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FIXATION OF WASTE MATERIALS IN GKQUTS. PART I: EMPIRICAL 
CORRELATIONS OF FORMULATION DATA 

L 

0. K. Tallent 
T. M. Gilliam 
E. W. McDaniel, Group Leader 
T. T. Godsey 

ABSTRACT 

Data correlations have demonstrated systematic relation- 
ships between important variables in hydrofracture grout formu- 
lation. The data are taken from an investigation to determine 
conditions f o r  eliminating drainable water from the grout system. 
The two most important variables affecting drainable water are 
the amounts of Attapulgite-150 clay in the dry-solid blends and 
the ratios in which the blends are mixed with the waste. 

Empirfcal equations were developed relating the (1) vol % 
oE drainable water, (2 )  time for free water adsorption, ( 3 )  wt X 
clay, (4) dry-blend liquid-waste mix ratio, ( 5 )  compressive 
strength, ( 6 )  wt % fly ash, and (7) pumping velocity required 
for turbulent flow through a 2-in.-ID pipe. 

The equations allow predictions of properties within  the 
compositional range of the investigation from which the data 
were obtained. They also provide a relatively simple method 
that can be used Co improve future test design, eliminate 
superfluous testing, decrease costs, and increase overall 
efficiency of individual investigations. 

1. INTRODUCTION 

The hydrofracture process is a technique that has been used at Oak 

Ridge National Laboratory (ORNL) for many years* to dispose of low-level 
waste (LLW).1’4 In this process, cement and other additives are mixed 

with a waste solutlon or sludge to form a grout suitable for injection 

into a deep shale bed that has been hydraulically fractured along a hori- 

zontal bedding plane. The primary objective of this investigation was to 
provide information to more accurately define conditions for the elimina- 

tion of drainable water from grout systems used in the hydrofracture. 

*Suspended in 1984. 
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process .  P rev ious ly ,  requi  rernents allowed the d r a i n a b l e  water from grouc 

t o  be - <5.0 v o l  % a f t e r  2 h of cure time, whereas p re sen t  suggested 

reqrrirernents are that t h e r c  be 0 vol  % d r a i n a b l e  water  a f t e r  28 d. 

Another purpose of t h i s  i n v e s t i g a t j o n  was t o  d e f i n e  cond i t ions  f o r  

dec reas ing  the  d r a i n a h l e  water ds much as p r a c t i c a b l e  throughout the g rou t  

cu r ing  per iod.  

The  development of t he  g rou t  blend and t h e  role o f  a d d i t i v e s  t o  t h e  

cement are descr ibed  i n  the  l i t e r a t u r e . 5 , 6  

v a r i a b l e s  a f f e c t i n g  t h e  volume of d r a i n a b l e  water appear  t o  be (1)  the 

amount of Attapulgite-!SO c l a y  i n  t h e  dry  s o l i d s  blend and ( Z }  t h e  r a t i o  

a t  whtch t h e  blend is  mixed w i t h  the  waste, To determine condi t ions  l o r  

no d r a i n a b l e  water a f t e r  28 ti, tes ts  were conducted w t t h  f o u r  dry-sol id  

blcrids con ta in ing  varying amounts of AttapuPgite-150 c l a y  a t  mix r a t i n s  of 

6 ,  7 ,  8, and 9 lb /ga l .*  Changes i n  the  Attapulgi te-150 c l a y  conten t  and 

i n  the g rou t  mix r a t i o  a f f e c t  p r o p e r t i e s  o t h e r  than the d r a i n a b l e  water of 

the grout .  Thus, compressive s t r e n g t h  and rheo log ica l  p r o p e r t i e s  were 
determined i n  a d d i t i o n  t o  d r a i n a b l e  water i n  order t o  determine overall .  

n c c e p t a b i l t t y 6  of t h e  g rou t s .  

r equ i r ed ,  and t h e  rheo log ica l  p r o p e r t i e s  must be such t h a t  the g rou t  can 

be pumped i n  t u r b u l e n t  f low, Dry-shearing of t h e  blends can be detrimen- 

tal  t o  t h e  free water adso rp t ion  and b e n e f i c i a l  t o  t he  rheo log ica l  proper- 

t . i e s .  Grouts ,  as des igna ted ,  were prepared from both  sheared and 

unsheared blends.  

 he two most important  

A compressive s t r e n g t h  of 60 ps ig  i s  

Two a d d i t i o n a l  o b j e c t i v e s  of t h i s  s tudy  were: (1) t o  document and 

d isseminate  informat ion  i n  r e fe renceab le  form on the experimental  methods 

used i n  grout-waste formul a t  Lori s t u d i e s ,  and (2 )  t o  provide s ta t i s t  ten1 

d a t a  ana lyses  t o  a l low more complete u t i l i z a t i o n  of d a t a  obta ined  i n  t h e  

s t u d i e s .  Both o b j e c t i v e s  seek t o  broaden t h e  scope of waste-grout uses 

and t o  g e n e r a l l y  add c r e d i b i l i t y  t o  grout-waste methods for waste d i sposa l .  

The tests d iscussed  he re  were designed p r imar i ly  t o  determine the 

workab i l i t y  of given g rou t s  i n  the ORNL hydro f rac tu re  system. Thus, froin 

a developmental  s t andpo in t ,  the d a t a  were obtaFned over a r e l a t i v e l y  

narrow t e s t  range. The r e s u l t s  are,  n e v e r t h e l e s s ,  typical .  of most of 

those obta ined  i n  hydro€raetrxre s t u d i e s  dur ing  t h e  l a s t  decade. 

*To conver t  t o  SL u n i t s :  1 b b / g a l  .= 0.12 kg/L. 
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2. TEST METHODS, EXPLANATIONS, AND DATA USES 

2.1 WASTE COMPOSITKON 

The composition of t h e  s imula ted  W-7 waste used in t h e  tests is shown 

i n  Table 1. The compounds p r e s e n t  i n  th i s  waste are r e p r e s e n t a t i v e  of t h e  

p r i n c i p a l  chemical components of composite i n t e rmed ia t e - l eve l  O W  waste. 
Trace components were not inc luded  s i n c e  l each ing  tests were not conducted 

on t h e  g r o u t  samples. 

d r y  blends desc r ibed  i n  the next  s e c t i o n .  

