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Abstract 

The efficiency of High Performance Liquid Chromatography columns is often 

reduced due to radial variations Ofthe density or void ratio ofthe silica packing matenal. 

Thisheterogeneityisdueto wallfiictioneffectsdunngcolumnpreparation,andalthoughthe 

filction reduces the column efficiency,some fiiction is required to stabilize the bed during 

the chromatography process and ensure a leak-proof seal between bed and wall. To 

investigate the induced heterogeneity dunng the compaction process,concepts from soil 

mechamcs were used to study the column preparation process. Laboratory tests were 

conducted to measurethe relationship between permeability and void ratio.The coefficient 

of fiiction between a typical packing matenal and the stainless steel column wall was 

determmed in the laboratory, and the volumetric response was modeled with a nonlinear 

elastic-plastic model. The effect ofwall fiiction and piston shapeonthe radial distribution 

ofvoid ratio was then investigated by numencal analysis The effect ofloading rate was 

investigated using a coupled mechanical-seepage model The results suggest that the 

homogeneityofthepacked bedcanbeimprovedbyreducingthe effectsofwallfriction,and 

increasing the rate at which the piston compactsthe column 
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Chapter 1 

Introduction 

The chromatography process is used to separate nonvolatile chemicals from dilute 

solutions undera high velocity and large pressure drop across a verticalcolumn consisting 

ofporoussilica,whichisan absorbent,andasolventsuchasmethanol Theefficiencyofthe 

separationprocessconductedinHighPerformanceLiquidChromatography(HPLC)columns 

is strongly dependent upon techniques used to prepare or pack the column. Dunng the 

preparation ofthecolumn,fiictionbetweenthe packing materialandthe wallofthecolumn 

results m anonuniform density acrosstheradiusofthecolumn,whichsigmficantlyreduces 

the efficiency ofthe separation process. 

Since the silica packmg material consists of small spherical or near spherical 

particles,the behavior ofthe silica dunngthe packmg process is likely to be similarto that 

ofother particulate materials such as soils. Concepts from soil mechanics and numerical 

approximationsusing modelsdevelopedforsoils were utilized to investigatethe mechamcs 

ofthe chromatography column preparation process. 

Toinvestigate the mechanicsofthe packing process,specificallythe distnbution of 

stress and strain in the chromatographycolumn and the role ofwall fiiction on the particle 

density, a senes offimte element analyses was conducted. To obtain parameters for the 

numencal analysis, several senes oflaboratory tests were conducted. These tests include 

interface direct shear tests and fixed ring consolidation tests mcorporatmg falling head 

permeabilitytests.Thegoalofthestudywastoinvestigatethemechamcsofpackingprocess. 



and perhapstorecommend alternative packing proceduressuchthatmoreumform columns 

maybe assembled. 



Chapter2 

Literature Review 

Chromatography in the past twenty years has developed into one of the major 

preparativeandanalyticaltoolsofthechemistryandbiotechnologyindustnes.Theefficiency 

ofthe separation process conducted in HighPerformanceLiquid Chromatography(HPLC) 

columns is strongly dependent upon techniques used to prepare the column. Durmg the 

preparationofthecolumn,frictionbetweenthepackingmatenalandthe wallofthestainless 

steel column results m a nonuniform density across the radius of the column, which 

significantlyreducesthe efficiencyofthe separation process.In addition,theseepageforces 

imparted to or generated in the packing matenal as solvent is pumped through the system 

may also lead to nonumform density in the column. To mvestigate the mechamcs ofthe 

packing process,areview ofthe literature wasconducted to survey published ideas related 

to the mechanics ofHPLCcolumn preparation process. 

2.1 History ofChromatography and the Separation Process 

Toseparateamixtureoftalcpowdersandironfillings,allthatisneededisamagnet, 

which selectively removes the iron fillings fr"om the mixture, leaving the talc powders 

unaffected.Astheindividualcomponentsofamixturegetmoreand moresimilarmphysical 

orchemicalproperties,itbecomesincreasingly difficultto separatethem.Thisis especially 

trueinchemistryorbiology,where itisfrequentlynecessaryto separate,isolate,purify,and 

identify the components ofmixtures such as proteins.To achieve such a separation fairly 

rapidly, the chromatography process can be used (Abbott and Andrews, 1965). 



Chromatographycanbe defined asthattechniqueforthe separation ofamixtureofsolutes, 

in which separation is brought aboutbythe differential movementoftheindividual solutes 

through a porous medium under the influence ofa moving solvent(Abbott and Andrews, 

1965) 

The Russian biologist,Tswettwasthe first person to appreciate the possibilities of 

such a method aslong ago as 1906(Guiochon etal,1994).The porous medium that Twett 

used consisted offinely powdered chalk packed into along vertical glass column provided 

with anoutletatthebottom Twettnoticedthatwhenasolution ofgreenplantpigmentswas 

applied to the top ofthe column and then washed down with light petroleum,a series of 

honzontalbandsofdifferentpigmentsand colorsbegantoseparatefi-omoneanotherasthey 

moved down the column(Guiochon et ah, 1994). The term "chromatography", which 

literally means "color wntmg", was coined to descnbe this phenomenon (Ahbott and 

Andrews, 1965). In fact, the separation had nothmg to do with the components being 

colored,but was simply due to the fact that the various pigments had different adsorptive 

affimties forthe chalk:those least strongly adsorbed moveddownthecolumn morerapidly 

than those more strongly adsorbed. Twett's experiment was the first demonstration of 

adsorption column chromatography. 

ThestudiesdonebyTswettremainedmoreorlessalaboratorycuriosity untilMartin 

andSynge(1941)introducedpartitioncolumnchromatography,whichisparticularlysuitable 
1 

for water-soluble compounds.However,with these"closed columns,"it was very difficult 

at the time to obtain a reliable identification of very small quantities of the separated 

substances.Later,m 1944,paperchromatographywasdiscoveredbyConsden,Gordon,and 

Martin(AbbottandAndrews,1965).Withpaperchromatography,quantitiesontheorderof 
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afewmicrogramsofmostofthecompoundscouldbedetected andidentifiedinadependable 

manner.This"open column"concept wasearned further by the introduction ofthin-layer 

chromatography,mwhichseparations areearnedoutwiththinlayersofalmostanymaterial 

supported on glass plates. Later,in 1960's, gas chromatography was logically developed 

firom column chromatography.In gaschromatography,gasreplaces liquid asthe solvent.It 

is particularly valuable for separating mixtures ofgases,or volatile liquids or solids. 

With the invention of sensors that transform the vanations of physical and 

physicochemical properties into a current,and recorders thatrendered the electric signal m 

1950's, column chromatography has become a popular method used in fine chemical, 

pharmaceutical and biotechnology industnes over the last thirty years(Guiochon et al, 

1994). 

2.2 High Performance Liquid Chromatography(HPLC) 

Chromatography is a separation processin which the sample mixture is distributed 

betweentwo phasesmthechromatographiccolunm.Onephaseis stationary whiletheother 

passes through the chromatographic column.The stationary phase is either a solid,porous, 

surface active materialin small-particle form or asolid supportcovered with athin film of 

liquid.The mobile phase is either a liquid or a gas(Meyer,1988) 

There are various types of liquid chromatography: hquid-liquid partition 

chromatography, adsorption chromatography, lon-exchange chromatography, ion-pair 

chromatography,size-exclusionchromatography,affinitychromatography,andreversephase 

chromatography. The most popular method. Reverse Phase Liquid Chromatography 

(RPLC),IS a form ofHigh Performance Liquid Chromatography(HPLC)that involves a 

hydrophobic orlow polarity stationary phase,which is chemically bonded to an mertsolid 
5 



such as silica.The separation is essentially an extraction operation and it is used to separate 

and/ordetectnon-volatilechemicalsinamixturewithaboilmgpoint(b.p.)greaterthan200-

250 degrees Celsius.The process is conducted at a high velocity(which requires a rather 

high pressure drop)and thus theHPLC is sometimes referred to as"High-Pressure Liquid 

Chromatography"(Meyer,1988). 

HPLC IS a vital separation technique used either for analytical or preparative 

applications. The former is used when the components ofa mixture must be separated, 

identified and its relative concentrations determined. Because ofthe high sensitivity of 

detectors,only small amounts are used dunng the separation process. Since the amounts 

used are small,the detector signals are easier to handle.In preparative HPLC, some pure 

products are separated,collected and recovered for commercial sale. Thus,large amounts 

ofthe mixturesare often mjectedinorderto obtainasignificantamountofpurecompounds. 

