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ABSTRACT 

A proprietary colloidal mill device wasevaluated inthe CivilEngineering 

laboratory atthe University ofTennessee with respectto its ability to reduce the mean 

particle size ofTypeIPortland cementto sizes typicalofmicro-fine cement. 

The Coulter Multisizer II equipment was used forthe evaluationofthe particle 

size ofthe slurry produced bythe colloidal mill. The mainreasonfor electing the use of 

Coulter Multisizer II wasthat results obtained during base line testing demonstrated that 

this equipment is very reliable. The other factor that is equally important is the speed in 

obtaining test results with the Coulter Multisizern as compared to other available 

methods. 

The effect ofthe particle size reduction(after millprocess)on cement-slurry 

viscosity wasstudied by performingflow cone test.It wasobserved thatimproved 

dispersion hasthe effect ofreducing the viscosity ofthe water-cement mix. 

Also the effect ofthe particle size reduction(after mill process)onthe 

compressive strength ofsand-cement grout madefromthe resulting cement was also 

studied byforming grout cubes,which were tested for compressive strength inthe 

laboratory. 

Testresults indicate thatthe subject mill is ineffective in reducing the mean 

particle size ofthe TypeIPortland cement. In addition,the compressive strength tests 

showed no improvementinthe strength ofthe grout,which wasanother compelling piece 

ofevidence thatthere wasno appreciable particle size reduction. 
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CHAPTER 1.0 

INTRODUCTION 

1.1 Background 

A proprietary coUoidal mill device,developed by Quinetics ofSan Antonio, 

Texas,has been proposed for the manufacture ofMicrofine cement.The Quinetics 

coUoidal mill device fimctions by directing two streams ofcement slurry at one another at 

a high velocity. This high velocity collision is supposed to result in a significant 

reduction in particle size. A schematic diagram ofthe Quinetics colloidal mill device is 

presented m Figure 1,and a photograph ofthe device is presented as Figure 2. 

Because ofthe significant difference in cost for Microfine cement versus TypeI 

Portland cement(approximately$0.06 per pound for typicalTypeIPortland cement 

versus$0.60 per pound for commercially available Microfine cement),Rembco 

Engineering Corporation recognized the potential market value ofthe Quinetics colloidal 

mill to the grouting and construction industry. Rembco Engineering Corporation 
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Figure 1. SchematicDiagram ofthe 
Quinetics Colloidal Mill Device. 
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Figure 2. Proprietary Coiioidal Mill Device 

obtained the rights to use this proprietary device in hopes ofconverting the less expensive 

Type I Portland cement into Microfine cement. Subsequently, Remhco Engineering 

Corporation entered into a research contract with the University of Tennessee to evaluate 

this proposed process. 

1.2 Objective 

The objective of this research effort was the evaluation of the mean particle size of 

Portland cement slurry produced by the Quinetics colloidal mill device. To achieve this 

objective, the mean particle size of the product of the colloidal mill was compared with 

slurry made from typical Type I Portland cement and slurry made with commercially 

available Microfine cement. 



1.3 ComponentsofStudy 

This study consisted ofsix primary components.The generalsteps takento 

achieve the objectives ofthis study were asfollows: 

1. Literature Review; 

2. Preliminary Testing(Modified Hydrometer Test); 

3. Base Line Testing; 

4. Advanced Testing(Coulter Multisizer U), 

5. Documentation and AnalysisofTest Results;and 

6. Conclusions and Recommendations. 



CHAPTER2.0 

LITERATUREREVIEW 

2.1 Introduction 

Microfine cement is an extremely fine cementitious grouting materialthat is used 

in geotecbnicaland environmentalapplications to improve the stability and reduce the 

permeability ofsoil,rock and other substrates.It can also be described as acement-based 

grouting material with at least50%ofparticle sizes less than4pm It exhibits excellent 

permeation,strength,and durability when compared with ordinary TypeIPortland 

cement,which hasa mean particle size of22pm(Clarke, 1984).Microfine cementis 

also knownto be fi-ee ofthe toxic substancesfound in some solution grouts.The4pm 

particle size is smallenoughto penetrate voids and crevices where only chemicalgrouts 

could reachinthe past,making it idealfor sealing firactured rock,porous soils,and 

damaged concrete.Thistype ofcementis excellentfor permeation grouting ofdams, 

foundations,tunnels,and waste disposal sites. Selective examplesthat will be presented 

in this chapter include the use ofMicrofine cementfor grouting,repairing ofreinforced 

concrete,and hazardous waste stabilization. 

2.2 Microfine Cementfor Special Applications 

Recent developmentsinthe applications ofMicrofine cement have been 

documented byresearchers in Japan,with specialemphasis onthe Japanese ej^erience 

(Uchikawa,1994).The Japanese note that the cementitious binder has been used as grout 

for reinforcing foundation rock and stopping water leakage inthe construction ofa 

tunnel,a dam,ahigh-rise building,and a subsurface structure.Production ofMicrofine 



cement with uniform particle-size distributions has recently become possible bythe 

remarkable progress ofgrinding technologies. Asaresult,reduction ofviscosity and the 

improvementofpermeation ofMicrofine cementsuspensions have been achieved,and it 

has gained greater attention as a grouting material.Microfine cementis also attracting 

attention as a filler for repairing deteriorated parts and cracksin concrete structures. 

2.2.1 Grouting Applications 

Additional grinding ofthe cement particles,regardless oftype,increases 

hydration rate and slurry viscosity(Uchikawa,1994).The particle-size distribution of 

cementfor grouting is optimized by removing the particle sizes of10 pm or larger to 

improve permeation and byseparating the2pm or smaller sized particlesfor inhibiting 

the increase ofviscosity after mixing with water.A mixture composed of20%to 30%of 

Microfine cement,and70%to 80% blastfurnace slag is typically used for grouting 

purposes in Japan. 

Although cement contributesto the increase ofsuspension viscosity,the viscosity 

can be reduced bythe additionofan admixture.For example,the suspension viscosity 

can be reduced to aslow as8centipoises(cp)ata water-to-cement(w/c)ratio of2.0 by 

the addition ofan admixture.Microfine cement with aElaine's specific surfece area of 

10,000cm^/g or larger can permeate asand with mean particle diametersD50onthe order 

of0.18 mm,while a grout with amean size aslarge as ordinaryPortland cementcan only 

permeate alayer composed oflarger sand particles. 

Microfine cement based grout has been widely used for various Japanese 

construction projects. These projects include the building ofthe Nakayama Tunnelon 



Joetsu Shinkansen,the building oftunnels for the construction ofthe Kashiwazaki 

NuclearPowerPlantfor Tokyo ElectricPower Co.,and theimprovementofload bearing 

capacity ofsoilinthe construction ofthe SayamaDam(Yoneda et al. 1993). 

2.2.2 Concrete Repair 

Cracking maycompromisethe structural integrity ofconcrete byreducing the 

yield strength,and durability. Repairing cracksin concrete structures is often required for 

maintaining function and service life. The propertiesofinterest in the repair ofconcrete 

include viscosity,permeability,impregnation,shrinkage,strength,adhesion,and 

durability. 

Cracks0.1 to 0.5 mm wide are typically filled with an organic resm-based 

material. Although the resin-based grouting material has advantages,including superior 

impregnation properties and high adhesion,it also has shortcomings,including 

inapplicability to wet parts,much higher coeflBcient ofthermalexpansionthanthat of 

concrete,insufficient strength development at low temperatures,and higher cost.Using 

Microfine cement and adding polymer dispersants and blending components has 

developed new grouting materials with superior inpregnation properties,high strength, 

and high durability. Blast-fiimace slag is also firequently used as a blending component. 

Styrene butadiene rubber(SBR)based polymers are most suitable for decreasing 

the viscosity. Adding an accelerator can controlthe variation ofviscosity with time.It has 

been demonstrated thatthe strength,adhesion,andthe shrinkage can be sustained by 

using Microfine cement(Wakasugi,et al. 1993). 



2.2.3 Hazardous Waste Stabilization 

Inthe Slimmerof1996,low pressure permeation grouting wasperformed inside 

parts offour shallow unlined disposaltrenches at alow levelradioactive waste burial site 

atthe Oak Ridge NationalLaboratory.The project's goalwasto trap and retain 

radioactive material during its natural degradationcycle and reduce the release of 

chemicalcontaminationto a very smallamount.This remediation option waschosento 

eliminate excavation and minimize long term operating and maintenance costs.A unique 

grouting methodology wasused to control interaction ofwastes with naturalrunoff.A 

combination ofPortland cement based- grouts,Microfine cement-based grouts,and 

acrylamide solution grouts were injected into driven steel pipes. ApparentLugeon values 

were calculated during grouting and groutformulations were modified during injection to 

maximize permeation,achieve durability,and obtain a maximum reduction in 

permeability.About520 m^(18,300 or 137,600 gallons)ofgrout were placed. 

Assessment atthe completionofgrouting showed an average residualpermeability of 

10 cm/sec.Animmediate decrease inthe amountofreleased strontuim-90(®°Sr)was 

discovered at adjacent monitoring weUsand hydrologic monitoring has been established 

to determine the long-term effectiveness ofthe project. When monitoring wells directly 

below the grouted trenches were sattqiled,these specific areas showed areductionof 

about25%inthe'°Sr.(Berry and Narduzzo,1997). 



2.3 Comparison ofMaterialProperties 

2.3.1Introduction 

Materialproperties ofinterest in this study include particle size distribution, 

onmpressive strength,and flow characteristics. Compressive strength is influenced by 

cementtype,the compound composition,and cement particle size. Usually compressive 

strength for grout is obtained from tests ofstandard 2-in. mortar cubestested in 

accordance with ASTM C109.These cubes are made and cured in accordance with 

established procedures.ASTMC150sets only a minimum strength requirement that is 

well met by most manufacturers.Asaresult,two typesofPortland cement meeting the 

same minimum requirements maynot necessarily produce the same strength ofmortar.In 

general,cement strengths(based on mortar-cube tests)cannot be used to conclusively 

predict grout strength due to differences in fine aggregate characteristics,grout mixtures, 

and construction procedures(Kosmatka,and Panarese, 1994). 

2.3.2Particle Size and Flow Characteristics 

Typicalgradation curvesfor the different typesofcement were obtained through 

a literature review.Figure 3Illustrates that Microfine cement(MC 100,MC300,and MC 

500)typically hasthe smallest particle size in relationto Portland cement,typesI&III. 

Figure4presents typical viscosity curvesfor Microfine versus Portland cement 

slurries. Aspresented,the water-to-cement ratio(w/c)and the cementtype are 

determining fectors inthe flow characteristics ofslurry. 
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2.3.3 PhysicalProperties 

Pertinent physicalproperties ofPortland cementinclude fineness(particle size), 

specific gravity,unit weight,odor,and appearance.A briefdescription ofeachofthese 

properties is provided below,and summarized in Table 1 

The cementfineness affects the rate ofheat released during hydration. Strength 

developmentis also accelerated byincreased fineness.(Kosmatka,and Panarese,1994). 

Specific gravity ofacement,which is determined by ASTM C188,is nota direct 

indication ofthe cement's quality;its principaluse is in mixture-proportioning 

calculations.The physicalproperties ofMicrofine and typicalPortland cement are 

summarized in Table 1. 

2.3.4 Chemical Composition 

The principal constituents ofPortland cementare calcium silicates,ferro-

aluminates and sulfates. Smallamountsofalkalis,lime and chlorides are also present, 

together withtrace amountsofchromium compounds. 

Table 1.PhysicalProperties (Kosmatka,and Panarese,1994),and(Clarke,1984). 

Cement Types Microfine TypeIPortland 
cement cement 

Specific gravity 3.00±0.10 3.15 

Unit weight(Ib/cu. fl:) About62 94 

Odor None None 

Blaine Specific Area(cm2/g) About9000 3170 

Fineness MeanParticle 4|jm 22pm 
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During the burning operation inthe manufacture ofPortland cement clinker, 

rnlrinm oxidc combincs withthe acidic componentsofthe raw mixto form four principal 

compoundsthat make up90%ofcement by weight.Gypsum and other materials are also 

present.The primarycompounds,their chemicalformulas,and abbreviations are 

presented in Table 2. 

