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FIXATION OF WASTE MATERIALS IN GROUTS. 
PART 11: AN EMPIRICAL EQUATION FOR ESTIMATING C0MPRE;SSIVE STRENGTH 

FOR GROUTS PROM DIFFERENT WASTES 

0, M. Tallent 
E. W. MeDaniel 
T, T. Godcjey 

Compressive strength for grouts prepared from three 
different nuclear waste materials have been correlated. The 
wastes include ORNL low-level waste (LEW) solution, 'ilanford 
Facility Waste (HEW) solution, and Elanford cladding removal 
waste (CRW) slurry. 
sented with a 0.96 coefficient of correlation by the following 
equation: 

Data for the three wastes can be repre- 

where S denotes 28-d compressive strength, in mPa; D designates 
waste concentration, fraction of the original; f is t o n i c  
strength; C denotes Attapulgite-150 clay content of dry blend, 
in wt %; and R is the mix ratio, in kg/m". 
used to estimate 2 8 4  compressive strengths of grouts prepared 
wlthin the compositional range of this investigation. 

The equation may be 

1.. INTRODUCTION 

Waste disFosal is rapidly becorning one of the most important tech- 
nologies of our time, and fixation of waste in cement-based materials is 
certainly an important: part of the endeavor, Precise mechanisms by which 
waste is fixed in cement-based materials remain largely unknown despite 
widespread application of this waste disposal method. In the present 
state of development, many wastes can adequately be incorporated in 
concretes, but large numbers of scouting tests must be conducted on each 
individual waste t o  determine whether the final product will meet s p e c i f i -  
cation demands. The purpose of the statistical analysis reported here is 
to use data obtained in these tests to produce empirical equations that 
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c o r r e l a t e  process ing  v a r i a b l e s  t o  t h e  performance c h a r a c t e r l s t i c s  of the 

f i n a l  product. Severa l  of t h e  important v a r i a b l e s  and tests used i n  
waste-grout system are aescr ibea P a r t  I of t h i s  sreport.1 r per at or- 

c o n t r o l l e d  v a r i a b l e s  inc lude  the phys ica l  and chemical forms of t h e  

wasdles, t h e  d r y  blend composition, and the blend-waste mix r a t i o .  

Dependent-variable va lues  were d e t e r d n e d  by var ious  types OS tests,  
including 28-d compressive s t r e n g t h ,  f r e e  water, and rheo log ica l  proper- 

t i e s .  I n  t he  ear l ie r  r e p o r t , ’  empi r i ca l  equations were presented to 

relace v a r i a b l e s  f o r  grouts  prepared from Ol?.NL LLIJ. T h i s  r epor t  broadens 

the  scape of t h e  previous work by c o r r e l a t i n g  28-d compressive s t r e n g t h  

d a t a  f o r  g rou t s  prepared from t h r e e  d i f f e r e n t  waste forms: (1) ORNL LLW, 

( 2 )  HW, and ( 3 )  CRW from Rockwe11 Hanford Operations,  The r a t i o n a l e  f o r  

u s ing  t h e  var lous  components i n  t h e  dry-sol td  blends w a s  presented in 

Par t  1. 1 

2. WASTE COMBOSITIONS AND DRY-SOLZD BLENDS 

Table  1 shows t h e  composition of t h e  s imulated OWL LLW. Each of the  

dry-sol id  blends l i s t e d  i n  Table 2 was mixed with thPs waste a t  ra t tos  of 

720, 840, 960, and 1080 kg/m3. 

tertzed by the  presence of N03-, Cl-, and C032-  anions and NaOH. 

ionic strength of t h e  waste w a s  ca l cu la t ed  t o  be 1.93, assuming complete 

ionization of t h e  i o n i c  species .  

