nominal  ra t io  
o f  9 l b  of sol ids  per g a l l o n  o f  waste (1080 g / L ) .  This formulation was devel- 
oped t o  meet specified c r i t e r i a  for  processing. leachabili ty.  and  physical 
properties o f  the grouted waste form. Because of time constraints during fo r -  
m u l a t i o n  s tudies ,  t e s t s  using these grouts were conducted a f te r  re la t ively 
short curing times a t  temperatures t h a t  do  n o t  accurately simulate the temper- 
atures t h a t  wi l l  occur under the expected disposal conditions. While the 
grouts prepared w i t h  the i n i t i a l  formulation met most formulation c r i t e r i a ,  
a d d i t i o n a l  information was needed t o  verify t h a t  long-term reactions w i t h i n  
the grout a t  elevated temperatures w i l l  n o t  sacr i f ice  the in tegr i ty  of the 
disposal system and resul t  i n  less  favorable performance. 

A second p i lo t - sca le  t e s t  using the formulation described above was 
conducted a t  PNL i n  1988. The resul ts  of t h i s  t e s t  a n d  of subsequent product 
characterization are presented by Lokken e t  a l .  (1992b) .  Results of the 
p i lo t - sca le  t e s t  indicated t h a t  the temperature r i s e  during curing of DSSF 
grout produced w i t h  the i n i t i a l  dry blend formulation would exceed design 
c r i t e r i a .  A l s o ,  long-term, high-temperature curing studies on t h i s  

( a )  P a c i f i c  Northwest Laboratory i s  operated by Battelle Memorial In s t i t u t e  
for the U. S .  Department of Energy under contract DE-AC06-76RLO 1830. 
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formu ation showed that leach resistance and compressive strengths decreased 
with ncreases in temperature and curing time (Lokken et al. 1989 and Lokken 
et a1 1992a). Subsequently, a modified formulation was tested to reduce the 
total heat generated during hydration. This formulation included 40 wt% 
ground limestone which was added to reduce the amount of heat-generating 
solids. The remainder of the formulation included 4 wt% Portland cement, 28 
wt% fly ash, and 28 wt% blast furnace slag. 

The objective of this study was to qualitatively determine which factors 
affect selected properties of DSSF grouts. The factors included dry blend 
composition, waste composition (by dilution), curing temperature, curing time, 
and the presence (or absence) of additional water during curing. Properties 
that were measured included critical flow rate, slurry density. bulk density, 
drainable liquids, compressive strength, evaporable water, and leach 
resistance. 
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CONCLUSIONS AND RECOMMENDATIONS 

Two s t a t i s t i c a l l y  designed exper imental  mat r i ces  were used t o  determine 
the  e f f e c t s  o f  var ious  f a c t o r s  on t h e  p r o p e r t i e s  o f  DSSF g rou ts .  One m a t r i x  
u t i l i z e d  a P lacket t -Burman screening des ign t o  determine t h e  e f f e c t s  o f  f l y  
ash-to-cement r a t i o ,  s lag- to-cement  r a t i o ,  l imestone c o n t e n t . _ c u r i n g  
temperature,  c u r i n g  t ime,  and the  e f f e c t  o f  a d d i t i o n a l  water a v a i l a b l e  d u r i n g  
hyd ra t i on .  The o n l y  s i g n i f i c a n t  e f f e c t  i n d i c a t e d  by t h e  data f rom t h i s  m a t r i x  
was t h e  f l y  ash-to-cement r a t i o .  Th is  r a t i o  had s i g n i f i c a n t  e f f e c t s  on the  
c r i t i c a l  f l o w  r a t e ,  b u l k  dens i t y ,  evaporable water conten t ,  and on t h e  n i t r a t e  
and sodium l e a c h a b i l i t y .  The e f f e c t s  o f  a l l  t he  o the r  f a c t o r s  on the  se lec ted  
g r o u t  p r o p e r t i e s  were n o t  s i g n i f i c a n t  a t  t h e  95% conf idence l e v e l s .  Because 
t h e  exper imenta l  m a t r i x  w a s  designed f o r  screening s tud ies ,  on l y  the  main 
e f f e c t s  of t h e  v a r i a b l e s  cou ld  be determined: i n t e r a c t i o n s  between v a r i a b l e s  
were n o t  assessed. However, t he  data f r o m  t h i s  m a t r i x  i n d i c a t e  the  f o l l o w i n g :  

Leach res i s tance  decreases w i t h  increased c u r i n g  temperature and c u r i n g  
t i m e ,  w i t h  c u r i n g  t ime hav ing the  g r e a t e s t  e f f e c t  a t  t he  l o w e r  
temperature.  

Grouts prepared w i t h  d r y  blends con ta in ing  40 w t %  l imestone had lower 
s t reng ths  than g rou ts  prepared w i t h o u t  l imestone.  

Compressive s t reng ths  decreased w i t h  increased c u r i n g  temperature,  

. The presence o f  a d d i t i o n a l  w a t e r  d u r i n g  c u r i n g  had no s i g n i f i c a n t  
e f f e c t s  on t h e  g rou t  p r o p e r t i e s :  however, t he  amount o f  water  adsorbed 
by t h e  g rou ts  was l e s s  than 1 w t % .  

The o the r  m a t r i x  was based on a t w o - l e v e l ,  f o u r t h - o r d e r  f a c t o r i a l  
design, w i t h  t h r e e  r e p l i c a t e s  a t  t h e  center  of t h e  design space. Th is  design 
a l lows f o r  t h e  de te rm ina t ion  o f  main e f f e c t s  of  the  v a r i a b l e s  and two-way 
i n t e r a c t i o n s  between v a r i a b l e s .  Based on the  s t a t i s t i c a l  analyses o f  these 
data,  t h e  f o l l o w i n g  conclus ions can be made: 

Waste concen t ra t i on  ( d i l u t i o n )  had a m a j o r ,  p o s i t i v e  e f f e c t  on 
l e a c h a b i l i t y ,  i . e . .  leach res i s tance  increased f o r  t h e  g rou ts  prepared 
w i t h  d i l u t e  DSSF. 
l i q u i d s  up t o  about 30 ~ 0 1 % .  

Grouts prepared w i t h  d i l u t e  DSSF had d r a i n a b l e  
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- N i t r a t e  leach res i s tance  increased w i t h  h i g h  s lag- to -cement  r a t i o s ,  
d i l u t e  DSSF and low c u r i n g  temperatures.  

A combinat ion o f  h i g h  s lag  conten t ,  no f l y  ash, u n d i l u t e d  DSSF. and h i g h  
temperature r e s u l t e d  i n  the  w o r s t  l e a c h a b i l i t y  f o r  n i t r a t e .  

The amount of d r a i n a b l e  l i q u i d s  f o r  t h e  g rou ts  prepared w i t h  d i l u t e d  
DSSF was l owest  when t h e  s l a g  conten t  w a s  h igh ,  suggest ing t h a t  t h e  s l a g  
reac ts  f a s t e r  than t h e  f l y  ash t o  produce a r i g i d  s t r u c t u r e  w i t h i n  t h e  
g rou t  t ha t  minimizes p a r t i c l e  s e t t l i n g .  

The two m o s t  s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  the  g r o u t  p r o p e r t i e s  were the  
s lag- to-cement  r a t i o  and waste d i l u t i o n .  I n t e r a c t i o n s  between these t w o  
f a c t o r s  were  a l s o  s i g n i f i c a n t ,  i n d i c a t i n g  t h a t  r e a c t i o n s  between t h e  
s l a g  and t h e  waste appear t o  dominate the  p r o p e r t i e s  o f  DSSF g rou ts .  

The 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  temperature were  c o n s i s t e n t  w i t h  
r e s u l t s  f r o m  prev ious  s tud ies  (Lokken e t  a l .  1989 and Lokken e t  a l .  1992a). 

Pore s i z e  d i s t r i b u t i o n  measurements were conducted t o  determine whether 
leach r e s i s t a n c e  cou ld  be c o r r e l a t e d  w i t h  the  pore s i z e  d i s t r i b u t i o n .  
However, t h e  h i g h  s a l t  con ten t  i n  pore s o l u t i o n s  apparent ly  l e f t  p r e c i p i t a t e d  
s a l t  c r y s t a l s  i n  t h e  pores,  which i n  t u r n  d i d  n o t  a l l o w  an accura te  
r e p r e s e n t a t i o n  o f  t he  pores a v a i l a b l e  f o r  i o n i c  d i f f u s i o n  d u r i n g  l each ing .  

The r e s u l t s  ob ta ined f r o m  these s tud ies  w i l l  p rov ide  va luab le  guidance i n  
d e f i n i n g  f u t u r e  f o r m u l a t i o n  enhancement a c t i v i t i e s  aimed a t  improv ing  g rou t  
p r o p e r t i e s  
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MATERIALS AND METHODS 

SIMULATED WASTE AND DRY BLEND 

The s imu la ted  DSSF 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  (Lokken 1992b). 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. 

