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ABSTRACT 

I n c i n erat i on a s h  from three operat i onal fac i li t i e s w i t h i n  t h e  New 

York  Metropoli tan area were stab i l i zed w i th  var i ous  port i on s  of addit i ves 

(l i me ,  gyps um , Port l and cement and sod i um carbonate ) to produce  a 

concrete - l i ke mater i al s u i tabl e for both mar i ne  d i sposa l  and u s e  i n  t h e  

con struct i on i ndu stry .  C ur i ng parameters were adj usted t o  max i m i ze  t h e  

structura l  i n teg r i ty o f  t h e  exper i mental m i xes . Certai n m i x and c uri ng  

d e s i gn s  produced  proctor  s i zed sampl e s  exh i b i t i ng a compre s s i ve s t rength 

o f  approx i mate l y  1, 6 0 0  ps i .

Stab i l i zed compo s i te re s i dues  ( contai n i ng both  fl y as h and bottom 

as h )  d i d  not exceed E PA l eachate li m i ts . New York  C i ty fly as h ,  

s t a b i l i zed w i thout  any bottom as h d i d  exh i b i t s i gn i f i cant l y h i g her  

e l emental concentrat i on s  and exceeded EPA l eachate  l i m i t s  for  cadmium and  

lead . 

Pe rmeab i l i t i e s o f  t he  stab i l i zed m i xes  ranged from 10-S 
- 10-B cm/sec

w i t h  t h e  stab i l i zed compos i te res i dues  y i e l d i ng t he  l owe st  permeab i l i t i es .  

Fo l low i ng s u bmers i on i n  s eawater , stab i l i zed compos i te res i d ue sampl es  

expe r i enced  n o  dec l i ne i n  the i r structural i nteg r i ty wh i l e  s i gn i f i cant  

expan s i on and l o s s  o f  strength  was observed for  the  New York  C i ty fl y ash 

sampl e s . 

The  re s u l t s  of  th i s  i nvest i gat i on i ndi cate t hat i nc i nerat i on as h 

po s s e s se s  s i gn i f i cant  pozzol an i c  act i v i ty and may be a s u i tabl e s ub st i tute 

for aggregate  i n  t he  manufacture of  cement bl ocks for u s e  by t h e  

construct i on i ndu stry i n  t h i s reg i on .  I n  add i t i on ,  b l ocks  hav i ng 

excel l ent  structural propert i e s rel at i ve to  mar i ne  d i sposal have been 

fabri cated . 
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Section 1 

INTRODUCTION/OVERVIEW 

PROJECT DESIGN 

This project, entitled "The Fixation of Incineration Ash: Physical 

and Leachate Properties", is a one year laboratory study which began in 

May 1985. This work is sponsored by the New York State Legislature with 

the New York State Legislative Commission on the Water Resource Needs of 

!Long Island as the lead agency. Investigators at the Waste Management /Institute of the Marine Sciences Research Center of the State University 
of New York at Stony Brook are conducting the investigation. Motivation 
for the project stemmed from a desire to examine the feasibility of !fixating incineration ash and demonstrate the use of the stabilized 
j material in a constructive manner as an alternative to landfilling. 

PROJECT OBJECTIVES 

This project focussed on two main objectives: 

Oojective 1 - To investigate incineration ash fixation by means 
of chemical additives and controlled curing 
environments. 

Objective 2 - To determine the permeability and leachate 
characteristics of several "optimum" mixtures 
of incineration ash and fixation additives. 

Objective 1 was addressed during the first stage of the project. / The incineration ash utilized in this study was secured from three 
operational incinerators. New York City's Southwest Brooklyn facility 

I twice provided a source of fly ash. On two separate occasions the Town of 

Huntington incinerator located in East Northport, Long Island was visited 

to remove composite samples of both bottom and fly ash. Composite ash 

I samples were also acquired from the Westchester Resource Recovery facility 

in Peekskill, New York. 



The incineration wastes were initially characterized by determining 
the moisture content of the samples, particle size distribution and pH. 
The concentration of organic constituents was determined by measuring the 
loss on ignition and X-ray diffraction provided information as to the 
major mineral phase found within the incineration wastes. 

Calcium hydroxide {lime), Portland cement {Type I ) , gypsum and sodium 
carbonate served as fixation additives during the fabrication of ASTM 

proctor sized cylinders of incineration ash. The proctors were cured in /various controlled temperature-humidity environments for varying periods 
of time. 

I 
I At the end of the curing period, proctors were subjected to 
compressive strength testing {ASTM C39). Relative compressive strengths 

J were used as a criterion for comparing various mixes of incineration 
wastes and fixation additives in order to determine an optimum ! formulation. Mixes containing I S% Portland cement were selected as 

I optimum. I 

The next stage of the project addressed the second objective; to 
' ! determine the permeability and leachate characteristics of the optimum 
mixes. Portions of proctors were sealed into PVC pipe. The rate and 
quantity of water which permeated through the proctors was recorded, 

1enabling calculations of permeability constants. 

The leachate characteristics of starting materials and optimum mixes 
/ Were studied using both EPA and ASTM protocols. Additional physical tests 
!were performed on the optimum mixes and starting materials. Density/ 
poros1ty {ASTM C 642) of the optimum mixes was measured. Optimum mixes 
and starting materials were analyzed for major, minor and trace 
components. Samples were digested in hydrofluoric acid prior to analysis 
by atomic absorption spectroscopy. X-ray diffraction was used to identify 
the principal cementatious phases. Table I . I summarizes the overall scope / of the project. 
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/ Table 1 . 1 .  

Ob.iect i ve 1 :  

"The Fixation of Incinerator Residues: Physical and Leachate 
Properties" - A summary of activities. 

To investigate incineration residue fixation by means of 
chemical additives and controlled curing environments. 

-· Initial research and development of proctor fabrication 
techniques, 

- determination of physical properties of incinerator 
residues, 
determination of optimum water content for making 
proctors, 
full scale production of test proctors for all of the 
test mix types studied, 
selection of an "optimum" mix to be used during the 
investigation of the second objective. 

Objective 2 :  To determine the permeability and leachate characteristics 
of optimum mixes of three incinerator residues plus 
fixation additives. 

- Darcy falling head permeability measurements of the 
optimum mixes, 
E PA and ASTM chemical leachate tests of optimum mixes 
and starting materials, 

- determination of the bulk chemical composition and 
mineralogy of the optimum mixes and starting materials, 

- additional physical testing of the optimum mixes and 
starting materials, 

- preliminary fabrication of "cement blocks" incorporating 
incineration residue in place of natural aggregates, 

- determination of the flux of calcium from the optimum 
mixes and a preliminary evaluation of block longevity, 
initial evaluation of the impacts from marine disposal 
of fixated incineration residues. 
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!PROJECT RESULTS 

This report is the final product of the first phase of this 
investigatio,n. It includes a tabulation of all data and a description of 
methods. A brief discussion of the results with suggestions for future 
work is included. 



Section 2 

PROJECT SUMMARY AND CONCLUSIONS 

STATEMENT OF PRINCIPAL CONCLUSIONS 

This project provided data to support the following principal 
conclusions: 

Incineration residues contain sufficient pozzolanic ingredients to 
support lime fixation. 

Fixation additives affect the physical and chemical properties of 
proctors. 

Both physical and chemical properties of proctors determine the 
chemical composition of leachate. 

Higher temperature generally accelerates the curing process. 
Compressive strength increases with curing time. 

- Chemical fixation of incineration residue is capable of reducing 
the rate of release of trace metals. 

Structural integrity is significantly affected by particle size 
and organic content of the residue. 

Proctors of stabilized combined ash maintain their structural 
integrity following their placement in the sea. 

For fixated combined ash proctors, EPA leachate limits were not 
exceeded for parameters which were tested. 

For fixated incinerator fly ash, EPA leachate limits were exceeded 
for Cadmium and Lead. 
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Prel i m i nary resu l t s  i nd i cate that stab i l i zed bl ocks of  comb i ned 

i nc i nerat i on res i due w i l l  ma i nt a i n the i r structural  i nteg r i ty i n  

t h e  mar i ne  env i ronment for prol ong l engths  of  t i me .  

I n c i nerat i on res i d ues  may be a s u i tabl e s ubst i tute  for n atura l  

aggregates i n  the  product i on of cement bl ocks . 

Proctors fabr i cated w i t h  New York C i ty fl y a s h  and Port l and cement 

exper i ence s i gn i f i cant expans i on upon seawater s ubmers i on 

res u l t i ng i n  fa i l ure of  the s ampl es  structural  i ntegr i ty .  

If the  New York Metropol i tan reg i on were to e l ect mar i ne  d i spo s a l  

o f  a l l the  proj ected i nc i nerat i on re s i due  ( 2 . 2  X 1 06 ) i t  woul d 

requ i re 1 0  years to construct one art i f i c i al f i s h i ng reef .  
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A SUMMARY OF  PHYS I CAL AND CHEM I CAL OBSERVAT I ONS 

' Fabr i c at i on Techn i ques  and M i x  Types  

I 
I Proctor fabr i cat i on was accompl i s hed fol l owi ng the  ASTM D698 method 

" Standard Test  Mo i sture - Dens i ty Rel at i on s  of  S o i l s  and So i l - Aggregate 

M i xtures u s i ng 5 . 5  l b . Rammer and 12 i nch Drop " . Whi l e  mod i f i c at i on s  of ' thi s test  were i nvest i g ated , proctor fabr i cat i on cou l d not be i mproved . 

I A water content of  1 73 was found to be opt i mum for fabr i cat i on o f  

proctors conta i n i ng Westchester res i due . I n  general  opt i mum water content  

i s  a funct i on of  med i an part i cl e  s i ze ,  i ncreas i ng as  part i cl e  s i ze 

decreases . 

I The max i mum observed compres s i ve strength was 1 592  p s i for a 67% 

Westchester res i due  and 1 5% Portl and cement m i x w i th  1 83 water content 

I cured for 2 1  d ays at amb i ent temperatures . Add i t i on s  of  s od i um carbonate 

I ( N a2co3 ) found to  i mprove the  structural  i ntegr i ty i n  f i xated coa l  ash ,  

res u l ted i n  no  i mprovement for the  i nc i nerat i on ash  proctors . Gyps um, 

I ca l c i um s u l fate d i  hydrate ( CaS04 ° 2H20 )  another commonl y u sed add i t i ve 

I s i gn i f i c ant l y  deteri orate the  compres s i ve strength  and produced the l owe st  

compre s s i ve s trengths measured d ur i ng t h i s i nvest i gat i on .  

I The three opt i mum m i xes se l ected for add i t i ona l  phys i ca l  and chemi c a l  

test i ng were: 

6 2% New York C i ty fl y a s h  w i th  1 53 Port l and cement and 23% 
• 

mo i sture cured at 49  C for 7 2  hours . [Proctor ser i es  COA2 ] . 

673 Hunt i ngton comb i ned res i due w i t h  1 5% Port l and cement and 1 8% 

mo i s ture cured for 1 4  days at Amb i ent  temperature s . [ Proctor 

s er i e s  HA3 ] . 

68% Westchester comb i ned res i due w i t h  1 53 Port l and Cement and 
• 

1 7% mo i sture cured at 49 C for 24  hours . [ Proctor ser i es  WAE6] . 
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Phys i ca l  and Chem i cal  Tests  

Tab les 2 . 1 and  2 . 2  s ummar i ze the resu l t s  of  the  phys i ca l , chem i ca l  

and  m i neral ogi ca l  tests  performed on opt i mum.mi xes . 

Phys i ca l  test i ng d i sc l osed the  need for e i ther ca l c i um hydrox i de 

( l i me )  or  Port l and cement and i ncreased cur i ng t i me to i n s ure the  

devel opment of s uff i c i ent react i on products to i n sure the  phys i ca l  

i ntegr i ty of  the  stab i l i zed m i x .  No s i gn i f i cant d i fferences  were obs erved J i n  e i ther  the  top  or bottom port i on s  o f  the  proctor w i t h  the  one  except i on 

that the bottom edges  of  the  New York C i ty proctors were s omet i me s  c h i pped l i n  removal  from the  mol d .  Bas i ca l l y  un i form val ues  for both poro s i ty and 

permeab i l i ty s uggest  t h at the  compact i on effort was h omogeneous l y ! d i str i buted d ur i n� proctor fabri cat i on .  For each  o f  the  opt i mum m i xes , 

the  permeab i l i ty i n i t i al l y decl i ned very rap i dl y ,  then  stab i l i zed 

exper i enc i ng  a m i nor  trend toward l ower val ues dur i ng the four week  per i od 

of  the  i nvest i g at i on .  

M i neral og i ca l  and chem i ca l  ana l yses  prov i ded an i nteres t i ng ! compar i son  of  the  fl y a s h  and compos i te  res i dues  used i n  th i s  study . 

E l emental  con s t i tuents  were found i n  h i gher  concentrat i on i n  the  fl y ash ,  

when  compared to  the  compo s i te res i dues . 

Compar i son  o f  the  chemi ca l  compos i t i on of  the  ASTM and EPA l eachate 

reveal ed t h at: 

E PA l each ate concentrat i on s  were s i gn i fi cant l y  h i gher  than the  

ASTM val ues . I t  i s  i mportant to  note that the  pH o f  the  EPA 

l each ate i s  adj usted wi th  ac i d  pr i or to  the  test . 

For compo s i te a s h  proctors l eachate concentrat i on s  d i d  not 

exceed E PA l i m i t s  for those parameters wh i ch were exam i ned .  

Model l i ng o f  l eachate  d i ffus i on from a hypothet i ca l  d i sposal 

s i te i nd i cates that  water col umn chem i stry i s  una l tered beyond 

1 000 meters from the  d i sposa l  s i te .  For most  e l ements  the 

d i s tance  i s  l e s s  t han 1 00 meters . 
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Tabl e 2 . 1 .  Summary of phys i ca l  tests performed on opt i mum mixes. 
----- - - ----

Test  

Proctor fabri cat i on 
data  (Mod i f i ed ASTM 
D698 method ) 

Proctor compres s i ve 

Proctor wet den s i ty, 
ASTM �698 (mod i fi ed )  
(kg/m ) 

Darcy fal l i ng head 
permeab i l i ty ( cm/sec )  

Den s i ty/poro s i ty, ASTM C642: 

Apparent spec i fi c  gravi ty 2 . 32 

Water absorpti on 

Vo i d s 

New York C i ty 
F l y  Ash 

62% Ash 
1 5% Port l and Cement 

23% Mo i sture 

2 28 (±43 ) 

1 533 

-7 
Top of Proctor: 1 0  _ 5 Bottom of Proctor: 1 0  

2 . 53 

36% 

47% 

Hunt i ngton 
Compos i te Res i due  

67% Residue 
1 5% Portl and Cement 

18% Mo i sture 

455  (±51 )  

1 7 1 2  

T: < 1 0
- 7 

B :  < 1 0 - 5  

2 . 5 1 

21% 

39% 

Westchester  
Compo s i te Re s i due  

68% Res i due  
1 5% Port l and Cement 

1 7% Moisture 

1 230  (±59 ) 

1 744 . 

1 8% 

36% 



/Tabl e 

I 
2 . 2 .  Summary of  chem i cal  and m i neral og i cal  tests  performed on 

opt i mum m i xes . 

Test  Opt i mum M i xes 

Bu l k Chemi ca l  Compos i t i on 

Maj or Con s t i tuents  

M i nor  Con s t i tuents  

Trace  Con s t i tuents  

M i neral ogy 

Maj or Crysta l l i ne Phases  

M i nor  Crysta l l i ne Phases  

Al umi num 
S i l i con 
Magnes i um 
I ron 
Cal c i um 
Z i nc 

Cooper 
Chrom i um 
Lead 
Manganese 

C adm i um 
Arsen i c  
Cobal t 
Mercury 
N i c ke l  

Anhydr i te 
Gypsum 
Quartz 
Cal c i te 

Ettr i ng i te  
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! SUGGEST I ONS FOR FUTURE WORK 

The fo l l ow i ng suggest i ons  are prov i ded as an a i d for p l ann i ng future 

i nvest i g at i on s : 

undertake tox i c i ty b i o a s says on se l ected org an i sms 

representat i ve of  the  proj ect s i te fol l ow i ng the  procedures 

de scr i bed by the  US E PA for the  ocean d i sposa l  perm i t program , 

deve l op  methods  for the  mechan i cal , h i gh s peed fabr i cat i on o f  

SAi bl ocks  u s i ng ex i s t i ng equ i pment  a n d  technol ogy prov i ded by 

the  concrete bl ock  i ndustry ,  

construct smal l test  structures , s i mu l at i ng an art i f i c i al 

f i s h i ng reef ,  at our  mar i ne  test  s i te l ocated i n  Con s c i ence  Bay,  

an embayment  of  Long I s l and Sound , 

exam i n e  the  chem i ca l , p hys i cal  and b i o l og i ca l  i nteract i on s  o f  

SAi bl ocks s u bmerged i n  Con s c i ence  Bay as  a funct i on of  mar i ne  

expo sure , 

eva l u ate  the  s u i tab i l i ty and eng i neer i ng propert i e s of  

con struct i on grade cement bl ock  u s i ng i nc i nerat i on res i dues  as  a 

s ubst i tute  for n atural  aggregate . 
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Sect i on 3 

I NC I N E RAT I ON WASTE  CHARACT ER I ST I CS 

I NC I N E RAT I ON RES I DU E S  USED I N  THE PROGRAM 

As h from t h ree operat i on al New York State fac i l i t i e s was ut i l i zed i n  

t h i s  s t udy .  The Southwest  Broo kl yn p l ant operated by the  C i ty of  New 

Yor k ,  t he  S i gna l  - RESCO fac i l i ty i n  Westchester County ,  and the Town of 

Hunt i ngton  i nc i nerator l ocated i n  East  Northport were se l ected . As h was  ! co l l ected on  two separate occas i on s  from each  s i te and returned to  our 

fac i l i ty i n  steel  55 ga l l on drums . The total  amount  o f  res i due col l ected l from each  s i te was , approx i matel y ,  4 , 200  l bs from We stchester , 600 l bs 

from the  New York C i ty pl ant  and 1 , 200  l bs from the  Town o f  Hunt i ngton 

fac i l i ty .  D i st i nct i on between the  u se  o f  f i rst and second  tr i p a s h  i s  

i nd i c ated i n  t he  rema i n i ng sect i ons  of  the  report . 

Compos i te a s h , a comb i n at i on of  bottom and fl y a s h , was co l l ected at l the  Westchester  and Hunt i ngton fac i l i t i e s ,  a nd  on l y  fl y a s h  was  col l ected 

at New York C i ty .  D i fferent types  of  ash are produced due  to the  var i ed 

descr i pt i ve parameters of  the  p l ant s , and s ome of  these parameters c an be 

found i n  Tabl e 3 .1 .  

BU LK  PRO P E RT I ES 

Part i c l e - s i ze Ana l ys i s  

The  d i s tr i but i on of  part i cl e  s i ze i n  the  i nc i nerat i on wastes  was 

determ i ned by s i ev i ng a s ampl e of  approx i matel y 6 kg of  H un t i ngton  

res i due , 1 kg o f  Westchester res i due and 0 . 5  kg of  New York  C i ty fl y ash . 

We secured a s h  twi ce  from Hunt i ngton and New York C i ty and  fol l ow i ng each 

col l ec t i on  event parti cu l ate s i ze d i str i but i on ana l ys i s  was  undertaken . 

The an al ys i s  fol l owed ASTM D422 - 63 u s i ng a ser i es  of  U . S .  Standard S i eves I 3 i n ,  1.5 i n ,  0.75 i n ,  Numbers 4, 10, 18, 40, 60 , 100 and 200 . For the  

three l arger s i ze s i eves  the  res i dues  were s i eved dry and s h a ken by hand . 

The  smal l er s i eves were pl aced i nto  a Ro -Tap s i eve s h a ker . 
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Tabl e 3 . 1 .  Compar i s on o f  i nc i nerat�n a s h  fac i l i t i e s .  

Stat i st i c s 

I st art - up 

I 
Area s erved 

P l ant  capac i ty 

-Average t hroug hput 

I Combu st i on  temp . 

Type  o f  system 

Operat i on 

Mater i als recovery 

Pre c i  p i t a  tors  

Power generat i on 

Power generat i on 
capac i ty / Customer 

We stchester  

1 984 

Westchester Cty 
850 , 000  peopl e 

2 2 50 ton s/d 

1 800 ton s/d 

2500 ° F+ 

Ma s s  burn i ng w i th  
waterwal l bo i l ers 

24  h/d 
7 d/wee k  

Ferrous , 
Aggregate 

E l ectrostat i c ,  3 

E l ectr i c power 

60  MW , ongo i ng 

Conso l i d ated 
Ed i son  Co . 

Hunt i ngton 

Un i t#l - 1 956  
#2 - 1 960 
#3 - 1 962  

Hunt i ngton  
2 1 0 , 000  peopl e 

*** 

Un i t#l&2 - 1 00ton s/d 
#3 - 200ton s/d 

1 4 00 ° F+ 

Mass  burn i ng 

24  h/d 
6 d/wee k  

Aggregatel 

E l ectrostat i c ,  l 

None 

*** 

*** 

NYC 
Sout hwest  
Brookl yn 

1 96 1  

Var i e s  
-300 - 500 , 000 

750  ton s/d 

600 tons/d 

1 400 - 1 600 °F  

Mas s  burn i ng 

24  h/d 
7 d/week 

None 

E l ectrostat i c , 4  

None 

*** 

*** 

i Mater i a l  i s  s orted at the  pl ant before burn i ng and the  metal l i c 
fract i on i s  d i sposed o f  i n  a l andf i l l  l ocated on  the  prem i ses . 
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The  res u l t s  of  the  part i c l e - s i ze anal ys i s  are i l l u strated i n  F i gure s 

3 . 1  - 3 . 3  wh i ch s h ows the  compos i t i on of  the  d i fferent s i ze fract i on s . 

The  compo s i te a s h  from Westchester and Hunt i ngton was more heterogeneous  

than the  New  York C i ty fl y a sh , as  expected . I n  the  l arger s i ze groups  

g l a s s  was predom i n ant . I n  the  Hunt i ngton s ampl e s  fragments  of  rag s , paper 

and wood s hav i ng were observed . 

The  quant i tat i ve contr i but i ons  of  the  d i fferent s i ze fract i on s  to  t he  

s ampl e s  are  g i ven i n  Tabl e 3 . 2 .  From the  gra i n s i ze d i s tr i but i on curve 

I ( F i g ure 3 . 4 ) i t  can  be concl uded that  the  New York C i ty fl y a s h  s amp l e 

obt a i ned d ur i ng  our  second v i s i t  to that fac i l i ty i s  predom i nant l y of  s i l t  

s i ze h av i ng a mean gra i n s i ze of 0 . 09 mm . Th i s  i s  s i gn i f i cant l y fi ner  

than the  f i rst  s ampl e t hat was col l ected wh i ch has  a mean g rai n s i ze of  

0 . 2 5 mm . Sand s i zed part i c l es  are dom i nant  i n  t he  Westchester  a s h ; the  / mean part i c l e  s i ze i s  0 . 6  mm . The l argest  part i c l e  s i ze i s  repre sented by 

the  two Hunt i ngton s ampl e s  wh i ch compare very wel l . Hunt i ngton a s h  h a s  

the  h i g h e s t  fract i on of  gravel  s i zed part i c l e s  a nd  a mean part i c l e  s i ze of  

s l i g ht l y l e s s  than 2 . 0  mm . 

Mo i s ture Content and pH 

Mo i s ture content was determ i ned i n  repl i cate ( n = l O )  on 30 - 40  g 

s amp l e s  of  fre s h  res i due  a s h  fol l owi ng each col l ect i on event . S ampl e s  

were dr i ed t o  constant  we i ght  i n  an oven a t  about 90 ° C ,  Tabl e s  3 . 3  - 3 . 5 .  

Mo i s ture contents  were fa i rl y  un i form , d e s p i te the  heterogene i ty o f  t he  

mater i a l s a nd  the  l arge so l i d  i nc l u s i on s . New York  C i ty fl y a s h  and 

Westche ster res i due  were s i gn i f i cant l y  dryer than the Hunt i ngton ash wh i ch 

h a s  a mo i sture content of  approx i mate l y 24% . 

The pH  of  the  vari ous  res i dues  was determ i ned u s i ng an Or i on Research 

Mode l  7 0 1A  pH meter attached to  a standard g l a s s  e l ectrode . Tabl e 3 . 6  

presents  the  d ata . 
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F i g ure 3 . 1 .  Part i c l e  s i ze fract i on s , New York C i ty i nc i n erat i on a s h . 

I l l u strat i on Sampl e Reta i ned by Se i ve Number 

A 1 8  ( 1 . 00 mm ) 

B 40  ( 42 5  µm) 

c 60 ( 2 50 µm ) 

D 1 50 ( 1 00 µm ) 

E 200 ( 7 5  µm )  

F Pan ( <7 5  µm )  

15 
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F i gure 3 . 2 .  Part i c l e  s i ze fract i on s , Hunt i ngton i nc i nerat i on res i due . 

• 

I l l u strat i on Samp l e Ret a i ned by Se i ve Number 

A ( 3/4 " )  

B ( 1/2 " ) 

c 4 ( 4 . 7 5 mm ) 

D 1 8  (1 . 00 mm ) 

E 60  (250 µm ) 

F Pan ( <7 5  µm) 

17 
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F i g ure 3 . 3 .  Part i c l e  s i ze fract i on s , We stchester i nc i nerat i on res i due .  

111 ustrat i on Samp l e Reta i ned by Se i ve Number 

A 4 ( 4 . 7 5 mm ) 

B 1 0  ( 2 . 00 mm ) 

c 1 8  ( 1 . 00 mm ) 

0 60 ( 2 50 µm)  

E 200  ( 75 µm)  

F Pan ( < 7 5  µm )  

1 9  

I 
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Tab l e  3 . 2 .  Size fraction of re s i dues . 

PARTICLE SIZE ANALYSIS 

HUNTI NGTON COMPOS I TE ASH NEW YORK C I TY FLY ASH WESTCHESTER COMPOS I TE ASH NEW YORK C I TY FLY ASH* HUNTI NGTON FLY ASH* 

S I EVE GRAMS GRAMS GRAMS GRAMS GRAMS 

NUMBER OPEN I NG S IZE RETA I NED % RETA I NED  RETAI NED % RETA I NED  RETA I NED % RETA I NED RETA I NED % RETA I NED RETA I NED % RETA I NED 

. 75" 239 . l 4 . 08 0 . 0  0 . 00 0 . 0  0 . 00 0.0 0 . 00 88 . 3  4 . 76 

. 50" 324 . 5  5 . 54 0 . 0  0 . 00 0 . 0  0 . 00 0 . 0  0 . 00 1 28 . 98 6 . 96 

. 375" 451.5 7 . 70 0 . 0  0 . 00 47 . 2  4 . 47 0 . 0  0 . 00 139 . 08 7 . 50 

4 4 .  7 5  nm 866 . 2  14 . 78 0 . 0  0 . 00 7 2 . 5  6 . 87 0 . 0  0 . 00 294 . 32 1 5 . 87 

1 0  2 . 00 nm 844 . 6  1 4 . 4 1  0 . 6  0 . 1 1  1 1 1 . 4  1 0 . 56 4 . 0  0 . 69 254 . 7 7  13 . 74 

1 8  1 . 00 nm 779 . 9  13 . 30 3 . 7  0 . 70 1 83 . l 1 7  . 36 5 . 0  0 . 86 2i2 . 48 1 1 . 46 

40 425  µm 1 1 08 . 8  18 . 9 1  74 . 2  1 4 . 1 2 3 1 0 . 8  29 . 46 1 6 . 3  2 . 80 3 1 5 . 0 1 1 6 . 99 

6 0  2 5 0  µm 4 8 7 . 6  8 . 3 2 1 7 4 . 0  33 . 1 3 1 3 6 . 3  1 2 . 9 2 2 9 . 8  5 . 1 0  1 6 2 . 7 3 8 .  7 8  

1 00 1 50 µm 2 62 . 8  4 . 48 1 49 . 0  2 8 . 3 7 7 3 . 0  6 . 9 2 7 8 . 4  1 3 . 4 5 1 06 . 4 6 5 . 7 4 

2 0 0  7 5  µm 1 86 . 9  3 . 1 9 84 . 3  1 6 . 04 5 4 . 6  5 . 1 8 1 8 5 . 6  3 1 . 8 4  7 5 . 04 4 . 0 5 

<7 5 µm 3 1 0 . 3  5 . 29 39 . 5  7 . 5 2 66 . 1  6 . 2 7 2 6 3 . 8  4 5 . 2 5  7 7 . 1 3  4 . 1 6 

TOTAL WE I GHT: 5862 . 1  5 2 5 . 3  1 0 5 5 . 0  582 . 9  1 8 54 . 3  

* R e p r e s en t s  a s h  co l l ec t e d  on a se c on d  v i s i t  t o  the  fa c i l i ty. 

N 
__, 



Fi gure 3 .4 

GRAIN SIZE DISTRIBUTION CURVES 
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Tab l e  3.3 . Mo i sture content of Hunt i ngton inc inerat i on ashes . 

WE I GHT Hl H2 H3 H4 

BEAKER 27 . 74 27.2S 27.93 27.2 1 

BEAKER + ASH 59.56 SS . 13 61.31 60 . 65 

WET ASH 31.S3 30 . SS 33 . 3S 33.43 

BEAKER + ASH ( ORY ) 51.62 50 . 1 5 52.4 1 52.1 5 

DRY ASH 23.S9 22 . S7 24 . 4S 24 . 94 

MOI STURE CONTENT 7 . 94 7.9S S.90 S . 50 

% MO I STURE 24.94 25.S7 26 . 66 25 . 41 

AVE . MO I STURE 25 . 0S 

VAR I ANCE 0.74 

STD . DEV . O.S6 

WE I GHT Hl* H2* H3* H4* 

BEAKER 49.92 50.31 50.13  49.96 

BEAKER + ASH 90.19 9 1.14  Sl. 0 1  7 7 .  7 1  

WET ASH 40.27 40.S3 30 . SS 27.75 

BEAKER + ASH ( DRY ) Sl.OS S0.9S 74 . 42 7 1.34 

DRY ASH 3 1 . 1 6 30.6S 24 . 29 2 1.3S 

MO I STURE CONTENT 9.1 1 1 0. 1 6  6 . 60 6 . 3 7 

% MO I STURE 22 . 63 24 . 88 2 1 . 36 22.96 

AVE . MO I STURE  22.76 

VAR I ANCE 2.43 

STD. DEV. 1. 56 

* Represents ash co l l ected on a second v i sit to the fac ility . 

HS H6 H7 HS H9 H l O  

27 . 50 2S . S9 2S.05 27 . 39 4S . S l  49 . 4S 

62.7S 60.3 1 64.99 62 . 33 S7 . 2S S9 . 27 

35 . 29 3 1.43 36 . 94 34 . 94 3S . 46 39.79 

54.1 1 52 . 70 56.37 53 . 49 77 .63 79 . 1 7 

26 . 61 23.Sl  2S.3 1 26 . 1 0 2S.Sl 29 . 69 

S . 67 7 . 62 S.62 S.S4 9.65 1 0 . 1 0 

24.SS 24.24 23.34 25.30 25.09 2 5 . 39 

HS* H6* H7* HS* H9* H l O* 

49 . 96 4S . 74 50 . 56 49 . 59 49 . 96 5 1.50 

76 . 40 72.70 S3.49 S7 . 55 79.62 S3 . 4S 

26 . 44 23 . 95 32.93 37 . 96 29.66 3 1 . 9S 

69 . S4 67 . 23 75.63 79 . 77  72.61 77 . 02 

1 9 . SS lS . 49 25 . 07 30. lS 22.65 25 . 52 

6 . 56 5 . 46 7 .S6 7 . 7S 7.01 6.46 

24 . 80 22 . 8 1 23 . 87 20 . 49 23 . 62 20 . 2 1 

N 
w 



Tab le 3.4. Mo i sture content of New York C i ty i nc i nerat i on ashes . 

WE IGHT C l  C2  C3  C4  

BEAKER 30.08 27 . 1 0  27.32 28.01 

BEAKER + ASH 46.82 46.40 4 7.00 45.52 

WET ASH 1 6 . 74 19 . 30 1 9.68 17 .51 

BEAKER + ASH ( DR Y )  45 . 94 45.23 4 5.83 44.53 

DRY ASH 1 5.86 1 8. 1 3  18.51 1 6.52 

MO I STURE CONTENT 0 . 88 1 . 1 7 1. 17  0.99 

X MOI STURE 5.25 6.07 5.96 5.64 

AVE . MO I STURE 6.1 7  

VAR IANCE 0.2 1 

STD . DEV . 0.45 

• 

WE IGHT C l*  C2* C3* C4* 

BEAKER 50 . 04 51.60 48.29 49.57 

BEAKER + ASH 67.67 67. 1 7  68.3 1 66.70 

WET ASH 1 7.63 1 5.57 20.02 1 7 . 1 4  

BEAKER + ASH ( OR Y )  67.37 66.90 67.96 66.40 

DRY ASH 1 7 . 33 1 5.30 19.66 1 6.83 

MO I STURE CONTENT 0.30 0.27 0 . 35 0.30 

X MO I STURE 1. 70 1 .  76  1 .  7 7  1. 78  

AVE . MOI STURE 1. 76 

VAR I ANCE 0 . 002 

STD . DEV. 0 . 048 

* Represents  ash co l lected on a second v i s i t  to the fac i l i t y .  

c s  C 6  C7 ca C9 C l O  

29.48 30.00 28.05 29 . 00 51.50 49 . 56 

48 . 43 50.3 7 45.92 48 . 45 76 . 1 1 76.56 

1 8.94 20.37 1 7 . 87 19.45 24.61  27 . 00 

47.26 49. 1 2  44. 7 1  47.19 74.48 74 . 77 

1 7.78 19  . 1 2 1 6 . 66 1 8 :  19  22.98 25.20 

1.16  1.25 1.21  1.26 1.63 1. 79 

6.13  6.1 4  6 .  7 5  6 . 49 6.63 6 . 64 

CS* C6* C7* C8* C9* C l O* 

48.82 5 1.30 49.46 50.85 48.75 48.99 

70.2 1 69.54 66 . 88 69 . 60 66.90 66.36 

2 1 .39 1 8.23 1 7.4 1 18.75 18.15  1 7.37 

69 . 81 69 . 22 66.58 69 . 28 66.58 66 . 05 

20.99 17 . 9 1  1 7  . 1 2 1 8 . 43 1 7.83 1 7.06 

0.40 0 . 32 0 . 30 0 . 32 0.32 0 . 3 1 

1 . 87 1 .  75 1 .  72 1 .  70 1 .  75  1. 79 

N 
� 



Tabl e 3 . 5 .  Mo i sture content of  Westchester i nc i nerat i on a s hes . 