The approximate percentage ofeach compound can be calculated fromachemical 

analysis ofthe cement.X-ray diffraction techniques maybe used to more accurately 

determine compound percentages.Table3below summarizesthe typical chemical 

conposition ofeachtype ofcement evaluated in this study. 

Table2.Principal CompoundsofPortland Cement 

Primary Compounds ChemicalFormulas Abbreviations 

Tricalcium silicate 3CaO.SiOz C3S 

Dicalcium silicate 2CaO.Si02 C2S 

Tricaleuim aluminate 3Ca0.Al203 C3A 

Tetracalcium almninoferrite 4CaO.AI2O3.Fe203 C4AF 

Table3.ChemicalComposition 

Type of Chemicalcomposition,% 

Cement Si02 AI2O3 Fe203 CaO MgO SO3 

TypeI 20.9 5.2 2.3 64.4 2.8 2.9 

Typein 21.3 5.1 2.3 64.9 3.0 3.1 

Microfine 30.6 12.4 1.1 48.4 5.8 .8 
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2.3.5 Permeation 

The relative permeation of Microfine cement is compared with that of Type I 

Portland cement in Figure 5 Microfine cement, because of its fineness, exhibits 

extremely good permeation, or penetration into cracks in rock, soil and concrete and 

provides efficient tightness combined with good durability. 

2.3.6 Permeability 

Permeability is a constant ofproportionality related to how easily a fluid passes 

through a porous medium.The coefficient ofpermeabihty ofa homogeneous,isotropie 

soil mass depends primarily onthe following factors(Das,1983): 

1- The viscosity ofthe fluid. 

2- The void ratio e ofthe soil. 

3- The size and the shape ofthe individual particles. 

4- The degree ofsaturation. 

Sand 

Grouts Gravel coarse medium fine 

Microfine 

TypeI cement 

2 05 025 0.074 

Grain Size(mm) 

Figure 5.Relative Permeation ofDifferent Cements(Clark,1984) 
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The permeabilityofhardened Mcrofine cement is far lessthanthat ofTypeI 

Portland cement, as illustrated in Figure 6. This low permeability can be attributed to the 

fact thatthe particle size ofMicrofine cement is less than that ofTypeIPortland cement. 

2.4Dispersion 

2.4.1 Introduction 

Dispersion may be defined asthe spreading ofmarked fluid particles by the 

combined action ofanonuniform velocity distribution and dMision(Streeter and Wylie, 

1979).The mechanism ofelectrolytes as accelerators for the hardening ofcement 

systems is highly complex and not fiiUy understood.It should be noted that onlyafew 

researchers have examined the effects ofelectrolytes in water-cement dispersions 

(Sychev et al, 1979). 
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Figure 6.Permeability vs.CementTypes(Clarke,1984) 
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2.4.2 Dispersion Mechanism 

The rate ofcement hydration is determined primarily bythe rate ofdissolution of 

the clinker minpirals and the rate oftheir transfer into the liquid phase,which itself 

dependsonthe rate ofadsorptionofwater molecules onthe surface ofthe solid phase 

(Kapranov,1976).Ithas beenshownthat adsorptionofwater molecules is energetically 

easier in the presence ofunsaturated hydrogen bonds.Establishmentofsuch hydrogen 

bonds is easily achieved sincethe structure ofminerals inPortland cement clinker consist 

ofionic-covalent crystals containing in their lattices strongly electronegative oxygen 

atoms,which are active proton acceptors.Hydrogen bondsform betweenthe hydrate 

complexes and the surface ofthe cement crystals, with subsequent dissociation ofwater 

and adsorption ofH^and OH"ionsonthe cement.Thislowers substantially the bond 

energyofions in the lattices and leadsto intensified removal both ofionsand ion pairs, 

and their transfer into the liquid phase. 

2.4.3 Effects ofDispersions on theProperty ofthe CementSlurry 

The decrease inthe degree ofhydroxylation ofcement particle surface and the 

conversionofpart ofthe physically adsorbed waterto the fi"ee state are responsible for 

the acceleration ofhydration.Simultaneously,the dispersity ofthe system is observed to 

increase(Sychev and Tsement,1984). 

The influence ofelectrolyte solutions on hydration in water-cement systems is put 

forward onthe basis ofanalysis ofthe structure ofthe solution.It has beenshownthat the 

effect ofadded electrolytes resultsin acceleration ofdissolution ofcement minerals due 
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to anincrease inthe concentration ofhydrogen bonds betweenthe liquid and solid 

phases. 

In summary,the processofdispersion results inthe reduction ofthe bond between 

water and cement particles. Asaresult,a dispersed water-cement mix haslower 

resistance to flow.The viscosity ofa water-cement mix is the measure ofthe resistance to 

flow;water-cement mix withlower viscosity has alower resistance to flow.Therefore, 

improved dispersion hasthe effect ofreducing the viscosity ofthe water-cement mix. 

2.5 Coulter Multisizern 

2.5.1 Introduction 

Asa major part ofthis study an available Coulter Multisizer n machine atthe 

University ofTennessee wasused to evaluate the particle size distributions ofthe 

different cementtypes in dry powder and slurryforms.Thefollowing paragraphs provide 

acomprehensive description ofthis machine and its function,generalerrors in collecting 

data,operational procedures,and limitations encountered during testing. 

2.5.2 Equipment Description and Function. 

The Coulter Multisizer II,a particle size analyzer employing the electrical-zone 

method,iscommonly used for measuring the number concentration and size distribution 

ofparticles or droplets suspended in an electrolyte. This machine works bydrawing a 

knownvolume ofsuspensionthrough an orifice, which is the only conducting path 

betweentwo electrodes.A particle passing through the orifice willcause a pulse increase 

in resistance. Such pulses canthen be counted,resulting inthe estimationofthe number 

15 



concentration ofparticles in the known volume ofsuspension.In addition the pulse 

magnitude distribution can thus measure the particle volumes distribution(Allen, 1990). 

2.5.3 Coulter Multisizer II Component and Operating Steps 

The Coulter Multisizer II system is divided into three separate units. The first is a 

PCthat has special executing software;second is the Coulter Multisizer II machine(See 

Figure 7);and third is the Sampling Stand II(See Figure 8). This final unit,considered 

the main component ofthe system,determines the number and size ofparticles 

suspended in an electrically conductive hquid by forcing the suspension to flow through a 

small aperture having an immersed electrode on either side. Test samples are also 

introduced at this unit.(See Appendix A for specific steps to be followed in operating the 

Coulter Multisizer II system). 

# 

f 

m 

Figure 7. Coulter Multisizer II Unit. 
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Figure 8.Sampling Stand II 

2.5.4 General Error 

Particle size analyzers using the electrical-zone method assume that particles pass 

through an orifice tube one at a time.In fact,two or more particles will sometimes pass 

through the orifice tube roughly simultaneously. This is called coincidence,and is a 

source oferror in the measurement fi-om this machine. Coincidence reduces the observed 

number ofparticles and increases the observed average particle size. There will 

inevitably be a'background'ofunrelated particles(See Figure 9), which must be 

minimized by careful filtering and handling ofthe solutions. 

Use ofthe machine relies on the assumption that particles passthrough singly,so 

that each counted pulse corresponds to a single particle,and that the pulse magnitude 
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Figure 9. Opened Background and Sample Files Used in the Particle Size Analysis. 

corresponds to a single particle size. However, if two or more particles happen to pass 

through the orifice in close proximity, the machine may interpret the resulting signal as a 

single particle. This is called primary coincidence (Wynn and Hounslow, 1997), and 

causes a reduction in the observed number of particles. If the particles pass through the 

orifice almost simultaneously, the resulting signal will be a single pulse, and the 

magnitude of the single pulse wiU equal the sum of the particles' volumes. This is called 

vertical interaction (Wynn and Hounslow, 1997); it does not affect the total particulate 

volume that is observed, but it does increase the observed mean size. The observed size 

distribution therefore tends to be flattened slightly and skewed to larger sizes. 
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Particles that passthrough the orifice soon after other particles,or that pass 

through the orifice off-center or withatumbling motion,may cause overlapping,or 

otherwise misshapen pulses. The analyzer's software must process these insome way; 

one is simplyto ignore all misshapen pulses. The other is byemploying extremely dilute 

suspension(Wynnand Hounslow,1997). Machine manufacturers commonlyrecommend 

upper limits ofniunber concentration to avoid aspecified amountofcoincidence. 
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CHAPTER3.0 

PRELIMINARYEVALUATION OFCOLLOIDAL MILL-PHASEI 

3.1 Introduction 

The properties ofthe slurry produced fromthe colloidal mill were compared with 

slurries made from ordinary TypeIPortland cement and commercially available 

Microfine cement. 

3.2Preliminary Base-Line Testing 

Various laboratory-testing procedures were considered for the evaluation ofthe 

particle size ofthe slurry processed bythe coUoidal mill. ASTMProcedureD422, 

Standard Specificationfor Particle Size Analysis ofSoils(ASTM,1998)was selected as 

a preliminary method to evaluate relative changesin particle size because ofits low cost 

and availability and because more sophisticated than methodstypically used for Portland 

cementrequire the test sample to he intheform ofadrypowder prior to testing. The 

standard hydrometer test method was modified slightly to minimize hydration ofthe 

cement particles during testing. Achemicaladmixture was selected for use as a 

dispersing agent and to stop hydration ofthe cement slurry during testing. The chemical 

admixture used in this study is commercially available from Master Builders,Inc.and is 

marketed under the trade name Delvo. Delvo is marketed asa product that stops 

hydrationfor up to 3 daysbyforming a protective coating around the Portland cement 

particles(See AppendixBfor Modified Hydrometer Testing Protocol). 

In order to evaluate the effectiveness ofthe colloidal mill in reducing the size of 

typicalPortland cement particles, it wasnecessaryto knowthe particle size distribution 
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ofthe parentPortland cement. It wasalso desirable to know the particle size distribution 

ofcommercially available Microfine cement. San^lesofLonestar TypeIPortland 

cement and Lehigh Portland CementCompany MicrocemB Microfine cement were 

tested with a CoulterLS Particle Size Analyzer at Southdown's Victorville,California 

laboratory. The results ofthese analyses are summarized in Table 4. 

3.3Preliminary Laboratory Testing Program 

Preliminary hydrometer tests(See Figure 10)were run on slurry samples of 

Lonestar TypeIPortland cementto evaluate the effects ofDelvo onthe test results. 

The results ofthese modified hydrometer tests, with and without the use ofDelvo,are 

Table 4. Summary Results ofCoulterLSParticle Size Analysesof 
TypicalTypeIand Microfine Cements. 

Lonestar TypeIPortland Cement Microcem B Microfine Cement 

Particle Percent Particle Percent 

Diameter,pm Finer Diameter,pm Finer 

47.590 90.0 7.496 90.0 

75.0 

13.130 50.0 3.182 

29.140 75.0 5.354 

50.0 

4.494 25.0 1.508 25.0 

1.529 10.0 0.810 10.0 
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Figure 10. Hydrometer Test 

presented in Figure 11. For comparison purposes,the results ofthe Coulter LS Particle 

Size Analysis,conducted on a sample ofthe Lonestar Type I Portland cement,are also 

presented in Figure 11. Asshown in the Figure,the hydrometer test conducted with 

Delvo resulted in a more realistic particle size distribution(closer to the results provided 

by the Coulter LS Particle Size Analysis)than the test conducted without Delvo. Based 

on this observation, it was decided to proceed with the hydrometer test with an 

appropriate dosage ofDelvo to evaluate relative differences in Portland cement particle 

sizes. 

A series ofhydrometer tests were run to determine the optimum Delvo dosage to 

be used in the test. Based on this preliminary study,a dosage rate ofapproximately5% 
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Figure 11.TypicalParticle Size Analysis Test Results,TypeIPortland Cement. 
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by weight ofcement wasidentified asa reasonable dosage for the purposes ofthis test 

program. 