Dry b lends were prepared w i t h  a combinat ion o f  b l a s t  fu rnace s lag,  t y p e  
1/11 P o r t l a n d  cement and l imestone f l o u r  ob ta ined f rom Ash Grove Cement West, 
and c l a s s  F f l y  ash f rom C e n t r a l i a .  Washington. The d r y  m a t e r i a l s  were mixed 
i n  a V-blender  f o r  23 hours p r i o r  t o  g r o u t  p r e p a r a t i o n .  The o x i d e  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  s lag,  f l y  ash, and cement, as determined by 
i n d u c t i v e l y  coupled plasma ( I C P )  spectroscopy, i s  l i s t e d  i n  Tab le  2. Table 3 
l i s t s  t h e  concent ra t ions  o f  t r a c e  meta ls  i n  these m a t e r i a l s  as  determined by 
X-ray f luorescence ( X R F )  a n a l y s i s .  

Two exper imenta l  mat r i ces  were used i n  t h e  s t u d i e s .  The f i r s t  m a t r i x ,  
l i s t e d  i n  Tab le  4, was used t o  determine t h e  e f f e c t s  o f  v a r i o u s  f a c t o r s  on t h e  
p r o p e r t i e s  o f  cured DSSF g rou ts .  The s p e c i f i c  f a c t o r s  i n c l u d e d  d r y  b lend 
composi t ion,  waste composi t ion,  and c u r i n g  temperature.  T h i s  m a t r i x  u t i l i z e s  
a t w o - l e v e l  f o u r t h - o r d e r  f a c t o r i a l  design w i t h  t h r e e  r e p l i c a t e s  o f  t h e  
m i d p o i n t  o f  t h e  design. 

The second exper imenta l  m a t r i x ,  l i s t e d  i n  Table 5. was used t o  determine 
t h e  e f f e c t s  o f  var ious  c u r i n g  c o n d i t i o n s  and d r y  b lend composi t ions on DSSF 
g r o u t  p r o p e r t i e s .  T h i s  m a t r i x  f o l l o w s  a Plackett-Burman screening design and 
w a s  used t o  determine main e f f e c t s  o f  t h e  var ious  f a c t o r s .  

GROUT PRFPARATION 

Grouts were prepared us ing  a Hobart  mixer  and a w i r e  whip. The waste w a s  
preheated t o  approx imate ly  45OC. and then 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  
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TABLE 1. Composi t ion o f  S imu la ted  DSSF Waste 

ComDosition. a / L  
SDecies 

A I  
I3 
Ba 
C a  
Cr 
Fe 
K 

Mg 
Mn 
Mo 

N a  
S i  

Zn 
c 1 -  
N02- 

PO4-3 
~ 0 3 -  

so4-2  
TOC(C) 

Anal vzed(a) 

22.4 
0 136 
0.6 
0.573 
1.26 
1.49 

11.5 
0.32 
3.01 
0.068 

122 
0.502 
2.93 
5.36 

27.2 
5,4 

186 
5 - 1  
1.556 

Nomi na 1 ( b, 

20,3 
0 e 105 
0.623 
0 . 2  
1.15 
1.41 
9.72 . 

2.75 
0.049 

121.8 
0.56 
1.63 
3 -86  

23.0 
5.65 

154.4 
5.05 
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  

(1 .08 k g / L ) .  A f t e r  m i x i n g ,  g r o u t  s l u r r y  samples were t e s t e d  f o r  d e n s i t y  and 
f o r  rheo logy  u s i n g  a Fann v iscometer .  The g r o u t s  were prepared i n  random 
o rde r  a s  l i s t e d  by r u n  number i n  Tables 4 and 5 .  The s l u r r y  was  p repared f o r  
c u r i n g  a s  d iscussed below. 
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TABLE. 

TABLE2. Oxide Composi t ion o f  Blast Furnace S l a g ,  C l a s s  F Fly A s h ,  
and Cement 

Composi t ion ,  w t%(a )  
Oxide S1 ag  

A1 203 13.4 

-43203 

T o t a l  

0.117 

43.4 
0.377 
0.89 

5.62 
1.03 

0.401 

33.3 

0.078 
1.08 

Fly Ash 

23.5 

0.5 

0.169 

8.05 
5.73 

0.98 

1.57 
0.088 

3.02 
0.94 

47.8 

0.31 
4.43 

Cement 

3.3 

0.105 

0.084 

65.4 
4.08 

0.65 

1.38 
0.072 

0.32 

22.2 

0.035 
0.22 

99.693 97.087 97.846 

( a )  Determined by ICP a n a l y s i s  

C o n c e n t r a t i o n  o f  T r a c e  Meta ls  i n  Ground Blast  Furnace  
S l a g  and C l a s s  F F ly  Ash 

T r a c e  
Metal 
Ag 
As 
Cd 
Hg 
Pb 
Se 

C o n c e n t r a t i o n .  ppm(a) 
S1 ag Fly Ash 
(4.6 (4.7 
3.1 22.2 
(5.2 (5.1 
<4.3 <4.6 
<3.9 22.9 
2.0 2.0 

( a )  Determined by X R F  a n a l y s i s  
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TABLE 4. Exper imental  M a t r i x  f o r  Determining t h e  E f f e c t s  o f  Dry Blend 
Composit ion. Waste Composition. and Cur ing  Temperature on DSSF Grout 
P r o p e r t i e s  ( A l l  g rou ts  were cured f o r  1 month) 

Dry Blend Composi t ion(a),  w t %  
Waste Tem .. 

o! 
Run T r i a l  
No. No. F/C(b) S/C(c) D i l .  C F 

1 5  1 0 0 1X 
8 -2 8 0 1x 
7 3 0 8 1x 
4 4 8 8 1x 
6 5 0 0 lOOX 
3 6 8 0 lOOX 
2 7 0 8 l O O X  
10 8 8 8 lOOX 
18 9 0 0 1x 
1 9  1 0  a 0 1x 
14 11 0 a 1x 
12 1 2  8 8 1x 
11 13 0 0 lOOX 
16 14 8 0 lOOX 
17 1 5  0 8 lOOX 
13 16 8 8 lOOX 
1 17 4 4 lox 
5 18 4 4 lox 
9 19 4 4 1ox 

( a )  C = t y p e  1/11 P o r t l a n d  cement 
F = Class F f l y  ash 
S = Ground b l a s t  fu rnace s l a g  
L = Limestone f l o u r  

( b )  F l y  ash-to-cement r a t i o  
( c )  Slag-to-cement r a t i o  

55 
55 
55 
55 
55 
55 
55 
55 
95 
9 5  
95 
95 
95 
95 
95 
9 5  
75 
75 
75 

60.0 
6.7 
6.7 
3.5 

60.0 
6.7 
6,7 
3 . 5  

60.0 
6.7 
6.7 
3.5  

60 - 0  
6.7 
6.7 
3 . 5  
6.7 
6.7 
6.7 

0 
53.3 

0 
2 8 - 2  

0 
53.3 
0 

28.2 
0 

53 .3  
0 

28.2 
0 

53.3 
0 

28.2 
26.7 
26.7 
26.7 

s 1 -- 
0 
0 

5 3 . 3  
28.2 

0 
0 

53.3 

0 
0 

5 3 . 3  
28.2 

0 
0 

5 3 . 3  
28.2 
26.7 
26.7 
26.7 

28.2 

40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40,0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 

1 0  



TABLE 5. Exper imental  M a t r i x  f o r  Determin ing t h e  E f f e c t  o f  Cur ing  
Cond i t ions  and Dry B1 end Composit ion on Grout P r o p e r t i e s  

Dry Blend Composit ion, w t % ( a )  Cur ing  Cond i t ions  
Run T r i a l  
No. No. F/C(b)S/C(C) L C - -  -- - 
10 1 8 8 40 3.6 
2 2 8 0 0 11.1 
8 3 0 8 0 11.1 
12 4 8 8 0 5 -8 
4 5 0 8 40 3.6 
11 6 8 0 0 11.1 
7 7 0 0 40 60 
5 8 0 0 0 100 
6 9 0 8 40 6.7 
9 10 8 0 40 6.7 
1 11 0 8 40 6.7 
3 12 0 0 0 . 100 

( a )  C = t y p e  1/11 P o r t l a n d  cement 
F = Class F f l y  ash 

F 

28.2 
88.9 

0 
47.1 
28.2 
88.9 

0 
0 
0 

53.3 
0 
0 

S 

28.2 
0 

88.9 
47.1 
28.2 

0 
0 
0 

53.3 
0 

53.3 
0 

Water(d) "C months 

0 95 3 
10 95 3 
10 95 1 
10 55 1 
0 55 1 
0 55 3 
0 95 1 
10 55 3 
0 95 3 
10 95 1 
10 55 3 
0 55 1 

( b )  
( C )  

( d )  

S = Ground b l a s t  furnace s l a g  
L = Limestone f l o u r  
F1 y Ash/Cement r a t  i o 
S1 ag/Cement r a t i o  
0 i n d i c a t e s  no a d d i t i o n a l  water p resent  d u r i n g  c u r i n g  
10 i n d i c a t e s  t h a t  a d d i t i o n a l  water equal t o  10 w t %  o f  t h e  g r o u t  was 
added t o  t h e  c u r i n g  c o n t a i n e r  d u r i n g  c u r i n g  

C U R I N G  PROCEDURES 

A f t e r  mix ing ,  g r o u t  s l u r r y  was poured i n t o  250-mL p l a s t i c  graduated 
c y l i n d e r s .  The c y l i n d e r s  were weighed and then p laced i n t o  copper tubes. 
Copper end caps were p laced on to  t h e  copper tube and t h e  assembly w a s  p laced 
i n t o  a s t e e l  frame t h a t  was used t o  keep t h e  caps t i g h t .  The assemblies were 
then p laced i n  ovens i n i t i a l l y  o p e r a t i n g  a t  approx imate ly  35°C. The tempera- 
t u r e  o f  t h e  ovens was increased over a 3-day p e r i o d  t o  5 5 O C ,  7 5 O C .  o r  95°C. 