The waste s o l u t i o n  was mixed wi th  each of t h e  f o u r  

Table  1. Composition of W-7 s imula ted  waste solution 

Concent ra t ion  
Co  mp-ound 

A 1  (NO3 )3 -9H20 7 

N a C l  93 

Na2C03 190 

NaN03 

NaOH 

810 

180 

94 

3 

2.2 COMPOSITION AND PREPARATION OF BLENDS 

The compositions of f o u r  dry  blends t h a t  were mixed wi th  s imula ted  

W-7 waste t o  prepare  g r o u t s  for t e s t i n g  are shown i n  Table 2. The amounts 

of  Type I Por t land  cement and Ind ian  Red p o t t e r y  c l a y  were k e p t  cons t an t  

a t  42.0 and 8.0 w t  X ,  r e s p e c t i v e l y ;  however, the amounts of Kingston f l y  

ash (ASTM class F)  were decreased  from 36.0 t o  30.0 w t  % as t h e  amounts of 

Attspulg€te-150 c l a y  were inc reased  from 14.0 t o  20.0 w t  %. 
150 c l a y  a i d s  i n  t h e  adso rp t ion  of d r a i n a b l e  water, which occurs  as a 

s e p a r a t e  phase on top  of a grout .  

trace materials (e.g.* r a d i o a c t i v e  cesium) t h a t  are found i n  hydro f rac tu re  

At t apu lg i t e -  

The Indian Red p o t t e r y  c l a y  adsorbs  



process  g r o u t s  even though they were  not p r e s e n t  i n  t h e  t es t  g rou t s .  The 

f l y  a sh  has a f avorab le  impac t  on ’Ihe f low p r o p e r t i e s  of the f r e s h l y  mixed 

g rou t s .  Tn most of t h e  tesfs ,  t h e  dry  blends were tumbled i n  a V-blender 

f o r  1.0 h and then  sheared i n  a commercial Waring b lender  (Model 91-186) 

at 5000 rpm f o r  2.0 h. 

Table  2. Blends o f  s o l i d s  used i n  g r o u t  mix 

- 
Blend 1 Blend 2 Hlrnd 3 Blend 4 

Material (wt %) (WE X )  (wt X )  (wt X )  

Type T Portland 42.0 42 -0  42.0 42.0 
cement 

Kingston f l y  a sh  36.0 34.0  32.0 30.0 
(class P )  

Attapulg i te -150  14-0  16.0 18.0 20.0 
c l a y  

Ind ian  Red 8.0 8.0 8.0 8.0 
p o t t e r y  c l a y  

In a f e w  of t h e  e a r l y  tests (as wall be d e s i g n a t e d ) ,  t h e  blends were mttced 

i n  t h e  V-blender €or 16 h and t h e  s h e a r i n g  s t e p  was ornitted. These 

b lending  procedures (wFth shea r ing )  are cons idered  t o  be r e p r e s e n t a t l v e  of 

those  used i n  t h e  QRNL Hydrofracture F a c i l i t y ,  

2.3 PUASE SEPARATION TESTS 

Phase s e p a r a t i o n ,  as previous ly  noted ,  r e f e r s  t o  a s e p a r a t e  l i q u i d  o r  

water phase t h a t  c o l l e c t s  a t  t h e  top of freshly d x e d  grout .  The volume 

of l i q u i d  i s  u s u a l l y  found t o  i n c r e a s e  f o r  a s h o r t  per iod  (-1 d )  after %he 
grou t  is mixed and then  decrease  and go t o  dryness  wi th  a d d i t i o n a l  cu re  

time. The volume of the l i q u i d  l a y e r  i s  determined by a s e t t l i n g  tes t  in 

a 1-L p l a s t i c  b o t t l e ,  In  t h e  tes t ,  a known volume of f r e s h l y  mixed grout 

( u s u a l l y  500 mL) i s  poured i n t o  t h e  b o t t l e ;  then  t h e  b o t t l e  i s  capped and 

allowed to s t and  f o r  i n t e r v a l s  up t o  28 d,  The phase s e p a r a t i o n ,  i n  

v o l  %, €s c a l c u l a t e d  as t h e  volume of clear d r a i n a b l e  s u r f a c e  l i q u i d  
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( h e r e a f t e r  r e f e r r e d  t o  as d r a i n a b l e  water) d iv ided  by t h e  t o t a l  i n i t i a l  
g rou t  volume times 100. 

The procedure7t8 f o r  p repa r ing  g r o u t s  f o r  t h e  d r a i n a b l e  water test 

w a s  as fol lows:  The a p p r o p r i a t e  weight of a given dry  blend w a s  added t o  
500 mL of t h e  waste s o l u t i o n  whi le  s t i r r i n g  (commercial Waring b l ende r ,  

Model 91-186) a t  2000 rpm. The d ry  blend w a s  added over  a per iod  of 15 s ,  
a f t e r  which t h e  mix w a s  s t i r r e d  f o r  15 s a t  5000 rpm. The mixes were then 

poured i n t o  p l a s t i c  b o t t l e s  f o r  t h e  drainable-water  tests, The batches of 
Blend 1 used in t h e  tests were not  dry-sheared, whereas a l l  batches of 

Blends 3 and 4 were sheared.  The batches of Blend 2 were t e s t e d  both 

ways ( i . P - . ,  wi th  and wi thout  shear ing) .  

t h e  shea r ing  t h a t  can be expected from pumping hydro f rac tu re  grouts .  

This  procedure t akes  i n t o  account 

2.4 COMPRESSIVE STRENGTH TESTS 

Compressive s t r e n g t h  i s  a measure of t h e  s t r u c t u r a l  i n t e g r i t y  t h a t  

g r o u t s  are expected t o  e x h i b i t  a f t e r  i n j e c t i o n  underground i n t o  hjrdrauli-  

c a l l y  f r a c t u r e d  sha le .  Low compressive s t r e n g t h  (a l lowing  easy  c rush ing )  

would resul t  i n  inc reased  g rou t  s u r f a c e  area and t h e  p o s s i b i l i t y  of 

inc reased  leaching.  Therefore ,  compressive s t r e n g t h  tests were conducted 

i n  t r i p l i c a t e  on each grout .  