Next,slurries containing Lehigh MicrocemB and TypeIPortland cement were 

tested bythe hydrometer procedure and compared withthe particle size analysis results 

provided bythe Coulter LSParticle Size Analyzer. The results ofthese tests are 

presented in Figures 12and 13. Aspresented in Figures 12and 13,the hydrometer 

analysis wasfound to consistently result in particle size distributions coarser thanthose 

resulting fitom the CoulterLSParticle Size Analyzer. The results ofthe CoulterLS 

Particle Size Analyzer for samples ofthe MicrocemB and TypeIPortland cement are 

presented in Figure 14. Ascan be seen in Figure 14,the CoulterLS Particle Size 

Analyzer clearly differentiates between the Microfine cement and the TypeIPortland 

cement. Asshownin Figure 15,the hydrometer results also distinguish the relative 

differences in particle sizes ofthe Microfine cementfromthe TypeIPortland cement. It 

should be noted that the relative magnitude ofthe difference in particle size betweenthe 

two slurries is similar for the respective test methods. Based onthis observation,the 

hydrometer test method wasdeemed suitable for a preliminary evaluationofrelative 

changes in particle size ofcement after processing throughthe colloidal mill. It is 

importantto emphasize that the particle size distribution obtained for a given cement 

slurry bythe hydrometer method is knownto be coarser than the actual particle size 

distribution,as determined bythe CoulterLS Particle Size Analyzer or other more 

sophisticated test equipment. 
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3.4 Laboratory TrialRuns 

Severaltrial batches ofTypeIPortland cement slurry were processed throughthe 

Quinetics colloidal mill. The different batches were processed with water-to-cement 

ratios ranging from0.5 to 2.0. It should be noted thatthe upper end ofthisrange in 

water-to-cement ratio is in excess ofwhat would be typicalfor Portland cement concrete 

mixes,but is notimcommonfor permeation grouting applications. 

3.5Preliminaiy Test Results 

Preliminary results are presented in Figure 16.Based onthe preliminary results 

illustrated in Figme 16,it appears that the particle size ofthe TypeIPortland cementis 

reduced as aresult ofpassing the slurrythrough the Quinetics colloidal mill. 

HydrometerTest Resultsfor Processed Slurry 
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Figure 16. TypicalHydrometer Test Resultsfor Processed Versus 
Non-Processed TypeIPortland Cementand Microfine Cement. 
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The particle size distribution ofthe processed slurry wasfound to be finer than 

that ofthe parent cementbased onthe hydrometer method.This observation suggested 

thatthe Quinetics colloidal mill did slightly reduce the mean particle size ofTypeI 

cement. Additionaltesting with more sophisticated measuring equipment wasdeemed 

necessaryto verify the test results obtained in this preliminary test program. 
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CHAPTER4.0 

ADVANCED TESTING OFCOLLOIDALMILL-PHASEII 

4.1 Introduction 

The advanced testing program for this study consisted ofapproved ASTM 

methodsthat are believed to be applicable and helpfiilin determining the effectiveness of 

the colloidal mill in reducing the particle size ofTypeIPortland cement.The following is 

the outline ofthe laboratory work performed: 

1. Five colloidal mill trial batch runs were conducted by mixing slurry with water 

cement ratio of0.5 and 1.0(See Appendix A for colloidalmiU operating steps and 

graph).A photograph ofthe colloidal mill mixing and processing equipment is 

presented in Figure 17. 

2. Particle size distribution analyses were performed onthe slurry products using the 

Coulter Multisizer 11. 

3. The MarshFlow Cone test was also performed in accordance withASTM method C 

939"Standard Test Method for Flow ofGroutfor Preplaced-Aggregate Concrete, 

Flow Cone Method".(See AppendixBfor MarshFlow Cone Testing Protocol) 

4. Mortar cubes were prepared in accordance withASTM C-109and compressive 

strength testing wasconducted in accordance with ASTM C-130.Mortar Cubes were 

prepared and tested for TypeIPortland cement slurry before and after processing 

through the colloidal mill. 
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Figure 17. Slurry Mixing Operation, and Colloidal Mill in Use 

4.2 Advanced Base-Line Testing - Phase II 

As described in the preliminary testing phase of this study, it was necessary to 

know the particle size distribution of slurry products before and after processing through 

the colloidal mill. The particle size distributions for all materials evaluated in this 

advanced testing phase were determined by the Coulter Multisizer II equipment housed at 

the University ofTennessee. A base line testing program was performed to verify the 

accuracy of this equipment. This program consisted of determining the particle size 

distribution for unprocessed Type I Portland cement, unprocessed Type III Portland 

cement, and commercially available Microfine cement. The results were compared with 

published particle size distributions for these same cement products. 

Particle size distributions were analyzed for dry powder and slurry. Each series 

consisted of at least three runs. The final results ofeach series were determined fi-om the 
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average ofthe different runs.As previously noted,retarding agentDelvo wasintroduced 

to the slurry mix series for the purpose ofpreventing cement hydrationfor a specific and 

desirable length oftime.(See Appendix C-1 for Base-Line TestData) 

4.2.1 SamplePreparation 

Testsample preparation for dry powder cement consisted ofadding 1 gram ofdry 

cementto 100 mlofIsoton solution.Forthe slurry mix series,the water-to-cement ratio 

was 1:1,which translated to 10 gramsofwater added to 10 gramsofcement withthe 

Delvo added to the mix at adosage of5%by weight ofcement.One drop ofthis slurry 

wasintroduced to 100 mlofIsoton solution for analysis in the Coulter Multisizer II. 

4.2.2. Results OfParticle Size Distribution Analysis on TypeIPortland Cement. 

Thefollowing discussion summarizesthe data obtained by using the Coulter 

Multisizer 11 equipment used in particle size analysis for the three different cement 

products evaluated in this study.Based onthe data presented here,it is clear thatthe 

particle size ofMicrofine cement is the smallest among the three different cement 

products tested. Also bycomparing results gathered bythe Coulter machine to the 

published gradation curves provided in Figure3ofChapter 2,it is concluded that the 

Coulter Multisizer n is suitable for obtaining the actual or"true"particle size distribution 

for the different cement products in this study.The Coulter Multisizer 11 test data output 

for each test is provided in Appendix C. 

The results for the TypeIPortland cementin dry powderand slurryforms are 

summarized in Tables5 and 6.Bycomparing these results, it is evidentthatthe dry 

powderform results ina slightly smaller particle size distribution thanthe slurryform.In 
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Table 5.TypeIPortland Cementin DryPowderForm 

CementParticle Size(pm) 

Run# %Passing 

10% 25% 50% 75% 90% 

1 6.788 11.43 18.68 29.85 40.10 

2 7.578 12.32 20.03 30.93 41.97 

3 7.646 12.97 21.7 33.52 45.63 

Average(pm) 7.337 12.24 20.137 31.433 42.63 

Table6.TypeIPortland Cementin Sluriy Form. 

CementParticle Size(pm) 

Run# %Passing 

10% 25% 50% 75% 90% 

1 8.727 14.43 22.97 32.95 43.16 

2 9.035 14.89 23.68 33.67 43.57 

3 10.39 16.74 25.25 35.1 47.47 

Average(pm) 9.38 15.35 24.00 33.91 44.743 
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addition,these results were eompared with the particle size distribution from pubUshed 

data(Figure.3)and this comparison is presented in Figure 18. Ascan be seen from this 

figure,the particle size at 50 percent passing for the three different gradations shown is 

very close. The particle size of50 percent obtained for dry powder was about20 pm,for 

slurry was about24 pm,and the particle size of50 percent ofType I Portland cement 

presented in the typical gradation curve was22 pm. 

It was also observed that the particle size for the slurry mix results are very close 

to the dry powder results; thus the Coulter Multisizer II is a better test than the 

preliminary hydrometer approach. 
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4.2.3.ResultsOfParticle Size Distribution Analysis on Microfine Cement. 

The particle size of50percent resultsfor the Microfine cementin dry powder and 

slurryforms are siunmarized in Tables7and 8.In addition,the particle size of50percent 

ofMicrofine cementin dry powder and slurryform wascompared with that ofthetypical 

gradation curve(Figure 3),and all were plotted and presented in Figure 19.It was noted 

thatthe particle sizd'obtained for dry powder sample wasabout6 pm,for slurry was 

about9pm,and the particle size of50 percent ofMicrofine cement presented inthe 

typical gradation curve was4pm. 

4.2.4 Results OfParticle Size Distribution Analysis on TypeHIPortland Cement. 

The particle size of50percent resultsfor the Type HIPortland cementin dry 

powder and slurryforms are summarized in Tables9and 10.In addition,the particle size 

of50percent ofTypeIII,Portland cementin dry powder and slurryform wascompared 

with that ofthe typical gradation curve(Figure 3),and all were plotted and presented in 

Figure 20.It wasnoted that the particle size obtained for dry powder and slurry mix was 

about 14 pm,and the particle size of50percentofthis referenced cementtype presented 

inthe typical gradation curve was 16 pm. 

4.3 Testing ofProcessed Slurry 

4.3.1 Introduction 

At this stage ofthe research the properties ofthe processed slurry product fi-om 

the colloidal mill were compared with propertiesofthe slurry before the millprocess. 
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Table 7.Microfine Cementin DryPowderForm 

CementParticle Size(^m) 

Run# %Passing 

10% 25% 50% 75% 90% 

1 2.757 4.379 6.345 8.275 10.38 

2 2.858 4.698 6.911 8.7 10.22 

3 2.147 3.291 5.378 7.478 9.738 

Average(^m) 2.591 4.11 6.21 8.15 10.11 

Table8.Microfine Cementin Slurry Form 

CementParticle Size(|j,m) 

Run# %Passing 

10% 25% 50% 75% 90% 

1 4.454 6.301 8.647 12.04 16.29 

2 4.822 6.788 9.696 14.25 19.20 

3 4.413 6.303 8.94 13.78 18.38 

Average(jim) 4.564 6.464 9.09 13.30 17.96 
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Figure 19. Microfine Cement Grain Size Distribution 

Table 9.Type III Portland Cement in Dry PowderForm 

Cement Particle Size(pm) 

Run# %Passing 

10% 25% 50% 75% 90% 

1 5.739 9.067 14.13 20.43 27.97 

2 5.527 9.028 14.35 21.56 29.84 

Average(pm) 5.633 9.048 14.240 21.00 28.905 
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Table 10.Type III Portland Cement in Slurry Form. 

Cement Particle Size(pm) 

Run# %Passing 

10% 25% 50% 75% 90% 

1 6.73 9.83 14.22 19.34 25.19 

2 6.62 9.77 14.25 20.18 27.16 

3 6.79 10.37 15.43 21.60 28.67 

Average(pm) 6.71 9.99 14.63 20.37 27.01 
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Thefollowing paragraphs describe the test program and the sampling and testing methods 

used inthis evaluation. 

4.3.2 TrialBatch Mix 

Four ofthe coUoidal milltrialruns were conducted at a water-to-cement ratio= 

1.0,with batch weights of176lbs. ofTypeIPortland cement and 176 lbs. ofwater.One 

trialrun wasconducted ata water-to-cement ratio=0.5,with batch weights of176 lbs. of 

typeIPortland cement and 88lbs. ofwater.Alltrial mixes werethoroughly mixed with 

high-speed mixers.Representative slurry samples were obtained before and after 

processing through the mill.(See AppendkBfor SlurryPreparation Protocol) 

4.3.3 Sampling 

All samples were obtained by passing a glass receptacle(See Figure 21)with 

volume capacity of25 cubic inch throughthe slurry discharge stream. Allsamples were 

dosed with5%ofDelvo bycement weight.A photograph ofthe slurry sampling process 

is presented in Figure21.(See AppendkBfor Slurry Sampling Protocol) 

4.3.4 Particle Size Analysis 

The Coulter Multisizer II equipment was used for the evaluationofthe particle 

size ofthe slurry produced bythe colloidal mill. The mainreasonfor electing to use the 

Coulter Multisizer 11 wasthat results obtained during base line testing werefoimd to be 

very reliable. The other factor that is equally important is the speed in obtaining test 

results ascompared to other available methods. 
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Figure 21.Slurry sampling from the mill 

4.3.5 Compressive Strength 

Compressive strength can also be related to the size ofthe cement particles ifthe 

water to cement ratio is held constant. In fact,one ofthe advantages ofMicrofine cement 

is the higher early strength achieved relative to Type I Portland cement. With this in 

mind,compressive strength tests were performed on grout cubes. These grout cubes 

were molded,stored,cured,and tested in accordance with ASTMC 109. The different 

grouts were prepared with standard silica sand provided by Rembco Engineering 

Corporation. Mortar cubes were tested for compressive strength at 1,3,7,and 28 days. 