Importantconcentration effects mustbetaken into account,butthis work is notconcerned 

bythem. 

A preparative schematic of a HPLC instrument is shown in Figure 2.1. The 

chromatographiccolumnisapolishedstainlesssteeltubeofvanousdiameter(5-80cm)and 

height(90-170inches)dependingonthe desired columnlength(30-65inches).Thecolumn 

thatis used in this research is typically a5cm diameter and acolumnlength of80cm.The 

column IS polished such that the surface has an arithmetic mean roughness value(RA)of 

2Opm (Thomas and Drumm, 1998). The column is packed with a slurry to form the 

stationary phase. To achieve a length of 16 cm packed column,a slurry of240g silica 

particles is mixed with 600cm^ solvent. The slurry is mixed for an hour such that all the 

particles are properly dispersed and wetted with the solvent. Then,the slurry is poured 

6 



carefully into the column,which is closed by a frit. The hydraulicjack(cylinder), which 

actuates the movement ofthe piston along the axial compression column, is piped to a 

pneumaticpump.The slurry is compressed into abed while the solvent percolatesthrough 

the compressed bed. 

SolventLine 
Distnbutor 

SSFnt 

Packing Matenal 

Teflon Seals Piston 

Distnbutor 

Air AmplicationPump 

Solvent Line Compressed Air,6 bar 

Hydraulic Jack Oil Reservoir 

Figure 2.1 SchematicofaPreparative HPLCInstrument. 

Afterthecolumnis packed,thenthe separation process,ormchromatographyterms 

the mobile phase,is started The mobile phase is constantlyflowingthrough thecolumn as 

illustrated m Figure 2.2. Many mobile phases are made up of specific ratios of water, 

methanoland acetonitrile. Asillustrated mFigure2.3(a),whenthesample(amixtureoftwo 

components,A and o)isinjectedintothe solventlinefrom theleftofthecolumn,itisswept 

onto the column by the mobile phase. Since all chemicals are different, they will have 

different affinities (attractions) to both the stationary phase and the mobile phase, as 

illustrated mFigure2.3(b),wheretheA componenthasapreferenceforthe stationaryphase 
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Column 
U U 

containing 

stationary 

phase 

Load Collect 

sample components 

Figure 2.2HPLC separation process. 
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Figure 2.3 Representation ofachromatography separation(Meyer,1988). 



and the o component has an affinity for the mobile phase.As a volume offeed is injected 

penodically thecolumn,eachcomponentofamixture eqmlibratesbetweenthe solventand 

the adsorbent surface ofthe particles. The migration velocity ofa band ofcompound is a 

direct fimction ofthe constant ofthis equilibnum. As illustrated in Figure 2.3(c), a new 

equilibnum follows the addition offresh eluent(mobile phase):sample molecules in the 

mobile phase are partly adsorbed by the stationary phase surface,in accordance with their 

distribution coefficients, whereas those molecules which have previously been adsorbed 

appear again m the mobile phase. After repeatmg this process several times, the two 

components are finally separated.Theocomponentprefers the mobile phase and migrates 

more quicklythanthe A component,whichtendsto"stick"mthe stationary phase(Figures 

2.2 and 2.3(d)). If the experimental conditions are properly selected, the bands of each 

compound arrivesuccessively attheoutletofthecolumnwheretheyarecollected separately 

for fiirther processing, as shown m Figure 2.2. When the compounds elute, they can be 

detected(measured)usmg a detector that is appropriate to the chemicals being measured 

(Meyer,1988). 

In short,HPLC permits the extraction or punfication ofdesired compounds from 

mixtures of various origins, natural or synthetic, and is widely used in mdustnal, 

environmental,biological,clinical,and forensic analyses. HPLCplaysthesameroleinthe 

pharmaceuticalindustryasdistillationplaysinthepetroleumindustry Althoughitisavery 

expensiveprocess,itistheonlyavailabletechniqueto achievethe strictpurityspecifications 

imposed by the regulators ofthe pharmaceutical industry.Four typicalHPLC instruments 

that are used m the mdustry is shown in Figure24 First,from the right,a solvent tank is 

providing the solvent to the small column on the white tripod. The compounds that have 
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been separated by the column are collected individually using collection tanks that are 

located beside the column.A larger column can also be used to separate the compoimds 

(extreme left in Figure 2.4). 

2.2.1 Properties ofthePacking Material 

Chromatography is based on the difference between the migration velocities of 

different compounds earned through a column of an appropnate packing matenal by a 

stream offlmd(usually a solvent)percolating through the bed. Unlike soils, the packing 

matenal used in Reversed Phase Liquid Chromatography(RPLC)is hydrophobic. This 

materialis notwettedbywater.Thematenalto bepunfiedisnotorpoorlysolublem water. 

It IS soluble in certain solvents Typical solvents used are methanol and acetone(density 

0.79g/cm^). Thepacking matenalismadeoffineparticles,typically3to20pm,withavery 

narrow particle size distnbution,m which ofthe packing matenal is typically less 

than 2,where and diQ are gram size corresponding to90%and 10%finer,respectively. 

The particles are porous,with particle pore sizes between7and 100nm,and posses well-

defined surface chemistry. 

Twocommonpacking matenals that are used in this research areZorbax sphencal 

C18-bonded silica andKromasilsphencalC18-bonded silica particlesshownmFigure2.5. 

Notethatthe magmficationofthesetwopicturesare different.Theaverageparticle diameter 

forboth materialsis about10pm,whichis aboutthe sizeofsilt particles encountered m soil 

mechanics Unlike Kromasil,Zorbax particles are not true spherical particles.They are an 

agglomerate ofspherical particles,asshownin Figure25(a) 

2.2.2Phase Relationship in Packed ChromatographyBeds 

The performance of systems of particles, such as packed chromatography beds, 
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granular construction materials, chemical reactors, gas chromatographic columns, and 

filtration systems depends significantly on the particle arrangementand density(Guan and 

Guiochon,1996).A packed chromatography beds consistoftwo constituents;a dissolving 

solvent,such as methanol,and the silica particles. The relationships between the various 

constituents can be depicted m a phase diagram. Figure 2.6, much like is done m soil 

mechamcs.Unlikesoils,thesilicaparticlesareextremelyporouswithasurfaceareabetween 

150 mVg and 300 mVg,and this surface is"painted"with a monomolecular layer ofalkyl 

chains,C,gH37bondedto theOHgroupsofthe silica surface Thislayerisinaccessible tothe 

solvent,and corresponds to the inaccessible volume, 

Asillustrated mFigure2.6,thetotalcolumnvolume Fj- ofthe packed bedisthesum 

ofthe external pores volume F^,the internal pores volume F,, and the volume inaccessible 

to the solvent F^. It is assumed that the packing material is saturated,such that no volume 

IS occupied byair.Thetotalvolumeoccupied bysolvent, F^,isthesumoftheexternalpores 

volume, Fg, and the internal pores volume, F„ The maceessible volume(inside the silica 

particles), Fj,, consists ofthree components,the solid silica skeleton volume,the closed or 

/\ /\ 
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Figure26Phase diagram ofapacked chromatography bed. 
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unconnectedporesvolume,andthevolumeofthelayerofC,gbondedchains(alkyl).Typical 

solid volumefractions of10pm sphericalZdrbax is 11.04%carbon,1.98%hydrogen,and 

86.98%silica(Guan,etal,1996).The total massofthe packed bed, is thesmn ofM„ 

Mg,andM„,whereM,istheintemalmassoccupied bysolvent msidethe particles, is the 

external mass occupied by solvent around the particles, and is the inaccessible mass 

occupied bythe solids ofthe silica particles. 

Recently,the pore-size distnbution and pore connectivity ofstationary phases for 

HighPerformanceLiquid Chromatography(HPLC)columnshasbeenstudied. Accordmg 

to Guan et al.(1996),the maccessible volume, V„,can be measured directly bythe helium 

pycnometry method. Currently,there are three methods that can be used to determine the 

phasevolumesofthepackedbed:inversesize-exclusionchromatography(ISEC)(Guanand 

Guichon, 1996), mercury mtrusion porosimetry(Guan-Sajonz, et a/.,1997),and nitrogen 

sorptometry methods(Guan-Sajonz,eta/.,1997).Byemployingthese methods,an accurate 

estimate ofthe total volume occupied by the solventin the column, V„,and the volume of 

the external pores, V^,(around the silica particles) can be measured. Subsequently, by 

knowmg the total column volume and the internal pores volume V,(inside the silica 

particles)contaimng a solvent,the maccessible volume can be obtained. 