The specimens f o r  t h e  compressive s t r e n g t h  testsg were prepared by 

pouring f r e s h l y  prepared g rou t  i n t o  2-in.-cube s t a i n l e s s  steel molds and 

a l lowing  t h e  molds t o  s t a y  i n  a humidity cab ine t  a t  room temperature  for 

28 d. Crushing s t r e n g t h s  of t h e  g rou t  cubes were then determined us ing  a 

Model 60,000, Super '"L" Tinius-Olsen Tes t ing  Machine. The f r e s h l y  mixed 

g rou t s  were prepared by fo l lowing  t h e  same procedure as t h a t  used f o r  t h e  

d r a i n a b l e  water tests. Again, t he  ba tches  of Blends 1 and 2 used i n  t h e  

tests were not  dry-sheared, whereas a l l  ba tches  of Blends 3 and 4 w e r e  

sheared.  

2.5 RHEOLOGICAL MEASUREMENTS 

Rheological  measurements w e r e  conducted p r i m a r i l y  t o  determine those  

p r o p e r t i e s  r e l a t i n g  t o  t h e  pumpabil i ty  of t h e  grouts .  Grouts f o r  t h e  

tests were prepared by mixing W-7 w a s t e  s o l u t i o n  (Table 1) wi th  Blends 1 ,  

2 ,  3 ,  and 4 (Table 2) a t  mix r a t i o s  of 6 ,  7,  8, and 9 l b / g a l .  The pre- 

p a r a t i v e  procedure w a s  t h e  same as t h a t  used f o r  t h e  drainable-water  tests 
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except t h a t  t h e  s t i r r i n g  ra te  was maintained a t  2000 K ~ R I  Pnstead of lacing 

increased t o  5000 rpm d u r i n g  t h e  l a s t  15 s of mixing. I n  these  tes ts ,  a l l  

t h e  blends were dry-sheared, The products  obtained with t h i s  proce~dure 

are representative of grocrts be fo re  pumping and are not as thoroughly 

mixed as pumped g r o u t s ,  k p l i c e t c  t e s e s  w e r e  conducted, and rheology 

measurements were mdc using a Pann Direct-Beading Viscometer, 

F re sh ly  prepared g rou t s  were added t o  t h e  vtscometer, and t h e  s h e a r  stress 

w a s  measured a t  s h e a r  rates from 600 t o  0.9 rpm, 

The d a t a  obta ined  i n  t h e  t e s t s  were used t o  c a l c u l a t e  (1) Reynolds 

numbers, (2 )  c r i t i c a l  vel.ocSty (flow ra te  requi red  f o r  t u r b u l e n t  f Low), 

( 3 )  10-min g e l  s t r e n g t h ,  and ( 4 )  f r i c t i o n a l  p re s su re  drop p e r  100 f t  of 
2-in-ID pipe.  

Although g r o u t s  can be r e a d i l y  pumped i n  t h e  laminar-flow regime, t h e  

turbulen t - f low regime i s  p r e f e r r e d  f o r  pumping g r o u t s  over long d i s t a n c e s  

because r a d i a l  components of v e l o c i t y  are presenL i n  the la t ter .  These. 

components e x e r t  both resisting and dr-tving forces and, therefore, p ~ o m ~ t ~  

mixing a t  t h e  p ipe  w a l l .  Pumping i n  t h e  turbulent-flow regime w i l l  not 

e l i m i n a t e  caking a t  t h e  p i p e  w a l l  but should minimize 1.6. This  mode, i n  

t u r n ,  mLnimizes the  operational f l u s h i n g  requirements and excess ive  
p r e s s u r e  drops. 10 

2.5.1 F l u i d  Consistency Index, n ' ,  and Flow Behavior Index, K' 

For non-Newtonian g r o u t s ,  s h e a r  seress is dependent on shea r  ra te  and 

ic: represented  by t h e  power-law model 

log Ss = log K' 1- n'  l og  Sr , 

where 

S s  = shear  stress, lbf/ft',* 

K' = f l u i d  cons is tency  index, I b p n ' / f t 2 ,  

S, = shea r  rate, s-1, and 

n '  = f law behavior index ( 0  < n' < l . O > ,  dimensionless.  

Values of n' and K' are determined from the power-law model [Eq.  (111 f o r  

a g i v e n  se t  of viscometer-shear-stPess vs shea r - r a t e  data. A t y p i c a l  plot: 

of such d a t a  (for Blend 2 with  a mix r a t i o  of 6 Ib /ga l )  w i th  a l i n e  s l o p e ,  
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n ' ,  equal  t o  0.65711 and t h e  i n t e r c e p t ,  K', equal  t o  0.0015 i s  shown i n  
F ig .  1. Values f o r  n 8  and K' were also determined f o r  Blends,  1, 2,  3, 

and 4 f a r  each mix r a t i o .  The va lues  of n' and K' were then  used f a r  

c a l c u l a t i n g  Reynolds numbers and t h e  cond i t ions  f o r  t u r b u l e n t  f low of t h e  

g r o u t s  . 
2.5.2 Densi ty  

The d e n s i t y  of each f r e s h l y  mixed g rou t  was d i r e c t l y  measured, i n  

l b / g a l ,  a t  room temperature  u s i n g  a Baroid mud balance.  

2.5.3 Apparent V i scos i ty  

Vi scos i ty  i n  a g rou t  v a r i e s  w i th  s h e a r  rate. The apparent  v i scos i -  

t ies i n  t h e s e  tests were measured a t  521 s-l (300 rpm on t h e  Fann 

Viscometer) ,  which is t h e  cornon practice. 