Results ofthe compressive strength testing ofgrout cubes are provided in Appendix D. 
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4.3.6 Flow Characteristics 

The Marsh Flow Cone test was also performed on samples ofslurry to evaluate 

relative changes in fluid viscosity. The flow ofa slurry provides an indication ofrelative 

viscosity ofthe slurry. The viscosity ofthe slurry can be indirectly related to the size and 

distribution ofthe solid particles within the slurry. The standard flow cone test is 

described by ASTMC939"Standard Test Method for Flow ofGrout for Preplaced-

Aggregate Concrete[Flow Cone Method]". In this study,the Marsh Flow Cone was used 

instead ofthe standard flow cone. The sample ofgrout used with the Marsh Flow Cone 

was32ounces(946mL),instead ofthe standard amount of1725mL."The diameter ofthe 

discharge tube for the Marsh funnel was0.250 inches instead ofthe standard 0.500 

inches. A photograph ofthe Marsh Flow Cone test apparatus is presented in Figure 22. 
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Figure 22.The Marsh Flow Cone test apparatus 
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CHAPTER 5.0 

LABORATORY TESTRESULTSAND ANALYSIS 

5.1 Coulter MultisizerH Test Results(Particle Size Analysis) 

The grain size distributions determined bythe Coulter Multisizer n for TypeI 

Portland cementfor allrunsfor the non-processed and processed mixes are presented 

below in Tables 11 and 12,respectively. These results are presented for water-cement 

ratios of0.5 and 1.0. Also for the processed mixes,the results are presented for one and 

two passesthrough the colloidal mill. Atthe end ofeach table,the average passing,the 

average mean,and the average standard deviationofallthe runs are presented.The test 

data is contained in Appendix C-2and is summarized below. 

Table 11.Results ofall TypeIPortland CementBefore MillProcess Runs. 

CementParticle Size(pm) 

Run# Batch# Date W/C %Passing 

Tested Ratio 10% 25% 50% 75% 90% 

1 1 5/20/99 0.5 6.063 9.346 14.94 21.47 28.39 

5.883 9.039 14.21 20.97 27.56 

2 1 5/13/99 1.0 5.446 8.752 14.45 21.8 28.71 

3 1 2/17/99 1.0 6.053 9.124 14.02 20.73 28.32 

5.742 9.66 15.64 23.05 31.37 

4 1 1/08/99 0.5 6.25 10 15.71 22.62 29.39 

Average(pm) 5.91 9.32 14.83 21.77 29.00 

Mean Particle Size(pm) 16.225 

Standard Deviation(pm) 8.76 
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Table 12.Results ofall TypeIPortland Cement After MillProcessRuns. 

CementParticle Size(pm) 

Run# Batch No.Of Date W/C %Passing 

# Passes Tested Ratio 

10% 25% 50% 75% 90% 

1 1 1 5/20/99 0.5 6.157 9.523 14.9 22.18 28.93 

1 1 6.166 9.454 15.06 21.97 32.07 

2 1 1 5/13/99 1.0 5.458 8.48 13.77 20.56 27.59 

1 1 5.793 8.989 14.61 21.93 28.75 

1 2 6.072 9.406 15.03 22.09 29.36 

1 2 5.761 9.35 15.43 22.98 29.55 

3 1 1 2/17/99 1.0 6.995 10.67 16.17 23.12 29.98 

1 1 5.318 9.579 16.06 24.19 32.71 

4 1 1 1/08/99 0.5 6.429 10.09 15.83 22.47 29.76 

2 1 6.672 10.59 16.40 23.11 29.83 

2 1 4.661 9.494 15.71 23.50 30.70 

2 1 6.539 10.11 15.42 22.11 28.64 

2 2 6.489 10.21 15.93 22.55 29.41 

5 1 1 8/26/98 1.0 5.997 9.041 13.77 19.63 25.61 

6.100 9.606 15.01 21.65 27.49 

5.653 9.543 15.74 23.29 30.61 

Average(pm) 6.02 9.63 15.3 22.33 29.44 

Mean Particle Size(pm) 16.59 

Standard Deviation(pm) 8.85 
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The results ofnon-processed and processed slurries for trial run number 1 using 

w/c ratio of0.5 are plotted in Figure 23.Ascan be seen from Figure 23 there was no 

reduction in particle size resulting from the processing through the Quintics coUodial 

mill. 
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Figure 23.The Results ofNon-Processed and Processed Slurries 
for Trial Run Number 1. 

The results ofnon-processed,and processed slurries that contains one and two 

passes through the colloidal mill for trial run number2using water to cement ratio of1.0 

were presented and plotted in Figure 24.Ascan be seen from Figure 24 there wasno 

reduction in particle size resulting from the processing through the Quintics collodial 
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Figure 24.The Results ofNon-Processed and Processed Slurries 
for Trial Run Number2. 

mill. It was also observed that passing the same slurry mix two times through the 

colloidal mill had no success in reducing the particle size. 

The results ofnon-processed and processed slurries that represented one and two 

passes through the colloidal mill for trial run number3 using water to cement ratio of1.0 

are presented and plotted in Figure 25.Ascan be seen from Figure 25 there was no 

reduction in particle size resulting from the processing through the Quintics collodial 

mill. 
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Figure 25.The Results ofNon-Processed and Processed Slurries 
for Trial Run Number3. 

Trial run number4 had two batches using water to cement ratio of0.5.The first 

batch results contain non-processed,and one pass through the Quintics colloidal mill. The 

second batch results contain non-processed,and one and two passes through the Quintics 

colloidal mill. All results ofthis trial run are plotted and presented in Figure 26.Ascan 

be seen fi"om Figure 26 there was no reduction in particle size resulting fi"om the 

processing through the Quintics coUodial mill. It was also observed in the second batch 

that passing the same slurry mix two times through the colloidal mill had no effect in 

reducing the particle size. 
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Colloidal mill trial run #4,two batches with w/c ratio =0.5 
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Figure 26. The Results of Non-Processed and Processed Slurries 
for Trial Run Number 4. 

The results of trial run number 5 using water to cement ratio of 1.0 are presented 

in Table 12 only which is for the processed slurry because there was no testing for the 

non-process slurry. This trial run was mainly made to test the equipment used to perform 

these trial runs. 

The average results of Tables 11 and 12 were plotted and presented in Figure 27. 

Clearly, and as can be seen from Figure 27, there was no reduction in particle size 

resulting from the processing through the Quintics collodial mill. 
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Figure 27.The Results ofNon-Processed and Processed Slurries 
for All Trial Runs. 
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5.2 Flow and Viscosity Test Results 

The results from the Marsh flow cone for process runs 1 (water-cement ratio =0.5) 

and2(water cement ratio =1.0)are also presented in figures28 and 29.The results show 

that in the case ofrun number 1,there was a significant reduction in viscosity after one 

pass. The difference in viscosity between rims 1 and2reflects the difference in water-to-

cement ratio between the two slurries(0.5 versus 1.0,respectively). The results ofthese 

runs indicate that run number 1 has a relatively more dispersed structure. 

Run Number 1 Flow Cone Results(W/C Ratio=0.5) 
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Figure 28.Flow Cone Results for Run Number 1 
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Run Number2Flow Cone Results(W/C Ratio=1.0) 
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Figure 29.Flow Cone Results for Run Number2 

The results for run number2show that there was no dramatic decrease in 

viscosity with increased number ofpasses through the mill. This is believed to be a strong 

indication that particle size reduction has not occurred.The slight decrease in viscosity is 

attributed to dispersion. This is in agreement with the published literature as was 

discussed in chapter 2,which suggest that dispersion rather than particle size reduction 

was the main factor in obtaining such results. 
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5.3 Compressive Strength Test Results 

Compressive strength test results are presented in AppendixD. Thetest results 

are summarized in Figures30and 31.The results presented in Figure 30 illustrate that 

there wasno observed inerease in conq)ressive strengthfor the TypeIPortland eement 

after passing throughthe Quineties Colloidal Mill. In fact,these results indicate thatthe 

compressive strength cubesfabricated fi'om the processed TypeIPortland cement slurry 

remained the same or decreased relative to the cubesfabricated fromthe non-proeessed 

slurry. The results presented in Figure 31 also illustrate thatthere wasno observed 

inerease inthe compressive strengthfor the TypeI Portland eement after passing through 

the Quineties Colloidal Mill,butto the contrary,adecrease inthe compressive strength 

was observed. 

It wasexpected that there would be arelative increase in the compressive strength in the 

processed TypeI cement asaresult ofparticle size reduction.The non-improvement in 

the compressive strength is a significant observation inthat it suggeststhat no particle 

size reduction has occurred to the processed TypeI slurry. Thus,it is suspected thatthe 

preliminary observationsfromthe hydrometer test analysis resulted fromimproved 

particle dispersion rather than particle size reduction. 
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Compressive Strength Test Results 
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Figure 30.Compressive Strength Test Results For Trial Run Number3(W/C =1.0) 
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Compressive Strength Test Results 
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Figure 31.Compressive Strength Test Results For Trial Run Number4(W/C =0.5) 
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CHAPTER6.0 

CONCLUSIONSANDRECOMMENDATIONS 

6.1 Conclusions 

MicrojSne cement is used to promote high early strength andimproved pumpmg 

characteristics in grouting and soil stabilization applications. A proprietary colloidal mill 

device,developed by Quinetics ofSan Antonio,Texas,wasproposed for the manufacture 

ofMicrofine cementfromtypicalTypeIPortland cement. 

TypeIPortland cement slurry was processed throughthe Quinetics colloidal mill. 

Samplesofthe processed slurry were tested to evaluate relative changes in cement 

particle size. The tests performed onthe slurry samples include the particle size 

distribution analysis by hydrometer and Coulter Multisizer II,the Marsh flow cone test, 

and mortar cube compressive strength testing. 

The results ofthe preliminary hydrometer tests indicated that some reduction iu 

particle size was occurring,as presented in Figure 16ofChapter 3.However,upon 

fiirther testing with more advanced techniques,it wasfound that the apparent reduction in 

particle size observed withthe hydrometer test wasthe result ofdispersion 

characteristics. 

The results ofthe flow cone tests exhibit a slight reduction in viscosity in onerun 

and relatively morereductionin viscosity in another run.This is indicative ofimproved 

dispersion ofthe cement particles in slurry solution. 

The results ofmortar cube compressive strength test results exhibit thatthere was 

no observed increase in strength for the slurrythat wasprocessed through the mill versus 
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that which wasnot. This also supports the premisethatthe preliminary observations are 

more likelythe result ofdispersion rather than particle size reduction. 

It is concluded from this study thatthe colloidal mill wasunsuccessfulin 

producing acement with similar characteristicsto Mcrofine cement. 

6.2Recommendations 

Thefollowing items are recommended for further evaluation: 

• Practicallimit ofthe Quinetics colloidal millonfine particle size. 

• An overallevaluation oflimits and benefits ofusing the Quinetics colloidal mill 

should be conducted. 

• Evaluationofbenefits on pumpability. 

• Evaluationofthe effectiveness ofthis processon different materials otherthan cement 

slurry. 
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APPENDIXA 

EQUIPMENTOPERATION 

PROTOCOL 
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Coulter MultisizerII Operating Steps 

1.Computer 
i 

1- Type win atthe promptto activate windows. 

2- Multi(double click) 

3- MultLexe(double click) 

4- O.K. 

5-Preferences 

6- file preferences(make your own) 

7- Acquire 

A-New Sample 

A- Group 

B- SampleID? 

C- Operator? 

D- Comments? 

E-Electro?Iston(or whatever solution used) 

F- Dispersment?TypeIB 

G-Electro Volume? (ml) 

H- Sample Volume? 

I- Sample Mass? (ml) 

Hit O.K. 