WE I GHT Wl W2 W3 W4 

BEAK E R  5 1 . 60 48 . 29 49 . 57  48 . 83 
BEAKE R  + ASH 89 . 1 7 82 . 98 82 . 53 84 . 2 7 
WET ASH 37 . 57 3 4 . 69 3 2 . 96 3 5 . 44 
BEAKER  + ASH ( DRY ) 88 . 38 82 . 1 8 8 1 . 82 83 . 43 
DRY ASH 36 . 78 33 . 89 3 2 . 26 34 . 60 
MO I STURE CONTENT 0 . 78 0 . 79 0 . 70 0 . 83 
% MO I STURE 2 . 08 2 . 29 2 . 1 4 2 . 3 5  

AV E .  MO I STURE  2 . 2 5 
VAR I ANCE 0 . 0 1 
STD . DEV . 0 . 1 2 

2 5  

W 5  

50 . 63 
86 . 3 3 
3 5 . 70 
85 . 4 7 
3 4 . 84 

0 . 86 
2 . 4 0 



Tabl e 3 . 6 .  pH  va l ues  for the  var i ous  res i dues . 

Re s i due s  rut 
New York C i ty F l y Ash  1 0 . 89 

New York C i ty F l y Ash* 6 . 59 

Hunt i ngton Compos i te Ash  7 .  7 2  

Hunt i ngton Compos i te Ash* 7 .  7 1  

Westche ster Compo s i te As h 1 2 . 74 

* repre sents  a s h  co l l ected on a second v i s i t  to  the  fac i l i ty 

2 6  



�nee ag a i n the  two New York C i ty s ampl es  d i ffered con s i derabl y ,  the  f i r st  

s amp l e was a l kal i ne wh i l e  the  second s ampl e col l ected was  s l i ght l y ac i d i c .  

h e  two Hun t i ngton s ampl es  were v i rtual l y  i dent i ca l  and the  mo st  a l kal i n e 

es i due  was obt a i ned from the  Westchester fac i l i ty .  

o s s  on  I gn i t i on 

The  dr i ed s ampl e s  of  res i due u sed for determi nat i on of  mo i sture 

ontent were u s ed to  measure l o s s  on i gn i t i on ( LO I ) .  I n  t h i s met hod the  

ampl e s  were i gn i ted i n  a covered cruc i bl e  i n  a muffl er furn ace at  

ontrol l ed temperature . Separate determ i n at i ons  were made for LO I at two 

emperatures , 500 ± 50 ° C  and 900 ± 50 ° C .  LO I i s  frequent l y  determ i ned at 

emperatures of  900 to l , 000 ° C  but b i ogen i c  org an i cs are burned off at 

500 ° C  and t h i s  was a mater i al s  group of  i nterest  for the  present  

c h aracter i z at i on .  

F i g ure 3 . 5  and Tabl es  3 . 7  - 3 . 1 1  c l earl y i l l u strate that  Hunt i ngton 

ash posses sed the h i ghest  amount of  uncombusted mater i a l , approx i matel y 

1 4% at 900 ° C .  The  second s ampl e o f  New York C i ty a s h  was s i gn i f i cant l y  

h i gher  i n  organ i c s when compared t o  t h e  f i rst s ampl e and Westchester 

compos i te ash l o st  on l y  1.8°� of  i t s dry we i ght after be i ng heated to 
0 

500 c .  

2 7  



F i gure 3 . 5  Loss  o n  i gn i t i on 
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Tab le  3 . 7 .  New York C i ty f l y  ash , loss on I gn i t i on soo · c ,  9oo · c .  

WE I GHT C l  C 2  C3 C4 

CRUC I BLE + COVER 1 3 . 86 1 4 . 13  13 . 60 1 3 . 76 

CRUC I BLE + ASH 20 . 38 19 . 49 19 . 30 18 . 67 

ASH ( PRE I GN . )  6 . 52 5 . 36 5 . 70 4 . 9 1 

CRUC I BL E  + ASH ( POST) 20 . 3 1 19 . 44 19 . 24 1 8 . 63 

ASH ( POST I GN )  6 . 46 5 . 30 5 . 63 4 . 87 

LO I  ( 1!!500 ) 0 . 07 0 . 06 0 . 06 0 . 05 

% LOI  ( 1!!500 ) 1 . 01 1 . 09 1 . 09 0 . 94 

AVG . % LO I  ( 1!!500 ) 1 . 20 

VAR IANCE 0 . 1 0 

STD . DEV 0 . 3 1  

CRUC I BLE + ASH ( POST ) 20 . 1 7 19 . 3 1  19 . 1 0 1 8 . 5 1  

A S H  ( POST I GN )  6 . 3 1  5 . 18 5 . 50 4 . 75 

LOI  ( 1!!900 ) 0 . 2 1 0 . 18 0 . 20 0 . 1 6 

% LO I ( 1!!900 ) 3 . 23 3 . 42 3 . 42 3 . 35 

AVG . % LOI  ( @900 ) 3 . 48 

VAR I ANCE 0 . 03 

STD . DEV . 0 . 1 7 

cs C6 C7 

13 . 86 13 . 96 1 4 . 03 

18 . 52 18 . 04 19 . 06 

4 . 67 4 . 08 5 . 03 

18 . 49 1 7  . 99 1 8 . 98 

4 . 63 4 . 03 4 . 95 

0 . 03 0 . 05 0 . 08 

0 . 75 1 .  28 1 . 62 

18 . 37 1 7 . 89 18 . 88 

4 . 5 1 3 . 93 4 . 85 

0 . 1 5  0 . 1 6  0 . 18 

3 . 32 3 . 83 3 . 64 

ca C9 

13 . 76 14 . 01 

19 . 03 1 9 . 22 

5 . 27 5 . 20 

18 . 94 19 . 1 4  

5 . 18 5 . 13 

0 . 09 0 . 08 

1 .  78 1 . 48 

18 . 84 19 . 03 

5 . 09 5 . 02 

0 . 19  0 . 18 

3 . 55 3 . 56 

C l O  

50 . 83 

68 . 57 

1 7 . 74 

68 . 40 

1 7 . 57 

0 . 1 7  

0 . 96 

67 . 95 

1 7 . 1 3  

0 . 62 

3 . 47 

N 
ID 



Tab le  3 . 8 .  New York C i ty f ly ash* , loss on i gn i t i on SOO " C ,  900 " C .  

WE I GHT C l *  C2* C3* C4* 

CRUC I BLE  + COVER 13  . 6097 1 4 . 2302 1 3 . 8725  1 3 . 98 1 5  

CRUC I BLE  + ASH 1 5 . 1 298 1 5 . 5602 1 5 . 4956 1 5 . 78 1 3  

A S H  ( PRE I GN . )  1 . 52 1 . 33 1 . 62 1 . 80 

CRUC I BLE + ASH ( POST ) 1 5 . 09 1 5 . 52 7 1  1 5 . 455 1 5 . 7343 

ASH ( POST I GN )  1 . 48 1 . 30 1 . 58 1 .  7 5  

LO I  ( fil500 ) 0 . 04 0 . 03 0 . 04 0 . 05 

X LOI  ( fil500 ) 2 . 62 2 . 49 2 . 50 2 . 61 

AVG . X LO I ( fil500 ) 2 . 49 

VAR I ANCE 0 . 02 

STD . DEV 0 . 13 

CRUC I BLE + ASH ( POST ) 14 . 9945 1 5 . 4446 1 5 . 3506 1 5 . 6 1 78 

ASH ( POST I GN )  1 . 38 1 .  2 1  1 . 48 1 . 64 

LOI  ( fil900 ) 0 . 14 0 . 1 2 0 . 14 0 . 1 6  

X L O I  ( @900 ) 8 . 90 8 . 69 8 . 93 9 . 08 

AVG . X LOI  ( fil900 ) 8 . 51 

VAR IANCE 2 . 69 

STD . DEV . 1 .  64 

* Represents ash co l lected on a second v i s i t  to the fac i l i t y .  

CS* CS* C7* 

1 3 . 759 13 . 89 13 . 9099 

1 5 . 3532 1 5 . 2 704 1 5 . 7026 

1 .  59 1 . 38 1 .  79 

1 5 . 3 1 4 1  1 5 . 2342 1 5 . 6586 

1 .  56 1 . 34 1 . 75 

0 . 04 0 . 04 0 . 04 

2 . 45 2 . 62 2 . 45 

1 5 . 2695 1 5 . 1392 1 5 . 4961 

1 .  51  1 . 25 1 . 59 

0 . 08 0 . 13 0 . 2 1 

5 . 25 9 . 50 1 1 . 52 

CB* C9* 

13 . 7816 14 . 0237 

1 5 . 2201  1 5 . 8605 

1 . 44 1 . 84 

1 5 . 183 1 5 . 8207 

1 . 40 1 . 80 

0 . 04 0 . 04 

2 . 58 2 . 1 7 

1 5 . 0866 1 5 . 7357 

1 . 3 1  1 .  7 1  

0 . 13 0 . 1 2  

9 . 28 6 . 79 

C l O* 

50 . 3976 

55 . 4538 

5 . 06 

55 . 3301  

4 . 93 

0 . 1 2 

2 . 45 

55 . 0947 

4 . 70 

0 . 36 . 

7 . 1 0 

w 
0 



Tab le  3 . 9 .  Town of Hunt i ngton compos i te ash , loss on i gn i t i on soo · c ,  9oo · c .  

WE IGHT Hl  H2  H3 H4 HS 

CRUC I BLE + COVER 50 . 23 23 . 76 24 . 47 87 . 27 88 . 82 

CRUC I BLE + ASH 7 1 . 30 45 . 83 44 . 78 1 2 7 . 90 136 . 55 

ASH ( PRE I GN . )  2 1 . 07 22 . 07 20 . 3 1  40 . 63 47 . 73 

CRUC I BLE + ASH ( POST ) 70 . 05 44 . 40 43 . 43 1 25 . 1 8 133 . 66 

ASH ( POST IGN )  19 . 82 20 . 64 18 . 97 3 7 . 9 1  44 . 84 

LOI  ( 1!1500 ) 1 .  25  1 . 43 1 . 35  2 . 72 2 . 89 

% LOI  ( 1!1500 ) 5 . 93 6 . 48 6 . 62 6 . 69 6 . 06 

AVG . % LOI  ( @500 ) 7 . 88 

VAR I ANCE 3 . 96 

STD . DEV 1 . 99 

CRUC I BLE + ASH ( POST ) 68 . 4 1 42 . 08 1 2 1 . 92  130 . 1 6  

ASH ( POST I G N )  1 8 . 18  1 7 . 6 1 34 . 65 4 1 . 34 

LOI  ( 1!1900 ) 2 . 89 2 . 70 5 . 98 6 . 39 

% LOI ( 1!1900 ) 13 . 74 13 . 29 1 4 . 72 13 . 39 

AVG . % LOI  ( @900 ) 14 . 88 

VAR I ANCE 1 .  25 

STD . DEV. 1 . 1 2 

HS H7 H8 H9 H l O  

49 . 34 24 . 65 23 . 64 24 . 47 85 . 57 

65 . 02 40 . 14 40 . 38 42 . 50 1 27 . 40 

1 5 . 68 1 5 . 49 1 6 . 75 1 8 . 03 4 1 . 83 

63 . 75  38 . 47 38 . 68 40 . 45 1 24 . 65 

14 . 4 1  13 . 82 1 5 . 04 1 5 . 98 39 . 07 

1 . 2 7 1 .  67  1 .  71  2 . 05 2 . 75 

8 . 09 1 0 . 76 1 0 . 19 1 1 . 37 6 . 59 

62 . 68 37 . 58 37 . 76 39 . 60 1 20 . 89 

1 3 . 34 1 2 . 94 14 . 1 2 1 5 . 1 3  35 . 32 

2 . 34 2 . 56 2 . 63 2 . 90 6 . 51 

1 4 . 9 1  1 6 . 50 1 5 . 68 1 6 . 09 1 5 . 57 

w 



Tab l e  3 . 1 0 .  Town of Hunt i ngton compos i te ash* , loss on i gn i t i on soo · c .  9oo · c .  

WE I GHT H l*  H2* H3* H4* HS* 

CRUC I BLE  + COVER 6 . 9482 7 . 0982 24 . 6426 23 . 6228 24 . 3341 

CRUC I BLE  + ASH 1 2 . 2523 1 1 .  5 1 05 40 . 3781 36 . 3578 40 . 803 

ASH ( PRE I GN . ) 5 . 30 4 . 4 1 1 5 . 74 1 2 . 73 1 6 . 47 

CRUC I BLE + ASH ( POST ) 1 1 . 6332 1 1 . 1 526 38 . 3832 34 . 7655 38 . 1904 

ASH ( POST I G N )  4 . 69 4 . 05 13 . 74 1 1 . 14 13 . 86 

LOI  ( @500 ) 0 . 62 0 . 36 1 . 99 1 . 59 2 . 61 

% LO I  ( @500 ) 1 1 . 67 8 . 1 1  1 2 . 68 1 2 . 50 1 5 . 86 

AVG . % LOI  ( @500 ) 1 2 . 30 

VAR IANCE 4 . 64 

STD . DEV 2 . 1 5 

CRUC I BLE + ASH ( POST ) 1 1 . 4773 1 1 . 0448 37 . 988 34 . 34 37 . 8947 

ASH ( POST I G N )  4 . 53 3 . 95 13 . 35 1 0 .  72  13 . 56 

LOI  ( @900 ) 0 . 78 0 . 47 2 . 39 2 . 02 2 . 9 1 

% LOI  ( @900 ) 14 . 61 10 . 55 1 5 . 19  1 5 . 84 1 7 . 66 

AVG . % LOI  ( @900 ) 14 . 55 

VAR I ANCE 5 . 1 6  

STD . DEV . 2 . 2 7 

* Represents ash co l lected on a second v i s i t  to the fac i l i t y .  

H6* H7* H8* 

23 . 7857 23 . 6358 24 . 47 

43 . 304 43 . 0079 40 . 3944 

1 9 . 52 1 9 . 3 7 1 5 . 92 

4 1 . 3 7 7 1  40 . 6259 38 . 1368 

1 7 . 59 1 6 . 99 13 . 67 

1 . 93 2 . 38 2 . 26 

9 . 87 1 2 . 30 14 . 18  

40 . 9061 40 . 6232 37 . 8298 

1 7 . 1 2 1 6 . 99 13 . 36 

2 . 40 2 . 38 2 . 56 

1 2 . 29 1 2 . 3 1  1 6 . 1 0 

H9* 

23 . 8519  

37 . 7056 

1 3 . 85 

36 . 1 448 

1 2 . 29 

1 . 56 

1 1 .  27  

3 5 . 8675 

1 2 . 02 

1 .  84 

13 . 2 7 

HlO* 

6 . 82 

9 . Q54 1 

2 . 23 

8 . 7287 

1 . 9 1  

0 . 33 

1 4 . 57 

8 . 6594 

1 . 84 

0 . 39 

1 7 . 67 

w 
N 



Tab le  3 . 1 1 .  Westchester compos 1 te ash ,  loss on i gn 1 t i on 500 " C ,  900 " C .  

WE I GHT Wl W2 W3 W4 W5 

CRUC I BLE  + COVER 14 . 1 61 1 1 3 . 9618  13 . 7895 1 3 . 9748 13 . 6363 

CRUC I BLE + ASH 19 . 5761 1 8 . 57 13  1 7 .  7568 18 . 48 1  1 8 . 7635 

ASH ( PR E I GN . )  5 . 42 4 . 61 3 . 97 4 . 51 5 . 1 3 

CRUC I BLE + ASH ( POST ) 19 . 4894 1 8 . 4794 1 7 . 6902 1 8 . 3855 1 8 . 6658 

ASH ( POST IGN ) 5 . 33 4 . 52 3 . 90 4 . 4 1 5 . 03 

LO I  ( 1!1500 ) 0 . 09 0 . 09 0 . 07 0 . 1 0  0 . 1 0 

% LOI  ( 1!1500 ) 1 . 60 1 . 99 1 . 68 2 . 1 2 1 . 9 1  

AVG . % LOI  ( 1!1500 ) 1 . 83 

VAR IANCE 0 . 03 

STD . DEV 0 . 19 

CRUC I BLE + ASH ( POST ) 19 . 3654 1 8 . 3944 1 7 . 6 1 14 1 8 . 2983 18 . 5707 

ASH ( POST I GN )  5 . 20 4 . 43 3 . 82 4 . 32 4 . 93 

LOI  ( 1!1900 ) 0 . 2 1 0 . 18 0 . 1 5 0 . 18 0 . 19 

% LOI  ( 1!1900)  3 . 89 3 . 84 3 . 66 4 . 05 3 . 76 

AVG . % LO I ( 1!1900)  3 . 9 1  

VAR I ANCE 0 . 06 

STD . DEV . 0 . 25 

W6 W7 W8 

13 . 88 13 . 7 186 13 . 882 

19 . 6731  18 . 8331  19 . 2 1 1  

5 . 79 5 . 1 1  5 . 33 

19 . 5552 1 8 . 7476 19 . 1 046 

5 . 68 5 . 03 5 . 22 

0 . 1 2 0 . 09 0 . 1 1  

2 . 04 1 .  67 2 . 00 

19 . 4201  1 8 . 6532 19 . 01 

5 . 54 4 . 93 5 . 1 3 

0 . 25 0 . 18 0 . 20 
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Sect i on 4 

PROCTOR FABR I CAT I ON 

I NTRODUCT I ON 

The  proctor fabr i cat i on stage of  th i s  proj ect dea l t w i t h  four maj or 

t a s ks : 

I n i t i a l research and devel opment of  proctor fabr i cat i on 

techn i ques . 

Determi n at i on of  opt i mum water content for mak i ng 

proctors . 

Product i on of  test  proctors for al l of  the  

m i x types  stud i ed .  

Compar i son  of  proctor compre s s i ve strength s  i n  order  to 

se l ect opt i mum m i xes . 

I n  order to  accompl i s h these  ta sks the  fol l ow i ng type s  of  equ i pmen t  

were u sed . Proctor compac t i on was done w i th  a S o i l Test , I nc . model  

CN - 4230  Mechan i c a l  Compactor equ i pped w i th  a 4 i nch  repl acement mol d ,  S o i l 

Test model  CN - 4230 - 1 00 . Mol d d i men s i on s  were 4 . 6  i nches  h e i ght  by 4 . 0  

i nc hes  d i ameter for a vol ume of  1/30 c ub i c foot . The mechan i cal  compactor  

perm i tted operator se l ect i on of  e i ther  a 5.5  or 10  pound , 2 i nch  d i ameter  

c i rc u l ar  face  rammer as  wel l a s  a 12  or  1 8  i nch  drop h e i g ht . Hot Pack  

Corporat i on mode l  435300  Bench Top Steady - State Humi d i ty C hambers were 

u s ed for accel erated cures  at d i fferent temperature and 98 - 1 00  % 
rel at i ve l y  h um i d i ty .  Compre s s i ve strength test i ng was performed u s i ng a 

Mode l  FS  1 60 R i e h l e Un i versal  Test i ng Mach i ne wh i ch conformed w i th  

ANS l/ASTM C39 - 7 2  standard s . 
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ADD I T I VES  

Add i t i ves  s uc h  as  sod i um carbonate ( N a2co3 ) ,  l i me ( C a ( OH ) 2 ) ,  ca l c i um 

s u l fate ( CaS04 ° 2H20 )  and Port l and cement  ( type 1 )  were u sed i n  t h i s study . 

These  add i t i ve s  were obt a i ned from F i sher  Sc i ent i f i c ,  I n c . except Port l and 

cement  wh i c h was s uppl i ed from l ocal  suppl i er .  

Acc�rd i ng t o  F i s her Sc i ent i f i c ,  I n c . 1 983 , Na2co3 ( F i sher  C ERT I F I ED )  

u sed i n  t h i s study cont a i n s  on l y  0 . 0 1% i n so l ubl e matters and 0 . 005% s i l i c a 

( S i 02 ) ,  0 . 003% s u l fur compounds ( S04 ) ,  0 . 0 1% ca l c i um and .magne s i um ppt , 

and 0 . 5  ppm heavy metal s ( a s Pb ) . For Ca (OH ) 2 ( F i s her C ERT I F I ED ) , i t  

s h ows 0 . 03% i n so l ub l e i n  hydroch l ori c ac i d  and conta i n s 0 . 1% s u l fur 

compounds  ( S04 ) ,  1 . 0% magnes i um ano a l kal i s a l ts , and 0 . 0 03% h eavy metal s 

( as Pb ) . F i s her  C ERT I F I ED gyps um ( Caso4 . 2H20 )  was u sed i n  t h i s study . 

Portl and cement  ( des i gn ated as  type  1 by the  ASTM ) i s  t he  mo st  i mportant 

of  t h e  i norgan i c  cemen t i ng mater i a l s by far . There are t hree predomi nant  

compounds  i n  common portl and cement ,  i . e . , d i cal c i um s i l i c ate ( 2CaO · S i 02 ) ,  

tr i ca l c i um s i l i c ate ( 3CaO · S i 02 ) ,  and Tr i cal c i um a l umi n ate  ( 3 CaO · Al 2o3 ) .  

FABR I CAT I ON TECHN I QUES  

ASTM D698 - 78 prov i ded g u i del i nes  for proctor fabr i cat i on techn i ques . 

These  cond i t i on s  i n  general  requ i re the  compact i on of  t he  s ampl e u s i ng :  

- a 5 . 5  pound rammer fal l i ng  a d i stance of  1 2  i nches , 

- 3 compact i on s  of  mater i al per proctor , 

- a total  of  7 5  compact i on s  per proctor . 

The  appropr i ate components  of  a test m i xture were m i xed on a we i ght  

bas i s and i n  t he  sequence : i nc i nerat i on
-
wastes  ( f i rst ) , ca l c i um 
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hydrox i de ( l i me ) , add i t i ves  ( cement , gypsum ,  sod i um carbon ate ) and water  

( l ast ) . Hand m i x i ng was u sed to d i str i bute the  mater i al s  as  they were 

added . After thorough l y m i x i ng the  dry components , water was added to  t h e  

m i x and  v i gorous l y  s t i rred to ach i eve a u n i form d i str i but i on .  I n  some 

cases  add i t i ona l  water was added to the  m i x pr i or to  f i na l  h and m i x i ng .  

S ubsamp l e s  of  the  wet m i x were taken i n  order to  determ i ne  the  total  

mo i sture content pr i or to compact i on and cur i ng . Pr i or to  m i x i ng 

part i c l es l arger the  0 . 75 i n  were screened out . 

The ASTM 0698 method was u sed for proctor fabr i cat i on .  Approx i mate l y  

600 grams of  m i x were p l aced i n  a mol d and a 5 . 5  pound rammer was dropped 

twenty f i ve t i mes  from a h e i ght  of  1 2  i nches . Between each drop the  mol d 

was automat i ca l l y  rotated 36  i n  order to a s s ure un i form compact i on of the  

proctor s urface . A s econd 600  gram port i on of  m i x was  added to the  mol d 

and t h e  proces s  repeated . After add i t i qn and compact i on of  a t h i rd 600 

gram s ampl e ,  t he  exten s i on col l ar of  the  mol d was removed . The proctors 

s urface was tr i mmed and l evel ed pr i or to we i ght i ng .  After extrus i on from 

the  mol d ,  t he  proctor was ready for cur i ng . 

Three cur i ng  temperatures were stud i ed .  Amb i ent  ( approx i mate l y  

23 ° C ) , 4 9 ° C  and 7 1 ° C .  Proctors cured at 23 ° C  i n  a i r were wrapped i n  1 ml  

t h i ck p l ast i c  bag s to  prevent premature dehydrat i on .  These  s ampl e s  were 

a i r cured for i nterval s of 7 ,  1 4  and 2 1  days . The accel erated cures  at 

49 ° C  and 7 1 ° C  were performed i n  control l ed h um i d i ty c h ambers for two t i me 

i nterval s ,  2 4  and 7 2  h r . 

After cur i ng , proctors were perm{tted to cool  to room temperature or 

were removed from the  doubl e wrapped pl ast i c  bags . The i r  we i ght , h e i ght , 

d i ameter and phys i cal  appearance were recorded pr i or to  unconf i ned 

compre s s i ve  strength test i ng .  

Cured proctors were tested for unconf i ned compre s s i ve strength on a 

Model  F S 1 60  R i eh l e Un i versal  Test i ng Mach i ne .  The  FS 1 60 was equ i pped w i th  

a 7 i nch  d i ameter se l f- a l i gn i ng compres s i ve head  and  spher i ca l  seat  wh i ch 

conforms to  the  requ i rements  of  ANS I/ASTM C39 - 7 2 , " Standard 
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Methods  for Compres s i ve Strength Test i ng of  Cyl i ndr i ca l  Concrete 

Spec i men s " . The rate of  l oad i ng was 3200  pounds per second . The tota l  

l oad w i t h stood d ur i ng test i ng was d i v i ded by the  cro s s  sect i on a l  area o f  
the  proctor  to  ca l cu l ate unconfi ned compres s i ve strength  i n  pounds  per 

square i nch . 

DETERM I NAT I ON OF  TH E OPT IMUM M I X  

The  f i rst  formul at i on of  proctors were fabr i c ated u s i ng l i me portl and  

cement and sod i um c arbonate , three add i t i ves  t h at were s hown i n  pr i or 

i nvest i g at i on s  t o  enhance  stab i l i zat i on .  Wh i l e  ho l d i ng rel at i ve l y 

constant  the  concentrat i on s  of  i nc i nerator res i due  and add i t i ves , mo i s ture 

content was a l tered between 1 3  and 2 5% for the  three  d i fferent res i dues . 

Fol l ow i ng  compact i on ,  the  proctors were subd i v i ded i nto  three groups  and 

each  group  cured at d i fferent temperatures [ 49 ° C ,  7 1 ° C ,  and a i r ( 23 ° C ) ] .  

The durat i on o f  the  cure was a l so  a l tered for each  of  the  groups . For the  

proctors be i ng cured at e l evated temperatures , cur i ng t i me wa s e i ther 24  

or 7 2  hours . For  the  a i r cured s ampl es , the  cur i ng  t i me was e i ther 1 68 ,  

336  o r  504  hours  ( 7 ,  1 4  o r  2 1  days ) . The dat a  i n  Tabl e s  4 . 1 . and F i gures  

4 . 1 - 4 . 3 , i n  concert w i th  the  det a i l ed fabr i cat i on i n format i on found i n  

Append i xe s  A ,  B and C reveal s the  fol l ow i ng i nformat i on :  

a )  Hunt i ngton res i due  produced proctor s ampl e s  h av i ng the  

l owe st  compres s i ve strength ,  

b )  i n  order to  ach i eve a max i mum compre s s i ve strength , a s  

t he  part i c l e  s i ze of  the  res i due i ncreased , mo i s ture content 

a l s o  i ncreased 

c )  i ncreased cur i ng t i me resu l ted i n  i mproved structural  

i ntegr i ty ,  

d )  proctors fabr i cated u s i ng Westchester res i due  y i e l d  the  

h i g hest  den s i ty ,  wh i l e  New York  C i ty s ampl e s  exh i b i ted the  

best  compre s s i ve strength . 

The  e ffects  of  i ncreas i ng the  l i me concentrat i on was exam i ned by 

fabr i cat i ng a s er i e s  of  proctor s ampl e s  h av i ng a 9% l i me content . 
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Tabl e 4 . 1 .  Re sul t s  of  proctor fabr i cat i on us i ng 
6% l i me , 3% cement ,  0 . 5% Na2co3 . 

N EW YORK C I TY I NC I NERAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

CA 1 7  
CB  1 9  
cc  2 1  
CD 23  
CE  24  

MEAS . 
MO I STURE 

1 8 . 6  
1 9 . 4  
2 2 . 1  
2 2 . 2  
23 . 6  

WESTCHESTER I NC I NE RAT I ON ASH 

PROCTOR I . D .  CALC . M EAS . 
MO I STURE MO I STURE 

WA 1 7  1 7  
WB 1 5  1 4 . 8  
WC 1 3  1 3  
WO I I  I I . 5 
WE  1 9  1 9 . 5  

HUNT I NGTON I NC I N ERAT I ON ASH 

PROCTOR I . D .  CALC . MEAS . 
MO I STURE  MO I STURE  

HA 18  2 1 . 5  
H B  2 2  23 . 7  
HC  24  2 5 . 1  
H L  20  2 1 . 6  
HM 1 8  1 9 . 2  
HN  16  1 8 . 8  
HO 1 4 . 6  1 6 . 3  

COMPRESS I V E  
STRENGTH 

438 - 875  
458 - 1 1 34  
60 1 - 903 
430  - 688 
386 - 63 7 

COMPRESS I V E  
STRENGTH 

2 5 1  - 446 
394  - 533 
1 61 - 52 1 
84 - 4 1 4  

1 3 9  - 3 98 

COMPRESS I VE 
STRENGTH 

1 1 5  - 2 54  
96 - 2 1 7  
62 - 1 83 

203 - 386 
2 1 9  - 3 1 4  
2 1 9  - 330  
1 7 1  - 235  
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Tabl e 4 . 2  and F i g ures 4 . 4  - 4 . 6  i l l u strates t hat l i tt l e benefi t w i th  

respect to  the  structural  i ntegr i ty i s  real i zed by i ncreas i ng l i me 

concentrat i on .  New York C i ty and Hunt i ngton proctor s ampl e s  exh i b i ted a 

dec l i ne i n  compre s s i ve strength  and on l y a s l i ght  i ncrease  i n  strength  was 

noted for the  Westchester s ampl e s . I n  a l l cases  i ncreas i ng the  l i me 

content d i d  not al ter the  pH of the  m i x .  I t  can be concl uded that  l i me 
' 

content i n  exces s  of  6% offers no s i gn i f i cant structural  i mprovement . 

Sod i um c arbonate ( Na2co3 } ,  was u sed i n  th i s  research for pr i or 

i nvest i g at i on s  by Harder et a l . ,  1 98 1 , V i ncent et a l . ,  1 9 6 1  and Roet he l  et  

a l . ,  1 985 has  s h own that  t h i s  add i t i ve accel erates the  strength  g a i n of  
-

var i ous  coal  a s h  m i x des i gn s . Th i s  i nvest i gat i on reveal s that  sod i um 

carbonate has  no  effect on the  compre s s i ve strength of  stab i l i zed 

i nc i nerat i on a s h  s ampl e s . Tabl e 4 . 3  and F i g ures 4 . 7  - 4 . 9  i nd i cates  that  

New  York C i ty s amp l e s  w i thout  sod i um carbonate exh i b i t  a s l i g ht  i ncrease  

i n  strength .  

Port l and cement  ( type 1 )  was added to the  m i x des i gn and y i el ded 

proctor s ampl e s  h av i ng the h i ghest  compre s s i ve strength .  S ampl e s  

fabr i cated u s i ng Westchester res i due and  1 5% cement ach i eved a compres s i ve 

strength of  1 592  ps i . Unfortunate l y  by th i s  t i me we were u s i ng the  second  

batch of  New York C i ty fl y ash  wh i ch posses sed propert i es t h at 

s i gn i fi cant l y  reduced the  structural  i ntegri ty of  the  s ampl e s . Strength s  

meas ured for t h e  New York C i ty s ampl e s  reached 400 p s i , s i gn i f i cant l y  

l ower t h an earl i er s ampl es  though  s t i l l  acceptabl e for mar i ne  d i sposa l . 

Data perta i n i ng to  t h i s m i x des i gn i s . presented i n  Tabl e 4 . 4  a l ong w i th  

F i gures  4 . 1 0 - 4 . 1 2 .  

One of  the  pos s i bl e  reasons  the  proctors fabri cated u s i ng s econd 

batch of New York C i ty fl y a s h  fa i l ed to ach i eve a h i gher  compres s i ve 

strength  was the  s i gn i f i cant l y  l ower pH of  the  a s h . I n  an  attempt to 

i mprove the compre s s i ve strength a ser i e s  of  proctors were fabr i cated wi th  

1 5% cement and 4% l i me . Wh i l e  the  l i me d i d  e l evate the  pH o f  these  

s ampl e s , n o  s i gn i fi cant i mprovement i n  compre s s i ve strength was obta i ned .  

Tabl e 4 . 5  and F i gure 4 . 1 3 presents  the  data  obt a i ned from th i s  

i nvest i g at i on .  

4 2  



Tabl e 4 . 2 .  Re sul t s  of  proctor fabr i cat i on u s i ng 
9% l i me , 3% cement , 0 . 5% Na2co3 . 