A f t e r  c u r i n g  f o r  t h e  d e s i r e d  t ime per iods ,  t h e  samples were a l lowed t o  
cool  s l o w l y  t o  room temperature.  The g r o u t  samples were removed f rom t h e  
graduated c y l i n d e r s  by c u t t i n g  through t h e  c y l i n d e r  and then pushing t h e  g r o u t  
sample o u t .  The g r o u t  specimens were weighed and p laced i n t o  p l a s t i c  bags 
u n t i l  t e s t e d .  T e s t i n g  w a s  normal ly  conducted w i t h i n  5 days a f t e r  removal. 

11 



P H Y S I C A L  PROPERTY TESTS 

Compressive s t r e n g t h  t e s t i n g  was 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 . /m in .  The l o a d - t o - f a i l u r e  w a s  de- 
te rmined f rom t h e  maximum p o i n t  of a load-deformat ion  curve. compressive 
s t r e n g t h  values 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 r o s s -  
s e c 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 w a s  one. Bu lk  d e n s i t y  was determined by d i v i d i n g  t h e  weight 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 diameter measurements. 

The m o i s t u r e  conten t ,  o r  amount of evaporable water,  o f  t h e  g r o u t s  w a s  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 & 2°C. 

PORE SIZE DISTRIBUTION 

Pore s i z e  d i s t r i b u t i o n  was determined f o r  se lec ted  samples u s i n g  mercury 
i n t r u s i o n  po ros ime t ry .  These t e s t s  were conducted by Coors A n a l y t i c a l  
Labora tory ,  Golden, Colorado. Grout samples were d r i e d  t o  a cons tan t  weight 
a t  105°C k 2°C p r i o r  t o  t e s t i n g .  T e s t i n g  was conducted a t  nominal i n t r u s i o n  
pressures of 0.5 p s i a  t o  60,000 p s i a ,  corresponding t o  pore  diameters f rom 
375 p n  t o  0.003 pn. 

The ANS 16.1 leach t e s t  (ANS 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 eacha te  exchange t e s t  designed t o  s imu la te  a dynamic l e a c h i n g  
s i t u a t i o n .  C y l i n d r i c a l  samples were suspended by ny lon  monofi lament i n  
de ion i zed  water w i t h i n  po l ye thy lene  con ta ine rs .  The leachant  volume-to-sample 
su r face  area r a t i o  used w a s  10 cm. The ANS l each  t e s t s  were conducted f o r  28 
t o  35 days. A f t e r  t h e  elapsed t ime per iods ,  t h e  samples were removed f rom t h e  

( a )  I n s t r o n  Corpora t ion ,  Canton, Massachusetts 
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leachates and p laced i n t o  conta iners  c o n t a i n i n g  f r e s h  leachant .  The pH o f  t h e  
leachates was measured immediately a f t e r  removing t h e  samples. 
leachate  were f i l t e r e d  through 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 ICP and f o r  an ion a n a l y s i s  by i o n  chromatography (IC). 

A l i q u o t s  o f  

The ANS 16.1 leach 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  m a j o r  c a t i o n s  and anions and t o  determine 
changes i n 1 eachabi 1 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  . A1 so,  changes i n 
t h e  l e a c h i n g  behavior  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  grou t .  The ANS 16.1 leach t e s t  i s  

designed 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  
index  ( L ) .  The l e a c h a b i l i t y  index  for a g iven  species i s  d e f i n e d  as t h e  nega- 
t i v e  l o g a r i t h m  (base 1 0 )  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  
species.  When l e s s  than 20% o f  a g iven  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 (ANS 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  of 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 species i n  t h e  specimen a t  t h e  beginning o f  
l e a c h i n g  i n t e r v a l  n 

t h e  leach t e s t  
(A t ) ,  = t n  - t n - 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 of specimen, cm3 
s = geometr ic  surface area o f  specimen, cm2 
T = C1/2 (c + .\ltn-1 )I2. r e p r e s e n t i n g  t h e  "mean t i m e "  o f  t h e  

l e a c h i n g  i n t e r v a l ,  s .  

When g r e a t e r  than 20% o f  t h e  t o t a l  i n v e n t o r y  o f  a 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  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 .  cmZ/s 
G = dimensionless 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  diameter,  cm 
t = elapsed l e a c h i n g  t i m e  f rom beg inn ing  o f  t e s t ,  s .  
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This sect ion presents the  resu l t s  of t e s t s  conducted t o  determine the  
e f fec ts  of varying conditions a n d  compositions on proper t ies  o f  DSSF g r o u t s .  

SLURRY PROPERTIES 

Slurry density a n d  viscometry measurements were conducted on a l l  g rout  
s lurry samples t o  calculate  the  c r i t i c a l  flow rate ,  i . e . .  t he  minimum flow 
ra te  required t o  a t t a in  turbulent flow in a nominal Z-in.-dia.  pipe. The 
r e su l t s  of the  density measurements a n d  c r i t i c a l  flow ra te  calculations are 
shown in Table 6 for  the matrix-1 samples a n d  i n  T a b l e  7 for  the matrix-2 
samples. The d a t a  in T a b l e  6 c lear ly  show t h e  dependence of  waste di lut ion on 
t he  g r o u t  s lur ry  dens i t ies ,  with the g r o u t s  prepared with diluted DSSF having 
the  lowest dens i t ies .  T h e  c r i t i c a l  flow rates a l s o  follow similar t rends,  
with undiluted DSSF result ing in grouts  with t h e  h ighes t  values .  T h e  d r y  
blend parameter having the grea tes t  e f fec t  on b o t h  density a n d  c r i t i c a l  flow 
r a t e  was the  f l y  ash/cement r a t io .  1 . e . .  high f l y  a s h  contents resu l ted  i n  
lower densi t ies  and lower c r i t i c a l  flow ra tes .  This i s  evidenced i n  b o t h  
T a b l e  6 a n d  Table 7 .  

T h e  a m o u n t  of 28-day drainable l iquids i s  a l s o  very much dependent  on the 
waste d i lu t ion ,  as seen in T a b l e  6 .  A l l  g r o u t s  prepared w i t h  undiluted DSSF 

had no drainable l iquids .  The  g rou t s  prepared with waste diluted 100 times 
had  drainable l iquid contents u p  t o  a b o u t  31 ~ 0 1 % .  T h e  a m o u n t  of drainable 
l iquids for  the  grouts  prepared  w i t h  diluted DSSF was lowest when  the  s l a g  
content was high, s u g g e s t i n g  t h a t  the s l a g  reacts f a s t e r  t h a n  t he  f l y  a s h  t o  
produce a r igid s t ructure  w i t h i n  the grout t h a t  minimizes pa r t i c l e  s e t t l i ng .  
Only two matrix-2 samples contained small amounts ( l e s s  t h a n  1 ~ 0 1 % )  of 
d r a i n a b l e  l iquids .  

Additional discussions of s lurry d e n s i t y ,  c r i t i c a l  flow r a t e ,  a n d  
drainable l iquid d a t a  are presented i n  t he  " S t a t i s t i c a l  Evaluation" s e c t i o n .  
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TABLE 6.  C r i t i c a l  Flow Rate, Dens i ty ,  and Dra inab le  L i q u i d  D a t a  
f o r  M a t r i x - 1  DSSF Grout Samples ( A l l  samples were cured  f o r  
1 month) 

C r i  t i  c a l  
S1 u r r y  Flow Dra inab le  

Run T r i a l  Temp., Dens i ty ,  Rate, L i q u i d s ,  
No. No. F/C  S/C D i l .  O C  1 b/ga 1 gpm V O l %  - - - -  - - 
15 1 
8 2 
7 3 
4 4 
6 5 
3 6 
2 7 

18 9 
19 10 
14 11 
12 12 
11 13 
16 14 
17 15 
13 16 
1 17 
5 18 
9 19 

10 a 

0 
8 
0 
8 
0 
8 
0 
8 
0 
8 
0 

0 
8 
0 
8 
4 
4 
4 

a 

0 
0 
8 
8 
0 
0 
8 

0 
0 
8 
8 
0 
0 
8 
8 
4 
4 
4 

a 

1x  55 
1x  55 
1x  55 
1x  55 

l O O X  55 
l O O X  55 
l O O X  55 
l O O X  55 

1x  95 
1x  95 
1x  95 
1x  95 

l O O X  95 
l O O X  95 
1oox 95 
l O O X  95 

l o x  75 
l o x  75 
l o x  75 

14.37 
13.66 
14.14 
13.82 
12.84 
12.19 
12.57 
12.32 
14.41 
13.58 
14.12 
13.79 
12.86 
12.23 
12 59 
12.34 
12.48 
12.43 
12.44 

29.94 
12.45 
25.37 
15.91 

9.64 
6.27 

18.82 
8.68 

32.31 
12.93 
25.04 
17.15 

9.62 
6.25 

19.04 
9.46 
7.24 
8.60 
9.45 

0 .o 
0.0 
0.0 
0.0 

19.6 
30.9 

4.8 
15.2 

0.0 
0,0 
0.0 
0.0 

20.2 
30.2 

3.5 
15.3 
8.4 
7.9 
8.6 
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TABLE 7. C r i t i c a l  Flow Rate and Dens i ty  D a t a  f o r  M a t r i x - 2  DSSF Grout 
Sampl es(a) 

C r i t i c a l  
Dry B1 end Composit ion, W t %  Run T r i a l  Cur ing  

S L Cond i t ions(b)  gpm -- No. 