- Acquire 

- Collect firom multi-seizer 
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II. Coulter Multisizer II 

A-Power 

B- Setup Menu 

1- Date could be changed by using menu arrows 

2- Orifice Dia?70mm(depend on whatis used.) 

3- Orifice length? depending on orifice diameter. 

4- Setup?Auto Manual 

5-Analysis?Sample Blank (Firsttime use blank) 

6- Calibration?Recall(allthe time) 

-Push Cal 

1-Kd?Automatically will change after pushing Cal button. 

2- Size? Automatically willchange after pushing Cal button. 

3- Size units? m 

- Setup button 

1- Currentand gain? Manual(leave at alltime) 

2- Aperture Current? 1600 ma 

A-Gain?2 

B-Polarity?+ 

3-Instrument 

A- Control:Time 

Time:130 

Channel:5000 
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Total:500+-2 

- Setup button again(don't change anything) 

- Setup 

Communication setup(don't change anything) 

- Setup button 

*Note:once finished 1st blank for background,change analysisto sample. 

- Then hit fiill button setup 

Full 

Narrow 

III.Sampling Stand 11. 

-Isoton in 100 mlglass and pot(fillto the mark) 

- We havetwo pots at the reservoir,one marked with 

yellow mark(waste pot),should be empty before run 

test,and the 2nd pot(reservoir should be filled up 

to mark250 ml). 
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Check List Before Beginning Test 

1- Check250mlofclean electr. onthe clean reservoir 

Check250mlofclean electr.onthe beaker stand. 

emptyonthe waste reservoir bottle. 

2- Checkthe starter controlto OFF 

Reset/Coimtto COUNT 

Fill/Close to CLOSE 

3- Press the power switchON 

Begin Testing 

* Note:Allbuttons must be turned clockwise 

1- Time mode 

1- Focusonthe tube. 

2- Setthe'Manometer select'switch to the out position. 

3- Set'Reset/count'controlto reset position. 

4- Set fill/ close to fill. 

5- Adjust stirrer controller around 2.5 

6-Power 

7- Gettwo drops or more inthe waste pot and close Fill/ Close to close 

8- Adjust valve to controlMercuryto be below starting bulb. Allow 1 min.for 

the mercuryto set. 

9-Push start buttononthe Coulter Multisizer it takestime set at'Analysis 

setup-r 
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10-PushPrint Button 

11- For sample test go to Acquire again. 

12- Collect from multi-seizer. 

13- Reset(coulter multi11) 

14- Setup 

15- Change Analysisto:Sample 

16- Hit fullfor screen. 

17-Butsample in glass 

18- Hit start on Coulter Multi-seizer II. 

19- Hit print on Coulter Multi-seizer 11. 

20- Go to Analyze onthe computer screen 

A- Subtract background. 

B- Choose Blank file. 

C- Hit open 

21- View 

- Listing 

-Print 

22- Save File after subtracting. 

Shutdown Procedure 

1- Set"Reset/Count"to "count" 

"Fill/ Close"to "close" 

2- Reset&Turnthe sample stand II off 
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3- Release the vacuumfromthe waste bottle by lifting 

the vacuum fromthe waste bottle cap. 

4- Rotate Vacuum controller anticlockwise allthe way. 

5- Setreset/countto reset 

6- Set fill/ closed to fill 

7- Turnon again 

8- Turn it offagain 

9- Take beaker and aperture tube out. 

10- Release the vacuum by lifting vacuum release valve onthe waste bottle cap 

11-Lower the beaker platform and remove the beaker. 
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MoynoPump and Colloidal Mill Operation Protocol 

(See Figure A-1) 

Pressure Gage Colloidal Mill 

1 
Control Valve#1 

— Reservoir 

Control Valve#2 

Motor 
—IgH- <£> 6hD 

Control Valve#3 Moyno 
Pump 

Figure A-1. Schematic ofSlurry Circulation Process. 

1) Open valve 1. 

2) Close valve 2. 

3) Close valve 3. 

4) Disengage pump eluteh. 

5) Start pump motor(note: use only in a well ventilated area). 

6) Adjustthe throttle. 

7) Prepare test slurry(see slimy preparation protocol). 

8) Place slurry inpump hopper. 

9) Engage pump clutch. 
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10)Allow slurry to circulate for 1 minute. 

11)Open valve 2. 

12)Close valve 1 partially(to provide 40-70 psito the mill). 

13)Allow slurry to passthrough coUoidal millfor prescribed number ofpasses ortime 

period. 

14)Sample slurry from discharge stream from colloidal millfor designated testing(see 

sampling and testing protocols). 

15)Disengage pump clutch. 
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APPENDIXB 

TESTINGMETHODSPROTOCOLS 
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Modified Hydrometer Testing Protocol 

1. Obtainthefollowing equipment; two 1000 mlsedimentation cylinders(one serves as 

a controlcylinder and the other serves asthe testing cylinder);one hydrometer bulb 

(provide graphfor converting hydrometer reading to length incm);onethermometer 

(Celsius preferred);and one stopwatch. 

2. Prepare the controlcylinder by mixing 50 mlofDelvo,which serves asthe dispersing 

agent,with distilled water to the cahbration mark. Mix this solution and place the 

hydrometer bulb inthe controlcylinder to obtain a dispersing agent correction. 

Assume a meniscus correction of0.5. 

3. Obtain enough slurry sample to ensure approximately50g ofcementis tested. This is 

based onthe water-cementratio of0.50. Place the quantity ofslurry and 50 mlof 

Delvo inthe test cylinder with enough distilled water to reachthe calibration mark. 

Mix this solution by hand for 1 minute. 

4. Slowlyinsert the hydrometer bulb into the test cylinder. Obtain hydrometer readings 

at intervals of30seconds,1,2,5,10,15,20,25 minutes,etc.,untilthe difference 

betweenreadings becomesimperceptible. 
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Marsh Flow Cone Testing Protocol 

1. Obtain slurry sample using 32oz(946 mL)sampling container. 

2. Pour sample contents into the Marsh Funnel. 

3. Measuretime in which it takes slurry to completelyflow outofMarshFunnel. 

4. Record time on data sheet. 
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Slurry Preparation Protocol(for 0.50 water-cement ratio) 

1) Place 30.6 poimdsofTypeIPortland Cementina dry 5-gallon container. 

2) Combine 15.3 poimdsofwater and660mL ofDelvo(which constitutes a5% 

Delvo content by weight ofcement)in a separate container. 

3) Slowly add the cementto the water/Delvo mixture while blending withahigh 

speed mixer. 

4) Blend slurry with the high-speed mixer for 1 minute,or until no dry cement 

remains inthe slurry. 

5) Place slurry in the pump hopper(see sehematic onPump and CoUoidalMill 

Protocol,Figure A-1). 

6) Allow slurry to re-circulate inthe reservoir for 1 minute prior to sampling or 

diverting to colloidal mill. 
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Slurry Sampling Protocol 

1) Pass sampling container horizontallythroughthe discharge stream fromthe colloidal 

mill. 

2) Obtain approximately75-gramsofslurryfor hydrometer testing. 

3) Obtain32oz(946mL)for flow cone testing. 

4) Obtain a volume capacityof25 cubic inch for coulter Multisizern testing. 

5) Obtain approximately 393-mL(per set ofthree cubes)for grout cube mold. 

Note: Allsamples mustbe obtained fromthe discharge stream fromthe colloidal 

mill. Continuous mixing oftest samples must be provided untiltesting is 

initiated. 
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APPENDIXC 

COULTERMULTISIZERHTESTRESULTS 
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APPENDIX C-1 

BASE-LINETESTDATA 
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AccuComp® 2.01 

File name: 1-oct7s.#01 Sample Number: 1 
Group ID: blank 

Sample ID: oct7b-#01 
Comment: Type I 
Operator nha 

Raw Count: 70,533 Colnc.Corr.Count: 79,895 
Acquired: 20:09 10Jun 1997 

Differential Volume 

140*10® 
l-oct7s.#01 

120*10® 

100*10® 
tr\ 

1 
o 

60*10® 

40*10® 

* 
o20*10®00 

10 20 30 40 50 60 70 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 1-oct7s.#01 

Calculationsfrom 1.972 pm to 83.11 pm 

Volume: 4.113e6 pm® 
Mean: 22.06 pm 95%Conf.Umlts: 21.88-22.24 pm 
Median: 18.68 pm S.D.: 14.32 pm 
Mean/Median Ratio: 1.181 

10 25 50 75 90 
6.788 11.43 18.68 29.85 40.31 



AccuComp® 2.01 

File name: 2-oct7s.#02 Sample Number: 1 
Group ID: S-B 

Sample ID: oct7-#02 

Comment: TYPE I 

Operator. NHA 
Raw Count 164,619 Colnc.Corr.Count: 1 
Acquired: 20:40 10Jun1997 

Differential Volume 

400M0-
2-oct7s.#02 

soo^io-

200*10^ 

100*10^ 

20 30 40 50 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 2-oct7s.#02 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

20.01e6pm® 
22.70 pm 
20.03 pm 
1.133 

95% Conf.Limits: 
S.D.: 

22.60-22.79 pm 
13.31 pm 

10 25 50 75 90 

7.578 12.32 20.03 30.93 41.97 



Volume: 

AcxjuComp® 2.01 

File name; 

Group ID: 
Sample ID: 
Comment: 

Operator. 
Raw Count: 

Acquired: 

800*10" 

600*10-

400*10^ 

200*10^ 

3-oct5s.#05 

Blank 

octSb^ 

Type-I 
NHA 
178,267 
18:56 10Jun1997 

Sample Number 1 

Colnc.Corr.Count: 1 

Differential Volume 

3-oct5s.#05 

10 20 30 40 50 60 70 

ParticleDiameterOim) 

Volume Statistics(Arithmetic) 3-oct5s.#05 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 42.78e6 pm® 
Mean: 24.32 pm 95%Conf.Limits: 24.25-24.40 pm 
Median: 21.70 pm S.D.: 14.22 pm 
Mean/Median Ratio: 1.121 

7.646 12.97 21.70 33.52 45.63 

https://24.25-24.40


AccuComp® 2.01 

SI 
File name: 

Group ID: 
Sample ID: 
Ck)mment 

Operator 
Raw Count: 
Acquired: 

200*10^ 

150*10^ 

100*10^ 

50*10^ 

4-nov10l.#02 

Type I slurry 
nov10.#02 

with delvo 

NHA 

99,240 
21:13 11 Jun1997 

Sample Number 1 

Colnc.Corr.Count: 1 

Differential Volume 

4-novl0i.#02 

10 20 30 40 50 60 70 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 4-nov10l.#02 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 
Mean: 

Median: 

Mean/Median Ratio: 

9.477e6 pm^ 
24.68 pm 
22.97 pm 
1.074 

95%Conf.Limits: 24.53-24.84 pm 
S.D.: 13.17 pm 

8.727 14.43 22.97 32.95 43.16 

https://24.53-24.84


 

AccuComp® 2.01 

File name: 5-nov23s.#04 Sample Number: 1 
Group ID: Type I slurry 
Sample ID: nov23.#(M 

Comment: with delvo 

Operator NHA 

Raw Count: 99,240 Colnc.Corr.Count: 1 

Acquired: 21:13 11 Jun1997 
Background Run: NOV23ISB.#04 

DifiTereiitial Volume 

200*10^ 5-nov23s.#04 

150M0^ 

100»10^ 

SO^IO^ 

0 10 20 30 40 50 60 70 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 5-nov23s.#04 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 8.106e6 pm^ 
Mean: 25.46 pm 95%Conf.Limits: 25.30-25.62 pm 
Median: 23.68 pm S.D.: 13.42 pm 
Mean/Median Ratio: 1.075 

9.035 14.89 23.68 33.67 43.57 

https://25.30-25.62


 

AccuComp® 2.01 

File name: 6-OGt30i.#03 Sample Number 1 
Group ID: Type I sluny 
Sample ID: oct30-#03 

Comment: delvo added in glass 
Operator. nha 
Raw Count Q1 Coinc.Corr.Count: 108,110 
Acquired: 9:13 11Jun1997 