N EW YORK C I TY I NC I NE RAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE  

CF  1 7  
CG  1 9  
CH 2 1  
C I  23  

MEAS . 
MO I STURE 

1 5 . 9  
1 8 . 0  
2 0 . 3  
2 1 . 9  

COMPRESS I V E  
STRENGTH 

386 - 62 5 
489 - 780 
637  - 949 
450  - 844 

WESTCHESTER I NC I NERAT ION ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

WF  1 7  
WG 1 5  
WH 1 3  

MEAS . 
MO I STURE 

1 7 . 9  
1 6 . 2 
1 4 . 7  

COMPRESS I V E  
STRENGTH 

1 83 - 454  
5 1 7  - 688 
269 - 64 5 

HUNT I NGTON I NC I N ERAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

HD 20 
H E  2 2  
H H  2 2  
HJ 1 8  
H K  1 6  
H I  2 0  

MEAS . 
MO I STURE 

2 3 . 4  
2 7 . 4  
2 5 . 0  
2 1 . 9 
2 0 . 2 
2 4 . 2  

COMPRESS I V E  
STRENGTH 

68 - 2 5 5  
80 - 1 47 
76 - 2 4 7  

1 67 - 3 1 8  
1 7 1  - 285  
1 1 9 - 3 1 8  
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Tabl e 4 . 3 .  Re sul t s  of  proctor fabr i cat i on u s i ng 
6% l i me , 3% cement . 

N EW YORK C I TY I NC I N ERAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

CJ 1 5  
CK  1 7  
C L  1 9  
CM 2 1  
CN  23  

MEAS . 
MO I STURE 

1 5 . 4  
1 7  . 4  
1 8 . 4  
2 0 . 5  
2 2 . 9  

COMPRESS I V E  
STRENGTH 

537  - 1 1 2 2  
557  - 1 1 94 
454  - 955  
3 1 2  - 89 1 
1 57 - 660 

WESTCHESTER I NC I NE RAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

W I  1 7  
WJ 1 5  
WK 1 3  
WR 1 1  

MEAS . 
MO I STURE 

1 6 . 3  
1 4 . 9  
1 4 . 5  
1 0 . 5  

COMPRESS I V E  
STRENGTH 

1 99 - 450  
2 1 7  - 4 1 0  
287 - 454  
1 0 1  - 3 98 

HUNT I NGTON I NC I NERAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

HP 1 6  
HQ 1 8  
H R  2 0  
H S  2 2  

MEAS . 
MO I STURE 

1 7  . 2  
2 1 . 7 
2 2 . 0  
2 4 . 2  

COMPRESS I V E  
STRENGTH 

1 7 5  - 23 1 
2 1 9  - 306 
1 63 - 3 1 4  
9 2  - 23 1 
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Tabl e 4 . 4 .  Res u l t s  of  proctor fabr i cat i on u s i ng 
1 5% cement . 

N EW YORK C I TY I NC I N ERAT I ON ASH* 

PROCTOR I . D .  CALC . 
. MO I STURE 

CQ 1 5  
CR  1 7  
c s  1 9  
CT 2 1  
CY  23  

MEAS . 
MO I STURE 

1 4 . 4  
1 6 . 0 
1 8 . 2  
2 0 . 4  
2 2 . 4  

COMPRESS I V E  
STRENGTH 

2 5 1  - 398 
1 97 - 292  
1 1 9 - 247  
1 1 9 - 2 1 1 
88 - 390  

HUNT I NGTON I NC I N ERAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

HX 2 0  
HY 1 8  
HZ 1 6  

MEAS . 
MO I STURE 

23 . 8  
2 2 . 1  
1 9 . 1  

COMPRESS I V E  
STRENGTH 

235  - 61 1 
330  - 569 
3 2 2  - 466 

WESTCHESTER I NC I N ERAT I ON ASH 

PROCTOR I . D .  CALC . 
MO I STURE 

WO 1 3  
WP 1 5  
WQ 1 7  
WT 1 9  

MEAS . 
MO I STURE 

1 2 . 3  
1 4 . 1  
1 6 . 2 
1 8 . 0  

COMPRESS IV E  
STRENGTH 

462 - 8 1 6  
5 1 3  - 1 24 1  
736 - 1 3 7 7  
593 - 1 59 2  

* Repre sents  ash  col l ected on a s econd v i s i t  to  the  fac i l i ty .  
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Tabl e 4 . 5 .  Re sul t s  of  proctor fabri cat i on u s i ng 
4% l i me , 1 5% cement . 

N EW YORK C ITY I NC I N E RAT ION ASH* 

PROCTOR 1 . 0 .  CALC . MEAS . COMPRESS I V E  
MO I STURE MO I STURE STRENGTH 

CZ 1 9  1 7 . 9  2 1 1  - 382 
CAA 2 1  1 9 . 1 1 7 1  - 267  
CAB 23 2 1 . 3  1 67 - 263  
CAC 2 5  23 . 5  1 1 1  - 249  
CAD 2 9  27 . 2  80 - 207  
CAE 3 1 29 . 8  24  - 1 95 

* Repre sents  a s h  co l l ected on a second v i s i t  to the  fac i l i ty .  
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Pr i or i nvest i g at i on s  w i th  coal  ash  has  s hown that  smal l amounts  of  

gyps um ( C aso4 ° 2H20 )  can s i gn i fi cant l y i mprove compre s s i ve strength . A 

ser i es  of  proctor s ampl es  were fabri cated u s i ng al l three ashes  and 6% 
\ 
l i me , 6% gyp sum and 3% cement . S i gn i fi cant deter i orat i on i n  the  

s tructural  i ntegr i ty of  the  s ampl es  was  observed . Tabl e 4 . 6  and F i gures  

4 . 1 4 - 4 . 1 6 i nd i cates  t h at none of  the  s ampl es  ach i eved a strength  of  300 
ps i , the  m i n i mum strength we accept for mar i ne  d i sposa l . 

G RAVE L  ADD I T I ONS  

The effects  of  add i ng smal l amounts  o f  n atural aggregates to the  

structural  i nteg r i ty of  the proctor s ampl es  was  exam i ned . Two m i x des i gn s  

were fabr i c ated ; for both , Westchester res i due and 1 5% Port l and cement 

were added . For one m i x des i gn 1 5% of  the  total  we i g ht was repre sented by 

gravel  s i zed aggreg ate . Proctor s i zed s ampl es  of  both m i x des i gn s  were 

fabr i cated fol l ow i ng  the s ame procedures descr i bed above . Once 

fabr i cated , the proctors were p l aced i n  constant temperature and h um i d i ty 

c h ambers for 24  h .  They were then removed and al l owed to a i r dry for a 

per i od of  four  d ays after wh i ch t he i r compre s s i ve strength was tested . 

Res u l t s  are s h own i n  Tabl e 4 . 7 .  Strengths  for the  g ravel add i t i on 

proctors ranged from a 0% to 1 00% i ncrease  over bl ocks  of  the  s ame a s h  and 

cure reg i me w i th  n o  gravel  add i t i on .  Opt i mum strength was ach i eved w i t h  

1 5% gravel  a nd  1 1% wate r ,  a decrease  from the  1 6% water u sed i n  opt i mum 

m i xes w i thout  gravel . 

Undoubted l y add i t i on of gravel prov i des  i ncreased strength wi t h  l owe r 

opt i mum mo i sture content for the  s ame m i x and cure cond i t i on s . Th i s  wou l d 

be expected s i nce  the  stone that  i s  added has  a h i gher strength and nearl y 

zero mo i s ture content per un i t  vol ume . I n  add i t i on ,  a greater percentage 

of  the added cement i s  i ncorporated w i th  the decreased ash fract i on of  the  

bl ock  a s  the  rel at i ve vol ume of  the  added gravel i ncrease s . Th i s  resu l t s 

i n  better cementat i on of  the  ash  wh i ch i n  p art accounts  for the  enhanced 

structural  i ntegr i ty .  
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Tab l e 4 . 6 .  Resul t s  of  �rector fabr i cat i on u s i ng 
6% l i me , 3% cement ,  6% Caso4 . 2H20 .  

NEW YORK C I TY I NC I NERAT I ON ASH 

PROCTOR 1 . 0 .  CALC . 
MO I STURE 

cu 1 7  
CV 1 9  
cw 2 1  
ex 23  

MEAS . 
MO I STURE 

1 6 . 5  
1 8 . 5  
20 . 9  
2 2 . 8  

COMPRESS I V E  
STRENGTH 

1 1 5  - 1 99 
1 43 - 2 5 1  
1 3 5 - 2 1 9  
1 83 - 243  

HUNT I NGTON I NC I NE RAT I ON ASH 

PROCTOR 1 . 0 .  CALC . 
MO I STURE 

HT 20 
HU 2 2  
HV 24  
HW 1 7  

HAA 1 6  
HAB 1 8  
HAC 20  

MEAS . 
MO I STURE 

2 1 . 0  
2 1 . 0  
2 5 . 6  
1 9 . 9  
1 6 . 2  
20 . 4  
2 1 . 3  

COMPRESS I V E  
STRENGTH 

1 99 - 294  
1 79 - 239  
1 47 - 1 99 
1 9 1  - 286 
203 - 2 7 7  
2 35  - 348 
1 83 - 286 

WESTCHESTER I NC I N ERAT ION ASH 

PROCTOR 1 . 0 .  CALC . 
MO I STURE 

WL 1 3  
WM 1 5  
WN 1 7  

MEAS . 
MO I STURE 

1 2 . 8  
1 4 . 5 . 
1 6 . 1  

COMPRESS I V E  
STRENGTH 

0 - 23 1 
0 - 2 1 7  
0 - 2 5 5  

58 
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Tab l e 4 . 7 .  Re s u l t s  o f  proctor fabr i c at i on u s i ng gravel  add i t i on s . 

WESTCHESTER PROCTOR STRENGTHS W I THOUT GRAV E L  

PROCTOR I . D .  W03 WP3 W03 WT3 

I NC I N E RAT I ON RES I DU E  (%)  72  70  68 66  
C EM ENT (%)  1 5  1 5  1 5  1 5  
CALC . MO I STURE (%)  1 3  1 5  1 7  1 9  
M EAS . MO I STURE (%)  1 3  1 4  1 6  1 9  
GRAV E L  (%)  0 0 0 0 

COM PRESS I V E  STRENGTH ( p s i ) 462  585  736  593 

WESTCHESTER PROCTOR STRENGTHS W I TH GRAV E L  

PROCTOR I . D .  WEG  WFG  WDG WBG 

I NC I N E RAT I ON RES I DU E  (%)  59 58 56 6 1  
C EM ENT (% )  1 5  1 5  1 5  1 5  
CALC . MO I STURE (%)  1 1  1 3  1 5  1 7* 
M EAS . MO I STURE  (%)  1 1  1 4  1 6  9 
GRAVE L  (%)  1 5  1 4  1 4  7 

COMPRESS I V E  STRENGTH ( p s i ) 1 029 ( ± 1 4 )  752 ( ±28 )  736 ( ±2 4 )  5 1 1 ( ±2 6 )  

* 
Va l ue  l ower t h an ca l cu l ated due  to  a l arge percen t age  o f  gravel  i n  
t h e  mo i s t u re s ampl e .  
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FULL  SCALE  PRODUCT I ON OF  TEST PROCTORS 

H av i ng  devel oped methods  for fabr i cat i ng proctors of  acceptab l e 

qua l i ty ,  the  next ta sk  was to beg i n  ful l sca l e product i on of  test  proctors  

to  be u s ed i n  the  s econd phase of  th i s  i nvest i g at i on .  Th i rty proctor 

s i zed cyl i nders  of  each  res i due were f i xated w i th  1 53 Port l and cement . 

Tabl e 4 . 8  descr i bes the  m i x des i gn and proctor c ur i ng cond i t i on s  for each  

re s i due  exam i ned and  the  resu l t i ng compre s s i ve strength measured for  three 

randoml y se l ected s ampl es . Al l three so l i d i f i ed s ampl e s  are presented i n  

F i gur� 4 . 1 7 .  

These  m i xes  wi l l  be s ubjected to add i t i onal  p hys i cal and chem i cal  

tests  i nc l ud i ng permeab i l i ty ,  poro s i ty ,  ASTM and E PA l each ate test s , b u l k 

chem i cal  compos i t i on and x - ray d i ffract i on .  
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Tab l e 4 . 8 .  Formu l at i on of  the  opt i mum m i xes . 

RES I DU E  N EW YORK C I TV* HUNT I NGTON 

I NC I N ERAT I ON RES I DU E  (%)  62  67  

C EMENT (%)  1 5  1 5  

MO I STURE  (%)  23  1 8  

CUR I NG TEMPERATURE ( OC )  49  A I R ( 23 )  

CUR I NG T I ME ( h )  7 2  1 68 

COM PRESS I V E  STRENGTH ( p s i )  2 28 ( ±43 ) 455 ( ±5 1 ) 

64 

WESTCH EST E R  

68  

1 5  

1 7  

49  

24  

1 23 0 ( ± 59 ) 



F i g ure 4 . 1 7 .  So l i d i fi ed proctors o f  the  three opt i mum m i xes . 

a )  Stab i l i zed Hunt i ngton I n c i nerat i on Res i due 

b )  Stab i l i zed New York C i ty I n c i nerat i on As h 

c )  Stab i l i zed We stchester I n c i nerat i on Re s i due  
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Sect i on 5 

PHYS I CAL CHARACTE R I ZAT I ON OF THE  STAB I L I Z ED RES I DU E  

Poros i ty 

Poros i ty of  the  opt i mum m i xes was determi ned i n  accordance  w i th  ASTM 

C642 - 82 " Stand ard Test  Method for Spec i f i c  Grav i ty ,  Absorpt i on and Vo i d s 

i n  Hardened Concrete " . Bl ocks were sect i oned i nto three equa l  l ayers -

top , m i ddl e ,  and bottom , wi th  t he mi ddl e l ayer reserved for the  poros i ty 

s tudy and the  end sect i on s  u sed i n  the  permeab i l i ty i nvest i gat i on .  

Spec i f i c  grav i ty ,  % abs orpt i on and % vo i d s were ca l cu l ated u s i ng the  

fo l l ow i ng equat i on s : 

Where : 

Abs orpt i on after i mmers i on ,  % = [ ( B -A )/A ]  * 1 00 

Absorpt i on after i mmers i on 
and bo i l i ng ,  % = [ ( C -A ) /A]  * 1 00 

Bu l k spec i f i c  grav i ty ,  dry = A/ ( C - D )  

Bu l k spec i f i c  g rav i ty after 
i mmers i on = B/ ( C - D )  

Bu l k spec i f i c  g rav i ty after 
i mmers i on and bo i l i ng = C/ ( C - D )  

Apparent spec i f i c  g rav i ty = A/ (A- D )  

Vo l ume of  permeabl e pore 
space ( vo i d s ) , % = [ ( C -A )/ ( C - D ) ] * 1 00 

A = We i ght  ( i n  a i r )  of  oven -dr i ed s ampl e ;  grams 

B = We i ght  ( i n  a i r )  of s ampl e after i mmers i on ;  grams 

C = We i ght  ( i n  a i r )  of  s ampl e after i mmers i on 
and bo i l i ng ; g rams 

D = We i ght  ( i n  water ) of s ampl e after i mmers i on 
and bo i l i ng ; grams 

6 7  



Sampl e s  were oven -dr i ed at 100  ± 5 ° C  for 24  h ,  then  removed and 

a l l owed to  cool to  a room temperature of  20 ° C  i n  a des i ccat i ng c hamber , 

then  we i g hed . Th i s  procedure was repeated unt i l check  we i ght s  were 

obta i ned , i . e .  a d i fference l es s  than . 5% of  the l es s er  we i ght  ex i sts  

between t he  two measurements ; approx i mate l y 48 h .  Saturated we i ght wa s 

obt a i ned by p l ac i ng the  bl ocks i nto water  at room temperatu re for 24  h 

i ncrements . Bl ocks were then  removed from the  water and towel - d r i ed to 

e l i m i n ate  any s urface mo i sture and we i ghed . Th i s  procedure was repeated 

unt i l  check we i g hts  were obt a i ned s how i ng an i ncrease  no  greater than . 5% 

of  t he  heav i er we i ght ; approx i mate l y  7 2  h .  Next the  b l ock  was bo i l ed i n  

tap  water for 5 h and al l owed to  cool  for 24  h to room temperat ure . 

Surface mo i sture was removed w i th  a towe l and the  s ampl e we i g hed . 

F i na l l y ,  the  b l ock  was s u spended from a monofi l ament  l i ne  and we i g hed i n  

water . 

Re s u l t s  from ASTM C642 -82  test  can be found i n  Tabl e 5 . 1 and the  

res u l t s  of  t h e  ca l cu l at i on s  for spec i f i c  grav i ty ,  absorpt i on and  vo i ds can  

be found i n  Tabl e 5 . 2 .  The vol ume of  permeabl e pore  space ranged from 

3 5 . 7 7% to 47 . 92% .  C i ty bl ock  s amp l es  h ad the  h i ghest  amount o f  pore s pace 

averag i ng 4 7 . 5% .  Th i s  val ue  was approx i matel y 7 . 7% greater t han 

Hun t i ngton  b l ocks  and 1 0 . 8% greater than  Westchester  b l ocks . 

The  percent pore space i n  the  opt i mum m i x b l ocks  prov i des  an 

i nd i cat i on of  t he  extent to  wh i ch cement i t i ou s  crystal s h ave perme ated the  

vo i d  s pace  between a s h  part i c l es .  These  res u l t s  paral l e l the  compres s i ve 

strength  va l ues  of  the opt i mum m i x bl ocks . Westchester  ash b l ocks h ave  

t he  h i g h e st  compre s s i ve strength and l owe st  percent pore  space wh i l e  t he  

C i ty a s h  b l ocks  h ave the  l owest  strength and  h i ghest  percent pore space . 

Permeab i l i ty 

Permeab i l i ty of  the  opt i mum m i xes was determ i ned by t he  Darcy 

fal l i ng - head method { H arder et iJ. . , 1 98 1 ) shown i n  F i gure 5 . 1 .  The 

proctors were cut  i nto three equal  sect i on s  approx i matel y 1 . 5  i nches  i n  

he i ght  w i t h  t h e  top  and bottom l ayers be i ng u sed for t h e  permeab i l i ty 

study . The  sect i ons  were ground wi t h  s and paper to  reduce t he i r d i ameter 
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Tabl e 5 . 1 .  Mea sured va l ues  for ASTM C642 -82 : Te st for spec i f i c 
grav i ty ,  % absorpt i on and % vo i ds of  opt i mum m i xes . 

A B c D 
Saturated Saturated 

Or i g i na l  Oven Dr i ed Wt . After Wt . After I mmersed 
Proctor  We i ght  We i ght Immers i on Bo i l i ng  We i g ht  
Number (g) (g) (g) (g) (g) 

COES 3 95 . 7 5 370 . 50 497 . 54 5 1 1 .  00  2 1 4 . 4 5 cocs 385 . 3 7 364 . 53 508 . 1 9  5 1 1 .  90 204 . 3 5 
HAS 494 . 93 475 . 93 573 . 04 593 . 80 287 . 85 
HC3 456 . 84 439 . 60 535 . 2 7 556 . 70 265 . 8 1 

WABS 5 27 . 5 5 502 . 97 59 1 . 97 6 1 5 . 04 3 0 1 . 70  
WADI 498 . 23 474 . 83 564 . 1 3 586 . 5 5 285 . 92 

a .  Al l proctors are m i ddl e port i on s . 
b .  Total  n umber of  hours  dr i ed for Oven Dr i ed We i g ht  equa l  48 . 
c .  Tota l  n umber of  hours  soaked for Saturated We i ght equa l  7 2 . 
d .  Total  n umber of  hours  bo i l ed equa l  5 .  
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Tabl e 5 . 2 .  A s ummary of  spec i fi c  grav i ty ,  3 absorpt i on and 3 vo i d s 
for opt i mum m i xes : ASTM C642 - 82 . 

Absorpt i on Bul k s p . Vo l . o f  
after Bu l k Grav i ty Permeabl e 

Absorpt i on Immers i on Bul k Spec i fi c  after Pore 
after  and  Spec i f i c  Grav i ty I mmers i on Apparent Space 

Proctor Immersi on Bo i l i ng Grav i ty ,  after and Spec i f i c  ( Vo i d s )  
Number (%)  (%)  Dry Immers i on Bo i l i ng Grav i ty (% )  

COES  34  38 1 . 2 5 1 . 68 I .  7 2  2 . 3 7 47 . 38 cocs 39 40 1 . 1 9 1 . 65  1 . 66 2 . 28 47 . 9 2 
HAS 20 2 5  I .  56 1 . 87 I .  94 2 . 53 38 . 53 
HC3 2 2  2 7  I .  5 1  ) . 84 I .  9 1  2 . 53 40 . 2 6 
WABS 1 8  2 2  1 . 6 1  1 . 89 I .  96  2 . 50 3 5 .  7 7  
WAD I 1 9  24  I .  58  1 . 88 I .  9 5  2 . 5 1 3 7  . 1 6 

" 



to  f i t i n s i de of  a 4 i nch  i . d .  PVC p i pe .  Each sect i on was d u sted wi th  

compre s s ed a i r to  remove any adher i ng 

s and i ng and cutt i ng of  the proctors . 

t he  base  of  a I foot h i gh tran s l ucent 

dust part i c l e s  re s u l t i ng from t h e  

E a c h  spec i men wa s  t hen  epox i ed i nto 

PVC p i pe wi th  PC · 7  epoxy . A PVC 

threaded mal e co l l ar was cemented to t he  bottom of  the  co l umn and a PVC 

end cap f i tted wi t h  a nyl on hose  n i ppl e was threaded onto t he  mal e co l l ar .  

E l utr i ates  from the  permeab i l i ty col umn pas sed through t he  nyl on n i pp l e ,  

t hrough  a l ength  o f  Tygon t ub i ng , and i nto  a covered p l ast i c  beaker for 

co l l ect i on . To beg i n  the test , . 45µm f i l tered seawater was added to  the  

co l umn s . A p l ast i c  bag  was  attached to  the  open  end of  t he  co l umn s to 

prevent evaporat i on .  Start i ng t i me and h e i ght  of  the  water co l umn were 

recorded . Water co l umn he i ghts  fot e ach  col umn were next recorded when a 

meas urabl e d i fference i n  h e i ght  cou l d be d i scerned . The coeffi c i ents  o f  

permeab i l i ty of  t he  opt i mum m i xes  i n  seawater were determ i ned by t h e  

fo l l ow i ng equat i on :  

where : 

K = coeffi c i ent of  permeab i l i ty ,  cm/sec  

Q = vol ume of  e l utr i ate , cm 3 

L = h e i ght  of  proctors , cm 

A = area of  proctor , cm2 

T = test  t i me between read i ng s , sec 

H i = i n i t i al h e i ght  of  water  col umn , cm 

Ht = h e i ght  of  water col umn at t i me t ,  cm 

H0 = H i - Ht , cm 

The permeab i l i ty of  the  top and bottom l ayers of  opt i mum m i x proctors 

from We stchester , Hunt i ngton and NY C i ty i nc i nerat i on ash was determi ned 

i n  dup l i cate . Res u l t s  are presented i n  Tabl e 5 . 3  and i n  F i gures 5 . 2  -

5 . 4 .  Al l s ampl e s  s how a decrease  i n  permeab i l i ty w i t h  t i me w i t h  the  top 

sect i on s  a l ways  l es s  permeabl e t han the  bottom sect i on s  for each  a s h  

type . Al s o ,  a l l bottom sect i on s  s how h i gher  standard dev i at i on val ues  

than t he  top  sect i ons , i nd i cat i ng poor  reproduc i b i l i ty i n  the  bottom 
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F i g u re 5 . 1  Da rcy fa l l i ng hea d permea b i l i ty a ppa ratu s . 
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Tab l e 5 . 3 .  Permeab i l i ty coeffi c i ents a for proctor sect i on s . 

COC 5 

COES  

AVE RAG E 

HAS 

HA3 

AV ERAGE 

WABS  

WAD I 

AV ERAG E 

TOP 

1 . 2 1  x 1 0 - 1 

1 . 3 1 x 1 0 - 1 

1 . 2 6 ( ± . 07 )  x 1 0 - 1 

5 . 96 x 1 0 - 8  

1 . 5 1 x 1 0 - 1 

1 . 05 ( ± . 65 )  x 1 0 - 1 

2 . 05 x 1 0 - 8  

2 . 29 x 1 0 - 8 

2 . 1 7 ( ± . 1 7 )  x 1 0 -8  

a .  Un i t  i s  cm/sec . 

BOTTOM 

1 . 3 5 x 1 0 - 5 

7 . 65 x 1 0 - 6 

1 . 06 ( ± . 4 1 )  x 1 0 - 5 

6 . 2 2 x 1 0 - 1 

7 . 02 x 1 0 - 5 

3 . 54 ( ±4 . 9 2 )  x 1 0 - 5 

1 . 50 x 1 0 - 8 

3 . 56 x 1 0 - 8 

2 . 53 ( ± 1 . 46 )  x 1 0 - 8 

b .  Numbers i n  p arentheses  denote st andard dev i at i on s . 
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F i g u re 5 . 2  Permea b i l i ty of  Wes tchester  opt i mum m i x .  
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f i g u re 5 . 3  Permea b i l i ty of  New  York  C i ty opt i mi m mi x .  
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F i g u re 5 . 4  Permea b i l i ty of  H u n t i ngton opt i mum m i x . 
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sect i on s . The bottom sect i ons  of  New York C i ty and Hunt i ngton bl ocks  h av e  

the  h i g he st  average permeab i l i t i e s of  1 . 06 X 1 0 - 5 a nd  3 . 45 X 1 0 - 5 cm/sec  

wh i l e  t he  top  sect i on s  of  the  Westchester bl ocks  h ad the  l owest  average of  

2 . 1 7 x l 0 - 8 cm/sec . 

A rap i d  i n i t i al decrease  i n  permeab i l i ty occurs i n  a l l s ampl es  as  

seawater f i l l s  the  pore  s pace of  the  b l ocks . When  the  b l ock  i s  ful l y (______ 
s at urated , the  s urface ten s i on between the  i nterna l  bl ock  s urfaces and t h e  

seawater i n  the  pore space s l ows the  fl ow of  fl u i d  to  the  asymptot i c  va l ue  

of  the  permeab i l i ty coeffi c i ent . Sel i gman ( 1 978 ) argues  t h at the  

reduct i on of  permeab i l i ty may be  due  t o  the  prec i p i tat i on of  c al c i um 

al umi na - s i l i cate i n  the  cementat i on processes . S i nce seawater , wh i ch 

prov i des  ca2+ for the  react i on ,  was used over the  per i od of  the  test , 

Sel i gman ' s  argument can a l so  account for the  decreas i ng perme ab i l i ty 

coeffi c i ent  found i n  the  study . The absorpt i on of  ca l c i um from seawater 

by proctor sect i ons  was d i rect l y  observed i n  our  ca l c i um- fl ux study ( refer  

to  Tabl e 6 . 1 4 and 6 . 1 5 ) . 

One unexpected res u l t of  the  permeab i l i ty exper i ment  i s  t h at the  

bottom sect i on s  of  al l proctors tested are  more permeabl e t h an the 

correspond i ng top sect i on s . Th i s  i s  s urpr i s i ng because  our  proctor 

fabr i cat i on techn i que fol l ows ASTM 0698 - 78 wh i ch re su l t s  i n  the  bottom 

l ayer rece i v i ng a total  of  7 5  compact i on s  dur i ng product i on and the  top 

l ayer on l y  2 5 . Th i s  s hou l d reduce the  percentage of  pore s pace i n  the  

bottom sect i on bel ow va l ues  for  the  top sect i on s . However , t h i s  resu l t has  

a l s o  been  observed by Harder et  al . ( 1 981 ) where more compact i on s  produced 

a h i gher  poro s i ty and permeab i l i ty .  Because  our  poro s i ty exper i ment  used 

on l y  the  m i ddl e s ect i on from the  proctor , no  compar i son between 

compact i ons  and poros i ty was ava i l abl e .  

The most  probabl e cause  for th i s  anomal y i s  that  s ome damage resu l ts  

to  the  bottom port i on of  the  proctor dur i ng extru s i on from the  mol d .  Th i s  

may be d i ff i cu l t to detect and ful l y  cover w i t h  epoxy when the  sect i on i s  

mounted i nto the  bottom of  the  PVC col umn . Th i s  e ffect cou l d res u l t i n  

water channel l i ng through smal l cracks between the  exter i or of  the 

proctor and the  PVC p i pe .  Th i s  cou l d a l so  expl a i n the  h i gh standard 

dev i at i on i n  the  bottom sect i on s  due  to  the  unreproduc i bl e  manner i n  wh i ch 
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these  cracks  wou l d occur . 

Freeze -Thaw 

To determ i ne  tbe behav i or of  the  proctors to weather i ng ,  s i x  bl ocks 

were expo sed to  a freeze - t haw reg i me fol l owi ng ASTM C666 protocol . Bl ocks  

were p l aced i n  a freezer at - 5 ° C  for 24  h ,  then  removed and a l l owed to  

return to  room temperature for  24  h and  then  returned to t he  freezer . 

Th i s  procedure , wh i ch was fol l owed for forty - one  ( 4 1 ) days , re s u l ted i n  20  
freeze - t h aw cyc l e s  after wh i ch the  compress i ve strength  of  the  bl ocks was  

tested fol l ow i ng methods  descr i bed earl i er .  

Res u l t s  o f  the  freeze - t h aw procedure can  be found i n  Tabl e 5 . 4 .  No 
stat i s t i ca l l y  s i gn i f i cant c hange was observed i n  the average compre s s i ve 

strength s  of  New York C i ty or Hunt i ngton bl ocks due  to  the procedure . Th i s  

i s  observed from the  overl ap of  the  average val ues  w i t h i n  the  standard 

dev i at i on of  t he  average s .  The We stchester  bl ocks , h owever ,  exh i b i ted a 

decrease  of  1 6% i n  t he i r strength s  after the  procedure . 

We stchester  bl ocks  exh i b i ted a 1 6% decrease  i n  t he i r  s trengths  after  

the  freeze - t h aw procedure . They a l so  showed the  smal l e st  percentage of  

pore space , t he  l owest  permeab i l i ty val ues  and  the  smal l e st  standard 

dev i at i on i n  s trength  va l ues . Th i s  i nd i cates t hat the  We stche ster bl ocks 

are more un i form and more compact t h an the  other two types  of  a s h  bl ocks . 

When the  bl ocks  are frozen ,  any mo i sture i n  the  bl ocks  w i l l  form i ce 

crysta l s and , due  to  the  l ac k  of  pore space , the  format i on of  these  

crysta l s may d i srupt the  cement i t i ou s  crystal s of  the  bl ock . Th i s  wou l d 

res u l t i n  l ower compre s s i ve strength of  the  bl ocks . New York C i ty b l ocks  

have the  l argest  percentage of  pore s pace and the  greatest  permeab i l i ty 

thereby a l l owi ng i ce crysta l s to  form wi thout caus i ng much d i s rupt i on o f  

the  cement i t i ou s  bonds . I n  Tabl e 5 . 4 ,  i t  i s  observed t h a t  freeze - thaw 

cyc l ed New York C i ty b l ock  strengths  fal l w i t h i n  the  s tandard dev i at i on of  

the  uncyc l ed b l ocks  i nd i cat i ng no maj or structural  d amage occurr i ng dur i ng 

the  weather i ng proces s . Hunt i ngton freeze - thaw bl ocks  are s l i gh t l y  

stronger t han uncycl ed bl ocks . Th i s  cou l d b e  expl a i ned by the  var i ab i l i ty 

of  t he  b l ocks , a s  i nd i cated by the  l arge standard dev i at i on va l ues . 
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Tabl e S . 4 .  Compre s s i ve  strengths  before and  after freez e - t h aw cyc l e .  

Compre s s i ve Strength (ps i) 

New York  C i ty 

Before 228 ( ±73 ) 

After COBS 1 99 

CODS 247  

Average 224  ( ± 2 6 )  
Hunt i ngton 

Before 4SS  ( ±63 ) 

After HB2  SS7  

HD2 3 74  

Average 466 ( ± 1 29 )  

We stche ster 

Before 1 2 3 1  ( ±S3 . S ) 

After WAA3 1 03 1  

WAB3 1 0 2 7  

Average 1 029  ( ±3 )  

a .  N umbers  i n  p arentheses  denote standard dev i at i on .  



E F F ECTS OF  S EAWATER EXPOSURE 

Twel ve proctor s i zed s ampl e s  of the opt i mum m i x for each ash were 

p l aced on  a seatabl e at the F l ax Pond fac i l i ty .  F i l tered seawater was 

cont i n uous l y  c i rcu l ated through the  seatabl e to  prov i de an i nd i cat i on of 

how the stab i l i zed ash wou l d behave i n  the  sea . Two bl ocks  were retr i eved 

from the  seat abl e at approx i mate l y  60 d ay i nterval s for compre s s i ve 

s trength  determ i n at i on s . Resu l t s  are s hown i n  Tabl e 5 . 5  and F i g ure 5 . 5 .  

The res u l t s  s h ow that  Westchester bl ock  average strength actual l y  

i ncreases  a l mo st  1 9% above i t ' s  i n i t i al strength after the  f i rst 60 d ays 

of  s u bmers i on then  s l owl y decreases  thereafter . The Hunt i ngton bl ocks  

i n i t i a l l y l o s e  l es s  t h an 6% of  the i r  i n i t i al strength  after  60  d ays  of  

s u bmers i on t h en  ma i nt a i n s  a strength of  approx i mate l y  385  p s i wh i ch i s  

st i l l  above our  300  ps i m i n i mum strength cr i ter i a after 1 85 d ays  of  

s ubmers i on .  The  New York  C i ty bl ocks fa i l ed the  s ubmers i on test . Tota l  

l o s s  of  structura l  i ntegr i ty was  observed after 1 22  d ays of  s ubmers i on 

Fragments  from the  bl ocks broken after 60 days were then  freeze - dr i ed 

for 24  h ,  ground w i t h  mortar and pest l e to  pass  through a 7 5µm open i ng 

s i eve , and ag a i n freeze -dr i ed . Th i s  s ampl e was s ubsequentl y  u sed for 

powder X - ray d i ffract i on ana l ys i s  ( see Sect i on 7 ) . 

