Louisiana State University

LSU Digital Commons

LSU Historical Dissertations and Theses Graduate School

1998

Determination of Optimal Composition of Stabilized
Phosphogypsum Composites for Saltwater Application.

Tingzong Guo
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool_disstheses

Recommended Citation

Guo, Tingzong, "Determination of Optimal Composition of Stabilized Phosphogypsum Composites for
Saltwater Application." (1998). LSU Historical Dissertations and Theses. 6832.
https://digitalcommons.Isu.edu/gradschool_disstheses/6832

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@Isu.edu.


https://digitalcommons.lsu.edu/
https://digitalcommons.lsu.edu/gradschool_disstheses
https://digitalcommons.lsu.edu/gradschool
https://digitalcommons.lsu.edu/gradschool_disstheses?utm_source=digitalcommons.lsu.edu%2Fgradschool_disstheses%2F6832&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_disstheses/6832?utm_source=digitalcommons.lsu.edu%2Fgradschool_disstheses%2F6832&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:gradetd@lsu.edu

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DETERMINATION OF OPTIMAL COMPOSITION OF STABILIZED
PHOSPHOGYPSUM COMPOSITES FOR SALTWATER
APPLICATION

A Dissertation

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
In partial fulfillment of the
Requirements for the degree of
Doctor of Philosophy

in

Department of Civil and Environmental Engineering

by:
Tingzong Guo
B.S., Fuzhou University, 1982
M.S., Xiamen University, 1986
M.S., Louisiana State University, 1995
December, 1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9922081

UMI Microform 9922081
Copyright 1999, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

I wish to express my gratitude to my major professors, Dr. Ronald F. Malone and
Dr. Kelly A. Rusch, for their invaluable help and guidance during my research,
dissertation writing, and course studies. Many people helped me during my research
and writing so I would like to extend my gratitude to Dr. Roger K. Seals, Dr. Charles
A. Wilson, Dr. Shulin Chen, Dr. Ralph J. Portier, Dr. Xiaogang Xie, Dr. James P.
Geaghan, Dr. E. Barry Moser and Mr. Rick Young for their support, encouragment,
and comments concerning my work. I would also like to thank Miss Autumn S.
Hawke, Miss Lihua Wang, Miss Attres Tagge, and Mrs. Sarah Jones for their support
in my research.

Specials thanks to my father Dejin Guo, mother Yuzhu Luo, aunt Qian Zhuang,
and family who contributed what they had to support my education and encourage me
in all things. Extra special thanks to my wife Lixia Li and my daughter Xinmei Guo
who were always there when I needed comfort and help. Finally, I adore my newborn
child, Kailyn Lotus Guo. Her coming gave me the impetus to finalize my dissertation
research and writing.

This research was supported by the Florida Institute of Phosphate Research

(Contract #95-01-127).

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... eeeeeeeeeerereeneeteesscsessassncssnsnsasesssssasasssnssoressasessses ii

LIST OF TABLES ... oeeeeeeteeeetesessseeesesessesssesssasnnsssncssostasstesssssnsssssensansensees vii

LIST OF FIGURES ........ o eeeeeeeetreccereeeesesenesesasensssssenssmsensssmetencsssnreesssssansnnnsess ix

ABSTRACT . .. ceeeeteeeeeeeeeeerccceeereseessssesesesessesseessasesssssssnsassasmatenssssnsnssssesnasanss Xvi

CHAPTER 1 INTRODUCTION ......eeieeeeecereeseeerenrmnnseecsoseamssesassssnssessesssonnsssneses 1

CHAPTER 2 LITERATURE REVIEW ... iieccnccteteneeeerenennnseescnsnsaessesses 4
Chemical By-Products:

Phosphogypsum and Environmental Concerns ................................... 4
Chemical By-Products: Phosphogypsum .............coccoiciiiiioinvonrcsiiennn 4
Environmental CONCEIMNS .............eeniioeeireceecerrrneeereeereneeeeenennnnenseess 5

Stabilization MAterials .............oooooeieimeeiiireeereiccccttrirrecrreeeeeeceeeaeeesenssses 9
Portland Cement ...................oeeeeemmniececirceereeecosteennnnereeaeeeeseesssssnsesesssen 9
Chemical COmPOSItION .......cccccvererecrinreccmrerorrimereeseescneeesesorsstessesseseen 9
Calcium Silicate Hydrates .........cccocevvercrmrintcennncnscirncencseseneneennns 9
Tricalcium Aluminate Hydrate and Function of Gypsum ............. 10
Hydration of Cement ............ooeeeemrmmommiiiiicercteerceeccee e 11

FIV ASR.......eeeeeeeeeeeeeecteeeveceeeeeesese s e aensnsntasane s e s ssssamenaasnsnanses 12
ILADIRE ..ot ereeeeeeeeesesssseseseessasasessesasssnsssssseesssseasssnssssnnessssnnernnn 12
Marine EnVIronmEnLtS ................ueeeeeeeerecieiereiiietneeccetenennsneessensesssenassssassses 13
Chemical Environrient ...................errccceiennnneeeeeseceeeennessenenses 13
Chemical Attack of Concrete and PG:Cement Composites ......... 13
Biological Environment .............cocoooviiiiimiiiinicennetenecsennseceeeceens 14

CHAPTER 3 THE EFFECTS OF SALTWATER ON THE DISSOLUTION
POTENTIAL OF PHOSPHOGYPSUM:CEMENT

COMBPOSITES ... eeeeeeeeeceerereeeeesaeesessesssasrersssensssasssssasssssssnassas 16
INLFOAUCLION ..........ooeeeeeeeeececeeceeeeeeensaeeeeesaeennensessssessensssnsnsssnssnssnsssnsannes 16
Materials and Methods ................ . eiiieiiiiiireeeeceeteeeccreereeeereesseseseesaeees 18

PG Compeosite Fabrication ............cccoueiiiininiininiiicrcceecnnccacens 18
Instrumental ADalySes.............cooueevveecermemrooonoomecerereerenemeeeereeneneeceens 19
RESUILS ........c.oeeeeeeeeeeeereeeeieeeereeeieeeseressssssnresasssssesssrsasssstnesessssssasensssensssnnsssen 20
Surface ODbSErvALIOnS...............ccoueeeeeeeeeereeniicreercrsrreneerecsesessssesssnsennsens 20
Body ODSErvations ..............ccccoovveiinerniincnriencsntnncnecrscensasssasssssessessees 25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISCUSSIOIL «...oooeoeeeeeceneoreneeereenessssessesasasesssssrsssensessenessssseremsanersnsssasssnnanssssase 28

The Formation of 2 CaCQO; Coating Layer and
its Importance eeereraneenns teeseeereesessesanseseenresnssananaas 28
The Degradation/Dissolution Processes of th
85%:15% PG:Cement Composites ..............ccccoveeeeceormoeensenennes 32

CHAPTER 4 DETERMINATION OF CALCIUM DIFFUSION COEFFICIENT
AS AN ESTIMATOR OF LONG-TERM DISSOLUTION

POTENTIAL FOR PG:CEMENT:LIME COMPOSITES............. 34
Introduction ............. tereesssesersssseseasessesseesesessarnnnnateeresnsrnrnnran 34
Materials and Methods ..................o . reerreeeeccnereeaeesessnanes 35

Ingredient Selection ............... et 35
Diffusion Model ............ et eeereeeeeeneeeerecrennneeemnnneeseseransas 36
Composite Fabrication and Characteristics ..............cccmeueeuneennn.n. 37
Dynamic Leach Test .................ievinieceeeeeceneene 37
Instrumental ARALYSES ...........iiiiierceccceerenceeenreeeeenanees 38
Statistical ADALYSIS ..........oomeeri e 38
RESUILS ......oeeeeeeieeereneeeeereereerrenseesessssssssssresssssssesssiosssassssrasanssssnnssssssssnnnssns 38
Dynamic Leach Test ................intinencrneeeessnnenesnessanses 38
SEM Observations ............ . teeeeeessemnnnnneseeasensennnsans 40
Microprobe ObServations.................cconueieercmvennericssenccseeessseesneas 50
DASCUSSEOI .......coeeeeeereeeeeenieeereeeenteneereeressssseerssssssessencsssnssrsrssnsssesssssnsnssssennsns 54

CHAPTER 5 DISSOLUTION POTENTIAL AND MECHANISMS
INFLUENCING PHYSICAL INTEGRITY OF

PG:FLY ASH:LIME COMPOSITES........ eoereeeeeeeeernreeeresneennns 57
IMETOAUCHION ..........ceeieeereeeeceereeeeeecreeenreeteeereesseresssenesssnnssssnsnsnsaennssnsssssnsens 57
Materials and Methods ................eeeeeeeeeeeeeeceicecicreeereeneneeecereeenresssessesnmenes 58

Binding Agent Selection .................eeeroonirenerenerececeenecnneeninneenne 58
PG Compesite Fabrication................coooooooiiiiccciieeeeecennen. 60
Dynamic Leach Test ...............ieeeeeerecennecceeeennneees 61
SEM & Microprobe Analyses ...............ooioeniienioneencconennicenencnns 61
RRESUILS .....oeeeeeiiieeenneceeeennesererennsesenrsesressressoseesssesssssasssasosnssessesssnssennsenes 62
SEM ODbSErvALIONS ...........ooeieieiiinrreeerteeeeeeeeeenerenseencssssessesssresnnnsssess 62
Microprobe ObServations....................ccooriieceercinveccsenmnecssnnesenaes 70
Diffusion CoeffiCIENL..............oeeeurreereeeeeeeeteeeeeeeecereeeererereneeesseseeees 70
Diameter MeasuremMents .................eeeeeeeeeeeeveeveeeneerrervemseoserasseesnmnsannes 73
DESCUSSIOI .....ooeeeeeeecierenrereerrreerereeeessnsssseneeesrmecsssssssssesssseseresssssensnssssesmessssess 73

CHAPTER 6 DISSOLUTION POTENTIAL AND MECHANISMS
INFLUENCING PHYSICAL INTEGRITY OF

PG:FLY ASH:CEMENT COMPOSITES........ oo ooeereeecrerrenrenens 76
IDEFOAUCHIONL ....oooeoeeeeeieeneniereteeneneecerenrerensresssensesssssssesnsssssssanssssessasssssssessanses 76
Materials and MEetROAS .............oeeeeeieeiiiieiiecccececesnresnnasssessossssssssssssens 77

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



'

Ingredient Selection 77
PG Compeosite Fabrication. 79
Dynamic Leach Test ..... 79
Instrumental Analyses .......................... .. 80
Results ..........cccoereerevorennnanes .80
SEM ODBSErVALIONS .........coouueeeeeeereeeeeeeieesrecosasrsssorosseressansensssssssss 80
Microprobe Observations....................cooeerneeeercsennnenneereneseennce 91
Diffusion CoeffiCient..................ccouuueeeemereeeeeeerecrerrnnrrecssmaeresessrssesssces 96
Diameter Measurements . eeeeeereesesssrernnrenensannnnnnn 96
DISCUSSION .......eoeeeeeeaeeeeeeeeeeeceeeeeesscnsenacs 97
CHAPTER 7 DETERMINATION OF OPTIMUM INGREDIENTS FOR
STABILIZED PG COMPOSITES — RESPONSE
SURFACE ANALYSIS WITH PROCESS VARIABLES ........ 100
INEFOAUCHION ............oeoeeeeeeeeeceeeeteeseeeeceesssnansesessasaresssstnssnsessssananssssn 100
Mixture Experimental Design .................ooimmniineenennceeeeeeneeens 101
Simplex Coordinate System ................cccocooveemntiirnmnnneenrennvennnnees 101
Ingredient Content Selection for Mixtures..............ccccccveevrencennne. 102
Simplex-Lattice DeSign .......ccccoeveeeiemecccierenernenneecsessnreesesens 102
Simplex-Centroid Design .......c.ccceeeeeecmenrnvccnrnnnscniencnsccsnnenes 103
Augmented Simplex-Centroid Design .........c.cccocvveeevrrvruvercnnnes 103
Augmented Simplex-Centroid Design
with Pseudocomponents...........cccoceeueercrrmerernivecsinccesceenenens 105
Analysis of Mixture Experiment Data ................cccooevvrrcvcnnennennnn. 105
Response Surface Analysis ................ccccovoereciinvniiinnnincnnccincenennan. 105
uadratic Canonical Polynomial Model .........................nnueeeeeet 107
Inclusion of Process Variables ..............ccoreeeeiiiniicvninnnereirccneens 108
Lease-Squares Estimation Formulas for the
Polynomial Coefficients and Variances ..........ccccveeerceeeneeenees 112
Hypothesis Test of the Quadratic Model ..................ccccceceeeeee. 114
SAS Data Analysis in Mixture Experiments ..................cccceceeuuene. 115
LAack of FIE TSt ..........eeeeeeeeeeeeeinvennenrereresessresssressssnsasestessesssnnne 116
Experimental Design of Stabilized PG Composites............................... 117
Ingredient Combination Selection .............cccooeverevuerninnvcinnncencnnees 117
Dynamic Leach Test of PG Composites ..............ccocunuecuceueecrncenes 119
Analysis of PG Compeosite Data .................cccocoivriniiniinncnrccnees 120
PG:Fly Ash:Cement COmPOSItes ...........cccceeoueernerccucrirrannrccesocenceses 120
PG:Fly Ash:Lime Composites .............cccccoeeirrniinerrrnccececnrncennennes 122
PG:Cement:Lime Composites .............ccccoceeeeeivernricsnncerceraeeencreas 125
Diffusion COefICIENt ...........cceeveeeeerreecrreccreecesencsreeceesssnnsessaces 125
Unconfined Strength...........coovveeeeencennceecriencientneescecseresacesaes 127
Surface Hardness ........ceeeeemeeerecenereerreeessenesessesessnseesssesssnnsanes 130
SUIMMALY .......cooireiirrrecteeenreeereeerteeesenesseeoseesssssssasssassassssuessssssssnssnssessn 133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 8 DISCUSSION ......... 134

CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS .......ceviimeecenne 137
COMCIUISIOMS ...oeeeeeeeeeeeeeeeeeeeeeeesnetaeeescemsessssemssssassssssasssssssasssssensrsnsennerensn 137
RecOmMMENAALIOMIS ..........ooeeeeeoeeeneeeeeeerrsecssennressesessssanssesseseasnnsasnsensassessnss 137

REFERENCES ............... teeeoeseessseseesesanesessssassesesesssssseresnassnrnre .. 139

APPENDIX A RAW DATA FOR DYNAMIC LEACH TEST; TEST ONE ...... 145

APPENDIX B RAW DATA FOR DYNAMIC LEACH TEST; TEST TWO...... 150

APPENDIX C RAW DATA FOR DYNAMIC LEACH TEST;

TEST THREE AND FOUR .....oeeeceeeevereneeeenseeesennnaesenes 155

APPENDIX D COMPOSITE CHARACTERISTICS FOR CONTROL.............. 160

APPENDIX E COMPOSITE CHARACTERISTICS FOR

FLOW THROUGH ... eceeeeeeeeeeeeeeireeeeeerseesessssesssssnssossssssnnnse 161

APPENDIX F COMPOSITE CHARACTERISTICS FOR DYNAMIC

LEACH TEST e eoeeeeeeectteeeeesecssnsaaesssssonssessnsansnesssssssssssansssnsesnee 162
APPENDIX G COMPOSITE CHARACTERISTICS FOR

CONTROL TEST ... o ceeetceieeieenercsesssesessessssensnsnscsssossssssssssssssenses 163
APPENDIX H COMPOSITE CHARACTERISTICS FOR

CONTROL-WET ... eeetieeeeeeeeeereeneeeeessessssssessssssssssanssensanssssses 166
APPENDIX I COMPOSITE CHARACTERISTICS FOR LEACH TEST .......... 168
APPENDIX J COMPOSITE CHARACTERISTICS FOR

LEACH TEST-WET ....ocieeeeiieieetcseeaemseousemamaneeasseneeessensssnnes 169
APPENDIX K MEASUREMENTS OF SURFACE HARDNESS

AND UNCONFINED STRENGTH.......oueireeeevereereneeeeeeenes 170
VIT A coeeeeeeeeeeeceeeeeeeteeeseeesecssssnsesssamsasamcssssssssnsesssssssssanssssnssessssonnasnnnsesassnnnsssssnsssennes 171
vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1

22

23

3.1

4.1

42

43

5.1

5.2

53

6.1

6.2

6.3

7.1

7.2

73

LIST OF TABLES

Typical trace element concentration in phosphogypsum.................... 6
The related radionuclides in raw phosphogypsum ...........ccccocveureeeeecn. 8
Radionuclide concentrations(pCi/g) in PG and background soil ........ 8
The main components of Portland cement ..........c.coovvemeromreveeeecnnce. 9

Results of X-ray microprobe analyses of the coating
layer of the 70%:30% PG:cement COMPOSItES ........ccccueueurerennenne 25

PG:cement:lime composite ingredients (%6) .......cecoeeeerverernerecenrunence. 36

Measured and predicted diffusion coefficients for
PG:cement:lime COMPOSILES ......cocceeeeremrmmeecnniireenecteeienenneeneneee 41

Relationship between diffusion coefficients (D) and

microstructure for PG:cement:lime composites ..........c..cccerveeenee 56
PG:fly ash:lime composite ingredients (%0).......cccoveerureerremrmenerecnnnen. 61
Diffusion coefficients (D) and pH of leachate solution (day 2)

for PG:fly ash:lime composites ..........ccccerermeuereneecneenencennncee. 73
Diameter (D) of the PG:fly ash:lime composites after 10 month air

curing, the original diameter was 38.1 mm........ccccoceevenrrcnnns 74
PG:fly ash:cement composite ingredients (%0) .....c..ccoeevvermrmecnnennneen. 79

Diffusion coefficients (D) and leachate pH value of
PG:fly ash:cement cOmpOSIteS .........cccorreermermrereneeciernneierennes 96

Diameter (D) of the PG:fly ash:cement composites after 10 month

air curing, the original diameter was 38.1 mm........................... 97
ANOVA table of the quadratic model..........cccoovvercinmnnrnenens 114
Ingredients (%) of PG:cement:lime composites...........ccccueurennnnee 118
Ingredients (%) of PG:fly ash:cement composites .............cceu...... 118

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

7.5

7.6

1.7

7.8

7.9

7.10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ingredients (%) of PG:fly ash:lime composites....................

SAS output for surface hardness of PG:fly ash:cement

COMPOSILES .....ocoemereeceecsemeassrerrenersasssnnsssssastesesssesnsnssnrnssss

Possible economic ingredients (%) with minimum surface

hardness 5.8 mMm™ .......ccorrerceeecncecnenccrincneraesaenreseenes

SAS output for surface hardness of PG:fly ash:lime

COMPOSILES .....ccoceanmreeeerccceracsesecsssesrsernerssessensessnesnseassesnsns

SAS output for diffusion coefficient of PG:cement:lime

COMPOSILES .....cceerreneereecccaocecesenesseesnsmsssernesmsessessssssmssnsans

SAS output for unconfined strength of PG:cement:lime
COMPOSILES ......ooceerruecrceesrnnesssmsrnerasens

SAS output for surface hardness of PG:cement:lime

COMMPOSIES ......oecoeeereerreeoecnreeneessenssseremssesserensessassessressnnns



3.1

32

33

34

3.5

3.6

3.7

38

39

3.10

LIST OF FIGURES

Polarized light microphotography (100x) taken under crossed
nicols showed a crystalline coating layer on the surface of
the 70%:30% PG:cement COMPOSIES -....cooeeeeeeercrsmrecensaceseccnneas 21

SEM X-ray microphotographs of the surface of the 70%:30%
PG:cement composites confirmed the presence of calcium and
the absence of sulfur and silicon ............ ceemresnoaeeseesnnnsnnanene 22

The SEM back-scattered electron microphotograph (1500x)
of the 70%:30% PG:cement composite surface showed
a close-up of the microprobe measurement point in
the CaCO; coating layer.........c.cccveeeeeeciereceemrrnrseenrnrenesesernneeeeenns 24

Ten-micron wide ruptures were identified in the zone just below
the surface of the 70%:30% PG:cement composites ................... 24

Fifty um wide ruptures were observed in the surface zone
of the 85%:15% PG:cement composites using polarized
light microscopy (100x) under cross nicols. .......ccceeevevveeecevencnnne 26

SEM microphotographs of the surface of the 85%:15% PG:cement
composites corroborated the polarized light microphotographs,
50 um wide ruptures and 100 um diameter pores were found
throughout the sample. .........cc.coeoeeeiimimnniirecneentceenecenee 26

Plate crystals (phosphogypsum) and pastes (cement) were found
throughout the body zone of the 70%:30% PG:cement
composites using polarized light microscopy (100x)
UNAEr CTOSS MUCOIS. ...couveeerececeeiieceeeceencreetrneenan e essassessasesnns 27

A few < 1um wide ruptures and pores were found in the
interface between the surface and the body of the
70%:30% PG:cement COMPOSILES..........cereernereernecaeruereernecnennns 27

A scanning electron microscopy shows well developed
ettringite on the pore walls .........ccccooeeiievinnerninereniciciieeaee 29

The 85%:15% PG:cement composites were found to have 5 um
wide ruptures and pores in the zone between the surface and
the body of the sample...........cccnreeveeierecnrcceinncceceteeenne 29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.11 The walls of the pores shown in Figure 3.10 were found to have
well developed ettringite, similar to that found in the
70%:30% PG:cement composite sample 30

3.12 SEM microphotographs of the body zone of the 70%:30%
PG:cement samples showed only a few <0.5 um pores.
The matrix, itself, was very tight and compact ............. 30

3.13 SEM microphotographs of the body zone of the 85%:15% PG:cement
samples showed several 0.5 pm pores. The matrix was not as
tight and compact as that found in the 70%:30% samples. .......... 31

4.1 SEM images of 70%:30%:0% PG:cement:lime composite following
the 28 day artificial saltwater dynamic leaching test

(a) CaCO, coating on the surface zone ............cccecceecereenuennnns 42
(b) Figure 4.1(a) under high magnification rate ..................... 42
(c) Ettringite on the pores and ruptures ..........ccccceeeenererneenen 42
(d) Figure 4.1(c) under high magnification rate ..................... 42
4.2 SEM images of 70%:30%:0% PG:cement:lime composite
without treatment
(a) Surface zone under low magnification rate ...................... 43
(b) Surface zone under high magnification rate ..................... 43
(c) No surface characteristics in the surface zone .................. 43
(d) Figure 4.2(c) under high magnification rate ..................... 43

4.3 SEM images of 88%:9%:3% PG:cement:lime composite following
the 28 day artificial saltwater dynamic leaching test

(a) CaCO; coating and ruptures on the surface zone .............. 45
(b) Figure 4.3(a) under high magnification rate ...................... 45
(c) Ettringite on the pores and ruptures .........coccceeeeveeeneennnnn. 45
(d) Figure 4.3(c) under high magnification rate ..................... 45
44 SEM images of 88%:9%:3% PG:cement:lime composite
without treatment
(a) Surface zone under low magnification rate ..........ccccccueeneeee 46
(b) Surface zone under high magnification rate ....................... 46
(c) No surface characteristics in the surface zone .................... 46
(d) Figure 4.4(c) under high magnification rate....................... 46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5 SEM images of 88%:4%:8% PG:cement:lime composite following
the 28 day artificial saltwater dynamic leaching test

(a) CaCO; coating on the looser surface zone............. 47
(b) Figure 4.5(a) under high magnification rate ...........cc.ccccc... 47
(c) Ettringite on the ruptures and pores under

the CaCO; COUNE ......cooeereeecrnccrreeernnirneeserensescesenasseas 47
(d) Ettringite in a rupture under high magmﬁcatlon rate........... 47

4.6 SEM images of 88%:4%:8% PG:cement:lime composite
without treatment

(a) Surface zone under low magnification rate ..........ccccceveenenee 48
(b) Surface zone under high magnification rate ........................ 48
(c) No surface characteristics in the surface zone .................... 48
(d) Figure 4.6(c) under high magnification rate ........ccccceceeueuene 48

4.7 SEM images of 88%:4%:3% PG:cement:lime composite following
the 28 day artificial saltwater dynamic leaching test

(a) Loose structure in surface zone ...........cccceeeveevmcevecevenreenene. 49
(b) Ruptures in surface zone ........ccccecceeeeereeereseerecnesarcneanens 49
(c) Pores in surface zone ............cooeeeoeeeeeenecciiensnnnnenereenaenennee 49
(d) Ruptures in body ZOne . ..........oovieeenecvmrnrecmrenreensensscescensens 49

4.8 X-ray element images of 70%:30%:0% PG:cement:lime
composite following the 28 day artificial

saltwater dynamic leaching test
(@) BS IMAGE ..ot reereceneeetenessneen e s e neans 51
(D) SIMAGE  .oooeeeeeeeceeeteereecereeecneerneeesanssscsasnsssssssassssnrassansns 51
(C) STIMAGE .eeeeeeeecciieeeeeeceecerneeseeectnesessnenrnsnesssnenses 51
(d) MZ IMAGE ...t eececeecssasssenernansesssannnsnes 51