Differential Volume 

500»10^ 
6-oct30i.#03 

400*10-

300*10^ 

200*10-

100*10^ 

0 10 20 30 40 50 60 70 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 6-oct30i.#03 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

26.85e6 pm® 
27.22 pm 
25.25 pm 
1.078 

95%Conf.Limits: 
S.D.: 

27.09-27.36 pm 
13.95 pm 

10 25 50 75 90 
10.39 16.74 25.25 35.10 47.47 



AccuComp® 2.01 

File name: 8-oct30i.#01 Sample Number 1 
Group ID: type I slurry 
Sample ID: oct30-#01 

Comment: slurry with delovo after mix In glass 
Operator nha 

Raw Count: 35,896 Coinc.Corr.Count: 38,120 
Acquired: 8:22 llJun 1997 

Differential Volume 

300*10^ 
8-oct30i.#01 

250*10^ 

200*10^ 

^150*10^ 

^ 100*10^ 

50*10^ 

10 20 30 40 50 60 70 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 8-oct30i.#01 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 7.814e6 pm® 
Mean: 28.41 pm 95%Conf.Limits: 28.17-28.65 pm 
Median: 27.53 pm S.D.; 14.05 pm 
Mean/Median Ratio: 1.032 

10 25 50 75 90 
10.57 16.90 27.53 37.67 45.61 

https://28.17-28.65


AccuComp® 2.01 

a 

File name: g-sep02.#01 Sample Number: 
Group ID: 8ep02 
Sample ID: samplel 
Comment: Microflne drycement 
Operator. nat)eel 
Acquired: 0:42 9Jun1997 

Differential Volume 

200*10- 9-8ep02.«01 

150*10^ 

100*10-

50*10-

20 30 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 9-sep02.#01 

Calculationsfrom 1.436 pm to 15.43pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

3.342e6 pm® 
6.509 pm 
6.345 pm 
1.026 

95% Conf.Limits: 
S.D.: 

6.492-6.526 pm 
2.886 pm 

10 25 50 75 90 

2.757 4.379 6.345 8.275 10.38 



AcxjuComp® 2.01 

File name: 10-sep30.#02 Sample Number: 1 
Group ID: blank 
Sample ID: 8ep30-02 
Comment: microfine dry cement 
Operator. nha 

Raw Count: 216,838 Colnc.Corr.Count: 245,666 
Acquired: 13:59 10Jun1997 

Differential Volume 

350*10® 10-sep30.ff02 

300*10® 

250*10® 

1200*10® 

150*10® 

1 100*10® 

50*10® 

20 30 40 

ParticleDiameter(pm) 

VolumeStatistics(Arithmetic) 10-sep30.#02 

Calculationsfrom 1.436 pm to 34.10 pm 

Volume: 5.621e6 pm® 
Mean: 6.799 pm 95%Conf.Limits: 6.785-6.812 pm 
Median: 6.911 pm S.D.: 2.828 pm 
Mean/Median Ratio: 0.984 

10 25 50 75 90 

2.856 4.698 6.911 8.698 10.22 



AccuComp® 2.01 

File name: 11-sep23.#02 Sample Numlaer: 1 
Group ID: 8ep23 
Sample ID: 8ample2 
Comment: microfine 
Operator nha 
Raw Count: 1%d 70fi Colnc.Corr.Count: 145,108 
Acquired: 2:59 10Jun1997 

Differential Volume 

60»10^ 
ll-sep23»#02 

50*10-

40*10-

^ 30*10^ 

J 20*10^ 
> 

10*10^ 

20 30 

ParticleDiameter^un) 

Volume Statistics(Arithmetic) 11-sep23.#02 

Calculationsfrom0pm to45.94 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

1.075e6pm® 
5.780 pm 
5.378 pm 
1.075 

05%Conf.Umlts: 
S.D.: 

5.755-5.805 pm 
3.186 pm 

10 25 50 75 90 
2.147 3.291 5.378 7.478 9.738 



AccuComp® 2.01 

File name: 12-oct20.#04 Sample Numt>en 1 
Group ID: Mlcrofine Slurry 
Sample ID: Oct20-#04 
Comment; Mlcrofine slurry with5%Delvo 
Operaton NHA 

Raw Count: 68,160 Coinc.Corr.Count: 70,691 
Acquired: 6:25 11Jun1997 

Differential Volume 

120*10-
12-oct20.#04 

100*10-

80*10-

60*10^ 

:© 40*10^ 
> 

20*10^ 

10 20 30 40 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 12-oct20.#04 

CalculaSonsfrom 1.436 pm to45.94 pm 

Volume: 2.672e6 pm' 
Mean: 9.878 pm 95%Conf.Limits: 9.817-9.939 pm 
Median: 8.647 pm S.D.: 5.655 pm 
Mean/Median Ratio: 1.142 

%< 10 25 50 75 90 
pm 4.454 6.301 8.647 12.04 16.29 



 

AccuComp® 2.01 

File name: 13-oct20.#02 Sample Number 1 
Group ID: MIcrofine Slurry 
Sample ID: oct2041K)2 

Comment with5% Delvo 
Operator NHA 

Recount 204.088 Coinc.Corr.Count: 1 
Acquired: 5:40 11 Jun 1997 

DifTerential Volume 
1000*10^ 

13-oct20.#02 

800*10-

600*10-

400*10-

200*10^ 

0 10 20 30 40 50 60 70 

Particle Diameter(pm) 

VolumeStatistics(Arithmetic) 13K)ct20.#02 

Calculationsfrom 1.972 pm to63.11 pm 

Volume: 19.31e6pm® 
Mean: 11.16 pm 95%Conf. Limits: 11.13-11.19 pm 
Median: 9.693 pm S.D.: 6.364 pm 
Mean/Median Ratio: 1.151 

%< 10 25 50 75 90 
pm 4.822 6.788 9.693 14.27 19.21 

https://11.13-11.19


AccuComp® 2.01 

File name: 14-oct14.#01 Sample Number 1 
Group ID: Slurry 
Sample ID: oct14-01 

Comment Slurry microfine with5% Delvo 
Operator NHA 

Raw Count 133,592 Colnc.Corr.Count: 143,813 
Acquired: 0:28 11 Jun 1997 

Differential Volume 

350*10^ 
14-octl4.#01 

SOO^IO' 

250*10^ 

\200*10^ 
I 150*10^ 
;> 100*10^ 

50*10^ 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 14-oct14.#01 

Calculationsfrom 1.436 pm to45.94 pm 

Volume: 8.223e6 pm® 
Mean: 10.45 pm 95% Conf.Umjts: 10.42-10.49 pm 
Median: 8.940 pm S.D.: 5.789 pm 
Mean/Median Ratio: 1.169 

10 25 50 75 90 

4.418 6.303 8.940 13.78 18.38 

https://10.42-10.49


1 

AccuComp® 2.01 

File name: 18-oct8s.#01 Sample Number. 
Group ID: s-b 
Sample ID: oct8sb3-01 

Comment: type3cement 
Operafon nha 

Raw Count: 287,191 Colnc.Corr.Count: 341,032 
Acquired: 22:52 10Jun1997 

DifTerential Volume 

600*10^ 
18-oct8s.#01 

500*10^ 

400*10^ 

300»10^ 

5 200'»10^ 
> 

100*10^ 

20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 18-ocl8s.#01 

Calculationsfrom 1.436 pm to45.94 pm 

Volume: 30.34e6 pm' 
Mean: 15.62 pm 95% Conf.Umlts: 15.59-15.66 pm 
Median: 14.15 pm S.D.: 8.681 pm 
Mean/Median Ratio: 1.104 

25 50 75 90 

9.076 14.15 20.44 27.95 



Volume: 

AccuComp® 2.01 

File name: 19-oct7s.#02 Sample Number 1 
Group ID: s-b 
Sample ID: oct7sb3-02 

Comment: type3 
Operator nha 
Raw Count: no ^fin Coinc.Corr.Count: 104,967 
Acquired: 22:14 10Jun1997 

DifieFential Volume 
200*10^ 

lQ=aot7a.i<0a 

150*10^ 

100»103 

50»10= 

20 30 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 19-oct7s.#02 

Calculationsfrom 1.436 pm to45.94 pm 

Volume: 9.825e6 pm® 
Mean: 16.13 pm 95%Conf.Umlts: 16.07-16.20 pm 
Median: 14.36 pm 9.290 pm 
Mean/Median Ratio: 1.123 

%< 10 25 50 75 90 

pm 5.522 9.030 14.36 21.57 29.83 

https://16.07-16.20


s AccuComp® 2.01 
• 

tre;Fl 20Sep1999 

File name: 20-nov25.#09 Sample Number 1 
Group ID: SlurryType3 
Sample ID: nov25.#09 

Comment: with delvo 
Operator NHA 

Raw Count: 77,232 Colnc.Com Count: 80,502 
Acquired: 14:27 12Jun 1997 

Differential Volume 
A _ 

250*10^'T n n f] 20-nov25.#09 

200*10' 

150*10' 

100*10' 

50*10' 

0 

20 30 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 20-nov25.#09 

Calculationsfrom 1.436 pm to45.22 pm 

Volume: 10.84ee pm' 
Mean: 15.23 pm 95% Conf.Limits: 15.16-15.30 pm 
Median: 14.19 pm S.D.: 7.351pm 
Mean/Median Ratio: 1.073 

%< 10 25 50 75 90 

pm 6.682 9.798 14.19 19.31 25.11 

https://15.16-15.30


& AccuComp® 2.01 

File name: 21-nov25.#05 Sample Numt)er: 1 
Group ID: SlurryType3 
Sample ID: nov25.#05 

Comment with delvo 

Operator NHA 

Raw Count: 111,482 Colnc.Corr.Count: 118,478 
Acquired: 13:20 12Junig97 

Differential Volume 

300*10-
21-nov25.#05 

250*10^ 

200*10-

150*10^ 

:o 100*10^ 
> 

50*10^ 

10 20 30 40 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 21-nov25.#05 

Calculationsfrom 1.436 pm to45.22 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

12.70e6 pm® 
15.79 pm 
14.24 pm 
1.109 

95% Conf.Limits: 
S.D.: 

15.72-15.86 pm 
8.295 pm 

%< 10 25 50 75 90 
pm 6.576 9.737 14.24 20.16 27.21 



AccuCofnp® 2.01 

File name; 22-nov25.#04 Sample Number: 1 
Group ID: SlunyTypes 
Sample ID: nov25.#04 

Comment: with delvo 
Operator: NHA 

Raw Count: 229,735 Colnc.Corr.Count 262,457 
Acxiuired: 13:01 12Jun1997 

DifTerential Volume 
800*10^ 

22-nov25.#04 

600*10-

400*10^ 

200*10= 

20 30 40 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 22-nov25.#04 

Calculationsfrom 1.436 pm to45.22 pm 

Volume: 34.91e6 pm® 
Mean: 16.72 pm 95%Conf.Limits: 16.68-16.77 pm 
Median: 15.42 pm S.D.: 8.503 pm 
Mean/Median Ratio: 1.085 

%< 10 25 50 75 90 

pm 6.766 10.36 15.42 21.58 28.68 

https://16.68-16.77


APPENDIX C-2 

QUINETICSCOLLOIDALMILLTRIALRUNS^DATA 

93 



File name; 

Group ID: 
Sample ID: 
Comment: 

Operator 
Raw Count: 

Acquired: 
Background Run: 

300*10^ 

250*10^ 

^200*10^ 

\ 
^150*10^ 

^ 100*10^ 

50*10^ 

0 

26-may20.#03 Sample Number: 3 
May20y99.#02 
Type I Slurry before mill proccess 
Type I cement before mill w/delvo w/c=0.5 
NHA 

135,762 Coinc.Corr.Count: 1 
6:56 16Jun1997 
MAY20Y99.#03 

DifTerential Volume 

26-may20.#03 

20 30 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 26-may20.#03 

Calculationsfrom 1.436 pm to41.26 pm 

Volume: 
Mean; 
Median: 
Mean/Median Ratio: 

14.94e6 pm® 
16.19 pm 
14.94 pm 
1.064 

10 25 50 

95% Conf.Limits: 16.13-16.26 pm 
S.D.: 6.567 pm 

75 90 

6.063 9.346 14.94 21.47 26.39 

https://16.13-16.26


AccuComp® 2.01 

File name: 27-may20.#01 Sample Number: 3 
Group ID: May20y99.#01 
Sample ID: Type I Slurry after mill proccess 
Comment: Type I cementafter mill w/delvo w/c=0.5 
Operator: NHA 

Raw Count: 293,855 Colnc.Corr.Count: 350,577 
Acquired: 5:31 16Jun1997 
BfiK^ground Run: MAY2OY0O.#O1 

Differential Volume 

400*10^ 27-may20.#01 

300*10-

200*10-

100*10^ 

20 30 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 27-may20.#01 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 
Mean: 
Median: 
MeanyMedian Ratio: 

21.40e6pm® 
16.40 pm 
14.98 pm 
1.095 

95% Conf. Limits: 
S.D.: 

16.36-16.44 pm 
8.683 pm 

10 25 50 75 90 

6.157 9.523 14.98 22.18 28.93 



�

AccuComp® 2.01 

File name: 

Group ID: 
Sample ID: 
Comment: 

Operator: 
Raw Count: 

Acquired: 
Background Run: 

250*10^ 

200*10^ 

150*10^ 
a. 