Table 1 shows t h a t  t h i s  waste I s  eharac- 

T h e  

Major componenlts, and t h e i r  maximum ~ o n ~ @ n t ~ a t i ~ n ~  I n  t h e  HEW, a r e  

l i s t e d  i n  Table 7. Aliquots  of t h i s  waste s o l u t t o n  were dil.uted t o  con ta in  

0.50, 0.67, and 0.80 f r a c t i o n s  of t h e  concent ra t ions  shown i n  t h e  t ab le .  

Each of t h e  dry-sol id  blends shown i n  Table 4 w a s  mixed with t hese  

d i l u t i o n s ,  a long w1tl.n t h e  undi lu ted  s o l u t i o n ,  at. r a t i o s  o f  720, 840, and 

960 kg/m3, Table 3 r evea l s  t h a t  t h i s  waste 1s characterized by t h e  

prcsence of po43-, H P O ~ ~ - ,  sob2-, and N O ~ L -  anjons,  as w e l l  as NaOH, 

The i o n i c  s t r e n g t h  of t h e  waste (before  dilution) w a s  ca l cu la t ed  t o  be 

3.60. 

Major components i n  t h e  neu t r a l i zed  CRW from Rockwell Hanford 

OperatPons a r e  l i s t e d  i n  T a b l e  5. This  waste i s  a s l u r r y  conta in ing  
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Table  1. Composition of s imulated 
ORNL LLW s o l u t i o n  

Concent rat ion 
Component (2) 

A 1  (NO3) 3' 9H20 0.007 
N a C l  0.093 

0.190 Na2C03 
NaNO3 0.810 
NaOH 0.180 
NHqN03 0.003 

Table  2. Blends of s o l i d s  used i n  grout  mix f o r  O W L  LLW 

Blend 1 Blend 2 Blend 3 Blend 4 
Material ( w t  %> ( w t  X )  (wt X )  ( w t  X) 

Type I Por t land  cement 42.0 42.0 42.0 42.0 
Kingston f l y  ash 36.0 34.0 32.0 30.0 

(ASTM class F) 
Attapulgi te-150 clay 14.0 16.0 18.0 20.0 
Indian Red p o t t e r y  clay 8.0 8.0 8.0 8.0 

Table 3. Maximum concent ra t ions  of 
major compounds in WEW 

Concent rat ion 
Component 

Na3P04 0.5 
Na2HP04 0*02 
Na2S04 0.02 
NaOH 0.02 
N a N 0 2  0.02 
Total carbon (1-85  g/L)  
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Table 4 .  Dry-solid blends used in grout m i x  for HFW 

Blend 1 Blend 2 Blend 3 Biegla 4 
Material (wt %I (wt w >  (wt W )  (wt % >  

Type I-11-LA Portland 41.0 411.0 40,O 39.0  

Centralia, WA, fly ash 41.0 40.0 40,o 35). 0 

Attapulgite-150 clay 10.0 11.0 12,o 14.0 
Indian Red pottery clay 8,O 8.0 8.0 8.0 

cement 

(ASTM class P )  

Table 5. M;ajo~ compound (element) 
concentration in neutralized CRW 
at Rockwell Hanford Qperatlons 

Concentration 
Component 

Zr02 "XH20 1.03 
NaF 2,27 
NaN03  0. os 
NaBH 0.91 

0.83 
Trace 

NH3 
Sn 
u <o. 01 

-30 wt % solids, primarily ZnO2-xH2Bm Samples of the waste slurry were 

diluted to contain 0.30, 0.50, 0.67, and 0.80 fraetions of the concen- 

trations shown in Table 5. Each of the dry blends shown in Table 6 was 

mixed with these dilutions, along w i t h  the undiluted solution, at r a t l o s  

of 720 and 840 kg/m3. 

the presence of F- and NK4+ ions, NaOH, and Zs02*xH20. 

included in the dry-solid blends to precipitate the fluoride as CaP2. 

This action prevents the fluoride from aeting as a set retarder in t he  

grouts .  The ionic strength of the undiluted waste w a s  calculated to he 

4.50. 