4.9 X-ray element images of 88%:9%:3% PG:cement:lime
composite following the 28 day artificial

saltwater dynamic leaching test
(@) BS IMAGE .o eceteeeccceceenereercen e nae s 52
(D) SIMAGE  ....eeeeeeeececeecceeeeeeernceneeersecresessaesssrneessessnnennnas 52
(C) SLIMAGE ...eeererrecereceiiieienrieecaeessneeeesseaessnaoessasssssessssassssssnnans 52
(d) MG IMAGE ........eeeeirriieeecrircreeeeceernaeeeveeenaasenessrssaeassssnnees 52

4.10 X-ray element images of 88%:4%:8% PG:cement:lime
composite following the 28 day artificial

saltwater dynamic leaching test
(@) BSIMAGE .....oeeeeeeeeeeceetcceieeeccnecescesansseseesessnseranane e 53
(D) SIMAGE ....eeeeireceitretreeeeeerneesnsessessssnsessessessnnssssnsassnnss 53
xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.1

52

53

54

55

5.6

(c) Si image 53
(d) Mg image ............... reeeeeeeeennmsesnnesnestessarersnesnsanes 53

Major composition of cement and other binding agents .................. 59

SEM images of the 62%:35%:3% PG:fly ash:lime composite
after 28 day artificial saltwater dynamic leaching test

(a) 10 um ruptures in the surface zone 63
(b) 20 um looser CaCO, embedded with fly ash ona

10 um rupture in the surface zone ..............coceveeeeeen.e. 63
(c) Figure 5.2(b) under high magnification rate...................... 63
(d) PG mixed with fly ash in body zone eeveereaeeeanenee 63

SEM images of the 62%:35%:3% PG:fly ash: lime composite
after ten month air curing

(a) Surface zone under low magnification rate..............c........ 64
(b) Figure 5.3(a) under high magnificationrate ..................... 64
(c) PG exposed on the surface ........ccoeeecemrrincercrcnnerennnee. 64
(d) PG, fly ash and ruptures in body zone ...............ccuceuveee... 64

SEM images of the 55%:42%:3% PG:fly ash:lime composite
after 28 day artificial saltwater dynamic leaching test

(a) 40 um ruptures in the surface zone...........coceeeveeenenne.n. 65
(b)10 um ruptures in the surface zone...........ccocooveeerveeneuenne 65
(c)10 um loose layer of CaCO,; embedded with spherical

fly ash particles on the 40 um rupture ......................... 65
(d) Newly formed crystals on fly ash surface ........................ 65

SEM images of the 55%:42%:3% PG:fly ash: lime composite
after ten month air curing

(a) Surface zone under low magnification rate ...................... 67
(b) A layer of paste covered on the PG and fly ash surface ... 67
(c) Ruptures, PG and fly ash in the body zone ...................... 67
(d) Figure 5.5(c) under high magnification rate ..................... 67

SEM images of the 58.5%:35%:6.5% PG:fly ash:lime composite
after 28 day artificial saltwater dynamic leaching test

(a) 50 pm ruptures in loose surface zone ............ccceueeeervennenen. 68

(b) Ruptures in loose surface zone ............cccoeevrvnneeecrerrennes 68

(c) Gypsum covered on all fly ash particles............................ 68

(d) Gypsum covered on a fly ash particle..........cccnueueeueun.. 68
xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.7

5.8

5.9

6.1

6.2

6.3

SEM images of the 58.5%:35%:6.5% PG:fly ash: lime
composite after ten month air curing

(a) Rupture, fly ash and PG in the surface zone .................... 69
(b) Figure 5.7(a) under high magnification rate ..................... 69
(c) Fly ash and PG exposed on the surface ........ccccecuveeeeeeen... 69
(d) 50 um ruptures in loose surface zone .........ccceueeeeeeneenn. 69

SEM images of the 55%:35%:10% PG:fly ash:lime composite
after 28 day artificial saltwater dynamic leaching test

(a) Ruptures, PG and fly ash in the surface zone ................... 71
(b) Figure 5.8(a) under high magnification rate ..................... 71
(c) PG, fly ash and ruptures in body zone .........ccceeeeeeceennnnne 71
(d)15 um ruptures throughout the composites ....................... 71
(e) Ettringite in the body Zone...........cccocvevmineireenrnerneeeennnnns 71
(f) Figure 5.8(e) under high magnification rate...................... 71

Backscattered images of the PG composites surface zone
after 28 day artificial saltwater dynamic leaching test

(a) 62%:35%:3% PG:fly ash:lime .......ccccceeeceevnmmmnnnrcennann. 72
(b) 55%:42%:3% PG:fly ash:lime.........ccccreeeirirnnrnnnnnnn.e 72
(c) 58.5%:35%:6.5% PG:fly ash:lime ......cccceorvremnernrrneneen.e. 72

SEM images of the 62%:35%:3% PG:fly ash:cement composite
after 28 day artificial saltwater dynamic leaching test

(a) CaCO, embedded with fly ash on the surface................... 82
(b) Figure 6.1(a) under high magnification rate ..................... 82
(c) Figure 6.1(a) under higher magnification rate .................. 82
(d) PG mixed with fly ash in body zone........cccccceruveeuveennnn.... 82

SEM images of the 62%:35%:3% PG:fly ash:cement composite
after ten month air curing
(a) PG and fly ash in surface zone..........cccceccevevceueerrrirrnnnnn. 83
(b) PG mixed with fly ash in body zone..........cccoeceruueennnce.n. 83

SEM images of the 58.5%:38.5%:3% PG:fly ash:cement composite
after 28 day artificial saltwater dynamic leaching test

(a) CaCO, embedded with fly ash on the surface................... 84
(b) Figure 6.3(a) under high magnification rate ..................... 84
(c) Figure 6.3(a) under higher magnification rate .................. 84
(d) PG mixed with fly ash in body zone.........ccceouevermrreencenen.n. 84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

SEM images of the 58.5%:38.5%:3% PG:fly ash:cement
composite after ten month air curing
(a) PG and fly ash exposed on the surface.............................. 85
(b) PG mixed with fly ash in body zone..........ccceeereneenee. 85

SEM images of the 55%:42%:3% PG:fly ash:cement composite
after 28 day artificial saltwater dynamic leaching test

(a) CaCO, embedded with fly ash on the surface................... 87
(b) Figure 6.5(a) under high magnification rate ..................... 87
(c) Figure 6.5(a) under higher magnificationrate .................. 87
(d) PG mixed with fly ash in body zone...................c.c.c......c. 87

SEM images of the 55%:42%:3% PG:fly ash:cement composite
after ten month air curing
(a) PG mixed with fly ash in surface zone.............................. 88
(b) PG mixed with fly ash in body zone................................. 88

SEM images of the 55%:35%:10% PG:fly ash:cement composite
after 28 day artificial saltwater dynamic leaching test

(a) CaCO, embedded with fly ash on the surface................... 89
(b) Aragonite on a layer of CaCO, embedded with fly ash.... 89
(c) Figure 6.7(a) under high magnification rate ..................... 89
(d) PG mixed with fly ash in body zone ....................ccucuee. 89

SEM images of the 55%:35%:10% PG:fly ash:cement composite
after ten month air curing
(a) PG and fly ash exposed on the surface.............................. 90
(b) PG mixed with fly ash in body zone................................ 90

Microprobe element content and BS images of the
62%:35%:3% PG:fly ash:cement composite surface zone
after 28 day artificial saltwater dynamic leaching test ................ 92

Microprobe element content and BS images of the
58.5%:38.5%:3% PG:fly ash:cement composite surface zone
after 28 day artificial saltwater dynamic leaching test................ 93

Microprobe element content and BS images of the
55%:42%:3% PG:fly ash:cement composite surface zone
after 28 day artificial saltwater dynamic leaching test................ 94

Microprobe element content and BS images of the

55%:35%:10% PG:fly ash:cement composite surface zone
after 28 day artificial saltwater dynamic leaching test ................ 95

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




7.1

72

7.3

74

7.5

1.6

1.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

Three component simplex coordinate system 102

Simplex-lattice {3, 3} design for three components .................... 103
Simplex-centroid design for three components..............cccoeeee.ene. 104
Augmented simplex-centroid design for three components........... 104

A sub-region (interior triangle) of the original simplex
redefined as a simplex in the pseudocomponents

x’,i=l,2and 3................ . reeereaeeranesneenns 106
Surface contour of response surface for three

COMPONENt MUXLUIES .....covrrmrerermrscresecrsessncsssosossssssssnsersessssssanses 107
A combined simplex-centroid by 2x2 factorial design ................. 109
A response surface with two process variables ................c.cc........ 111
A response surface with one process variable...............cceeeeenneee. 112
A response surface under three process variables .......................... 113
Contour plots of the fitted response surfaces of selected model

for surface hardness of PG:fly ash:cement composites ............ 123
Contour plots of the fitted response surfaces of selected model

for surface hardness of PG:fly ash:lime composites ................ 126
Contour plots of the fitted response surfaces of selected model

for Log,,D of PG:cement:lime composites ...........ccccoeerrrumrcurcnns 128
Contour plots of the fitted response surface of the selected model

for Log(UCS) of PG:cement:lime composites ........cc.cceeeeeueene 130
Contour plots of the fitted response surface of the selected model

for surface hardness of PG:cement:lime composites ................ 132

Xv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

Phosphogypsum (CaSO,-2H,0, PG), a solid by-product of phosphoric acid
production, has been classified as a “Technologically Enhanced Natural Radioactive
Material” (TENR), because it contains radionuclides (eg., radium™®) and some trace
toxic metals in concentrations, which may pose a potential hazard to human health and
the environment. The current regulated disposal method for PG is on-site stockpiling,
which has created a serious environmental management problem. An appealing
solution to the problem is the use of stabilized PG for aquatic enhancement activities.
This solution can eliminate the airborne vector of transmission for radon” and
therefore may provide a safe alternative to the current stockpiling practices. The
determination of low cement content (<10%) stabilized PG composites has been
investigated. Varying combinations of PG:cement, PG:fly ash:lime and PG:fly
ash:cement were fabricated for laboratory and field experiments. Field saltwater
submergence studies and response surface with process variable analysis shows that
only the PG:fly ash:cement composites are able to survive in the Gulf coast saltwater
environment when cement content is less than 10%. Scanning electron microscopy
(SEM) shows that ettringite formation is potentially responsible for degradation of PG
stabilized compositess. SEM and microprobe analysis showed that conditions
necessary for stabilized PG composites to survive in the saltwater environment are: (1)
the stabilized PG composites should have a strong sulfate resistant surface and (2) the
local pH environments on the stabilized PG composites should be above 11. This

higher local pH environment will result in the formation of calcium carbonates, which
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protect the PG composites and reduce the diffusion of toxic metals and radium. For
PG:fly ash:cement composites, the stronger calcium carbonate coating embedded with
fly ash particles covers the higher sulfate resistant composite surface and both
contribute to the PG:fly ash:cement composites survival in the Gulf Coast seawater
environments for more than one year. Dynamic leaching test, field experiments, SEM,
and microprobe analysis showed that the calcium diffusion coefficient is a good
indicator for PG:cement and PG:fly ash:cement stabilized composites long term

dissolution potential but does not apply to the PG:fly ash:lime stabilized composite.
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CHAPTER 1
INTRODUCTION

Phosphogypsum (CaSO,-2H,0), a solid by-product of phosphoric acid
production, has been classified as a “Technologically Enhanced Natural Radioactive
Material” (TENR) because it contains radionuclides and some trace metals in
concentrations which may pose a potential hazard to human health and the
environment (Roessler et al., 1979; May and Sweeney, 1984a; Berate, 1990; Luther et
al., 1993). The main disposal method for phosphogypsum is on-site stockpiling. It has
resulted in at least 33 PG stacks located in all Gulif States except Alabama and has
created a serious environmental management problem (Taha and Seals, 1991). It is
estimated that by year 2000, the total inventory of PG in the US will exceed 2 billion
metric tons (Taha and Seals, 1991). Environmental concerns associated with PG
disposal such as radioactive materials, radon gas production and surface and
groundwater contamination, coupled with increasing land costs for stockpiles, has
promoted research on alternative beneficial uses of this solid waste that would result in
applications considered protective of public health. The primary concermn PG
stockpiles is the airborne vector of transmission for radon gas, which has a half-life of
3.4 days and releases y rays upon decay. Radon gas is a daughter product of radium™*
( o decay) which has a half-life of 1635 years. The development of strategies that

eliminate this airborne vector of transmission would provide a safe alternative to
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current stockpiling practices. An appealing solution is the use of stabilized PG for
aquatic enhancement activities.

Solidification technology is a widely used solid waste treatment technology that
immobilizes harmful substances by adding inorganic binding materials such as lime,
cement, and fly ash to aqueous or solid wastes to produce solid matrices. This
decreases the waste leachability through reduction of the contact surface between the
leaching medium and the waste, and transformation of forms of toxic metals (Malone
et al., 1980, Barth et al., 1990). Solidification technology has been proposed to solidify
the phosphogypsum solid waste for aquatic applications. The solidified PG composites
submerged in an aquatic environment would provide double protection against the
escape of radon gas. First, the radon gas molecules would have to diffuse out of the
stabilized PG matrix. Second, those molecules that escape have to diffuse out of the
water column before becoming available for human exposure.

A demonstration study conducted at Louisiana State University showed that
70%:30% PG:cement test blocks placed in experimental ponds of Grand Terre
supported a diverse population of surface attached, burrowing organisms and oysters,
indicating the potential use of PG for offshore artificial reefs and oyster substrate.
However, 30% cement is not economical. Conversely 85%:15% PG:cement
composites disintegrated within one month after submergence in saltwater at Grand
Isle, Louisiana. This stimulates some questions: Can we find an economic ingredient
combination to build oyster substrate and artificial reefs and what are the factors

affecting composite stability?

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To reduce the cost of the PG composites, other waste products were investigated
as potential binding additives to the PG:cement matrix. Phosphogypsum:cement:fly
ash (Class C coal fly ash) composites are currently showing promise. Composites
sample with a lower bound of 62%:3%:35%, PG:cement:fly ash have remained intact
in a shallow saltwater bay off the coast of Grand Isle, Louisiana for one year. Fly ash
is a solid residual of ccal or oil combustion in electric power plants with the volume
being much higher at coal-fired plants. The mass of fly ash produced from coal
combustion is about 10% of the feed coal, and only 30% of fly ash is reused (Higgins,
1995). In 1996, 948 million tons of coal was consumed (DRI/MaGraw-Hill et al
1998) and it is estimated that 94.8 million tons of fly ash were produced with only
28.4 million tons of fly ash consumed. There is 66.4 million tons of fly ash that
remain unused today. The disposal of these solid wastes costs the industry about 4.3
billion dollars a year (Darnay, 1992).

The scope of this dissertation research was to determine the mechanisms affecting
the integrity of PG blocks under saltwater conditions and find the optimum
composition for stabilized PG composites. Scanning electron microscopy, microprobe

and statistical analysis methods were used for this research.
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CHPATER 2
LITERATURE REVIEW

Chemical By-Products: Phosphogypsum and Environmental Concerns
Chemical By-Products: Phosphogypsum

Phosphogypsum (PG) is the by-product of the wet manufacturing phosphoric
acid process and has been classified as a “Technologically Enhanced Natural
Radioactive Material” (TENR) (Taha and Seals 1991). Phosphoric acid is an
important chemical and major constituent of many fertilizers (Lopez, 1971). In the
wet process, mainly used in the United States, phosphate rock is reacted with sulfuric
acid and water to produce phosphoric acid and the solid by-product PG
(Thimmegowda, 1994):

Ca;o(POs)sF2 + 10 H2SO4 + 20 HLO ——— 10 CaSO4-2H,0 + 6 H3PO4+ 2 HF

The rock and sulfuric acid are circulated through reaction tanks to maintain the
optimum conditions for the reaction taking place and for the production of PG
crystals. The PG is then filtered and washed with water and the slurry is pumped to a
stack where evaporation and leaching of the free water takes place. The process water
is usually decanted and recycled (Brown, 1990). After water recovery and
evaporation occur, large PG stockpiles are formed up to 200 ft high and covering as
much as 494 acres.

The wet process requires a lower capital investment and production costs with
greater flexibility of processing different grades of phosphoric rock (Ferguson, 1988).

Other advantages include the recovery of Uranium from the acid produced and the
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high filtration rate. The greatest disadvantage is the production of PG with many
impurities. This PG requires washing, lime neutralization, calcination and granulation
to be used in the manufacturing of cement or wallboard, in which it’s a main
constituent. The process for the production of phosphoric acid currently used in
Australia is a two-stage crystallization process (Baretka, 1990). The PG formed by
this process has a low level of impurities and various research institutes have shown
that PG can be successfully converted into plasterboard and other plaster products.
PG can potentially be converted into a new type of low energy binder/cement and
probably as a retarder in Portland cement (Taha and Seals, 1991).

The production of PG in the United States is approximately thirty-three million
tons per year with Florida leading the nation. As of 1989, the state of Louisiana had
almost ninety-five million tons of PG stockpiled and over twenty-five million tons
exist in the Houston area (Gregory, 1983). In 1977, Japan was producing about
2,748,000 metric tons of PG per year (Miyamoto, 1980). Studies have shown that PG
also exists in Canada, Europe and India.

Environmental Concerns

Recently, environmental concerns have contributed to the increasing interest in
achieving environmentally acceptable means of using PG. The two major categories
of concern are toxicological and radiological.

PG exists in three different forms: anhydrite, hemihydrate, and dihydrate.
Dihydrate (CaSO4-2H,0) is the most commonly found form in the world (Taha and

Seals 1991). PG contains 39 elements with several trace metals included on EPA’s
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list of potentially toxic elements. The concentration of these elements are listed in
Table 2.1 (Taha and Seals 1991).

Table 2.1 Typical trace element concentration in phosphogypsum

Element Concentration (ppm)
Louisiana Florida
As 1-5 2-8
Ba 50 <10
Cd 0.3-0.4 34
Cr 2-5 15-30
Pb 2-10 2-13
Hg 0.02-0.05 <0.5
Se 1 <1
Ag 0.1-0.2 <0.3
U530 5-10 NA

The main concern of contamination is the heavy metals emanating from the
stockpiles and the effects on human health and the environment. The potential for
significant contamination includes the contamination of groundwater by the low pH
PG leachate and the contamination of the surface water.

Many studies have been conducted on the toxicity of PG and whether leaching of
these materials occur. In 1983, May and Sweeney (1983) conducted an investigation
of nine PG stacks in the state of Florida to study its various physical and chemical
characteristics. The results of the analysis showed that trace elements were distributed
uniformly within the PG stacks and the eight metals listed as toxic by the EPA were
detected at concentrations far less than the standard of EPA extraction procedure, even
if 100 percent of these metals would be extracted by the EPA procedure. Besides the

spectrophotometer analysis, the EPA procedure was used to find the inorganic
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contaminants in the PG. The results showed that all toxic metals were found to be
lower than the EPA maximum contaminant level.

Naff (1984) studied the environmental aspects of PG produced at Mobil by
conducting EPA extraction procedure (EP) tests. The EP test was done on fresh, aged
and stabilized stacks of PG from Mobil. Fresh and aged PG were found to meet both
leaching and drinking water standards for the eight heavy metals listed as toxic
elements by the EPA. Sulfates and fluoride levels exceeded drinking water levels due
to the solubility of PG. The results showed that PG, stabilized with cement and fly
ash, forms a monolithic slab containing insoluble compounds helping to hold the
metals within the block; Thus, the impact of stabilized PG on both groundwater and
drinking water will be lower than that of raw PG.

The second main category associated with phosphogypsum stockpiles is
radiological concerns. The radionuclides of concern in PG, as reported by C. W.
Berish (Brown, 1990), are: uranium (U-238 and U-234), thorium (Th-230), radium
(Ra-226), radon (Rn-222), lead (Pb-210), and polonium (Po-210). U-238 undergoes
various decay processes to eventually produce radioactive Pb-210. The various steps
involved are listed in Table 2.2 (Brown, 1990).

Average radionuclide concentrations present in PG and background(BG) soils are
given in Table 2.3 (Brown, 1990), the PG values are the means of samples taken from
five stacks). From this information, we can observe the radionuclide concentration in
PG exceeded those in background soils by nearly 10 times for U-234 to sixty times for

Ra-226.
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Table 2.2 The related radionuclides in raw phosphogypsum

Radionuclide Member of series Half-life
Uranijum-238 Ist 4.9 *10° years
Uranium-234 4th 2.4 * 10’ years
Thorium-230 5th 8 * 10* years
Radium-226 6th 1622 years
Radon-222 7th 3.8 days
Lead-210 12th 22 years
Polonium-210 14th 138 days

Table 2.3 Radionuclide concentrations(pCi/g) in PG and background soil

Material Ra-226 U-234 U-238 Th-230 Po-210 Pb-210

PG 31.00 330 320 5.10 27.00 36.00

BG Soil  0.50 030 030 0.30 0.50 0.70

The primary mechanisms of radionuclide contamination from PG stacks include
direct irradiation from gamma radiation and airborne emissions of radon, dust and
other carcinogens. Many studies have been conducted by Roessler (1979) to
investigate the potential environmental impact by the radionuclide contaminants. The
United States EPA requires that PG be stored in stacks and that radon emissions be
below 20 pCi/m’-s based on the National Emission Standards for Hazardous Air

Pollutants (Roessler, 1979).
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Stabilization Materials
Portland Cement
Chemical Composition

Table 2.4 (Neville, 1981) contains the four major constituents of Portland
cement. The silicates in cement are not, in reality, pure compounds but contain minor
oxides in solution. These major oxides significantly affect the atomic arrangements,
crystal form and hydraulic properties of the silicates. Minor oxides usually amount to
no more than a few percent of the weight of cement. Included are MgO, TiO,, Mn,0;,
K>0, and Na,O (Neville, 1981).

Table 2.4 The main components of Portland cement

Name of compound Oxide composition Abbreviation

Tricalcium silicate 3Ca0-Si0, CsS

Dicalcium silicate 2Ca0-Si0, CsS

Tricalcium aluminate 3Ca0-Al,03 CA

Tetracalcium aluminoferrite 4Ca0-Al,05-Fe;04 CsAF
Calcium Silicate Hydrates

CsS, normally present in the largest amount and making up 75 to 80% of
Portland cement, occurs as small, equidimenstional colorless grains. Cooling below
1250°C, C3S decomposes slowly but if cooled quickly it remains relatively stable at
normal temperatures. C,S exists in three to four forms. Alpha-C,S exists at high
temperatures and inverts to beta-C,S at about 1450°C. Beta-C,S inverts to gamma-

C,S at about 670°C but in commercial cooling of cement beta-C,S is preserved
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forming a rounded grain and usually twining. The hydration process is slower than
that of C;S (Swayze, 1946).
Assuming that C3S,H; is the final product of the hydration of both C3S and C;S,
the reaction can be written as: (not exact stoichiometric equations)
CsS:
2C3S +6H — C3S;Hj3 + 3Ca(OH),
100 +24 — 75 + 49
C,S:
2C,S +4H — C;3S;H;3 + Ca(OH);
100 +21 > 99 + 22
Based on the weight, both silicates require approximately the same amount of
water for hydration; but, C3S produced more than twice the amount of Ca(OH), as
C,S. The Ca(OH), produced in the above hydration process can neutralize the acidity
of PG at certain levels.
Tricalcium Aluminate Hydrate and Function of Gypsum
The amount of C;A present in most cements is comparatively small; but, its
behavio; and structural relationship with the other phases in cement make it of
interest. The tricalcium aluminate hydrate forms a prismatic dark interstitial material,
possibly with other substances in solid solution. It often takes the form of flat plates
individually surrounded by the calcium silicate hydrates.
The reaction of C3A with water is violent and leads to immediate stiffening of the
paste, known as “flash set”. This is prevented by the addition of gypsum

(CaS04-2H,0) which reacts with C;A to form insoluble calcium sulphoaluminate
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(3Ca0-Al,03-3CaS04-31H,0) (Steinour, 1952). Eventually a tricalcium aluminate
hydrate is formed, although it is preceded by a metastable 3Ca0-Al,03-CaSO,-12H,0
produced at the expense of the original high-sulphate calcium sulphoaluminate.

The stable form of the calcium aluminate hydrate, ultimately existing in the
hydrated cement paste, is probably the cubic crystal C;AHs. It is possible though that
hexegonal C4AH,, crystalizes out first and later changes to the cubic form. The final
reaction can be written as C;A + 6H — C3AHg (not a stoichiometric equation).

The molecular weights show that the 100 parts of C;A react with 40 parts of
water by weight. This is much higher than that required by the silicates. C3A is
undesirable because it contributes little or nothing to the strength of cement except at
early ages. When hardened, cement paste is attacked by sulfates and the expansion
due to the formation of calcium sulphoaluminate (ettringite) from C3;A may resuit in
the disruption of the hardened past. C3A is useful, though, in its ability to act as a flux
and reduce the temperature of burning of clinker and facilitates the combination of the
lime and silica. C4AF can also act as a flux. C4AF is really a solid solution ranging
from C,F to CsA,F (Swayze, 1946). If no liquid were formed during burning, the
reactions in the kiln would progress much more slowly and would probably be
incomplete. Gypsum reacts with C;AF to form calcium sulphoferrite as well as
calcium sulphoaluminate and its presence may accelerate the hydration of silicates.
C;AF yields the same products as C3A but at 2 much slower rate (Neville, 1981).
Hydration of Cement

The reactions by which Portland cement becomes a binding agent take place in a

water-cement paste. The compounds listed in Table 1 form products of hydration,
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which in time, produce a firm and hard mass, the hardened cement paste. There are
two ways in which cement compounds may react with water. The first way is by a
true reaction of hydration in which there is a direct addition of water molecules. The
second type of reaction is by hydrolysis. However, hydration is the usual term for all
reactions of cement with water (Neville, 1981).