100*10^ 

50*10^ 

28-may20.#04 Sample Number: 3 
May20y99.#04 
Type I Slurry before mill proccess 
Type I cement before mill w/delvo w/c=0.5 
NHA 

117,607 Coinc.Corr.Count: 1 
6:14 16Jun1997 
MAY20Y99.#04 

10 

Differential Volume 

28-may20.#04 

20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 26-may20.#04 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 
Mean: 

Median: 
Mean/Median Ratio: 

%< 10 

um 5.883 

10.75e6pm® 
15.64 pm 
14.21 pm 
1.101 

25 

9.039 

95% Conf.Limits: 15.57-15.71 pm 
8.334 pm 

50 75 90 

14.21 20.97 27.56 

https://15.57-15.71


AccuComp® 2.01 

File name; 
Group ID: 
Sample ID: 
Comment; 

Operaton 
Raw Count; 
Acquired; 

50*10^ 

40*10' 

"a 30*10'-
n 

20*10' 

10*10' 

29-may20.#02 Sample Number; 3 
May20y9g.#02 
Type I Slurry after mill proccess 
Type I cementafter mill w/delvo w/c=0.5 
NHA 

62,397 Coinc.Corr.Count; 69,570 
5;43 16Jun1997 

Differential Volume 

29-may20.#02 

10 20 30 40 

Particle Diameter(^im) 

Volume Statistics(Arithmetic) 29-may20.#02 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 

Mean; 
Median; 

Mean/Median Ratio; 

10 

1.724e6 pm® 
16.73 pm 95% Conf.Limits; 16.56-16.90 pm 
15.06 pm S.D.; 9.254 pm 
1.111 

25 50 75 90 

6.166 9.454 15.06 21.97 32.07 



AccuComp® 2.01 

File name; 30-t1pr5.#06 Sample Number 3 
Group ID: t1pr0513.04m 
Sample ID: type I slurry before mill process 
Comment: 1:1 ratio w/delvo2 
Operator: nha 
Raw Count: 625,717 Coinc.Corr.Count: 1 
Acquired: 21:41 15Jun1997 

Background Run: T1PR0513.#06 

Differential Volume 

1500*10^ 
30-tlpr5.ff06 

1000*10-

*3 500*10^ 
> 

20 30 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 30-t1pr5.#06 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 71.33e6 pm® 
Mean: 15.90 pm 95% Conf.Limits: 15.88-15.93 pm 
Median: 14.45 pm S.D.: 8.852 pm 
Mean/Median Ratio: 1.101 

10 25 50 75 90 

5.446 8.752 14.45 21.80 28.71 

https://15.88-15.93


AccuComp® 2.01 

File name: 31-t1pr5.#01 Sample Numben 3 
Group ID: t1pr0513.01 
Sample ID: type I sluny after mill process 
Comment: 1:1 ratio with delvo 
Operator: nha 
Raw Count: 509,482 Colnc.Corr.Count: 1 
Acquired: 19:28 15Jun1997 

Differential Volume 

1200*10^ 
31-tlpr5.#01 

1000*10-

800*10^ 

600*10^ 

I 400*10^ 
200*10^ 

10 20 30 40 

ParticleDiameter(pm) 

Volume Statistics(Arithmetic) 31-t1pr5.#01 

Catculationsfrom 1.436 pm to41.28 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

56.79e6 pm® 
15.27 pm 
13.77 pm 
1.108 

95%Conf.Limits: 
S.D.: 

15.24-15.30 pm 
8.497 pm 

%< 10 25 50 75 90 
pm 5.458 8.480 13.77 20.56 27.59 

https://t1pr0513.01


 

File name: 

Group ID: 
Sample ID: 
Comment: 

Operator 
Raw Count: 

Acquired; 
Background Run: 

1000*10' 

800*10' 

B 600*10' 
a. 

400*10-

200*10-

AccuComp® 2.01 

32-t1pr5.#02 Sample Number 3 
t1prt)513.02 
type I slurry after mill process 
1:1 ratio wrfth delvo 
nha 

379,040 Colnc.Corn.Count: 1 
19:44 15Jun1997 

T1PR0513.#02 

Differential Volume 

32-tlpr5J02 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 32-t1pr5.#02 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 50.56e6 pm® 
Mean: 16.06 pm 
Median: 14.61 pm 
Mean/Median Ratio: 1.099 

%< 10 25 

95%Conf,Limits: 

S.D.: 

16.03-16.10 pm 
8.711 pm 

50 75 90 

pm 5.793 8.989 14.61 21.93 28.75 

https://t1prt)513.02


AccuComp® 2.01 

22Sepig99 

File name: 33-t1pr5.#04 Sample Numben 3 
Group ID: t1pr0513.04 
Sample ID: type I slurry after mill process 
Comment: 1:1 ratio w/delvo2passesthrough the mill 
Operator: nha 

Raw Count: 325,457 Cdnc.Corr.Count: 1 
Acquired: 20:51 15Jun1997 

Background Run: T1PR0513.#04 

Differential Volume 

800*10^ 
33-tlpr5.#04 

600*10^ 

400*10' 

> 200*10^ 

20 30 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 33-t1pr5.#04 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 42.06e6 pm^ 
Mean: 16.46 pm 95% Conf. Limits: 16.42-16.50 pm 
Median: 15.03pm S.D.: 8.802 pm 
Mean/Median Ratio: 1.095 

6.072 9.406 15.03 22.09 29.36 

https://16.42-16.50


Volume: 

File name: 

Group ID: 
Sample ID: 
Comment: 
Operator: 
Raw Count: 

Acquired: 
Background Run: 

800*10^ 

600*10^ 

400*10^ 

> 200*10^ 

AccuComp® 2.01 

34-t1pr5.#05 Sample Number: 3 
t1pr0513.04m 
type I slurry after mill process 
1:1 ratio w/delvo2passesttirough the mill 
nha 

331,847 Coinc.Corr.Count: 1 
21:23 15Jun1997 

T1PR0513.#05 

DifferentialVolume 

34-tlpr5.#05 

20 30 

Particle Diameter(pm) 

Volume Statistics(An'thmefa'c) 34-t1pr5.#05 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 38.86e6 pm® 
Mean: 16.69 pm 95% Conf.Limits: 16.65-16.73 pm 
Median: 15.43 pm S.D.: 9.004 pm 
MeanTMedian Ratio: 1.081 

5.761 9.352 15.43 22.98 29.55 

https://16.65-16.73


 

AccuComp® 2.01 

File name: 35-feb17.iK)1 Sample Number: 3 
Group ID: Feb17-#01 
Sample ID: Before the mill process 
Comment: Type I CementSlurry with Delvo 
Operator: NHA 
Raw Count: 109,629 Colnc.Corr.Count: 1 
Acquired: 15:38 15Jun1997 

Differential Volume 
150*10^ 

35-febl7.#01 

100*10^ 

o 50*10^ 

20 30 

Particle Diameter(pm) 

Volume Statistics(Ari^metic) 35-feb17.#01 

Calculations from 1.436 pm to41.28 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

7.252e6 pm® 
15.79 pm 
14.02 pm 
1.126 

95%Conf. Limits: 15.70-15.87 pm 
8.813 pm 

10 25 50 75 90 
6.053 9.124 14.02 20.73 28.32 



Volume: 

AcxjuComp® 2.01 

File name: 36-feb17.#04 Sample Number 3 
Group ID: Feb17-#04 
Sample ID: Before the mill proccess 
Comment: Type I CementSlurry with Delvo 
Operator NHA 
Raw Count: 179,407 Coinc.Corr.Count: 1 
Acquired: 16:30 15Jun1997 

Differential Volume 
250*10^ 

36-febl7.#04 

200»10^ 

150*10^ 
n. 

100»10^ 

50*10^ 

10 20 30 40 

Particle Diameter(|j.m) 

Volume Statistics(Arithmetic) 36-feb17.#04 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 
Mean: 

Median: 

Mean/Median Ratio: 

13.22e6pm® 
16.98 pm 
15.64 pm 
1.086 

95% Conf. Limits: 16.92-17.04 pm 
9.249 pm 

%< 10 25 50 75 90 
pm 6.742 9.660 15.64 23.05 31.37 



Volume: 

AccuComp® 2.01 

22Sep199g 

File name: 

Group ID: 
Sample ID: 
Comment: 

Operator 
Raw Count: 

Acquired: 

400*10^ 

300*10' 

200*10-

^ 100*10^ 

37-feb17.#02 Sample Number: 3 
Feb17-«)1 
Afterthe mill proccess 
Type 1 CementSlurry with Delvo 
NHA 
169,063 Colnc.Corr.Count: 1 
15:55 15Jun1997 

Differential Volume 

37-febl7.#02 

10 20 30 40 

Particle Diameter(p,m) 

Volume Statistics(Arithmetic) 37-feb17.#02 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 
Mean: 

Median: 

Mean/Median Ratio: 

20.71e6 pm^ 
17.43pm 
16.17 pm 
1.078 

95%Conf.Limits: 17.37-17.49 pm 
8.685 pm 

%< 10 25 50 75 90 
pm 6.995 10.67 16.17 23.12 29.98 



AccuComp® 2.01 

22Sep1999 

File name: 38-feb17.#03 Sample Numben 3 
Group ID: Feb17-#03 

Sample ID: After tfie mill proccess 
Comment: Type I CementSlurry with Delvo 
Operator: NHA 

Raw Count: 206,607 Colnc.Corr.Count 1 
Acxjuired: 16:14 15Jun1997 

Differential Volume 

120*10^ 
38-febl7.#03 

100*10^ 

80*10^ 
1 

60*10^ 

rtn 

u 

*o 40*10^ 
> 

20*10^ 

10 20 30 40 

Particle Diameter(|im) 

Volume Statistics(Arithmetic) 36-feb17.#03 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 5.013e6 pm® 
Mean: 17.53 pm 95% Conf.Limits: 17.46-17.60 pm 
Median: 16.06 pm S.D.: 10.00 pm 
Mean/Median Ratio: 1.092 

%< 10 25 50 75 90 

pm 5.318 9.579 16.06 24.19 32.71 



 

AccuComp® 2.01 

File name: 
Group ID: 
Sample ID: 
Comment: 
Operaton 
Raw Count: 

Acquired: 

1000*10^ 

800»10^ 

B 600*10^ 
=L 

400*10-

200*10-

39-jan8n.#02 Sample Number 3 
Jan8N1.#02 
1/08/99 

1st run,non processsample with5%delvo 
NHA 
472,484 Colnc.Corr.Count: 1 
11:34 15Jun1997 

Differential Volume 

39-jan8n.ff02 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 39-jan8n.#02 

Calculations from 1.436 pm to41.28 pm 

Volume: 

Mean: 

Median: 

Mean/Median Ratio; 

52.07e6 pm® 
16.85 pm 
15.71 pm 
1.073 

95%Conf. Limits; 
S.D.: 