The properties of chromatography beds are often described in terms of porosity 

where: 

V 
Internal Porosity= £; =—(Chemical Engineering Definition) (2.1) 
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V 
Internal Porosity= «?, =—(Chromatography Definition) (2.2) 

Vt 

V 
External Porosity=s^=—(Chromatography Definition) (2.3) 

VT 

V +v 
Total Porosity=£j=— = (Chromatography Definition) (2.4) 

The void ratio,e, ofpacked bed can therefore be defined: 

e= (2.5)
V V,(l-sJ l-s, 

particles 

Typicalvaluesoftheinternalporosity,externalporosity,totalporosity,andvoidratio 

for 10 pm spherical Zorbax and Kromasilcolumns are summarized m Table 2.1 based on 

equations(2.1),(2.3),(2.4),and(2.5)above(Guan-Sajonz,etal,1997). 

Zorbax Kromasil 

(sphencal C18) (spherical C8) 

Internal porosity, e, 33.8%to 34.2% 35.9%to 36.5% 

External porosity, 39.5%to 40.1% 36.6% to 38.3% 

Total porosity, Sj 57.3%to60.6% 58.0% to 60.8% 

Void ratio,e 0.65 to 0.67 0.58 to 0.62 
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The density ofthe packed chromatographycolumnscan be defined as: 

M 
Density ofSilica Solids=/?„ =—- (2.6) 

M 
Density ofSilica Particles=Pp^ntcies = " 

particles 

M
Dry or ApparentDensity ofPacked Bed=P,ry =-^7^ (2-8)

Vt 

Based on the experiments conducted by Guan,et al.(1996),typical values for the 

densityofsihca solids, arel.80g/cm^ and 1.57-g/cm^for 10 pm spherical porousZorbax 

and Kromasil sihca particles, respectively. The solid density of the silica particles is 

2.65g/cm (̂Guan,etal,1996).The dry or apparent density ofthe packed chromatography 

beds ranges from 0.8 g/cm^ to 0.9 g/cm^(Guan-Sajonz,etal,1997). 

2.3 Band broadening inside HPLC bed 

Bandbroademngistheresultofacombinationofprocesses,which makesthebands 

of feed components exiting the column wider than the injection pulse, and ultimately 

decreasesthe efficiency ofthe column,as illustrated inFigure 2.7(Guiochon,etal,1994). 

It IS importantto understand the causesofband broadening so thatthephenomenon can be 

xiiinimizedsuchthattheefficiencyofthecolumncanbemaintamed.Thereareseveralcauses 

for band broadening,but one ofthe major causesfor band-broadening is the heterogeneity 

ofthe column. 
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Figure 2.7 Schematic ofband broadening msideHPLC bed. 

Experimental evidence has shown that the packing in chromatography columnsis 

heterogeneous.TheexperimentsconductedbyKnoxandParcher(1969),Knoxeta/.(1976), 

and Home et al(1966)suggested that there is a wall region in packed columns which is 

severelyperturbed,extendingabout30particle diametersfromthewall.Farkas,etal(1994) 

found thatthe wall layer is thickerthan that reported byKnox andParcher(1969),Knox et 

al(1976),andHomeeta/.(1966) forwider bore columns,and suggested thatthe perturbed 

region is larger m large diameter columns.Thisis contrary to principles ofsoil mechamcs, 

wherethewallfrictioneffectsareoftenreducedbytestingspecimenswitharatioofdiameter 

over height(d/h)greater than 3(Cermca, 1995). The conclusion drawn by Farkas, et al. 

(1994)maybeaffectedbyfactorsotherthanthesampledimensions,smcethemeasurements 

madebyKnox andParcher(1969),Knox etal(1976),Homeeta/.(1966),and Farkas,etal. 

(1994)on chromatographycolumnswere mdirectmeasurementsofheterogeneity thattook 

into account ofother band-broademng effects. 

The column core, on the other hand, appears to be much more homogeneous 

(Guiochon, et al, 1994). Thus,ifthe sample is injected at the center ofa wide enough 
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column in the mobile phase,the elution bands would never have time to reach the wall 

region andthecolumnperformance wouldbe as almostgood asifthecolumn were entirely 

homogeneous.However,ifthe colunrn is narrow,a significant fi-action ofthe molecules m 

the mobile phase enter the wallregion and propagate inside it. Consequently,the apparent 

efficiencyofthecolumndropsmarkedlywhenthebandhasaccesstothepackingmthe wall 

region,due to the heterogeneity. 

Eon(1978)further confirmed that the band spreads in the direction ofthe flow 

velocity as the location gets closer to the wall.However,Little etal (1976)suggested that 

theradialcompressionmayimprovecolumnperformancemarkedly,presumablybecause it 

reduces the density difference between the wall and the core regions. 

These experimental results were confirmed by Baur et a/.(1988) and Farkas et 

al(1994),wherethese authorshaveshownthatthe distribution oftheresidencetimesofthe 

molecules ofa non-retained tracer in the exit cross-sectional area ofa chromatographic 

column dependsonthe distance to thecolumn center.Baur etal.(1988)alsofound thatthe 

retention time ofanon-retained tracer along the axial direction varies with radial position, 

where it is minimuTn at the column center,and maximum at the wall.Farkas et al.(1994) 

also found that the retention time is maximum at the wall, but observed a imnimum at 

approximately two thirds ofthe radius from the center. The retention time remains nearly 

constantin the coreregion.Theretention time is typically6to 10%higher atthe wallthan 

in the core region.Itwasalso shownthatthese experimentalresults cannotbe explained by 

a non-planar injection(Farkas et al, 1994).The difference between the results ofBaur et 

a/.(1988)and Farkas et al (1994)are due to a difference m the packing technology used 

ItISimportanttonotethatthe velocitydistnbutionobservedbyBauretal(1988)and 
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Farkas etal.(1994)is opposite thatinthe earlierworksdonebyKnox etal.(1976)andEon 

(1978). Knox et al.(1976)and Eon(1978)found that the velocity was minimum at the 

column center,whileBauretal.(1988)andFarkas etal.(1994)found thatthe velocity was 

minimum atthe wall and thus a higher packing density exists along the column wall.This 

mightbedueto the factthat with slurry packing,the velocity ofthe packing solvent,hence 

the viscous drag on the particles, are larger m the regions where the bed density is lower, 

thusprovidingforadnvetowardcolumnhomogeneity.Furthermore,themechanismleading 

to radial discrimmation ofthe particles onthe basisoftheir size,which isso pronouncedin 

dry packmg,is not operative m slurry packing.Thus,the systematic variations across the 

column ofthe mobile-phase velocity and the axial dispersion coefficient reported byBaur 

etal(1988)andFarkasetal.(1994)cannotbe accountedforbyasystematic variationofthe 

average particle size along the diameter.They suggested rather anonhomogeneous density 

ofthe column packmg. 

Guiochon and Sarker (1995) have shown that the packing density of columns 

prepared with agiven packmg matenalis different dependmg onthe type ofcolumn used: 

analytical columns,dynamic axial compression columns,or dynamic radial compression 

columns.Various independent observations suggest that the density ofapacking material 

IS not a physical property like the density of a solvent, but instead vanes with packing 

procedures(Guiochon and Sarker,1995). 

In conclusion,achromatographic bed is submitted to compression stress ofvanous 

origins.In additionto axialorradialcompression which arenow widelyusedin preparative 

chromatography or to annular compression which has also been suggested,a bed is always 

subject to several types ofstress. First,the inlet pressure also causes a compression ofthe 
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entirebedduetothepressuregradientwhich actsoneach particleofthepacking.Removing 

the exitfritand applymg ahighinletpressureresultsusuallyinthe expulsionofthepackmg 

materialfromthecolumn.Thefrictionofthebedagainstthecolumnwallopposesthesliding 

movement ofthe bed.Finally,the viscous flow ofthe mobile phase results in an intense 

friction which tendsto move particles along the columnin the direction ofthe flow.These 

stresses are continuously applied durmg column operation and may cause more or less 

extensive reorgamzation of the packmg whenever one particle moves or breaks. 

Consequently,the chromatography bed is heterogeneous since the density is notumform. 