The presence of gypsum is able to retard the hydration of Portland cement. The
disadvantage associated with the presence of gypsum is the formation of ettringite as a
result of excessive sulfate levels. There is a direct correlation between cement
expansion and ettringite formation (Kalvakalva, 1995).

Fly Ash

Fly ash is a solid residual of coal of oil combustion in electric power plants with
the volume being much higher at coal-fired plants. Fly ash is a mixture of metallic
oxides, silicates, and other inorganic particulate matter, which is produced during the
burning of coal and oil. The chemical composition of fly ash is influenced by the type
of coal used, the completeness of combustion process, and the mineral contents of the
coals (Atalay et al., 1990). Class C fly ash that contains abundant of calcium is added
as the base material to neutralize the acidity of the raw PG. Fly ash also contains
silicate allowing it to act as a binding agent in the mixture, reducing the necessary
cement content. Fly ash can also inactivate C3;A in cement.

Lime

Lime is calcium hydroxide. It is a base material. It is added mainly as a base

material to neutralize the acidity of raw phosphogypsum. It can also function as a

binding agent.
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Marine Environments
Chemical Environment

Most seawaters have similar compositions of dissolved salts; typically 10-35 g/L
salt and containing Na*, Mg?*, CI', and SO, as the principal components. In addition
to dissolved salts, the presence of certain gases in the seawater play an important role
in the chemical and electrochemical phenomena (oxidizing or reducing environments)
influencing concrete durability. High concentrations of CO, are a result of decaying
organic matter and are usually found in sheltered bays and estuaries. Marine
organisms are a typical source of H,S (Mehta, 1991).
Chemical Attack of Concrete and PG:Cement Composites

The surface of the blocks is the first line of defense against seawater. With a
high quality impermeable skin, the chemical effects of seawater can be limited to the
surface of the block. If the block becomes permeable, there is a great opportunity for
several harmful reactions. PG solubility in 20 ppt seawater is 3.8 g/1000g (James,
1992) and if the amount of the binding agent (eg cement) is not high enough the PG
will dissolve.

When concrete is submerged in the seawater, the sulfate ion in the seawater can
react with C3A to form ettringite crystals according to the following reaction.

C;A +2CS’H, +26H —— C3A-3CS’Hx

This reaction results in a volume increased of 227% (Neville, 1995). When the

volume increase exceeds the tolerance-expanding limit of the hardened hydrated

cement paste, ruptures develop. These ruptures increase the contacting area between
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concrete and seawater, therefore enhances the formation of the ettringite. This cycle
continues until degradation of the entire concrete.

Magnesium salts can also react with Portland cement paste in seawater resulting
in the formation of brucite (magnesium hydroxide) and soluble products like calcium
chloride and calcium sulfate. In old concrete, magnesium silicate (4MgO-SiO,-8H,0),
resulting from ion exchanges between seawater and calcium silicate hydrates present
in hydrated Portland cement, has been identified (Mehta, 1991). This substitution
makes concrete weak and brittle.

Biological Environment

Marine growth, such as barnacles and mollusks, have been found on the surface
of PG:cement composites. This growth is dependent on temperature, pH, water
current, oxygen and light conditions on and surrounding the composite surface.
Barnacles, sea urchins and mollusks are known to secrete acids, which can create
boreholes in concrete and corrosion on the surface. It has also been reported that
some mollusks are capable of producing ammonium carbonate (Lea, 1971), which is
damaging to concrete, and another type of mollusk can bore into the hard limestone
aggregate of concrete (Gerwick, 1986).

H,S-generating anaerobic bacteria are found in sediments containing oil.
Theobacillus concretivorous attacks weak and permeable concrete resulting in the
corrosion of the embedded steel. Some aerobic or sulfur-oxidizing bacteria cause the
conversion of H,S to sulfuric acid, which may be highly corrosive to PG blocks. The
marine environment is inhospitable for many commonly used construction materials

such as concrete. Seawater contains many corrosive ions and gases along with
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housing many marine organisms detrimental to construction materials. There are also
temperature extremes and hydrostatic pressures capable of accelerating the

deterioration of these materials.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3

THE EFFECTS OF SALTWATER ON THE DISSOLUTION POTENTIAL OF
PHOSPHOGYPSUM:CEMENT COMPOSITES

Introduction
Phosphogypsum (CaSO,-2H,0, abbreviated as PG), a solid by-product of

phosphoric acid production, has been classified as a “Technologically Enhanced
Natural Radioactive Material”’(TENR) because it contains radionuclides and some
trace metals in concentrations that may pose a potential hazard to human health and
the environment (Roessler et al., 1979; May and Sweeney, 1984; Berate, 1990; Luther
etal, 1993).

The main disposal method of phosphogypsum is onsite stockpiling as
promulgated by the USEPA (Taha and Seals, 1991). This has resulted in at least 33
PG stacks located in all Gulf States except Alabama and has created a long term and
tremendous management problem(Taha and Seals, 1991). Environmental concerns
associated with PG disposal, coupled with increasing land costs for stockpiles, has
prompted research on alternative beneficial uses of this solid waste that will result in
applications considered protective of public health (Taha and Seals, 1991).

Solidification/stabilization is a widely used solid waste treatment technology,
which immobilizes harmful substances by adding inorganic binding materials such as
lime, cement, and fly ash to aqueous or solid wastes. This decreases the waste
leachability by reducing the contact surface between the leaching medium and the

waste (Malone et al., 1980, Barth et al., 1990). Portland cement solidification has

16
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been proposed to prepare the phosphogypsum solid waste for aqueous applications
including aquatic resource enhancement, artificial reefs, oyster substrate and shoreline
erosion control.

Gypsum is an active ingredient in cement chemistry and is used to prevent "flash
set". An excess of gypsum can lead to expansion and disruption of set cement,
therefore, its addition is limited to a maximum of 3.5% (Neville, 1995).
Phosphogypsum is readily soluble in seawater (=~ 4.1 g/L at 35 ppt; James, 1977), and
will dissolve to form calcium and sulfate ions. Sulfate ions can react with Ca;Al
oxides contained in cement to form ettringite crystals through the following reaction:
Ca,Al Oxides+2CaS Oxides-(H,0),+26 H,0
——>Ca,Al Oxides-3CaS Oxides-(H,0);, (1)

The formation of the ettringite increases the volume of the cement paste by 227%
(Neville, 1995). When the volume increase exceeds the tolerance-expanding limit of
the hardened, hydrated cement paste, ruptures develop, weakening the strength of the
cement composites. The levels of PG ( 99.8% gypsum) used in this research are above
70% and can be detrimental to the composites.

A demonstration study ( Chen et al, 1995 ) conducted at Louisiana State
University showed that 70%:30% PG:cement test blocks placed in experimental
seawater ponds on Grand Terre Isle, Louisiana for one year, supported a diverse
population of surface attached, burrowing organisms and oysters, indicating the
potential use of PG for offshore artificial reefs and oyster substrate. No loss of

physical integrity was observed (Chen et al, 1995). On the other hand, the 85%:15%
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PG:cement test composites placed in experimental seawater ponds in Grand Isle,
Louisiana, for one month exhibited severe dissolution. Therefore, the purpose of the
present investigation was to determine the mechanisms influencing the physical
integrity of PG:cement composites for use in seawater applications.

Materials and Methods

PG Compegsite Fabrication

Raw phosphogypsum obtained from IMC-Agrico Co., Uncle Sam, Louisiana,
was air-dried at room temperature for one day followed by oven drying at 45°C for 1-
2 days. The dried phosphogypsum was crushed and passed through a 1.96 mm sieve.
Fresh Portland Type II cement was passed through a 0.5 mm sieve. Phosphogypsum
and cement were combined at the appropriate levels, mixed with water equivalent to
8% of dry weight and then compacted into 5.1 cm ¢ x 10.2 cm long cylinders at a
compaction load of 2,720 kg. The target dry density was 1.6 g/cm’. After one or two
hours of air curing, composites were cured for 21 days at 100% humidity and room
temperature.

One hundred 70%:30% composites were placed in one-quarter acre seawater
ponds at the Louisiana Department of Wildlife and Fisheries’ Lyle S. St. Amant
Marine Laboratory (approximately 70 km south of New Orleans, Louisiana) for one
year (Wilson et al., In Press). Composites were stacked in pyramids along the bottom
of the pond and pond water was pumped out daily. Forty 85%:15% composites were
placed in the bay adjacent to the Louisiana Sea Grant Oyster Hatchery in Grand Isle,

Louisiana for one month (Rusch et al., 1998). The placement of these composites was
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part of a larger project where blocks were strung between two bread crates
approximately three feet in height. The pond and bay were located five miles from
each other. Water chemistry conditions and the biological environment were similar
between the two locations. Temperature ranges were 16-31°C and 14-34°C; salinity
ranges were 15-28 ppt and 17-29 ppt and pH ranges were 7.8-8.5 and 7.7-8.6 for the
bay and pond, respectively.

Instrumental Analyses

Petrographic, image, chemical and X-ray analyses were used to qualitatively and
quantitatively characterize the composites. Samples of the 70%:30% and 85%:15%
PG:cement composites were thin-sectioned to 30 pm following standard procedures
(Hutchinson, 1974). Petrographic examinations for the composites were made using a
polarized optical microscope in transmitted light to observe the material
microstructure and microphase relationship. These images were used to identify
crystal forms.

Secondary and back-scattered electron image analyses and elemental energy-
dispersive X-ray spectrometry (EDS) mapping on the samples were performed using
scanning electron microscopy (SEM; JEOL, 840A). The sections were coated with
gold. The working distance was 5 — 10 mm and the operating voltage was 20 kV.
Qualitative identification and quantitative composition analysis of the specific
microzones were performed using an electron microprobe (JOEL JXA-733) equipped
with a SEM capable of detecting boron, an energy-dispersive X-ray Spectrometer

(EDS) capable of detecting carbon and a four wavelength-dispersive spectrometer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

(WDS) capable of detecting uranium. The accelerating voltage was 15 keV, the beam
current was 5nA and the takeoff angle was 40°. The data was reduced using the ZAF
(Z= atomic number; A = absorption; F = fluorescence) method (Goldstein et al.,
1992). Polished sections were coated with carbon for EDS and BSE (back-scattered
electron) images.

Results

Surface Observations

70%:30% PG:Cement Composites. The 70%:30% PG:cement composites
sampled from the Louisiana Department of Wildlife and Fisheries Marine Laboratory
showed no signs of degradation. Images taken under crossed nicols from a polarized
light microscope with a magnification rate of 100x clearly showed the formation of a
crystalline layer on the surface of the composite (Figure 3.1). When an accessory
plate (gypsum plate) was inserted, the high order white interference color remained on
the coating layer. When viewing this thin-section at a magnification rate of 600x, the
flash relief phenomenon was observed. This phenomenon combined with the high
order white interference indicated the coating layer was composed mainly of
carbonates.

The elemental content images (100x) of sulfur (S), silicon (Si) and calcium (Ca)
for the 70%:30% PG:cement composites are presented in Figure 3.2. The Ca content
image shows that the coating on the composite surface contains a higher content of Ca
than observed in the composite body. Additionally, the Ca content in the coating is

uniform, indicating that the coating may be a mineral not a mixture. The S content
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image indicates that the coating does not contain S, and the S content in the composite
body is not uniform. The non-uniform distribution of S and Si implies that the
composite body is a mixture of high S content with low S content minerals, which
coincides with the materials making up the composite. Portland Type II cement does

not contain significant S, while PG (CaS0O,-2H,0) does.

Figure 3.1 Polarized light microphotography (100x) taken under crossed nicols
showed a crystalline coating layer on the surface of the
70%:30% PG:cement composites
The back scatter image of the coating (1500x, Figure 3.3) shows seven
measurement points with their circular white rings, which were formed by beams of
electrons during the microprobe quantitative measurement process (Table 3.1). Since
the chemical composition of the coating layer is uniformly distributed, the average and
standard deviation of CaO and MgO can be calculated to be 53.22+0.32% and
0.30+0.03%, respectively. The CaO content of USNM No.136321 calcite (CaCOs)

mineral provided by the Smithsonian Institution, Washington D.C. is 55.3%.
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Therefore, the coating has been identified to be CaCO,;, with a 0.5% weight of
MgCO,;. Since the coating sample was very small, the crystal forms of the CaCO,
could not be identified; i.e. calcite or its allomorph, aragonite cannot be distinguished.
Carbonates found in the marine environment consist of CaCO; and MgCO; with about
0.5% of the CaCO, being MgCO, (James, 1977; Neil and Malahoff, 1977), the same
value as our results. The composite surface has a higher content of Mg than present in
the body. In an estuary bottom water environment, CaCO; (calcite) is supersaturated
by 590% (Guo et al., 1989). The pH value on the composite surface was determined to
be above 11. The high pH and supersaturated conditions with respect to calcite would
result in the precipitation of calcite. From a chemical composition point of view, the
composite does not contain Mg (<0.5%) (Taha and Seals, 1991), while seawater does.
All of the above data suggest that carbonate coating was formed in a high pH (>11)
environment on the composite surface. Therefore, the reactants Ca>’, Mg”>” and CO;*
are mainly from seawater and not from the PG:cement composite.

The SEM images of the 70%:30% PG:cement composites just below the surface
are presented in Figure 3.4. Some 10 pm wide ruptures containing ettringite were
found in this section. Identification of the ettringite was based on the work done by
Roy et al. (1996).

85%:15% PG:Cement Composites. The 85%:15% PG:cement composites
submerged in a coastal seawater bay in Grand Isle, Louisiana for just one month
showed signs of heavy degradation. The composite diameter decreased from an

average of 5.1 to 4.4 cm. Images taken under crossed nicols from a polarized light
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Figure 3.3 The SEM back-scattered electron microphotograph (1500x) of the
70%:30% PG:cement composite surface showed a close-up of the microprobe
measurement point in the CaCOs coating layer

Figure 3.4 Ten-micron wide ruptures were identified in the zone just below
the surface of the 70%:30% PG:cement composites
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microscope with a magnification rate of 100 show 50um wide ruptures on the surface

of the composite (Figure 3.5). High order white interference color and the flash relief

phenomenon were not found, indicating the absence of carbonate formation. Only

some plate crystals and pastes were found.

Table 3.1 Results of X-ray microprobe analyses of the coating
layer of the 70%:30% PG:cement composites

Measurement No. CaO (%)

MgO (%)

1 52.74
2 53.39
3 54.58
4 53.46
5 53.76
6 52.00
7 52.59
Average 53.22
DIV 0.32

0.28
0.18
0.45
0.36
0.26
0.29
0.27

0.30
0.03

The SEM image shows 100um diameter pores and 50um wide ruptures, both

containing well developed ettringite (Figure 3.6). This layer can be easily scraped off,

and the matrix is looser and physically different from what has been found in the PG

composite body.

Body Observations

SEM images of the interface between the surface and body of the composites

clearly shows a few 1 um wide ruptures (Figure 3.7) and 1 pum diameter pores (Figure

3.8) with well developed ettringite (Figure 3.9) for the 70%:30% samples. In contrast,
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Figure 3.5 Fifty um wide ruptures were observed in the surface zone of the
85%:15% PG:cement composites using polarized light microscopy (100x)
under cross nicols

*
i20pm

Figure 3.6 SEM microphotographs of the surface of the 85%:15% PG:cement
composites corroborated the polarized light microphotographs, 50 pm wide
ruptures and 100 pm diameter pores were found throughout the sample
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Figure 3.7 Plate crystals (phosphogypsum) and pastes (cement) were found
throughout the body zone of the 70%:30% PG:cement composites using
polarized light microscopy (100x) under cross nicols

Figure 3.8 A few < 1um wide ruptures and pores were found in the interface between
the surface and the body of the 70%:30% PG:cement composites
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several 10 pum wide ruptures and Spm diameter pores (Figures 3.10 and 3.11) with
well developed ettringite (Figure 3.11) were found in the 85%:15% samples.

Images (Figure 3.12) were taken under crossed nicols using a polarized light
microscope with a magnification rate of 600x to observe body composition. Many
plate crystals and paste were found. The plate crystals were identified as PG, while
the paste is likely to be cement and cement mixed with PG. No evidence of carbonate
formation was found. The 70%:30% PG:cement composite samples (Figure 3.12)
exhibited a few small pores (diameter<0.5um), while the 85%:15% sample had
several small pores (diameter=1um) and some ruptures (Figure 3.13).

Discussion

The Formation of a CaCO; Coating Layer and its Importance

The physical integrity of the PG:cement composites is determined by the strength
of the cement paste and the permeability of blocks. Only permeability will be
discussed here. The formation of the CaCO, coating layer reduces the permeability of
the composites, which protects composites from seawater intrusion and prevents any
possible toxic substance leaching. If this layer is breached for any reason, the newly
exposed cement surface will again create the optimum condition for the formation of
the CaCO, layer by creating a microzone of high pH conditions. This characteristic is
very important for chronic toxicity of the PG:cement composites in the marine
environment. While it was not investigated in this study, this self-repair ability may
offer protection from radionuclide or other contaminant leakage. Further leaching

studies are needed to confirm this hypothesis. If a solid waste is solidified and kept in
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Figure 3.9 A scanning electron microscopy shows well developed ettringite on
the pore walls

Figure 3.10 The 85%:15% PG:cement composites were found to have 5 um
wide ruptures and pores in the zone between the surface and the body of
the sample
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Figure 3.11 The walls of the pores shown in Figure 3.10 were found to have Yvell
developed ettringite, similar to that found in the 70%:30% PG:cement composite
samples.

Figure 3.12 SEM microphotographs of the body zone of the 70%:30% PQ:cement
samples showed only a few <0.5 pm pores. The matrix, itself, was very tight and
compact.
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Figure 3.13 SEM microphotographs of the body zone of the 85%:15% PG:cement samples showed several 0.5 um
pores. The matrix was not as tight and compact as that found in the 70%:30% samples.
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a high pH condition, a CaCO, layer will continuously form and protect wastes from
leaching. The hydration of cement in the composites leads to the formation of lime,
which leads to a pH increase. This increase must be high enough to neutralize the
acidity of PG. Once the pH reaches approximately 11 on the composite surface,
calcium carbonate begins to precipitate out and form a hard impermeable coating.
The Degradation/Dissolution Processes of the 85%:15% PG:Cement Composites
The needle crystals in the 85%:15% PG:cement composites were identified to be
ettringite (Roy et al, 1996). Most of the ettringite in the 85%:15% PG:cement
composites crystallized within the first few weeks during the moisture controlled
curing periods. Afterwards, the ettringite content remained essentially constant (Gutti
etal, 1996). When the composites were submerged in seawater, no calcium carbonate
coating was formed because the 15% cement in the composite is only equivalent to
4.5% lime, which was not great enough to raise the pH value on the composite surface
high enough for the formation/precipitation of CaCO,. Without the protection of a
CaCO; coating, the permeability of the PG composite is higher, permitting water to
enter the composites and dissolve the phosphogypsum crystals in or on the block wall.
According to the double layer theory (Metcalf and Eddy, 1991), the solution in the
block wall pores reaches a saturated state. The high concentration of sulfate ions can
react with Ca;Al oxides (component of cement) to form ettringite crystals leading to a
volume increase. When the volume increase exceeds the tolerable-expansion limit of
the hardened, hydrated cement paste, ruptures develop. The ruptures increase the

dissolution of the phosphogypsum by allowing more water intrusion. The dissolution
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of the phosphogypsum further enhances the formation of the ettringite. This cycle
continues and the composites degrade. Both the dissolution of the phosphogypsum
and the formation of the ettringite crystals are judged to be jointly responsible for the
degradation of the PG:cement matrix in the 85%:15% composites.

Though the composites were placed in different locations, the
chemical/biological conditions of the water were similar. The only potential
difference was wave action. Subsequent studies show that 70%:30% PG:cement and
85%:15% PG:cement composites placed next to each other in the bay at Grand Isle,
exhibited the same behavior as the results presented here. Therefore, physical wave
action can be disregarded as a potential source of difference.

In conclusion, cement content plays an important role in determining whether a
CaCO, coating forms on the surface of the PG:cement composite. The Ca’* and CO;%,
shown to make up the CaCOj coating of the 70%:30% PG:cement composite, comes
from seawater and is illustrated by chemical composition analysis. The high cement
ratio of the 70%:30% PG:cement composite provides strength and raises the pH by the
production of lime from cement hydration. The quantitative relationships describing
optimal composite configuration are discussed in further detail elsewhere

(See Chapter 7).
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CHAPTER 4
DETERMINATION OF CALCIUM DIFFUSION COEFFICIENT AS AN
ESTIMATOR OF LONG-TERM DISSOLUTION POTENTIAL FOR
PG:CEMENT:LIME COMPOSITES
Introduction

Phosphogypsum (PG, CaSO,-2H,0) is a waste by-product of phosphoric acid
production and is classified as a “Technologically Enhanced Natural Radioactive™
(TENR) Material by EPA. The current allowable disposal method for PG is
stackpiling, which has lead to the accumulation of more than 33 stacks located in
Florida and Louisiana (Taha and Seals, 1991). The effects of these stacks on the
environment consist primarily of groundwater contamination with trace amounts of
heavy metals and air pollution from radionuclides, the most threatening being Ra™
and its daughter product Rn*??. With the US currently producing about 33 million tons
a year at a cost of 800 million dollars for stackpiling, it is estimated that by the year
2000 the total US inventory of PG stacks will reach 2 billion tons (Taha and Seals,
1991).

The accumulation of PG stacks causes significant environmental problems that
are placing increasingly more pressure on the fertilizer industry to find a long-term
disposal solution. Various alternatives to the disposal of PG are being sought to
decrease risks to human and the environment, and to reduce the cost of storage. One
such alternative is the use of stabilized PG in the marine environment for aquatic

resource enhancement. Because PG is highly soluble in saltwater, the stabilization of
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PG requires cement concentrations high enough to prevent the dissolution of the PG
under submerged conditions. Conversely, cement content must remain low enough to
maintain the economic feasibility of such an approach. Studies have indicated the
presence of a calcium carbonate coating on the surface of composites that showed no
signs of deterioration following saltwater submergence (Please see Chapter 3).
Calcium carbonate requires high pH conditions to form. The addition of lime to the
cement:PG composites would aid in the production of calcium carbonate when
submerged in saltwater thus reducing the composite permeability and the required
cement concentrations needed to stabilize the PG. This paper presents mechanisms
influencing composite integrity and processes this information to predict possible
combinations of cement, lime, and PG that can maintain physical integrity in saltwater
for prolonged periods of time.
Materiais and Methods
Ingredient Selection

Based on cement chemistry, average cement and lime concentrations of 9% and
8%, respectively, with +5% to compensate for other possible interactions between
ingredients were determined necessary to reach the required pH of 11 for calcite
formation. Ten ingredient combinations (Table 4.1) of PG:cement:lime were chosen
by statistical methods (Kuehl, 1994). PG:lime ingredients were tested for pH effect
only. The 85%:15%:0% PG:cement:lime and 70%:30%:0% PG:cement:lime
composites were included for comparison. The 70%:30%:0% PG:cement:lime

composites withstood saltwater submergence for one full year with no signs of
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degredation while the 85%:15%:0% PG:cement:lime composites dissolved within one
month.

Table 4.1 PG :cement:lime composite ingredients (%)

PG Cement Lime
70 30 0
83 9 8
83 3 14
83 14 3
84.6 10.7 4.7
84.6 5.7 9.7
85 15 0
86.4 7.3 6.3
87 0 13
88 9 3
88 4 8
89.6 5.7 4.7
90 0 10
93 4 3
93 0 7
Diffusion Model

Duedall et al. (1983) developed a diffusion model based on Fick’s second law of
diffusion 0C/6t = D(6°C/0x?) and some related boundary conditions. This model is
one-dimensional for ions in the solidified blocks and in well-stirred aqueous systems.
It assumes a uniform distribution of diffused ions in the block and a flux of the ions
across the block-water interface that is proportional to the concentration at the
interface. This diffusion model is widely applied for diffusion constants calculations
(Edwards and Duedall, 1985; Cote, 1986; and Seveque et al., 1992) because it is

simple, reliable, and self-verified. The diffusion coefficient (cm?-day™) was obtained
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from the equation J = S (D/nt)*, where J is the flux, S, is the initial calcium
concentration of the composite, and D is the effective diffusion coefficient. This
equation was used for the diffusion coefficient calculation.
Composite Fabrication and Characteristics

Type II Portland cement was combined with lime and dried/crushed PG resulting
in fifteen different combinations (Table 4.1). Eight-percent (dry weight base) water
was added to attain the desired moisture content. Ninety grams of the mixture were
weighed and compressed into a 3.81cm diameter and 3.81cm long steel mold under
9.8x10” N/m?, using a static press. The composites had a surface area of 68.4 cm’ and
a dry density of 2.0g-cm®. The composites were allowed to cure at 100 % humidity
and room temperature for over two weeks before testing. The average dry weight was
87 grams.
Dynamic Leach Test

The composites were subjected to a 28-day dynamic leach test (ANSI, 1986) to
determine calcium diffusion from the composites. The diffusion coefficient,
calculated from the calcium flux, was used to determine the governing equation
representing the calcium carbonate formation. An 8:1 leachate volume to block
surface area ratio was used. Composites were placed in 550 ml! of 20%e artificial
saltwater (Instant Ocean™) and the leachant was completely exchanged at intervals of
08,.29, 1,2, 3,4,5, 8, 11, 14, 21, and 28 days. The leachant was analyzed, in
duplicate, for pH, calcium, and alkalinity. All analyses were performed in accordance

with Standard Methods (APHA, 1995).
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Instrumental Analyses
Qualitative and quantitative X-ray microprobe (SEM) (Joel JXA-733) analyses

and scanning electron microscopy (Joel 8408) were used to analyze composite
microstructure. Thirty um sections from the 70%:30%:0%, 88%:9%:3%, and
88%:4%:8% PG:cement:lime composites were prepared in a manner to allow
investigation of the composites' surface and body sections (Hutchinson, 1974). These
composites were considered representative of the range of composites tested.
Statistical Analysis

The quadratic canonical polynomial (1) (See Chapter 7) was used in the data

analysis.

k

yx)=D Bl x, +2> B.xx +e 1))

i=l i< j

Where, y(x) is -log,,(D), X, is cement content, X, is lime content, x; is PG content,
B; is the linear coefficient, B; is the linear interaction coefficient, e, is the random
error, a2 normal distribution with mean zero and variance . SAS 6.12 was used for
the regression analysis, omitting the intercept.