16.82-16.88 pm 
8.698 pm 

10 25 50 75 90 
6.253 10.00 15.71 22.62 29.39 



File name: 40-jan8p.#01 Sample Number: 3 
Group ID: jan8p1.#01 
Sample ID: 1/08/99 

Comment: 1strun,1 pass processed sample with6%delvo 
Operator: NHA 

Raw Count: 111,003 Coinc.Corr.Count: 1 
Acquired: 11:54 15Jun1997 

Differential Volume 
200*10^ 

40-jan8pJ01 

150*10-

100*10^ 

^ 50*10^ 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 40-jan8p.#01 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 7.280e6 pm^ 
Mean: 16.86 pm 95%Conf.Limits: 16.77-16.94 pm 
Median: 15.83 pm S.D.: 8.609 pm 
Mean/Median Ratio: 1.065 

10 25 50 75 90 

6.429 10.09 15.83 22.47 29.76 



File name: 

Group ID; 
Sample ID: 
Comment: 

Operator: 
Raw Count: 

Acquired: 

1200*10-

1000*10-

800*10^ 

^ 600*10^3 

•§ 400*10^ 
> 

200*10^ 

AcxjuComp® 2.01 

41-jan8p.#02 Sample Number: 3 
jan8p1b1.#02 
1/08/99 

2nd.run,1 pass processed sample with 5% delvo 
NHA 
429,064 Colnc.Corr.Count: 1 
13:03 15Jun1997 

Differential Volume 

41-jan8p.#02 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 

Calculationsfirom 1.436 pm to41.28 pm 

Volume: 61.01e6pm®Volume; 

Mean: 17.41 pm 95% Conf. Limits: 
Median: 16.40 pm S.D.: 
Mean/Median Ratio: 1.062 

10 25 50 75 90 

41-jan8p.#02 

17.37-17.44 pm 
8.714 pm 

6.672 10.59 16.40 23.11 29.83 

https://17.37-17.44


File name: 
Group ID; 
Sample ID: 
Comment: 

Operator: 
Raw Count: 
Acquired: 

500*10^ 

400*10^ 

300*10-

200*10^ 

100*10^ 

AccuComp® 2.01 

22Sep1999 

42-jan8p.#01 Sample Number: 3 
jan8p1b.#02 
1/08/99 

2nd.run,1 pass processed sample with5% delvo 
NHA 
210,330 Colnc.Corr.Count: 1 
12:42 15Jun1997 

Differential Volume 

42-jan8p.#01 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 42-Jan8p.#01 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 14.17e6pm® 
Mean: 16.90 pm 95%Conf.Limits: 16.85-16.96 pm 
Median: 15.71 pm S.D.: 9.442 pm 
Mean/Median Ratio: 1.076 

%< 10 25 50 75 90 
pm 4.661 9.494 15.71 23.50 30.70 



AccuComp® 2.01 

22Sep 1999 

File name: 43-jan8p.#03 Sample Number: 3 
Group ID: jan8p1b2.#03 
Sample ID: 1/08/99 
Comment: 2nd.run,1 pass processed sample with5%delvo 
Operator NHA 
Raw Count: 388,884 Colnc.Conr.Count: 1 
Acquired: 13:20 15Jun1997 

Differential Volume 
1200*10^ 

43-jan8p.#03 

1000*10^ 

800*10^ 
S 

^ 600»10^ 

-3 400*10^ 
> 

200*10^ 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 43-Jan8p.#03 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 63.44e6 pm® 
Mean: 
Median: 

16.63pm
15.42 pm 

95%Conf.Limits: 
S.D.: 

16.60-16.67 pm
8.396 pm 

Mean/Median Ratio: 1.078 

10 25 50 
6.539 10.11 15.42 



AccuComp® 2.01 

File name: 44-]an8p.#01 Sample Number: 3 
Group ID: jan8p2b2.#01 
Sample ID: 1/08/99 
Comment: 2nd.run,2 pass processed sample with5%delvo 
Operaton NHA 
Raw Count: 415,582 Colnc.Corr.Count: 1 
Acquired: 13:40 15Jun1997 

Differential Volume 
goono^ 

44-jan8p.ff01 

600*10^ 

400*10' 

> 200*10^ 

10 20 30 40 

Particle Diameter(jim) 

Volume Statistics(Arithmetic) 44-jan8p.#01 

Calculationsfrom 1.436 pm to41.26 pm 

Volume: 
Mean: 
Median: 
Mean/Median Ratio: 

42.67e6 pm^ 
17.00 pm 
15.93 pm 
1.067 

95%Conf.Limits: 
S.D.: 

16.97-17.04 pm 
8.647 pm 

10 25 50 75 90 

6.489 10.21 15.93 22.55 29.41 



AccuComp® 2.01 

File name: 
Group ID: 
Sample ID: 
Comment: 

Operaton 
Raw Count: 
Acquired: 
Background Run: 

4.0*10^ 

3.0*10^ 

2.0*10^ 

o 

^ 1.0*10® 

22Sep1999 

45-8-26m.#01 Sample Number: 1 
Type I Portland cementSlurry 
8-26.#01 

Afterthe mill w/5% Delvo 
NHA 
1,001,066 Coinc.Corr.Count: 1 
13:26 14Jun1997 
8-26MB.#01 

Differential Volume 

45-8-26m.#01 

20 30 

Particle Diameter(jim) 

Volume Statistics(Arithmetic) 45-8-26m.#01 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 161.8e6pm® 
Mean: 14.95 pm 
Median: 13.77 pm 
Mean/Median Ratio: 1.086 

10 25 
5.997 9.041 

95%Conf.Limits: 14.94-14.97 pm 
S.D.: 7.645 pm 

50 

13.77 

https://14.94-14.97


© AccuComp® 2.01 

22Sep1999 

File name: 46-aug26.#03 Sample Number: 1 
Group ID: Type I Portland cementSlurry 
Sample ID: Aug26.#03 
Comment: Afterthe mill w/5% Delvo 
Operator: NHA 
Raw Count: 107,130 Coinc.Corr.Count: 1 
Acquired: 14:16 14Jun1997 
Background Run: AUG26MSB.#03 

Differential Volume 
200*10^ 

46-aug26.#03 

150*10^ 

100*10^ 

^ 50*10^ 

20 30 

Particle Diameter(^m) 

Volume Statistics(Arithmetic) 46-aug26.#03 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 8.020e6 pm® 
Mean: 16.13 pm 95%Conf.Limits: 16.06-16.21 pm
Median: 15.01 pm S.D.: 8.310 pm 
Mean/Median Ratio: 1.075 

10 25 50 75 90 
6.100 9.606 15.01 21.65 27.49 

https://16.06-16.21


 

AccuComp® 2.01 

File name: 

Group ID: 
Sample ID: 
Comment: 
Operator: 
Raw Count: 

Acquired: 
Background Run: 

1000*10^ 

800*10^ 

600*10^ 
n 

1 400*10^ 

200*10^ 

47-aug26.#04 Sample Number: 1 
Type I Portland cement 
Aug26.#04 
Afterthe mill w/5% Delvo 
NHA 

609,299 Coinc.Corr.Count: 1 
14:39 14Jun1997 

AUG26MSB.#04 

Differential Volume 

47-aug26.fF04 

10 20 30 40 

Particle Diameter(pm) 

Volume Statistics(Arithmetic) 47-aug26.#04 

Calculationsfrom 1.436 pm to41.28 pm 

Volume: 55.65e6 pm^ 
Mean: 17.00 pm 95%Conf.Limits: 16.97-17.03 pm 
Median: 15.74 pm 9.248 pm 
Mean/Median Ratio: 1.080 

10 25 50 75 90 
5.653 9.543 15.74 23.29 30.61 

https://16.97-17.03


APPENDIXD 

MORTARCUBECOMPRESSIVESTRENGTHTESTRESULTS 
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Compressive Strength TestData for TrialRun Number3(W/C 1.0) 

Group Sampled Break Age Load in Area Strength Group lemarks 

LD. Date Date (Days) Lbs Sq.inch) PSI Average 

N 2/17/99 2/18/99 1 1450 4 362.5 356 TypeIcement 
ri It It '4on-Processed1400 4 350 

P 1000 4 250 256 TypeIcementM If It 

(t II 262.5 Processedtl 1050 4 

919 TypeI cementN 
ft 2/20/99 3 3500 4 875 

ti II II 3850 4 962.5 Non-Processed 

II It 

P 
II 2400 4 600 550 TypeIcement 

It II 500 ProcessedII 2000 4 

It 1181 TypeI cementN 2/24/99 7 5000 4 1250 

It II II 4 1112.5 Non-Processed4450 

P 3300 4 825 881 TypeIcementIIII 11 

II IIIt 3750 4 937.5 Processed 

4 2125 2075 TypeIcementN 
ft 3/17/99 28 8500 

It 11 2025 Non-ProcessedII 8100 4 

P 7200 4 1800 1756 TypeIcementII 11 tl 

It If 1712.5 ProcessedIt 6850 4 
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Compressive Strength TestData for TrialRun Number4(W/C — 0.50) 

Group Sampled Break Age Load in Area Strength Group Remarks 

I.D. Date Date (Days) Lbs [Sq.inch) PSI Average 

;'ypeIcementIN 1/8/99 1/9/99 1 9300 4 2325 2350 

ft ff STon-Processedff 9500 4 2375 

If tf 6800 4 1700 1844 ;"ypeIcementIPl 
ff 

tf ft ff 7950 4 1987.5 'recessed 

2N 7800 4 1950 2006 ?ypeIcementtf ft ft 

tf ff t1 8250 4 2062.5 Non-Processed 

2P1 
ft ff tf 

8900 4 2225 2188 ?ypeIcement 
ff ff 'recessed 

4 3762.5 3631 Type1cement 

tt 8600 4 2150 

IN 1/8/99 1/11/99 3 15050 

ff ft ff STon-Processed14000 4 3500 

ffff ff 

IPl 13600 4 3400 3300 TypeIcement 
ff ff tf 4 3200 'recessed12800 

ff ff tf 

2N 13000 4 3250 3188 TypeI cement 
tf ff 3125 Non-Processedff 12500 4 

ft ff tf 12250 4 3062.5 3031 TypeIcement2P1 
tf tf ff Processed 

4575 TypeIcement 
12000 4 3000 

IN 1/8/99 1/15/99 7 18200 4 4550 

ff ff ff 4600 Non-Processed 

IPl 16000 4 4000 3938 TypeIcement 
18400 4 

ft tf ff 

ff tf tt Processed15500 4 3875 

ff ft ft 15650 4 3912.5 3913 TypeIcement2N 
tfft ft 15650 4 3912.5 Non-Processed 

ff tf tf 15650 4 3912.5 3844 TypeIcement2P1 
ff ft ff Processed 

28500 4 7125 6688 TypeIcement 
15100 4 3775 

IN 1/8/99 2/5/99 28 

tf ff ft Non-Processed25000 4 6250 

IPl 26250 4 6562.5 6719 TypeIcementff ff tf 

ff tf Processedtf 27500 4 6875 

ffft ft 26000 4 6500 6625 TypeIcement2N 
ft tf tf Non-Processed27000 4 6750 

2P1 23000 4 5750 5375 TypeIcementft ff tf 

tf ft Processedff 20000 4 5000 
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NabeelH.Abusadah wasbom in alittle village called AUar in Palestine on 

November 1®^1961.He was moved to the State ofKuwait when he wasone month old, 

where he attended grammar,middle,and high schoolinthe State ofKuwaitPublic 

SchoolSystem.He graduated from Abraq Khitan high school.He immigrated to the 

United StatesofAmericain 1979.He attended AlabamaA&M University and received 

his Bachelor ofScience in CivilEngineermg in December 1983.After graduating,he 

retumed to Kuwait andjoined the NationalHousing Authority asa CivilEngineer for 

about seven years.Heretumed to the USAjust prior to the GulfWar and worked in 

Houston,Texas with consulting firm asa Constmction Materials Engineer untiljoining 

the Tennessee DepartmentofEnvironmentaland Conservation.In 1994,he decided to 

pursue the MasterofScience degree in Civil Engineeriug atthe University ofTermessee. 

He,his wife,and their three children currently live in Knoxville,Tennessee. 

119 