2.5.4 G e l  S t r eng th  (10-min) 

8 

The lO-min g e l  s t r e n g t h  is i n d i c a t i v e  of the  f o r c e  requi red  t o  restart 
t h e  flow of g rou t  i n  a p ipe  a f t e r  it has been s topped f o r  P O  min. 

measurement i s  made i n  t h e  Fann Viscometer w i th  t h e  same grout  sample  
fo l lowing  t h e  o t h e r  rheo log ica l  measurements. 

a l lowed t o  s t and  i n  t h e  viscometer  f o r  10 min without  s t i r r i n g ,  t h e  

ins t rument  is tu rned  on wi th  t h e  s h e a r  rate set a t  3.0 rpm. The lO-min 

g e l  s t r e n g t h  i n  lbs /100  f t 2  is  read d i r e c t l y  from t h e  viscometer  a t  t h e  

maximum d e f l e c t i o n  on t h e  shea r  stress scale. 

The 

A f t e r  t h e  g rou t  has  been 

3 .  METHODS OF CALCULATION 

3.1 REYNOLDS NUMBERS 

Reynolds numbers were c a l c u l a t e d  from t h e  fo l lowing  expression:  

where 

NRe = 
v =  

n'  = 

d i  

1.86 V(2-n'))p 
K' ( 96/diIn' ' NRe * 

Reynolds number, d imens ionless ,  

f l u i d  v e l o c i t y ,  ft/s ( r e f e r e n c e  condi t ion ,  20-4 ft/s), 

f low behavior  index (0 < n f  < l o o ) ,  
i n s i d e  p ipe  d iameter ,  i n .  ( r e f e r e n c e  cond i t ion ,  2 i n . ) ,  
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.- 

p = f l u i d  d e n s i t y ,  l b f g a l ,  and 

K' = f h i d  cons i s t ency  index ,  1bfs"'ff  t2. 

3.2 CRITICAL VELOCITY (VELOCITY FOR TURBULENT FLOW) 

The c r i t i c a l  v e l o c i t y ,  V,, i s  Che v e l o c i t y  r equ i r ed  f o r  t u r b u l e n t  

f low of a g rou t  through a p i p e  - i n  t h i s  i n s t a n c e  a 2-in.-diam p i p e .  

Turbulent  flow i s  assumed t o  occur  a t  a Reynolds number - >2100. 

fo l lowing  expres s ion  f a r  t h e  c r i t i ca l  v e l o c i t y  is  obta ined  by r ea r r ang ing  

Eq. ( 2 )  and s e t t i n g  N R ~  - > 2100: 

The 

' C  1.86 p 

Values of V, c a l c u l a t e d  from Eq. ( 3 )  are m u l t i p l i e d  by 9.792 t o  conver t  t h e  

u n i t s  from f t f s  t o  ga l lmin  in a 2-in.-diam pipe. 

3 . 3  FRICTIONAL PRESSURE DROP 

The f r i c t i o n a l  p r e s s u r e  drop f o r  a grou t  dur ing  pumping can be 

d e f i n e d  as follow: 

where 

OPE = f r i c t i o n a l  p r e s s u r e  drop through a s t r a i g h t  p ipe ,  p s i ,  

L = p i p e  l e n g t h ,  f t ,  

f = Fanning F r i c t i o n  Fac to r ,  d imens ionless  (f i s  a f u n c t i o n  

of Reynolds number), and 

p, V,  and d i  r e p r e s e n t  t h e  same v a r i a b l e s  as i n  Eq. ( 2 ) .  The va lue  of L 

used i n  t h i s  case was 100 f t .  The Fanning F r i c t i o n  F a c t o r ,  f ,  dec reases  

w i t h  t n c r e a s i n g  Reynolds number.8 

ob ta ined  by d i v i d i n g  16 by t h e  Reynolds number. 

The f va lues  used i n  t h i s  work were 



4 .  TEST RESULTS 

4.1 DRAINABLE-WATER DEPENDENCE ON CUR E TIME ~ MIX RATIO ATTABIJLG CTE- 15 0 
CLAY CONTENT, AND BLEND SHEARING 

As expected,  t es t  r e s u l t s  show t h a t  t h e  v o l  X drainable water 

c o l l e c t e d  over  a grout  decreases  v h t h  i n c r e a s e s  i n  cure t i m e ,  mix r a t i o ,  

and Attapulgi te-150 c l a y  content .  I n  g e n e r a l ,  s h e a r i n g  t h e  d r y  blend 

before  mixing wi th  t h e  waste to form the  grout  resid.ted i n  a n  increased  

v o l  X d r a i n a b l e  water a t  a glven cure time. The v o l  5: d r a i n a b l e  water as 

a f u n c t i o n  of cure t i m e  i s  p l o t t e d  i n  Figs.  2 and 3,  r e s p e c t i v e l y ,  f o r  

~ l c n t l s  1 and 2 (nandry-s t leared)  and in P i g s .  4 ,  5 ,  and 6 f o r  Blends 2 ,  3 ,  

and 4 (dry-sheared) ,  The times p l o t t e d  f o r  zero-drainable  water are less 

t h a n  o r  equal  t o  (<) - values .  The general ef€ect of decreas ing  the v o l  X 

d r a i n a b l e  water d i i le  dnereasing the cure time and mix rat io  can be seen 

i n d i v i d u a l l y  i n  each of t h e  f i g u r e s .  Other t h a n  t h e  p e r t u r b a t i o n s  due t o  

a change from nonshearing t o  s h e a r i n g ,  t t  can be seen t h a t  the elfect of 

i n c r e a s e d  ACtapulgitr-150 clay content  was t o  decrease  t h e  volume of 

dra-lnahle water a t  a g i v e n  t i m e .  T h e  v o l  2 draliiable water f o r  each of 

t h e  16 g r o u t s  l i s t e d  i n  T a b l e s  3, 4,  5, and 6 was 0.0 a t  cure t i m e s  of 

I (28 d. Data € o r  Blend 2,  not included i n  t h e  tables, i n d i c a t e  t h a t  t h e  

d r a i n a b l e  water f o r  6-15lga1 &xes of Blends 1 and 2 wtll mot reach 

0.0 v o l  % i n  28 d i f  t h e  b lends  are dry-sheared. 