2.4 Applications ofSoil Mechanics 

The application of stress to any matenal causes strains. Solid mechamcs is the 

science studying the relationships between applied stress,resulting strains and the ensuing 

deformationofthe material.Inthe particularcaseofcolumnpacking,wedealwithasystem 

ofparticles,which has no proper shape,like a hqmd,and can deform almost asfreely.The 

structure ofthe packing materialisa skeleton ofsolid gramsenclosing voids filled withthe 

mobile phase.There are weak interactions between the particles ofpackmg material. The 

intensity ofthese mteractions depends on the nature ofthe surface ofthe particles and on 

their size.Spheres with aglassy surface willinteractthe least.Sphereswith arough surface 

willinteractsomewhatmore.Irregular-shapedparticleswillmteractthemost.Smallparticles 

willinteractmorestronglythanlargeparticlesofthesamephysicalandchemicalproperties. 

Theseinteractionswillhaveanimportantrolewhenthebedconsolidatesorreactsphysically 

under compression. 

A bed ofpackmg matenal behaves m an inelastic maimer Ifa certain amount of 
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packing matenal is compressed, as it is dunng the procedure ofpacking the coliram or 

afterward dunngits operation,the particles andthe packingskeleton areplaced understress 

and will deform.Depending onthe ngidityofthe particles,widely differentresults maybe 

observed.The packmg matenalin achromatography column becomes more compact as a 

responsetothestressappliedtothepackmg Thisphenomenonisaccompaniedbyadecrease 

ofthe external porosity and the column permeability. Although this is not intuitive, the 

apparent density(descnbed in Section 2.2.2)ofthe packing is notaconstant with position. 

Itdependsonthe sizeofthecolumn(diameterand length),onthepackmgmethod used,and 

on the previous consolidation history ofthe colunm. 

There are two distmct consolidation processes used in the packmg of 

chromatographiccolumns(GuiochonandSarker,1995).Analyticalcolumnsareconsohdated 

under the influence ofthe hydraulic gradient applied to the particles bythe solvent stream 

percolatingthroughthem(Guiochon and Sarker,1995).This stressis equivalenttothestress 

affordedbyan mtensegravityfield actmgparalleltothecolumnaxisinthe directionoffluid 

flows.Dynamic compression columns are consolidated under the influence ofmechamcal 

compressionofthebedbyacompressionstressappliedthroughapiston(axialcompression), 

or column wall (radial compression). In dynamic radial compression, the stress is not 

distributed along the entire column asin the dynamic axial compression,butconveys firom 

the surface toward the mside ofthe packing(Guiochon and Sarker,1995). 

Becauseoffinction between particles and betweenthe packing bed and the wall,the 

distribution ofstress inside the column bed is not homogeneous.Asthe stress applied to a 

liquid conveys instantaneously and homogeneously,two different situations are possible 

dependingon whetherthe containerofpackmg matenalis open orclosed.Ifitis closed,the 
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liquid IS undercompression and the packmg matenalis subjected to small stresses because 

the liquid's compressibility is small. On the other hand,ifthe container is open, as in a 

chromatographycolumn,the liquid canflow outandisunderverysmallstress,unlessthere 

is an induced flow due to additional pressure(Guiochon and Sarker,1995). 

The packing matenal is under the mechamcal compression stress, which varies 

through the bed. In the case ofa dynamically compressed chromatographic column,the 

VISCOUS stress due to the local flow velocity (or rather the pressure gradient) which is 

described above adds to the mechamcal stress(Guiochon and Sarker,1995). 

Manyaspectsofthebehaviorofpackingmatenalandsoilaresimilar.Ifagivenmass 

ofpacking materialiscompressed,itsvolumedecreases.Thisresultsfromacombinationof 

(i)the compression ofthe individual, solid particles,(ii) the compression ofthe particle 

skeleton, (iii) the compression ofthe mobile phase surrounding the particles(which is 

negligible),and(iv)the escape ofthe mobile phase from the mterstitial voids,between the 

particles (Sarker, et al, 1996). For silica-based phases, the contribution of the first 

phenomenonis negligible and itis accurate enough to consideronlythefourth one(Sarker, 

etal,1996).The process in which the saturated bed responds to the external compression 

and settles is called consohdation, and the extent of consolidation depends on the 

compression pressure applied. The phenomenon is not instantaneous. The interactions 

betweenthepacking matenalandthemobilephase areimportantinanystudyofpackedbed 

stability. Ifthe packing is strongly consolidated,there will be little change in its density, 

unlessthe stressbecomesstrong enoughto breaksomeparticles(Sarker,etal.,1996).Ifthe 

packing is only weaklyconsolidated,aconcentration gradient,caused eitherbyachangem 

the mobilephase composition orbythe injection ofalarge sample,maylead to an mcrease 
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in the packing density. Like other causes ofincreased consolidation,this effect should be 

transientand afteracertain stresslevel,thebedshouldremainstableundertheexperimental 

conditions used (Sarker,etal,1996). Whenthe stress is reduced,there is little rebound or 

volume increase since the bed ofpacking matenal has little elasticity.In other words,the 

particles caSmotbounce back to theirongmalposition. 

Sands are the types of soil closest in properties to packing matenals for 

chromatography.The mam difference between sands and packing materials in the particle 

size distribution. Most sands are very heterogeneous, with a range of particles sizes 

extendmgover severalordersofmagnitude,with particle diametersrangmgfrom afew pm 

to less than 1000 pm(Lambe and Whitman, 1969). As a consequence, their porosity in 

compressed beds can be as low as 27%.They are also nonporous and stronger than the 

porous silica particles used in HPLC columns.In soil mechamcs,the volume ofmaterial 

involved is many times larger than in chromatography,the time scale is similarly much 

longer(typically years), and the pressure gradients and the flow velocities are typically 

much lower. 

Thetimelagduringcompressionofsandsandmostprobablyofallpackingmaterials, 

is mostlyofafrictionalnature.Afteracompression mcrementisapplied,thereisnouniform 

and smooth reordenng ofparticles,butanirregular,chaotic succession oflocal build-up of 

stressbetweengroupsofparticles,leadingtoaruptureoftheeqmlibnum,grainsrollmgover 

each other or being separated abruptly by the local avalanche ofgrams resulting from the 

break-up ofa bndge at some distance(Lambe and Whitman, 1969). As a consequence, 

consolidation tendstoward alimitfollowing a quasi-exponential decay with apseudo time 

constant which may be ofthe order ofhours for a small preparative column butincreases 
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with increasing bed volume. 

Two phenomena explam the fimte rate at which a bed ofsand or the packmg ofa 

chromatographiccolumnconsolidates.Thesimplestcaseofconsolidationconsideredmsoil 

mechanics is the one which results from linear compression (i.e. compression in one 

direction). This case applies exactly to the situation encountered m dynamic axial 

compression and in chromatographic columns which are not dynamically compressed but 

where the bed is stressed by the solvent pressure applied to the top ofthe bed (the inlet 

pressure). Thus,consolidation is expected to be slower with irregular particles than with 

sphencal and smooth particles. The second phenomenon is the finite time it takes to 

eliminate the mobile phase mside the skeleton ofparticles when compression takes place 

Thishydrodynamiclagisduetothefimtepermeabilityofthebed which controlstheescape 

ofthe mobile phase(Sarker,etal,1996).Its importanceincreases with decreasing particle 

size and increasing column length. The particle size distribution ofthe silica materials for 

chromatography is narrower than that ofsand, and the average diameter ofthe packing 

material is much larger than the finest sand grams found m nature, so the rate of 

consolidation appears to be faster(Guiochon and Sarker, 1995). 

ThetheoryofkineticsofconsolidationofTerzaghi(1925)neglectsthe fiictionallag 

and takes into accountonlythe hydrodynamic lag. Thistheory assumesthatthe void ratio, 

e, decreases Imearly with increasing pressure, which is only approximate smce the 

expenmentaldataare betterfittedbyaloganthmicpressure dependence.Whenthepressure 

applied to the sample is increased,there cannotbe achange m stram ofthe packmg unless 

part ofthe mobile phase flows out.Ifthe column is closed and the compression pressure 

applied to the bed is raised while the liquid is unable to leak out,the only change which 
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occurs is due to the compression ofthe liquid and the silica itself,a very small change. 

The Terzaghitheory applied to packing matenal makesthefollowmg assumptions: 

(i)the bed is homogeneous;(ii)the bed is completely saturated with the mobile phase(no 

residualgas);(in)thecompressibilityofthemobilephaseandoftheparticles arenegligible; 

(iv)thecompression andtheflow are umdimensionaland parallel;(v)Darcy'slaw is valid; 

(vi)theparametersconsidered areindependentofthepressure.Alltheseconditions arefully 

fulfilled in HPLC columns(Guiochon and Sarker, 1995). The Darcy's law is valid in a 

porousmedium aslong astheReynoldsnumberislowerthan 1 TypicalvaluesofReynolds 

numberin liquid chromatography arelowerthan 0.01(Farkas,etah,1999).Aslong as the 

bedISintheprocessofconsolidation,thepermeabilityisnotconstantalongthecolumnwith 

position. 