10 
2 
8 

12 
4 

11 
7 
5 
6 
9 
1 
3 

- No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

- C 

3.6 
11.1 
11.1 

5.8 
3.6 

11.1 
60.0 

100.0 
6.7 
6.7 
6.7 

- 

100'. 0 

F 

28.2 
88.9 

0 
47 .l 
28.2 
88.9 
0 
0 
0 

53.3 
0 
0 

28.2 
0 

88.9 
47.1 
28.2 
0 
0 
0 

53.3 
0 

53.3 
0 

40 Dl9513 
0 w/95/3 
0 w/95/1 
0 w/55/1 

40 Dl5511 
0 015513 

40 Dl9511 
0 w/55/3 

40 D/95/3 
40 w/95/1 
40 w/55/3 

0 015511 

18.42 
12.89 
43.50 
21.98 

14.37 
23.22 
38 76 
20 0 92 
13.12 
24.09 
28.69 

14.78 

13.99 
13.53 
14.35 
13.86 
14.06 
13.44 
14.45 
14 70 
14.31 
13.76 
14.25 
14.68 

( a >  A l l  g r o u t s  were prepared w i t h  u n d i l u t e d  DSSF 
( b >  X / Y Y / Z  

Cur ing  t ime.  months I "  Temperature, O C  

W = a d d i t i o n a l  water  added d u r i n g  c u r i n g  
D = no a d d i t i o n a l  water added 

COMPRESSIVE STRENGTH. DENSITY. AND MOISTURE CONTENT 

Unconf ined compressive s t r e n g t h ,  b u l k  d e n s i t y .  and evaporable water 
conten t  data f o r  t h e  m a t r i x - 1  and m a t r i x - 2  DSSF g r o u t  samples are  g iven i n  
Tables 8 and 9. r e s p e c t i v e l y .  There does n o t  appear t o  be a l a r g e  e f f e c t  from 
any o f  t h e  parameters on t h e  d e n s i t y  o f  t h e  M a t r i x - 1  samples. Al though 
d i l u t i o n  had a l a r g e  e f f e c t  on t h e  s l u r r y  d e n s i t y ,  d i l u t i o n  a l s o  p layed a 
s i g n i f i c a n t  r o l e  i n  t h e  amount o f  d r a i n a b l e  l i q u i d s .  The n e t  e f f e c t  was 
d e n s i f i c a t i o n  of t h e  g r o u t  due t o  p a r t i c l e  s e t t l i n g  p r i o r  t o  g r o u t  s e t t i n g .  
The data i n  Table 9 show a r e l a t i o n s h i p  f o r  b u l k  d e n s i t y  w i t h  d r y  b lend 
composi t ion.  I n  genera l ,  t h e  d e n s i t y  increases w i t h  decreases i n  f l y  ash 
conten t  and increases i n  cement and s l a g  content .  Limestone conten t  and 
c u r i n g  c o n d i t i o n s  do n o t  have an e f f e c t  on t h e  d e n s i t y .  
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Compressive strength values shown i n  Table 8 indicate a n  e f fec t  from 
temperature on strength. Increased temperature resul ts  i n  higher strengths 
for  those grouts w i t h  f l y  ash a n d  w i t h o u t  slag ( F I C  = 8 a n d  S I C  = 0 ) .  a n d  
lower strengths for  the others.  Dilution also has a n  e f fec t  on the strengths,  
par t icular ly  for  the blends w i t h o u t  f l y  ash a n d  slag.  
t r i a l  numbers 1 a n d  5, d i l u t i o n  of the DSSF resulted in a grout strength o f  
1022 psi compared w i t h  o n l y  370 psi for  the grout prepared w i t h  undiluted 
DSSF. The compressive strengths of the matrix-2 samples are influenced by the 
presence o f  limestone i n  the grouts, w i t h  lower strengths for  those samples 
containing 1 imestone. 

For example. comparing 

A d d i t i o n a l  discussions of compressive strength,  density, a n d  evaporable 
water d a t a  are  presented i n  the "Sta t i s t ica l  E v a l u a t i o n "  section. 

TABLE.. Bulk Density, Compressive Strength, a n d  Evaporable Water 
Content D a t a  for Matrix-1 DSSF Grout Samples ( A l l  samples were 

Run 
No. 

15 
8 
7 
4 
6 
3 
2 
10 
18 
19 
14 
12 
11 
16 
17 
13 
1 
5 
9 

cured for 1 m o n t h )  

Tri a 1  
No. F I C  

1 0 
2 8 
3 0 
4 8 
5 0 
6 8 
7 0 
8 8 
9 0 

10 8 
11 0 

13 0 
14 8 
15 0 
16 8 
17 4 
18 4 
19 4 

- -  

12 a 

S I C  

0 
0 
8 
8 
0 
0 
8 
8 
0 
0 
8 

0 
0 
8 
8 
4 
4 
4 

- 

a 

Dil. 
1x  
1x  
1 x  
1 x  

l O O X  
l O O X  
l O O X  
l O O X  

1x  
1 x  
1x  
1x  

l O O X  
l O O X  
l O O X  
l O O X  

l o x  
l o x  
l o x  

- 
Temp 
"C 

55 
55 
55 
55 
55 
55 
55 
55 
95 
95 
95 
95 
95 
95 
95 
95 
75 
75 
75 

Bul k 
Density, 

g I cm3 

1.723 
1.664 
1.707 
1.671 
1.713 
1.699 
1.546 
1.592 
1.735 
1.671 
1.706 
1.680 
1.708 
1.717 
1.536 
1.576 
1.550 
1.558 
1.555 

Compressive 
Strength, 

psi 
370 
37 1 
973 
613 

1022 
85 

504 
50 1 
359 
254 
348 
367 
613 
236 
373 
358 
254 
260 
269 

Evaporable 
Water 

Content, 
WtL 

24.10 
27.19 
24.22 
26.44 
23.76 
24.43 
31.98 
30.09 
23.57 
26.75 
24.34 
26.31 
24.63 
24.19 
33.28 
30 e 64 
3 1  -88 
32.33 
32.03 
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T A B L E  9. B u l k  Density, Compressive Strength, a n d  Evaporable Water 
Content D a t a  for  Matrix 2 DSSF Grout Samples 

10 1 3.6 28.2 28.2 
2 2 11.1 88.9 0 
8 3 11.1 0 88.9 

12 4 5.8 47.1 47.1 
4 5 3.6 28.2 28.2 

11 6 11.1 88.9 0 
7 7 60.0 0 0 
5 8 100.0 0 0 
6 9 6.7 0 53.3 
9 10 6.7 53.3 0 
1 11 6.7 0 53.3 
3 12  100.0 0 0 

Evaporabl e 
Dry Blend Composition, Wt% Compressive B u l k  Water 

Run Trial Curing Strength Density Content 
No.  No. C F S L Conditions(a) psi g I cm3 Wt% - - - - - -  

40 Dl9513 212 1.695 33.9 
0 w19513 1512 1.629 34.5 
0 w19511 1330 1.719 29.3 
0 w15511 1292 1 A 4 9  33.6 

40 015511 899 1 A 7 9  33.5 
0 015513 1449 1.619 34.2 

40 Dl9511 361 1.741 31.3 
0 w15513 878 1.754 28.9 

40 Dl9513 307 1.709 31.8 
40 w19511 244 1.665 35.2 
40 w15513 653 1.709 31.4 

0 Dl5511 7 50 1.760 29.9 
( a )  X I Y Y I Z  

Curing time, months I "  Temperature, "C 
W = a d d i t i o n a l  water added during curing 
D = no a d d i t i o n a l  water added 

ANS 16 .1  leach t e s t s  were conducted on  DSSF grout samples cured for  1 or 3 
months. These t e s t s  were conducted t o  determine re la t ive  changes i n  the leach 
behavior o f  DSSF grout as a function of various parameters, rather t h a n  t o  
provide d i r ec t  d a t a  for  assessing the performance of the grout disposal 
system. Also, changes i n  the leaching behavior can provide insight i n t o  
physical a n d  chemical changes t h a t  may be occurring w i t h i n  the grout. The 
grout samples were leached for  28 t o  35 days i n  deionized water. The 
leachates were analyzed by I C P  fo r  cations a n d  IC for  anions. Nitrate a n d  
sodium d a t a  were evaluated because they were expected t o  remain mostly w i t h i n  
the l i q u i d  phase i n  the grout,  where the i r  release would  be controlled by 
d i  f fus i  o n .  
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I n  t h e  c a l c u l a t i o n  o f  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 -  
ven tory  o f  species present  i n  the  g rou t  samples ( A o )  w a s  c a l c u l a t e d  f rom ana- 
l y t i c a l  data f o r  t h e  s t a r t i n g  waste and the  d ry  b lend c o n s t i t u e n t s .  The f o l -  
l ow ing  d i scuss ion  focuses p r i m a r i l y  on NO3 and Na re lease  f r o m  t h e  g rou t  Sam- 

p l e s .  A summary o f  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 f o r  t h e  DSSF g rou t  
samples i s  shown i n  Tables 10 and '11 f o r  t h e  M a t r i x - 1  and M a t r i x - 2  samples, 
r e s p e c t i v e l y .  The lowest  l e a c h a b i l i t y  i n d i c e s  f o r  n i t r a t e  and sodium occur 
f o r  t h e  samples made w i t h  u n d i l u t e d  DSSF and cured a t  95°C. as seen i n  Table 
10. 
t h a t  con ta ined equal amounts o f  s l a g  and f l y  ash (F /C  = 8 and S / C  = 8) .  