4.2 CObPRESSXVE S'PRENG'CiI L9EPENDENCE ON M I X  RATIO AND FLY-ASH CONTENT 

The compressive s t r e n g t h s  obtained from t h e  tests are p l o t t e d  i n  

Fig.  7 as a f u n c t i o n  of m i x  ratio. It can be seen t h a t  the compressive 

s t r e n g t h s  i n c r e a s e  s h a r p l y  as the mix r a t i o  increases .  I n s p e c t i o n  OS t h e  

S i p r e  a l s o  shows that f o r  a g iven  mix ratio t h e  compressive s t r e n g t h s  

decrease  s l i g h t l y  i n  going from Slend 1 t o  Blend La, which apparently 

r e su l t5  from t h e  decrease  i n  the fly-ash content .  A311 of  t h e  s m u t s  had 

compressive s t r e n g t h s  of >460 p s i g  - signlf i c a n t l y  greater than the 

50 ps ig  required f o r  an a c c e p t a b l e  g rou t .  Exact va lues  of t h e  compressive 

s t r e n g t h s  obta ined  are l i s t e d  in Tables 3, 4 ,  5, and 6 f o r  g r o u t s  prepared 

from Blends  1, 2, 3 ,  and 4 ,  r e s p e c t i v e l y ,  
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Flg. 2 .  Drainable water as a function of cure t i m e  f o r  Blend 1 (Attapulgite-150 clay 
c o n t e n t ,  44.0 w t  X )  with mix r a t i o s  of 6 ,  7, 8 ,  and 9 Ib!gal. Blend was not dry-sheared- 



12 

7
-
-
-
-
7
-
-
-
 

0
 



. .  

ORNL DWG 85-1000 
h 

W 

K 
w 
c 

6 

5 

4 

3 

2 

1 

0 
0 2 4 6  

1 I I I I I I i 1 I I I I 1 
HYDROFRACTURE (HF) W- 7 
BLEND NO. 2 (42-34-16-8701 
DRY S H E A R E D  

e 6 Ib /gol  

I 5 9 13 21 25 29 
CURE TIME (h)  CURE TIME ( d )  

Fig. 4 .  9rainable water as a function of cure time for Blend 2 (Attapulgite-150 c lay  content ,  
16.0 w t  2) .  Blend was dry-sheared. 
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Fig. 5. Drainable water as a function of cure time f o r  Slend 3 
(Attapti lgite-150 c lay  content, 18.0 wt X )  with mix rattos of 6, 7, 8, and 
9 l b /ga l .  Blend was dry-sheared. 
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F i g .  6. Drainable water as a function of cure t t m e  for Blend 4 
(Attapulgi te-150 clay c o n t e n t ,  20 w t  X ) .  Blend w a s  dry-sheared. 



Table 3. froperties of grouts prepared with dry solids Blend I and simulated W-7 waste 

Mix r a t i o  (lb/gal) 
Parame t e r 6 7 8 9 

28-d drainable water, vol X 0.0 0.0 0.0 0.0 

1182 4- 49 - 920 + 29 - 703 + 16 - 534 + 22 28-d compressive strength, p s i g  - 
0.0015 + 0.0002 0.0042 i- 0.0001 0.0066 3- 0.0006 0.0321 + 0.0004 - - - - K K', 1bf*@ /ft 

F l u i d  c o n s i s p n c  

0.6511 + 0.0198 0.5299 3 o.oO1.I 3.4866 + 0.0011 0.4729 9 c1.OilbO - - - - Flow behavior index, nv 

Density, Ib/ga2 11.7 12.0 12.2 92.6 

Apparent viscosity, cP* 8.0 10.5 13.5 23.0 

IO-mln ge l  strength, 
Ib,/IOQ ft* 

40.5 + 4.9 - 53.5 9 9.2 - 160.0 9 2.8 -- 69.0 i- 18.4 - 
At reference condi t ions:  

Critical velocity, 
gd/mfTl 

Frictional ~ R S S U K ~  

d r o p  per  180 f t ,  psi 

15.1 20.4 24.4 34.5 

1.90 2.92 2.98 5.10 

*1 cP = 3 IBPB'S. 



Table 4 .  Properties of groltts prepared with dry solids Blend 2 and simulated W-7 waste 

Mix ratio (lb/gal) 
Parameter 6 7 8 9 

2 8 6  drainable water, vol % 0.0 0.0 0.0 0.0 

28-6 compressive strength, ps ig  - 981 + 16 1007 -t 32 - 703 + 14 - 482 + 33 
Fluid consisFency index, 

K' , lbf* sn /ft2 
0.0015 + 0.0001 0.0068 - + 0.0004 0.0175 - + 0.0052 0.0225 - + 0.0016 - 
0.6'571 + 0.0069 0.4744 + 0.0118 0.3913 + 0,0472 0.4250 + 0.0126 Flow behavior index, n' - - - - 

Density, lb/gal 11.6 12.0 12.2 12.6 

P Apparent viscosity, cP* 9.0 13.0 18.5 32.0 -4 

10-rain ge l  strength, 
lbf/100 ft2 

27.0 + 0.0 - 27.5 + 0.7 - 50.0 - + 2.8 245.0 - f 49.5 

At reference conditions: 

Reynolds number 64,839 52,068 36,455 23,218 

Critical velocity, 
gal/min 

Frictional pressure 
drop per 100 ft, psi 

15.5 24 .3  33.8 43.4 

1.88 2.92 3.96 7.16 

*I CP = 1 mPa.s. 
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Table 6. Properties of grouts prepared with dry so l ids  Blend 4 and simulated W-7 waste 

Mix rat io  ( lb /gal )  --_ - _- 
Parameter 6 7 8 9 

28-d drainable water, vol  % 0.0 0.0 0.0 0.0 

1008 4- 32 - 780 f 38 - 572 + 7 28-d compressive strength, ps ig  486 - + 13 - 
Fluid consisSency index, 
K', 1 b f . d '  / f t2  

0.0023 -t 0.0002 0.0041 + 0.0008 0.0125 f 0.0000 0.0313 + O.0010 - I - - 
0.6311 9 0.0218 0.5848 + 0.0247 0.4930 + 0.0000 0.4531 i- 0.0037 - - - Flow behavior index, n' 