In soil mechamcs,two steps are recogmzed during the consolidation ofa material. 

The primary consohdation is controlled bythe permeability ofthe bed.The pore pressure 

will be dissipated by the end of the primary consolidation. Durmg the secondary 

consolidation,or plastic time lag deformation,the rate ofconsohdation is muchlowerthan 

duringprimaryconsolidationsuchthattheescapeofwatertakesplacefreelyandthekinetics 

iscontrolled byplasticresistance(Lambeand Whitman,1969).Theplastictimelagismore 

importantfor clays than for sands butit could still be significantfor packed beds,although 

actualbmdmgcantakeplacebetweenpackmgparticles.Theplastictimelagdependsonthe 

energyofparticle-particleinteractions.Thus,ahigherplastictimelagexistsfortheirregular 

particles than spherical particles due to stronger interactions between its particles dunng 

consohdation. On the other hand,such differences could be explamed by the narrow size 

distributionofthe particles used mchromatography.Theparticle size distribution resultsin 
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amuchlarger averagevolumeofthe cavitiesbetween neighborparticlesincolumnsthanin 

sand beds. 

2.5 Mechanics ofParticle Packing 

Areview ofthe hterature from other fields wasconducted.These problemsinclude 

compacted powder(Train,1957),compacted ceramics(Aydm,etal,1998;Brekelmans,et 

al,1991)and metalpowders(Krezalek,etal,1995).Theseapplications,which are similar 

toHPLCinseveralrespects,yield experimentalandnumericalsolutionswhichwerestudied 

and compared to the numencalresults obtained byHPLCcolumns. 

2.5.1 Compaction ofPowders-Train's Experiment 

Anexperimentalmvestigationofthemechanismsgovermngpowdercompactionwas 

conducted byTram(1956 and 1957).These expenmentsinvestigated the mechamsmsby 

which a massofpowder wascompressed mtoacoherenttablet or pellet.This mvestigation 

wasfromtheperspectiveofthepharmaceuticalindustry,andfocusedonthetransmissionof 

forces through the compacting powder and the effects ofthese forces within the powder 

(Train, 1956). 

2.5.1.1 ExperimentalSetup 

A horizontally split die was designed,Figure 2.8 The split die consisted ofeight 

segmentsin whicheachsegmenthasadepth of2.5cm resulting m amaximumcompactfill 

of13.5 cm.Allsegments were made ofGrade K.9steel but were not hardened.They were 

located andclampedtogethertoform adiebymeansofthree studsscrewed mtothebottom 

segment.Theupperpunch wasmadeofGradeK.9steel,andwasasliding fitinthe die.The 

pimch had a diameter of5.32cm and a length of20cm.The base plate and bottom punch 
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Figure 2.8 Split-die assembly for preparative ofpowder compact(Tram,1956). 
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were made ofmild steel. A location slot was milled m the base plate m order to prevent 

relative movementbetween the base,die and lower punch This die-set was used between 

theplatensofa50-ton hydraulicpressto giveamaximum punchpressureofmorethan2000 

kg/cm^. 

A sample ofHeavy Magnesium Carbonate, with a mass of 160 g was used as a 

powder fill The fill wasmadeupofeight alternatively contrastmg color layers which were 

packedin predetermmed levelsin the split die.HeavyMagnesium Carbonate wasselected 

as the powder fill because it has constant powder characteristics ofshape and size, and it 

coheres when compressed so thattheresultantcompactcould betakenintactlyfrom the die 

forsubsequentmeasurements The wallsofthe diewerelubncated with alayer ofcolloidal 

graphite(Train,1956). 

To measure hydrostatic pressures at selected points within the powder fill, stress 

gauges madeofa manganm wire were used.The manganin gauges were located attwenty 

different points in the vertical half-section ofthe compactand these points were given the 

referencenumbersasshowninFigure2.9.Asillustrated inFigure2.9,position A mdicates 

the centerhne ofthe compact,and circles mdicate the positions ofmanganm gauges.The 

gauge consisted ofan80mmlength finecoil of48Standard Wire Gauge(s.w.g.)enameled 

manganin wire brazed to 45 s.w.g. copper leads.Thejoints were insulated with a suitable 

sihcone and the assembly was aimealed.The wire was protected by enclosing it in a small 

bulb of5 mm diameter glycogelatm When tested hydrostatically against a dead weight 

pressure tester,atypical gauge gave aImearresponse ofchange ofresistance to change of 

pressure over a range of0-1000 kg/cm^ with a standard error of±2.5 kg/cm^.This was a 
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Figure 2.9 Stress measured in powder compact (Tram, 
1957) 

desirable gauge because it did not affect the forces transmitted through the system 

appreciably, and the reaction induced in the gauge by any change m the magnitude of the 

forces could be measured (Tram, 1956) 

2.5.1.2 Typical Results and Discussions 

Figure 2.10 shows the cross-sections ofthe compact subjected to compactionpressure 

under different lubncation conditions (Train, 1956). As illustrated m Figure 2.10(b) and (d), 

for the unlubricated compacts, there are differences m relative displacement ofthe layers of 

material when compacted to the same level of pressure. Tram (1956) suggested that the 

differential displacement of the compacts is caused by greatly mcreased fhctional forces 

occurring at the face of an unlubncated die wall, opposing the movement of the adjacent 

compact matenal which tends to move as a result of the thrust from the top punch. On the 

other hand. Tram (1956) further suggested that the material at the center is relatively free to 

28 



 

^^■^|^H^^H™HBifl6^HBj^B^T5zS ■*#!>

1^

fJ- '.^-^yt'^ -y'^^.-' ..'!V*'*.v^'
ns,. • ■ ' "' ••

i '" • ''" ' • ■■' ■ •• '■

— !55?^^il
' • '* c^.T-A^ ''

"^r^:<'^^_-_:.:r ■>;.■ x'Sii: ' ; J

P¥-:

^V^f*: \

"', »♦ .' • — . — •••'«

(b) (d)
(a) 160 g subjected to 2040 kg/cm^ in lubricated die
(b) 160 g subjected to 2040 kg/cm^ in unlubricated die
(c) 80 g subjected to 2040 kg/cm^ in lubricated die
(d) 240 g subjected to 1358 kg/cm^ in unlubricated die

Figure 2.10 Cross sections of compact after ejected from die (Train,
1956).



move,andtherefore itonlysubjected to normal mter-particulate friction.Consequently,the 

layer unevenly displaced in the mannershownin Figure 2.10(b)and(d). 

To estimate the density distributions inside the column bed. Train(1956)cut the 

compact in radial and lengthwise directions with a lathe. The compact was carefully 

measured before and after cutting,and the matenal parted offwas collected and weighed. 

From this data,it was possible to calculate the apparent density ofthe compactfill(Figure 

211(a)). To confirm the results obtained m Figure 2.11(a), Train (1956) traced the 

boundaries between the colored layers m the compact fill during cutting, and then 

constructed a complete picture of the apparent density inside the compact fill in its 

compressed state,as shown in Figure 2.11(b). 

Figure 2.11(a)shows the apparent densities obtained by measuring and weighmg. 

The results are subject to an error of about ± 0.4% when allowance is made for the 

uncertaintymmeasurementsandpossiblelossofpowder(Train,1956).Theapparentdensity 

as percentage solid is shown on the left ofthe figure, while contours ofequal apparent 

density are shown on the right ofthe figure. Figure 2.11(b)showsthe results obtamed by 

measunng the position ofthe boundaries between the colored layers subjected to error of 

about±0.5%.ComparingFigures2.11(a)and2.11(b).Train(1956)concluded thatthereis 

aclose agreementbetweenthetwomethods,andthustheresults presentedinthefigures are 

valid. 

Figure2.12(a)showsthe pressure distnbution msidethecompact,correspondmgto 

the apparent density as percentage solid(Figure 2.12(b))subjected to a punch pressure of 

2040 kg/cm^. As illustrated m the figure, there is no sigmficant radial movement ofthe 

particles compared to axial movement m the compact (Tram, 1956). Therefore, it is 
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appropnate to calculate the degree ofcompaction at various regions ofthe compact based 

onthe measurementsofthe vertical heights using halfofthecompactdueto axisymmetric 

nature ofthe compact. 