HOL LOW UN I T  MASONRY BLOCK MANUFACTUR I NG 

Us i ng  the  fac i l i t i es of  Barras so  and Son s , I n c . at  1 60 F l oral Park 

Road , I s l i p  Terrace , New York , approx i mate l y  300 stand ard s i zed ( 8x8x l 6 )  

ho l l ow un i t  masonry bl ocks  were fabr i cated subst i tut i ng  Westchester 

i nc i nerat i on res i dues  s i eved through a 3/4 " fl at mes h  screen  for 

aggregate . Three m i x des i gn s  were exam i ned :  
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Tabl e 5 . 5 .  Effect s of  s eawater s u bmers i on test  on compre s s i ve s treng h . 

Un s u bmerged Opt i mum M i x  Proctor Ch aracter i s t i c s 

Mo i s ture (%)  
Cement (%)  
C ur i ng Temp ( C )  
Cur i ng T i me ( h )  
Avg . Strength  ( p s i ) 

Westchester  
1 7  
1 5  
49 
24  

1 2 3 1  ± 54  

Hunt i ngton 
1 8  
1 5  

A i r 
1 68 

455  ± 63 

New York C i ty 
23 
1 5  
49 
72 

228 ± 74  

Su bmerged Opt i mum M i x Proctor Ch aracter i s t i c s 

Date 2/ 1 8/86 Tot al  s u bmersed t i me 60  days  

Proctor Code  WAB2 WAE2  HC4  H E l  COD7 COE7 
Compre s s i ve 

Strengt h  ( p s i ) 1 468 1 456 458 402 72 95  
Avg . Strength  1 462  ± 6 430  ± 28 84 ± 1 2  
% C h ange  1 8 . 8 - 5 . 5  - 63 . 4  

Date 4/2 1/86 Tot al  s u bmersed t i me 1 2 2  d ays  

Proctor  Code WAD2 WAE3 HA4 H E2  COA4 COC l 
Compre s s i ve 

Strengt h  ( p s i ) 1 1 1 0 1 385 4 1 8  3 50 0 0 
Avg . Strengt h  1 248 ± 1 38 384 ± 34 0 ± 0 
% C hange 1 . 3 - 1 5 . 6  - 1 00 . 0  

Date 6/23/86 Tota l  s u bmersed t i me 185  d ays  
Proctor Code  WAD3 WAE5  HC2  HE4  COAl COD3 
Compre s s i ve 

Strength ( ps i ) 1 1 70 1 206 4 1 4  3 58 0 0 
Avg . Strength 1 1 88 ± 18  386 ± 28 0 ± 0 
% Change - 3 . 5  - 1 5 . 2  - 1 00 . 0  
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M i x Des i gn Mater i al s Vol ume ( ft3 l We i ght ( l b s )  

1 cement 2 5 1  
( Red } s and 1 5  1 368 

res i due 1 0  624 

2 cement  250  
(yel l ow} s and 1 0  900 

res i due 1 5  900 

3 cement  250  
( n atural } s and 0 0 

res i due  25  1 500 

Each  m i x des i gn was col ored as  noted above and cured for 1 8 . hours at 

1 3 4° F .  One d i ff i cu l ty dur i ng the bl ock  manufactur i ng process  was the 

i n ab i l i ty to  use the m i xers mo i sture probe to determ i ne  the mo i sture 

content of the  m i x pr i or  to compact i on .  Th i s  was due  to the  smal l s ampl e 

s i ze ,  and therefore on l y  an e s t i mate of the  mo i sture content was 

estab l i s hed . Barras so  personnel  were i mpres sed by the  ease  of  handl i ng 

the  i nc i nerat i on a sh  and mov i ng the  m i x throughout  the  fac i l i ty by 

conveyor bel t s  p r i or  to  compact i on .  Overal l i t  was t he i r i mpres s i on t hat 

t h i s  mater i al beh aved i n  a s i m i l ar manner to  the  standard m i xes they 

h and l e d a i l y .  

Fo l l ow i ng  cur i ng , the  bl ocks were tran sported t o  MSRC where a n umber 

of  bl ocks  of  each m i x des i gn were mo i stened and wrapped i n  p l a st i c  to  

determ i ne  whether  add i t i ona l  mo i sture wou l d resu l t i n  a cont i n uat i on of  

the  c ur i ng  process  and t herefore i mprove compre s s i ve strengt h s . Every 

seven d ays  the  structural  i ntegr i ty of  the  b l ocks  was determ i ned i n  

repl i cate ( n=3 } . 

Tabl e 5 . 6  i nd i cates  that the  second m i x des i gn produced bl ocks 

po s ses s i ng a mean compres s i ve strength of  approx i matel y 90 , 000 l bs total  

l oad . The  bl ocks manufactured u s i ng on l y i nc i nerat i on ash h ad a s trength 

of  6 5 , 000 l bs .  The data i nd i cates that l i tt l e ,  i f  any i mprovement  i n  

s trength  was accompl i s hed by wett i ng the  bl ocks  and t h at compres s i ve 

strength  val ues  fal l s hort of the  ASTM C - 90 800 ps i m i n i mum strength . 
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Tabl e 5 . 6 .  Compre s s i ve strengths  of  ho l l ow masonry b l oc ks . 

Curi ng T i me Compre s s i ve Strength ( total  l oad ) 

T i me (day ) RED M I X  YELLOW M I X  
ORY WET ORY WET 

7 46500 50000 65000 59000 
47500 28000 63000 55500 
63000 I 9000 6 I OOO 72000 

AVE . 52333 32333 63000 62 I 67 
STD . 7 5 54 I 302 I I 633 7099 

I 4  48500 48500 84000 75500 
59000 45000 75000 60500 
47 500 60500 I05500 8 I 500 

AVE . 5 I 667 5 I 333 88 I67  72500 
STD . 520 I 6637 I 2795 8832 

% change - I . 27 58 . 76 39 . 95 I 6 . 62 

2 I 66500 34000 I 0 5000 67500 
54000 54000 I I 4000 86000 
53000 53500 60000 45000 

AVE . 57833 47 167  93000 66 I67  
STD . 6 I 42 93 I 2  23622  I 6765 

% change I I . 94 -8 . I 2  5 . 48 - 8 . 74 

28 66500 46500 70000 I I8000 
86000 50000 I 04000 68000 
60500 37500 97000 83000 

AVE .  7 I OOO 44667 90333 89667 
STD . I 0886 5265 I 4659 20950 

% change 2 2 . 77 - 5 . 30 - 2 . 87 3 5 . 5 2 

i n  pounds 

NATURAL 
ORY WET 

72500 70500 
48500 59000 
72 500 68000 
64500 65833 
l l 3 I 4  4939 

94000 6 I 500 
53000 46500 
65500 47000 
70833 5 I 667 
I 7 I 58 6956 
9 . 82 - 2 1 . 52  

7 I 500 60500 
68500 45000 
68000 44000 
69333 49833 

I 546 7554 
- 2 . I 2  - 3 . 55 

57000 63000 
39500 58000 
90500 89500 
62333 70 I 67 
2 l l 59 1 3822 

- I O . I O  40 . 80 

PUM I C E  

1 38000 

I O I OOO 

STANDARD 

I82500 

I85000 

00 
-.....J 



F i g u re 5 . 6  Ho l l ow ma s o n ry b l o c k s  fa b r i c a ted u s i n g We s tc h e s te r  
i n c i n e ra t i o n  re s i d u e . 
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Sect i on 6 

CHEM I CAL CHARACTER I ST I CS 

G l a s s  and Pl ast i cware Preparat i on 

Al l g l a s s  and p l a s t i cware u sed i n  t h i s study were ac i d  c l eaned pr i or 

to  u s e . G l a s sware was soaked i n  a bath of  1 0% HCl - 1 0% HN03 for at 

l east  24  hours , r i n s ed w i th  d i st i l l ed - de i on i zed water , s o aked i n  1% U l trex 

HN03 for at  l ea st  24  hours , and ag a i n  r i n s ed several  t i mes  w i t h  

d i s t i l l ed - de i on i zed water ; the  p l ast i cware was soaked i n  two so l ut i on 

bath s  of  1 0% HCl  - 1 0% HN03 for at l east  24  hours  each  and r i n sed wi th  

d i st i l l ed - d e i on i zed water between each  bath . Ac i d  c l eaned g l a s s  and 

p l ast i cware were then  a i r dr i ed i n  a l am i nar fl ow hood and stored i n  

p l a st i c bags unt i l t hey were u sed , w i t h  the  mouth  o f  vol umetr i c fl a s ks 

wrapped i n  parafi l m  to  prevent contami n at i on .  

BLOCK D I G EST I ONS FOR E LEMENTAL ANALYS I S  

An al ys i s  o f  hydrofl uor i c/bor i c ac i d  d i gests  by atom i c abs orpt i on 

s pectrophotometry was u s ed to  determ i ne the  e l emental  compos i t i on of the  

opt i mum bl ocks  and the  s t art i ng mater i a l s ( Westchester  compos i te a sh , New 

York C i ty fl y a s h  and Hunt i ngton compo s i te a s h ) . The  method was a 

mod i f i c at i on of  the  procedure reported by S i l berman and F i s her  ( 1 979 ) . 

The method u t i l i ze s  the  ab i l i ty of  hydrofl uor i c ac i d  ( H F )  to  breakdown 

s i l i c i ou s  mater i a l s :  bor i c ac i d  ( H3 Bo3 ) i s  u sed to compl ex rema i n i ng 

fl uor i de i on s  and to  d i s so l ve i n so l ubl e meta l  fl uor i des  formed dur i ng 

d i gest i on . 

S ampl e Preparat i on 

About 500 g of  the  stab i l i zed bl ocks , start i ng mater i a l s and a cement 

b l ock  was freeze d r i ed and ground u s i ng a mortar and pest l e .  Tabl e 6 . 1 

s hows the  part i c l e  s i ze ranges  d i gested and u sed i n  both the  E PA and ASTM 

l eachate an al yses . 
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Tabl e 6 . 1 .  Part i c l e  s i ze for d i gest  study and l each i ng te st s . 

S ampl e Part i c l e  S i ze 

Cement  Bl ock  < 9 . 5  mm 

We stche ster 

WAE6 < 9 . 5  mm 

W l  2 . 00 mm - 4 . 75 mm 

W2 425  µm - 1 . 00 mm 

W3 < 200 µm 

New York C i ty 

COA2 < 9 . 5  mm 

C l  250  µm - 4 . 7 5 mm 

C2  1 50 µm - 250  µm 

C3 < 7 5  µm 

Hunt i ngton  

HA3 < 9 . 5  mm 

H l  2 . 00 mm - 4 . 7 5 mm 

H2  -4 2 5  µm - 1 . 00 mm 

H3 < 1 50 µm 

a .  Opt i mum Bl ocks : WAE6 , COA2 and HA3 . 

b .  We stchester  Compos i te Ash  : W l , W2 and W3 . 

c .  New York C i ty F l y Ash  : C l , C 2  and C3 . 

d .  Hunt i ngton  Compos i te Ash  : H l , H 2  and H3 . 
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Approx i mate l y _ 0 . 5  g s ampl e s  of  each  of  the  dry mater i a l s  were we i g hed  

to  0 . 1 mg  and then  p l aced i nto  1 25  m l  Nal gene  p l ast i c  bott l e s  fo l l owed by 

the  add i t i on of  1 0  ml o f  d i st i l l ed -d e i on i zed water and 1 0  ml of  

concentrated H F . The  m i xtures were then  s haken mec han i ca l l y  for 24  hours . 

Seventy m i l l i l i ters  of  s aturated bor i c ac i d  so l u t i on made at  4 5  ± 1 °C was 

added , and the s amp l e s  were ag a i n ag i tated for 24  hours fo l l owed by 

u l trason i cat i on  for one  hour . The d i gests  were f i l tered t hrough  0 . 4 5 µm 

m i l l i pore f i l ter p aper and then  tran s ferred to 1 00 ml g l a s s  vo l umetr i c 

fl a s ks and brought  to  vo l ume w i t h  s aturated ( at 2 s0c )  bor i c a c i d .  The 

d i ge st s  were kept i n  1 00 ml Nal gene p l ast i c bott l e s  and stored i n  

refr i gerator at s0c pr i or  to  an al ys i s .  

E l ementa l  An a lys i s  by Atom i c Absorpt i on Spectro s copy 

Three repl i cate s ampl e s  for each  of  the  s tart i ng mater i al s ,  

s tab i l i zed b l ocks  and the  cement bl ock , wh i ch was u s ed for compar i son , 

were an a l yzed for Ca , Al , Fe , Mg , S i , As , Cd , Cr , Co , Cu , Pb , Mn , N i  and 

Zn  by atom i c absorpt i on s pectrophotometer ( AAS ) , u s i ng e i ther  fl ame or 

fl ame l e s s  graph i te furnace . Mercury was ana l yzed u s i ng the  MHS - 1 0  hydr i de  

generat i on system . S i x  repl i cates of  Nat i ona l  Bureau o f  Standards  ( NBS ) 

1 633a  fl y a s h  were ana l yzed by the  s ame procedures to  determi ne the  

comp l eteness  of  d i gest i on and the  accuracy of  the  anal yt i ca l  methods . For 

each met al , s t andard s  were run and the  regres s i on coeffi c i ents  for a l l 

meta l s were better t han 0 . 999 . 

Ca l c i um Determ i n at i on  

Al l ca l a i um an al yses  were performed wi th  acetyl ene/ a i r fl ame on the 

Perk i n E l mer 5000 AAS w i thout  background correct i on .  Sampl e s  were d i l uted 

i nto  the l i near  range wi t h  1% ( w/ v )  La
+3 , added as La ( N03 ) 3 · 6H20 ,  to 

i ncrease  the sens i t i v i ty of  the analys i s  by s uppre s s i ng  i nterferences  

caused by the  presence  of  other i on s . Standards were s er i al  d i l ut i ons  of  

F i s her  Sc i ent i fi c  atom i c absorpt i on standard s made up  i n  1% La
+3 • 
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Determi n at i on of  Al , Fe , Mg , S i , As , Cd , C r ,  Co , Cu , Pb , Mn , N i , Zn and  Hg 

Al l st andards  were ser i a l  d i l ut i ons  of  F i sher  Sc i ent i f i c  atom i c 

absorpt i on st andard s  and were made up  i n  the  s ame H F/H3 Bo3 matr i x pre sent  

i n  the . s ampl es  to  be ana l yzed except S i , Pb , As and  Hg . S i nce  t he  

hydrofl uor i c ac i d  l eached s i l i con from the  g l a s s  p i pet and  g l a s s  

vol umet r i c fl a s ks wh i ch were used for maki ng  standard s , a n d  the  H F/H3 Bo3 
matr i x  cont a i ned a con s i derabl e amount of  l ead , 0 . 1% U l trex n i tr i c ac i d  

matr i x  was u sed when ana l yz i ng S i  and Pb . When determ i n i ng As 

concentrat i on ,  percent recovery of  NBS s ampl es  was i mproved by us i ng 0 . 1% 

Ul trex HN03 matr i x  compared to that  of  HF/H3Bo3 matr i x .  Mercury standard 

so l ut i ons  were stab i l i zed by an add i t i on of  0 . 1% potas s i um i od i de ( K I ) 

so l ut i on i n  order to  reduce the  ad sorpt i on of  Hg on t he  wal l s  of g l a s s  

vol umet r i c fl a s ks u sed for mak i ng standard so l ut i ons . Mat r i x mod i f i ers , 

0 . 5% (w/ v )  La2o3 and 1% (w/v )  ( NH4 ) 2HP04 , were u sed for the  Mg and Cd 

an al yses  re spect i ve l y to reduce i nterferences ,  and a so l ut i on cont a i n i ng 

0 . 1% U l trex HN03 and 1 000 ppm N i  a s  N i ( N03 ) 2 ( 1 : 1 ) for the  As anal ys i s i n  

order to  i ncrease  the  charr i ng temperature . 

Fe , Mg , C u , Mn , N i  and Zn  were determ i ned w i th  acetyl ene/a i r  fl ame 

w i thout  background correct i on .  Al and S i  were determ i ned w i th  n i trous  

ox i de/acetyl ene fl ame w i thout  background correct i on .  As , Cd , Cr , Co  and 

Pb were determ i ned u s i ng the HGA 500 fl amel e s s  graph i te furnace w i th  

bac kground correct i on .  

Mercury was ana l yzed by the  method of  add i t i on s  u s i ng t he  Perki n 

E l mer MHS - 1 0  hydr i de  generat i on system . U s i ng the  MHS - 1 0 ,  Hg i s  converted 

i n  d i l ute ac i d  so l u t i on  to i t s hydr i de  by the  add i t i on of  exces s  sod i um 

borohyd r i de  { NaBH4 , 3% w/v )  and s od i um hydr i de  { N aOH , 1% w/v ) .  Argon and 

n i trogen gas was u s ed to fl u s h  the  vaporous  hydr i de  i nto  a heated quartz 

tube  t hrough  wh i ch the AAS beams are focu sed . 

Res u l t s  and D i s cus s i on 

The  e l emental  concentrat i on of  the  stab i l i zed bl oc ks and cement 

bl oc k ,  and  the concentrat i on of  some e l ements  i n  the  s tart i ng mater i a l s 

u sed i n  the  fabr i cat i on of  the  bl oc ks are presented i n  t h i s  sect i on .  For 
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the  purpo se  of  c l a s s i f i cat i on ,  maj or  con s t i tuents  are those  present i n  

concentrat i on > 1 mg/g ; m i nor const i tuents  are those  e l ements  i n  the  range 

1 00 µg/g - 1 mg/g ; and trace e l ements  are those pre sent i n  concentrat i on s  

< 1 00 µg/g . 

Tabl e 6 . 2  g i ves  the  NBS va l ues  for the  f i fteen metal s i n  NBS 1 63 3 a  

fl y a s h , a l ong w i t h  the  measured va l ues  and percent recovery . The  

HF/H3 Bo3/atom i c absorpt i on method y i el d s 1 00% recover i es for Ca , Al , Mg , 

S i , As , Cd  and Zn . The e l ements , Fe , Cr , Cu , Pb and Mn , h ave recover i es  

l ower t h an 1 00% but h i gher than 88% , wh i ch may be due  to i n s uffi c i ent 

d i gest i on or  matr i x  i nterferences dur i ng  anal ys i s .  Ni  and Co s how 

recover i es  h i gher  t han 1 00% . Con s i der i ng the  var i at i on s  between s i x  

repl i cates  and a l so  between three absorb� nces  o f  one rep l i c ate , 1 08 . 2% 

recovery of  Co  can  be acceptabl e .  For N i , the  NBS s ampl es  were anal yzed 

wi th  acetyl ene/a i r  fl ame , graph i te furnace and then by the  method of  

standard add i t i on s , g i v i ng the  s ame resu l t s  ( about 1 3 0% recovery ) . Thus  

1 30% recovery i s  a s s umed to  be due  to  the  contami nat i on of  NBS s ampl e s  

w i th  res pect to  N i  rather t h an anal yt i ca l  error . 

The e l ementa l  concentrat i on s  of  the  start i ng materi al s ,  t hat i s  New 

York i ty fl y a s h  ( NYCFA) , Hunt i ngton compo s i te ash ( HCA) and We stchester  

compo s i te a s h  ( WCA) u sed to  fabr i cate the  opt i mum bl ocks are  presented i n  

Tabl e 6 . 3 . Tabl e 6 . 3 d i spl ays the  fol l owi ng trends . S amp l es  of  f i ner 

part i c l es  ( W3 , C3 and H3 , refer to Tabl e 6 . 1 ) ,  i n  general  resu l t i n  h i gher  

concentrat i on t h an coarser ones , and  coarser  part i c l es ( W l , C l  and  H l ) 

general l y  s h ow h i g her var i at i ons  between three rep l i cate s ampl es . Th i s  i s  

probabl y due  to vo l i t i e  metal s { Cd ,  P� . . . .  ) absorb i ng onto  fl y a s h  

part i c l es downstream of  the  combust i on area as  the  fl ue gas  temperature 

decreases . A few except i on s  however were observed i n  NYCFA ; l arger 

part i c l es tend to  cont a i n h i gher  concentrat i on of  C a , Al , Mg , S i  and Hg 

t han smal l er part i cl es .  F i gure 6 . 1  d i spl ays the  data  i n  graph i ca l  form , 

s howi ng h i ghest , l owest , average val ues  and standard dev i at i on of  the . 

three repl i cates . 
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Tabl e 6 . 2 .  E l ementa l  concentrat i on s  of  NBS Standard 1 633 a fl y a s h  and 

% recovery , H F - H3 Bo3 ac i d  d i gest . 

E l ement  NBS Measured % Recoveryb 

Ca  (% )  1 . 1 1 ( ±0 . 0 l ) a 1 . 1 1 ( ±0 . 08 )  1 00 

Al (%)  1 2 . 7  ( ±0 . 5 ) 1 2 . 98 ( ±0 . 2 2 )  1 00 

Fe (%)  9 . 4  ( ±0 . 1 )  8 . 74 ( ±0 . 2 0 )  93 . 0  

Mg (%)  0 . 45 ( ±0 . 0 1 )  0 . 44 ( ±0 . 02 )  1 00 

S i  (%)  23  ( ± 1 ) 2 2 . 3 ( ±0 . 6 ) 1 00 

As ( ppm ) 1 4 5  ( ± 1 5 )  1 43 . 1  ( ±6 . 8 ) 1 00 

Cd ( ppm ) 1 . 00 ( ±0 . 1 5 ) 0 . 92 ( ±0 . 05 )  1 00 

Cr  ( ppm ) 1 96 ( ± 6 )  1 7 2 . 5  ( ± 2 . 4 )  88 . 0  

Co ( ppm ) 46  ( n . c . ) 49 . 7 5 ( ± 1 . 4 1 )  1 08 . 2  

Cu ( ppm) 1 1 8 ( ±3 )  1 1 0 . 1 ( ± 1 . 2 ) 93 . 3  

Pb ( ppm ) 70  ( ± 4 )  6 3  . 8  ( ± 1 . 8 )  9 1 . 1  

Mn ( ppm ) 1 90 ( ± 7 )  1 73 . 8 ( ±3 . 7 ) 9 1 . 5  

Hg ( ppm ) n . c .  c < 0 . 00 1  

N i  ( ppm ) 1 2 7 ( ± 4 )  1 63 . 8  ( ±3 . 5 ) 1 29 . 0  

Zn ( ppm ) 2 1 0  ( ±.1 0 )  1 94 . 5  ( ±5 . 1 )  1 00 

a .  Va l ues  i n  p arentheses  denote standard dev i at i on .  

b .  Percent recovery con s i dered to be 1 00% i f  stand ard dev i at i on s  

overl apped . Where < or  > 1 00% , cal cu l at i on wa s  based on  mean val ues . 

c .  Not cert i f i ed by NBS . 
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Tabl e 6 . 3 . Metal concentrat i ons  i n  start i ng mater i a l s .  

Westchester Compos i te Ash  New York C i ty F ly  Ash 

E l ement W l a W2 W3 C l  C2  C3  

Ca (%)  8 . 77 7 . 1 9 1 6 . 0  6 . 04 5 . 45 7 . 48 
6 . 73 6 . 52 1 6 . 0  5 . 98 4 . 38 5 . 94 
4 . 1 2  6 . 39 1 4 . 7  5 . 93 4 . 2 2 3 . 8 1 

AVERAGE 6 . 54 6 . 70 1 5 . 6  5 . 98 4 . 69 5 . 7 5 
STD . DEV 1 . 9 1  0 . 3 5 0 . 6  0 . 05 0 . 55 1 .  50 

Al (%) 4 . 49 6 . 26 5 . 68 1 0 . 1 7 9 . 53 7 . 43 
3 . 92 5 . 93 5 . 6 1 1 0 . 08 9 . 2 5 6 . 1 8 
1 . 80 5 . 48 5 . 46 9 . 2 7 9 . 1 5  5 . 2 2 

AVERAGE 3 . 40 5 . 89 5 . 58 9 . 84 9 . 3 1  6 . 2 7 
STD . DEV 1 . 1 6 0 . 3 2 0 . 09 0 . 40 0 . 1 6 0 . 9 1 

Fe (%) 2 5 . 0  7 . 9 1 1 . 99 1 . 90 1 . 4 5  1 . 57 
7 . 3  7 . 59 1 .  94  1 . 87 1 . 42 1 . 56 
2 . 5  6 . 07 1 . 94 1 .  5 1  1 . 39 1 . 52 

AVERAGE 1 1 . 6  7 . 1 9 1 . 96 1 .  76 1 . 42 1 . 55 
STD . DEV 9 . 7  0 . 80 O . Oz 0 . 1 8 0 . 03 0 . 02 

Mg (%) 2 . 00 1 . 1 5 1 . 80 1 . 08 0 . 9 1 1 .  5 1  
0 . 78 1 . 1 5 1 . 80 1 . 05  0 .  7 1  0 . 84 
0 . 76 1 . 2 5 1 . 80 1 . 05 0 . 64 0 . 49 

AVERAGE 1 . 1 8 1 . 1 8 1 . 80 1 . 06 0 . 76 0 . 95 
STD . DEV 0 . 58 0 . 04 0 . 00 0 . 0 1 0 . 1 2  0 . 42 

S i  (%) 23 . 6  23 . 0  9 . 77 1 2 . 3  2 1 . 8  22 . 1  
1 5 . 6  2 1 . 3  9 . 55 1 1 . 1  2 1 . 7 1 3 . 1  
1 1 . 4  20 . 8  9 . 5 1 1 0 . 7  1 7 . 4  9 . 9  

AVERAGE 1 6 . 9  2 1 . 7 9 . 6 1 1 1 . 4  20 . 3  1 5 . 1 
STD . DEV 5 . 1  0 . 9  0 . 1 1  0 . 7  2 . 1  5.2 

Hun t i ngton Compo s i te Ash 

H l  H2  H3  

6 . 70 5 . 1 2  6 . 62 
4 . 9 1 4 . 68 6 . 57 
4 . 75 4 . 02 6 . 43 
5 . 45 4 . 6 1 6 . 54 
0 . 88 0 . 45 0 . 08 

5 . 78 4 . 95 6 . 20 
3 . 87 4 . 84 6 . 09 
3 . 65 3 . 36 . 6 . 03 
4 . 43 4 . 38 6 . 1 1  
0 . 96 0 . 73 0 . 07 

1 3 . 8  9 . 57 6 . 1 3 
1 1 . 0  9 . 39 6 . 1 1  
7 . 9  8 . 2 5 5 . 83 

1 0 . 9  9 . 07 6 . 02 
2 . 4  0 . 59 0 . 1 4 

1 . 26 0 . 82 0 . 96 
0 . 87 0 . 78 0 . 95 
0 . 63 0 . 6 1 0 . 75 
0 . 92 0 . 74 0 . 89 
0 . 26 0 . 09 0 . 1 0 

20 . 9  2 1 . 4  1 2 . 3  
1 4 . 8  20 . 9  1 2 . 2  
1 2 . 0  1 6 . 7  1 1 . 8 
1 5 . 9  1 9 . 7  1 2 . 1  
3 . 7  2 . 1  0 . 2  



Tabl e 6 . 3  Con t i n ued 

Westchester Compos i te Ash New York C i ty F l y Ash Hunt i ngton Compos i te  Ash 

E l ement Wl  W2 W3 C l  C2 C3 H l  H2 H3 

As ( ppm) 1 1 . 2 1 28 . 7  23 . 1  65 . 0  74 . 7  1 2 5  1 5 . 8  1 7  . 8  28 . 2  
6 . 80 26 . 9  20 . 4  60 . 4  74 . 4  1 24 1 0 . 4  1 6 . 0  2 6 . 5  
4 . 40 26 . 3  1 9 . 6  54 . 9  66 . 8  1 20 6 . 2  1 4 . 3  2 5 . 0  

AVERAGE 7 . 47 2 7 . 3  2 1 . 0  60 . l  7 1 . 9  1 23 1 0 . 8  1 6 . 0  26 . 6  
STD . DEV 2 . 82 1 . 0 1 . 5  4 . 1  3 . 7  2 3 . 9  1 . 4  1 . 3 

Cd ( ppm) 1 4 . 3  42 . 2  9 1 . 5  823 660 1 306 1 3 . 64 1 3 . 5  2 5 . 2  
1 3 . 3  23 . 1  9 1 . 3  767 655 1 245  7 . 1 3 1 0 . 9  2 5 . 0  
2 . 5  2 1 . 1  7 1 . 1  755  654  1 23 5  5 . 68 1 0 . 6  24 . 7  

AVERAGE 1 0 . 0  28 . 8  84 . 6  781 656 1 262  8 . 8 1 1 1 .  7 24 . 9  
STD . DEV 5 . 3  9 . 5  9 . 6  30 3 3 1  3 . 46 1 . 3 0 . 2  

Cr ( ppm) 286 1 9 5  1 3 1  185  1 58 1 89 1 60 1 59 . 7  9 1 . 0  
1 5 1  1 48 1 29 1 59 1 57 1 8 1  1 87 74 . 5  88 . 0  
83 1 29 1 29 1 54 1 4 5  1 74 96 58 . 9  87 . 6  

AVERAGE 1 73 1 58 130  1 66 1 54 1 8 1  1 48 97 . 7  88 . 8  
STD . DEV 84 28 1 1 3  6 6 38 44 . 3  1 . 5  

Co ( ppm) 1 6 . 1 2 2 . 6  2 2 . 3  20 . 8  38 . 7  26 . 9  1 4 . 0  20 . 2  2 1 . 5  
1 5 . 1 2 1 . 3  2 2 . 3  18 . 6  38 . 6  2 5 . 8  1 2 . 3  1 6 . 5  1 9 . 9  
8 . 0  1 9 . 3  2 1 . 3  1 8 . 6  36 . 3  24 . 3  1 1 . 5  1 4 . 5  1 9 . 1  

AVERAGE 1 3 . 1  2 1 . 1  2 2 . 0  1 9 . 3  3 7 . 9  2 5 . 7  1 2 . 6  1 7  . 1  20 . 2  
STD . DEV 3 . 6  1 . 3 0 . 5  1 . 0 1 . 1  1 . 1  1 . 0 2 . 4  1 . 0 

Cu ( ppm)  3294 1 3 1 95  1 992  667 643 87 1  7 1 2  6958 203 1 
7384 849 1 9 1 3  599 52 1 7 1 8  439 1 053 1 766  

341  836 1804 585 5 2 1  603 281  948 1 766 
AVERAGE 1 3 555  1 626  1 903 6 1 7  561  730 4 7 7  2986 1 854 
STD . DEV 1 4006 1 1 09 77 36 58 1 1 0 1 78 2809 1 25 

Pb ( ppm ) 2735  4355  3 266 8660 8658 95 1 3 966 2 1 1 9 1 5 1 6  
1 0 1 5  38 1 7  3 1 9 1  7526  7 1 1 7  9363 6 1 6  1 97 1  1 4 79  
391  2309 2 7 7 5  6934 6726  7280 2 7 1  1949 1 2 75  

AVERAGE 1 380 3494 3077  7707  7500 87 1 9  6 1 8  20 13  1423 
STD . DEV 99 1  866 2 16 7 1 6  834 1 0 1 9  284 76  1 06 l..O 
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Tabl e 6 . 3 .  Cont i nued . 

Westchester Compo s i te Ash 

El ement W I  W2 W3 

Mn ( ppm) 1 450 18 18  1 758 
1 309 9 1 4  1 7 5 1  
8 1 4  883 1 73 5  

AVERAGE 1 1 9 1  1 205  1 748 
STD . DEV 273  434  9 

Hg ( ppm )  9 . 1 5  5 . 39 1 . 40 
8 . 65 0 . 1 8 0 . 88 
8 . 52 0 . 00 0 . 68 

AVERAGE 8 . 78 I .  74 0 . 99 
STD . DEV 0 . 27 2 . 59 0 . 30 

N i  ( ppm )  1 9 1  243 1 36  
I O I  1 23 1 3 1  
57 1 1 7  1 30  

AVERAGE 1 1 6 1 6 1  1 33 
STD . DEV 56 58 3 

Zn ( ppm) 1 9966 4388 7674 
1 1 93 4 1 25 7442 
1 1 44 3 1 38 7394 

AVERAGE 7434 '3884 7 503 
STD . DEV 886 1 538 1 2 2  

a .  Part i cl e  s i ze ranges are l i sted i n  Tabl e 6 . 1 .  
b .  Bel ow detect i on l i m i t s . 

New York C i ty F l y  Ash  

Cl  C2  C3 

842 795 1 6 1 0  
83 7 776  1 487 
781  7 1 9  1 467 
820 763 1 52 1  

2 7  3 3  63 

1 . 42 2 . 53 
1 . 34  0 . 50 
0 . 00 

b 0 . 00 
0 . 24 b . d . 1 . 0 . 1 3 
1 . 6 1  2 . 1 3 

1 29 1 22 1 55 
1 2 2  1 2 1  1 5 1  
1 2 1  1 20 1 49 
1 24 1 2 1  1 52 

3 I 3 

55353 1 9 1 46 28884 
34774 1 896 1 24580 
22972  1 8702  20762  
3 7700 1 8937 24742 
1 3380 182  33 1 8  

Hunt i ngton Compos i te Ash 

H I  H2  H3 

1 494 1 5 1 9  1 238 
840 1 1 83 1 23 1  
7 1 4  979 1 223 

1 0 1 6  1 227  1 23 1  
342  223  6 

b . d . 1 . b . d . 1 . b . d .  1 .  