Results

Dynamic Leach Test

Calcium released from the composites was estimated based on the following
stoichiometric equations:
CaS0,-2H,0 & Ca™ + SO, )

Ca(OH), &> Ca™ + 20H 3)
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Ca + CO;? & CaCO; )]

Lime breaks down into calcium and hydroxide ions. The hydroxide ions react
with atmospheric carbon dioxide in a two step process to form bicarbonate and
carbonate ions, respectively. From reaction stoichiometry, the carbonate and calcium
ions have a 1:1 ratio and this difference in the alkalinity and measured calcium in the
system yields a good estimate of the calcium leaching from the PG.

The released calcium was used to calculate the flux of Ca* and the depth of
penetration for the diffusion process (x.). Initially, Ca’* fluxes ranged from 10 to 10”
(mol-cm?-day') due to surface wash-off and dissolution. During the last three weeks of
the dynamic leaching test, the flux decreased from 10 to 107, (mol-cm?-day') which
was attributed to diffusion. Calcium diffusion coefficients were calculated to range
from 10 to 107 (cm*day™). The 70%:30%:0% PG:cement:lime composites showed
the lowest dissolution rate and highest pH of all combinations. The diffusion
coefficients of the composites are presented in Table 4.2. The 83%:4%:13%,
83%:9%:8%, 84.6%:10.7%:4.7%, and the 84.6%:5.7%:9.7% PG:cement:lime
composites all showed low diffusion coefficients with respect to the other
combinations and developed full calcite coatings after two days. S, was approximated
to be .01 (mol-cm™). The effective depth of penetration, x., was calculated from x_ =
(2Dt)"?  and found to range from .06 mm to 30 mm. This showed that the
PG:cement:lime composites can potentially survive for long period in salt water if

only the diffusion process is considered.
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Equation (1) was used to determine the relationship between the calcium
diffusion coefficient and composite ingredient. This relationship is:
-log(D) = -58.44*Cement - 135.62*Lime - 4.40*PG

+ 65.66*Cement*PG + 154*Lime*PG )

Both cement and lime contribute negatively to the diffusion coefficients. However, the
interactions between cement and PG and between lime and PG contribute positively.
The results show that the PG:cement:lime stabilized composites can potentially
survive for long periods in saltwater if only the diffusion process is considered. Using
the regression equation (5), a range of composite compositions can be determined that
result in a diffusion coefficient equal to the 70%:30%:0% control that may have a
higher chance of survival in saltwater (Table 4.2). Since the summation of cement and
lime remain almost constant (24% - 26%) and the price of lime is currently similar to
that of cement, the addition of lime would not significantly reduce the cost of the PG
composites.
SEM Observations

SEM observations were made of four representative composites after
submergence and compared to images of composites that were not submerged. The
surface SEM images of the 70%:30%:0% PG:cement:lime composite show a dense
layer of CaCO; with a 0.5um wide rupture between the CaCO, layer and the PG
composite (Figures 4.1a, b). A small amount of needle-like crystals identified to be
ettringite (Roy et al, 1996), were found on the pores and ruptures under the calcium

carbonate layer (Figures 4.1c, d). This layer of CaCO, isstrong and can effectively
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protect composites from saltwater attack. @ The unsubmerged 70%:30%:0%
PG:cement:lime composite (Figures 4.2a, b, ¢, d) did not show any surface
characteristics, such as calcium carbonate, or ettringite formation.

Table 4.2 Measured and predicted diffusion coefficients for PG:cement:lime

composites
Cement%  Lime % PG % Diffusion Coefficient (cm?day™)
Measured
70 30 0 1.52E-07
83 9 8 2.83E-05
83 3 14 1.28E-05
83 14 3 9.92E-05
84.6 10.7 4.7 4.26E-05
84.6 5.7 9.7 3.19E-05
85 IS5 0 5.66E-05
86.4 7.3 6.3 7.05E-05
87 0 13 1.58E-04
88 9 3 9.88E-05
88 4 8 8.77E-05
89.6 5.7 4.7 1.92E-04
90 0 10 2.81E-04
93 4 3 2.78E-04
93 0 7 2.19E-05
Predicted

10 14 76 1.52E-07
11 13 76 1.52E-07
12 12 76 1.52E-07
13 12 75 1.52E-07
14 11 75 1.52E-07
15 11 74 1.52E-07
9 15 76 1.52E-07

*Diffusion coefficients were based on the log graph for the 28-day dynamic leach test.
The first day was omitted to account for surface wash-off.
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Figure 4.1 SEM images of 70%:30%:0% PG:cement:lime composite following the 28 day artificial saltwater dynamic
leaching test (a) CaCOj coating on the surface zone (b) Figure 4.1(a) under high magnification rate
(c) Ettringite on the pores and ruptures (d) Figure 4.1(c) under high magnification rate
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Figure 4.2 SEM images of 70%:30%:0% PG:cement:lime composite without treatment
(a) Surface zone under low magnification rate (b) Surface zone under high magnification rate
(c) No surface characteristics in the surface zone (d) Figure 4.2(c) under high magnification rate
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The surface SEM images of the 88%:9%:3% PG:cement:lime composite show a
dense layer of CaCO; and a 5 pm wide rupture between the layer and the
PG composite (Figures 4.3a, b). More ettringite was found on the pores and ruptures
under the calcium carbonate layer (Figures 4.3c, d). This layer can be easily scraped
off, and the matrix is looser and physically different from what has been found in the
PG composite body. The unsubmerged 88%:9%:3% PG:cement:lime composite
(Figures 4.4a, b, c, d) did not show any surface characteristics, such calcium
carbonate, or ettringite formation.

The surface SEM images of the 88%:4%:8% PG:cement:lime composite show a
dense layer of CaCO, on the surface and about a 7um wide rupture between the layer
and the PG composite (Figures 4.5a, b). Fully developed ettringite was found on the
pores and ruptures under the calcium carbonate layer (Figures 4.5c, d). This layer is
also easily scraped off, and the matrix is looser and physically different from what has
been found in the PG composite body. The unsubmerged 88%:4%:8%
PG:cement:lime composite (Figure 4.6a, b, c, d) did not show any surface
characteristics, such as calcium carbonate or ettringite formation.

The SEM images of the leached 93%:4%:3% PG:cement:lime composite shows a
loose structure (Figure 4.7a, c) and a 20-60 um wide ruptures (Figure 4.7a, b, c, d).
The image shows no CaCO, dense layer of formed on the composite surface. The

light touch could break the composite.
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Figure 4.3 SEM images of 88%:9%:3% PG:cement:lime composite following the 28 day artificial saltwater dynamic
leaching test (a) CaCOj; coating and ruptures on the surface zone  (b) Figure 4.3(a) under high magnification rate
(c) Ettringite on the pores and ruptures (d) Figure 4.3(c) under high magnification rate
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Figure 4.4 SEM images of 88%:9%:3% PG:cement:lime composite without treatment
(a) Surface zone under low magnification rate (b) Surface zone under high magnification rate
(c) No surface characteristics in the surface zone (d) Figure 4.4(c) under high magnification rate
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Figure 4.5 SEM images of 88%:4%:8% PG:cement:lime composite following the 28 day artificial saltwater dynamic
leaching test  (a) CaCOj; coating on the looser surface zone (b) Figure 4.5(a) under high magnification rate
(c) Ettringite on the ruptures and pores under the CaCO; coating  (d) Ettringite in a rupture under high magnification rate
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Figure 4.6 SEM images of 88%:4%:8% PG:cement:lime composite without treatment
(a) Surface zone under low magnification rate (b) Surface zone under high magnification rate
(c) No surface characteristics in the surface zone (d) Figure 4.6(c) under high magnification rate
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Figure 4.7 SEM image of 88%:4%:3% PG:.cement:lime composite following the 28 day artificial seawater dynamic
leaching test (a) Loose structure in surface zone (b) Ruptures in surface zone
(c) Pores in surface zone (d) Ruptures in body zone
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Microprobe Observations
The back-scatter image and X-ray element content images of sulfur (S), silicon

(Si), and magnesium (Mg) for the 70%:30%:0% PG:cement:lime composites are
presented in Figure 4.8. The back-scatter image (Figure 4.8a) shows that ruptures
developed in the composite while S content image (Figure 4.8b) indicates a region of
low S content along the tiny ruptures. There was also a region of high Si content
(Figure 4.8c) along the tiny ruptures resulting from saltwater intrusion. Interaction
with saltwater causes PG (CaSO,-2H,0) to dissolve, decreasing the S content and
increasing the Si content correspondingly. The 88%:9%:3% PG:cement:lime
composite (Figures 4.9a, b, c¢) and 88%:4%:8% PG:cement:lime composite (Figures
4.10a, b, c) have similar distribution patterns for S and Si. Saltwater contains Mg,
while PG contains less than 0.1% Mg. Mg ions in the saltwater exhibit an ion
exchange reaction with the solid cement matrix, which contains some insoluble
calcium, increasing the Mg content along the ruptures (Figure 4.8d). Therefore Mg
content is considered to be an indicator of saltwater intrusion; the longer the ruptures
are in contact with saltwater, the higher the content of Mg on the rupture walls. Our
results show that the 88%:4%:8% PG:cement:lime composite has the highest Mg
content (Figure 4.10d), 88%:9%:3% PG:cement:lime composite has medium Mg
content (Figure 4.9d) and 70%:30%:0% PG:cement:lime composite has the lowest Mg
content (Figure 4.8d). These results indicate that the 70%:30%:0% PG:cement:lime

composite has the highest ability to resist saltwater attack, 88%:9%:3%
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Figure 4.8 X-ray element images of 70%:30%:0% PG:cement:lime composite following the 28 day artificial saltwater
dynamic leaching test (a) BS image (b) S image
(c) Si image (d) Mg image
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Figure 4.10 X-ray element images of 88%:4%:8% PG:cement:lime composite following the 28 day artificial saltwater
dynamic leaching test (a) BS image (b) S image
(c) Si image (d) Mg image
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PG:cement:lime composite has a medium ability to resist saltwater attack, while
88%:4%:8% PG:cement:lime composite has the lowest ability to resist saltwater
attack. These results coincide with SEM observations.
Discussion

Scanning Electron Microscope observations of the composites used in the
dynamic leaching test showed that ruptures developed in all combinations. SEM and
microprobe results showed that the formation of the ettringite was responsible for
rupture development. The formation of a CaCO; coating and a stable composite matrix
were responsible for maintenance of physical integrity. When the PG composites were
submerged in saltwater, the higher pH value on the composite surface would allow
Ca* and CO,” in the saltwater to form a dense layer of CaCO; on its surface. There
was some saltwater included in the composite wall surface pores under the CaCO,
layer. The included saltwater dissolves the phosphogypsum crystals in the composite
resulting in an increase in sulfate ion concentration. The elevated content of sulfate
ions in the included saltwater reacts with Ca,Al oxides (a component of cement) in the
PG composite surface region to form ettringite crystals leading to a volume increase.
When the volume increase exceeded the tolerable-expansion of the hardened hydrated
cement paste, ruptures developed. Both PG dissolution and ettringite formation
processes weaken and loosen the matrix structure on the PG composite surface region.
Based on the SEM observations, the extent of these desstructive processes are highest
for the 93%:4%:3% PG:cement:lime composite, higher for the 88%:4%:8%

PG:cement:lime composites, medium for the 88%:9%:3% PG:cement:lime
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composites and lowest for the 70%:30%:0% PG:cement:lime composites. The lower
the content of PG, the less destructive the processes are to the PG composite since PG
is saltwater soluble. The higher the content of cement, the less destructive the
processes are on the PG composite since cement provides the insoluble silicate
matrixes and strength for the composite. With a loose and weakened infrastructure, the
CaCO; layer can be easily washed away by saltwater currents or broken by some
disturbances, such as burrowing organisms. With a broken CaCO; layer, saltwater can
infiltrate the composite and a CaCO, layer can be reformed, but the infrastructure will
still be weak and loose. This cycle would repeat until the 88%:9%:3% PG:cement:lime
and 88%:4%:8% PG:cement:lime composites dissolved entirely. For the 93%:4%:3%
PG:cement:lime composite, the destructive processes were so strong that no CaCO,
layer was formed. This destructive process has only a limited effect on the
70%:30%:0% PG:cement:lime composite because of its higher content of cement and
lower content of PG. The CaCO; layer adheres on the composite surface firmly to
protect from saltwater attack.

The relationship between the diffusion coefficients and the microstructures is
shown in Table 4.3. Table 4.3 shows that the ruptures can dramatically increase the
diffusion coefficients. The CaCO, layer may decrease the diffusion coefficients.
Calculation for the diffusion coefficients were based on the composite surface area,
not actural area, which should include the rupture surface area that contacts the
saltwater. The development of rupture will increase the diffusion coefficients even

under the conservative assumption that the actural diffusion constants are the same for
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Table 4.3 Relationship between diffusion coefficients (D) and microstructure
for PG:cement:lime composites

PG% Cement% Lime% D Rupture width CaCoO;,
(cm*day™) (1um) layer
70 30 0 1.52E-07 No Yes
88 9 3 9.88E-05 4-7 Yes
88 4 8 8.77E-05 6-10 Yes
93 4 3 2.78E-04 20-60 No

all PG composites. Therefore, calcium diffusion coefficients is an estimator of long-
term dissolution potentials. The PG:lime ingredients could not reduce the diffusion
coefficient (Table 4.2) and will not be recommended for further experiments. Based on
the model prediction, the combinations listed in Table 4.3 such as 76%:10%:14%
PG:cement:lime and 75%:14%:11% PG:cement:lime show the greatest potential for

satisfactory field performance based on their lower predicted diffusion coefficients.
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CHAPTER 5

DISSOLUTION POTENTIAL AND MECHANISMS INFLUENCING PHYSICAL
INTEGRITY OF PG:FLY ASH:LIME COMPOSITES

Introduction

Phosphogypsum (PG, CaSO,-2H,0) is a solid waste produced during the
production of phosphoric acid. PG contains some radionuclides and trace metals in
concentrations, which may pose a potential hazard to human health and the
environment. The current allowable disposal method of stockpiling has resulted in at
least 33 PG stacks with an average area of 224 acres per stack. PG stacks have created
significant environmental concerns from airborne radiation to surface and groundwater
contamination (Taha and Seals, 1991). In the last 20 years, much effort has been
engaged to the research on various alternatives to the disposal of PG (Taha and Seals,
1991).

Previous research done at Louisiana State University showed that different
combinations of cement and lime added to stabilize PG did not meet economic
requirements therefore, more cost-effective materials are being investigated to replace
or significantly reduce cement as a binding agent. Class C fly ash with cementous
properties was chosen to replace cement as the binding agent. Fly ash is a solid
residual of coal or oil combustion in electric power plants and is composed of metallic
oxides, silicates, and other inorganic particulate matter. The chemical composition of
fly ash is influenced by the type of coal used, the completeness of the combustion

process, and the mineral content of the coals (Atalay et al., 1990). The volume of fly
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ash produced from coal combustion is about 10% of the feed coal, and only 30% of fly
ash is currently reused (Higgins, 1995). In 1996, 948 million tons of coal was
consumed (DRI/MaGraw-Hill etal. 1998) and it is estimated that 94.8 million tons of
fly ash was produced with only 28.4 million tons of fly ash consumed. There is 66.4
million tons of fly ash that remain unused today. Different PG:fly ash:lime
ingredients are being tested to find a possible ingredient composition that can maintain
structural integrity when submerged in saltwater.
Materials and Methods
Binding Agent Selection

The chemical compositions of the fly ash reflect the geological setting of the
coals: some ash are aluminum-rich or aluminum/iron-rich silicates, Class F, while
others may contain a lot of Ca, Class C (Glasser et al., 1987). Figure 5.1 shows some
major characteristic composition ranges, projected on a Ca0O-Al,0,-Si0, ternary grid.
The compositions are averages, and the method of projection ignores the presence of
other minor oxides, such as MgO, Fe,0, (Glasser et al., 1987). It is obvious that Class
C fly ash pastes possess good cementing characteristics as evidenced by the highest
silicon content recovered as oligomeric silicates from hydration products. Class F fly
ash pastes, on the other hand, possesses minimum cementing characteristics unless
mixed with cement or Class C fly ash (Malek et al. 1988). The function of fly ash in
solidified PG composites is similar to that of cement. Fly ash serves as a source of
dehydrated silicates and is used as a basic material. Dehydrated silicates provide

strength for the PG composites and the fly ash is able to neutralize the acidity of raw
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PG, creating the necessary basic environment to prevent possible leaching of toxic
metals from the PG composites. With this new approach, two types of solid waste can

be converted into useful resources such as artificial reefs and oyster substrates.

Portland Cement
High Alumina Cement
., @ Y N

CaO ARO3

Figure 5.1 Major composition of cement and other binding agents

Three PG composites with typical ingredient combinations, 62%:35%:3% PG:fly
ash:lime, 55%:42%:3% PG:fly ash:lime and 58.5%:35%:6.5% PG:fly ash:lime, were
sampled for SEM observation. These PG composites were divided into two groups.
One group was submerged in the artificial saltwater for one month and the other group

was stored in plastic bags and did not receive any treatment.
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Scanning electron microscopy indicated the presence of a calcium carbonate
coating on the surface of the PG composites that maintained their physical structural
integrity. Conversely, PG composites that exhibited severe degradation were lacking
the calcium carbonate coating. The catalyst affecting the presence or absence of the
calcium carbonate coating on the composite surface was determined to be a localized
zone of high pH (see Chapter 3). Experimental analysis of fly ash determined that a
paste mixture of 38.5% fly ash and 61.5% PG has a pH of 10.8, so the searching center
for fly ash was determined to be 38.5%. According to thermodynamic calculations, the
pH must reach 11 in order for calcium carbonate to precipitate out on the surface of the
PG blocks. Augmented simplex centroid design with pseudocomponents method was
applied for ingredient content selection (see Chapter 7). The composite combinations
for PG:fly ash:lime are listed in Table 5.1.

PG Composite Fabrication

Lime was combined with fly ash and PG according to the ingredient composition.
Dry raw materials were mixed to form the dry mixture. The dry mixture was mixed
with water equivalent to 8% of dry weight and completely homogenized. Ninety-six
grams of the resulting mixture was weighed and poured into a 1.5 inch steel mold,
then compacted to a 1.5 inch long cylinder under 9.8x10” N/m’, using a static press.
Theoretically, the dry density should reach 2.0 g/cm®. Blocks were allowed to cure at
room temperature and 100% humidity for over two weeks before testing and the
average dry weight was 87 grams. Ten months after the composites were made the

diameters were measured.
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Table 5.1 PG:fly ash:lime composite ingredients (%)

PG Fly ash Lime
62 35 3
58.5 38.5 3
55 4?2 3
59.6 36.2 42
56.2 39.6 42
574 37.3 5.3
58.5 35 6.5
55 38.5 6.5
56.2 36.2 7.6
55 35 10
Dynamic Leach Test

A variation of the dynamic leach test (ANS, 1986) was performed to determine
calcium release rates from the PG composites. The leachate volume to block surface
area ratio was 8:1. Composites were tested in duplicate and were placed in 550 ml of
20%so artificial saltwater (Instant Ocean™). The leachate was completely exchanged at
intervals of .08, .29, 1, 2, 3, 4, 5, 8, 11, 14, 21, and 28 days and analyzed for pH and
alkalinity (APHA, 1995). Calcium was measured by Inductively Coupled Argon
Plasma (ICAP) in Department of Agronomy, Louisiana State University.

SEM & Microprobe Analyses

Qualitative and quantitative X-ray microprobe (Joel JXA-733) analyses and
scanning electron microscopy (Joel 8408) were used to analyze the composite
microstructure of the composites involved in the dynamic leaching test. Thirty um
sections from the 62%:35%:3%, 55%:42%:3%, and 58.5%:35%:6.5% PG:fly ash:lime

composites, were prepared in a manner to allow investigation of the composite surface
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and body (Hutchinson, 1974). The three composites are representative of the degree
of strength with the exceptions of the most fragile since they were too soft to prepared
for microprobe analysis.

Results

SEM Observations

SEM images of varying magnification (Figures 5.2a, b, and c) of the
62%:35%:3% PG:fly ash:lime composite surface zone in leached group showed a 20
um loose layer of CaCO; embedded with spherical fly ash particles covered on the 10
um wide rupture. These images also showed that ruptures developed across the CaCO,
layer and that no PG crystals were found in surface zone. The SEM image (Figure
5.2d) of the 62%:35%:3% PG:fly ash:lime composite body zone in the submergence
group showed that the PG and fly ash were mixed together to form the PG composites
and that all fly ash particle surfaces were covered with a new layer of crystals.

For the control group of the 62%:35%:3% PG:fly ash:lime composite, the SEM
images (Figure 5.3a, b, c) of the composite surface zone showed both PG and fly ash
particles exposed on the composite surface. The images also showed that in some
areas a 5-15 um layer of paste covered the PG surface and that 1 um wide ruptures
developed throughout the composite. The SEM image (Figure 5.3d) of the control
composite body zone showed that the PG and fly ash were mixed together to form the
PG composites.

SEM images of varying magnification (Figures 5.4a, b, c) of the 55%:42%:3%

PG:fly ash:lime composite surface zone in leached group showed a 10 um loose layer
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Figure 5.2 SEM images of the 62%:35%:3% PG:fly ash:lime composite after 28 day artificial saltwater dynamic leaching
test (a) 10 pum ruptures in the surface zone

(b) 20 pm looser CaCO; embedded with fly ash on a 10 pum rupture in the surface zone
(c) Figure 5.2(b) under high magnification rate (d) PG mixed with fly ash in body zone
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Figure 5.3 SEM images of the 62%:35%:3% PG:fly ash: lime composite after ten month air curing
(a) Surface zone under low magnification rate  (b) Figure 5.3(a) under high magnification rate
(c) PG exposed on the surface (d) PG, fly ash and ruptures in body zone
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Figure 5.4 SEM images of the 55%:42%:3% PG:fly ash:lime composite after 28 day artificial saltwater dynamic leaching
test (a) 40 pum ruptures in the surface zone (b)10 pm ruptures in the surface zone

(c)10 pm loose layer of CaCO; embedded with spherical fly ash particles on the 40 pm rupture

(d) Newly formed crystals on fly ash surface
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of CaCO, embedded with spherical fly ash particles on the 40 pm wide rupture. The
images also show that no PG crystals were found in surface zone. The SEM image
(Figure 5.4d) of the 55%:42%:3% PG:fly ash:lime composite body zone in the
submergence group shows that the PG and fly ash were mixed together to form the PG
composites and that all fly ash particle surfaces were covered with a layer of newly
formed crystals.

For the control group of the 55%:42%:3% PG:fly ash:lime composite, the SEM
images (Figure 5.5a, b) of the composite surface zone showed a 5-15 um layer of
paste covering the PG and fly ash particle surface. The SEM image (Figures 5.5¢, d) of
the control composite body zone showed that the PG and fly ash were mixed together
to form the PG composites. These images all showed that 1 pum wide ruptures
developed throughout the composite surface.

SEM images of varying magnification (Figures 5.6a, b) of the 58.5%:35%:6.5%
PG:fly ash:lime composite surface zone in the leached group showed 50pm wide
ruptures developed on the composite surface, which is loose and easily scraped off.
The SEM image (Figures 5.6¢, d) of the 58.5%:35%:6.5% PG:fly ash:lime composite
body zone in the submergence group showed the PG and fly ash covered with
crystals and mixed together to form the PG composites and that all fly ash particle
surfaces were covered with a layer of gypsum crystals. X-ray qualitative analysis
determined that the crystals were composed of calcium and sulfur.