Temperature had t h e  g rea tes t  e f f e c t  on t h e  l e a c h a b i l i t y  o f  those samples 

The e f f e c t s  o f  temperature and waste d i l u t i o n  on t h e  n i t r a t e  l e a c h a b i l i t y  
a re  f u r t h e r  i l l u s t r a t e d  i n  F igures 1 through 4, which show t h e  cumula t ive  
f r a c t i o n  n i t r a t e  leached as a f u n c t i o n  o f  t h e  square r o o t  o f  t ime.  The l a b e l s  
i n  these f i g u r e s  ( i . e - ,  Slag, Cement, F l y  Ash, and Blend) represent  t h e  s o l i d s  
m o s t  predominant i n  the  d ry  b lend.  Fo r  example, "S lag"  represents  a d r y  b lend 
o f  6.7 w t %  cement, 40 w t %  l imestone f l o u r ,  and 53.3 w t %  s l a g .  "Blend" i s  
c lose  t o  t h e  re fe rence d ry  b lend and cons is t s  o f  3.6 w t %  cement, 28.2 w t %  
s lag ,  28.2 w t %  f l y  ash, and 40 w t %  l imestone f l o u r .  The curves i n  F igu re  1 
i l l u s t r a t e  t h e  poor leach res i s tance  o f  g rou ts  prepared w i t h  t h e  va r ious  
blends us ing  f u l l  s t r e n g t h  DSSF and c u r i n g  a t  95°C. I n  a l l  cases, g rea te r  
than 60% o f  t h e  o r i g i n a l  NO3 was leached ou t  o f  t h e  samples i n  l e s s  than 2 
days. These r e s u l t s  a re  c o n s i s t e n t  w i t h  p rev ious  data (Lokken e t  a l .  1992a). 
The r a t e  of NO3 r e l e a s e  f rom a l l  these grou ts  decreased d r a m a t i c a l l y  a f t e r  
about 3 days a s  t h e  i nven to ry  i n  the  l a r g e r  access ib le  pores became dep le ted .  

The e f f e c t  o f  c u r i n g  g rou ts  prepared w i t h  u n d i l u t e d  DSSF a t  55°C on the  
n i t r a t e  l e a c h a b i l i t y  i s  shown i n  F i g u r e  2 .  The n i t r a t e  l e a c h a b i l i t y  i s  
h ighes t  f o r  t h e  grou ts  made w i t h  w i t h  cement and h igh  f l y  ash b lends and was 
s i m i l a r  t o  those cured a t  95°C. The e f fec t  o f  lower c u r i n g  temperatures i s  
m o s t  pronounced f o r  t h e  h igh  s l a g  b lend and the  b lend w i t h  equal s l a g  and f l y  

ash conten ts .  The amount o f  n i t r a t e  leached a f t e r  28 days decreased f rom 
about 70% f o r  t h e  95°C-cured sample t o  about 20% f o r  t he  55OC-cured sample. 

F igu re  3 i l l u s t r a t e s  t h e  e f f e c t s  o f  d ry  b lend on t h e  n i t r a t e  l e a c h a b i l i t y  
f o r  g rou ts  prepared w i t h  d i l u t e d  DSSF and cured a t  9 5 O C .  The f r a c t i o n  o f  
n i t r a t e  leached f r o m  these samples i s  l e s s  than f o r  those prepared w i t h  
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u n d i l u t e d  DSSF (F igu re  1). e s p e c i a l l y  f o r  t h e  b lend and h i g h - s l a g  g rou ts .  The 
percentage o f  n i t r a t e  leached from the  h i g h - s l a g  g rou t  prepared w i t h  u n d i l u t e d  
DSSF was n e a r l y  90%. compared t o  on l y  10% f r o m  t h e  g rou t  prepared w i t h  d i l u t e d  
DSSF. 

F igu re  4 shows the  cumulat ive f r a c t i o n  n i t r a t e  leached f rom g r o u t  samples 
prepared w i th  d i l u t e d  DSSF and cured a t  55°C. The h igh  f l y  ash g r o u t  re leased 
n i t r a t e  t h e  f a s t e s t ,  w i t h  g rea te r  than 50% be ing  leached a f t e r  1 day. The 
b lend and h i g h - s l a g  g rou ts  r e t a i n e d  n i t r a t e  t h e  bes t ,  w i t h  l e s s  than 10% be ing  
leached a f t e r  28 days o f  leach ing .  The lower c u r i n g  temperature was 
b e n e f i c i a l  i n  decreas ing n i t r a t e  l e a c h a b i l i t y  f o r  t he  b lend and the  h igh -  
cement g rou ts ,  b u t  was de t r imen ta l  f o r  t he  h i g h - f l y  ash g r o u t .  

Temperature a l s o  had a l a r g e  i n f l uence  on the  n i t r a t e  and sodium 
l e a c h a b i l i t y  f o r  t h e  M a t r i x - 2  samples cured f o r  1 month, a s  seen i n  Table 11 
and F igure  5. The 55OC-cured samples a r e  represented by t r i a l  numbers 4 ,  5 .  
and 12.  A f t e r  3 months of cu r ing ,  t he  temperature e f f e c t  was  smal le r  (see 
F igure  6 ) .  The 55°C-cured samples i n  F igure  6 are t r i a l  numbers 6 .  8. and 11. 
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TABLE 1Q . Average NO3 and Na L e a c h a b i l i t y  
Samples Leached by t h e  ANS 16.1  
f o r  1 month) 

Run 
No. 

1 5  
8 
7 
4 
6 
3 
2 
10  
18 
19 
14  
12  
11 
16 
17 
1 3  
1 
5 
9 

- 
T r i  a1 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
1 4  
1 5  
16  
17 
18 
19 

F / C  S / C  

0 0 
8 0 
0 8 
a 8 
0 0 
8 0 
0 8 
8 8 
0 0 
8 0 
0 8 
8 8 
0 0 
8 0 
0 8 
8 8 
4 4 
4 4 
4 4 

- - D i l .  

1 x  
1 x  
1 x  
1x 

l O O X  
l O O X  
l0OX 
l O O X  

1 x  
1x 
1 x  
1x 

l O O X  
l O O X  
l O O X  
l O O X  

l o x  
lox  
lox 

- 
Temp 
"C 

55 
55 
55 
55 
55 
55 
55 
55 
95  
95  
95  
95 
95  
95  
95  
95 
75 
75 
75 

- 

I n d i c e s  f o r  M a t r i x - 1  O S S F  Grout 
Procedure ( A l l  samples were cured 

L e a c h a b i l i t y  Index 

NO3 
6.43  
6.57 
7.17 
8.11 
7.22 
6 .42  
9 .04  
9 - 5 5  
6 .30  
6 .25  
6 , 1 4  
6 , 3 2  
7 . 0 1  
6 .65  
8 . 9 5  
8.30 
8 . 7 8  
9 .03  
9 -07  

. .  S D ( a )  

0 .14  
0 .23  
0 .03  
0.10 
0 .21  
0.49 
0.69 
0.66 
0 .32  
0 . 5 1  
0 .34  
0.40 
0 .23  
0.49 
0 .43  
0 .24  
0.47 
0 .37  
0.27 

N a  SD 

6.29  0.10 
6 .99  0.22 
7 . 0 8  0.05 
8 . 4 8  0.82 
6 . 7 2  0 . 3 5  
7 . 7 5  0 .38  
9 . 2 5  0 .41  

10 .08  0.35 
6.01 0.29 
6 .96  0 . 4 1  
6 .08  0 . 3 1  
6 . 6 9  0 .37  
6 . 5 3  0 .40  
7 . 6 8  0 .33  
8 . 4 8  0.26 
8 . 9 2  0.19 
8 . 7 8  0 .39  
8 .92  0 . 2 8  
8.88 0 . 2 5  

-- 

( a )  SD = one s tandard  d e v i a t i o n  o f  7 l each ing  i n t e r v a l s  
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TABLE 11. Average NO3 and Na L e a c h a b i l i t y  I nd i ces  f o r  M a t r i x - 2  DSSF Grout 
Samples Leached by t h e  ANS 16.1 Procedure 

Dry B1 end Composi t i  on, W t %  Leachabi 1 i t y  Index 
C F S L Cond i t i ons (a )  NO3 SD(b) Na SO 