82 . 6  1 7 1  1 70 
73 . 1  1 1 5  1 69 
6 5 . I  1 07 1 69 
73 . 6  1 3 1  1 70 

7 . 2  28 I 

1 793 3 749 4537  
1 3 1 4  2932 44 1 4  
83 1 2868 4265  

1 3 1 3  3 183 4405 
393 40 1 I l l  

\.0 o::> 
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F i g u re 6 . 1  Meta l concentra t i on s  i n  H F - H 3 Bo3 d i gest  
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The maj or e l ements  ( >  1 mg/g ) found i n  the  start i ng mater i a l s were 

Ca , Al , Fe , Mg and S i . H i gh concentrat i on of  Al and S i , e l ements  

nece s s ary for t he  format i on of  cement i t i ou s  crysta l s i n  t he  stab i l i zed 

bl ocks , were found i n  WCA , NYC FA and HCA . Z i nc  was found i n  maj or amoun t s  

i n  NYCFA a n d  m i nor  amounts  i n  WCA and HCA . The m i nor e l ements  ( 1 00 µg/g -

1 mg/g ) common to  a l l t hree ashes  were Cu , Pb and Mn . The e l ements , Cr 

and N i , were present i n  h i gh enough concentrat i on i n  the  WCA and N Y C FA t o  
be i nc l uded a s  m i nor  e l ements  but s l i ght l y l es s  abundant  i n  one  or two 

s ampl e s  of HCA . Arsen i c  and cadmi um were trace e l ements  i n  WCA and HCA , 

wh i l e  more abundant i n  NYCFA . Trace e l ements  ( <  1 00 µg/g ) were Co and Hg. 

Hunt i ngton compos i te a sh  h ad v i rtua l l y  no  mercury , l e s s  t h an 1 ppb . For 

compar i son purpose s ,  the  publ i shed e l emental  concentrat i on of  port l and 

cement  ( Duedal l at ,gl . , 1 98 1 ) i s  l i sted i n  Tabl e 6 . 4 ,  wh i ch s hows t hat 

port l and cement cont a i ned l e s s  amount of  metal s t h an the  start i ng 

mater i a l s except cal c i um .  

Tab l e 6 . 5  and F i g ure 6 . 1 represent  the  resu l t s  of  i nd i v i dua l  chem i ca l  

an al yses  performed on the  opt i mum bl ocks  and  the  cement bl ock . Maj or 

e l ements  i n  a l l t hree stab i l i zed bl ocks i nc l ude Ca , Al , Fe , Mg and S i . 

Z i nc  was  found  i n  maj or amounts  i n  New York C i ty bl oc k ( COAl) and m i nor 

amounts  i n  Westchester  bl ock  ( WAE6 ) and Hunt i ngton bl ock  ( HA3 ) . M i nor 

e l ements  of  the t hree stab i l i zed bl o cks were Cr , Cu , Pb and Mn , whereas  

As , Co , N i  a nd  Hg were trace e l ement s . C adm i um i s  present i n  t race 

amounts  i n  WAE6 and HA3 , a l though  h i gh enough concentrat i on i n  COA2 to  be 

i nc l uded as  m i nor  e l ement . Mercury concentrat i on i n  HA3 was bel ow the  

detect i on l i m i t ,  i . e . , l e s s  than  1 ppb . 

For most  meta l s ,  t h e  bl ocks s howed concentrat i on s  l ower t h an or  at 

l east  equa l  to  t he  correspond ing ashes  except Ca . Even though  three 

d i fferent part i cl e  s i zes  were u sed when anal yz i ng e l emental  concentrat i on 

of the  a shes , part i cl es l arger than  4 . 7 5 mm were not anal yzed ( Tabl e 6 . 1 ) . 

These  part i cl e s  were however i ncl uded i n  proctor fabr i cat i on ,  wh i ch i s  

part l y  respon s i bl e  for the  l ower concentrat i on s  i n  the  stab i l i zed bl ocks 

t h an those  of  ashes . The h i gh concentrat i on of  Ca  i s  due  t o  the  portl and 

cement added to stab i l i ze the raw a sh . I t  i s  i ntere s t i ng t o  compare the  

cement bl ock and the  stab i l i zed bl ocks , espec i a l l y Westchester  opt i mum 

1 0 9  



Tab l e  6 . 4 .  Me tal concentrations in portland cement
a 

El ement 

Ca ( % )  

Al ( % )  

Fe ( % )  

Mg ( % )  

S i  ( % )  

As ( ppm ) 
Cd ( ppm ) 
Cr ( ppm ) 
Co ( ppm) 
Cu (ppm ) 
Pb ( ppm) 
Mn ( ppm) 
Hg ( ppm ) 
N i  ( ppm ) 
Zn (ppm) 

a .  From Due dal l  e t  al . ( 1 9 8 1 ) 

Portland Cement 

3 9  ( ±2 )
b 

2 . 3  ( ±0 . 1 ) 

1 . 7 ( ±0 . 1 ) 

0 .  7 1 (±0 . 0 1 ) 

9 . 9  ( ±0 . 3 ) 

2 (±1 ) 

< 0 . 04 

3 8  (±3 ) 

5 (±1 ) 

9 ( ±1 )  

< 1 

4 3 5  (±1 5 ) 

n . d .
c 

1 8 (±2 ) 
2 9  ( ±2 ) 

b .  Value s in parenthes e s  deno te s tandard deviations . 

c .  No t de termined . 

1 1 0  



bl ock  ( WAE6 ) wh i ch s howed very strong structural  i ntegr i ty ;  compres s i ve 

strength  of  1 2 3 1  ± 53 . 5  p s i . We stchester bl ock  cont a i ned more Ca , Cd , Cr , 

Cu , Pb , N i  and Zn , l e s s  S i  and As , and nearl y s ame amount  of  Al , Fe , Mg , 

Co and Mn as  cement bl oc k .  

The  concentrat i on o f  se l ected maj or and ac i d  l eachabl e m i nor  

components  were  ana l yzed i n  repl i cates . The chem i ca l  compos i t i on of  the  

raw a s h  w i l l  depend l argel y  on the  soc i ol og i cal  and  i ndustr i a l  factors 

rel ated to  the area , the  combust i on cond i t i on s  and the removal  e ff i c i ency 

of  the  a i r po l l ut i on control  dev i ces . There i s  no  con s i stent tendency i n  

meta l  concentrat i on s  between three d i fferent ashes . The d i fferences  

between the  t hree ashes  i n  e l emental  concentrat i on s  can  be attr i buted to , 

as  ment i oned above , d i fferences i n  waste sources , p l ant des i gn and 

combu s t i on cond i t i on s . 

S i nce  t he  stab i l i zed bl ocks  were composed of  raw ashes  and 1 5% of  

portl and cement and the  bl oc ks cont a i ned a greater proport i on of  raw a s h , 

one  wou l d expect the  e l emental  concentrat i on s  of  the  bl ocks  c l oser  to  but 

s l i g ht l y l e s s  than those  of  raw ash . Ca l c i um i s  the  on l y  one  of  wh i ch 

bl ocks s h owed h i gher  concentrat i on than  the  correspond i ng raw ash , and 

t h i s i s  due to the port l and cement added to  stab i l i ze the raw a s h . Th i s 

i s  expected because  the  maj or compounds found i n  the  port l and cement are 

d i cal c i um s i l i cate ( 2CaO · S i 02 ) ,  tr i ca l c i um s i l i c ate ( 3CaO · S i 02 ) and 

tr i ca l c i um a l um i n ate ( 3CaO · Al 2o3 ) .  

E PA AND ASTM L EACH I NG TESTS 

Leach ate s ampl e s  prepared u s i ng E PA and ASTM procedures were tested 

for f i fteen meta l s by AAS . The part i c l e  s i ze ranges  l i sted i n  Tabl e 6 . 1  

were a l so  u sed for these  procedure s . 

1 1  l 



Tabl e 6 . 5 .  Meta l concentrat i on s a i n  opt i mum b l oc ks  and cement b l ock . -

E l ement Cement Bl ock WAE6b COA2 

Ca (%) 7 . 30 I 4 . 4  I 3 . 5  
7 . 07 I 3 . 6  I 2 . 7  
5 . 53 I 3 . 2  I 2 . 4  

AVERAGE 6 . 63 I 3 . 7  I 2 . 8  
STD . DEV 0 . 78 0 . 5  0 . 4  

Al (%) 5 . 66 6 . 4 I 7 . 03 
5 . 45 6 .  I 8  6 . 99 
5 . 2 2 4 . 93 6 . 87 

AVERAGE 5 . 44 5 . 84 6 . 96 
STD . DEV O .  I 8  0 . 65 0 . 07 

Fe (%) 5 . 27 5 . 33 1 . 66 
4 . 90 5 . 06 I .  5 I  
3 . 28 4 . 30 I .  5 I  

AVERAGE 4 . 48 4 . 90 1 . 56 
STD . DEV 0 . 86 0 . 44 0 . 07 

Mg (%) 2 . 33 1 . 46 1 . 34  
1 . 98 1 . 40 1 . 34 
1 . 48 1 . 24 1 . 3 4  

AVERAGE 1 . 93 1 . 3 7  1 . 34 
STD . DEV 0 . 35 0 . 09 0 . 00 

S i  (%) 29 . 6  I 6 . 7  I 0 . 3  
24 . 7  I 6 . 7  I O . I 
2 2 . 9  I 4 . 9  I O . I  

AVERAGE 2 5 . 7  I 6 . I  I 0 . 2  
STD . DEV 2 . 8  0 . 9  0 .  I 

As ( ppm)  38 . 7  5 . 58 74 . 8  
34 . 0  5 . I 4 7 1 . 7 
26 . I  3 . 62 70 . 8  

AVERAGE 33 . 0  4 . 78 7 2 . 5  
STD . DEV 5 . 2  0 . 84 I .  7 

HA3 

I 3 . 4  
I 2 . 8  
I 2 . 8  
I 3 . 0  
0 . 3  

4 . I 6 
3 . 9 I 
3 . 80 
3 . 96 
O .  I 5  

7 . 55 
7 . 2 5 
7 . 08 
7 . 30 
0 . 20 

1 . 09 
• 0 . 90 

0 . 88 
0 . 96 
O .  I O  

I 4 . 3  
I 3 . 5  
I 3 . 4  
I 3 . 7  
0 . 4  

1 7 .  7 
1 7  . 2  
I 2 . I  
I 5 . 7  
2 . 5  

__, 
__, 

N 
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Tabl e 6 . 5 .  Cont i nued . 

E l ement Cement Bl ock  

Cd  ( ppm ) 0 . 38 
0 . 26 
0 . 1 4  

AVERAGE 0 . 26 
STD . DEV 0 . 1 0 

Cr ( ppm ) 4 1 . 1  
29 . 1  
23 . 2  

AVERAGE 3 1 . 1  
STD . DEV 7 . 5  

Co ( ppm ) 3 1 . 1  
24 . 5  
1 8 . 8  

AVERAGE 24 . 8  
STD . DEV 5 . 0  

Cu  ( ppm ) 1 3 . 1  
1 2 . 8  
1 2 . 8  

AVERAGE 1 2 . 9  
STD . DEV 0 . 1 

Pb ( ppm ) 5 . 53 
5 . 45 
1 . 90 

AVERAGE 4 . 30 
STD . DEV 1 . 69 

Mn ( ppm ) 1 033 
1 0 1 7  
7 1 6  

AVERAGE 922  
STD . DEV 1 46 

WAE6 

49 . 1  
46 . 2  
36 . 4  
43 . 9  

5 . 4  

1 5 1  
1 44 
1 4 2  
1 46 

4 

23 . 0  
1 8 . 5  
1 7 . 9  
1 9 . 8  
2 . 3  

7069 
5877 
1 0 58 
4668 
2 598 

8023 
3982 
3404 
5 1 3 7  
2055  

84 1 
8 18  
8 1 4  
82 5 

1 2  

COA2 HA3 

768 1 5 . 3  
723  1 2 . 1  
702  1 0 . 2  
73 1 1 2 . 6  

28 2 . 1  

1 94 1 48 
1 9 1  1 4 7  
1 86 1 28 
1 90 1 4 1  

3 9 

2 1 . 2  1 2 . 7  
1 9 . 9  1 1 . 0  
1 8 . 2  1 1 . 0  
1 9 . 7  1 1 . 6  

1 . 2 0 . 8  

6 1 3  1 9 56 
605  1 486 
599 896 
606 1 446 

6 434 

7557  1 4 50 
7387 938 
6889 733 
7 2 78 1 040 
283 30 1  

1 069 898 
1 064 8 1 5  
1 062  707  
1 065  806 

3 78 __, 
__, 

w 



Tabl e 6 . 5 .  Cont i nued . 

E l ement Cement Bl ock 

Hg ( ppm ) 

WAE6 COA2 HA3 

1 7  . 2  2 . 40 
1 3 . 2  1 . 1 8 
3 . 6  0 . 1 6 

AVERAGE b . d . 1 . c 1 1 . 3 1 . 2 5 b . d . 1 . 
STD . DEV 5 . 7  0 . 92 

N i  ( ppm) 50 . 6  1 2 1  94 . 3 60 . 0  
46 . 4  1 07 77  . 0  57 . 0  
43 . 1  98 63 . 0  46 . 8  

AVERAGE 46 . 7  1 09 78 . 1  54 . 6  
STD . DEV 3 . 1  1 0  1 2 . 8  5 . 6  

Zn ( ppm) 56 . 1 4699 1 8729  2726  
54 . 2  4642 1 87 1 8  2664 
49 . 9  . 4 1 05 1 8407 1 492  

AVERAGE 53 . 4  4482 1 86 1 8  2294 
STD . DEV 2 . 6  268 1 49 567 

a .  Val ues  are the h i ghest , med i um ,  l owe st , average and standard dev i at i on of  the 
three  repl i cates . 

b .  WAE6 Westchester compos i tS ash  w i t h  1 5% portl and cement and 1 7% mo i sture 
content , cured at 49 C for 1 d ay .  

COA2 : New York C i �y fl y ash  w i th  1 5% pot t l and cement and 23% mo i sture content , 
cured at 49 C for 3 days . 

HA3 : Hunt i ngton compos i te ash  w i th  1 5% port l and cement and 18% mo i sture 
content , cured at 23 °C ( a i r )  for 7 days . 

c .  Bel ow detect i on l i m i t .  



EPA Extract i on Procedure 

The method s  descr i bed i n  the  Federal Reg i ster ( 1 980 ) were u s ed to  

test  l each i ng ch aracter i s t i cs  of  the  stab i l i zed bl oc ks and t he  start i ng 

mater i a l s .  F i fty grams of  each mater i al was added for each  of  t h e  three  

repl i cates  to a Na l gene p l ast i c  bottl e conta i n i ng 800 ml of  

d i st i l l ed - de i on i zed water . Acet i c  ac i d  ( 0 . 5  N )  was  added to  each  bott l e 

at the  i nterval  of  1 5 ,  30  and 60 m i nutes  to ach i eve a pH of  approx i matel y 

5 ± 0 . 02 .  The E PA test  procedure cal l s  for the  add i t i on of  not  more t h an 

4 ml of  ac i d  for every gram of  so l i d .  After add i ng not  more than  200  ml 

of  ac i d ,  pH was measured fol l owed by 24  h s hak i ng  and then  pH  was measured 

ag a i n .  More ac i d ,  up  to  200 ml per bott l e ,  was added when nece s s ary .  

Tabl e 6 . 6  l i st s  t h e  f i na l  pH and the  total  amount  o f  acet i c  ac i d  added t o  

s ampl e s . 

The tendency of  i ncrea s i ng  pH w i th  t i me i s  probabl y due  to  the  

m i neral  p ha ses , s uch  a s  ca l c i te ( CaC03 ) and  anhydr i te  ( Caso4 ) ,  present  i n  

the  raw a s h  and ca l c i um s i l i cates ( 2CaO · S i 02 and 3CaO · S i 02 ) present i n  t he  

port l and cement . Al kal i n i ty produced by hydrat i on react i on s  i n  the  form 

of ca l c i um hydrox i de ' ( C a ( OH ) 2 ) can neutral i ze the  added aceti c ac i d  

( Nev i l l e , 1 983 ) . Sampl e s  of  f i ner part i c l e  s i ze req u i red more ac i d  to 

obta i n  a pH of  5 ,  than coarser s ampl e s  because  of  the l arger  surface area 

to vol ume rat i o .  More ac i d  was added to  the  stab i l i zed bl ocks  t han the  

s tart i ng mater i a l s ,  probabl y due  to  the  ca l c i um added as  cement wh i ch was  

u s ed a s  add i t i ve when  stab i l i z i ng the  raw ashes . 

The  e l utr i ates  were f i l tered on ac i d  washed vacuum f i l trat i on 

apparatu s  t hrough  a 0 . 45 µm membrane fi l ter paper . The f i l terates were 

adj u sted w i t h  d i s t i l l ed - de i on i zed water to  1 000 ml g l a s s  vo l umetr i c 

fl a s ks , stored i n  500 ml Na l gene p l ast i c  bott l e s  and refr i gerated at 5°c 

unt i l t hey were anal yzed . 
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Tabl e 6 . 6 .  F i n a l  pH va l ues  and amount  of  acet i c  ac i d  added 
i n  E PA l each i ng test . 

S ampl eb fill Ac i d  addedc 

Cement  Bl ock  5 . 07 ( ±0 . 1 2 ) a 
· 59 ( ± 1 )  

Westchester  

WAE6 8 . 3 1  ( ±0 .  2 7 )  200  ( ±0 )  

W l  5 . 00 ( ±0 . 1 2 )  3 0  ( ±4 ) 

W2 5 . 09 ( ±0 . 06 )  4 5  ( ±4 )  

W3 6 . 68 ( ±0 . 32 )  200 ( ±0 )  

New York  C i ty 

COA2 5 . 24 ( ±0 . 05 )  200  ( ±0 )  

C l  5 . 0 1 ( ±0 . 1 1 )  1 0 5  ( ±0 )  

C 2  5 . 1 0 ( ±0 . 1 1 )  1 6 5  ( ±0 )  

C3 5 . 05 ( ±0 . 04 )  200  ( ±0 )  

Hunt i ngton  

HA3 5 .  09 ( ±0 .  0 7 ) 1 4 0  ( ±0 )  

H I  4 . 85 ( ±0 . 07 )  2 5  ( ±0 )  

H 2  4 . 98 ( ±0 . 09 )  30  ( ±0 )  

H3 5 . 02 ( ±0 . 06 )  1 40 ( ±0 ) 

a .  Numbers i n  parentheses  denote  standard dev i at i on s . 

b .  Part i c l e  s i ze ranges  are l i sted i n  Tabl e 6 . 1 .  

c .  Un i t  i s  m i l l i l i ter . 
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• ASTM Extract i on Procedure 

Sampl e s  were l eached fol l ow i ng the  method of  the ASTM ( 1 980 ) Proposed 

Method for Leach i ng of  Waste Mater i a l s ,  Part A :  Water S h ake Extract i on 

Procedure . For th i s  procedure , three repl i cates of  7 5  g of  each  mater i a l  

were p l aced i nto  Na l gene  p l ast i c  bott l es  w i t h  300  ml of  

d i s t i l l ed - d e i on i zed water . The s ampl e s  were then  p l aced on a mech an i c al  

s h a ker for 48 hours . After  mea sur i ng pH ( Tabl e 6 . 7 ) , t he  e l utr i ates  were 

f i l tered t hrough  a 0 . 45 µm m i l l i pore f i l ter paper and stored i n  500 ml 

p l a st i c  bottl e s  after the add i t i on of  1 ml n i tr i c ac i d  for storage . 

E l ementa l  Ana l ys i s by Atomi c Abs orpt i on Spectro scopy 

Three repl i cate  s ampl es  of  each  e l utr i ate were ana l yzed for f i fteen  

metal s by Atom i c Absorpt i on Spectrophotometer ( AAS ) , u s i ng e i ther  fl ame or 

furn ace . 

Ca l c i um Determ i n at i on 

The  concentrat i on of  ca l c i um was determ i ned i n  accord ance  w i th  t he  

procedures out l i ned above . 

Determ i n at i on of  Al , Fe , Mg , S i , As , Cd , Cr , Co , Cu , Pb , Mn , N i , Zn and Hg 

Mg , Cu  and Zn concentrat i on s  i n  both EPA and ASTM l eachates  were h i g h 

enough  to  be ana l yzed w i th  acetyl ene/a i r  fl ame w i thout  background 

correct i on .  Al l S i  ana lyses  were done w i th  n i trous  ox i de/acetyl ene  fl ame 

w i thout  background correct i on .  For Mn anal ys i s ,  ASTM l eachates  were 

determ i ned w i t h  graph i te furnace , wh i l e  E PA l eachates  w i t h  acetyl ene/a i r 

fl ame because  t he  concentrat i on s  were too h i gh to  u s e  graph i te furnace . 

Al , Fe , As , Cd , Cr , Co , Pb and N i  concentrat i on s  i n  both E PA and ASTM 

l eachates  were s o  l ow t h at these  meta l s were determ i ned u s i ng t he  HGA 500 

fl amel e s s  graph i te furnace w i th  background correct i on .  Mercury was 

ana l yzed u s i ng the Perk i n E l mer MHS - 1 0  hydr i de  generat i on system . 
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Tabl e 6 . 7 .  F i n a l  pH val ues  i n  ASTM l each i ng test . 

Sampl ea ID:! 

Cement  B l ock  1 1 . 97 ( ±0 . 04 ) b 

Westchester  

WAE6 1 2 . 03 ( ±0 . 0 1 )  

W I  1 1 . 2 9 ( ±0 . 09 )  

W2 1 1 . 99 ( ±0 . 03 )  

W3 1 2 . 3 1  ( ±0 . 02 )  

New York  C i ty 

COA2 1 1 . 68 ( ±0 .  0 1 ) 

C l  8 . 67 ( ±0 . 4 1 )  

C 2  9 . 73 ( ±0 . 34 )  

C3 7 . 8 1 ( ±0 . 73 )  

Hunt i ngton  

HA3 1 1 . 73 ( ±0 . 1 2 }  

H I  7 .  7 1  ( ±0 . 28 } 

H2  8 . 20 ( ±0 . 1 5 } 

H3 7 . 94 ( ±0 . 34 )  

a .  Va l ues  i n  p arentheses  denote standard dev i at i on s . 

b .  Part i c l e  s i ze ranges are l i sted i n  Tabl e 6 . 1 .  
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Matr i x mod i f i ers , 0 . 5% (w/v ) La2o3 and 1% (w/v ) ( NH4 ) 2HP04 , were u sed  

for reduc i ng i nterferences  for the  Mg  and  Cd anal yses  re spect i ve l y .  A 

so l ut i on  cconta i n i ng 0 . 1% Ul trex n i tr i c ac i d  and 1 000 ppm N i  as  N i ( N03 ) 2 
( 1 : 1 ) for As ana lys i s  i n  order to i ncrease  the  charr i ng temperature . 

Stand ard s were ser i al  d i l ut i ons  of  F i sher  Sc i ent i f i c  atom i c absorpt i on 

s t andard s  made up i n  a 0 . 1% U l terx n i tr i c ac i d .  Potas s i um i od i de so l ut i on  

( 0 . 1%)  was  added to  the  mercury standard so l u t i ons  to  reduce t he  

adsorpt i on of  Hg on  the  wal l s  of  g l as swares . 

Re su l t s  and D i s cu s s i on  

The me asured concentrat i on s  of  f i fteen meta l s an a l yzed for both EPA 

and ASTM l eachates  are presented i n  t h i s sect i on .  Tabl e s  6 . 8  and 6 . 9  s h ow 

the  e l ementa l  concentrat i on s  of  EPA l eachates  of  the  start i ng materi a l s 

and the  opt i mum bl ocks  respect i vel y .  Tabl e s  6 . 1 0 and 6 . 1 1  repre sent 

va l ues  of  ASTM l eachates . F i g ures 6 . 2  and 6 . 3  aga i n s how t he  tendency 

that  coarser  part i c l e s resu l t i n  l ower concentrat i on and l arger var i at i on s  

between three repl i cate s ampl e s  w i t h  some except i on s . I n  E PA l eachates , 

l arger part i c l e s  tend to  conta i n  more Ca , Al , As and Cr i n  NYC FA : i n  STM 

l eachate s , coarser part i c l es  h ave h i g her concentrat i on of Mg i n  WCA , S i , 

C d , C r ,  Mn , N i  and Zn i n  NYC FA , and Ca  and Mg i n  HCA t han smal l er 

part i c l e s do . The concentrat i on s  of several e l ement s  were l ower than  the  

detect i on l i m i t s  of  the  graph i te furnace atom i c absorpt i on met hod , wh i ch 

i s  des i gn ated by b . d . l . ( be l ow detect i on l i m i t )  i n  Tabl e s  6 . 8  through 

6 . 1 1 .  

I n  order  to  compare E PA l eachates  vers u s  ASTM l eachates , i t  i s  

nece s s ary to  con s i der d i fferences  between test  cond i t i on s . The rat i o  of  

total  l i qu i d  vol ume to  s ampl e mas s  i s  20 : 1 for E PA l eachates  and 4 : 1 

for ASTM l eachates . Tota l  l each i ng t i me i s  24 h and 48 h for E PA and ASTM 

l eachates  respect i vel y .  The pH val ues i n  Tabl es  6 . 6  and 6 . 7  s h ow t hat 

metal s were l eachated under the  ac i d i fi ed cond i t i on for E PA method , wh i l e  

ASTM extract i on procedure were done under the  bas i c  cond i t i on .  I n  

general , metal  concentrat i on s  were h i gher i n  the  E PA l eachates  t han i n  

ASTM l eachates  both for the  opt i mum bl ocks and the  start i ng mater i al s .  

Chrom i um i s  t he  on l y  except i on .  
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Tabl e 6 . 8  Metal  concentrat i on s  i n  E PA l eachate s of  start i ng mater i a l s .  

Westchester Compos i te Ash New York C i ty F l y Ash 

E l ement  W l a W2 W3 C l  C 2  C3 

Ca  ( ppm) 504 995  2878 759 1 1 05  968 
356 92 1 2878 746 1 088 874 
302 827 2878 699 1 088 840 

AVERAGE 387 9 1 4  2878 735  1 094 894 
STD . DEV 85 69 0 26  8 54 

Al ( ppm) 1 . 28 0 . 97 3 . 66 1 1 . 46 1 3 . 95 1 8 . 95 
0 . 52 0 . 9 1 2 . 3 2 1 1 . 46 1 2 . 3 7 1 6 . 63 
0 . 39 0 . 80 I .  77  1 1 . 39 1 1 . 94 1 6 . 08 

AVERAGE 0 . 73 0 . 89 2 . 58 1 1 . 43 1 2 . 7 5 1 7  . 2 2 
STD . DEV 0 . 39 0 . 07 0 . 79 0 . 03 0 . 86 1 . 24 

Fe ( ppb ) 67 1  1 5 1  30 . 5  26 . 0  90 . 9  
237  1 24 1 9 . 6  2 2 . 0  5 1 . 3  
1 9 1  1 2 2  b 1 7  . 9  20 . 3  39 . 9  

AVERAGE 366 1 3 2  b . d . 1 . 2 2 . 7  2 2 . 8  60 . 7  
STD . DEV 2 1 6  1 3  5 . 6  2 . 4  2 1 . 9 

Mg ( ppm) 25 . 4  46 . 3  184 1 55 1 74 2 74  
1 7  . 2  45 . 9  1 3 1  1 54 1 6 7  274  
I O . I 4 1 . 8  1 1 6 1 50 1 66 2 57  

AVERAGE 1 7  . 6  44 . 7  1 44 1 53 1 69 268 
STD . DEV 6 . 2  2 . 1  29 2 3 8 

S i  ( ppm) 1 2 . 6  1 9 . 7  6 . 23 2 7 . 9  3 1 . 3  55 . 6  
1 0 . 0  1 7  . 8  6 . 23 26 . 8  30 . 9  54 . 1  
8 . 1 1 6 . 3  3 . 99 26 . 0  30 . 9  52 . 6  

AVERAGE 1 0 . 2  1 7 . 9  5 . 48 26 . 9  3 1 . 0  54 . l  
STD . DEV 1 . 8 1 . 4 1 . 06 0 . 8  0 . 2  1 . 2 

Hunt i ngton Compo s i te Ash 

HI H2 H3 

450 732 1 792  
443 706 1 658 
423 652 1 558 
439 697 1 669 

1 1  34 96 

0 . 1 0 0 . 1 6 0 . 3 1 
0 . 09 0 . 1 4 0 . 26 
0 . 08 0 . 09 0 . 24 
0 . 09 0 . 1 3 0 . 2 7 
0 . 0 1 0 . 03 0 . 03 

324 336 246 
265  230 2 1 8  
2 1 0  1 0 5  1 6 1  
266 2 24  208 
47  94 35  

30 . 5  42 . 6  65 . 5  
30 . l  38 . 0  59 . 3  
26 . 3  3 7 . 6  57 . 2  
29 . 0  39 . 4  60 . 6  

I .  9 2 . 3  3 . 5  

6 . 60 9 . 97 1 6 . 3  
6 . 23 8 . 47 1 5 . 2  
5 . 86 8 . 1 0  1 4 . 8  
6 . 23 8 . 85 1 5 . 5  
0 . 3 1 0 . 8 1 0 . 6  

N 
0 



Tabl e 6 . 8 .  Cont i nued . 

Westchester Compos i te Ash  New York  C i ty Fl y Ash  Hunt i ngton Compos i te Ash  

E l ement WI W2 W3 C l  C2 C3 H I  H2 H3 

As ( ppb ) 4 . 75 1 0 . 69 22 . 3  30 . 4  1 .  90 5 . 23 
2 . 85 9 . 98 2 1 . 6  29 . 5  1 . 66 4 . 28 
2 . 38 7 . 60 1 5 . 0  1 5 . 9  0 . 95 3 . 56 

AVERAGE b . d . 1 . b . d  . 1 . 3 . 33 9 . 42 1 9 . 6  2 5 . 3  b . d . 1 . 1 . 50 4 . 35 
STD . DEV 1 . 03 1 . 3 2  3 . 3  6 . 6  0 . 40 0 . 68 

Cd ( ppm ) 0 . 27 0 . 3 1 0 . 07 3 1 . 8  2 5 . 4  48 . 4  0 . 05 0 . 1 0 0 . 26 
0 . 2 2 0 . 2 7 0 . 04 29 . 7  24 . 5  47 . 8  0 . 05 0 . 08 0 . 23 
0 . 1 3 0 . 2 2 0 . 03 26 . 3  23 . 5  46 . 9  0 . 05 0 . 08 0 . 2 1 

AVERAGE 0 . 2 1 0 . 2 7 0 . 05 29 . 3  24 . 5  47 . 7  0 . 05 0 . 09 0 . 23 
STD . DEV 0 . 06 0 . 04 0 . 02 2 . 3  0 . 8  0 . 6  0 . 00 0 . 0 1 0 . 02 

Cr ( ppb)  3 . 99 5 . 46 7 5 . 4  9 . 1 5  1 3 . 0  98 . 3  1 . 48 4 . 1 3 
3 . 2 5 4 . 72 63 . 0  8 . 4 1 1 2 . 0  30 . 6  1 . 33 3 . 54 
1 . 18 4 . 1 3 60 . 3  7 . 68 1 0 . 6  24 . 7  1 . 48 3 . 1 0 

AVERAGE 2 . 80 4 .  7 7  66 . 2  8 . 4 1 1 1 .  9 5 1 . 2  b . d . 1 . 1 . 43 3 . 59 
STD . DEV 1 . 1 9 0 . 54 6 . 6  0 . 60 1 . 0  33 . 4  0 . 07 0 . 42 

Co ( ppb)  9 . 58 7 . 94 94 . 2  76 . 1  1 46 1 2 . 0  2 2 . 7  34 . 2  
7 . 94 7 . 94 87 . 6  69 . 6  1 4 5  1 2 . 0  1 4 . 5  28 . 5  
7 . 1 2 4 . 65 86 . 0  66 . 3  1 3 4  1 1 .  2 1 4 . 5  2 7 . 7  

AVERAGE b . d . 1 . 8 . 2 1 6 . 85 89 . 3  70 . 6  1 4 2  1 1 . 8 1 7  . 3  30 . 1  
STD . DEV 1 . 02 1 . 55 3 . 5  4 . 1  6 0 . 4  3 . 9  2 . 9  

Cu ( ppm) 0 . 38 0 . 58 0 . 38 1 . 39 1 . 1 7 8 . 0 1 1 . 9 1  1 . 23 2 . 56 
0 . 38 0 . 47 0 . 38 1 . 3 2  1 . 0 1  7 . 96 1 . 1 2 0 . 92 2 � 29 
0 . 34 0 . 47 0 . 36 1 . 30 0 . 97 7 . 92 0 . 83 0 . 85 1 . 86 

AVERAGE 0 . 37 0 . 5 1 0 . 3 7 1 . 34 1 . 05 7 . 96 1 . 29 1 . 00 2 . 24 
STD . DEV 0 . 02 0 . 05 0 . 0 1 0 . 04 0 . 09 0 . 04 0 . 46 0 . 1 7 0 . 29 

Pb ( ppm ) 3 . 42 1 . 82 23 . 2  26 . 3  23 . 2  0 . 04 0 . 04 0 . 05 
3 . 33 1 . 68 2 2 . 8  2 5 . 9 2 1 . 9 0 . 03 0 . 02 0 . 05 
2 . 86 1 . 44 2 2 . 5  2 5 . 5  2 1 . 0  0 . 02 0 . 02 0 . 04 

AVERAGE  3 . 20 1 . 6 5 b . d . 1 . 2 2 . 8  25 . 9  2 2 . 0  0 . 03 0 . 03 0 . 05 
STD . DEV 0 . 24 0 . 1 6  0 . 3  0 . 3  0 . 9  0 . 0 1 0 . 0 1 0 . 0 1 

N 
....... 