For the control group of the 58.5%:35%:6.5% PG:fly ash:lime composite, the

SEM images (Figures 5.7a, b, ¢) of the composite surface zone showed both PG and
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Figure 5.5 SEM images of the 55%:42%:3% PG:fly ash: lime composite after ten month air curing
(a) Surface zone under low magnification rate (b) A layer of paste covered on the PG and fly ash surface
(c) Ruptures, PG and fly ash in the body zone (d) Figure 5.5(c) under high magnification rate
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Figure 5.6 SEM images of the 58.5%:35%:6.5% PG:fly ash:lime composite after 28 day artificial saltwater dynamic
leaching test (a) 50 pm ruptures in loose surface zone (b) Ruptures in loose surface zone
(c) Gypsum covered on all fly ash particles  (d) Gypsum covered on a fly ash particle
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Figure 5.7 SEM images of the 58.5%:35%:6.5% PG:fly ash: lime composite after ten month air curing
(a) Rupture, fly ash and PG in the surface zone (b) Figure 5.7(a) under high magnification rate
(c) Fly ash and PG exposed on the surface (d) 50 pm ruptures in loose surface zone
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fly ash exposed on the composite surface. The images also showed that in some areas
a 5-15 um layer of paste covered the PG surface. The low magnification rate of the
SEM image (Figure 5.7d) shows that 20 um wide ruptures developed throughout the
composite and all images showed ruptured. These images all showed that the PG and
fly ash were mixed together to form the PG composites.

For the control group of the 55%:35%:10% PG:fly ash:lime composite, the SEM
images (Figures 5.8a, b) of the composite surface zone showed a 5-15 um layer of
paste covering the PG and fly ash surface. The SEM image (Figure 5.8c) of the control
composite body zone shows that the PG and fly ash were mixed together to form the
PG composites. The SEM image (Figure 5.8d) showed that the 15 pm wide ruptures
developed throughout the composite and all images showed ruptures on the composite
body. The SEM images (Figure 5.8e, f) showed fully developed ettringite in the

composite body zone.

Microprobe Observations
The back-scattered electron (BS) images of the 62%:35%:3% PG:fly ash:lime

(Figure 5.9a), 55%:42%:3% PG:fly ash:lime (Figure 5.9b) and the 58.5%:35%:6.5%
PG:fly ash:lime (Figure 5.9c) composites showed that there are 50 um wide ruptures
along the composite/saltwater interfaces.
Diffusion Coefficient

The diffusion coefficients of the composites were calculated based on one
dimension diffusion model (See Chapter 4). The calculated diffusion coefficients are

listed in Table 5.2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uolssiwiad Inoypm pauqiyosd uononpoidal Jaypn “Joumo Jybukdoo ayp Jo uoissiwiad yum paonpoiday

SO

RITATH LT ' A0

20 0m

KL TN

Figure 5.8 SEM images of the 55%:35%:10% PG:fly ash:lime composite after 28 day artificial saltwater dynamic leaching
test

(a) Ruptures, PG and fly ash in the surface zone (b) Figure 5.8(a) under high magnification rate

(c) PG, fly ash and ruptures in body zone (d)15 pm ruptures throughout the composites

(e) Ettringite in the body zone (f) Figure 5.8(e) under high magnification rate
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Table 5.2 Diffusion coefficients (D) and pH of leachate solution (day 2)

for PG:fly ash:lime composites

PG Fly ash Lime D (cm’day"') pH (leachate) Group
62 35 3 7.59E-5 8.53 1
58.5 38.5 3 6.69E-5 8.67 1
55 42 3 5.09E-5 8.36 1
59.6 36.2 42 6.79E-5 8.34 1
56.2 39.6 42 6.90E-5 836 1
574 37.3 53 4.64E-5 842 1
58.5 35 6.5 4.18E-5 8.77 2
55 38.5 6.5 1.53E-5 8.62 2
56.2 36.2 7.6 6.02E-6 898 2
55 35 10 4.19E-6 9.58 2

Diameter Measurements

Diameters (D) of the ten different combinations are listed in Table 5.3. The
percent diametrical expansion o is defined to be (Dig moat ~Di day) D1 ay - Table 5.3
shows that as the lime content increases, the diameters of the PG composites increase
too. It was found that after ten month air curing (control condition), the ruptures
(>1mm ) developed on the surfaces of all PG composites with lime content greater
than 5.3%.
Discussion

When the PG:fly ash:lime composites were made, the pozzolanic reaction
between fly ash and lime resulted in the formation of a hard paste (Minnick, 1967;
Ferrell et al.,1988). As time went on, in the presence of PG, the pozzolanic reaction

continued and the development and modification of ettringite and other calcium
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Table 5.3 Diameter (D) of the PG:fly ash:lime composites after 10 month air
curing, the original diameter was 38.1 mm

Lime(%) Fly ash(%) PG(%) D(mm) o (%)
3 35 62 39.0 2.3
3 38.5 58.5 39.3 3.2
3 42 55 39.9 4.7
42 36.2 59.6 41.4 8.7
42 39.6 56.2 40.7 6.8
5.3 37.3 574 40.4 6.0
6.5 35 58.5 42.5 11.6
6.5 38.5 55 43.1 13.1
7.6 36.2 56.2 415 8.9
10 35 55 44.6 17.1

silicate hydrate products (Minnick, 1967; Ferrell et al.,1988) lead to the expansion of
the harden paste. Ettringite was frequently found in the control composites. Because of
the higher density (2.0 g/cm’) of the composite, there is only a little room for
expansion. The maximum percent diametrical expansion, a,,,, was determined from
the percent diametrical expansion of PG:fly ash:cement composites tested because of
their ability to maintain structural integrity. This maximum percent diametrical
expansion a,,, was 1.8%. All percent diametrical expansions for the PG:fly ash:lime
composites were greater than 1.8%. This resulted in ruptures developing in all control
composites. Increases in lime content resulted in greater percent diametrical
expansions (Table 5.3) and the wider the ruptures. When the ruptured PG:fly ash:lime
composites were submerged in saltwater, the saltwater was able to intrude throughout

the PG entire composites and dissolve the phosphogypsum. The dissolution of the PG

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

would increase concentration of sulfate that can react with calcium aluminum oxides
in fly ash to form ettringite to accelerate rupture developing. In these ruptures, the
solution could easily reach its saturated state allowing the re-crystallization of gypsum
on the fly ash surface. The re-crystallized gypsum was observed in SEM images.
Eventually, the PG:fly ash:lime composites would dissolve in the saltwater.

The group two with lime content greater than 6% in Table 5.2 has an average pH
value 8.99 in the leachate solution, on the other hand the group one with lime content
less than 6% has an average pH value 8.45 in the leachate solution. The higher pH
value would lead us to conclude that higher pH value in the local surface area. This
higher pH value on the PG composite surface resulted in the deposition of CaCO, at
higher rate, therefore reduced the calculated calcium diffusion coefficients (Table 5.2).

The lime content of the PG:fly ash:lime composites is an important parameter.
Table 5.3 indicates an increase in lime content yields a high percent diametrical
expansion. The minimum lime content in this experiment is 3%, which is all active. In
the PG:fly ash:cement experiment, the maximum content of cement was 10%, which is
equivalent to 3.3% hydrated lime, but some of this hydrated lime is concealed by
cement paste and is not active. Therefore for the PG:fly ash:lime composites,
experiments with lime content less than 3% is suggested to be tested to see whether it

could maintain physical integrity because of its predicted smaller percent diametrical

expansion.
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CHAPTER 6

DISSOLUTION POTENTIAL AND MECHANISMS INFLUENCING PHYSICAL
INTEGRITY OF PG:FLY ASH:CEMENT COMPOSITES

Introduction

Phosphogypsum (PG, CaSO,-2H,0) is a solid waste by-product produced during
the production of phosphoric acid. PG contains some radionuclides such as radium™®
and trace metals such as arsenic and lead that may pose a potential hazard to human
health and the environment. The current allowable disposal method of stackpiling has
resulted in at least 33 PG stacks with an average area of 224 acres per stack. PG
stacks have created significant environmental concerns from airborne radiation to
surface and groundwater contamination (Taha and Seals, 1991). It is estimated that by
year of 2000, the total inventory of PG in the US will exceed two billion metric tons
(Taha and Seals, 1991). Various alternatives to the disposal of PG are being sought in
order to decrease the risk to humans and the environment but none have been
successful (Taha and Seals, 1991).

Previous research done at Louisiana State University has shown that different
combinations of cement and lime added to stabilize PG did not meet economic
requirements therefore, more cost-effective materials are being investigated to replace
or significantly reduce cement as a binding agent. After reviewing many possible
candidates, fly ash with cementous properties was able to replace cement as the

binding agent. Fly ash is a solid residual of coal of oil combustion in electric power
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plants with the volume being much higher at coal-fired plants. Fly ash is a mixture of
metallic oxides, silicates, and other inorganic particulate matter, which is produced
during the burning of coal. The chemical composition of fly ash is influenced by the
type of coal used, the completeness of the combustion process, and the mineral
contents of the coals (Atalay et al., 1990). The volume of fly ash produced from coal
combustion is about 10% of the feed coal, and only 30% of the fly ash is reused
(Higgins, 1995). In 1996, 948 million tons of coal was consumed (DRI/MaGraw-Hill
et al., 1998) and it is estimated that 94.8 million tons of fly ash were produced with
only 28.4 million tons of fly ash consumed. There is 66.4 million tons of fly ash that
remain unused today. Different PG:fly ash:cement and PG:fly:lime ash ingredient
combinations are proposed as possible ingredients for solidified PG composites.
Materials and Methods
Ingredient Selection

Figure 5.1 shows major composition of cements and other binding agents,
projected on a Ca0-Al,0;-Si0O, ternary grid. The compositions are averages, and the
method of projection ignores the presence of other minor oxides, such as MgO, Fe, 0,
(Glasser et al., 1990). Figure 5.1 also shows that Clsaa C fly ash has properties close to
cement and for this reason it was chosen as an ingredient in for the PG composites to
reduce the cement content necessary. The mineralogy of Clsaa C fly ash is composed
of quartz, anhydrite, CaO, Ca;Al oxides, hematite, magetite, melilite, merwinite,
periclase, and aluminosilicate glass (Maleak et al., 1988). The majority of the fly ash

particles have a diameter between less than 1 um and 100 pm and are spherical
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(Neville, 1995). The function of fly ash in solidified PG composites is similar to that
of cement. Fly ash serves as a source of dehydrated silicates and is used as a basic
material. The fly ash neutralizes the acidity of raw PG and creates the necessary basic
environment to prevent possible leaching of toxic metals from the PG composites.
With this new approach, two types of solid waste may be converted into useful
resources such as artificial reefs and oyster substrates.

Scanning electron microscopy indicated the presence of a calcium carbonate
coating on the surface of the PG composites that remained physical structure integrity.
On the other hand, PG composites that exhibited severe degradation were lacking the
calcium carbonate coating. A localized zone of high pH (See Chapter 4) control the
formation of the calcium carbonate coating. Experimental analysis of fly ash
determined that a paste mixture of 38.5% fly ash and 61.5% PG has a pH of 10.8, so
the searching center for fly ash was determined to be 38.5%. According to
thermodynamic calculations, the pH must reach 11 in order for calcium carbonate to
precipitate out on the surface of the PG blocks. The cement content in the PG:fly ash
composite is suggested to be 3-10% since fly ash contains some active dehydrated
silicates. This is a much lower cement content than the previous 30% cement content
needed to stabilize the PG composites. Augmented simplex centroid design with
Psuedocomponents (See Chapter 7) method was applied for ingredient content

selection. The composite combinations for PG:fly ash:cement are listed in Table 6.1.
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Table 6.1 PG:fly ash:cement composite ingredients (%)

Cement Fly ash PG
3 35 62

3 38.5 58.5
3 42 55
42 36.2 59.6
42 39.6 56.2
53 373 57.4
6.5 35 58.5
6.5 38.5 55
7.6 36.2 56.2
10 35 55

PG Composite Fabrication

Type II Portland cement was combined with fly ash and PG for ten different
combinations. According to the ingredient composition, dry raw materials are mixed
to form the dry mixture. The dry mixture is mixed with water equivalent to 8% of dry
weight and completely homogenized. Ninety-six grams of the resulting mixture were
weighed and poured into a 1.5 inch steel mold, then compacted to a 1.5 inch long
cylinder under 14,150 psi using a static press. Theoretically, the dry density should
reach 1.9 g/cm’. Blocks were allowed to cure at room temperature and 100% humidity

for at least two weeks before testing and the average dry weight was 87 grams.

Dynamic Leach Test

A variation of the dynamic leach test (ANS, 1986) was performed to determine
calcium release rates from the PG composites. The leachate volume to block surface

area ratio was 8:1. Composites were run in duplicate and were placed in 550 ml of
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20%o artificial saltwater (Instant Ocean™). The leachate was completely exchanged at
intervals of .08, .29, 1, 2, 3, 4, S, 8, 11, 14, 21, and 28 days and analyzed for pH and
alkalinity (APHA, 1995). Calcium was measured by Inductively Coupled Argon
Plasma (ICAP) in Department of Agronomy, Louisiana State University.
Instrumental Analyses

Qualitative and quantitative X-ray microprobe (Joel JXA-733) and scanning
electron microscopy (Joel 8408) were used to analyze the composite microstructure.
Thirty um sections from the 62%:35%:3% PG:fly ash:cement, 58.5%:38.5%:3%
PG:fly ash:cement, 55%:42%:3% PG:fly ash:cement and the 55%:35%:10% PG:fly
ash:cement composites were prepared in a manner to allow investigation of the
composite surface and body characteristics (Hutchinson, 1974). The three composites
are representative of the degree of strength with the exceptions of the most fragile
since they were too soft to prepared for microprobe analysis
Results

SEM Observations

Some PG composites with typical ingredient combinations of 62%:35%:3%
PG:fly ash:cement, 58.5%:38.5%:3% PG:fly ash:cement, 55%:42%:3% PG:fly
ash:cement and 55%:35%:10% PG:fly ash:cement were sampled for SEM
observation. These PG composites were divided into two groups. Group one was
submerged in the artificial saltwater for one month during the dynamic leaching test.

Group two was the control group and did not receive any treatment.
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SEM images of varying magnification (Figures 6.1a, b, c) of the 62%:35%:3%
PG:fly ash:cement composite surface zones in submergence groups showed a 40-60
um dense layer of crystals embedded on the spherical fly ash particles. No PG crystals
were found in the surface zone. The SEM image (Figure 6.1d) of the 62%:35%:3%
PG:fly ash:cement composite body zone in the submergence group showed that the PG
and fly ash were mixed together to form the PG composites.

SEM images (Figure 6.2a) of the 62%:35%:3% PG:fly ash:cement composite
surface zone in submergence group showed a large paste of 5-15 pm is covering the
PG surface. The image also showed that fly ash is exposed on the composite surface.
The SEM image (Figure 6.2b) of the control composite body zone showed that the PG
and fly ash were mixed together to form the PG composites which is the same as the
body zone of the submergence group.

SEM images of varying magnification (Figures 6.3a, b, c) of the
58.5%:38.5%:3% PG:fly ash:cement composite surface zone in submergence group
and the SEM image (Figure 6.3d) of the 58.5%:38.5%:3% PG:fly ash:cement
composite body zone showed a similar phenomena to the submerged 62%:35%:3%
PG:fly ash:cement composite.

SEM images (Figure 6.4a) of the 58.5%:38.5%:3% PG:fly ash:cement composite,
surface zone in control group showed both PG and fly ash were exposed on the
composite surface. The SEM image (Figure 6.4b) of the control composite body zone

showed that the PG and fly ash were mixed together to
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Figure 6.1 SEM images of the 62%:35%:3% PG:fly ash:cement composite after 28 day artificial saltwater dynamic
leaching test
(a) CaCOj; embedded with fly ash on the surface (b) Figure 6.1(a) under high magnification rate
(c) Figure 6.1(a) under higher magnification rate (d) PG mixed with fly ash in body zone
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Figure 6.2 SEM images of the 62%:35%:3% PG:fly ash:cement
composite after ten month air curing
(a) PG and fly ash in surface zone
(b) PG mixed with fly ash in body zone
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Figure 6.3 SEM images of the 58.5%:38.5%:3% PG:fly ash:cement composite after 28 day artificial saltwater dynamic
leaching test

(a) CaCO; embedded with fly ash on the surface (b) Figure 6.3(a) under high magnification rate

(c) Figure 6.3(a) under higher magnification rate (d) PG mixed with fly ash in body zone
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Figure 6.4 SEM images of the 58.5%:38.5%:3% PG:fly ash:cement
composite after ten month air curing
(a) PG and fly ash exposed on the surface
(b) PG mixed with fly ash in body zone
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form the PG composites which is the same as the body zone of the submergence
group.

In the submergence group, the SEM images of varying magnification (Figures
6.5a, b and c) of the 55%:42%:3% PG:fly ash:cement composite surface zone and the
SEM image (Figure 6.5d) of the 55%:42%:3% PG:fly ash:cement composite body
zone showed a similar phenomena to the submerged 62%:35%:3% PG:fly ash:cement
composite.

In the control group, the SEM images (Figure 6.6a) of the 55%:42%:3% PG:fly
ash:cement composite surface zone and the SEM image (Figure 6.6b) of the
55%:42%:3% PG:fly ash:cement composite body zone showed a similar phenomena
to the control 62%:35%:3% PG:fly ash:cement composite.

The SEM images of varying magnification (Figures 6.7a, b, and c) of the
55%:35%:10% PG:fly ash:cement composite surface zone in submergence group
showed a dense 50 pm layer of CaCO, embedded on the spherical fly ash particles.
The images also showed that no PG crystals were found in surface zone. The high
magnification image of the crystal coating (Figure 6.7c) showed the new-formed
CaCO,crystals, aragonite, on the PG composite surface. The SEM image (Figure 6.7d)
of the 55%:35%:10% PG:fly ash:cement composite body zone in submergence group
showed that the PG and fly ash were mixed together to form the PG composites.

In the control group of the 55%:35%:10% PG:fly ash:cement composite, the
SEM images (Figure 6.8a) of the composite surface zone showed that both PG and fly

ash were exposed on the composite surface pore. The SEM image (Figure 6.8b) of the
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Figure 6.5 SEM images of the 55%:42%:3% PG:fly ash:cement composite after 28 day artificial saltwater dynamic

leaching test
(a) CaCO; embedded with fly ash on the surface (b) Figure 6.5(a) under high magnification rate
(c) Figure 6.5(a) under higher magnification rate (d) PG mixed with fly ash in body zone
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Figure 6.6 SEM images of the 55%:42%:3% PG:fly ash:cement
composite after ten month air curing
(a) PG mixed with fly ash in surface zone
(b) PG mixed with fly ash in body zone
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Figure 6.7 SEM images of the 55%:35%:10% PG:fly ash:cement composite after 28 day artificial saltwater dynamic

leaching test
(a) CaCO; embedded with fly ash on the surface (b) Aragonite on a layer of CaCQO3; embedded with fly ash
(c) Figure 6.7(a) under high magnification rate (d) PG mixed with fly ash in body zone
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(d)
Figure 6.8 SEM images of the 55%:35%:10% PG:fly ash:cement
composite after ten month air curing
(a) PG and fly ash exposed on the surface
(b) PG mixed with fly ash in body zone
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control composite body zone showed that the PG and fly ash were mixed together to

form the PG composites which is the same as the body zone of the submergence

group.
Microprobe Observations

The back-scatter (BS) electron image and X-ray elemental content images of
calcium (Ca), silicon (Si), sulfur (S) and aluminum (Al) for 62%:35%:3% PG:fly
ash:cement composite surface zone are presented in Figure 6.9. The BS image shows
that some spherical fly ash particles exist in the surface zone. The Ca content image
shows that there exists a high Ca content zone along the PG composite surface. But the
high calcium content region is not uniform. It randomly includes some low calcium
content spots. The Si content image shows that in the low Ca content regions, the Si
content is continuous, showing spherical shapes in places. The Al content image
shows that in high Ca content regions, the low calcium spots correspond to high Al
content area. The Al content image also shows that in low Ca content region, Al
content is continuous and showed spherical shapes in places. The Mg content image
shows that a higher Mg contents exists between the CaCO; coating and composite.
The S content image indicates that no S exists in the PG composite surface. The
58.5%:38.5%:3% PG:fly ash:cement (Figures 6.10), 55%:42%:3% PG:fly ash:cement
(Figures 6.11) and 55%:35%:10% PG:fly ash:cement (Figures 6.12) composites have

similar distribution patterns for Ca, Al, Mg, Si, S and BS.
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Figure 6.9 Microprobe element content and BS images of the 62%:35%:3% PG:fly ash:cement composite surface zone
after 28 day artificial saltwater dynamic leaching test
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Figure 6.10 Microprobe element content and BS images of the 58.5%:38.5%:3% PG:{ly ash:cement composite surface
zone after 28 day artificial saltwater dynamic leaching test
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Figure 6.11 Microprobe element content and BS images of the 55%:42%:3% PG:fly ash:cement composite surface
zone after 28 day artificial saltwater dynamic leaching test
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Figure 6.12 Microprobe element content and BS images of the 55%:35%:10% PG:fly ash:cement composite surface
zone after 28 day artificial saltwater dynamic leaching test
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Diffusion Coefficient
The diffusion coefficients of the composites were calculated based on one

dimension diffusion model (See Chapter 4). The calculated diffusion coefficients are

listed in Table 6.2.

Table 6.2 Diffusion coefficients (D) and leachate pH value
of PG:fly ash:cement composites

Cement Fly ash PG D (cm’-day™) pH(leachate)
3 35 62 6.49E-5 8.56
3 38.5 58.5 5.39E-5 8.57
3 42 55 4.00E-5 8.58
42 36.2 59.6 6.14E-5 8.63
4.2 39.6 56.2 4.60E-5 8.61
53 37.3 57.4 5.01E-5 8.69
6.5 35 58.5 5.01E-5 8.71
6.5 38.5 55 3.46E-5 8.71
7.6 36.2 56.2 3.46E-6 8.76
10 35 55 1.91E-6 8.81

Diameter Measurements

Diameters (D) of the ten different combinations are listed in Table 6.3. The
percent diametrical expansion o is defined to be (Dyg you, D) day)/ D) sy - Table 6.3
shows that as the lime content increases, the diameters of the PG composites increase
too. From Table 6.3 it is found that the maximum percent diametrical expansion, o,
is 1.8%. This value can be considered the maximum percent diametrical expansion of

stabilized PG composites because of their ability to maintain structural integrity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

Table 6.3 Diameter (D) of PG:fly ash:cement composites after 10 month
air curing, the original diameter was 38.1 mm

Cement(%) Flyash(%) PG(%) D(mm) a (%)
3 35 62 38.5 1.1
3 38.5 58.5 38.5 1.1
3 42 55 38.7 1.6
4.2 36.2 59.6 38.5 1.1
4.2 39.6 56.2 38.7 1.6
53 37.3 574 38.5 1.1
6.5 35 58.5 38.5 1.1
6.5 38.5 55 38.6 1.3
7.6 36.2 56.2 38.6 1.3
10 35 55 38.8 1.8
Discussion

When the PG:fly ash:cement composite surface came in contact with the
saltwater, the phosphogypsum on the surface (Figures 6.4a and 6.8a) or near the
surface (Figures 6.2a and 6.6a) dissolved, leaving some empty pores. On the other
hand, the high local pH environments near the fly ash particles and cement paste in the
composite surface allowed Ca** and CO,> in the saltwater to form a dense layer of
CaCO; (Figures 6.1a-c, Figures 6.3a-c, Figures 6.5a-c and Figures 6.7a-c) on its
surface. The 35-42% fly ash could continuously provide a strong matrix for CaCO; to
grow on. Gradually, the CaCO, layer would occupy the empty pores from PG crystal

dissolution. This 30-50 um calcium carbonate coating embedded with fly ash particles
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(Figures 6.9-12) made the calcium carbonate coating stronger and more able to survive
saltwater submergence.

The PG:fly ash:cement composites contained at least 35% fly ash. This high
content of fly ash can greatly enhance their sulfate resistance ability by reacting with
Ca;Al oxides or its hydration products in cement (Dodson, 1988; Smith, 1988;
Neville, 1995). The above reactions would reduce the content of ettringite that is the
main reason for PG composite dissolution (See Chapter 4). No ettringite was found in
either the leached or control PG:fly ash:cement composites . The included saltwater
under the coating could not degrade the composites but the Mg ion in the included
saltwater exhibited an ion exchange reaction with insoluble calcium in the solid
cement matrix that did lead to a higher Mg content between the CaCO, coating and the
composite. The stronger calcium carbonate coating embedded with fly ash particles
and the higher sulfate resistance composites contributed to the pG:fly ash:cement
composites survival in the Grand Isle bay for more than one year.

The SEM and microprobe observation did not find significant rupture
development in the PG:fly ash:cement composites, but the diffusion coefficients do
reveal some information about the overall situation on the PG:fly ash:cement
composites. Table 6.2 shows that when cement content is fixed, an increase in fly ash
content yields a lower diffusion coefficient, and when fly ash content is fixed, an
increase in cement content yields a lower diffusion coefficient. The lowest diffusion
coefficient obtained is for PG:fly ash:cement 55%:35%:10% which has highest cement

content. This is because both cement and fly ash are less soluble materials, the higher
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content of the less soluble materials reduces the dissolution rate and the calcium

diffusion coefficients.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7

DETERMINATION OF OPTIMUM INGREDIENTS FOR STABILIZED PG
COMPOSITES — RESPONSE SURFACE ANALYSIS WITH PROCESS
VARIABLES

Introduction

Solidification is a widely used solid waste treatment technology that immobilizes
harmful substances through the addition of inorganic binders, including lime, cement
and fly ash; to aqueous or solid wastes to produce a solid matrix that decreases the
waste leachability (Conner 1990). The solid matrix is reduced through the reduction
of contact surface area between the leaching medium and the waste, and the
transformation of toxic metals (Malone et al., 1980). The determination of optimum
ingredient composition means finding the lowest content of inorganic binders which
account for the major part of solidified composite cost while meeting performance
criteria. This research is going to apply the design, modeling, and analysis of the
mixture experiment to the optimum ingredient determination used in solidification
technology. An example of determination of optimum ingredients for solidified
phosphogypsum composites is shown.