Density, lb/gal 11.8 12.2 12.4 12*8 

Apparent v i scos i ty ,  cP* 11.5 15.5 27.0 5%. 5 

10-min g e l  strength, 
lbf/100 ft2 

38.0 + 2.8 44.5 - + 12.0 157.0 I + 15.6 >300 

A t  reference conditions: 

Reynolds number 51,581 40,980 25,854 13,972 

Cri t i ca l  ve loc i ty ,  
gal/min 

Frict ional  pressure 
drop per 100 ft, p s i  

19.2 24.4 37.7 58.6 

2.88 3.95 6.06 11.43 

*1 cP = 1 &a S. 
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4 . 3  RHEOLOGICAL PROPERTY DEPENDENCE ON MIX RATIO AND FLY ASH AND/OR 

ATTAPULGITE-150 CLAY CONTENT 

Rheologica l  d a t a  are l i s t e d  i n  Tables 3,  4 ,  5, and 6 €or  g r o u t s  pre- 

pared  us ing  Blende 1, 2,  3, and 4 ,  r e s p e c t i v e l y .  Three af t h e  most impor- 

t a n t  r h e o l o g i c a l  p r o p e r t i e s  of t h e  g r o u t s  are: 
( 2 )  e r i t f c a l  velsctty, and ( 3 )  f r i c t i o n a l  p r e s s u r e  drop. 

4.3.1 Ten-minute Gel S t r e n g t h  

( 1 )  10-h gel s t r e n g t h ,  

Plots of lO-min gel. s t r e n g t h  vs mix r a t i o  f o r  t h e  faur blends  are 

shown i n  Fig. 8 .  The r e s u l t s  show t h a t  t h e  18-mi.n g e l  s t r e n g t h  f o r  a 
g iven  blend i n c r e a s e s  s h a r p l y  as t h e  mix r a t i o  inc reases .  D i f f e rences ,  i f  

any, due t o  t h e  usage of d i f f e r e n t  blends ( i f l e e ,  due t o  d i f f e r e n c e s  i n  t h e  

Attapulgite-150 c l a y  o r  f l y  a s h  c o n t e n t )  are not r e a d i l y  apparent.  The 

10-min gel s t r e n g t h  f o r  Blend 4 wi th  a mix r a t i o  of 9 l b / g a l  was 
>300 l b f / 1 0 0  f t 2 .  

26.5 lbf/100 ft2 f o r  Blend 3 (mix r a t i o ,  6 I b / g a l )  t o  a h igh  of 
40.83  lb f /100  ft2 f o r  Blend 2 (mix r a t i o ,  9 l b / g a l ) .  

4.3.2 Crit ical  Ve loc i ty  

The remaining va lues  ranged from a low of 

Plots of cr i t ical  v e l o c i t y  vs  mix r a t i o  f o r  t h e  f o u r  blends are shown 

i n  Fig. 9. The c r i t i ca l  v e l o c i t y  f o r  a g iven  blend increases s h a r p l y  as 

the mix r a t i o  is  increased .  

a g iven  m i x  ratio due to  usage of b lends  (Table 2) w i t h  dec reas ing  f ly-ash  

con ten t  o r  i n c r e a s i n g  Attapulgite-150 c l a y  con ten t  are apparent  from a n  

i n s p e c t i o n  of t h e  p l o t s .  Overa l l ,  t h e  cr i t ical  v e l o c i t i e s  ranged from a 

low of -15.5 gal/min f o r  a mix r a t i o  of 6 hb/gal (Blends 1 and 2) t o  a 

h igh  of 60.3 gal/min f o r  a mix r a t i o  of 9 l b / g a l .  

4 . 3 . 3  F r i c t i o n a l  P res su re  Drop 

S l i g h t  i n c r e a s e s  in t h e  cr i t ical  v e l o c i t y  at 

The f r i c t i o n a l  p r e s s u r e  drop pe r  100 f t  (2-in. p ipe )  w a s  11.43 psi 

f o r  Blend 4 ,  which had a mlx r a t i o  of 9 l b / g a l .  

d rops  p e r  100 f t  for t h e  remaining g r o u t s  ranged from a l o w  of 1.90 p s i  

for Blends 1 and 2, each wi th  a mix r a t i o  of 6 l b / g a l ,  t o  a h igh  of 9.2 

p s i  f o r  Blend 3, wi th  a mix r a t i o  of 9 Ib /ga l .  

The f r i c t i o n a l  p r e s s u r e  

5 .  EMPIRICAL RELATIONSHIPS 

The equa t ions  presented  below apply t o  g r o u t s  prepared  from the 

s imula t ed  low-level O W L  waste ( T a b l e  1) mixed wi th  blend compositions 
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intermediate to, or near, those I - l s t e d  in Table 2. Thus,  the. equations 

are applicable to blends w i t h  AttagiaLgPte-150 clay compositions ranging 

froon -13.5 to -20.5 wt %' at rnPx ratios from -5.5 to -9.5 lb/gal~. 

Potentially of more importance, the equations demonstrate a systematic 

method for representing grout-waste data which nay be applicable t o  other 

systems. 

The drainablewater d a t a  used in the correlation for Eq. ( 5 )  below 

were obtained from tests i n  which the blends were dry-sheared (data 

plotted in Figs. 4 ,  5 ,  and 6 ) .  Results f o r  Blend 1 were excluded s i n c e  

this blend was not dry-sheared. The data paints f o r  0.0 vol Pa: drainable 

wacer were also excluded s i n c e  the times recorded f o r  those poi.nts repre- 

s e n t  - < values. 
coefficient of correlation by the equation 

The remaining poFnts (39)  are represented with a 0.94 

W = 11.222 4- 3.070 log T - 0.328 C l a g  T - 1.010 R , (5) 

where W, T, C ,  and R, resyecttvely, densee drainable water, in vol 2; 
time, in h; Attapulgite-150 blend content, in wt W ;  and mix ratio. These 

symbols, when used in later equations, designate the same variables. The 

data €or Eq. (5) did not correlate as well as all of the other analyses; 

nevertheless, the 0.94 value 1s reasonably good, considering the number 

and nature of the variables. The time required for the drainable water in 

a given grout to reach 0.0 vol X can be estimated by mkPng appropriate 

substitutions in Eq. (5) for C and R an3 setting W equal to zero. A list 

of estimated times, along wich measured 5 times, for 0.0 V O ~  % drainable 

water is shown in Table 7. In m s s t  instances, the estf.mated times are 

less than the measured times; however, the estimated values are probably 

more nearly correct in this case since the  measured values are 5 values.  