Run T r i a l  Cur ing  
No. No. -- - --- - -  
10 1 3.6 

2 2 11.1 
8 3 11.1 

12 4 5.8 
4 5 3.6 

11 6 11,l 
7 7 60.0 
5 8 100.0 
6 9 6,7 
9 10 6.7 
1 11 6.7 
3 12 100.0 

( a )  X / Y Y / Z  

28.2 28.2 
88.9 0 

0 88.9 
47.1 47.1 
28.2 28.2 
88.9 0 

0 0 
0 0 
0 53.3 

53.3 0 
0 53.3 
0 0 

40 
0 
0 
0 

40 
0 

40 
0 

40 
40 
40 

0 

Dl9513 
w/95/3 
w/95/1 
w/55/1 
Dl5511 
Dl5513 
D/95/1 
w/55/3 
019513 
w/95/1 
w/55/3 
Dl5511 

6.35 0.46 6 .61  0.41 
6,89 0.16 7.46 0.17 
6.32 0.28 6.36 0.27 
8.39 0.11 8.44 0.11 
7.95 0.06 7.95 0.09 
7.07 0.12 7.49 0.14 
6.24 0.37 6.00 0.33 
7.09 0.04 7.01 0.04 
6.12 0.39 6.12 0.35 
6.41 0.49 6.76 0.45 
6.63 0.09 6.67 0.08 
7.30 0 .02  6.95 0.02 

Cur ing  t ime,  months I "  Temperature, "C 
W = a d d i t i o n a l  water added d u r i n g  c u r i n g  
D = no a d d i t i o n a l  water added 

( b )  SD = one s tandard  d e v i a t i o n  o f  7 l each ing  i n t e r v a l s  
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FIGURE 1. Cumulat ive F r a c t i o n  o f  N i t r a t e  Leached from DSSF Grout Samples 
Prepared w i t h  F u l l  -S t reng th  DSSF and Cured a t  95°C 
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F I G U R E  2.  Cumulat ive F r a c t i o n  of N i t r a t e  Leached f r o m  DSSF Grout Samples 
Prepared w i t h  F u l l - S t r e n g t h  DSSF and Cured a t  55°C 
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F I G U R E  3. Cumulat ive F r a c t i o n  o f  N i t r a t e  Leached f rom DSSF Grout Samples 
Prepared w i t h  D i l u t e  DSSF and Cured a t  95°C 
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FIGURE 4.  Cumulat ive F r a c t i o n  o f  N i t r a t e  Leached f rom DSSF Grout Samples 
Prepared w i t h  D i l u t e  DSSF and Cured a t  55°C 
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FIGURF 5. Cumulat ive F r a c t i o n  o f  N i t r a t e  Leached f rom M a t r i x - 2  OSSF 
Grout Samples Cured f o r  P Month 
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FIGURF 6 .  Cumulat ive F r a c t i o n  o f  N i t r a t e  Leached f rom M a t r i x - 2  DSSF 
Grout Samples Cured f o r  3 Months 
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PORE SIZE D I STR I BUT1 ON 

Mercury i n t r u s i o n  poros imetry  was conducted on s e l e c t e d  g r o u t  samples f rom 
t h e  m a t r i x - 1  group t o  determine whether t h e  l a r g e  changes i n  l e a c h  r e s i s t a n c e  
cou ld  be c o r r e l a t e d  w i t h  changes i n  t h e  d i s t r i b u t i o n  o f  pores w i t h i n  t h e  
g r o u t .  F igures  7 and 8 show t h e  cumulat ive volume i n t r u d e d  vs. pore  d iameter  
f o r  g r o u t  samples prepared w i t h  u n d i l u t e d  DSSF and cured a t  55°C and 9 5 O C .  
r e s p e c t i v e l y .  There do n o t  appear t o  be any l a r g e ,  c l e a r  c o r r e l a t i o n s  between 
t h e  n i t r a t e  l e a c h a b i l i t y  (F igures 1 and 2 )  and t h e  pore s i z e  d i s t r i b u t i o n s .  
F o r  example, comparing t h e  curves o f  t h e  cement and t h e  f l y  ash grou ts  i n  
F igure  2 shows a r e l a t i v e l y  smal l  d i f f e r e n c e  i n  t h e  amount o f  n i t r a t e  leached. 
Th is  would suggest s i m i l a r  pore s i z e  d i s t r i b u t i o n s  f o r  these two grou ts :  
however, as seen i n  F igure  7, t h e  f l y  ash g r o u t  con ta ins  a g r e a t e r  number of 
l a r g e r  pores and more t o t a l  i n t r u d e d  volume than t h e  cement g r o u t .  Except f o r  
t h e  f l y  ash g r o u t s ,  increased c u r i n g  temperature d i d  n o t  appear t o  a l t e r  t h e  
pore s i z e  d i s t r i b u t i o n s  (see F igure  8 ) .  The pore s i z e  d i s t r i b u t i o n  o f  t h e  f l y  

ash g r o u t  s h i f t e d  toward l a r g e r  pores as c u r i n g  temperature increased,  i . e . .  
t h e  curve s h i f t e d  t o  t h e  l e f t .  

F igure  9 shows t h e  pore s i z e  d i s t r i b u t i o n  o f  DSSF g r o u t  samples prepared 
w i t h  3.5 w t %  cement, 28.2 w t %  s lag ,  28.2 w t %  f l y  ash, and 40 w t %  l imestone 
f l o u r .  Waste d i l u t i o n  has a l a r g e  i n f l u e n c e  on t h e  r e s u l t a n t  pore  s i z e  
d i s t r i b u t i o n s  o f  these grou ts .  For g rou ts  prepared w i t h  d i l u t e d  DSSF,  
increased c u r i n g  temperature r e s u l t e d  i n  a s h i f t  i n  t h e  pore s i z e  d i s t r i b u t i o n  
toward s l i g h t l y  l a r g e r  pores and increased t o t a l  i n t r u d e d  volume. Based on 
these data,  i t  i s  suspected t h a t  t h e  measured pore s izes  o f  t h e  g r o u t s  
prepared w i t h  u n d i l u t e d  DSSF i s  n o t  r e p r e s e n t a t i v e  o f  t h e  a c t u a l  pores t h a t  
would c o n t a i n  d i s s o l v e d  species d u r i n g  t h e  leach t e s t s .  The samples f o r  
poros imet ry  were d r i e d  p r i o r  t o  t e s t i n g ,  r e s u l t i n g  i n  t h e  p r e c i p i t a t i o n  o f  
s a l t s  which may have f i l l e d  some of t h e  l a r g e r  pores.  One p o s s i b l e  method o f  
o b t a i n i n g  more r e p r e s e n t a t i v e  pore s i z e  d i s t r i b u t i o n s  i n  t h e  f u t u r e  would be 
t o  leach t h e  s a l t s  f rom t h e  grou ts  p r i o r  t o  t e s t i n g .  A p o t e n t i a l  problem w i t h  
t h i s  method, however, i s  t h a t  t h e  s t r u c t u r e  o f  t h e  g r o u t  m a t r i x  cou ld  change, 
depending on t h e  s o l u b i l i t y  o f  t h e  r e a c t i o n  products .  
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FIGURE 9 .  
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Pore Size D i s t r i b u t i o n  o f  DSSF Grout Samples Prepared w i t h  
3.6 w t %  Cement, 28.2 w t %  F l y  Ash, 28.2 w t %  S lag ,  and 40 w t %  
Limes tone F1 our  

The exper imenta l  mat r i ces  used i n  these s t u d i e s  were designed t o  a l l o w  
s t a t i s t i c a l  e v a l u a t i o n  o f  t h e  data u s i n g  m u l t i p l e  r e g r e s s i o n  a n a l y s i s .  M a t r i x  
1 was a t w o - l e v e l .  f o u r t h - o r d e r  f a c t o r i a l  des ign f o r  de termin ing  t h e  main 
e f f e c t s  o f  f l y  ash-to-cement r a t i o ,  s lag- to-cement  r a t i o ,  DSSF waste d i l u t i o n ,  
and c u r i n g  temperature on s e l e c t e d  p r o p e r t i e s  o f  t h e  g r o u t s .  Th is  des ign a l s o  
a l lows t h e  determinat ion '  o f  i n t e r a c t i o n s  between f a c t o r s  and, because t h r e e  
r e p l i c a t e s  o f  t h e  center  of t h e  f a c t o r  space were done, an es t imate  o f  
c u r v a t u r e  ( i . e . ,  d e v i a t i o n  from l i n e a r i t y )  can be made. M a t r i x  2 was a 
Plackett-Burman screening design, which a l lows o n l y  main e f f e c t s  t o  be 
est imated.  