Phosphogypsum (PG), a solid waste by-product of phosphoric acid production,
has been classified as a “Technologically Enhanced Natural Radioactive Material™
(Federal Register, 1978). Consequently, its disposal is regulated by the US EPA and is
limited to stockpiling. It is estimated that by year 2000, the total inventory of

phosphogypsum in US alone will be 2 billion metric tons. Phosphogypsum, which

100
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contains trace amount of toxic metals and radionuclides, such as lead, chromium,
cadmium, uranium and radium, has created long term and serious environmental
problems (Taha and Seals, 1991). Solidified phosphogypsum composites are a
possible method for dealing with this environmental problem.
Mixture Experimental Design
Simplex Coordinate System

Percentages of the mixture ingredients, in the experimental design, must be
positive and sum to 100%. The levels of one ingredient are not independent of the
others. If x,, x,, and x, are the proportions of the three components of the mixture, the
value of x; is constrained such that
0<x<1 1=1,2,3
and the summation of the three ingredients in the mixture must equal to 1, or
Xt x; =1

Simplex factor space to express three components is an equilateral triangle.
Figure 7.1 shows the three component simplex coordinate system. Three components
1, 2 and 3, whose proportions are denoted by x, X, and x;. The coordinate system used
for the values of the x;, i=1,2,3...q, is called a simplex coordinate system. In Figure
7.1, we see that the vertices of the triangle represent single component mixtures with
one Xi = | and the other components are all equal to 0. The sides of the triangle
represents the design coordinates for two component mixtures with one x; =0. Design

coordinates in the triangle interior represent all three components present in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

mixture. Any mixture combination must be on the boundaries or inside the triangle of

coordinates.
x =1
(1.0,0)
Component 1
(1.0,0)
y > -
Component3 (0, 1,0) (0.0, 1)
(0.0, 1) x =1 %=1
Component 2
0. 1,0

Figure 7.1 Three component simplex coordinate system

In ient Content Selection for Mixtures

Simplex-Lattice Design

The array, made up of a uniform distribution of design coordinates on the
simplex coordinate system, is known as a lattice. The simplex-lattice design consists
of a lattice of design coordinates. The designation {k, m} is used for a simplex-lattice
design with k components to estimate a polynomial response surface equation of
degree m (Hinkelmann, et al., 1994 and Kuehl, 1994). The proportions of every

component included in a {k, m} simplex-lattice design are

This design consists of all possible combinations for these levels of x; (Figure 7.2).
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Figure 7.2 Simplex-lattice {3, 3} design for three components

Simplex-Centroid Design

The simplex-centroid design is a design on the simplex coordinate system
consisting of all components, each in equal proportions. Consequently, there are k
single component mixtures, all possible two component mixtures with proportions 1/2
for each component, and so forth up to all possible three component mixtures with
proportions 1/3 for each component, finally to one k component with proportions 1/k
for each component (Figure 7.3) (Hinkelmann, et al 1994, Kuehl, 1994).
Augmented Simplex-Centroid Design

The combination of mixtures for the simplex-lattice and simplex-centroid designs
lie on the edges of the simplex factor space with the exception of one centroid point,
which contains all mixture components. A more complete mixture design is
augmenting the simplex-centroid design with mixture on the axes of the simplex
factor space. The design points are positioned on each axis equidistant from the

centroid toward the vertices. A three component design will have three additional
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design points with coordinates, and so forth so that a k component design will have k
additional design points with coordinates. The addition of these axis points will
provide a better distribution of information throughout the experimental region

(Figure 7.4) (Hinkelmann et al, 1994, Kuehl, 1994).

X4

Figure 7.4 Augmented simplex-centroid design for three components
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Augmented Simplex-Centroid Design with Pseudocomponents

For some mixture experiments, all three components will be present in some
minimum proportions. Lower bounds (L;) on component proportions are constrained
by: 0<L;< x; <1 on the component proportions. Suppose the lower bounds for
cement (X,), PG (x,), and lime (x;) are :

L<x, L,<x, L;<x,

To simplify the construction of the design coordinates, pseudocomponents are
constructed by coding the original component variables to a simplex system for the
pseudocomponents variables x;’ with constraint 0 <x;’ <I. If the lower bound for
component i is L, and L = ZL, then the pseudocomponent x;’ is computed as
(Hinkelmann et al 1994, Kuehl, 1994):
x'=(x; -L;)/(1-L)

For example, the lower bound for x,, x,, and x; are 0.35, 0.20 and 0.15
respectively, the projection from pseudocomponents (right triangle) to original
components (left triangle) is shown in Figure 7.5 (Cornell, 1990).

Analysis of Mixture Experiment Data
Response Surface Analysis

Generally, the dependence of treatment effects on treatments can be represented
as a response curve or a response surface. If the levels of one treatment factor
represent the treatments, the dependency is the response curve. If the treatments are a
combination of levels of two or more treatment factors, the dependency is the response

surface. Such curves or surfaces can be used to judge not only the treatment structure
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but also the relationship between treatments and responses. The response surface
analysis enables the determination of the treatment combinations, that give the
optimum (highest or lowest) response. The true relationship is commonly unknown
and so polynomial functions usually provide good approximations for relatively small
regions of quantitative factor levels. The most common polynomial models for
approaching response surfaces are the linear (first order) and quadratic (second order)
models (Hinkelmann, et al 1994, Kuehl, 1994). Figure 7.6 represents a surface contour
of the estimated response surface for three independent components (Cornell, 1990).

The contour lines represent the response, or dependency, values.

Figure 7.5 A sub-region (interior triangle) of the original simplex redefined as a
simplex in the pseudocomponents x;’, i=1, 2 and 3
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X2

Figure 7.6 Surface contour of response surface for three component mixtures

Quadratic Canonical Polynomial Model

The quadratic polynomial model used to approximate response surfaces was

k k
y(X) =B, + Z Bix; + Z Bax; + ZZ Bix; x;, +e (¢))

i=l i=l i< j
where ¢, is the random error (normal distribution with mean zero and variance ¢”). The

number of points has to be at least as large as the number of parameters to be

k
estimated in the above equation. The restriction in = 1 has to be applied to the

i=]

above equation, that is,

x; = I-ij.

J#i

Then the quadratic canonical polynomial becomes

k
yx) = Z B; x +ZZ B; X x; ¢ 2

i=l i< j
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Where §; =B, + B; + B; and B =B; - B; - B;
The new parameters of the quadratic canonical polynomial for a three-ingredient
mixture, expressed in terms of the original polynomial parameters, are
Bi =B+ B +Bu B> =Bo+ B+ Bz B3 =Bo+Bs+ B
Biz =Bi2-PBu-Bx Bis =Bis-Bu-Bx Bx =Bxs-Bn-Bs
If all B; and B; equal zero, then the quadratic canonical model become a linear model.
Inclusion of Process Variables
Process variables are factors in an experiment that do not form any portion of the
mixture but whose levels may affect the properties of the mixture. For the PG
composite example, composite submergence is a process variable. Under submergence
conditions, the level of the process variable takes the value of one, while under control
(no submergence) condition, the level of the process variable takes the value of zero.
Let us look at a mixture experiment consisting of three components (x,, X,, and
X;) and two process variables whose coded values are denoted by z, =0, 1 and z, =0,
1. The mixture model without the process variable is a quadratic canonical model. A
2? factorial arrangement is considered for fitting the model in the two process
variables:
Npv = 0o + 0 Z; + 0yZ; + 02212,
The combined simplex-centroid by 2° factorial design is shown in Figure 7.7
(Cornell, 1990). This design includes a three component seven point simplex-centroid

design and two process variables with a 2 factorial arrangement.
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412 X, = 1
J-+‘
xz = 1 X3 = 1
-1 +1
+ —
z,
4-1

Figure 7.7 A combined simplex-centroid by 2x2 factorial design

The model combines three ingredients and two process variables where (1 =

1,2):

3 3 2 3
Y& Z) = Y, Y%+t D YKtz f oz oz, + X[ D ikt
i=l

i< j I=1 i=l

3 3 3
ZZ 'Y,lj XX+ Y:B XX X3}z + [Z Y,l'zxi + ZZ 'Y:jzxixj + Y:i:s X X,%3]z1z,+ ¢ (3)
=l

i< i<

In equation (3), v x; represents the linear blending portion of the model and y; is

3
i=l
the expected response value for the component i average over all combinations of
levels for z, and z,. Zi yzx,x] represents the nonlinear blending portion of the

i< j

model and yf} is the nonlinear blending portion between component i and j over all
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combinations for the levels of z, and z,. a,z, + a,2, represents the linear portion of the

process variables. a,,z,z, represents the interaction between two process variables.

2 3 3
Z[ Z yix+ ZZ yfj XX; + Y12 XiX;X;]2, represents the effect of process variable

I=1 i=l i< j
levels z, and z, on the linear and nonlinear blending properties of the components.

! is the change of expected response to component i for a 1-unit change in z, while

y,'.j is the change in the nonlinear blending of component i and j for a 1-unit change in

3 3
z. [ Y%+ 20, v2xx + v xX;X;]z,2, represent the interaction effect of the
i=]

<
two process variables z, and z, on the linear and nonlinear blending properties of the
three components. The typical response surface for equation 3 is presented in Figure
7.8. This response surface includes three component composites and two process
variables which have two levels respectively

For our phosphogypsum composite example, besides two process variables
described in equation (3), there is one process variable with two levels, submerged and
control. Assuming the process variable takes the values of 0 and 1, then the quadratic

canonical polynomial becomes

k k
Y(X)=Z B: xi+Zz B; xixj+aIZ+z B;‘xiZ+ZZ B;'.xixj2+el @“4)

i=l i< j i< j
B, and B, are coefficients for the x,zand x; x,z terms.
This is the model applied in the optimum ingredient searching experiment.

When z = 0 the equation (4) becomes equation (2).
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When z = 1, the equation (4) becomes equation (5).

k
vy =2, B;+B)x, +22, B, +B)x X tat g (5)

i=l i<
Equation (5) is the same as equation (2) in nature, but the different coefficients
represent the different shape of the response surface in treatment conditions. The
response surface for equation (4) is shown in Figure 7.9 (Cornell, 1990). It includes

three component mixtures under one process variable with two levels

Figure 7.8 A response surface with two process variables
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Figure 7.9 A response surface with one process variable

Following similar procedures, the response surface of the three ingredient
mixture, including three process variables z,, z, and z; each containing two levels, is
shown in Figure 7.10. The shaded regions represent blends estimated to have

acceptable values within the range of s in 2.0 - 3.5 (Cornell, 1990).

Least-Squares Estimation Formulas for the Polynomial Coefficients and

Variances

The general form of the mixture model is y = X + &, where y is an N*1 vector
of observations, X is an N*p matrix whose elements are the mixture component
proportions and functions (such as pairwise products) of the component proportions,
is a p*1 vector of parameters and € is an N*1 vector of random errors. The normal
equations used for estimating the elements of the parameter vector  are
X'Xb=X’y
The solution for the coefficients is then (Cornell, 1990)

b=X'X)'X’y .
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Figure 7.10 A response surface under three process variables

Furthermore, if a measure of the error variance o is available, then the variance-

covariance estimate is (Cornell, 1990)
Var (b) = (X’X)"'o? . The predicted value of the response surface at a point x = (x,,

X,...Xp)’ in the experiment region is expressed as

yx)=x'b
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where: x.’ is a 1*p vector whose elements correspond to the elements in a row of the
matrix X. The variance of the y(x) is then (Cornell, 1990)

var[ § (x)] = var[x,’ b] = x,"var[b] x, = X, (X'X)" x,0”

Hypothesis Test of the Quadratic Model

k
For the quadratic model, y(x)= Z B; x, +ZZ ﬁ., x; x; +e

i=l i< J
The hypothesis for the above model includes:

H,, : The response does not depend on the mixture components, that is §; = B; = 0, and
H, : The response surface does depend on the mixture components, that is not all B;
and B; equal zero.

To perform a hypothesis test, an ANOVA table (Table 7.1) should be presented first,

Table 7.1 ANOVA table of the quadratic model

Source of Degree of Sum of Mean of F-value
Variation Freedom Squares Squares

Model p-1 SSR MSR=SSR/(p-1) MSR/MSE
Error N-p SSE=SST-SSR MSE=SSE/(N-p)

Total N-1 SST

Then the F statistics is used, such that

F* = MSR/MSE

The decision rule to control the Type I errorat a is :
If F* <F(1-a; p-1, n-p), conclude H,

If F* > F(1-a; p-1, n-p), conclude H,
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A failure to reject indicates that the response surface can be adequately modeled as a
horizontal plane over the corresponding mixture points.

Rejection of H, implies that the response surface is not a horizontal plane. Instead,
mixture ingredients determine the response surface.

SAS Data Analysis in Mixture Experiments

The quadratic canonical polynomial model can be fitted using the least-squares
method. Appropriate tests of the hypothesis, including lack of fit analysis, can be
performed using the usual regression methods. In the SAS software, both GLM and
REG procedures can be used for analysis of mixture experiments. The NOINT option
should be used to express the constraint that all components sum to unity in the
mixture design. The options: ‘Forward’, ‘Backward’ and ‘Stepwise’ under PROC
REG in SAS can be used to select appropriate models of predictor variables. The data
analysis is composed of two steps (Cornell, 1990).

Step one, to test the hypothesis whether the response depends on the mixture
components in equation (3) and (4), a quadratic canonical polynomial model with
deleting one of the linear blending terms and including an intercept term is applied.
The option NOINT will not be included in the SAS model statement. Consequently,
the degrees of freedom, sum of squares, and error sum of squares for the model are
correct for the quadratic canonical polynomial model. Therefore the F test and R-

square are correct.
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Step two, to estimate the coefficients and the variances of the coefficients in the
quadratic canonical polynomial model, the original terms in the quadratic canonical
polynomial model should be used with the option of NOINT. The coefficients and
their variances can be obtained directly from the SAS output.

Lack of Fit Test

After being selected, the model should be tested to see whether it fits the data
adequately. This test is called the lack of fit test (LOF), which assumes that the
observations Y for the given X are independent, normally distributed, and the
distribution of Y has the same variance. The LOF test also requires repeated
observations at one or more X levels. The basic idea of the LOF test is to compare the
selected model with the ideal (full) model to see whether there is a difference. If there
is no significant difference between the selected model and the full model, then the
selected model fits the data well. If all independent X’s are assumed to be categorical
variables, then the model is
Yi=u+g

This model is the full model and it fits the data ideally. It can be shown that the

estimators of ;z ; are simply the sample means Y ; (Nester et al.,1996). Thus the error

sum of squares for the full model is
SSE(F) = ZZ (Yij - )-,j )2
7 i

The degrees of freedom associated with the full model is the sum of the component

degrees of freedom, that is :
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dfi=n-c

where: ¢ is the number of the parameters in the full model.

The F test is performed to test the appropriateness of the selected model, the
alternatives are:

H, : The selected model fits the data well

H, : The selected model does not fit the data well

F*=

SSE(R) - SSE(F) SSE(F)

dfy - df; / df;
IfF* < (F, ,; dfy - df; , df;), conclude H,, else
IfF* > (F,.,; dfy - df; , df;), conclude H,, where
o is the type I error (Nester et al.,1996).
Experimental Design of Stabilized PG Composites
Ingredient Combination Selection

For the stabilized phosphogypsum composite experiment, all three ingredients

should be present, therefore the pseudocomponents with augmented simplex-centroid
design is used to construct the ingredient combination. The lower bounds are 0.04,
0.03 and 0.83 for the cement, lime and phosphogypsum respectively in
PG:cement:lime composites. The lower bounds are 0.03, 0.35 and 0.55 for the cement,
fly ash and PG respectively in PG:fly ash:cement composites. The lower bounds are

0.03, 0.35 and 0.55 for the lime, fly ash and PG respectively in PG:fly ash:lime

composites. The principle for choosing the lower bounds, from an economic point of
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view, are the lowest values of cement (or lime) and highest value of phosphogypsum.

The calculated results of the PG composites are shown in Table 7.2 - 4.

Table 7.2 Ingredients (%) of PG:cement:lime composites

Cement Lime PG
14 3 83

9 3 88

4 3 93

9 8 83

4 13 83

4 8 88
10.7 4.7 84.6
5.7 9.7 84.6
5.7 4.7 89.6
7.3 6.3 86.4

Table 7.3 Ingredients (%) of PG:fly ash:cement composites

Cement Fly ash PG
3 35 62

3 38.5 58.5
3 42 55
42 36.2 59.6
42 39.6 56.2
53 373 574
6.5 35 58.5
6.5 38.5 55
7.6 36.2 56.2
10 35 55
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Table 7.4 Ingredients (%) of PG:fly ash:lime composites

Lime Fly ash PG
3 35 62

3 38.5 58.5
3 42 55
42 36.2 59.6
42 39.6 56.2
53 373 574
6.5 35 58.5
6.5 38.5 55
7.6 36.2 56.2
10 35 55

Dynamic Leach Test of PG Composites

The PG: fly ash :cement (or lime) composites were divided into two groups.
Group one, with two PG composites, was under a dynamic leaching condition in
seawater for 28 days (see Chapter 4). Group two, with three PG composites, was the
control group where no treatment was applied. For both groups, surface hardness
(SH) was measured for each PG composite under wet and dry conditions.

The PG:cement:lime composites were divided into two groups. Group one, with
five PG composites, was under a dynamic leaching condition in seawater for 28 days.
Group two, with three PG composites, was the control group where no treatment was
applied. For group one, surface hardness (SH) and unconfined strength (UCS) were
measured for every PG composite under the dry condition, but diffusion coefficients
(D) were only measured for the two PG composites. For the control group, surface

hardness (SH) and unconfined strength (UCS) were measured under the dry condition.
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Analysis of PG Composite Data
PG:Fly Ash:Cement Composites
Quadratic model (3), which combines three ingredients and two process

variables, was used to regress the response surfaces of surface hardness (SH).

3 3 2 3
y@x, 2) = Zl: POXF DD VIR ozt tapzz, t g[ Z.: Yix +

i< §

3 3 3
X Vi Yisxxln 1Y vkt LY vPxx vk xxxlzzte (3)

i< J ) i< 7
where x, is the cement content; X, is the fly ash content; x; is the phosphogypsum
content; z, is a process variable, leach, which has two levels, control (z,= 0) and
submergence (z,= 1); 2, is a process variable, wet, which has two levels, wet (z, = 0)
and dry (z, = 1); y is the Log(SH) for the PG composites; and ¢; is the random error
term assumed to be normally distributed with a mean equal to zero and a common
variance (¢®). SAS, MS Excel, MS Access, and Sigma Plot were used for data
analysis and plot drawing.

The Shapiro-Wilk statistics and residual plots were used to test the normality
assumption of the error term. The p-value for the Shapiro-Wilk test was 0.9297, which
indicated that the error term is normally distributed. The residual plots provided
provided support that the error term had homogeneous variance. Model (3) was
regressed to find the parameters (Table 7.5) and related p-values for the model and

lack of fit as follows:
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Table 7.5 SAS output for surface hardness of PG:fly ash:cement composites

Parameter  Standard T for Hy:

Variable DF Estimate Error Parameter=0 Prob>[T]
PG 1 3.013327 0.59820085 5.037 0.0001
CEMENT 1 6.389983 1.22316335 5224 0.0001
FLYASH 1 3.864410 0.89181168 4333 0.0001
WET 1 0.055525 0.07324960 0.758 0.4503
LEACH 1 -1.280128 0.08189554  -15.631 0.0001
WET*LEACH 1 -0.425498 0.11581779 -3.674 0.0004

The p-values for the model and lack of fit were 0.0001 and 0.2073 respectively,
which indicated that the model was appropriate. Therefore the model is:
Log(SH) = 3.013*PG + 6.390*CEMENT + 3.866*FLYASH + 0.0555*WET -
1.280*LEACH - 0.4255*WET*LEACH
for PG:fly ash:cement composites. This model is a linear surface with respect to all
three components with no significant interaction between all the ingredients. The two
process variables do not affect the shape of the response surface, but they do affect the
values of the response surface. This is plotted as response surface plot in Figure 7.11.
From a ten month seawater submergence experiment in Grand Isle, Louisiana, it was
found that the minimum wet submergence surface hardness for surviving PG
composites was 5.8 mm™. The shaded area in the right top subfigure for wet and
submergence condition shows that surface hardness was greater than 5.8 mm™, and the
cement content was less than 0.1 for economic considerations. While the little triangle
is in the experimental region, the joint region of the shaded and triangle areas is the

optimum ingredient combination. The disjoint region of the shaded and triangle areas
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is the region with predicted value of surface hardness greater than 5.8 mm’,
(Log5.8=1.76) but not verified by the experiment. From Figure 7.11, there exists a
joint region of the shaded and triangle areas. Therefore, therefore PG:fly ash:cement
ingredient combinations are a possible substrate for artificial reefs. Table 7.6 lists the
possible econcmic ingredients.

Table 7.6 Possible economic ingredients (%) with minimum

surface hardness 5.8 mm"

Cement Fly ash PG
2.6 35.8 61.6
2.6 36.6 60.8
2.8 36 61.2
3 35 62
3.2 34 62.8
34 32.6 64
34 334 63.2
3.6 32.8 63.6
3.8 32 64.2
4 31 65
4.2 304 65.4

PG:Fly Ash:Lime Composites
The quadratic model (3), combining three ingredients and two process variables,

was used to regress the response surfaces of the surface hardness (SH),

3
1

3 3 2
Y, 2) = 0 Y0kt 20 YixX t oz f gz oz, + D D Yix F

i=] i< j I=1 i=l

3 3 3
ZZ Y:{j xixj+Y{23 X\ X;X;]z + [Z Yo%+ ZZ Y.ljz XX; + Yin XiXXslzizt e (3)

i< j il i<
where x, is the lime content; x, is the fly ash content; x; is the phosphogypsum

content; z isa process variable, leach, which has two levels, control (z,=0) and
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Figure 7.11 Contour plots of the fitted response surfaces of selected model for
surface hardness of PG:fly ash:cement composites
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submergence (z,= 1); z, is a process variable, wet, which has two levels, wet (z, = 1)
and dry (2, = 0); y is the Log(SH) of the PG composites; and ¢; is the random error
term assumed to be normally distributed with a mean equal to zero and a common
variance (6?). SAS, MS Excel, MS Access, and Sigma Plot are used for data analysis
and plot drawing.

Shapiro-Wilk statistics and residual plots were used to test the normality
assumption of the error term. The p-value for the Shapiro-Wilk test was 0.5477, which
indicated that the error term was normally distributed. The residual plots provided
support that the error term had homogeneous variance. Model (3) was regressed to
find the parameters (Table 7.7) and related p-values for the model and lack of fit as
follows:

Table 7.7 SAS output for surface hardness of PG:fly ash:lime composites

Parameter  Standard T for H,:
Variable DF  Estimate Error Parameter=0 Prob > [T}
PG 1 0.163462 2.43882951 0.067 0.9467
LIME 1 -193.5272 74.3364444 -2.603 0.0110
FLYASH 1 8.597745 3.20357308 2.684 0.0088
WET 1 -0.213314  0.09487309 -2.248 0.0272
LEACH 1 -1.820823 0.10720812 -16.984 0.0001
PG*LIME 1 3303183 137.649630 2.400 0.0187

The p-values and lack of fit for the model were 0.0001 and 0.0018 respectively. Lack
of fit exists for this model, but this model is the best model except the full model. The
R? for this model is 0.788 while the R? for the full model is 0.908. Therefore the model

equation is:
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Log(SH) = 0.1635*PG - 193.53*LIME + 8.598*FLYASH - 0.2133*WET -
1.8208*LEACH +330.32*PG*LIME
for PG:fly ash:lime composites. This model is a quadratic surface with respect to all
three components. Interactions exist between PG and lime. The two process variables
do not affect the shape of the response surface, but they do affect the values of the
response surface. This is plotted as a response surface plot in Figure 7.12. The shaded
area in the subfigure for wet and submergence condition shows that surface hardness
is greater than 5.8 mm”, and lime content is less than 0.1 due to economic
considerations. While the little triangle is the experimental region, the joint region of
the shaded and triangle areas is the optimum ingredient combination. From Figure
7.12, no joint region of the shaded and triangle areas is found. Therefore, PG:fly
ash:lime ingredient combinations are not a suitable substrate for artificial reefs.
PG:Cement:Lime Composites
Diffusion Coefficient

The quadratic model (1), which includes three ingredients, was used to regress

the response surfaces for diffusion coefficient of PG:cement:lime composites,

k k
y(x) =B + Z Bix,+ Z Biixiz + ZZ By x; x;, +¢ (D

=l i=l < J
where x; is the cement content ; X, is the lime content; x; is the phosphogypsum
content; y is Log,,D of the PG composites; and ¢, is the random error term assumed to
be normally distributed with a mean equal to zero and a common variance (7). SAS,

MS Excel, MS Access, and Sigma Plot were used for data analysis and drawing.
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Figure 7.12 Contour plots of the fitted response surfaces of selected model for
surface hardness of PG:fly ash:lime composites
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Shapiro-Wilk statistics and residual plots were used to test the normality
assumption of the error term. The p-value for Shapiro-Wilk test was 0.1848, which
indicated that the error term is normally distributed. The residual plots provided
support that the error term had a homogeneous variance. Model (3) was regressed to
find the parameters (Table 7.8) and related p-values for the model and lack of fit as
follows.