As Table 5 reveals, this waste i s  characterized by 

"he Ca(0K)z is 
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Table 6. Dry-solid blends used i n  g rou t  m3-x 
f o r  n e u t r a l i z e d  CRW 

Blend 9 Blend 10 
Material ( w t  ( w t  X )  

Type 111 Port land cement 
C e n t r a l i a ,  WA, f l y  ash 

Attapulglte-150 c l a y  
(ASTM class F) 

Ca (QH) 2 
Ba(QfI12 

42.0 
42.0 

5.0 
1 O " O  
1,o 

60.0 
19.0 

5.0 
15.0 

1.0 

3. TEST PROCEDURE 

The mixing procedure f o r  both HFW and CnzW cons i s t ed  of adding t h e  

blended s o l i d s  t o  t h e  waste i n  a Model N-50 Hobart mixer f o r  30 s a t  a low 

s t i r r i n g  rate, -139 rpm, and then i n c r e a s i n g  t h e  s t i r r i n g  rate t o  -285 rpm 

(medium-speed s e t t i n g  on mixer) f o r  30 8. 
prepared by a similar procedure using a Model 91-186 Waring blender  

(commercial type).  The d ry  blend w a s  added over a per iod of 15 s a t  

2000 rpm, a f t e r  which t h e  mix w a s  s t i r r e d  a t  5000 rpm f o r  an a d d i t i o n a l  

15 8. The specimens f o r  t h e  tests were prepared by pouring f r e s h l y  

prepared g r o u t s  i n t o  .2-in.3 s t a i n l e s s  molds and al lowing t h e  molds t o  

s t a n d  i n  a humidity c a b i n e t  a t  room temperature f o r  28 d. Crushing 

s t r e n g t h s  of the grou t  cubes were then  determined us ing  a Model 60,000 

Super "L" T in ius  Olsen t e s t i n g  machine. American Society f o r  Tes t ing  and 

Materials (ASTM) procedures were used f o r  reference.  9 9 

The ORNL waste samples  were 

4 .  CORRELATION OF DATA 

The s t a t i s t i c a l  c o r r e l a t i o n  included 50 d a t a  po in t s :  16 from ORNL 

LLW, 22 from HFW; and 12 from CRW. The d a t a  were c o r r e l a t e d  by 

m u l t i l i n e a r  r eg res s ion  analyses .  

c o e f f i c i e n t  of c o r r e l a t i o n  by t h e  fo l lowing  equation: 

The d a t a  can be represented wi th  a 0.96 

S = -9.56 + 9.27 D / I  + 18.11/C + 0.010 B, (1) 



6 

where S denotes compressive s t r e n g t h ,  i n  MPa; D des igna tes  waste 

concent ra t ion ,  f r a c t i o n  of o r i g i n a l ;  1: is  i o n i c  s t r e n g t h ;  C denotes  she  

Attapulgi te-150 c l a y  conten t  of t h e  dry s o l i d  blend,  i n  w% X ;  and R i s  t h e  

mix r a t i o ,  i n  kg/m3. 

s i d e r i n g  t h e  number and na tu re  of the  va r i ab le s ,  

va lues  p red ic t ed  from Eq. ( 1 )  are l i s t e d  i n  Table 7,  a long wi th  t h e  

measured values. The p red ic t ed  values  are p l o t t e d  vs t h e  measured values  

i n  Fig. 1. The. unbroken l i n e  i n  t h e  f i g u r e  r ep resen t s  a t h e o r e t i c a l  con- 

d i t i o n  where t h e  p red ic t ed  va lues  would be equal t o  t h e  measured values .  

The broken l i n e s  are d r a m  to be 4-100 ps ig ,  o r  +0.689 ?Pa, from t h e  

t h e o r e t i c a l  condi t ion  l i n e .  