The r e s u l t s  o f  t h e  s t a t i s t i c a l  e v a l u a t i o n  o f  t h e  m a t r i x - 1  data a r e  l i s t e d  
i n  Table 12. The e f f e c t s  l i s t e d  are s i g n i f i c a n t  a t  a 95% conf idence l e v e l .  
Unassigned f a c t o r  e f f e c t s  o f  t h e  three-way and four-way i n t e r a c t i o n s  were used 
t o  determine t h e  conf idence i n t e r v a l s .  The main e f f e c t s  o f  F /C.  S / C .  
d i l u t i o n ,  and temperature are  l i s t e d  i n  t h e  f i r s t  f o u r  columns and t h e  two-way 
i n t e r a c t i o n s  between these f a c t o r s  a re  l i s t e d  i n  t h e  l a s t  s i x  columns. The 
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e f f e c t s  are l i s t e d  i n  order  o f  magnitude, w i t h  a "1" hav ing  t h e  l a r g e s t  
e f f e c t ,  and whether t h e  e f f e c t  was p o s i t i v e  o r  nega t i ve .  D i l u t i o n  had t h e  
l a r g e s t  e f f e c t  on t h e  s l u r r y  p r o p e r t i e s .  i . e . .  c r i t i c a l  f low r a t e ,  s l u r r y  
dens i t y ,  and d r a i n a b l e  l i q u i d s .  The f l y  ash/cement r a t i o  a l s o  had s i g n i f i c a n t  
e f f e c t s  on t h e  s l u r r y  p r o p e r t i e s .  There were a l s o  two 2-way i n t e r a c t i o n s  
a f f e c t i n g  t h e  s l u r r y  d e n s i t y  and d r a i n a b l e  l i q u i d s ,  t h e  most s i g n i f i c a n t  
i n c l u d i n g  d i l u t i o n .  There were no s i g n i f i c a n t  e f f e c t s  ( a t  t h e  95% conf idence 
l e v e l )  o f  any o f  t h e  f a c t o r s  on t h e  compressive s t r e n g t h  values, p r i m a r i l y  
because t h e  e r r o r  values were l a r g e .  Bu lk  d e n s i t y  and evaporable water 
con ten t  were a f f e c t e d  by t h e  same f a c t o r s  and two-way i n t e r a c t i o n s ,  b u t  i n  
oppos i te  d i r e c t i o n s .  The slag/cement r a t i o  and d i l u t  on had t h e  l a r g e s t  
e f f e c t  on t h e  sodium and n i t r a t e  l e a c h a b i l i t y .  These p r o p e r t i e s  were t h e  on ly  
ones i n  which c u r i n g  temperature had a s i g n i f i c a n t  e f  e c t .  There were a l s o  
two-way i n t e r a c t i o n s  between S / C  and d i  9 u t i  on and between d i  1 u t i  on and 
temperature.  These e f f e c t s  and t h e  i n t e r a c t i o n s  were a l s o  e v i d e n t  i n  f i g u r e s  
1 t o  4 ,  as discussed above. Based on t h e  above d i scuss ions ,  t h e  two most 
s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  t h e  g r o u t  p r o p e r t i e s  were t h e  slag/cement r a t i o  
and waste d i l u t i o n .  I n t e r a c t i o n s  between these two f a c t o r s  were a l s o  
s i g n i f i c a n t ,  i n d i c a t i n g  t h a t  r e a c t i o n s  between t h e  s l a g  and t h e  waste appear 
t o  dominate t h e  p r o p e r t i e s  o f  DSSF g rou ts .  A summary o f  t h e  m u l t i p l e  
reg ress ion  analyses i s  l i s t e d  i n  t h e  Appendix. 

An a n a l y s i s  was a l s o  conducted on t h e  m a t r i x - 2  data:  however, very  few 
s i g n i f i c a n t  e f f e c t s  were observed. 
analyses i s  l i s t e d  i n  t h e  Appendix. 

A summary o f  t h e  m u l t i p l e  r e g r e s s i o n  
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TABLE 12 . Resu l ts  f rom t h e  S t a t i s t i c a l  Eva lua t ion  o f  Main E f f e c t s  and 
Two-way I n t e r a c t i o n s  f o r  M a t r i x - 1  D a t a ( a )  

( a )  E f f e c t s  are s i g n i f i c a n t  a t  a 95% conf idence l e v e l .  E f f e c t s  were 
c a l c u l a t e d  u s i n g  a 2 - l e v e l .  4 t h  o rder  f a c t o r  
f a c t o r  e f f e c t s  u s i n g  three-way and four-way 
determine conf idence i n t e r v a l s .  

( b )  Numbers represent  t h e  order  o f  t h e  e f f e c t ,  i 
1 a r g e s t  e f f e c t  

( c )  + represents  a p o s i t i v e  e f f e c t ;  - represents  
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APPEND1 X 

SUMMARIES 0 F T H E  

M U L T I P L E  REGRESSION ANALYSES 



Multiple Regression Y1 :CFR 4 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
16 I .914 I .836 I .777 13.93 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 

REGRESSION 4 867.26 216.815 14.04 
RES1 DUAL 11 169.875 15.443 p = .GO03 

, TOTAL 15 1037.135 

Residual Information Table 

296.54 18 18 I 1.746 I SS[e(i)-e(i-l)I: e L 0: e c 0: DW test 

Multiple Regression Y1:CFR 4 X varlabies 

Beta Coefficient Table 
Variable: Coefficient: Std. En.: Std. Coeff.: t-Value: Probability: 

d 

INTERCEPT 24.175 
FIC -1.261 .246 -.626 5.133 .0003 
SIC .313 .246 .156 1.276 .2282 
Dil -.lo5 .02 -.647 5.301 .0003 
Temp .015 .049 I .037 .3 .7696 

Multiple Regression Y1:CFR 4 X variables 

Confidence intervais and Partial F Table 

TAB1 F Al, M u l t i p l e  Regress ion ’Ana lys is  f o r  C r i t i c a l  Flow Rate f o r  t he  
M a t r i x - 1  Grout Samples 

A 1  



Multiple Regression Yp:Slurry Density 4 X varlableo I 
I Count: R: A-squared: Adj. R-squared: RMS Residual: 

16 I .99 I .981 I .974 I .132 

Analysis of Variance Table 

Residual Information Table 
SS[e(i)-e(i-l)]: e 2 0: e < 0: OW test: 
A04 I8 l e  12.091 1 

Multiple Regression Y2:Slurry Density 4 X variables 

Beta Coefficient Table 

Multlple Regression Yp:Sluny Denslty 4 X varlabiee 

Confidence Intervals and Partial F Table 

T A B I F  AZ. M u l t i p l e  Regression Analysis fur S l u r r y  Densi ty  f o r  t h e  
M a t r i x - 1  Grout Samples 

A 2  



Multiple Regression Y3Shrinkage 4 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
16 I .993 I .987 I .982 I .579 

Analysis of Variance Table 
source D F  Sum Squares: Mean Square: F-test 
REGRESSION 4 276.75 69.188 206.39 
RESIDUAL 11 3.687 .335 p = .mol 
TOTAL 15 280.438 A 

Residual Information Table 

1.906 17 19 1.517 1 SSfe(i)-e(i-l)]: e 2 0 e < 0: DW test 

I Multiple Regression Y3:Shrfnkage 4 X variables 

Beta Coefficient Table 
Variable: Coefficient: Std. EN.: Std. Coeff .: t-Value: Probability: 
INTERCEPT -8.987 
FIC .lo9 .036 .lo5 3.023 .0116 
SIC 203 .036 .194 5.613 .0002 
Dil .034 -003 .403 1 1.658 .OoOl 
Temp .184 -007 .881 25.475 .mo 1 

Multiple Regression Y3:Shrinkage 4 X variables 

Confidence Intervals and Partial F Table 

TAB1 F A2. M u l t i p l e  Regression Ana lys is  f o r  Shrinkage f o r  t h e  M a t r i x - 1  
Grout Samples 

A3 



I Multiple Ftegression Yq:DralnaMes 4 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
I .902 I .814 I .747 15.725 

Analysis of Variance Table 

Residual Information Table 
SSle(i)-e(i-l)]: e 2 0 e 0: DW test: 
935.914 18 18 12.596 I 

I Multiple Regression Yq:Drafnables 4 X variables 

Beta Coefficient Table 

I 

Multiple Regredon Yq:Dralnables 4 X variables 

Confidence Intervals and Partial F Table 

TABLE. Multiple Regression Analysis f o r  Drainable L i q u i d s  f o r  the 
Matrix-1 Grout Samples 

A4 



Multiple Regression Y5:CS 4 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
16 I .637 I .406 I .19 1223.828 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test 
REGRESSION 4 376974.25 94243.562 1.88 1 
RES1 DUAL 11 551088.1 88 50098.926 p=.184 
TOTAL 15 928062.438 

Residual Information Table 

1032989.219 19 17 I 1.874 I 
SSle(i)-e(i-l)l: e 2 0: e < O  DW tes t  

Multiple Regression Y5:CS 4 X variables 

Beta Coefficient T a b  
Variable: Coefficient: Std. EK.: Std. Coeff.: t-Value: Probability: 
INTERCEPT 881.281 
F/C -27.766 13.989 -.461 1.985 .0727 
SIC 11.359 13.989 .189 .81 2 .434 
Dil .047 1.13 .01 .041 .9678 
Temp -4.784 2.798 -.397 1.71 .1153 

Multiple Regression Y5:CS 4 X variables 

Confidence Intervals and Partial F Table 

JAB1 F Afi. M u l t i p l e  
t h e  M a t r  

Regression Analysis f o r  Compressive S t reng th  f o r  
x - 1 Grout Sampl es 

A 5  



Multiple Regression Y6:Density 4 X varlables 

Count: R: R-squared: Adj. &squared. RMS Residual: 
16 1.772 1.596 I .45 1.048 

Analysis of Variance Table 

Residual Information Table 

.055 19 17 12.136 1 SSIe(i)-e(i-l)]: e 2 0: e < 0: DW test: 