Table 7.8 SAS output for diffusion coefficient of PG:cement:lime composites

Parameter  Standard T for H,;:

Variable DF  Estimate Error Parameter=0 Prob > [T
PG 1 -2.835329 0.16527931  -17.155 0.0001
LIME 1 -16.273322 1.22578736 -13.276 0.0001
CEMENT 1 -9.701592 1.21823954 -7.964 0.0001

The p-values for the model and lack of fit were 0.0001 and 0.1878 respectively,
which indicated that the model was appropriate. Therefore, the model is selected to be:
Log,,D = -2.835*PG - 16.273*Lime -9.702*Cement
for PG:cement:lime composites. It was plotted as a response surface plot in Figure
7.13. This model is a linear surface with respect to all three components.

Unconfined Strength

The quadratic model (4), which includes three ingredients and one process

variable, was used to regress the response surfaces of unconfined strength of

PG:cement:lime composites,
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Figure 7.13 Contour plots of the fitted response surface of selected model for
Log,,D of PG:cement:lime composites
where x, is the cement content; x, is the lime content; x; is the phosphogypsum
content; z is a process variable, treat, which has two levels, control ( z = 0) and
submergence ( z= 1 ); y is the Log(UCS) of the PG composites; and e, is the random
error term assumed to be normally distributed with a mean equal to zero and a
common variance (6?). SAS, MS Excel, MS Access, and Sigma Plot are used for data

analysis and plot drawing.
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Shapiro-Wilk statistics and residual plots were used to test the normality
assumption of the error term. The p-value for the Shapiro-Wilk test was 0.6760, which
indicated that the error term was normally distributed. The residual plots provided
support that the error term had homogeneous variance. Model (3) was regressed to
find the parameters (Table 7.9) and related p-values for the model and lack of fit as
follows.

Table 7.9 SAS output for unconfined strength of PG:cement:lime composites

Parameter Standard T for HO:

Variable DF Estimate Error Parameter=0 Prob > [T
PG 1 1.821864 0.30499113 5.973 0.0001
CEMENT 1 -46.731353 24.79109615  -1.885 0.0634
LIME 1 5.792292 2.27675368 2.544 0.0131
TREAT 1 3.099797 1.24330627 2.493 0.0149
TREAT*PG 1 -4.580445 1.43937983 -3.182 0.0021
CEMENT*PG 1 68.969409 30.99085373 2.225 0.0291
1

CEMENT*LIME 52.897456 30.93867192 1.710 0.0916

The p-values for the model and lack of fit were 0.0001 and 0.0823 respectively,
which indicated that the model was appropriate. Therefore, the model is:
Log(UCS) = 1.822*PG - 46.73*cement + 5.792*lime + 3.100*treat - 4.580*treat*PG
+ 68.97*cement*PG + 52.90*cement*lime
for PG:cement:lime composites. This model is a quadratic surface with respect to all
three components. Interactions exist between PG and lime, cement and lime, and PG
and treat. It was plotted as response surface plots in Figure 7.14. From these plots, it

is known that in the low cement region the response surface is nearly linear, while in
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the high cement region the response surface is quadratic. The unconfined strength for

the submergence is lower than that of the control group.

r 7 L4 L4 L4 0.0
0.0 0.1 02 03 0.4
cement
| l
0 1 >Z
Control Submergence

Figure 7.14 Contour plots of the fitted response surface of the selected model for
Log(UCS) of PG:cement:lime composites

Surface Hardness
The quadratic model (4), which includes three ingredients and one process
variable, was used to regress the response surfaces of unconfined strength for the

PG:cement:lime composites.

k k
yOO=D, B x, +2.0. Bl xx, taz+y, Bl xz+2, Y By xx;zte (4)
i=l i< j il ic j

where x, is the cement content; X, is the lime content; x; is the phosphogypsum
content; z is a process variable which has two levels, control and submergence; y is

Log(SH) for the PG composites; and ¢; is the random error term assumed to be
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normally distributed with a mean equal to zero and a common variance (c®. SAS,
MS Excel, MS Access, and Sigma Plot were used for data analysis and plot drawing.
Shapiro-Wilk statistics and residual plots were used to test the normality
assumption of the error terrm. The p-value for the Shapiro-Wilk test was 0.2711,
which indicates that the error term is normally distributed. The residual plots provided
support that the error term had a homogeneous variance. Model (3) was regressed to
find the parameters (Table 7.10) and related p-values for the model and lack of fit as

follows.

Table 7.10 SAS output for surface hardness of PG:cement:lime composites

Parameter  Standard T for H,:

Variable DF Estimate Error Parameter=0 Prob > [T
PG 1 3.994706 0.34123259 11.707 0.0001
TREAT 1 8.645167 2.65450628 3.257 0.0017
CEMENT 1 4.528093  2.26434497 2.000 0.0492
LIME 1 6.252898 2.27085354 2.754 0.0074
TREAT*PG 1 -11.430158 3.07313080 -3.719 0.0004

The p-values for the model and lack of fit were 0.0001 and 0.4213 respectively,
which indicated that the model was appropriate. Therefore the model is:
Log(SH) = 4.000*PG + 8.645*treat + 4.528*cement + 6.253*lime - 11.43*treat*PG
for PG:cement:lime composites. They are all linear response surfaces, but interactions
exist between treat and PG. In different treatment conditions the shapes of the linear

response surfaces are different. It was plotted as response surface plots in Figure 7.15.
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The surface hardness for submergence is lower than that of the control group in the

experimental region.

4 7 L4 L4 L4 0.0
0.0 0.1 0.2 03 04
cement
0 1 A
Control Submergence

Figure 7.15 Contour plots of the fitted response surface of the selected model for
surface hardness of PG:cement:lime composites

From ten month seawater submergence experiment in Grand Isle, Louisiana, it is
found that the minimum dry submergence surface hardness for survived PG
composites is 8.4 mm™. From Figure 7.15, the dry submergence surface hardness of
most of the PG:cement:lime composites is greater than 8.4 mm™. It seems that
PG:cement:lime composites work for artificial reefs, but in fact, all PG:cement:lime
mixture did not survive in seawater in Grand Isle, Louisiana for two months. The

reason may be that the minimum dry submergence surface hardness is not a good
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criterion for expressing the actual, wet situation. It seems that the minimum wet
submergence surface hardness is a good criterion.

Summary

(1) Response surface analysis with process variable model is appropriate for searching
the optimum ingredients for phosphogypsum composites.

(2) The PG:flyash:cement ingredient combination is a possible substrate for artificial
reef.

(3) Minimum wet submergence surface hardness is a good criterion to judge whether
the stabilized PG composites will survive in the seawater environment.

(4) Minimum dry submergence surface hardness is not a good criterion to judge

whether the PG composites will survive in the seawater environment.
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CHAPTER 8
DISCUSSION

Economic analysis conducted by Dr. Wilson, C. A. shows that cement levels for
PG cement composites need to be in the range of 3% - 5% to be economic and
practical for aquatic applications such as artificial reefs or oyster substrates. One of our
research objectives is to find low cement ingredient compositions that can maintain
structural integrity when submerged in saltwater.

Cement stabilized phosphogypsum (PG) can provide the integrity necessary to
prevent dissolution in the face of saltwater submergence. However, the necessary
cement content of 30% is too high to be economical. The PG:cement composites with
cement content of 15% showed severe degradation in field saltwater submergence
tests. All PG:cement:lime composites with upper bounds of 83%:14%:3%
PG:cement:lime and 83%:3%:14% PG:cement:lime also showed severe degradation
in the saltwater environment so the PG:cement and PG:cement:lime composites would
not be recommend for possible aquatic applications such as artificial reefs or oyster
substrates.

Since the PG:cement and the PG:cement:lime composites do not meet economic
requirements, more cost-effective materials are being searched to replace or
significantly reduce cement as a binding agent. Type C fly ash with both cementous
and pozzolanic properties are able to take the place of cement as the binding agent.
The cementous properties make fly ash function like cement and the pozzolanic

properties can enhance the sulfate resistance ability of cement paste in the PG
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composites. The PG:fly ash:cement composites have been found to survive in the field
under saltwater submergence for more than one year. The PG:fly ash:cement
composites are able to maintain their physical structural integrity while keeping
cement content less than 10%. On the other hand, the PG:fly ash:lime composites
showed severe degradation because the pozzolanic reaction between lime and fly ash
resulted in the formation of ettringite that lead to the development of ruptures.
Therefore, PG:fly ash:cement composites would be recommend for possible aquatic
applications such as artificial reefs or oyster substrates.

The formation of a calcium carbonate coating on the surface of the composites
was found to be effective in protecting the composites from saltwater attack. For the
70%:30% PG:cement composites, the calcium carbonate coating formed on the
composite surface aiding in its survival in the saltwater environment. The 85%:15%
PG:cement composites formed a calcium carbonate coating also, but the composite
surface was too loose to keep the coating. Without the protection of this coating,
saltwater was able to intrude and resulted in the formation of ettringite that lead the
development of ruptures. The 85%:15% PG:cement ingredient composition was not
able to survive in the saltwater environment. All the cement:lime:PG composites with
upper bounds 83%:14%:3% PG:cement:lime and 83%:3%:14% PG:cement:lime
behaved the same as the 85%:15% PG:cement composite.

For PG:fly ash:cement composites, the calcium carbonate coating was formed on
the composite surface and was able to survive under saltwater submergence. In

addition to the calcium carbonate coating, the PG on the composite surface region
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(<30 pm) dissolved leaving pores from dissolution that were filled by calcium
carbonate. This process makes the calcium carbonate coating stronger. For the PG:fly
ash:lime composites, the pozzolanic reaction lead the ruptures and the saltwater
intrusion lead to the recrystallization of PG on the fly ash sphere surface.

The response surface analysis with process variables, SEM, microprobe, field and
laboratory experiments show that of composites with less than 10% cement content,
PG:fly ash:cement composites were the only composites to survive in the Gulf coast
saltwater environment out of the PG:cement, PG:cement:lime, PG:fly ash:lime and

PG:fly ash:cement ingredient composites tested.
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The conditions for stabilized PG composites to survived in the saltwater
environments are: (1) The stabilized PG composites should have a strong sulfate
resistant surface. (2) The local pH environments on the stabilized PG composites
should be above than 11. This higher local pH environment will result in the formation
of calcium carbonates, which protect the PG composites and reduce the diffusion of
toxic metals and radium. The main reason for degradation of PG stabilized composites
is the formation of ettringite that lead the development of ruptures.

Among the tested ingredient combinations the PG composites with ingredient of
PG:fly ash:cement has the best economic characteristics and saltwater resistance.
Statistical analysis and experimental observations show that only PG:fly ash:cement
composites can survive in Gulf coast saltwater for long time when cement content is
less than 10%. Therefore PG:fly ash:cement composites would be recommend for
possible aquatic applications such as artificial reefs or oyster substrates.

Calcium diffusion coefficient is a good indicator for PG:cement:lime composite
long term dissolution potential, but this relationship does not apply to the PG:fly
ash:lime stabilized composites.

Recommendations
Several areas of research are listed below and should be completed before the PG

composites are allowed for use as artificial reefs or oyster substrate.
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(1) Determination of the survival-time curve for the PG composites using statistical
reliability analysis.

(2) TCLP leaching test.

(3) Dynamic leaching tests of toxic metal and radium.

(4) Biological food chain model of toxic metal and radium release from the PG
composites.

(5) Degradation processes caused by H,S generating anaerobic bacteria and aerobic

sulfur oxidizing bacteria.
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APPENDIX D COMPOSITE CHARACTERISTICS FOR CONTROL

Cement Lime PG(Test 1) Penctrometer (6pt.) .0lmm Length (mm) Weight (2) UCS (Mpa)
0.140 0030 0.830] 20 20 20 20 20 30[ 38 39 37| 83 25.33
20 20 20 20 15 15|39 38 39| 869 26.63
20 20 20 10 20 15]38 39 38| 862 33.53
009 0030 0880| 30 20 10 10 10 10]|38 39 39| 859 30.02
15 15 10 30 10 15|38 39 39| 860 10.50
20 30 25 10 15 10|38 38 37| 859 29.12
0040 0.030 0930| 20 25 15 20 25 20|39 40 39| 86.1 14.11
15 20 30 30 25 30|36 36 37| 81 12.28
20 20 10 30 30 20|38 41 40| 871 12.59
0.090 0080 0830] 30 30 20 20 20 10|38 39 39| 8.2 24.85
15 15 20 10 20 2038 38 39| 8.7 22.53
20 1.0 20 10 10 15|39 38 38| 862 22.54
0040 0.130 0830/ 30 10 10 15 20 10}40 39 39| 829 21.23
20 20 10 20 25 2039 39 39| 861 22.19
20 10 10 1.0 20 20[39 39 40| 862 22.51
0040 0080 0.880| 20 05 20 15 10 15|40 39 39| 867 16.65
10 10 10 10 20 20|39 39 39| 88 13.95
20 20 10 20 20 15|39 39 39| 8.5 15.45
0.107 0.047 0846| 05 10 10 05 10 10|38 39 38| 866 27.68
15 10 10 1.0 10 10|39 39 40| 864 28.95
20 20 10 20 10 15|38 38 37| 863 30.67
0057 0097 0846| 25 05 20 1.0 20 05|40 39 39| 876 19.02
20 20 10 20 20 15|39 39 40| 874 21.03
15 20 20 10 10 20|40 39 39| 862 19.46
0057 0047 0896| 1.5 15 15 05 10 10]|39 39 40| 863 15.75
25 15 20 10 10 20}39 39 38| 86 17.66
25 25 20 30 25 2039 39 39| 859 18.78
0073 0063 0864| 1.5 25 20 10 20 20]39 39 39| 866 25.29
20 20 10 20 10 10|38 39 38| 868 23.75
15 10 20 20 20 10|40 40 40| 868 23.46
0.000 0.070 0930| 20 25 30 30 20 20|40 38 41| 844 9.43
05 30 10 20 20 30|38 38 38| 836 9.47
20 25 15 20 15 20|39 39 38| 842 9.80
0000 0.1000900|20 15 15 20 15 15|38 37 38| 8.7 8.67
10 20 30 10 10 15{39 39 39| 849 7.97
10 20 30 20 30 10|39 40 39| 852 10.10
0000 0.130 0870} 30 10 20 10 05 05|38 38 38| 83 9.08
25 50 30 20 10 20|38 38 39| 854 12.34
20 20 30 SO S0 15|38 39 39| 8.7 9.28
0.150 0.000 0850| 25 25 10 10 20 10|38 39 38| 863 33.30
30 20 20 15 20 20|39 39 40| 863 29.96
10 20 10 30 20 20|39 39 40| 865 25.62
0300 0.0000700| 10 10 10 10 10 15|36 37 37| 8.2 31.55
15 10 10 05 10 10|36 37 37| 843 1924
15 10 05 10 10 05)36 37 37| 89 29.50
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APPENDIX E COMPOSITE CHARACTERISTICS FOR FLOW THROUGH

Cement Lime PG(Iest 1) Penctrometer (6pt.) .0lmm Length (mm)  Weight (g) UCS (Mpa)
0.140  0.030 0.830] 3.0 30 80 5.5 3.0 20 |400 41.0 39.0] 912 12.94
35 30 20 25 20 80390 390 410} 909 14.61

60 110 30 50 40 4.1 390 390 400| 908 14.52

14.78

0.090 0.030 0.880] 80 20 20 75 30 30390 390 40.0f 916 8.01
50 45 45 50 40 110|390 390 39.0| 912 8.40

40 35 40 3.0 45 3.0 {400 400 39.0) 918 6.68

8.78

0.040  0.030 0.930| 1.0 11.0 S3.0 77.0 200 100|400 400 39.0] 872 4.11
40 9.0 850 900 940 740|390 39.0 40.0| 847 424

160 66.0 13.0 390 40 52.0)39.0 40.0 40.0| 871 3.81

3.13

0.090 0.080 0.830| 60 20 55 4.5 30 80 [39.0 400 400| 932 1529
70 30 40 20 40 40400 390 39.0] 926 15.29

20 40 30 60 40 3.0[400 390 400| 928 16.35

1435

0.040 0.130 0.830/120 3.0 7.0 3.0 100 4.0 |41.0 40.0 40.0f 923 8.65
70 1.0 20 70 50 10.0]390 400 390 925 11.74

40 30 40 60 50 1.0/]390 400 39.0] 922 9.60

10.84

0.040 0.080 0.880| 3.0 160 50 3.0 30 34|400 41.0 40.0| 928 4.80
30 30 30 40 50 40400 400 410 924 8.61

20 S0 70 S50 3.0 30/[400 400 41.0{ 923 8.91

9.60

0.107 0.047 0846| 85 10 50 30 95 40390 400 390| 918 11.40
40 40 30 S0 20 50(390 390 400[ 919 14.91

80 50 60 35 40 11.0/41.0 400 400| 920 15.68

17.69

0.057 0.097 0846 40 55 30 50 40 3.0[390 400 390 912 10.37
50 40 30 50 60 50]41.0 400 400| 918 9.30

30 130 50 3.0 120 150]39.0 400 39.0| 913 11.82

0.057 0.047 0896|100 7.0 40 160 50 12.0]400 400 41.0| 908 6.55
160 110 120 7.0 40 90 |40.0 400 40.0f 902 8.23

40 70 90 70 60 80 [400 400 39.0{ 89.0 6.13

5.27

0073 0.063 0864| 40 2.0 30 45 85 3.5|400 410 41.0| 927 10.11
45 60 35 35 30 3.0]410 410 40.0f 923 10.88

20 70 30 40 30 3.0)|400 400 400| 930 11.70

0.000  0.070 0930| 80 340 80 50 220 80 |[41.0 400 41.0] 872 3.08
30 100 40 102 80 90}39.0 390 39.0| 859 2.61

120 60 11.0 80 80 70400 41.0 400| 864 3.08

3.04

0.000 0.100 0900| 3.0 60 110 60 30 120)41.0 400 41.0| 889 424
80 90 110 30 100 80 |41.0 410 410 906 428

70 160 160 7.0 500 50 )400 400 400| 89.1 3.60

2.57

0.000 0.130 0.870| 40 130 40 80 120 7.0 |41.0 41.0 40.0| 90.0 3.64
70 110 3.0 170 20 7.0 }410 41.0 41.0| 899 3.77

40 90 60 50 110 180400 39.0 40.0| 907 3.81

3.77
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APPENDIX F COMPOSITE CHARACTERISTICS FOR DYNAMIC LEACH

Cement Lime PG(Test 1) Penetrometer (6pt.) .0lmm Length (mm) _ Weight (g) UCS (Mpa)
0140 0030 0830] 50 20 600 50 20 80| 380 380 385 862 | 1355
160 S0 150 240 90 36.0| 385 390 395 866 16.01
0090 0030 0880 45 20 25 30 70 480| 380 390 380] 88. 11.05
70 80 240 770 78.0 80.0| 385 390 390 866 10.10
0.040 0.030 0930] 11.0 34.0 1000 80 760 79.0f 38.0 39.0 38.0] 816 5.44
400 80 100 950 69.0 54.0] 39.0 390 39.0| 76.6 7.20
0.090 0.080 0.830| 170 20 35 20 20 3.0] 39.0 390 390 86.7 15.09
1.5 160 250 210 110 2.5 390 390 390, 879 17.06
0040 0.130 0.830] 60 30 20 50 3.0 20]390 390 385] 896 10.15
50 60 100 10 20 30| 390 390 390 9%0.I 12.08
0.040 0.080 0.880| 500 220 440 11.0 60 4.0] 400 400 40.0| 878 6.57
S0 60 25 100 760 61.0| 400 400 400| 90.1 6.85
0.107 0.047 0846] 160 30 20 490 700 3.0 39.0 39.0 385 89.1 10.62
150 310 160 60 20 8.0} 39.0 390 385 877 12.34
0.057 0.097 0.846| 300 3.0 4.0 400 21.0 20| 39.0 400 39.0{ 894 6.93
300 20 20 20 40 20{390 390 39.0] 867 8.50
0.057 0.047 0.896] 150 94.0 1050 300 250 50.0| 39.0 390 39.0| 865 5.27
320 380 340 240 5.0 42.0f 390 400 39.0] 865 6.47
0073 0.063 0.864| 19.0 900 3.0 100 3.0 8.0 39.0 390 39.0| 863 9.98
20 200 20 30 40 920| 39.0 400 400 879 8.48
0.000 0.070 0930| 19.0 140 520 780 31.0 49.0] 39.0 39.0 39.0f 843 4.80
1000 93.0 81.0 850 98.0 74.0| 39.0 400 39.0{ 753 3.04
0.000 0.100 0900} 28.0 38.0 1050 950 20 25.0f 41.0 400 40.0| 859 3.98
100.0 870 650 240 230 25.0f 39.0 380 39.0| 764 6.34
0.000 0.130 0.870| 1.0 120 310 140 3.0 20.0| 380 390 39.0| 855 4.20
2.0 200 240 160 13.0 8.0| 39.0 390 400| 888 5.27
0.150 0.000 0.850] 27.0 39.0 100 320 63.0 58.0| 39.0 39.0 39.0] 85. 13.41
580 660 290 11.0 440 250| 39.0 390 390 855 11.87
0300 0000 0700 10 10 05 20 1.0 10| 360 360 360 853 292
10 05 10 10 1.5 10360 360 360] 853 29.26
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APPENDIX G COMPOSITE CHARACTERISTICS FOR CONTROL TEST

Cement Lime PG Fly Ash Penetrometer (6pts) .0lmm Length (mm) (3pts) Wcight(_g) Diameter (mm) 2pts.