The 0.96 c o e f f i c i e n t  of c o r r e l a t i o n  i s  good, con- 

The compressive s t r e n g t h  

- I 

The 0.96 c o e f f i c i e n t  of c o r r e l a t i o n  f o r  Eq. ( 1 )  w a s  e s s e n t i a l l y  

unchanged when d a t a  f o r  t h e  cement  and f l y  ask (Table 7)  i n  t h e  dry-sol id  

blends were included. Inc lus ion  of t h e  cement and f l y  ash d a t a  and dele- 

t i o n  of t h e  Attapulgite-150 c l a y  data decreased t h e  c o e f f i c i e n t  of the 

c o r r e l a t i o n  t o  0.9 1. 

5. DTSCUSSION 

The compressive s t r e n g t h  tes t  i s  only one of many tests r o u t i n e l y  

conducted during waste-grout formula t ion  s t u d i e s ;  however, i t  is  an  impor- 

t a n t  one and i s  conducted i n  almost all waste-grout formulat ion s tud ie s .  

Frequent ly ,  a compressive s t r e n g t h  of 0,445 M14a ( 5 0  p s i )  i s  considered 

accep tab le ,  a l though i t :  has r e c e n t l y  been suggested t h a t  the acceptab le  

va lue  f o r  O W  hydrof rac ture  be increased  t o  -2.85 NPa (400  ps i ) .  The 

empfr ica l  r e l a t i o n s h i p  shown i n  Eq. ( 1 )  can he used t o  estimate 28-d 

compressive s t r e n g t h s  of waste g rou t s  based on opera tor -cont ro l led  

v a r i a b l e s  wf th in  t h e  compositional range of t h i s  fnves t iga t ion .  This  

range inc ludes  t h r e e  d i s t i n c t l y  d i f f e r e n t  waste s o l u t i o n s  (Tables 1, 3,  

and 5),  with  blends having Attapulgt te-150 c l ay  c-ontents of 5, 10, 11, 12, 

1 4 ,  16,  18,  and 20 wt % and noix r a t i o s  of 720 ,  840, 960, and 1080 kg/m3. 
Equati-on ( 1 )  should be u s e f u l  t o  opt imize condi t ions  wi th in  t h i s  opera- 

ttonal range and t o  he lp  set  condi t ions  f o r  f u t u r e  i n v e s t i g a t i o n s ,  The 

equat ion ,  a l though empirical, demonstrates are. i nhe ren t  sys temat ics  t h a t ,  

i f  found demonstrable f o r  o t h e r  waste-grout v a r i a b l e  r eka t tonsh ips ,  should 

add immeasurably t o  the c r e d i b i l i t y  and use fu lness  of waste-grout systems. 



Table 7. Compressive strength (28-d) as a function of important variables in 
waste grout formulation 

F l y  
Attapulgite- Portland ash 

Obser- Waste 150 c lay  cement Ln Mix Compressive strength 

No. Was t e conc. (Wt X) (wt %) (wt %> (kg/m3) Predicted Measured 
VatfOR fraction in blend in blend blend ratio ( m a  1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
21 
2 2  
2 3  
24 
25  

ORNL 
ORNL 
ORNL 
OKNL 
ORNL 
ORNL 
OKNL 
ORNL 
ORNL 
ORNI, 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
HFW 
HFW 
BFW 
BFW 
HFW 
HFW 
HFW 
BPW 
HFW 

1.00 
1.00 
1.00 
1 .00 
1 .00 
1 .oo 
1.00 
1.00 
1 .oo 
1'00 
1 .oo 
1 ,00 
1 .oo 
1.00 
1.00 
1 .OO 
0.80 
0.67 
0.50 
1.00 
0.67 
0.50 
1 .oo 
0.80 
0.67 

14 
14 
14 
14 
16 
16 
16 
16 
18 
18 
18 
18 
20 
20 
20 
20 
10 
10 
10 
10 
10 
10 
14 
14 
14 

42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
4 2  
41 
41 
41 
41 
41 
41 
39 
39 
39 

36 
36 
36 
36 
34 
34 
34 
34  
32 
32 
32 
3 2  
30 
30 
30 
30 
41 
41 
41 
41 
41 
41 
39 
39 
39 