Tabl e 6 . 8 .  Cont i nued . 

Westchester Compos i te Ash  

E l ement W I  W2  W3 

Mn ( ppm ) 0 . 44 0 . 57 0 . 6 1 
0 . 3 2 0 . 48 0 . 54 
0 . 1 9 0 . 44 0 . 39 

AVERAGE 0 . 32 0 . 50 0 . 52 
STD . DEV 0 . 1 0 . 05 0 . 09 

Hg ( ppb ) 
AVERAGE b . d . l .  b . d . l . b . d . l . 
STD . DEV 

Ni ( ppb ) 23 . 2  30 . 9  2 2 . 7  
1 8 . 7  2 5 . 2  1 9 . 5  
9 . 8  24 . 4  1 2 . 9  

AVERAGE 1 7  . 3  26 . 8  1 8 . 4  
STD . DEV 5 . 6  2 . 9  4 .  I 

Zn ( ppm ) 1 5 . 7  1 8 . 0  2 . 1 2 
1 2 . 0  1 5 . 4  0 . 95 
7 . 8 1 4 . 4  0 . 83 

AVERAGE 1 1 . 8 1 5 . 9  1 . 30 
STD . DEV 3 . 2  1 . 5  0 . 58 

a .  Part i l ce s i ze rangws are l i sted i n  Tabl e 6 . 1 
b .  Bel ow detect i on l i m i t s 

New York C i ty F l y  Ash  

Cl  C2 C3 

6 . 02 4 . 36 9 . 44 
5 . 76 4 . 36 9 . 1 2  
5 . 4 1 4 . 1 8 9 . 1 2 
5 . 73 4 . 30 9 . 2 2 
0 . 2 5 0 . 08 0 . 1 5  

b . d . l . b . d .  l .  b . d .  l .  

3 1 6  259  757  
304  257  74 1 
296 247 706 
306 254 735 

8 5 2 1  

824 703 1 1 69 
795 699 1 1 6 1  
720 678 1 069 
779 693 1 1 33 
44 1 1  4 5  

Hun t i ngton Compo s i te Ash  

HI  H2 H3 

3 . 57 6 . 63 1 2 . 0  
3 . 57 5 . 23 1 1 . 2  
3 . 48 4 . 97 1 0 . 4  
3 . 54 5 . 6 1 1 1 . 2 
0 . 04 0 . 73 0 . 7  

b . d . l . b . d .  l .  b . d .  l .  

2 1 9  1 67 403 
1 23 1 0_9 3 7 2  
94  1 0 7  354 

1 4 5  1 28 376  
53  28 20 

1 1 . 0 1 7  . 3  3 1 . 4  
1 0 . 3  1 2 . 9  28 . 6  
8 . 0  1 2 . 5  24 . 1  
9 . 8  1 4 . 2  28 . 0  
1 . 3 2 . 2  3 . 0  

N 
N 



Tabl e 6 . 9 .  Meta l  concentrat i on s a i n  E PA l eachates  of opt i mum bl ocks  and cement bl oc k .  

El ement Cement Bl ock  WAE6b COA2 HA3 

Ca ( ppm ) 504 2027 20 10  2043 
470  1 976 1 926 1 524 
403 1 943 1876 1 507 

AVERAGE 459  1 982 1 937  1 692  
STD . DEV 42 34 55  249 

Al  ( ppm )  0 . 58 0 . 04 0 . 1 3 1 . 2 2 
0 . 2 2 0 . 0 1 0 . 00 1 . 1 8 
0 . 1 6  0 . 0 1 0 . 00 0 . 55 

AVERAGE 0 . 3 2 0 . 02 0 . 04 0 . 98 
STD . DEV 0 . 1 8 0 . 0 1 0 . 06 0 . 30 

Fe ( ppb ) 47 . 0  2 . 50 1 . 59 606 
28 . 3 2 . 32 1 . 2 2 346 
18 . 3 1 . 59 0 . 86 24 1  

AVERAGE 3 1 . 2  2 . 1 4 1 . 2 2 398 
STD . DEV 1 1 . 9  0 . 40 0 . 30 1 53 

Mg ( ppm) 3 . 6  50 . l  85 . 5  33 . 8  
3 . 1  45 . 9  68 . 4  28 . l 
2 . 2  3 7 . 6  6 1 . 3  24 . 3 

AVERAGE 3 . 0  44 . 5  7 1 . 8  28 . 7  
STD . DEV 0 . 6  5 . 2  1 0 . 1  3 . 9  

S i  ( ppm)  1 4 . 1 1 1 .  5 55 . 9  33 . 5  
1 3 . 0  9 . 6  2 5 . 7  3 1 . 6  
1 0 . 7  8 . 8  2 5 . 7  3 1 . 3  

AVERAGE 1 2 . 6  1 0 . 0  3 5 . 8  3 2 . 1  
STD . DEV 1 . 4  1 . 1  1 4 . 3  1 . 0 

As ( ppb ) 2 . 6 1 7 . 84 3 . 80 
2 . 38 0 . 00 3 . 33  
2 . 1 4 0 . 00 3 . 09 

AVERAGE b . d .  l .  c 2 . 38 2 . 6 1 3 . 40 
STD . DEV 0 . 1 9 3 . 69 0 . 30 

N 
w 



Tabl e 6 . 9 .  Cont i nued . 



Tabl e 6 . 9 .  Cont i nued . 

E l ement Cement Bl ock  

Hg  ( ppb ) 

WAE6 COA2 HA3 

AVERAGE b . d .  l .  b . d .  l .  b . d . ,l .  b . d .  l .  
STD . DEV 

N i  ( ppb ) 1 4 . 5  87 . 4 78 . l 
1 0 . 4  7 2 . 2  74 . 5 
9 . 6  64 . 4  7 1 . 4 

AVERAGE b . d .  l .  1 1 . 5 74 . 7 74 . 7  
STD . DEV 2 . 1 9 . 6  2 . 7  

Zn ( ppm) 0 . 03 0 . 35 1 9 1  5 . 67 
0 . 02 0 . 08 1 38 4 . 83 
0 . 02 0 . 05 1 3 5  4 . 83 

AVERAGE 0 . 02 0 . 1 6 1 55 5 . 1 1  
STD . DEV 0 . 0 1 0 . 1 4 26  0 . 40 

a .  Val ues are the h i ghest , med i um ,  l owest , average and s tandard dev i at i on of  the  
three repl i cates . 

b .  WAE6 Westchester compos i t0 a sh  w i th  1 5% portl and cement and 1 7% mo i sture 
content , cured at 49 C for 1 day .  

COA2 : New York C i SY fl y ash  w i th  1 5% portl and cement  and 23% mo i sture content . 
cured at 49 C for 3 day s . 

HA3 : Hunt i ngton compo s i te a s h  wi t h  1 5% port l and cement and 1 8% mo i sture 
content , cured at 23 °C ( a i r )  for 7 days . 

c .  Bel ow detect i on l i m i t .  

N 
01 



Tabl e 6 . 1 0 .  Metal  concentrat i on s  i n  ASTM l eachates  o f  start i ng mater i a l s . 

Westchester Compos i te As h  New York C i ty F l y A s h  

E l ement W l a W2 W3 .u C2 C3 

Ca  ( ppm ) 3 1 1  492 785 6 1 3  706 672  
268 472  732  593  652 652  
254  468 7 1 2  586 586 633 

AVERAGE 278  477  743 597 648 652  
STD . DEV 24  10  3 1  1 1  49 ' 1 6  

Al ( ppm) 4 . 57 0 . 38 0 . 03 1 . 1 4 20 . 53 0 . 07 
2 . 92 0 . 08 0 . 02 0 . 60 1 . 03 0 . 0 1 
2 . 30 0 . 05 0 . 02 0 . 1 2 0 . 20 0 . 0 1 

AVERAGE 3 . 27 0 . 1 7  0 . 02 0 . 62 7 . 25 0 . 03 
STD . DEV 0 . 96 0 . 1 5  0 . 00 0 . 4 1 9 . 40 0 . 03 

Fe ( ppb)  6 . 37 4 . 88 9 . 34 9 . 48 1 2 . 7  9 . 69 
5 . 94 . 3 . 82 8 . 9 1 6 . 68 9 . 7  7 . 32 
5 . 3 1 2 . 55 3 . 6 1 5 . 8 1 8 . 4  6 . 68 

AVERAGE 5 . 87 3 . 7 5 7 . 29 7 . 3 2 1 0 . 3  7 . 90 
STD . DEV 0 . 44 0 . 95 2 . 6 1 1 . 56 1 . 8 1 . 30 

Mg ( ppm ) 0 . 06 0 . 03 0 . 4 1 98 . 6  7 . 1 9 227  
0 . 05 0 . 03 0 . 09 23 . 4  1 . 3 5  1 87 
0 . 04 0 . 03 0 . 02 1 7  . 0  0 . 3 1 1 77 

AVERAGE 0 . 05 0 . 03 0 . 1 7  46 . 3  2 . 95 1 97 
STD . DEV 0 . 0 1 0 . 00 0 . 1 7 3 7 . 1  3 . 03 2 1  

S i  ( ppm) 4 . 93 2 . 3 2 1 . 0 1  3 . 62 2 . 75 7 . 1 0 
4 . 93 1 . 88 1 . 0 1  1 . 88 1 . 88 4 . 49 
3 . 62 1 . 45 0 . 58 1 . 0 1  1 . 45 3 . 62 

AVERAGE 4 . 49 1 . 88 0 . 87 2 . 1 7 2 . 03 5 . 07 
STO . DEV 0 . 62 0 . 36 0 . 2 1 1 . 08 0 . 54 1 . 48 

Hunt i ngton Compos i te Ash  

fil H2 H3 

204 335 505 
1 94 308 492 
1 94 3 0 1  39 1 
1 98 3 1 5  463 

5 1 4  5 1  

0 . 1 6  0 . 1 0 0 . 23 
0 . 07 0 . 02 0 . 2 1 
0 . 03 0 . 0 1 0 . 04 
0 . 09 0 . 04 0 . 1 6 
0 . 06 0 . 04 0 . 08 

1 29 . 2  4 1 . 2  7 1 . 6  
53 . 5  1 3 . 6  59 . 9  

5 . 6  5 . 8  3 5 . 8  
62 . 7  20 . 2  55 . 8  
50 . 9  1 5 . 2  1 4 . 9  

43 . 3  69 . 8  83 . 0  
4 1 . 6  66 . 1  45 . 8  
4 1 . 6  64 . 0  36 . 7  
42 . 2  66 . 6  55 . 2  

0 . 8  2 . 4  20 . l 

1 . 88 5 . 80 2 . 7 5 
1 . 88 5 . 80 1 . 88 
1 . 0 1  1 . 88 1 . 0 1  
1 . 59 4 . 49 1 . 88 
0 . 4 1 1 . 85 0 .  7 1  

N 
CTI 



Tabl e 6 . 1 0 .  Cont i nued 

Westchester Compos i te Ash  New York  C i ty F l y  Ash  Hun t i ngton Compos i te Ash  

E l ement WI W2 WJ Q C2  CJ  fil H2 HJ 

As ( ppb ) 2 . 92 4 . 72 8 . 7 1 8 .  7 1  
2 . 5J 2 . 7J 5 . 52 8 . J l  

b 2 . JJ 0 . 9J 4 . 1 2 6 . 1 2  
AVERAGE b . d . 1 . 2 . 59 b . d .  1 .  2 . 79 6 . 1 2 7 .  7 1  b . d . 1 . b . d . 1 . b . d . 1 . 
STD . DEV 0 . 2 5 1 . 55 1 . 92 1 . 1 4 

Cd ( ppb)  1 085 29 . 4  25254  2 . 05 l . 6J 2 . 2 5 
JJ5  20 . 6  1 5J82 1 . 45  1 . 6 1  2 . 1 6 

52  1 6 . J  2476 0 . 96 1 . 58 1 . 50 
AVERAGE b . d . 1 . b . d  . 1 . b . d  . 1 . 49 1  2 2 . 1  1 4J 7 1  1 . 49 1 . 6 1  1 . 97 
STD . DEV 4J6 5 . 5  9J27  0 . 45 0 . 02 O . J4 

Cr ( ppb)  6J . 9  1 2J 2 1 6  93 . 1  I OJ . 8  22J  1 . 38 3 . 07 
5 1 . 1  1 1 9 2 1 4  42 . 0  50 . 1  I J 7  1 . 07 1 . 99 
24 . 2  I l l  200 J 2 . 7  44 . 9  80 0 . 92 0 . 6 1 

AVERAGE 46 . 4  1 18 2 1 0  55 . 9  66 . J  1 4 7  b . d . 1 . 1 . 1 2 1 . 89 
STD . DEV 1 6 . 5  5 7 26 . 6  26 . 6  59 0 . 1 9 1 . 00 

Co ( ppb)  JO . I I 
7 . J4 
0 . 5 1 

AVERAGE b . d . 1 . b . d  . 1 . b . d . 1 . b . d . 1 . b . d  . 1 . 1 2 . 65 b . d  . 1 . b . d  . 1 . b . d  . 1 . 
STD . DEV 1 2 . 66 

Cu ( ppm) 0 . 27 0 . 40 0 . 54 0 . 07 0 . 09 0 . 09 O .  I J  0 . 1 3 0 . 1 6 
0 . 2 5 0 . 40 0 . 49 0 � 07 0 . 09 0 . 09 0 . 1 1  O .  I J  0 . 1 6  
0 . 2 5 0 . 40 0 . 40 0 . 07 0 . 07 0 . 09 0 . 09 0 . 1 1  0 . 1 1  

AVERAGE 0 . 2 5 0 . 40 0 . 48 0 . 07 0 . 08 0 . 09 0 . 1 1  0 . 1 3 0 . 1 4 
STD . DEV 0 . 0 1 0 . 00 55 . 8 1 0 . 00 0 . 0 1 0 . 00 0 . 02 0 . 0 1 0 . 02 

Pb ( ppb ) 9 . 1 7 908 3 1 88 1 1 .  9 1  24 . 7  40 . 5  3 . 9 1 
8 . 1 2  781  J 1 1 2  1 1 . 6 0  ' 4 . 5  5 .  I 2 . J 7 
7 . J7 J48 2959 J . 4 5 4 . 4  4 . 1 0 . 06 

AVERAGE 8 . 22 679 J086 8 . 99 1 1 . 2 1 6 . 6  2 . 1 1  b . d . 1 . b . d . 1 . 
STD . DEV 0 . 74 240 96 J . 92 9 . 5  1 6 . 9  I .  58 

N 
'.I 
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Tabl e 6 . I O .  Cont i nued . 

Westchester Compos i te Ash 

E l ement WI  W2 W3 

Mn ( ppb )  2 . 39 3 . 3 2 9 . 58 
2 . 05 3 . 2 I 4 . 60 
1 . 82 2 . 74 3 . 44 

AVERAGE 2 . 09 3 . 09 5 . 87 
STD . DEV · 0 . 24 0 . 2 5 2 . 66 

Hg ( ppb )  

AVERAGE b . d  . 1 . b . d . 1 . b . d  . 1 . 
STD . DEV 

N i  ( ppb )  36 . 5  
33 . 7  
30 . 4  

AVERAGE b . d  . 1 . 33 . 6  b . d  . 1 . 
STD . DEV 2 . 5  

Zn ( ppm) 0 . 02 0 . 20 1 . 03 
0 . 02 O . I 8 0 . 92 
0 . 02 O .  I 4  0 . 88 

AVERAGE 0 . 02 O .  I 8  0 . 94 
STD . DEV 0 . 00 0 . 02 0 . 06 

a .  Part i cl e  s i ze range i s  l i sted i n  Tabl e 6 . I 
b .  Bel ow detect i on l i m i t s  

New York C i ty F l y  Ash  

Q C2  C3  

869 22 5 . 5  6667 
2 2 7  1 7 .  7 5828 

2 5  I 4 . 2  1 1 73 
374  85 . 8  4556 
360 98 . 8  24 I 6  

b . d . 1 . b . d . 1 . b . d . 1 . 

I 2 . 8  I 2 . 6  96 . I  
I I .  7 I 0 . 6  I 6 . 6  

7 . I I O . O  1 3 . I 
I 0 . 5  I I .  I 42 . 0  
2 . 5  I .  I 38 . 3  

O . I 2  0 . 06 8 1 . 6  
0 . 05 0 . 05 1 . 9 
0 . 04 0 . 05 O .  I 
0 . 07 0 . 05 2 7 . 9  
0 . 04 O . O I 38 . 0  

Hun t i ngton Compo s i te  Ash 

H I  H 2  H3 

354 3 7 5  49 I 
345  3 I 6  424 
334 288 237  
344 326  384 

8 36  I 07 

b . d . 1 . b . d  . 1 . b . d  . 1 . 

28 . 5  1 7 . 3  24 . 8  
I 5 . 5 I 6 . 4 20 . 3  
I 2 . 0  I 5 . 0  I 2 . 8  
I 8 . 7  I 6 . 2  1 9 . 3  
7 . I  1 . 0 5 . 0  

O .  I 3  O . I 4 0 . 1 3 
0 . 08 0 . 05 0 . 09 
0 . 08 0 . 03 0 . 07 
O .  I O  0 . 07 O .  I O  
0 . 02 0 . 05 0 . 02 

N 
00 



Tabl e 6 . 1 1 . Metal cncentrat i on s a i n  ASTM l each ates  of  opt i mum bl ocks  and cement bl ock . 

E l ement Cement Bl ock WAE6b 
COA2 HA3 

Ca  ( ppm) 7 1 2  3 1 1  732  2 5 1  
480 278 732  234 
460 278 7 26  20 1  

AVERAGE 55 1  289 730 229 
STD . DEV 1 1 5 1 6  3 2 1  

Al ( ppm) 0 . 6 1 0 . 72 1 3 . 02 
0 . 6 1 0 . 64 1 0 . 02 
0 . 24 0 . 48 c 9 . 99 

AVERAGE 0 . 49 0 . 6 1 b . d .  l .  1 1 . 0 1 
STD . DEV 0 . 18 0 . 1 0 1 . 42 

Fe ( ppb )  57 . 9  63 . 0  9 . 55 294 
53 . 7  58 . 2  8 . 9 1 1 88 
53 . 5  50 . 7  7 . 85 1 7 2 

AVERAGE 55 . 0  57 . 3  8 . 77 2 1 8  
STD . DEV 2 . 1  5 . 1 0 . 70 54 

Mg ( ppm ) 1 0 . 78 3 . 2 1 42 . 1  2 . 87 
3 . 2 7 2 . 98 40 . 4  2 . 64 
1 . 2 1  2 . 87 3 7 . 1  1 . 84 

AVERAGE 5 . 08 3 . 02 39 . 9  2 . 45 
STD . DEV 4 . 1 1  0 . 1 4 2 . 1 0 . 44 

S i  ( ppm) 0 . 58 2 . 32 3 . 62 2 . 7 5 
0 . 58 1 . 45 3 . 62 2 . 7 5 
0 . 58 1 . 45 3 . 1 9 2 . 7 5 

AVERAGE 0 . 58 1 . 74 3 . 48 2 . 7 5 
STD . DEV 0 . 00 0 . 4 1 0 . 2 1 0 . 00 

As ( ppb ) 5 . 32 8 . 3 1  
5 . 1 2 5 . 52 
4 . 3 2 4 . 92 

AVERAGE b . d . l .  b . d .  l .  4 . 9 2 6 . 2 5 
STD . DEV 0 . 43 1 . 48 

N 
l.O 



Tabl e 6 . 1 1 .  Cont i nued . 

E l ement Cement Bl ock  

Cd ( ppb ) 

AVERAGE b . d . 1 . 
STD . DEV 

Cr  ( ppb ) 1 1 . 8 
1 1 . 5  
1 0 . 6  

AVERAGE 1 1 . 3 
STD . DEV 0 . 5  

Co ( ppb )  

AVERAGE b . d .  l .  
STD . DEV 

Cu ( ppm) 0 . 02 
0 . 02 
0 . 02 

AVERAGE 0 . 02 
STD . DEV 0 . 00 

Pb ( ppb ) 1 5 . 18 
7 . 37 
9 . 02 

AVERAGE 1 0 . 52 
STD . DEV 3 . 36 

Mn ( ppb)  2 . 74 
2 . 1 6 
2 . 1 6 

AVERAGE 2 . 36 
STD . DEV 0 . 2 7 

WAE6 COA2 HA3 

b . d . 1 . b . d . 1 . b . d  . 1 . 

68 . 4  390 20 . 5  
43 . 1  389 1 6 . 9  
39 . 7  3 72 1 6 . 4  
50 . 4  384 1 7 .  9 
1 2 . 8  8 1 . 9 

b . d . 1 . b . d . 1 . b . d  . 1 . 

0 . 29 0 . 09 1 . 86 
0 . 27 0 . 09 1 . 63 
0 . 25 0 . 09 1 . 45 
0 . 27 0 . 09 1 . 65 
0 . 02 0 . 00 0 . 1 6 

7 50 505 42 . 1  
556 493 3 7 . 9  
5 1 0  478 3 1 . 9 
605 492 37 . 3  
1 04 1 1 4 . 2  

1 . 58 8 . 07 3 . 09 
1 . 35 5 . 4 1 2 . 86 
1 . 24 4 . 1 3 2 . 63 
1 . 39 5 . 87 2 . 86 
0 . 1 4 1 . 64 0 . 1 9 

w 
C> 



Tabl e 6 . 1 1 .  Cont i nued . 

El ement Cement Bl ock 

Hg ( ppb )  

AVERAGE b . d . 1. 
STD . DEV 

N i  ( ppb ) 

AVERAGE b . d . 1 . 
STD . DEV 

Zn ( ppm) 0 . 04 
0 . 02 
0 . 0 1 

AVERAGE 0 . 02 
STD . DEV 0 . 0 1 

WAE6 COA2 HA3 

b . d . 1 . b . d . 1 . b . d . 1 . 

1 4 . 1 73 . 2  
1 3 . 1  64 . 5  
1 0 . 0  58 . 9  

b . d :  1 .  1 2 . 4  6 5 . 5  
1 . 8 5 . 9  

0 . 23 1 . 3 2 0 . 05 
0 . 22 1 . 2 2 0 . 05 
0 . 1 7 1 . 20 0 . 05 
0 . 20 1 . 2 5 0 . 05 
0 . 02 0 . 05 0 . 00 

a .  Val ues are the h i ghest , med i um ,  l owest , average and standard dev i at i on of  the  
three repl i cates . 

b .  WAE6 : Westchester compos i tS a s h  wi th  1 5% port l and cement and 1 7% mo i sture 
content , cured at 49 C for 1 day .  

COA2 : New York C i SY fl y ash  w i th  1 5% portl and cement and 23% mo i sture content . 
cured at 49 C for 3 d ays . 

HA3 : Hunt i ngton compos i te a s h  w i t h  1 5% port l and cement  and 1 8% mo i sture 
content , cured at 23°C ( a i r ) for 7 days . 

c .  Bel ow detect i on l i mi t .  

--' 

w 
--' 
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F i g u re 6 . 2  Meta l concentra t i on s  i n  EPA l eachates . 
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The res u l t s  i n  Tabl e 6 . 8  through  6 . 1 1  permi ts  a d i rect compar i son  of  

l eachate  concentrat i on s  before and  after chem i ca l  f i xat i on w i th  1 5% 

port l and cement . W i th  respect to  E PA l eachates , chem i ca l  f i xat i on of  

We stchester  compos i te a s h  ( WCA : w i th  1 5% portl and cement and  1 7% mo i st ure 

content cured at 49°C for 1 day )  decreased the  l eachate  concentrat i on s  

except Cr ( re l at i ve to  t h e  WCA) . Chem i cal  fi xat i on of  New York C i ty fl y 

a s h  ( NYC FA : w i t h  1 5% portl and cement and 23% mo i sture content cured at 

49°C for 3 days ) and of  Hunt i ngton compos i te ash ( HCA : w i th  1 5% port l and 

cement  and 1 8% mo i sture content cured at 23°c ( a i r )  for 7 days ) decreased 

the  l e ach ate concentrat i on s . Except i on s  were Ca and Pb for NYC FA , and Ca , 

Al , Fe , S i  and Cr for HCA . W i th  respect to  ASTM l eachate s , t he  l e achate  

concentrat i on s  were reduced by chem i ca l  f i xat i on for  a l l t hree a shes  w i t h  

s ome except i on s ; Fe  for WCA , Ca , Cr  a n d  P b  for NYCFA , a n d  Al , Fe , As , Cr , 

Cu , Pb  and N i  for HCA . Thus  i t  can  be s a i d that  chem i ca l  f i xat i on w i t h  

1 5% port l and cement  con s i derabl y retards  t h e  l each i ng proce s s  a t  l east  for 

WCA . The  except i on s  are probabl y due to the unknown part i cl e  s i zes  

i nc l uded i n  proctor  fabr i cat i on ,  i . e . , d ue  to the  i n homogen i ety of  raw 

a shes . 

E PA l eachate  val ues  are general l y  l arger than ASTM l e achate  va l ues . 
' Th i s  i s  probabl y due  to the  ac i d i f i ed cond i t i on s  of  the  E PA procedure . 

The  ocean i s  a l kal i ne and thus  l each i ng rates  wou l d be con s i derabl y l ower . 

G i ven t h i s  fact , and when tak i ng  i nto account the  s urface to  vol ume rat i o  

o f  ground - up bl o ck  mater i a l , i t  i s  apparent t hat these  res u l t s  prov i de a 

worst  case  scenar i o of  the  l each i ng behav i or for the  e l ement s  ana l yzed . 

I t  i s  notabl e that both E PA and ASTM l eachate concentrat i on s  are 

comparabl e to  Federal Publ i c  Water Suppl y Standard s  ( Tabl e 6 . 1 2 ) . 

Con s i der i ng that a more real i st i c test  of  l each i ng behav i or i n  the  sea , 

wh i ch i s  not  an ac i d i c  med i um ,  can be represented by the  resu l t s  of  the  

ASTM test , i t  i s  remarkabl e t hat the  e l emental  concentrat i on s , except Pb , 

i n  the  ASTM l eachates  of  the  Westchester opt i mum bl ocks  i n  Tabl e 6 . 1 2 d i d  

not exceed the  E PA recommended concentrat i ons  for publ i c  water suppl i es 

( fre shwater ) .  Tabl e 6 . 1 2 al so  show that Westchester bl ocks  sat i sfy the  

E PA max i mum l i m i t s  for l eachate concentrat i on for a l l metal s .  The met al  
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concentrat i on s  i n  t h e  E PA l each ates  o f  t h e  New York  C i ty and Hunt i ngton  

b l o c ks are h i g h e r  t h an t he  E PA l i m i t s  on l y  for one  or  two  met a l s .  

CALC I UM L EACH I NG RATES - TANK D I SSOLUT I ON EXPER I M ENT 

The rate at wh i c h ca l c i um i s  l e ached from t h e  b l o c ks may be an 

i mportant  i nd i c at i on of  a bl o c ks ' expected l i fet i me i n  t h e  mar i n e  

e n v i ronment  ( Dueda l l et  ,gl . , 1 983 ) . Over l ong t i me per i ods  t h e  s l ow 

rel e a s e  of c a l c i um from the waste  b l o c ks m i g h t  u l t i matel y l ead to b l o c k  

fa i l ure  e i t her  t h rough  i n creased poro s i ty and/or c h em i ca l  d i s s o l ut i on . 

Exper i ments  were conducted to  meas ure t h e  fl ux of  ca l c i um from b l o c k  

sect i on s  s u s pended i n  s eawater i n s i de po l yethyl ene  tanks . 

Equ i pmen t  and  Met hods  

T he  fl ux  o f  c a l c i um was  exam i ned fo l l ow i ng  t h e  met hods  prop o s ed by 

Dueda l l et _gl .  ( 1 983 ) . Opt i mum b l o c ks ( WAD4 , COE2  and  H E S )  were c ut  i n to  

t h ree  s ect i on s , i . e . , top , m i dd l e and bottom , g i v i ng t r i p l i c ate  tan k 

systems  for each  m i xture . The  average s u rface area  of  each  sect i on was  

approx i mate l y 2 S3 cm2 ; a h P- i g h t  o f  3 . 3  cm and a d i ameter  of  9 . 8  cm . 

S ampl e s  were s u s pended w i t h  monof i l ament  l i n e i n s i de po l yet hyl ene  tan ks 

cont a i n i ng 2 l i ters  o f  f i l tered seawater . The  s eawater was  t a ken from t h e  

F l ax P o n d  s i te .  T a n k s  were p l aced on  i nd i v i du a l  magnet i c  s t i rrers to  

prov i de a con s t an t  mot i on to  t h e  s eawater . E ach  t an k  h ad a 0 . 4 S µm 

membrane  f i l ter  p l aced over  an open i ng i n  i t s cover  to  e n s ure aerat i on .  

T he  t an k  conf i g urat i on i s  s h own i n  F i g ure 6 . 4 . A contro l  tan k w i t h  

s e awater on l y  was  a l s o  exam i ned . 

T he  exper i ments  were conducted at room temperat ure and  l a sted  for 1 3 0  

d .  T he  s amp l e s  were t a ken  a t  t h e  i nterval  o f  1 ,  2 ,  3 ,  4 , S a n d  6 d ays , 

and wee kl y for S wee ks , and b i weekl y for 6 weeks . Whenever  s e awater 

s ampl e s  were t a ken , pH  va l ues  were me as ured and the water w i t h i n  the tan ks 

was a l s o  repl aced . Tab l e 6 . 1 3 l i s t s  t h e  s ampl i ng i nterva l s and t h e  

me a s u red pH  v a l ues . Red uct i on o f  pH  w i t h  t i me was found  over  t h e  per i od 

of  s t udy . S amp l e s  were f i l tered t h rough  a 0 . 4 S  µm f i l ter , ac i d i f i ed t o  pH 

2 u s i ng U l trex n i tr i c ac i d  and refr i gerated at s 0 c . 



Tab l e  6 . 1 2 .  Compa r i son of EPA and ASTM l eacha te concentrat i ons  w i th E PA regu la ted concent rat i ons  for Pub l i c Water Supp l i es 

and EPA Max i mum L im i t s  for l eachate concentrat i on
a

. 

Cu Cr Mn As Cd Pb Hg Fe Zn 

POW Max imum Contam i nant L im i t s  
b 

1 .  0 0 . 1  0 . 05 0 . 1  0 . 0 1 0 . 05 0 . 002 

EPA Max imum L im i t s  for 

Leachate Concentrat i on 1 0 . 0  0 . 5  0 . 5  0 . 5  0 . 1  0 . 5  3 . 0  50 . 0  

EPA Leachate Concentrat i ons 

WAE6 0 . 18 0 . 05 0 . 1 9 0 . 002 0 . 02 < 0 . 001  < 0 . 001  0 . 002 0 . 1 6  

COA2 0 . 33 0 . 03 0 . 77 0 . 003 8 . 0  4 . 1  < 0 . 001  0 . 00 1  1 55 

HA3 1 . 27 0 . 0 1 1 .  24 0 . 003 0 . 05 0 . 07 < 0 . 001  0 . 4  5 . 1 1  

ASTM Leachate Concentrat i ons 

WAE6 0 . 26 0 . 05 0 . 001  < 0 . 001  < 0 . 001  0 . 60 < 0 . 001  0 . 06 0 . 20 

COA2 0 . 09 0 . 38 0 . 006 0 . 005 < 0 . 001  0 . 49 < 0 . 00 1  0 . 009 1 . 25 

HA3 1 . 65 0 . 02 0 . 003 0 . 006 < 0 . 001  0 . 04 < 0 . 00 1  0 . 2  0 . 05 

a .  Un i t  of concentrat i on i s  ppm . b .  Pub l i c  Dr i nk i ng Water ( Federa l Reg i ster , 1977 ) . 
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s t i rri n g  ba r ;  ( 8 )  magnet i c s t i rrer . 



Tab le  6 . 1 3 .  Samp l i ng i nterva l s  and mea sured pH in tank study. 