Multiple Regression Y6:Density 4 X variables 

Beta Coefficient fable 
Variable: Coefficient: Std. En.: Std. Coeff.: t-Value: Probability: 
INTERCEPT 1.737 
FIC -.002 .OD3 *. 103 .536 6025 

Dil -BO1 2.449E-4 -.464 2.423 .0338 

Temp 4.3 75E-5 .OD1 .014 .072 .9438 

Multiple Regression Y6:Density 4 X variables 

Confidence Intervals and Partial F Table 

T A B I F  Ad. Mult ip le  Regression Analysis f o r  B u l k  Density f o r  the 
Ma t r i x - 1 Grout Sampl es 

A 6  



Multiple Regression Y7:Evaporable Water 4 X varlables 

Count: R: R-squared Adj. R-squared: RMS Residual: 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 
REGRESSION 4 79.122 19.78 3.018 
RESIDUAL 11 72.087 6.553 p = -0659 
TOTAL 15 151.209 

Residual Information Table 

158.223 I8 I8 12.195 I SS[e(i)-e(i-l)]: e 2 0: e <O: DW test: 

I Multiple Regression Y7:Evaporable Water 4 X variables 

Beta Coefficient Table 
Variable: Coefficient: Std. Err.: Std. Coeff.: 1-Value: Probability: 
INTERCEPT 22.81 1 
FIC -096 .16 .125 .602 5597 
SIC .448 .16 583 2.801 .0172 
Dil .025 .013 .408 1.961 .0757 
Temp .005 .032 .03 .146 .8862 

Multiple Regression Y7:EvaporaMe Water 4 X variables 

Confidence Intervals and Partial F Table 

TABLE. Mu1 t i p l e  Regression Ana lys is  f o r  Evaporable  Water Content 
f o r  t h e  M a t r i x - l  Grout Samples 

A 7  



I Multiple Regmion Ys:N03 U 4 X variables 

Count: R: R-squared Adj. R-squared: RMS Residual: 
16 I .865 1.749 I .658 I -666 

Analysis of Variance Table 

Residual Information Tabie 
SS[e(i)*(i-l)]: e 2 0: e c o :  DW test: 
8.86 I10 16 I1613 1 

Multiple Regression Y8:NOS Li 4 X variables 

Beta Coefficient Table 

Multiple Regression Yg:N03 U 4 X variables 

Confidence intervals and Partial F Table 

D E L F  48. Multiple Regression Analysis f o r  Nitrate Leachability Index 
f o r  t he  M a t r i x - 1  Grout Samples 

A8 



Multiple Regression V9:Na U 4 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
16 1.913 I -833 I .773 I 583 J 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 

i 

REGRESSION 4 18.653 4.663 13.743 
RESIDUAL 11 3.732 539 p = .0003 
, TOTAL 15 22.385 

Aesidual Information Table 
SS[e(i)-e(i-l)]: e 2 0: e 0: DW test: 

d 
15.114 19 17 I 1.37 I 

Multiple Regression Vg:Na LI 4 X variables 

Beta Coefficient Table 
Std. Err.: Std. Coeff.: t-Value: Probability: Variable: Coefficient: 

INTERCEPT 6.971 
F/C .111 .036 .376 3.051 .011 
SIC .158 .036 .535 4.348 ,0012 
Dit .014 .003 .572 4.648 ,0007 
Temp -.017 .007 -.28 2.27 .0443 

Multiple Regreasion Vg:Na U 4 X variables 

Confidence Intervals and Partial F Table 

- 

TAR1 F A9. Multiple Regression Analysis f o r  Sodium Leachability Index 
f o r  the M a t r i x - 1  Grout Samples 

A 9  



Multiple Regresslon Y1:CFR 6 X variables 

Count: R: R-squared Adi. R-squared: RMS Residual: 
12 1.904 I .818 I .599 16.243 

Analysis of Variance Table 

Residual Information Table 

557.453 1s 17 12.861 I SS[e(i)-e(i-l)]: e 2 0 e < 0: DW test 

I Multiple Regresslon Y1:CFR 6 X variables 

Beta Coefficient Table 

1 Multiple Fbgresfion V1:CFR 6 X variables 

Confidence Intervals and Partial F Table 

W L E  A 1 Q .  M u l t i p l e  Regression Ana lys is  f o r  C r i t i c a l  F l o w  Rate f o r  t h e  
M a t r i x - 2  Grout Samples 

A10 



Multiple Regression Y2:Density 6 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
12 I .go1 I .811 I .584 1.267 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 
REGRESSION 6 1.535 .256 3.576 
RESIDUAL 5 .358 .072 p = .0917 
TOTAL 11 1.893 

Residual Information Table 

.774 14 I8 12.165 I SS[e(i)-e(i-l)l: e ;? 0: e c 0 :  DW test: 

Multiple Regression Y2:DenslIy 6 X variables 

Beta Coefficient Table 

I Multiple Regression Y2:Density 6 X variables 

I Confidence Intervals and Partial F Table 

I A B L F  All. Mult 
Matr 

ple Regression Analysis f o r  Slurry Density f o r  the 
x - 2  Grout Samples 

A 1  1 



REGRESSION 
RESIDUAL 
TOTAL 

I Multiple Regression Y3:Compresslve Strength 6 X varfables 

Beta Coefficient Table 

6 1 9790 14.4 72 329835.745 2.768 
5 595874.444 1191 74.889 p = .1418 
11 2574888.91 7 

Multiple Regression Y3:Compressive Strength 6 X variables 

Confidence intervals and Partial F Table 

Time I -244.96 1267.46 I -1 89.585 I 212.085 I .013 I 

T A B L E . .  Mu1 tiple Regression Analysis f o r  Compressive Strength f o r  
the Matrix-2 Grout Samples 

A1 2 



Multiple Ryression Yg:Bulk Density 6 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
12 .885 -784 1.524 1.032 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test 
REGRESSION 16 .019 .003 3.017 
RESIDUAL 1s .005 .oo 1 p = .I23 

r 

. TOTAL I 1 1  .024 

Residual information T a b  

.011 14 12.137 I SS[e(i)-e(i-l )I: e ;r 0: e < 0: DW test: 

Multiple Regression Yq:Bulk Density 6 X variables 

Beta Coofficient Table 

Multiple Regression Yq:Bulk Density 6 X variables 

Confidence intervals and Partial F Table 

M L E  A l l .  Multiple Regression Analysis for B u l k  Density for the 
Matrix-2 Grout Samples 

A 1 3  



Multlple Regresoion Y5:Evap H20 6 X varlablee 

Count: R: R-squared Adj. R-squared: RMS Residual: 
12 I .956 1.914 I .Si2 1.934 

Analysis of Variance Table 

Residual Information Table 

1 1.682 I s  14 12.68 I DW test SSIe(ib(i-l}]: e 2 0: e<O: 

Multiple Regression Y5:Evap H20 6 X variables 

Beta Coefficient Table 

Multiple Regression Y5:Evap H20 6 X variables 

Confidence Intervals and Partial F Table 

I Time I -.535 1.851 I -.305 I .701 1 

T A B L E  Alq. Multiple Regression Analysis for  Evaporable Water Content 
for  the Matrix-2 Grout Samples 

A14 



Multiple Regression Y6:N03 LI 6 X varlabies 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
12 .936 I .877 I .729 I .369 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 
REGRESSION 6 4.862 .8 1 5.941 
RESIDUAL 5 .682 .136 p = .034a 
TOTAL 11 5.543 

Residual Information Table 

1.87 I 6  I 6  12.742 I S!SIe(i)-e(i-l)l: e 2 0: e<o: OW test: 

Multiple Regression Y6:N03 U 6 X variables 

Variable: 
I INTERCEPT 

Beta Coefficient Table 
Soefficient: Std. Err.: Std. Coeff.: t-Value: Probability: 

.07 .027 .412 2.627 .0467 

.03 .029 .176 1.037 3 7 1  
-.OW .007 -.248 1.289 -2537 
4.444E-4 .023 .003 .019 3853 
-.023 -006 -.66!5 3.927 .0111 

j -205 1 .io7 I -.302 1.923 .1125 

Confidence Intervals and Partial F Table 

L I 

TAB1 F A15. Multiple Regression Analysis f o r  Nitrate Leachability Index 
for the Matrix-2 Grout Samples 

A 1  5 



Multiple Regression Y7:Na U 6 X variables 

Count: R: R-squared: Adj. R-squared: RMS Residual: 
12 I .961 I .923 I 331 1.301 

Analysis of Variance Table 

Residual Information Table 

1.316 I6 I 6  12.896 I SS[e(i)+(i-l)]: e 2 0: e 6 0: DW test: 

I 

Multiple Regression Y7:Na U 6 X varlables 

Beta Coefficient Table 
t-Value: Probability: Variable: Coefficient: Std. Em.: Std. Coeff.: 

INTERCEPT 18.108 1 I I 1 

Multiple Regression Y7:Na U 6 X variables 

Confidence Intervals and Partial F Table 

lime I .132 I -.267 I .084 11.11 I 

TAR1 F Ald. M u l t i p l e  Regression Analysis for Sodium Leachability Index 
f o r  the M a t r i x - 2  Grout Samples 

A16 
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