"uoissiwiad noyum paugiyosd uononpoidas sayung “Jaumo WBUAdoo sy Jo uoissiwiad yum peonpoiday

II. 0030 0.000 0620 0350 {50 30 1.0 20 30 80]3800 37.20 37.90| 88.77 385 384
30 20 20 40 3.0 10.0]38.00 37.80 37.90] 88.26 385 385

20 30 20 20 20 303710 37.20 37.10] 88.11 38.5 38.7

0.065 0.000 0.585 0350 | 60 50 20 3.0 20 4.0]37.00 37.80 37.30] 90.45 8.7 38.6
70 30 L5 20 30 30]3710 3690 37.00] 90.04 384 8.4

40 30 20 20 20 90137.20 37.00 36.80§ 90.59 384 385

0.100 0.000 0.550 0350 |20 20 15 20 20 0.5]37.00 36.80 37.00] 95.00 38.8 38.5
9.0 20 20 2.0 50 3.0]3690 36.80 37.30] 89.78 38.8 38.7

30 40 20 30 2.0 3.0)38.00 38.10 37.60] 91.88 38.8 389

0.030 0.000 0.585 0385 |90 20 20 1.5 20 80]36.80 3640 36.80] 89.27 38.7 38.3
90 40 40 20 30 7.0|37.10 3740 37.60] 89.42 384 385

60 3.0 65 25 35 40}37.00 37.20 37.20| 89.52 38.3 38.5

0.030 0.000 0.550 0420 | 3.0 2.0 3.0 3.0 4.0 100}37.10 37.00 37.10f 89.25 38.6 385
15 25 25 25 35 4.0]37.10 37.30 37.30] 88.85 388 389

30 25 30 25 20 25]37.00 36.90 36.70] 88.85 38.6 38.6

0.065 0.000 0550 0385 |15 20 1.5 20 35 3.0]3680 3740 37.10] 90.57 38.6 38.5
20 30 10 1.0 3.0 503680 37.00 36.80] 89.28 38.6 38.7

20 20 3.0 3.0 1.0 1.5]36.90 37.40 37.00] 89.50 38.5 38.6

0.042 0.000 0.596 0362 | 40 2.0 20 20 20 503740 37.70 37.40] 90.04 38.5 38.5
40 20 30 30 25 40(37.30 37.10 37.80] 9046 38.5 38.3

70 20 20 20 35 6.0]36.50 37.00 37.30] 8937 38.8 384

0.042 0.000 0561 0397 |25 35 35 30 25 6.0]3620 3630 37.00] 89.30 385 38.5
40 20 20 20 20 3.5{3650 3740 37.70] 90.23 38.6 388

35 15 1.0 3.0 3.0 30}37.30 37.70 37.30) 9145 388 39.0

0.077 0.000 0561 0362 | 3.0 20 40 50 20 4.0]37.40 37.20 36.90] 90.50 38.2 387
30 30 25 35 20 3.01(37.40 37.70 37.60f 90.90 38.7 387

20 20 30 2.0 3.0 4.0{3730 37.70 37.80] 91.53 385 38.6

0.053 0.000 0.574 0373 | 20 20 40 20 4.0 15]36.90 3690 36.70) 8995 38.7 385
20 25 20 1.0 20 3.0]36.90 36.50 36.30] 89.80 386 38.5

20 20 20 30 1,5 3.0]36.70 36.80 36.80] 89.20 38.6 38.3

€91



164

(1u0) - D XIANIddY

eob S'ovy T6'L8 |00'6E OL'8E OT6E|OY 09 0t 0C 0T 09

yoy 8'0by 1£€°L8 |O¥'8E 0T'8E 0T8E} 1 0€E 0T 01 0t 09

o'ov Loy 1788 (08'8€ 06'8€ 08'8€|0C 0T Ov €C 0¢ 011} €LEO0 ¥LSO €500 0000

9ly Vi 10'88 [06'8¢ 00°6€ OV'6EJ0TI 0t 0T 0T §T 0O

6Ly ey 89'88 {0S°'6E Ov'6E Ob'6E] 0T 0C ¢St St 0¢ 091

9'ly Gy 7988 096t 0t'6E 09'6£] 09 01 0¢ 0¢ 0T O€ | T90 1990 LLO'O 0000

6oy 9'0v 6806 [000¥ 010y €0% {091 O¥ 0€ ST 0C 0F

8’0o [A%4 €806 |00°0¥ 096t 06'6£]001 0€¢€ OF 0¢ 0OC 09

L'ov S'ovy 688 |O1'6E 06'8E 00'8E{ 0T 0T 0T 0€ 0¢ O0€| L6E0 1960 TH0'0 0000

(V%4 6’0y 80'06 ]08'8¢ 09'8¢ 068E| 0L OY 0T 0T 08 061

viy vy L3868 [08'8¢ Ob'6t 09'8E]0¢l OF O€E O¢€ 0T 0T

rA34 e £0'16 {0TOF 00'1Y 090¥| OS O'11 09 0T 0T 06I] TIE0 9650 THY0'0 0000

o'ty 1 8% 4 86°06 |[0T'iv 06'0b 09'0O¥| 09 OE Ov 09 06 061

rA% 4 rA % 4 89'06 |oL'1y OS'Iy OTIv) O'S 0TI 09 06 OV OF

V'ey L'ey €L'06 |O¥'Iy OF'IY O8'Ib OV 09 00t 09 OL 06S| $8€°0 0SS0 €900 0000

zee 26e L8°88 |08°'LE Ob'LE OS'LE|O¥Y 0T 0T ST ¢S1 01

Z26e L'ee 6768 1(0T8¢ 0T8E 008E} 0 €1 0T 0¢ 0¢ 00¢

L'6g 1'6¢ 80°68 |OL'LE 06'LE O1'8EJ 08 St 0T OT 0T OF | OTY0 0SS0 0£00 0000 IiI

'8¢ 'ee 06'16 |O1'8E 08'LE 06'LE|OS 0E €T §¢ 0v 0O¢

€6t 141 6€'16 |09'LE O1'8E 008Ej0E Ob OV OF OS¢ ST

€'6¢e 26e 0076 |0€'8E 0S'8E OEBE] S'€E 0€E 0T 0€ Ov Ob | ¢80 €860 0600 0000

gty 11 4 81'06 |0OTY OL'TY 08'T¥|00S 08 OL 06 0t 08

18 44 15981 4 6v'06 |Ov'ey OTEY OTTV| 0T Oy O¢ 0T1 0L Ol¢

L'Sp A 44 w06 |0Tty otk ol'zy|ooT O'lE O'C 081 09 O'€El} 0S€'0 0SS0 0010 0000

oey o'vy §T68 |08°LE 09'8E 068Ej Oy €T 0T 0T 0t 0¢

o'ty g'ey LE'86 |OU'vy OTVY OTHP| 0L OL 0O¢ 0L 081 0¢

viv 80y 1T°¢6 |06'1Y 06’1y 0STH| 09 OL 06 OCI 0¥ 09 ] 0SE0 $850 $90°0 0000

9’8t 1'6€ €E€'68 [06°LE OL'LE OL'LE| 06 OS OCT 0T 0¢ 011

6'8t 6'8t cI's8 |OI'LE 00°LE Ol'LE| ST 0T 0T 0OC 0T 08

[ 1'6¢ y1'68 1008 0€8¢ 09'8€] 0L O€ ST €T 0T S€ ]| 0SE0 0790 0£0°0 0000
'sidz (ww) spoweiq (3yBropm (s1dg) (ww) pBudy ww o’ (51dg) snowonsusg ysy A4 Dd dwiry wawd)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiuwiad 1noyum payqiyosd uononpouadal Jayung “Joumo ybLIAdoo sy o uoissiwied yum paonpoisdoy

Cement

Lime

PG Fly Ash

Penetrometer (6pts) .0lmm

Length (mm) (3pts) Weight(g)

0.000

0.000

0.010

IV 0.010

0.020

0.020

0.020

0.030

0.030

0.030

0.010

0.010

0.010

0.005

0.010

0.010

0.005

0.010

0.010

0.005

0.790

0.690

0.680

0.785

0.770

0.670

0.775

0.760

0.660

0.765

0.200

0.300

0.300

0.200

0.200

0.300

0.200

0.200

0.300

0.200

13.0 5.0

20
3.0
30
6.0
1.5
7
5
2
4.0
5.0
1.0
20
3.0
20
4.0
20
20
1.5
20
20
3.0
20
4.0
1.0
20
30
5.0
2.5
1.5

20
20
2.5
1.0
1.5
2
3
2
1.5
25
2.0
1.0
1.0
20
2.0
20
1.0
1.0
1.0
1.5
1.5
2.0
4.0
20
1.0
20
25
1.5
1.0

1.0
12.0
1.0
3.0
35
2.5
2
3
3.5
2.0
3.0
20
20
1.5
2.0
2.0
25
1.5
1.5
25
2.5
1.0
1.0
20
2.0
20
1.5
1.0
1.5
2.0

20
3.0
2.0
2.5
3.0
20
2
2
4
20
2.5
2.0
20
20
20
1.0
2.0
4.5
25
20
20
2.0
20
2.5
2.0
20
30
3.0
25
20

1.0
6.0
30
5.0
3.0
2.0
35
2
4
20
20
2.0
1.0
20
2.5
2.0
2.0
35
20
3s
2.0
2,0
1.0
2.0
20
25
2.5
3.0
30
1.5

20
9.0
35
4.0
7.0
6.0
4
10
14
1.0
2.0
7.0
2.0
20
1.5
20
30
5.0
2.0
20
20
2.0
30
20
11.0
1.0
1.5
25
25
1.0

36.50
36.20
37.00
35.60
36.60
37.30
37.50
36.10
36.50
36.50
37.40
37.90
38.10
37.70
36.20
37.20
37.40
37.80
37.40
37.50
38.00
37.90
37.70
38.30
37.90
38.50
37.90
37.80
37.10
37.20

37.10
36.30
35.90
36.20
36.50
37.30
37.60
36.20
36.50
36.70
37.80
37.80
3740
37.70
36.50
37.70
38.20
38.10
38.40
38.40
37.50
38.80
38.10
37.80
37.90
38.30
37.90
37.70
3790
37.80

37.00
36.10
36.10
37.70
36.70
37.30
37.00
36.40
37.20
37.80
38.00
37.80
38.40
38.40
36.10
37.30
38.60
38.20
37.60
38.10
3770
38.00
37.90
38.20
37.60
38.50
3790
37.50
3740

37.60

83.29
82.45
82.21

84.18
84.37
84.26
84.72
84.22
83.58
86.82
86.18
85.79
86.65
87.08
86.02
87.23
87.30
87.28
86.68
86.54
86.36
86.10
87.07
86.74
87.70
88.19
87.30
83.71
84.23
83.80

APPENDIX G - (cont.)
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APPENDIX H COMPOSITE CHARACTERISTICS FOR CONTROL-WET

Cemen Lime PG Fly Ash SH (6pts) Length (mm) (3pts) _ Weight(g)
L 0030 0.000 0620 0350] 40 20 20 20 3.0 40] 3800 3720 3790| 9130
60 30 20 20 30 30| 3800 3780 3790| 90.80

80 20 10 30 20 20)]3710 3720 37.10] 91.80

0.065 0.000 0.585 0350| 40 80 30 20 20 3.00|3700 3780 3730 9200
20 20 20 20 30 7003710 369 3700| 92.00

30 10 20 30 20 303720 3700 3680 | 91.70

0.100 0.000 0.550 0350} 20 10 20 30 20 50]|3700 3680 3700} 9330
20 20 40 20 20 30369 368 3730 91.70

20 20 30 20 20 3.0/3800 3810 3760| 9150

0.030 0.000 0.585 0385| 30 20 10 20 30 50(3680 3640 3680 92.40
40 20 10 10 20 30/|3710 3740 3760| 9130

270 20 10 30 20 3.0/|3700 3720 3720 90.90

0.030 0.000 0.550 0420] 20 20 20 15 20 703710 3700 37.10| 90.90
20 20 20 20 30 4013710 3730 3730 91.80

60 30 20 20 30 80]|3700 369 3670 9130

0.065 0.000 0.550 0385| 20 70 20 20 20 603680 3740 37.10]| 9220
20 20 10 10 20 703680 3700 3680 91.60

20 10 30 10 20 90369 3740 3700| 9L10

0.042 0.000 0.596 0362]| 30 10 10 20 20 80/|3740 3770 3740 9220
80 10 20 10 10 20/|3730 3710 37.80| 91.00

150 1.0 20 10 20 3.0/3650 3700 3730]| 91.60

0.042 0.000 0.561 0397] 20 20 30 50 30 403620 3630 37.00] 9130
20 20 40 10 20 203650 3740 3770 ( 91.90

60 30 30 20 20 3.01}3730 3770 3730] 92.60

0.077 0.000 0.561 0362] 20 20 30 10 20 403740 3720 3690 | 9220
20 20 20 10 30 60/[3740 3770 3760 | 93.00

80 10 10 20 10 20][3730 3770 37.80| 9240

0.053 0.000 0574 0373| 30 20 10 10 10 20369 369 3670| 91.60
100 20 30 10 10 20369 3650 3630| 9190

8 2 1 2 1 1/|3670 368 3680 9130

0.000 0.030 0.620 0350] 3.0 20 20 10 20 3.0]3860 3830 3800| 93.60
20 10 30 10 20 703710 3700 37.10| 9330

20 10 10 20 20 100]|37.70 3770 3790 | 91.40

0.000 0.065 0.585 0350 | 3.0 50 100 30 60 80|425 4190 4190 | 108.40
200 300 50 60 30 50| 4420 4420 44.10| 11090

120 80 20 20 20 3.0)389 3860 37.80| 9830

0.000 0.100 0.550 0350 | 71.0 30.0 120 11.0 100 11.0] 4210 4230 4220 | 11220
120 270 420 320 400 260| 4220 4320 43.40] 11150

110 430 280 250 650 49.0| 4280 4270 420 | 111.00

0.000 0.030 0.585 0385| 40 20 10 10 30 803830 3850 3830| 93.50
30 20 10 20 10 1.0/|3800 3810 37.60| 9440

250 20 10 10 20 20379 3780 3810| 93.70

[ 0.000 0.030 0.550 0420 30 30 10 10 20 1503810 3790 3770 95.10
210 10 20 10 10 203800 3820 3820| 94.10

S0 30 20 20 10 303750 3740 3780| 93.70

0.000 0.065 0.550 0385| 3.0 60 110 100 170 28.0| 41.80 4140 4140 | 100.10
90 60 120 50 100 6.0 | 4120 4150 41.70 | 101.50

70 40 20 60 100 19.0] 40.60 4090 4120 ] 101.60
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Cemen Lime PG Fly Ash Surhard (6pts) Length (mm) (3pts)__ Weight(g)
0.000 0.0420.596 0362170 20 30 20 20 20] 4060 4100 4020 10190
240 30 20 30 60 200| 3860 3940 3880 | 99.00
80 230 60 20 20 10) 3890 3860 3880 9820
0.000 0.042 0.561 0397| 1.0 40 30 30 60 90| 3800 3850 39.10{ 9690
170 30 30 30 20 30]3990 3960 40.00| 101.00
40 250 240 20 30 4.0] 403 4010 4000 98.00
0.000 0.077 0.561 0362|250 4.0 110 60 30 203960 3930 3960 99.10
80 40 30 60 40 90| 3940 3940 3950| 99.60
40 20 60 50 190 4.0 3940 3900 3890 99.70
0.000 0.053 0.574 0373 | 60 20 20 20 40 40| 3880 3890 3880 | 98.70
90 50 40 30 20 20} 3820 3820 3840| 9860
70 20 40 20 20 140]3920 3870 39.00{ 97.70
0.000 0.010 0.790 0200 | 3.0 1.0 3.0 100 250 640| 3650 37.10 37.00| 89.40
50 20 30 40 20 10| 3620 3630 36.10| 87.10
100 40 20 20 30 403700 3590 36.10| 88.10
0.000 0.010 0.690 0300] 3.0 40 30 40 30 6.0 3560 3620 37.70| 93.40
70 40 20 10 20 20] 3660 3650 3670 88.80
40 20 30 20 1.0 20]3730 3730 37.30| 89.00
0.010 0.010 0680 0300| 40 20 20 10 20 50| 3750 3760 37.00| 90.90
40 30 10 10 20 20) 3610 3620 3640| 90.60
80 30 20 20 10 20] 3650 3650 3720| 90.10
IV 0.010 0.0050.785 0200|130 20 20 20 10 20| 3650 3670 37.80| 8830
60 20 10 20 10 20] 3740 3780 3800)| 8880
60 20 10 20 30 20]|3790 3780 37.80| 88.50
0.020 0.0100.770 0200 | 20 20 10 30 20 30| 3810 3740 3840| 90.90
20 10 20 20 30 303770 3770 3840| 91.90
20 10 20 10 1.0 30) 3620 3650 36.10| 89.40
0.020 0.010 0.670 0300] 50 30 10 20 10 103720 3770 3730 90.80
70 30 30 20 10 20/( 3740 3820 3860 91.10
100 30 20 30 20 20} 378 3810 3820]| 9100
0.020 0.0050.775 0200|170 20 20 30 10 20| 3740 3840 3760| 90.60
30 20 20 10 10 20]3750 3840 38.10| 90.80
80 30 20 20 10 20])3800 3750 37.70| 90.70
0.030 0.010 0.760 0.200] 3.0 20 20 10 20 203790 3880 3800| 9140
80 30 20 1.0 20 103770 3810 3790| 9130
50 40 20 1.0 20 20/ 3830 3780 3820| 91.00
0.030 0.010 0.660 0300} 3.0 30 20 20 20 103790 3790 3760| 91.20
30 20 10 1.0 20 20/ 3850 3830 3850| 90.90
40 20 20 10 10 10]3790 3790 3790 | 90.80
0.030 0.0050.765 0.200 | 60 40 20 20 30 103780 3770 37.50| 89.90
60 40 30 10 10 203710 3790 3740| 90.10
100 30 20 30 20 203720 3780 3760} 89.90

APPENDIX H - (cont.)
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APPENDIX I COMPOSITE CHARACTERISTICS FOR LEACH TEST

Cement Lime PG Fly Ash _ Penetrometer (6pts) .0lmm Length (mm) (3pts)  Weight(g)
X X X . 50 8 X X X 0 13630 36350 3620] 8245
160 400 60 60 160 40 |37.00 36.50 37.00| 82.96
0.065 0.000 0585 0350 | S0 80 60 60 190 4.0 |3690 3730 37.10| 8529
30 170 160 60 120 1003720 3720 37.70| 85.41
0.100 0.000 0.550 0350 | 60 60 40 20 4.0 4003670 3730 36.70| 8531
210 400 40 70 S50 4.0 ]3670 36.50 36.20| 84.62
0.030 0.000 0585 0385] 60 60 60 90 9.0 31.0]3750 3680 36.80] 83.26
190 430 40 90 80 2603760 3690 36.80| 83.06
0.030 0.000 0.550 0420} 110 50 30 80 50 110|369 3630 37.50| 83.78
50 60 400 170 80 6.0 |3690 37.10 36.90| 84.15
0.065 0.000 0.550 0385| 40 50 430 60 270 50 |3780 37.00 37.60| 85.05
50 60 40 30 50 60 |3740 3730 36.70{ 84.96
0.042 0.000 0.596 0362 | 40 100 70 140 120 130]3730 3690 37.40| 84.06
60 S50 90 70 40 70 [36.70 36.80 37.00| 83.45
0.042 0.000 0.561 0397 | 80 21.0 400 300 9.0 70 |3730 3630 36.10} 83.16
120 150 90 230 120 1403720 36.50 36.50| 83.77
0.077 0.000 0.561 0362|100 80 400 70 100 40 |3730 38.10 37.60| 8585
S0 150 50 100 50 60 |3680 3650 36.60| 8525
0.053 0.000 0.574 0373 | 110 130 150 6.0 11.0 11.0|3670 36.50 36.60| 84.05
120 40 80 120 160 1220|3740 37.00 37.40| 8520
0.000 0.030 0.620 0350 | 7.0 100 7.0 120 320 40.0|38.10 38.00 38.00| 8239
300 140 230 270 300 230|3760 37.70 37.40| 81.82
0.000 0.0650.585 0350|690 70 750 80 7.0 5704450 4490 4390| 8587
940 80 150 180 7.0 17.0]4400 4250 42.40| 84.77
0.000 0.030 0.585 0385 | 120 200 140 20 8.0 1150|3790 3810 38.60| 81.69
80 60 20 50 80 1130|3800 37.70 38.10| 8175
il 0.000 0.030 0.550 0.420 | 990 130 300 120 3.0 51.0/37.90 37.80 37.70| 82.26
220 180 930 3.0 170 6.0 |3800 3820 37.70| 83.02
0.000 0.042 0.596 0.362 | 80 100 220 180 310 280(3790 3840 3870 8147
180 230 680 9.0 160 4203950 39.00 39.00| 82.09
0.000 0.042 0.561 0397 | 470 360 80 260 230 11.0]|3890 3890 39.00| 83.56
220 100 230 170 220 70.0{39.80 40.00 40.20| 84.50
0.000 0.053 0.574 0373|330 100 240 50 20 50 |4020 40.70 40.10| 8391
280 630 60 4.0 81.0 4404020 40.10 39.90| 83.57
0.000 0.010 0.790 0.200 | 140 63.0 71.0 680 290 49.0}36.10 3640 36.70| 72.74
760 850 680 40 280 71.0|3640 3630 3690| 74.08
0.000 0.010 0.690 0300| 50 650 120 20 550 450|3660 37.10 36.90| 77.29
350 41.0 100 160 53.0 100|3640 3680 36.80| 77.69
0.010 0.010 0.680 0.300 | 460 43.0 100 300 170 16.0]37.40 37.10 37.10| 78.69
130 460 250 260 350 750]36.70 37.80 37.50| 77.98
IV 0010 0.0050.785 0.200 | 40.0 36.0 33.0 480 220 26.0|37.60 37.50 37.90| 79.35
400 730 S10 220 60.0 63.0]3760 38.00 37.60| 78.32
0.020 0.010 0.770 0200 | 160 50.0 23.0 250 350 32.0]/3730 36.70 36.90| 79.90
140 230 540 180 33.0 350|3640 36.50 36.80| 77.55
0.020 0.0100.670 0300 | 50 80 30 9.0 190 30.0|3720 37.40 37.80| 82.47
40 50 30 210 180 31.0[3780 3740 38.00| 82.71
0.020 0.005 0.775 0.200 | 21.0 380 100 31.0 9.0 420]3790 37.50 37.30| 79.02
400 150 900 290 540 80 |3720 3740 37.90| 79.65
0.030 0.010 0.760 0200 | 44.0 370 31.0 420 260 23.0]|37.60 38.30 38.00| 80.17
60.0 420 370 170 62.0 1203790 37.70 37.50| 80.6l
0.030 0.010 0.660 0300 | 350 500 11.0 250 240 1303830 37.90 37.80| 81.04
320 360 33.0 610 220 200{37.60 37.90 3840| 8L.73
0.030 0.005 0.765 0.200 | 380 60.0 650 67.0 460 40.0|36.40 36.60 3620 75.93
260 210 480 680 580 21.0)3640 37.10 36.90| 75.87
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Cement Lime PG Tly Ash Penctrometer (6pts) .0l mm "Weight(g)
. 0. X X X K .3 6.0 13.0 . 3708

11.0 9.0 11.0 250 11.0 17.0 87.59

0.065 0.000 0.585 0.350 8.0 17.0 7.5 12.0 9.0 8.0 89.60
13.0 220 15.0 4.0 7.0 21.0 89.90

0.100 0.000 0.550 0.350 18.0 4.0 8.0 6.0 12.0 9.0 89.15
29.0 5.0 17.0 9.0 23.0 7.0 88.04

0.030 0.000 0.585 0.385 8.0 6.0 16.5 21.0 12.0 10.0 88.50
3.0 8.0 50.0 12.0 10.0 150 87.67

0.030 0.000 0.550 0.420 33.0 6.0 9.0 70.0 9.0 11.0 88.15
13.0 5.0 4.0 9.0 19.0 35.0 88.77

0.065 0.000 0.550 0.385 10.0 18.0 13.0 6.0 15.0 90 88.85
12.0 7.0 15.0 13.0 19.0 10.0 89.00

0.042 0.000 0.596 0.362 5.0 10.0 4.0 60.0 10.0 21.0 88.82
14.0 11.0 8.0 20.0 10.0 9.0 88.15
0.042 0.000 0.561 0.397 10.0 4.0 23.0 18.0 11.0 13.0 87.81
24.0 5.0 12.0 14.0 8.0 11.0 88.08

0.077 0.000 0.561 0.362 31.0 18.0 270 19.0 6.0 210 89.39
54.0 16.0 41.0 4.0 12.0 56.0 88.80

0.053 0.000 0.574 0.373 24.0 15.0 26.0 17.0 32.0 20.0 88.52
12.5 29.0 8.0 200 27.0 13.0 89.77

0.000 0.030 0.620 0.350 39.0 36.0 11.0 24.0 8.0 10.0 90.41
28.5 14.0 50.0 47.5 8.0 300 89.71

0.000 0.065 0.585 0.350 7.0 15.0 28.0 35.0 26.0 33.0 109.74

50.0 450 35.0 34.0 11.0 360 105.96

0.000 0.030 0.585 0.385 12.0 26.0 95.0 32.0 8.0 63.0 90.16
7.0 480 7.0 41.0 31.0 101.0 90.65

III. 0.000 0.030 0.550 0.420 60.0 9.0 31.0 9.0 720 86.0 90.10
41.0 380 210 15.0 9.0 62.0 90.52
0.000 4.200 0.596 0.362 42.0 240 11.0 70.0 20.0 700 92.41
420 81.0 340 36.0 41.0 320 95.32

0.000 4.200 0.561 0.397 50.0 28.0 50.0 11.0 16.0 30.0 94.08
24.0 68.0 50.0 14.0 48.0 32.0 97.78

0.000 5.300 0.574 0.373 18.0 240 450 17.0 14.0 20 97.00
10.0 420 3.0 21.0 7.0 12.0 96.51

0.000 1.000 0.790 0.200 98.0 84.0 55.0 84.0 71.0 11.0 79.76
77.0 47.0 90.0 85.0 44.0 14.0 82.19
0.000 1.000 0.690 0.300 60.0 71.0 86.0 35.0 16.0 65.0 83.01
15.0 540 320 21.0 73.0 45.0 83.63

0.010 1.000 0.680 0.300 88.0 410 31.0 82.0 81.0 74.0 85.18
87.0 61.0 74.0 15.0 98.0 61.0 84.40

IV. 0.010 0.005 0.785 0.200 99.0 45.0 70.0 50.0 51.0 92.0 86.47
45.0 51.0 65.0 420 36.0 420 85.51

0.020 0.010 0.770 0.200 75.0 12.0 410 89.0 29.0 35.0 85.93
61.0 88.0 45.0 94.0 72.0 27.0 84.01

0.020 0.010 0.670 0.300 8.0 43.0 29.0 54.0 70.0 12.0 87.74
6.0 17.0 51.0 6.0 370 230 86.29

0.020 0.005 0.775 0.200 20.0 410 270 320 42.0 88.0 85.68
18.0 37.0 30.0 15.0 55.0 540 84.17

0.030 0.010 0.760 0.200 340 67.0 74.0 27.0 320 56.0 86.29
40.0 80.0 46.0 58.0 41.0 35.0 86.46

0.030 0.010 0.660 0.300 45.0 290 32.0 9.0 69.0 46.0 87.34
58.0 37.0 60.0 61.0 59.0 40.0 87.92

0.030 0.005 0.765 0.200 62.0 10.0 56.0 68.0 75.0 86.0 82.71
67.0 40.0 41.0 49.0 48.0 89.0 78.80
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APPENDIX K MEASUREMENTS OF SURFACE HARDNESS AND
UNCONFINED STRENGTH

1. Surface Hardness

A comn penetrometer (Model No. WF 21510, Humboldt Mfg., Inc.) was used to
measured the penetration depth of the PG composites following the British Standard
methods of Testing Soils for Engineering Purposes (BS 1377:1977). The inverse of
the penetration depth was used as a measurement of the surface hardness. The
hardness at six equidistance points along the length of each composite was measured.
2. Unconfined Compressive Strength

Unconfined compressive strength of the PG composites was determined using the
Matta universal testing machine following the Test for Cylindrical Cement
Specimens (ASTM D1633-84). The machine automatically records the axial load

and computes for required pressure at the points of composite failure.
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