Samp l e  Samp l i ng Samp l i ng ClM!ll lat i ve I dent i f i cat i on and QH of SamQles  
a 

Number Date I nterva 1 Time 

( day ) ( day ) WAD4 COE2 HES 

ToQ M i dd l e  Bottom ToQ M i dd l e  Bottom ToQ M i dd l e  Bottom 

START 2/01 /86 

1 2/02/86 1 9 . 72 9 . 93 9 . 83 9 . 74 9 . 79 9 . 42 9 . 2 7 8 . 98 9 . 18 

2 2/04/86 2 3 9 . 47 9 . 73 9 . 64 9 . 76 9 . 8S 9 . 2 7 9 . 07 9 . 00 8 . 98 

3 2/07/86 3 6 9 . 63 9 . S3 9 . 6S 9 . S4 9 . 48 9 . 26 8 . 97 8 . 89 8 . 86 

4 2/ 1 1/86 4 1 0  9 . S2 9 . 62 9 . 64 9 . 61 9 . 4 1 9 . 2S 8 . 92 8 . 88 8 . 78 

5 2/ 1 6/86 5 l S  9 . 28 9 . S7 9 . 4S  9 . 48 9 . 26  9 . 1 1  8 . 88 8 . 82 8 . 70 

6 2/22/86 6 2 1  8 . 99 9 . 36 9 . 26 9 . 2 1 9 . 08 9 . 02 8 . 76 8 . 7 7 8 . 59 

7 3/01/86 7 28 8 . 73 9 . 07 8 . 98 9 . 07 8 . 99 8 . 92 8 . 7 S 8 . 73 8 . S4 

8 3/08/86 7 35 8 . 62 8 . 78 8 . 83 8 . 96 8 . 86 8 . 83 8 . 68 8 . 69 8 . 4 1  

9 3 / 1 5/86 7 42 8 . S3 8 . 5S 8 . 7 7 8 . 90 8 . 80 8 . 7S 8 . 66 8 . 6 1 8 . 3 1 

1 0  3/22/86 7 49 8 . 58 8 . 64 8 . 88 8 . 8S 8 . 74 8 . 74 8 . S9 8 . 60 8 . 28 

1 1  3/29/86 7 56 8 . S4 8 . S3 8 . 82 8 . 80 8 . 72 8 . 68 8 . S4 8 . 57 8 . 36 

1 2  4/ 12/86 1 4 70 8 . 4 1 8 . 46 8 . S l 8 . 65 8 . S3 8 . S7 8 . SS 8 . S8 8 . 3 1 

13  5/ 1 0/86 28 98 8 . 44 8 . 5 1 8 . 5S 8 . 62 8 . 5S 8 . S8 8 . 57 8 . 58 8 . 3 1 

14  6/ 1 1/86 32 130 8 . 43 8 . 4 1 8 . 47 8 .  S2 8 . 4 1 8 . 47 8 . Sl 8 . S2 8.26 

a .  WAD4 Westchester compos i te ash w i th 1 S% port land cement and 1 7% mo i sture content cured at 49 C for 1 day . 

COE2 New York C i ty f ly ash ·w i t h  1 S% port l and cement and 23% mo i sture content cured at 49 C for 3 days . 

HES Hunt i ngton bottom ash w i t h  1 S% port l and cement and 18% mo i sture content cured at 23 C ( a i r ) for 7 days . 

b .  Seawater f i l tered w i th 0 . 45 um f i l ter paper . 

B l ank 
b 

8 . 0S 

8 . 09 

8 . 1 2 

8 . 1 7  

8 . 20 

8 . 19 

8 . 24 

8 . 18 

8 . 13 

8 . 18 

8 . 20 

B . 20 

8 . 33 

8 . 3 1  

(J"I 
N 



The procedures expl a i ned i n  an earl i er sect i on of  th i s  report were 

used  for determ i n i ng the cal c i um concentrat i on ,  except u s i ng 0 . 5% (w/v ) 

La+3 , added as  La2o3 , to  control  i nterferences . Cal c i um fl uxes  were then  

ca l cu l ated as  mmol e/mm2/day . 

Res u l t s  

Th i s  s tudy wa s  des i gned to eval uate the  d i s so l u t i on proces ses  of  t h e  

stab i l i zed bl ocks i n  seawater . A compar i son was made between d i s sol ut i on 

from the  top , m i dd l e and bottom l ayers of  proctors for each o f  the  opt i mum 

m i xes . Tabl e 6 . 1 4 s ummar i ze s  the concentrat i on of ca+2 i n  so l ut i ons  t a ken  

from the  test  tank  over 130  days . The fl uxes of  ca+2 ( Tabl e 6 . 1 5 )  were 

cal cu l ated by d i v i d i ng the i ncremental  i ncrease  i n  m i l l i mol e s  of ca+2 by 

the  l each i ng per i od ( day ) and by the  geometr i c s urface area ( cm2 ) of  t he  

proctors . F i g ures 6 . 5 ,  6 . 6  and 6 . 7  represent  the  data  i n  graph i cal  form . 

The  amounts  of  cal c i um l eached i nto tank  waters was l ow i n  compar i son 

to earl i er s tud i es ( Parker et  il_ . , 1 98 1 ; Roethel  et  il_ . , 1 983 and 1 984 ) . 

Greater var i ab i l i ty i n  the  ca+2 fl ux among s ampl e s  of  the  d i fferent l ayers 

was found i n  the earl i er stages  of  the  study . After 35 days  the  fl uxe s 

from each  l ayer became s i m i l ar .  New York C i ty bl ocks  s howed the  h i ghest  

Ca+2 fl uxes , then  H unt i ngton bl ocks and  Westchester bl ocks  the  l owest  

val ues . In  general , t he  fl uxes of  ca+2 decreased w i t h  i ncre as i ng t i me .  

After 4 or  5 days , the  Westchester bl ocks  s howed negat i ve ca+2 

fl uxes wh i ch mean s the  b l ocks absorbed ca l c i um from t he  s eawater i n  t he  

test  t an ks . 

D i scus s i on 

Concentrat i on s  and so l u b i l i t i es of  the  ca l c i um compounds i n  the  

stab i l i zed bl ocks  can  account for  the  concentrat i on of  the  d i s sol ved Ca  

measured dur i ng the  tank  stud i es .  Parker � .il_ .  ( 1 98 1 ) po i nted out  the  

h i gh so l u b i l i ty of  cal c i um hydrox i de and  cal c i um s u l fate i n  s e awater at  

2 5°c .  Th i s  i ncreased sol ub i l i ty i s  attri buted to  t he  occurrence of  

1 5 3 



Tabl e 6 . 1 4 .  • Concentrat i on of  c a l a i um l eached duri ng t ank  d i Ysol ut i on experi ment . 

Sampl e Cumul at i ve Concentrat i on { rnLg) a 
Number T i me 

WAD4b 
( day)  COE2 HE5 

Too M i ddl e Bottom Top M i ddl e Bottom Top M i dd l e Bottom 

1 1 1 04 1 04 1 1 3 200 1 84 286 1 66 1 66 245  
2 3 4 3 1  60 74 67  206 89 1 1 2 1 88 
3 6 - 35 - 70 2 1 03 1 93 43 1 66 83 223  
4 1 0  - 6 1  - 46 - 1 1  40 1  393 672 46 46 1 53 
5 1 5  - 48 - 54 - 1 7  52 1 399 728 52  57  183 
6 2 1  - 35  - 50 - 63 455  505 762 - 2 2 - 44 185 
7 28 -4 1  - 63 - 2 2  378 4 1 3  720  1 7  2 1 59 
8 3 5  - 32  - 39  - 26  33 1 479 596 - 1 9  - 4 1 29 
9 42  - 1 5  - 34  4 3 1 1  3 7 7  507 1 5  1 9  1 1 5  

1 0  4 9  - 1 5 - 4 2 3 1 5  3 2 1  456 2 1  2 1 1 0 
1 1  56 8 1 3  2 7  3 1 3  3 7 2  387 6 1  29  1 1 4 
1 2 70 - 40 - 3 2  - 40 457  557  888 4 4 1 60 
1 3  98 - 29 - 50 -8 904 904 1 236 3 1  50 2 58 
1 4  1 30  - 46 - 2 1  - 25 906 887 1 059 78 4 359  

a .  Concentrat i ons  prov i ded refl ect subtract i ng the  b l ank and the  un i t  i s  l g/g . 
b .  WAD4 Westchester compos i te ash  wi th  1 5% port l and cement and 1 7% mo i sture content cured at 49 C for 1 d ay .  

COE2 : New York C i ty fl y ash  wi th  1 5% port l and cement and 23% mo i sture content cured at 4 9  C for 3 days . 
HE5 : Hunt i ngton bottom ash  wi th  1 5% port l and cement and 1 8% mo i sture content cured at 23  C ( a i r )  for 7 days . 



Tabl e 6 . 1 5 .  F l ux of cal c i um d i ffu sed from the  opt i mum bl ocksa dur i ng tank  d i s so l ut i on exper i ment . 

T i me F l ux x 1 0
-8 mol eLmm2Lda� 

(day )  

1 
3 
6 

1 0  
1 5  
2 1  
28 
3S 
42  
49  
S6  
70 
98 

1 30 

a .  WAD4 
COE2 
HES 

WAD4 COE2 HES 

Top M i dd l e Bottom Top M i dd l e Bottom Top M i dd l e Bottom 

1 6 . 84 1 8 . 96 2 2 . 88 40 . 3 1  38 . 96 S9 . 1 7 3 S . 2S 34 . 2 1 S0 . 1 8 
S . 8S - 2 . 34 4 . 20 1 1 . 88 1 8 . 34 43 . 9 1 1 0 . 99 1 3 . 4 1 28 . 04 

-0 . 82 - 3 . S l - 0 . 29 1 6 . 96 20 . 67 38 . 03 3 . 9S 4 . 44 1 2 . 82 
- 1 . SS - 1 . 82 - 0 . S7  18 . 6 1 1 6 .  7 7  28 . 96 2 . 09 2 . 1 2 6 . 87 
- 1 . 1 7 - 1 . 2 7 - 1 . 08 1 3 . 1 3 1 2 .  77  20 . SS 0 . 43 0 . 1 8 S . 02 
- 0 . 64 - 0 . 98 - 0 . 8 1  8 . 00 9 . 26 1 4 . 60 - 0 . 04 - 0 . 4 1 3 . 3S 
- 0 . 44 - 0 . 66 - 0 . 34 S . 1 1  6 . 7 S 9 . 7 2 - 0 . 0 1 - 0 . 02 2 . 1 0 
- 0 . 34 - 0 . 38 - 0 . 1 2  3 . 70 S . 1 8 6 . S2 - 0 . 03 0 . 09 1 . 43 
- 0 . 1 8 - 0 . 1 7  0 . 03 3 . 0 1 3 . S2 4 . 7 S 0 . 1 8 0 . 1 0 1 . 1 0 
- 0 . 1 0 0 . 03 0 . 1 2 2 . S9 3 . 00 3 . S6 0 . 36 0 . 1 3 0 . 93 
- 0 . 02 - 0 . 06 - 0 . 0S 2 . 78 3 . S l 4 .  7 1  0 . 2 S 0 . 1 2 1 . 00 
- 0 . 07 - 0 . 2 1 - 0 . 1 4 3 . 93 4 . 42 6 . 28 0 . 1 1  0 . 1 6 1 . 22 
- 0 . 1 1  - 0 . 1 3  - 0 . 07 3 . 73 3 . 87 4 . 8S 0 . 24 0 . 1 1  1 . 29 
- 0 . 09 - 0 . 03 - 0 . 04 1 . 4 1  1 . 4 S 1 . 69 0 . 1 3 0 . 0 1 O . S7 

Westchester compos i te ash  wi th  1 S% port l and cement and 1 7% mo i sture content cured at 49 C for 1 day .  
New York C i ty fl y ash wi th  1 S% port l and cement and 23% mo i sture content cured at 49 C for 3 days . 
Hunt i ngton bottom ash  wi th  1 S% port l and cement and 1 8% mo i sture content cured at 23 C ( a i r )  for 7 days . 
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F i gure 6 . 5  Ca l c i um fl ux i n  Wes tches ter o�t i mum bl oc ks 
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F i gure 6 . 6  Ca l c i um fl ux i n  New York C i ty opt i mum b l ocks . 

60 

50 

40 

30 

20 

1 0  

0 
0 20 

D Top 

40 

+ Midd le 

C a l c i u m  Fl u x  

New Yo rk City B locks 

- - - · - -- - -· · - - -· - - - - -. --� 

60 80 

lime (day) 
� Botto m 

1 00 1 20 



-
>. 
0 

1J 
" N 
( 
E 
E " 
Q) 
0 
E 

ro 
I 

( 
0 

F i gure 6 . 7  Ca l c i um fl ux i n Hunt i ngton  o p t i mum b l oc k s . 
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i on - p a i r i ng i n  seawater . Accord i ng to  Stumm and Morg an ( 1 98 1 ) , the  

pr i or i ty of  so l u b i l i ty for Ca compounds i n  seawater at 2 s0c ,  1 atm  i s :  

Ca ( OH ) 2 > CaS04 · 2H2o > Caco3 . Ca ( OH ) 2 has  the  h i ghest  so l u b i l i ty i n  

seawater and Caco3 i s  the  l east  so l ub l e .  Al t hough the  c al c i um compounds 

were i ncorporated i nto the  bl ocks dur i ng the  c ur i ng proces s ,  s ome free 

ca l c i um compounds  were s t i l l  present at the  exter i or port i on s  of  the  

proctors . S i nce exper i ments were conducted at  room temperature , the  

rel at i ve l y h i g h ca+2 fl uxes i n  the  earl i er stages  of  the  study may be due  

to  the  d i s s o l ut i on  of  the  free Ca ( OH ) 2 and Caso4 present  at the  s urface of 

the  proctors . After d i s so l ut i on of  free ca l c i um compound s ,  t he  i nter i or 

ca l c i um d i ffused outward to  the  seawater . For the  tan k  s tudy , s i nce 

proctors were s u spended i n  seawater , on l y  a smal l port i on o f  mater i al  wa s 

d i rect l y  i n  contact  w i t h  t he  seawater . The factor therefore control l i ng 

d i ffu s i on of  ca+2 from the  proctors to  t he  s urround i ng seawater , was 

tortuos i ty ,  the d i ffu s i on path  needed for i on s  to  pass t hrough  the  

proctor , rather t han permeab i l i ty .  The  exponent i al d rop i n  Ca  fl ux w i t h  

i ncreas i ng t i me demon strates that the  s urfaces  of  the  proctors became 

rap i d l y  depl eted i n  c a+2 . D i ffu s i on of ca+2 from the  proctor s ub - l ayer to  

the  t an k  so l ut i on i s  apparent l y retarded by the  i ncrease  i n  t h e  path  

l ength  of  the  d i ffu s i ng i on s , wi th  the  net resu l t t h at the  fl ux  of  c a+2 

decreased w i t h  i ncreas i ng t i me .  

The negat i ve c a+2 fl ux observed i n  Westchester bl ocks  after 3 days 

m i ght  be due  to  the  i ncorporat i on of ca l c i um from the  seawater to  form the  

cement i t i ou s  crysta l s .  Sel i gman ( 1 978 )  observed the  prec i p i tat i on of  

c al c i um a l umi no s i l i cate i n  the  cementat i on proce s s . Th i s  means  seawater  

i mmers i on does  not resu l t i n  the  progres s i ve l os ses  of  the  bl ock ' s 

i ntegr i ty but cont i n ue to  form cement i t i ou s  products ( Roethe l , 1 98 1  and 

Duedal l et  Al. . , 1 983 ) , wh i ch was  al so  seen at the  s u bmers i on ( seatabl e )  

test  ( refer  to  Tabl e 5 . 5 ) . 
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D I F FUS I ON MODEL  

Theory 

A one - d i men s i onal  d i ffus i on model  was exam i ned to  ascert a i n the  

i mpact of  the  cal c i um l each i ng from the  stab i l i zed bl ocks to the  

s urround i ng seawater on  the  structural  i ntegr i ty of  bl ocks . Accord i ng t o  

the  mode l  g i ven by Duedal l et ,gl .  ( 1 983 ) , the  fl ux of i on s  t hrough  the  

i nterface i s  g i ven by , 

where 

J = fl ux of  i on i n  m i l l i mol es/cm2/sec , 

h = tran s fer coeffi c i ent , 

S
0 

= concentrat i on i n  t he  bl ock  i n  m i l l i mol es/cm3 , 

D = d i ffus i on coeff i c i ent  i n  cm2/sec , and 

t = t i me i n  second . 

For t > >  D/h 2 , t h e  fl ux i s  approx i mate ly  expres sed , 

J = So • ( D/� · t ) l/2 . 

Thus , J i s  proport i ona l  to  t 112 as  t i me progresses . And  t he  d i ffus i on 

coeffi c i ent  ( 0 )  can be e s t i mated as , 

D = � • t ( D/S0 ) 2 . 

The  e ffect i ve di stance of  d i ffu s i on ( X
e ) '  defi ned as  t he  depth  where 

t here i s  a ch ange i n  the ca+2 concentrat i on due  to  d i ffu s i on ,  i s  g i ven by , 

X = ( 2  • D • t ) 112 • c 

E st i mat i on of  Expected L i fet i me of  Bl ock  i n  Seawater 

Us i ng the cal cu l ated val ue  of  D ,  Xe can be determ i ned for var i ous  

t i mes . As an exampl e for  Westchester Bl ock  ( WAD4 ) : 

t • 1 3 0  days  

1 6 0 



Tabl e 6 . 1 6 .  Ca l cu l ated d i stance ( Xe )  of  the  d i ffu s i on zone i n  opt i mum bl ocks . 

Xe ( cm ) a 

T i me (day) WAD4 COE2  

1 00 0 . 002 O . OS7  
200  0 . 003 0 . 080 
36S ( 1  y )  0 . 003 0 . 1 08 
730 ( 2  y) o . oo s  0 . 1 S3 

1 09S (3  y)  0 . 006 0 . 187  
182S  (S  y )  0 . 008 0 . 2 4 2  
36SO ( 1 0 y) 0 . 0 1 1  0 . 34 2  

1 09SO (30 y )  0 . 0 1 9  O . S93 
1 82SO ( SO y )  0 . 024  0 . 76 S  
36SOO ( 1 00 y )  0 . 034 1 . 082 

a .  Refer to the  equat i ons  i n  �ect i on 6 . S . l .  _ 1 3  b .  Di ffus i on coeff i c i ents ( cm / sec ) ; WAD4 : S . 1 7  x 1 0 _ 1 0  COE2 : 2 . 86 x 1 0 _ 1 2  HES  : 2 . 09 x 1 0  

H E 5  

0 . 009 
0 . 0 1 2  
0 . 0 1 6  
0 . 023  
0 . 028  
0 . 03 6  
O . OS l  
0 . 089 
O .  l l S  
0 . 1 63 

c .  When cal cul at i ng d i ffus i on coeff i c i ent s ( 0 ) , average val ues  of  top , m i ddl e 
and bottom sect i o� s were u sed for the  i on fl ux ( J0 ) . 

d .  Wet den s i ty ( g/cm ) ; WAD4 : 1 . 97 
COE2 : 1 .  64 
HES : 1 .  77 



t h u s  

J = - 5 . 4 1 x 1 0 - 5  m i l l i mol es/cm2/day 

S0 = 3 . 2 1 m i l l i mol e s/g 

= 6 . 3 2 m i l l i mol es/cm3 ( Wet dens i ty = 1 . 97 g/cm3 ) 

D = 1 . 6 1  x 1 0 - 8 cm2/day 

= 1 . 86 x l o - 1 3  cm2/sec . 

For the  C i ty and Hunt i ngton bl ocks , D equa l s 1 . 86 x 1 0 - 1 0  and 4 . 20 x 

1 0 - 1 2 cm2/sec , res pect i ve l y .  Tabl e 6 . 1 6  represents  the  effect i ve d i stance  

( Xe )  o f  the  d i ffu s i on zone i n  the  stab i l i zed bl ocks . I t  i s  s h own that i t  

w i l l  t a ke more than  a century for d i ffu s i on to affect the  outer  0 . 04 cm o f  

the  Westchester bl ock . 

D i s cu s s i on 

The mode l  u s ed to  pred i ct the  l i fe - t i me of  the  s t a b i l i zed bl ocks  i n  
the  s e awater i s  based  on  two a s s umpt i ons : ( 1 )  Al l the  s o l ub l e cal c i um 

compounds  cont a i ned  i n  the  bl ocks  wi l l  eventua l l y  d i ffu se  to  the  ocean  
dur i ng  the  prol onged exposure t i me .  ( 2 )  Mol ecul ar d i ffus i on i s  the  
p r i n c i pa l  p roces s  for  the  l o s s  of maj or components . van  der  S l oot et ,gl .  

( i n  pre s s ) mod i f i ed the  Duedal l d i ffus i on model  w i th  respect t o  a s s umpt i on 
{ l )  and i ncorporated a term ,  fract i onat i on coeffi c i ent , for the  l each abl e 

fract i on to  eva l u ate  the  effect i ve d i ffu s i on coeffi c i ent . They argued 

t h at the  u l t i mate l eachabl e fract i on from a cert a i n product  i s  i mportant  

for i t s l each i ng beh av i or .  However , s i nce the  work  of  van  der  S l oot et 

,gl. has not  yet been s u bj ected to cr i t i ca l  rev i ew ,  we con t i n ued al ong w i t h  

the  Duedal l d i ffu s i on model . 

The  d i ffus i v i ty of  c a+2 at room temperature ( 2 5°C )  for the  

Westchester  bl ocks  i s  1 . 86 x l o - 1 3  cm2/sec . T he  mode l  pred i cts  that i n  

1 00 years , at 25°c and at sa l i n i ty 26 , on l y  an outer  0 . 04 cm of  the  

We stchester  bl ocks  wou l d be  affected by l os s  of  ca+2 . I n  coasta l  mar i ne  

env i ronment s ,  temperatures cycl e annual l y  between 1 °C and  2 5°c and  the  

expe r i ment  was  performed at  room temperature ( 2 5°C )  and above  due  to 

heat i ng from the  e l ectr i c st i rr i ng motors . S i nce d i ffu s i v i ty decreases  

w i th  decreas i ng temperature ( L i  and  Gregory , 1 974 ) , the  mode l  p red i ct i on s  
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pre s ented here probabl y represent  max i mum va l ues  for t h e  effect i ve depth  

of  the  d i ffu s i on zone for  the  bl ocks  exposed i n  the  open sea . 

The  above model  does  not  however account  for the  phys i co - chem i ca l  and  

b i o l og i ca l  proce s s e s  except the  d i ffu s i on beh av i or .  I on exchange  proce s s  

may b e  another  regu l at i ng factor i n  control l i ng t h e  ca+2 fl ux . Edward 

{ 1 983 ) observed t hat ca+2 fl uxes were greater i n  seawater t h an i n  

fres hwater because  o f  the  repl acement of  ca+2 by Mg+2 i n  seawater . 

Furthermore , b i o l og i ca l  co l on i zat i on proces s e s  wh i ch may be e i ther  

destruct i ve or  s t a b i l i z i ng i n  the  mar i ne  env i ronment ,  may h ave a greater 

detr i menta l  effect  t h an d i ffus i on of  maj or  components . Earl i er s t ud i e s 
w i t h  bl oc ks o f  fl y a s h  and fl ue  g a s  de su l fur i zat i on s l udge { Roethe l  et  
,gl . , 1 980 , Humphr i es ,  1 982  and Duedal l et ,gl . , 1 983 ) , s h owed t hat the  c l am 
Z i rfaea c r i spat a , the  mud crab Rh i th ropanopeus  har i s s i i ,  t he  tube  dwe l l i ng 
amp h i pod Coroph i um l acus tre , and the  barn ac l e Bal anus  i mprov i s u s , were 
abl e to bore i nto  or otherwi se  b i o - erode bl ock  s urface s . On the  other  
h and , the  f i nd i ng  of  encrust i ng  organ i sms such  a s  bryozoan co l on i e s 
{ org an i sms w i th  ca l c i um carbonate exos kel eton s )  overgrow i ng s ome b l ocks  
may i nd i cate  reduct i on of  ca l c i um fl ux . B i oeros i on and b i o stab i l i zat i on 
may wel l h ave a greater i nfl uences  on  bl ocks  i n  the  mar i ne  env i ronment and 
further  extrapo l at i on o f  the l aboratory res u l ts  to  the actua l  mar i ne  
env i ronment  wou l d not  be warranted . Obv i o u s l y  more wor k  needs  to  be done  
w i th  respect  to  t he  e ffect of  b i ol og i ca l  act i v i t i e s on  the  l each i ng and/or  
add i ng o f  meta l s from/onto the  stab i l i zed bl ocks . 
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Sect i on 7 

M I N ERALOGY : COMPOS I T I ON AND ALTERAT I ONS 

The  m i nera l ogy of  t he  var i o u s  i n c i nerators ' res i dues , opt i mum 

strengt h  b l ocks  and s e awater s u bmerged bl ocks  was exam i ned  u s i ng t h e  

techn i ques  o f  p owder  x - ray d i ffract i on ( XRD ) a n d  scann i ng e l ectron  

m i cro s copy ( S EM ) . XRD was u s ed to  i dent i fy m i nera l  p h a s e s  present  i n  t h e  

d i fferent  s pec i men s . The  SEM  w a s  u s ed ( 1 )  to  determ i n e  p art i c l e  s i ze and  

morpho l ogy o f  d i fferent end members and ( 2 )  to  observe crysta l  growt h i n  

order  to  i n fer c h em i ca l  proce s s e s  t hat  may be occurr i ng i n  t h e  s tab i l i zed 

m i xes  both  p r i or  to  and fo l l ow i ng s u bmers i on .  Photom i cros copy was  very 

u s e fu l  i n  t h e  i dent i f i c at i on of  m i crocrysta l l i n e m i nera l s normal l y  not  

observed by l i g h t  m i cros copy or  by s tand ard XRD  techn i ques . 

APPARATUS AND PROC EDURES 

X - ray D i ffract i on An al ys i s 

I n  order t o  eva l uate  t h e  effects  of  a s h  s t a b i l i z at i on and s e awater 

s u bmers i on ,  x - ray d i ffract i on pattern s were t a ken o f  the raw a s h  mater i a l , 

opt i mum strength  b l o c ks and s u bmerged b l o c ks to  fo l l ow t h e  c h ange  i n  

m i nera l  structure t h at occurs . The  m i nera l og i ca l  compos i t i on o f  t h e  

spec i men w a s  determ i ned  by x - ray d i ffract i on ana l ys i s  o f  u n o r i ented mounts  

o f  powdered s ampl e s . The  powdered s amp l e s  were prepared by  g r i nd i ng a 

freeze - d r i ed s ampl e and p as s i ng i t  through  a No . 200  s i eve  ( me s h  s i ze 

7 5  µm ) . A port i on o f  t h e  s ampl e was spread i n  a t h i n  l ayer on  a g l a s s  

s l i de a n d  ana l yzed on  a P i c ker  ( New Hyde Par k ,  New Y o r k )  x - ray 

d i ffractometer u s i ng  C u - Ka rad i at i on at  3 5  Kv and 23 mA and  a 70 ° to  5 °  

2 8  s c an . 

The  d i ffractograms were exam i ned for t h e  presence  o f  m i nera l s u s i ng 

for peak  i dent i f i c at i on t h e  a l p h abet i ca l  i ndex for i norg an i c  mater i a l s 

comp i l ed by t h e  J o i n t  Comm i ttee  on  Powder D i ffract i on Standard s , ( J C PDS , 

1 9 7 9 ) . C l a s s i f i c at i on o f  m i nera l  p h a s e  presence  a s  maj or  o r  m i nor  was  

ba sed upon  the  n umber o f  d i ffract i on peaks  i dent i f i ed a s  we l l a s  p e a k  
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i n tens i t i e s .  S i nce  t h e  i n tens i ty o f  x - ray d i ffract i on by a g i ven  m i nera l  

phase  i s  a funct i on o f  t h e  degree o f  m i neral  crysta l l i n i ty a s  wel l as  

crysta l  s i ze ,  t h i s c l a s s i f i cat i on i s  q ua l i tat i ve .  An auth i gen i c a l l y  

prec i p i t ated p h a s e , s u c h  a s  ettr i ng i te for examp l e ,  may y i e l d  a we ak  

d i ffract i on p attern  even  t h o ug h  present  i n  l arge quant i ty s i n c e  i t  w i l l  be 

poorl y cryst a l l i zed i n  i n c i nerat i on res i dues . 

Scann i ng E l ectron  M i croscopy 

Scann i ng e l ectron  m i croscopy was u sed to  determ i n e  morpho l og i c al  

c h anges  i n  the  res i d ues  at v ar i o u s  stages  o f  t he  proj ect . As h s ampl e s  

were mo unted  onto  s t a i n l e s s  stee l  s tubs  w i t h  PC · 7  epoxy and then  go l d 

co ated or  graph i te co ated to  i ncrease  re so l ut i on . S ampl e s  t h en were 

observed on  a J EO L  mode l  3 5 C  ( To kyo , J apan ) scann i ng e l ectron  m i croscope  
0 

wi t h  re s o l u t i on  c a p a b i l i ty of  l OOA wh i ch i s  l oc ated at t h e  Dep artment  of  

Eco l ogy and Evo l ut i on o f  the  State  Un i vers i ty of  New  York  at Stony Broo k .  

RESU LTS 

I n c i nerat i on Re s i du e s  

X - ray d i ffract i on p attern s for t he  var i o u s  i n c i n erat i on re s i dues  are 

s h own i n  F i g ure 7 . 1 .  Tab l e 7 . 1  s ummar i ze s  the i mportant  c h aracter i s t i c s 

o f  t h e s e  d i ffractograms . 

The  m i nera l og i ca l  compos i t i on o f . Westchester  a s h  appears  to  be 

domi n ated by the presence  o f  ca l c i te ( CaC03 ) ,  An hyd r i te  ( C aso4 ) ,  and 

Q u artz ( S i 02 ) a s  maj or  m i n eral  p h a s e s  wh i l e  Portl and i te [ C a ( OH ) 2 ] and 

Ettr i ng i te  [ C a6Al 2 ( S04 ) 3 ( 0H ) 1 2 . 2 sH20 ]  where pre s en t  a s  m i nor  con s t i tuents . 

H un t i ngton  a s h  i s  s i m i l ar to  Westchester  a s h  w i t h  i t s maj or  peaks 

attr i butab l e t o  c a l c i te and qu artz , h owever  anhyd r i te  i s  pre s e n t  i n  m i nor  

proport i on wh i l e  port l and i te and ettr i n g i te  are  not  present . New York  

C i ty a s h  i s  rather  d i fferent from the  other  as  i s  obs erved by t h e  m i nor  

presence  o f  c a l c i te and qu artz and CaS03 · 1/2H2o wh i l e  a n hyd r i te  a nd  NaC l  

are  present  a s  maj or  p h a s e s . 
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Tabl e 7 . 1 .  M i nera l  compos i t i on of  i nc i nerat i on res i dues . 

We stchester New York C i ty Hunt i ngton 

2 8 d 2 8 d 2 8 d 

23 . 1  3 . 86 23 . 1  3 . 85 29 . 4  3 . 04 
2 9 . 5  3 . 03 29 . 7  3 . 0 1 36 . 0  2 . 49 
3 9 . 5  2 . 28 3 9 . 5  2 . 28 
43 . 1  2 . 1 0 47 . 6  I .  9 1  

48 . 3  1 . 88 

2 5 . 6  3 . 48 2 5 . 6  3 . 48 2 5 . 4  3 . 5 1 
3 1 . 5 2 . 84 3 1 . 5  2 . 84 3 1 . 4  2 . 85 
38 . 8  2 . 3 2 38 . 6  2 . 33 33 . 2  2 . 70 
4 1 . 0  2 . 20 4 1 . 0  2 . 20 4 1 . 0  2 . 20 

43 . 3  2 . 09 
48 . 3  1 . 88 

1 8 . 2  4 . 87 
34 . 2  2 . 62 
4 7 . 2  1 . 93 
50 . 9  I .  79  

2 0 . 9  4 . 2 5 26 . 7  3 . 34 2 6 . 6  3 . 3 5  
26 . 9  3 . 3 1  3 6 . 6  2 . 46 
50 . 2  1 . 82 50 . 2  1 . 82 

60 . 0  I .  54 
9 . 2  9 . 6 1 

1 5 . 8  5 . 6 1 
2 2 . 9  3 . 88 
3 2 . 3  2 . 7 7 

3 1 . 8  2 . 8 1 
4 5 . 6  1 . 99 
56 . 6  1 . 63 

28 . 4  3 . 1 4 
34 . 5  2 . 60 

1 6 6 
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An hydr i te  
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Ettr i ng i te 
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F i gure 7 . 1  - X- ray d i ffractog rams o f  i nc i nera t i on  res i dues . 

( a )  New York  C i ty 

( b )  Westches ter 

( c )  Hunt i ngton 
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The  x - ray d i ffractograms of  t h e  var i o u s  re s i dues  exh i b i t  a l ower 

s i g n a l  to  n o i s e  rat i o  t h an t hat  observed for the opt i mum m i x b l o c ks . Th i s  

can  be att r i buted to  t he  presence  o f  l arge amounts  o f  amorph o u s  mater i a l  

wh i ch may a l s o  h ave  a s h i e l d i ng for any  crysta l l i ng mater i a l  present  i n  

t h e  s amp l e t h u s  o b s c ur i ng  smal l er peaks . The  i n crease  i n  t h e  ba se l i ne as  

t h e  scan  proceed s down s c a l e i s  attr i butabl e to  l arge amo u n t s  o f  g l a s s  and  

amorph o u s  phases  o f  i ron . 

Scann i ng e l ectron m i crograph s  o f  i nc i n erat i on res i d ues  are s h own i n  

F i g ure 7 . 2 .  The  maj o r i ty o f  crysta l  devel opment  obs erved was a s s oc i ated 

w i th  the Westchester  res i d ue . Tubu l ar cryst a l s 1 - 5 µm i n  l atera l  

demi n s i on and 0 . 1 - 0 . 5  µm i n  t h i c kn e s s  were un i forml y d i spersed 

throughout  t h e  res i due . New york C i ty a s h  a l s o  exh i b i ted a h i g h degree o f  

cry s t a l  deve l opmen t , n umerou s  spher i ca l l y  s h aped part i c l e s rang i ng i n  s i ze 

from 1 - 40 µm were obs erved . Hun t i ngton  s amp l e s  were not ab l e i n  t h e  

reduced amo unt  o f  crysta l  deve l opment  seen  w h e n  compared to  t h e  two o t h e r  

a s h  type s . F l at p l ate l ets  1 0  - 1 00 µm dom i n ate  t h e  p h otom i crograph s .  

S tab i l i zed I n c i nerat i on Res i d ues  

X - ray d i ffract i on pattern s o f  t h e  opt i mum bl o c ks are  s h own i n  F i g u re 

7 . 3  w i t h  a s ummary o f  t h e  i mportant  c h aracter i s t i c s presented i n  Tabl e 

7 . 2 .  