The data (Table 7) can be represented by the following equation: 

l og  To = -3.026 +. 0.089 C log To i- 0.296 K , 

where To denotes the time, in h, at which the drainable water reaches 

0.0 vol %. 
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Table 7 .  Measured times compared with estimateda times for groutsb 
t o  reach 0 vo l  X drainable water 

Blend 
Mix Attapulgite-150 Time (h) to reach zero 
ratio clay 0 vol % drainable water 

( w t  XI Measured Estimated (lb/gal) 

6 16 (Blend 2) >648 9 36 

7 16 (Blend 2) N.D*C 182 

8 16 (Blend 2) 24 35 

9 16 (Blend 2) N.I) .C .7 

6 18 (Blend 3) 108 122 

7 

8 

9 

18 (Blend 3) 

18 (Blend 3) 

18 (Blend 3) 

108 

24 

39 

12 

16 (Blend 4) 

16 (Blend 4) 

16 (Blend 4 )  

16 (Blend 4 )  

6 4 

48 40 

24 17 

24 7 

6 3 

aEstimates are based on Eq. (5). 

b A l l  blends were dry-sheared. 

CN.D, = not determined. 
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5 e 2 COMPRESSIVE STRENGTH 

The  C ~ I B ~ ~ W W ~ V ~  s t r e n g t h  d a t a  for t h e  16 grouts  (Tables 3, 4 ,  5 ,  and 6 )  
can be represented  with a 0.96 coefficient of c o r r e l a t i o n  by t h e  fo l lowing  

equat ion:  

6423.78 S = -915.87 + 190.00 R -+ 9 

P 

where S denotes t h e  compressive s t r e n g t h ,  i n  p s i g ,  and F the amount of 

ASTM Class F f l y  a s h  in t h e  dry blend, i n  w t  X, 

P l o t s  of t h e  compressive s t r e n g t h  vs mix ratio are shown i n  Fig.  10 

f o r  grouts prepared from Blends 1 and 2 and i n  Fig.  11 f a r  g r o u t s  prepared 

from Blends 3 and 4 .  The lines drawn i n  t h e  f i g u r e s  r ep resen t  va lues  

e s t ima ted  from Eq. (7 ) ;  t h e  d a t a  p o i n t s  p l o t t e d  with e r r o r  ba r s  are the 

measured va lues .  

I t  i s  obvlous t h a t  the 1Cnes rep resen t  the measured data  very w e l l .  

The e r r o r  ba r s  were determined. hy repeated measurements. 

There is  a q u e s t i o n  as t o  how mny of t h e  Compressive s t r e n g t h  d a t a  

are a c t u a l l y  needed for t h i s  type of i n v e s t i g a t l o n .  In thls regard ,  a 

c o r r e l a t i o n  w a s  nrade based on results from one-half of t h e  tests (8 d a t a  

p o i n t s ) ,  i .e.,  from o n l y  t h e  6- and 8-1b/gal tests. The d a t a  from t h e s e  

tests are represented  wi th  a 0.95 c o e f f i c i e n t  of c o r r e l a t i o n  by the  

fo l lowing  equat ion:  

5319.77 
S = -839.85 + 187.15 R 4- 

F 

Plots of t h e  compressive s t r e n g t h  YS mlx r a t i o  are shown i n  Fig.  12  f o r  

g r o u t s  prepared from Blends 1 and 2 atid tn Fig. 13 f o r  Blends 3 and 4 .  

The l i n e s  drawn i n  t h e  f i g u r e s  r ep resen t  va lues  determined from Eq. (8) 

based on 0 i n s t e a d  of t he  e n t i r e  16 d a t a  p o i n t s ,  Be seen, the lines repre- 

s e n t  t h e  measured d a t a  p l o t t e d  i n  the f i g u r e s  very well. Again ,  t h i s  

r e s u l t  is interesting and the extent to which such tests could be 

decreased in number in f - l t u r e  Jerk i s  undetermined without s i g n i f h c a n t  

f u t u r e  s t i i d y .  
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5.3 CRITICAL VELOCITY 

The cr i t ical  v e l o c i t y  d a t a  f a r  the 3.6 g r o u t s  (Tables 3-6) can be repre-  

s e n t e d  wi th  a 0.96 c o e f f i c i e n t  of c o r r e l a t t o n  by t h e  fo l lowing  equat ion:  

(9) 
8.828 

c 
log  Vcr = 2.406 + 0.198 R - - - 0.157 p ~ 

where R and C have t h e  usua l  d e s i g n a t i o n s  and Vcr and p ,  r e s p e c t i v e l y ,  

denote  c r i t i ca l  v e l o c i t y ,  i n  ga l /min ,  and d e n s i t y ,  i n  lb/gall. '  The blend 

compositfons (Table 2 )  are such t h a t  C = 50 - E'; t hus ,  50 - F may l e g i t i -  

mately be s u b s t i t u t e d  f o r  C in t h i s  equa t ion  and i n  Eq. (10). S ince  t h e  

equa t ions  a r e  e m p i r i c a l ,  e i t h e r  form may be used. Plats  of t h e  log  of t h e  

c r i t i ca l  v e l o c i t y  vs  mtx r a t i o  are shown i n  Fig. 14 f o r  grouts prepared 

from Blends 1 ,  2 ,  3 ,  and 4 .  The l i n e s  drawn in t h e  f i g u r e  r ep resen t  

va lues  e s t ima ted  from Eq. (9), whi le  the p l o t t e d  data p o i n t s  d e s i g n a t e  

a c t u a l  measurements. A s  w i th  t h e  compressive s t r e n g t h  d a t a ,  t h e  l i n e s  

r e p r e s e n t  the measured data very  w e l l .  