As shown m Figure 2.12(a), there are high pressure wedges developed near the 

comerson top ofthe compact,corresponding to a higher apparent density. There is also a 

high pressure region at the mid-lower center ofthe compact. 

2.5.2 Compaction ofPowders-Others 

Resultsobtainedfromexperimental,analyticalandnumencalstudiesonthepowder 

movement durmg the unlubncated die compaction of metal powders (Krezalek and 

Sivakumar, 1995; Brekelmans,et al, 1991)and ceramic powders(Aydin,et al, 1997a; 

Aydin,etal.,1997b;BnscoeandRough,1998)showedagreementwithTram'sexpenmental 

results,except they did not observe a high pressure region at the mid-lower center ofthe 

compact. 

Further investigation was done by Hirai and Okada(1981)on the stress and stram 

distributionsmacompressedpowderbed ofpotassium chlondelubricated withmagnesium 

stearate,based onthe theory oflimiting equilibnum states specified by the Mohrcntenon. 

Comparedto results obtamed using unlubncated powderbed(Fukumoriand Okada,1976), 

Hirai and Okada(1981) concluded that a more uniform pressure distributions on the 

boundary surfaces and withm the powder bed appeared m the lubncated system. This is 

consistent with Tram's observation. 

Dimilla and Reed(1983)also studied the stress transmission through the compact, 

die wall fiiction,and theradial/axial stress ratio using aspray-dned aluminapowderand an 

unlubncated/lubricated steel die for pressing Similar studies were done by Bnscoe and 
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Evans(1991), with smgle-sided uniaxial cylindrical compaction ofzirconia and alumina 

powders.The die walls werelubncated with an established walllubricant: calcium stearate 

powder.Theirresultsfurtherconfirmed Train'sfindmgs,inwhich a moreuniformcompact 

was achieved by using lubricant. 

2.6 Compaction ofPowders-Punch Tip Geometry 

To investigate the effect ofpunch shape on powder compression,Sixsmith(1980) 

prepared four different punch faces:flat faced,bevelled,concave,and deep concave to be 

used in his expenments with AvicelPHI01 powder.According to Sixsmith(1980),as the 

punch curvature increased,there wasadecreasedtendencyto decrease tablet porositysuch 

thatzeroporositywouldtheoreticallybeachievedatthefollowmgcompressionalforces:flat 

faced 167kN;bevelled206kN;concave550kN;deep concave 1670kN,respectively.The 

effect ofthe vanation ofsample height/diameter(h/d)ratio was studied using concave and 

deep concave punches,and Sixsmith(1980)found thatfor tablets thatwereprepared using 

deep concave punches,a decrease in the h/d ratio by afactor of2would cause an increase 

in the theoretical force to produce zero porosity from 1670kN to 2550kN.This effect is 

contrary to whatone would expect,as a decrease in h/d ratio would decrease total die wall 

friction,which should lead to a decrease m the resistance to compression. 

This counter mtuitive effect might be due to a large proportion ofthe total tablet 

volume that was enclosed within the punch tip and thus a decrease in the h/d ratio would 

increasetheproportionwithinthepunchtip(Sixsmith,1980).AssuggestedbyTrain(1957), 

who used a flat faced punch,particles adjacent to the moving punch face were relatively 

protecteddunngthecompressionprocess.Thus,basedonthesameanalogy,Sixsmith(1980) 

expected that a similar situation would exist dunng his investigation, and the matenal 
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enclosedwithinthemovingpunchtip wouldremainrelativelyprotected untilthemainbody 

ofthe tablet was compacted to a relatively low overall value ofporosity. Sixsmith(1980) 

further suggested that at this point,the high density main bodyofthe tablet might act as a 

secondarypunchfacecausmgcompressionofthe materialenclosed withinthepunch tip.In 

addition, Shaxby and Evans (1923) suggested based on similar testing that as the 

compressionalforcediedawayexponentiallyfromthepointofcompaction,adecreasemthe 

h/d ratio byincreasingtherelativeproportionandthusrelative heightinthepunch tip would 

require greater forces to be exerted to compactthe material within the punch tip. 

Further investigations were later conducted by Sixsmith and McCluskey(1981), 

where the axial and radial powder movements were studied during the tableting process 

usmgvariouspunchtipgeometries.SixsmithandMcCluskey(1981)observedthatalteration 

ofpunch tip geometry affected both axial and radial powder movement,to the extent that 

depended on the relative curvature ofthe punch tip. Moreover, addition ofthe lubricant 

decreased relative axial movement but had little effect on radial movement(Sixsmith and 

McCluskey,1981). 

2.7 Micromechanics 

Developmentsin the field ofmicromechanicscan be used to furtherinvestigate the 

side wall friction effects on the HPLC columns,because the packmg materials inside the 

columns are an assemblage of silica particles, and they are more or less isotropic and 

homogeneous Lannutti(1997)investigated the microstmcture and propertiesofaceramic 

component dunng the manufacturing process using micromechamcs. The application of 

micromechanics to the conditions m HPLCcolumns may provide additional msight to the 

mechanicsofthe packing process,butis outside the scope ofthis work. 
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Chapter3 

Characterization ofHPLCPacking Materials 

To further understand the stress distnbution withm the packing materialinside the 

HPLC columns, numerical modeling was used. Laboratory testing was conducted to 

investigatetheresponseofthepackingmatenalanddeterminethematenalpropertiesforuse 

mthe numencalanalysis.Thesematenalproperties mcludethe elastic stress-stram-volume 

relations, the internal coefficient offriction, the mterface coefficient offriction, and the 

permeabihtyofthepackmgmatenal.Mihlbachleretal(1998)measuredtheinternalfriction 

ofthe packmg matenal and determmed the intemal friction angle,^=36° and 23° forPro 

10SilandKromasilNP 10,respectively.Thecohesion,c,ofPro 10SilandKromasilNP10 

wasfound to be 1.1 kPa and 0.8 kPa,respectively.Therefore,no laboratory testmg will be 

conducted to determme the intemal coefficient offriction ofthe packing matenal. In the 

numencal analysis descnbed in Chapter4,the values ofc=1.1 kPa and 36°were used 

to representthe packmg matenal. 

3.1 Consolidation Testing ofPacking Material 

Whensaturated fine-grained soils,orparticulate materialssuch aspacking material, 

are subjected to changes in mechamcal load,they deform in a way different from that of 

liquids orsolids Their deformation takes place notonly atthe timeofthe load application, 

but also continues with time. The long-term settlement of a fine-grained soil layer is 

primanlycontrolled byconsolidation,aphysicalprocessin whichthe mterstitialwater that 

ISunderexcesspressureslowlydiffusesthroughthecompressiblematrixofthesoilparticles. 
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Aftertheexcesspore pressurehascompletely dissipated,fine-gramed soilscan also deform 

due to then viscous nature. The properties that characterize the amplitude and rate of 

deformation for soils are determined m the consolidation test. 

3.1.1 Loading,Unloading and Reloading Processes 

Figure 3.1 shows the consohdation curve ofa typical fine-gramed material. The 

relation between void ratio, e and effective stress,(f is nonlinear and irreversible. The 

material behaves differently during loading(A to C,orD to E)and unloading(Cto D,or 

Eto F).The materialresponse ofFigure 3.1 is not elastic,butis elastoplastic. 
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As illustrated in Figure 3.1, starting from point A,the void ratio,e varies linearly 

with log(fwhen(fis mcreased from(f^ to & 

a' 
e=e^-Cslog— (3-1) 

whereQis the swelling index, is the void ratio atpomtA,and the effective stress 

atpomtA.Equation(3.1)is valid until reaches stress a's,at which pomtthe e-c/curve 

abruptlybecomessteeperthanthe branch AB.When </> (f^,the void ratio,e vanes again 

linearly with log (fbut with a steeper slope: 

e=e,-C^log-^ (3.2) 

where Qis the compression mdex,eg is the void ratio at pomtB and (fgis the effective 

stress at pomt B.When(/is decreased from cf'q to cfd,the point(e-log(f)follows the 

unloading branch CD,which is parallel to AB and hasa slope equal to the swellmg index. 

But,equation(3.1)is now referenced aboutCinstead ofA: 

e=e^-C,log^ (3.3) 
^C 

When (f IS increased again, the point {e-log <f) follows the branch DC in the 

opposite direction and movestowardE on the branch that extendsBC When d is finally 

decreasedfromEtoF,thepomt{e-logd)followsthebranchEFparalleltoABandDC The 

branchBCEis called thevngm compression line(VCL).ThebranchesAB,DCandFEare 
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swelling lines.A particular matenalhas onlyone virgin consolidation curve,butan infinite 

numberofswellingbranches TheswellingbranchesarealwaystotheleftofVCL.Thepomt 

{e-log(f)cannotgo to the right ofVCL. 