Al l b l ocks  s h ow very much  t he  s ame m i n eral og i ca l  patterns  i n  

comp ar i son  to  t he i r respect i ve a s h  s ources . The  We s t c h e s ter opt i mum m i x 

b l o c k  d i ffers  on l y  by t h e  l o s s  o f  t h e  a n hyd r i te  peaks and  t h e  c h ange of  

Portl and i te to  a maj or  m i nera l  p h a s e . The  i ncre a s e  i n  portl and i te can  be  

expected s i n ce  t h e  s t a b i l i zat i on add i t i ve ( Type 1 Port l and cement ) 

conta i n s l arge amounts  o f  portl and i te .  The  l o s s  o f  t h e  an hdyr i t e  peak  may 

res u l t from part i a l hydrat i on of  t h e  C aso4 dur i ng  bl o c k  fabr i c at i on 

form i ng  poor l y cry s t a l l i zed C aS04 · 1/2H2o o r  Caso4 . 2H2o .  Th i s  wou l d 

account  for i t s l o s s  from t h e  pattern . H un t i ngton  b l o c k  fo l l ows t h e  s ame 

c h anges  i n  m i nera l ogy from a s h  to  b l o c k  as  We stchester  b l oc k .  An hyd r i te 

i s  l o st , port l and i te i s  g a i ned  and , i n  add i t i on ,  ettr i ng i te  i s  formed . 

New York  C i ty b l o c k  s h ows n o  c h ange . 
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F i g u re 7 . 2  S c a n n i n g e l e c t ro n  m i c ro g ra p h s  o f  i n c i n e ra t i o n  
r e s i d u e s . 

( a )  We s tc h e s t e r  res i d u e  - u p p e r  

( b )  N e w  Y o r k  C i ty f l y a s h  - m i d d l e 

( c )  H u n t i n g to n  res i d u e  - l owe r 
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Tabl e 7 . 2 .  M i nera l  compos i t i on of  stab i l i zed i nc i nerat i on res i dues . 

Westchester  New York  C i ty Hun t i ngton M i nera l  

2 8 d 2 8 d 2 8 d 

29 . 5  3 . 03 23 . 2  3 . 83 29 . 6  3 . 02 Ca l c i te 
39 . 5  2 . 28 29 . 7  3 . 0 1 36 . 1  2 . 49 
4 7 . 6  1 .  9 1  36 . 1  2 . 49 39 . 7  2 . 2 7 

39 . 2  2 . 30 4 7 . 8  1 .  90  
48 . 3  1 . 88 

2 5 . 8  3 . 45 An hydr i te  
3 1 . 6  2 . 83 
4 1 . 1  2 . 20 

1 8 . 2  4 . 87 1 8 . 2  4 . 87 Port l and i te 
34 . 2  2 . 62 34 . 4  2 . 6 1 
4 7 . 2  1 .  93 4 7 . 4  1 . 92 

2 6 . 7  3 . 34 26 . 9  3 . 3 1  26 . 7  3 . 34 Q uartz 
36 . 7  2 . 4 5 60 . 3  1 . 53 50 . 4  1 . 8 1  
60 . 1  1 . 54 60 . 3  1 . 53 

9 . 1  9 . 72 9 . 3  9 . 5 1 . Ettr i  ng i te  
1 5 . 9  5 . 57 1 6 . 0  5 . 54 
3 2 . 3  2 .  7 7  3 2 . 4  2 . 76 

3 5 . 4  2 . 54 

3 2 . 0  2 . 80 NaC l  
4 5 . 8  1 . 98 
56 . 8  1 . 62 

28 . 6  3 . 1 2 C aS03 · 1/2H20 
34 . 7  2 . 59 
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f i g u re 7 . 3  X- ray d i ffractog rams of  s ta b i l i z ed i nc i nerat i on 
res i dues . 

( a )  New York  C i ty 

( b )  Wes tc hes ter 

( c )  H u nt i ngton 
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Re s u l t s  from S EM are s h own i n  F i g ure 7 . 4 .  S ampl e s  were t a kep  from 

opt i mum b l o c ks of each  a s h  type . I mproved c rysta l  deve l opment  was  

observed i n  two areas : 

( 1 )  t h e  n umbers o f  crysta l s per " group " ( or area o f  deve l opment ) 

( 2 )  and/or t h e  n umber o f  group i ngs . 

For  a l l t h ree  a s h  types ,  crysta l  deve l opment was i n creased i n  both  

manners . 

We stchester  and New York  C i ty s t a b i l i zed proctor s ampl e s  were 

obs erved to p o s s e s s  a t i g h t  a s s embl age of i nterl o c k i ng  crysta l s .  Wel l 

def i ned cryst al s and amorp h o u s  mater i a l  appear to  be even l y woven 

toget her , i nd i c at i ng a h omogeneous  m i xture o f  the pr i n c i pa l  componen t s . 

Hunt i ngton  res i d ue  s h ows l e s s  we l l def i ned crysta l  deve l opment  rel at i ve t o  
t h e  other  res i d ue  type s . 

Effects  o f  Seawater Submers i on 

Opt i mum m i x bl ocks  were s u bmerged i n  s eawater , for 60 days removed 

and s u bsequen t l y prepared for x - ray d i ffract i on a na l ys i s .  The XRD 

p attern s are presented i n  F i gure 7 . 5 .  Tabl e 7 . 3  s ummar i ze s  c h anges  i n  .. 

m i nera l  p h a s e s  t h at occur . 

I t  i s  obs erved t h at a l l b l o c ks form gyp s um ( C aso4 . 2H20 )  after 60 d ays 

o f  s e awater expos ure . Gyps um devel opment  was exten s i ve i n  the New York  

C i ty b l ocks , a fact  t h at w i l l  l e ad to  t h e  fa i l ure o f  t h i s mater i a l  i n  the  

weeks  a h e ad . I n  add i t i on ,  Hunt i ngton  proctors  fo l l ow i ng  s u bmers i on l oo s e  

portl and i te a n d  ettr i ng i te wh i l e  New Y o r k  C i ty b l o c k  s h ows a red uct i on i n  

anhyd r i te  and  NaC l . 

Scann i ng e l ectron m i crographs  o f  t h e  s u bmerged  bl ocks  are s h own i n  

F i g ure 7 . 6 .  We stchester  b l ocks  s howed a further  i ncre a s e  i n  crysta l  

deve l opment  after  s u bmers i on .  New  York  C i ty b l o c ks s h owed a s i gn i f i cant  

i n cre a s e  i n  crysta l  deve l opmen t . T i g h t l y pac ked gyps um c rysta l s dom i n ate 

the p hotom i crograp h s . F i n a l l y ,  Hunt i ngton  b l ocks  exh i b i ted an 

unch aracter i s t i c  " fl a ky "  appearance t h at seemed to  conta i n  no not i ceab l e 

crysta l  deve l opment , even  at h i gher  magn i f i cat i on s . 
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F i g u re 7 . 4  S c a n n i n g e l ectron  m i c ro g ra p h s  o f  s ta b i l i z e d  
i n c i n e ra t i o n  res i d u e s . 

( a )  We s tc h e s te r  re s i d ue - u p p e r  

( b ) H u n t i n g to n  re s i d u e  - m i d d l e 

( c )  New Y o r k  C i ty - l owe r 
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Tabl e 7 . 3 .  M i neral  compos i t i on of  stab i l i zed bl ocks after 60  days  
s u bmers i on i n  seawater . 

We stchester  New York  C i ty Hun t i ngton  M i neral  

2 9 d 2 9 d 2 9 d 

23 . 2  3 . 83 23 . 2  3 . 83 23 . 2  3 . 83 Ca l c i te 
29 . 5  3 . 03 29 . 6  3 . 02 2 9 . 6  3 . 02 
3 9 . 5  2 . 28 3 9 . 6  2 . 28 
43 . 1  2 . 1 0 
4 7 . 7  1 .  9 1  

2 5 . 5  3 . 49 Anhydr i te  
3 1 . 3  2 . 86 
40 . 9  2 . 2 1 

1 8 . 2  4 . 87 Port l and i te 
34 . 2  2 . 6 2 
47 . 3  1 .  9 2  

26 . 7  3 . 34 26 . 6  3 . 3 5 26 . 8  3 . 33 Qu artz 
50 . 2  1 . 82 60 . 2  1 . 54 
60 . 1  1 . 54 

9 . 1  9 . 7 2 Ettr i ng i te  
1 5 . 8  5 . 6 1 
3 2 . 3  2 . 7 7 

3 1 . 8  2 . 8 1  NaCl  

28 . 1  3 . 1 8 CaS03 . l/2H20  
34 . 6  2 . 59 

1 1 . 2 7 . 90 1 1 . 8  7 . 50 1 1 . 3  7 . 83 Gyp s um 
20 . 8  4 . 2 7 20 . 9  4 . 2 5 
29 . 1  3 . 07 29 . 2  3 . 06 
3 1 . 2  2 . 87 
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f i g u re 7 . 5  X- ray d i ffractog rams of  s ta b i l i z ed i nc i nera t i on  
b l o c k s  a fte r 60 days s u bmers i on i n  s eawater . 

( a )  New York  C i ty 

( b )  Wes tches ter 

( c )  H unt i ngton 
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F i g u re 7 . 6  S c a n n i n g  e l e c t ro n  m i c ro g ra p h s  o f  s ta b i l i z e d  b l o c k s  
a fte r 6 0  days o f  s u bmers i o n i n  s ea wa te r . 

( a ) We s tc h e s te r  r e s i d u e  - u pp e r 

( b ) H u n t i n g to n  re s i d u e  - m i d d l e 

( c ) New Y o r k  C i ty f l y a s h  - l ow e r  

1 8 1 
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D I SCUSS I ON 

The  s t a b i l i z at i on mec h an i sms re spon s i bl e  for t h e  deve l opment  of  

strength  i n  t h e  s t a b i l i zed b l ocks  h ave  t he i r o r i g i n  i n  t h e  m i nera l ogy o f  

t h e  reactant  end  members . The  o utstand i ng property that  m a k e s  fl y a s h  a 

v i ab l e mater i al i n  t h e  s t a b i l i zat i on proces s  i s  i t s pozzol an i c  n at ure . A 

pozzo l an i s  a s i l i ceous  mater i a l  or  a l um i na - s i l i ceous  mater i a l  wh i ch i s  

not  cement i t i ou s  i n  i t s e l f ,  but wh i ch ,  i n  f i n e l y d i v i ded form and i n  t h e  

presence  o f  mo i s t ure , reacts  w i t h  a l kal i a n d  a l kal i n e - e arth  c o n s t i tuents  

prod uc i ng cement i t i ou s  prod ucts  ( ASTM , 1 9 7 5 ) . The  pozzol an i c  react i on s  

between  t h e  i n c i nerat i on waste  and t h e  s t a b i l i zat i on add i t i ve c a n  be 

great l y  i n fl uen ced by the m i nera l ogy of each  of t h e  re s i dues . The  

react i v i ty ,  def i ned  a s  t h e  bond i ng capab i l i ty o f  a s h , i s  a funct i on of  

severa l  factors  ( Barber , 1 9 70 ; Thorn and  Wal t ,  1 96 5 ; V i ncent  et ,9} . , 

1 96 1 ) s ome of  wh i c h are : 

a .  tota l  amo unt  o f  q uartz and a l umi n a  a s s o c i ated w i t h  the fl y a s h  

b .  amount  o f  free l i me present  i n  t h e  fl y a s h  

c .  presence  o f  c arbon i n  t h e  fl y a s h  

d .  f i n e n e s s  o f  t h e  fl y a s h , and 

e .  s urface c h aracter i zat i on o f  the fl y a s h  

For  i tems a ,  b ,  d ,  a n d  e i t  appears t h at t h e  greater  t h e  q u a l i ty ,  

va l ue  o r  degree o f ,  t h e  greater t h e  pozzol an i c  react i v i ty .  For  i tem c ,  

c arbon beyond certa i n  concentrat i on s  w i l l  i n h i b i t  t h e  react i v i ty of  t h e  

fl y a s h  ( V i ncent  et  .9} . , 1 96 1 ) . 

Knowl edge pert a i n i ng t o  any a l terat i o n s  i n  t h e  m i nera l ogy o f  t h e  

reactants  s u bsequent  to  s t a b i l i z at i on may prov i de i n format i on a s  to  t he  

structure o f  bond i ng componen t s . A l l a s h  type s  benef i ted from t h e  

s t a b i l i zat i on proces s .  Crysta l  deve l opment  i ncre a s ed fo l l ow i ng  

fabri c at i on l eaa i ng to  a s trong b l oc k .  X - ray d i ffract i on patterns  c l ear l y 

i dent i fy q u artz and a v a r i ety o f  ca l c i um compounds  i n  each  o f  t h e  

res i d ues . T h e s e  mater i a l s are nece s s ary for t h e  deve l opment  o f · 

s tructura l l y  i mport ant  react i on prod ucts  s uc h  as  ettr i ng i te  and  ca l c i um 

s i l i c ates . 
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S u bmers i on affected each  a s h  type d i fferen t l y .  Westchester  b l ock s  

exh i b i ted  an i n crease  i n  t he i r strength  after 6 0  d ays  of  s u bmers i on .  S EM 

data  s h owed t h at t h e  b l o c ks a l so  underwen t  an i ncrease  i n  c rysta l  

deve l opment  for t h e  s ame per i od . Th i s  i ncrease  i n  crysta l s l ed to  a more 

strong l y kn i t  b l o c k  t h at was abl e to  w i t h stand  h i g her  pre s s ures  t h an 

be·fore s u bmers i on .  New York  C i ty b l ocks  exh i b i ted a decre a s e  i n  crysta l  

deve l opment  after  s u bmers i on t h at corre l ates  wel l w i t h  t h e  dec l i ne i n  

s trength  a l s o  noted for t h at t i me frame . I n  fact , after b e i ng s u bmerged 

for - 1 2 0  d ays , t h e  b l oc ks fe l l apart a l together . Th i s h owever was not  

s urpr i s i ng due  to  t h e  l arge amounts  o f  an hydr i te observed i n  t h e  x - ray 

d i ffract i on patterns  o f  the  u n s t a b i l i zed a s h . S ubmers i on i n  s e awater 

re s u l ted i n  a s i gn i f i cant  a l terat i on i n  the maj or  m i nera l  p h a s e  present  i n  
t h i s m i x type . Upon  expo s u re to  seawater anhyrr i t e ,  t h e  predom i n ant  

m i nera l  phase  i n  t h e  New  York  C i ty a s h  was converted to  i t s hydrated form , 

gyp s um . T h i s convers i on re s u l t s  i n  an  expan s i on of  t h e  b l ocks  componen t s . 

The  expan s i on i s  d i ff i c u l t to  ca l c u l ate a s  i t  i s  a funct i on o f  

d i s s o l ut i on ,  temperature  a n d  k i net i c s ,  a l l o f  wh i ch l i tt l e data  are 

a v a i l abl e .  However  t h e  expan s i on exceeded t h e  poro s i ty o f  t h e  bl o c k ,  

c a u s i ng t h e  bond i ng crysta l s to  rupture a n d  re s u l t i ng i n  t h e  s tructura l  

fa i l ure o f  the  mater i a l . 

F i n a l l y ,  H un t i ngton  bl o c ks exh i b i ted on l y  a s l i g ht  decre a s e  i n  

strength  i n  tota l  contrast  to  t he  res u l t s  one  wou l d expect on  v i ew i ng t h e  

S EM photos . Crysta l  deve l opment  seemed to  be tota l l y  l ac k i ng i n  t he  

b l o c ks after  s u bmers i on whereas  t h e  devel opment  before s u bmers i on was 

q u i te  ev i dent . The  re ason  for t h i s  c h ange , and h ow the b l o c k  ma i nt a i ned 

i t s i n teg r i ty i s  u n kn own . 
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Sect ion 8 

MARINE D I S POSAL IMPACTS 

Mode l E s t imate s of Leachate Di ffus ion Zone in the S e a  

Us ing data der ive d from the leachate s tudie s , i t  i s  p o s s ib l e  to use a 

mode l to obtain a firs t approximat ion of the s iz e  o f  the p lume o f  leache d  

components from a local ized s ource , such as a d i s p o s a l  block ree f . From 

measurements in the s e a  of turbulent and dispers ive proce s s e s  near the 

s eafloor , Profe s s or Akira Okubo (pers onal communicat ion) has deve loped a 

general relationship for dispe r s i on/di lut ion from a s ource ne ar the 

s eaflo o r : 

where D 

q 

D q 
2�112 w s x 

p 

downs tream dis tance , m 

s ource s trength , g/se c  

W diffus i on vel o c i ty , cm/sec 

Sp amb ient c oncentration , g/cm3 

x he ight o f  mixing , m 

Thi s  general relationship c an be app l i e d  to calculate the d i s tance 

downs tream from a s ource where the dispers ive p lume from a d i sp o s al r e e f  

s i te i s  di luted/dispersed to concentrati ons approaching amb ient l eve l s  

(Roe the l and Woodhead , 1 9 8 3 ) . Us ing thi s  mode l , the p lume l ength o f  each 

o f  the f i fteen e l ements inve s t i gated during the le achate s tudie s  was 

calculated ,  and is presented in Tab l e s  8 . 1  and 8 . 2 .  Figure 8 . 1  

i l lus trate s the s i tuation mode l l e d ; a di sposal reef o f  1000 tons o f  was te 

b l o cks on the s e afloor in water with a diffus i on veloc i ty of 1 cm/sec and 

a cons e rvat ive he i ght of diffus ion of 5 m .  Amb ient water c olumn 

concentrati ons o f  elements used in the mode l are tho s e  for oceanic waters , 

(Goldberg , 1 9 6 1 ) ,  which are s ignificantly l ower than in many populated 

coas tal regions such as the New York B i ght . The s e  factors , when comb ine d 
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Fi gure 8 . 1 . Di agram of downs tream d i spers i on o f  l eachate , mode l l ed to ca l c u l ate rates o f  
d i l ut i on to  amb i ent  concentrat i ons . 
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Table 8. 1 Continued 

ELOOIT �E lUTAL 
aH:ENTRATIOO 
(�) 

ARSENIC WESTOBTER 4.8 
K.NTil'li� 15 .7  
NEW VCR< 72 . 5  

WGESILM WESTO£STER 13700 
K.NTI� 9600 
NE.W VCR< 13400 

srucm WESTO£STER 161000 
K.NTI� 137000 
Nf.W VCR< 102000 

CALCILM WESTO£STER 137000 
K.NTI� 130000 
Nf.W VCR< 1200X> 

zuc WESTO£STER 4482 
K.NTI� 2294 
tEW VCR< 18>18 

PERCENT �E 
LEJIOID STRENilH 
(%) (g/sec) 

0.05 2 . 52E-05 
0 .02 3 . 30E-05 

0 .0036 2 . 74E-05 

0 .32 4 .61E-Ol 
0 .3  3 .03E-01 

0 .54 7 .flOE-01 

0.0062 l .OSE-01 
0 .023 3 .31E-Ol 
0 .035 3 . 75E-01 

1 .44 2 .07E-t-Ol 
1 . 56  2 . 13E-t-Ol 
1 . 51 2 .03E-t-Ol 

0 .0036 l . 70E-03 
0 .22 5 .30E-02 
0.83 1 .62E-t-OO 

J'ff3IENT 
COCENTRATIOO 
(g/an3) 

3 .00E-09 
3 .00E-09 
3 .00E-09 

l .35E-03 
l .35E-03 
l . 35E-03 

3 .00E-CM> 
3 .00E-CM> 
'3 .00E-CM> 

4 .00E-04 
4 .00E-04 
4.00E-04 

l .OOE-00 
l .OOE-00 
l .OOE-00 

� 
DISTNCE 

(m) 

0.05 
a .CM> 
0 .05 

0 .00 
0.00 
0 .00 

0 .20 
0 .62 
0 . 71 

0 .29  
0 .30 
0 .29 

0 .96 
29.93 

916 .47 

__, 

CX> CX> 



Table 8.2  MJdel calcul ations of pl t.rre length (m) applying A.S1M protocol s

ELEJtlNT �E TOTN.. PERCENT �E WBIENT � 
COCENTRATIOO LEPCHED SlRB(ilH COCENTRATIOO DISTJIU:E 

(PJJll) (%) (g/sec) (g/an3) (m) 

OOIM WESTOESTER 43 .9  0 O .OOE-+00 l .OOE-10 0 .00 
.uffl�Trn 12 .6  0 O .OOE-+00 l .OOE- 10 0 .00 
NEW VCR< 731 0 O .OOE-+00 l .OOE-10 0 .00 

Lf.PD WESTO£STER 5137 0 .01 2 . 70E-03 3 .00E-1 1  001. n  
.uffl� 1040 0 .003 l .64E-04 3 .00E- 11  30.84 

" NEW VCR< 7278 0 .007 2 .68E-03 3 .00E-11  503 . 58  

Cll'PER WESTO£STER 4Eif>8 0.005 ' 1 .23E-03 3 .00E-09 2 .31 
.uffl� 1446 0 . 11 8.36E-03 3 .00E-09 15 .72 
NEW VCR< � 0.014 4 .46E-04 3 .00E-09 0.84 

CHD1ILM WESTO£STER 142 0.03 2 . 24E-04 5 .00E-1 1  25. 26  
.uffl� 141 0 .012 8.89E-05 5 .00E-1 1  10 .03 
NEW VCR< 1� 0 .2  2 .00E-03 5 .00E-1 1  225 .37 

Nla<EL WESTO£STER 109 0 O .OOE-+00 2 .00E-09 0 .00 
.uffl� 54.6 0 . 12 3 .44E-04 2 .00E-09 0 .97 
NEW VCR< 78. 1 0 .015 6 . 16E-05 2 .00E-09 0. 17 

CDW.T WESTOESTER 19.8 0 O .OOE-+00 5 .00E-10 0 .00 
.uffl� 1 1 . 6  0 O .OOE-+00 5 .00E- 10 0 .00 
NEW VCR< 19. 7 0 O .OOE-+00 5 .00E-10 0 .00 

twmESE WESTO£STER 825 0.0002 8.67E-06 2 .00E-09 0.02 
.uffl� � 0 .0003 1 . 27E-05 2 .00E-09 0 .04 
NEW VCR< 1065 0 .0006 3 .36E-05 2 . 00E-09 0 .09 

N..LMil'lM WESTOESTER 5t<JXX> 0 .001 3 .05E-03 l .OOE-00 1 . 72 
.uff 1�00 39600 0 .03 6 . 24E-02 l .OOE-00 35 .23 
NEW VCR< 69600 0 O .OOE-+00 1 .00E-00 0 .00 

um WESTOESTER 49000 0.0001 2 . 57E-04 1 .00E-00 0. 15 
.uff I�TOO 73000 0 .0003 1 . 15E-03 1 .00E-00 0 .65 
NEW VCR< 15600 0 .00006 4 .92E-05 1 .00E-00 0 . 03 

co 
\.D 



Table 8 . 2  Continued 

ELEftENT � lUTPJ.. PERCENT �E JMHENT � 
ClKENTRATIOO Loo-!ED STRENiTH COCENTRATIOO OISTJllCE 
(PJlll) (%) (g/sec) (g/an3) (m) 

AASEN IC WESTrnESTER 4.8 0 O .OOE-+00 3 .00E-09 0 .00 
1-tMHliTrn 15 .7  0 .04 3 .30E-05 3 .00E-09 0 .06 
NEW YOO< 72 . 5  0 .0067 2 . 55E-05 3 .00E-09 0 .05 

WOESILM WESTOESTER 13700 0 .00002 l .44E-05 l . 35E-03 0 .00 
1-tMlr-liTrn 9600 0 .00003 l . 51E-05 l . 35E-03 0 .00 
NEW YOO< 13400 0 .0003 2 . l lE-04 I . ?SE-03 0 .00 

SI  LI cm WESTOESTER 161000 0 .001 8 .46E-03 3 .00E-06 0.02 
1-tMir-liTrn 137000 0 .002 l .44E-02 3 . 00E-06 0 .03 
NEW VCR< 102000 0 .003 l .61E-02 3 .00E-06 0 .03 

r.ALCILM WESTO£STER 137000 0 . 21 1 . 51E-+OO 4.00E-04 0.02 
1-tMir-liTrn 130000 0 . 18 1 .23E-+OO 4 .00E-04 0 .02 
NEW VCR< 128XX> 0 . 57 3 .83E-+OO 4 .00E-04 0 .05 

znc WESTO£STER 4482 0.0004 9.42E-05 l .OOE-00 0.05 
1-tMir-liTrn 2294 0.002 2 .41E-04 l .OOE-00 0 . 14 
NEW VCR< 18518 0 .007 6.85E-03 l .OOE-00 3 .85 



w i th data der ived from the cons e rvat ive leachate me thods such as us e d  in 

th i s  s tudy , provide a "wors t cas e "  s cenar i o . 

Plume length for EPA ( Fi gure 8 . 2 ) and ASTM ( Fi gure 8 . 3 ) l eachate 

value s are graphically pres entedand it is seen that for s tab i l iz e d  

We s tche s ter and Hunt ington re s i due s , with the except i on o f  lead , the p lume 

length i s  l e s s  than 100 me ters regardl e s s  of the le achate protocol  

app l i e d . New York C i ty s tab i l ized fly ash extends a few kilome ters for 

c admium and lead us ing EPA leachate value s ; but the mode l imp l i e s  a 

s ignificant reduc t i on in the p lume length under ASTM le aching cond i t i ons . 

S PACE FOR D I S POSAL ON S EABED 

I t  i s  e s t imated that the �ew York Me tropo l i tan region w i l l  produce 

approx imately 1 2 . 6  x 10 6 tons o f  inc ineration re s idue annual ly in the near 

future ( Tab le 8 . 3 ) . As suming 1 5 % s tab i l ization additive s would be 

ne c e s s ary for fixation then approximately 3 x 106  tons o f  S IA blocks would 

r e quire dispo s al . I f  ocean dispo s al of  fixated S IA b l o cks shoul d be  

adop t e d  what space on the seabed would be required? 

Taking one ( 1 ) s quare mile o f  s e abed at a dep th o f  8 0  ft , o ff Long 

I s l and , i t  is as sumed that the s i te may be filled to a dep th of 50 ft . 

The vo lume disposal capac i ty would then be 1 mile2  x 3 0  ft - 8 . 3 6 x 1 0 8  ft3 . 

I f  pore space between blocks i s  3 5 % - 2 . 9 3 x 1 0 8  ft3 . 

Vo lume c apac i ty for b locks - 8 . 3 6 - 2 . 9 3 x 108 - 5 . 4 3 x 1 0 8  ft3 . 

Uni t  S IA b l o ck volume - 0 . 5 9 3  ft3 . 

Total number o f  S IA blocks in disposal vo lume - 9 . 2  x 1 0 8 . 

Average we i ght of block at dens i ty of 1 1 0  lb/ft - 6 5  lbs . 

Then to tal we i ght capac i ty of block disposal - 3 0  x 1 0 6  tons . 

1 9 1 



F i gure 8 . 2 
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F i gure 8 . 3  
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Re gional produc tion o f  S IA for fixation bas e d  upon the e s t imate in 

Table  8 . 3 .  

Inc ineration Re s idue s - 2 . 6  x 106 tons . 

S t ab i l ization addi t ive s required for fixation - 3 . 9  x 1 0 5  tons . 

Total annual we i ght o f  S IA block produc t ion 3 x 106  tons . 

T ime to f i l l  disposal s i te to 3 0  ft at this  rate - 1 0  years . 
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Tabl e 8 . 3  Years o f  re s i due  d i sposal  nece s s ary to create an art i f i c i a l reef 

LOCAT ION REFUSE COLL ECTED RES I DUE  PRODUCED  TOTAL WE I GHT OF  T IME  TO F I LL 
PER Y EAR PER Y EAR STAB I L I Z ED BLOCKS D I S POSAL S I TE  

N EW YORK C ITY 

MANHATTAN 3 , 385 , 3 75  677  , 075  7 78 , 636 38 
BROOKLYN 2 , 540 , 400 508 , 080 584 , 292  5 1  
QUE ENS  2 , 202 , 775  440 , 555  506 , 638 59 
BRONX 1 , 202 , 675  240 , 53 5  2 76 , 6 1 5  1 08 
STATEN I SLAND 3 59 , 525  7 1 , 905  82 , 69 1  362  

C ITY W I DE TOTAL 9 , 690 , 750 1 , 938 , 1 50 2 , 2 28 , 873 1 3  

NASSAU COUNTY 

GLEN COVE 46 , 000 9 , 200 1 0 , 580 2828 
HEMPSTEAD 803 , 000 1 60 , 600 1 84 , 690 1 62 
LONG BEACH 36 , 500 7 , 300  8 , 395  3 564 
NORTH HEMPSTEAD 274 , 000 54 , 800 63 , 020 475 
OYSTER BAY 3 1 1 , 000 6 2 , 200 7 1 , 530 4 1 8  

COUNTY TOTAL 1 , 470 , 500 294 , 1 00 338 , 2 1 5  88 

SUFFOLK COUNTY 

BABYLON 274 , 000 54 , 800 63 , 020 475 
BROOKHAVEN 5 1 1 ,  000 102 , 200 1 1 7 '  530 2 5 5  
EAST HAMPTON 1 1 0 ,  000 22 , 000 2 5 , 300 1 1 83 
HUNT I NGTON 292 , 000 58 , 400 67 , 1 60 446 
I S L I P  328 , 500 65 , 700 7 5 , 5 55  396  
R I VERHEAD 1 1 0 , 000 22 , 000 2 5 , 300 1 1 83 
SHELTER I SLAND 1 8 ,  250  3 , 650  4 ,  1 98 7 1 28 
SM ITHTOWN 1 1 0 ,  000 2 2 , 000 2 5 , 300  1 183 
SOUTHHAMPTON 76 , 000 1 5 , 200 1 7 '  480 1 7 1 2  
SOUTH HOLD 4 5 , 6 2 5  9 ,  1 2 5  1 0 , 494 285 1  

COUNTY TOTAL 1 , 87 5 , 3 7 5  3 7 5 , 075  43 1 , 336  69  

N EW YORK REG I ONAL TOTAL 1 3 , 036 , 6 2 5  2 , 607 , 3 2 5  2 , 998 , 4 24  1 0  __, 
l.O 
U1 



Sect i on 9 

Summary and Concl u s i ons  

The  obj ect o f  t h i s study was  to  stab i l i ze i nc i nerat i on a s h  ( S IA )  w i t h  

chemi ca l  add i t i ve s  to form so l i d  bl oc ks' for eval u at i ng an a l ternat i ve 

met hod o f  mar i ne  d i sposa l  of  t h i s  wa ste materi a l . Laboratory stud i e s were 

conducted on  the p hys i ca l  and chem i ca l  propert i e s of  the S IA proctor s i zed 

s ampl e s  i n  t h e  l aboratory and i n  seawater .  

The  re s u l t s  o f  t h i s i nvest i ga t i on confi rmed t h at i nc i nerat i on 

res i d ue s  can  be s t a b i l i zed i n  bl ock  form u s i ng l i me ( C aOH2 ) or  Port l and 

cement  a s  s t ab i l i z i ng add i t i ves . Th i s  i nvest i gat i on has deve l oped data  

t hat  s ugges t s  S I A  b l ocks can  ma i nt a i n the i r phys i cal  i ntegr i ty and  

m i n i m i ze e l ementa l  l each i ng fo l l ow i ng  s u bmers i on i n  the  s ea . Both  

phys i ca l  and c hem i ca l  propert i es o f  the  stab i l i zed mater i a l s w i l l  

s i gn i f i c ant l y  a ffect t h e i r beh av i ors i n  the  s ea . 

Spec i f i c  conc l u s i on s  reached as  a re su l t of  t h i s st udy are a s  

fol l ows : 

( a )  F i xat i on add i t i ves , mo i sture content and cur i ng protoco l s a l l 

affect  the  phys i ca l  propert i e s of  the  s tab i l i zed proctors . 

( b )  Add i t i on of  s u l fates s i gn i f i cant l y  red uce t he  structura l  

i ntegr i ty o f  the  stab i l i zed proctors , Na2co3 add i t i on t o  t he  m i x 

h a s  n o  e ffect . 

( c )  Mo i sture content was a funct i on i n  p art of  t he  mean part i c l e  

s i ze o f  t he  m i x .  

( d )  Temperature accel erates  the  devel opment o f  compre s s i ve strength  

a s  wel l a s  i ncreased cur i ng t i me .  

( e )  Permeab i l i t i e s of  approx i matel y I 0 - 7  cm/sec  were observed over a 

per i od o f  3 0 d ays . 



( f ) Stab i l i z at i on s i gn i f i cant l y  a l ter l each i ng beh av i or ,  for 

comb i ned re s i d ue proctors , EPA l each ate l i m i t s  were not  

exceeded . 

( g )  F l y a s h  conta i n s s i gn i f i cant l y  h i gher  concentrat i on s  o f  vol at i l e  

meta l  when  compared to  bottom ash . 

( h )  Stab i l i zed bl ocks  of  comb i ned res i due  s hou l d ma i n ta i n t he i r 

structura l  i ntegr i ty i n  the  sea  for an extended per i od of  t i me ,  

one  century appears l i ke l y  based upon the  l each i ng of  C a l c i um an 

e l ement  central  t o  the structural  i nteg r i ty of  the mater i a l . 

( i )  I n c i nerat i on res i due  may prove to  be an acceptabl e s ub st i tute  

· for n atural  aggreg ates i n  the  fabr i cat i on o f  cement  b l ocks . 

( j ) S hou l d mar i ne d i sposa l  of  stab i l i zed i nc i nerat i on a s h  be 

undert a ken , one reef approx i matel y one s qu are m i l e  i n  area cou l d 

accommodate t he  res i d ue of  the  ent i re New York Metropol i t an 

reg i on for a decade . 
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