7 2 0  
840 
960 

1080 
720 
840 
960 

1080 
720 
840 
9 60 

1080 
720 
840 
960 

1080 
840 
840 
840 
960 
960 
960 
840 
840 
8 40 

3.68  
4 . 8 2  
6.05 
7 . 2 5  
3.49 
4.69 
5.89 
7.09 
3.36 
4.57 
5.77 
6.97 
3.26 
4.46 
5.67 
6.87 
2.62 
2.29 
1.85 
4.34 
3.49 
3.05 
3.62 
2.11 
1.77 

3.68 
4.85 
6.34 
8.15 
3.32 
4.85 
6.76 
6.94 
3.23 
3,98 
5 *43  
6.91 
3.35 
3.94 
5.38 
6.95 
2.45 
2.06 
1.52 
4,11 
2 . 8 3  
2.22 
3.06 
2.84 
2.25 



Table 7 (cont inued)  

Fly 
Attapulgf te -  Portland ash 

Obser- Waste 150 clay cement in M x  Compressive strength 

No. Waste conc. (wt %) ( w t  %> (wt % >  (kg/m3> Pred ic t ed  Measured 
vation f r a c t i o n  i n  blend i n  blend blend ratio (ma) 

26 
27 
28 
29 
30 
31 
32 
3 3  
34 
35 
36 
37 
38 
35, 
40 
41 
42 
43  
44 
4 5  
46 
47 
48 
4 9 
50 

'HFW 
HFW 
HFW 
H F W  
HFW 
MFW 
H F W  
H F W  
HFW 
B F W  
HFW 
SFW 
CRW 
CRW 
CRW 
CRW 
CRW 
CRW 
CRW 
CRN 
CRW 
CRW 
CRW 
CRW 
CRW 

0.50 
1.00 
0.80 
0.50 
1.00 
1.00 
1.00 
0.80 
0.80 
0.80 
1.00 
0.80 
0.67 
0.67 
0.50 
0.30 
0.50 
0.30 
0.80 
0.67 
0.50 
0.30 
0.67 
0.50 
0.30 

14 
12 
12 
12 
11 
11 
1% 
II 
11 
11 
10 
10 
12 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

39 
40 
40 
40 
41 
41 
41 
41  
41  
41 
41 
41 
41 
41 
42 
42 
42 
42 
60  
60 
60 
60 
60 
60 
60 

39 
40 
40 
40 
40 
40 
40 
40 
40 
41 
41 
41 
40 
40 
42  
4 2  
44 
42 
19 
19 
19 
E9 
19 
E9 
19 

840 
960 
960 
960 
720 
840 
960 
7 20 
840 
960 
840 
960 
960 
840 
840 
840 
720 
720 
320 
720 
320 
720 
840 
840 
840 

1.44 
4.50 
3.17 
2.06 
1.93 
2.93 
3.87 
2.01 
2.58 
3.78 
3.14 
3.83 
3.34 
3.76 
3.41 
2.99 
2.21 
1.79 
2.82 
2.56 
2.21 
1.79 
3.76 
3.41 
3.00 

1.34 
4.04 
3.53 
2.75 
1.78 
2.98 
4.18 
1.26 
2.44 
3.66 
2.30 
4.49 
3.19 
3.76 
3.59 
3.13  
2.38 
2.07 
2.07 
2.09 
2.09 
2.40 
3 .36  
3.57 
3.48 
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Fig .  1. Plot of compressive strength predicted from Eq. (1) vs 
measured compressive strength. 
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A detailed discussion of chemical and/or physical mechanisms by which 

the compressive strength of the grouts might be decreased by the presence 

of the Attapulgite-150 clay is beyond the scope of this report. Because 

Eqe ( 1 )  is empirical, the relationship between the compressive strength 

and the clay may be indirect and obscure. One possible explanation might 

be that it is not the clay but, rather, the increased retention of water 

b y  the clay in the grout which produces the decrease in eo 

strength. 
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