Aga in ,  t h e  q u e s t i o n  arises as t o  how much d a t a  is a c t u a l l y  needed. A 

second c o r r e l a t i o n  w a s  made, based on one-half t h e  c r i t i ca l  v e l o c i t y  data 

(8 d a t a  p o i n t s )  from t h e  6- and 8- lb /ga l  tests. The d a t a  are represented  

w i t h  a 0.97 c o e f f i c i e n t  of c o r r e l a t i o n  by the fo l lowing  eqtaation: 

7.417 
G 

log V,, = 0.796 + 0.146 R - - . 

P l o t s  of l o g  Vcr vs R are shown i n  Fig. 15. 
r e p r e s e n t  va lues  es t imated  from Eq. (10) based on 8 i n s t e a d  of t h e  e n t i r e  

16 d a t a  p o i n t s .  As seen, the l i n e s  r e p r e s e n t  the measured d a t a  p l o t t e d  i n  
t h e  f i g u r e  very w e l l .  While t h i s  r e s u l t  is i n t e r e s t i n g ,  t h e  e x t e n t  t o  

which such tests could be decreased in number in f u t u r e  work is undeter- 

mined without s i g n i f i c a n t  f u r t h e r  s tudy ,  

The l ines  drawn i n  the f i g u r e  

6 .  DISCUSSION 

One o b j e c t f v e  of th i s  s tudy  (see Sect.  1) was t o  provide  a r e f e r -  

enceable  document d e s c r i b i n g  t h e  exper imenta l  methods and techniques  used 
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i n  studies of waste grout  formula t ion .  The phase s e p a r a t i o n ,  compressive 

s t r e n g t h ,  and r h e o l o g i c a l  tests desc r ibed  here are used i n  most for-  

mula t ion  s t u d i e s  for t h e  f i x a t i o n  of wastes i n  cement-based g rou t s .  Many 

d a t a  p o i n t s  are obta ined  every yea r  from t e s t s  such as t h e s e  and repotaLed 

i n  i n t e r n a l  documents. A p e n e t r a t i o n  r e s i s t a n c e  test, which measures 

g r o u t  th ickening  o r  settling rate and is u s u a l l y  performed on g r o u t s  t o  be 

poured i n  t r enches ,  drums, e t@.  i s  a l s o  f r e q u e n t l y  used in similar 

i n v e s t i g a t i o n s .  It was not conducted on t h e  g r o u t s  f o r  t h i s  study. 

A second o b j e c f i v e  was t o  demonstrate statist ical .  a n a l y s i s  methods 

t h a t  would u l t i m a t e l y  broaden the scope of grout-waste uses and g e n e r a l l y  

add c r e d i b i l i t y  t o  grout-waste t rea tment  methods. The equat ions  i n  

Sec t .  5 mathematically re la te  s e v e r a l  of t he  important v a r i a b l e s  involved 

i n  ORNL Hydrof rac ture  grout-waste formulation. Although e m p i r i c a l ,  t h e  

equa t ions  demonstrate an  inhe ren t  sys t ewa t fc s  which, i f  found to  be 

demonst ra tab le  i n  other grout-waste s y s t e m s ,  should increase the c r e d i b i l -  

i t y  and use fu lness  of t h e  systems. One advantage of the empi r i ca l  

approach is t h a t  only a s u p e r f i c i a l  unders tanding  of t h e  chemical reac- 

t i o n s  and mechanisms occur r ing  i n  the system i s  requi red .  T h i s  a spec t  i s  

p a r t l c u l a r l y  important i n  grout-waste work since t he  chemistry of cement 

i s ,  a t  b e s t ,  complex and d i f f i c u l t  t o  understand and t h e  chemistry of 

g r o u t s  con ta in ing  waste subs tances  is even urnre SO. The u t i l i t y  of the 

empi r i ca l  equat ions  [Eqs.(5)-(1O)I is  i n  t h e  p r e d i c t i o n  of p r o p e r t i e s  

w i t h i n  the compositional range of t h e  i n v e s t i g a t i o n  from which t h e  d a t a  

w e r e  obtained. These equat ions  provide  a r e l a t i v e l y  simple method a p p l i -  

c a b l e  t o  ( 1 )  improved f u t u r e  test des ign ,  (2)  e l i m i n a t i o n  of  S U ~ ~ ~ ~ ~ U Q U S  

t e s t i n g ,  ( 3 )  decreased c o s t s ,  and ( 4 )  g r e a t e r  o v e r a l l  e f f i c i e n c y  of i n d i -  

v i d u a l  i n v e s t i g a t i o n s .  For q u a l i t y  assurance  purposes,  they provide  n 

means of s ea rch ing  o u t  suspec t  d a t a  and pinpoi.nting unusual. occurrences.  
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C -- Attapulgite-150 c l a y  eontent  i n  dry blend, w t  W 
di = i n s i d e  p i p e  diameter ( r e f e r e n c e  condtt ion,  2 in . )  

F = Class F f ly-ash  con ten t  .In d ry  b lend ,  wt X 
f = Fanning Fr"Lt ion  Fac to r ,  dimensionless 

K' = f l u i d  cons is tency  index, l b f  sn'/€t2 

L = p i p e  l e n g t h ,  f t  

I)' = flow behavior index ( 0  < I P ~  < l . O ) ,  dimensionless 

N R ~  = Reynolds number, dimenstonless 

p = f l u i d  d e n s i t y ,  lb /ga l  

APf = f r i c t i o n a l  pressure drop through a s t r a i g h t  p ipe ,  psl. 

R -- s o l i d s / l i q u i d  lnix r a t i o ,  l b /ga l  

S -- compressive s t r e n g t h ,  p s i g  

S, = sheat- rate, 
S ,  = shear stress, 1 b f / f t 2  

T = t i m e ,  h 

V = f l u i d  v e l o c i t y ,  ft/s ( r e f e r e n c e  cond i t ion ,  20.4 ft/s) 

V,, = pumping v e l o c i t y  r equ i r ed  for t u r b u l e n t  f low under r e fe rence  

c o n d i t i o n s ,  ga l lmin  
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