Thestress-strainrelationsspecifiedbyequations(3 1)to(3.3)arenonlinearbecause 

eISalogarithmicfimctionof(f Theyarealsoirreversible becauseitisnotpossibletoreturn 

to pointAonce cfhasexceeded(fg.Thethresholdofirreversibilityis definedbythelargest 

effectivestressapplied,whichisalsoreferredto asthepre-consolidationpressure,(fp.When 

the stress state is smaller than a'p,the response is described by a swelling branch. When 

stress state is equalto (/p,theresponsefollowstheVCLfortheloading and aswelling line 

for unloading.The pre-consolidation pressure, c/p,eitherincreases orremainsconstantbut 

never decreases.Durmg the loading ABC ofFigure 3.1, a"p moves firom c/gto a"^ i/pis 

constant during the unloadingCD and reloadingDCbutincreases again during theloading 

CE. 

3.1.2 ExperimentalSetup 

The consolidation (oedometer) test is used m soil mechanics to determme the 

compressionindex,Q,swelling index,C^,the preconsolidation pressure,(fp,which define 

thesoilcompressibility,andthecoefficientofconsolidation,Q,whichcharacterizestherate 

of primary compression. Consolidation tests on the packing matenals may be used to 

develop a mathematical modelofthe nonlinear stress-strain response. 

A series ofconsolidation tests was conducted on the packing materials using a 2.5 

inch diameter consolidationrmg.The basic setup ofa one-dimensional consolidation test 

ISshownmFigure3.2.Theoedometerisastiffnng,whichlimitsthelateralexpansion,with 
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the sampleloaded betweentwo porous stones,which allow drainage ofthe pore methanol 

Theslurryofpacking material with methanolsolventis stirred forapproximatelyanhourto 

ensure that all the particles has been properly dispersed and wetted. Then,the slurry was 

poured carefullyinto the oedometer.The slurry sample was allowedto settle and excessive 

methanolwasdecanted using asyringe.Then,filter papers were placed between the porous 

stone and the sample to separate the silica particles from the porous stone.Thetop cap was 

placed on the porous stone and sample was then completely immersed in methanol and 

remained fiilly saturated during the test. 

Burette Graduated burrette 

stand n 
0: 4 

h(t) 

Ball bearing Load 
Modified top cap 

i! 

Filter papers 

Overflow 
Datum "W 

:x: 

Silica sample > Porous stonescu 

T 

Figure 3.2 Fixed-rmg consolidation cell with burette for 
permeability measurements 

The loading sequence ofthe consolidation test depends not only on the matenals 

tested,butalsoontheengineering application.Thedurationofeachload applicationdepends 

on the rate ofconsolidation ofthe soil Ideally,the load should only be changed after the 

degree ofconsolidation,U,reaches 100%.In practice, the load is changed at convenient 
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timesprovidedthatUexceeds90%.Inthetestsonthepackingmaterial,theloadwasapplied 

tothesampleevery24hours,which wasconsistentwiththelaboratoryobservationthatafter 

24hours,all the pnmary consolidation ofthe sample wascompleted.A dial indicator with 

arangeof0.5inch(12.7mm)and an accuracyof0.0001 mch(2.54pm)wasattachedontop 

ofthe modifiedcapto measurethe verticaldisplacementofthesample.Abeam-and-counter 

weight mechanism loading device was used to apply and maintain the axial load to the 

specimen. 

3.1.2Parameter Determination and Discussion ofResults 

When the axial stress, a, is applied, the sample of initial height, deforms 

vertically with time. It ultimately settles an amount Ah when the excess pore methanol 

pressureiscompletelydissipated Inotherwords,consolidationiscompletewhentheintemal 

effective stress, a",equalstotheextemallyapplied stress, a.Thecorrespondmg axialstram, 

4can be determined: 

Ah 
(3.4) 

K 

Smcethe stiffrmg prohibits lateral stram(i.e.,^ ^=0),the volumetric stram, 

is thus given by: 

Ah 
S^=€^+S (3.5) 

K 
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The volumetnc strain, s^,is also: 

y y ^-f e-e 
s =-^ = \, ̂ =-2 (3.6)
" VVj Ely 

whereeisthe present void ratio,Bq isthe initial void ratio, Visthe presentvolume,F;isthe 

initial volume,and F^ is the total volume ofsilica particles. Therefore,e is related to Ah 

through: 

Ah 
e=eQ-s^{\+eQ)=e^-—{\+eQ) (3.7) 

K 

Theimtialdrydensity,p^Q,andinitial voidratio,e^,ofthematenalscanbecalculated 

through. 

/.,o=^and«„=-S^-l (3.8)
^1 Ao 

where is the massofthe drysample, Fj= istheinitialsample volume,Disthe 

sample diameter,kg is theimtialsample height,G,isthe packing matenalsspecific gravity, 

and is the density ofthe solvent. ^ 

Figure 3.3 shows experimental results that are representative ofthe response of 
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Kromasil C8 spherical silica particles with methanol solvent subjected to a loading-

unloading-reloadingcyclemtheconsolidationtest.Thecompressionindex,Qandswelhng 

index, Q, which define the soil compressibility for the tests were calculated and are 

summarizedinTable3.1.Therefore,thepackmgmaterial(Kromasil)usedmHPLCcolumn 

has a verylow plasticity based on Table 3.1. 

3.2 Permeability ofthe Packing Material 

The packing materials inside HPLC columns are permeable to solvents such as 

methanol because the voids between silica particles are interconnected. The degree of 

permeability is characterized by the permeability coefficient, k, also referred to as the 

hydraulic conductivity.It depends on both the properties ofpacking material and the pore 

fluid and has a unitoflength pertime(Coduto,1999).Theintrinsic permeability,K,which 

pnmarilyusedbyhydrogeologists,dependsonlyonthepackmgmatenal(Coduto,1999).It 

has umts oflength^, and is related to coefficient ofpermeability by(Freeze and Cheny, 

1979): 

K=k^ (3.9) 

where is the density of the fluid, fx is dynamic viscosity of the fluid, and g is the 

gravitational acceleration 

In orderto obtain kforthe packing matenal,laboratorytesting can beperformedby 

using either a falling head test or consolidation test, since the packing material has an 

intermediate to low permeability. 
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Table 3.1 Compression and swelling indexes for Kromasil with methanol 

Sample CompressionIndex,Q Swelling Index,Q 

KMSample1 00035 0.0013 

KMSample2 0.0056 0.0022 

KMSample3 0.0232"^' N/A 

KMSample4 0.0166'" N/A 

Average ofKMSamples 0.0046 0.0018 

Poorly Graded Sands* 0.055 0.010 

Clay Till** 0.08 N/A 

VeryLow Plasticity Soils*** 0.024 N/A 

Ccofthese samples do nottake into accountonthe averageQforKromasilsamples due 
to loss ofmaterials during permeability tests 
* Assummarized by Holtz and Kovacs(1981) 
** Assummarized by Bardet(1997) 
*** Based on empirical equation; Q=075(eo - 0.50)by using eg =0.5319(Holtz and 
Kovacs,1981) 
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Figure 3.3 Typical void ratio vs. vertical stress responses. 
(Lossofmatenal m KMSample3 andKMSample4during the permeability 
tests). 
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3.2.1 Empirical Relationshipsfor Hydraulic Conductivity 

The Kozeny-Carman formula (Kozeny, 1927, Carman, 1939) is an empirical 
I 

expression thatcan be used to estimate kbased onthe void ratio(Bardet, 1997): 

where e is the void ratio, and fi is the dynamic viscosity ofthe fluid. The coefficient/ 

dependsonporeshape:/= 1.1 forroundedgrams,/=1.25forsubrounded grams,andf=1.4 

forangulargrams(Loudon,1952).Thespecificsurface area,S(i.e.,the surface areaperunit 

volumeofgrains)can be determined(Bardet,1997): 

V max mm 

where isthe maximum grain diametermmm and isthe minimum gram diameterm 

mm. 

3.2.2 ExperimentalSetup 

The permeability ofthe packing materials also can be calculated j&om the rate of 

settlement during the consolidation test,or by conducting a falling head permeability test 

atthe end ofaloading increment.The latter method was used to measure the permeability 

ofthe packing materials during the consolidation tests. 

Figure 3.4showsthefallmg head permeability test during aconsolidation test.The 

sample m the rigid container is squeezed by a constant vertical load. The standpipe is 
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attached to the consolidation cell and forces methanolsolventthrough the sample from the 

bottom Thesampleis subjected to falling head test after being consolidated,thus allowing 

the determinationofA:asafunctionofe.Thecoefficientofpermeability,kcanbecalculated: 

k =^log^- (3.12)
At ^ hf 

wherea is the cross-sectional area ofthe graduated burette,A is the cross-sectional area of 

the sample,L is the length ofthe sample, A,is the elevation of methanol solvent in the 

standpipe abovethe discharge level attune r=0,and Ayisthe elevation ofmethanolsolvent 

in the standpipe above the discharge level attime t. 
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BaU bearing Load 
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V J \ Overflow^atum 

Silica sample
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Figure 3.4Falling head permeability test dunng consohdation test. 
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3.2.3 Parameters Determination and Discussion ofResults 

Typical coefficient of permeability response (Figmre 3.5(a)) and permeability 

response(Figure35(b))forKromasilC8silica particles with methanolsolventmshownm 

Figure 3.5. As expected, the permeability decreased with decreasmg void ratio. For 

comparison, the permeability values obtamed usmgthe Kozeny-Carman formula are also 

shown in Figure 3.5(a)and(b). The Kozeny-Carman formula appears to be a reasonable 

approximationoftherelationshipbetweenthelaboratorymeasuredpermeabilityandthevoid 

ratio. Regression analysis wasperformed onthe data,and apowerrelations asindicated in 

Figure 3.5 was found to provide a good approximation to the measured response. The 

permeability coefficient ofthe packing material ranges from 2.6 x 10'^ to 3.4 x 10'^ cm/s, 

which is a typical value for silty sand(10'^ cm/s)reported by Freeze and Cherry(1979). 

3.3 Shear Strength ofthe Packing Material/SteelInterface 

Silica,like any other material,fails atsome point when it is subjected to increasing 

shear stresses. Silica cannot withstand a shear stress larger than its shear strength and 

deforms extensively whenthe applied shear stress approaches its shear strength.Likewise, 

when the shear stress along the packing matenal/steel wall contactequals the strength,slip 

willoccur.Aslongasthestressesremainbelow thisvalue,therecanbeno slip ormovement. 

Thus,the strength or coefficient offriction between the packing matenal and column wall 

IS importantto the packing process. 

3.3.1 Interface Friction Angle 

Laboratory tests were conducted to measure the coefficient offriction between the 

packing matenal and the stainless steelHPLCcolumn wall,and to measure the volumetric 
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responseofthepjicking material.Theresultsofthesetests werethen usedforthe estimation 

ofthe material constitutive parameters in the numerical analysis. Direct shear tests were 

conducted to directly measure the coefficient offaction, and tilt tests were performed to 

qualitatively investigate the effectiveness ofseveral lubricants. 

3.3.1.1 DirectShear Test 

The oldestform ofshear testfor soil is the direct shear test,first used by Coulomb 

m 1776.The direct shear test affords the easiest way to measure the fiiction angle of dry 

particulate materials. It is also very useful, however it is not as widely used,for testmg 

matenals that contain water due to the difficulty m controlling the dramage ofthe sample. 

The geometry ofthe direct shear testis also well suited for measurmg the strength ofsoil 

structure contacts orinterfaces. 

3.3.1.1.1 ExperimentalSetupforZorbax with Methanol 

Acomprehensive,senesoflaboratorydirectsheartests wasperformedonthecontact 

surface between the packing matenal (Zorbax spherical 10pm CIS-bonded silica and 

Kromasil spherical 10pm CIS-bonded silica)and the polished stamless steel column wall 

matenal. Tests were conducted under arange ofnormal stresses with two solvents(both 

methanol and acetone). The results ofa total ofapproximately25 tests were reported. 

A directshearapparatuswasused,withsamplediameterof63.5mmincontactwith 

apolishedstamlesssteelplate.50grams(g)ofsilicapacking matenal(solidsdensityof2.65 

g/cm^)wasweighedand mixed with 125 milliliters(ml)ofmethanol(densityof0.79g/cm^) 

to form a slurry. The slurry was stirred for approximately one hour so that the spherical 

particles ofsilica were properly dispersed and wetted.Then,the slurry was poured slowly 
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and carefullyinto the shearbox to allow the silicasampleto settle.Thesettlementoccurred 

due to a higher density of the silica particles relative to a lower density of methanol. 

Excessive methanol on top ofthe silica sample was then decanted using a syrmge.Filter 

papers were placed between the silica sample and the modified cap and ball bearings.The 

filter papers would detain silica from flowing out of the shear box while the methanol 

pressure dissipated from the sample through the tubes on top ofthe cap as illustrated in 

Figure 3.6. 

Typicalinitial sampleheightwasabout 10mm.Theinitial heightofthesample,Hq, 

wascalculated bymeasuringthe depthoftheshearbox,H2,the heightofthetop cap,Hj,the 

thicknessofthe filter paper, and the distanceH,(Figure 3.6)with a caliper: 

Hq =H^+H2-H^- (3.13) 

-SmaU methanolfilled tubes 

Ball bearing 
for application 
ofverticalload 

Shear box 
/Modified top cap 

Filter papers 

H, W 7 H, 

H. Silica packing material 

Figure 3.6 Schematic ofdirect shear tests ofpacking matenal-steel 
contact. 
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Thedialgagesthatmeasurelateraland verticaldisplacementswerethenattachedand 

the initial reading was recorded. The normal stress was applied to the sample at a rate of 

about lOOkPa(one bar)perhour,andthe vertical displacementofthe samplewasrecorded. 

This rate assumed that the primary consolidation ofthe sample was completed after one 

hour, which was consistent with the observation of change m sample height with time. 

Methanol was added to the sample box surrounding the sample to prevent the methanol 

inside the shear box from evaporating afterthe imtial normal pressure was applied. 

Thevolumetncresponseofthepackingmatenalwasmeasureddurmgtheapplication 

ofthe normal stress. Then,the displacement controlled direct shear tests were conducted, 

wheretheshearbox waslaterallypushed ata rateofapproximately 1.3mm/mmute(Bardet, 

1997) and the resulting shear resistance ofthe interface was measured. Displacement-

controlled tests are preferred because they yield the residual shear strength, or post peak 

shear stress. The shearforce and vertical and displacement were measured and recorded at 

every0.05mmoflateraldisplacement(Bardet,1997).Thetestwascontinued untiltheshear 

force became constant. The tests were performed at normal stresses of250kPa,500 kPa, 

1000kPa,2000kPa,and 3000kPa,and several replications were obtained at mostnormal 

stresses. 

3.3.1.1.2ResultsforZorbax with Methanol 

The direct shear test is used to determme the shear strength ofthe matenal on 

predetermmed failure surfaces. In the direct shear test, the matenal response is reported 

versus sheardisplacement mstead ofshearstram because itis notpossibleto evaluate shear 

strain since the strains are never umform in the direct shear test Thus,it is not suited for 

studyingthestress-strainrelationshipsofthesample.Figure3.7(a)showsatypicalresponse 
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ofthe Zorbax spherical CIS-bonded silica samples(with methanol solvent) subjected to 

direct shear loading.In Figure 3.7(b),the shear stress response normalized with respectto 

theappliednormalstressisshown.Thevariationofshearstresswithhorizontaldisplacement 

IS shown in Figure 3.8(a), and the corresponding normal displacementis shown m Figure 

3.8(b). The tests were performed at various normal stresses,and several replications were 

obtained atmostnormalstresses. With mcreasmg shear(honzontal)displacement,the void 

ratio and vertical displacementincrease untilitbecomescritical,after whichtheshearstress 

decreases and gradually approachesthe residualshearstrength,asshownmFigure 3.8.The 

peak failure is characterized by the peak friction angle, and the residual failure is 

characterized bythe residual friction angle, Based on the peak failure value,the Mohr-

Coulomb envelope could be plotted 

The principlesofthe directsheartest are illustrated m Figure 3.9.The silica sample 

confinedinsidethengidsampleboxissubjectedtothenormalload,W,andissheared bythe 

shear force, T.IfA is the area ofthe contact surface along plane CD,the shear stress, 

acting onthe contactsurface is equalto T/A,and thenormalstress, cr,is equalto N/A.For 

a cyhndncalbox,A=(tiD^)/4,whereDis the diameter ofthe sample.The silica sample 

shear strength is the shear stress, that causes the sample to slip along plane CD 

(honzontal surface).The shear stress at failure can be defined by Mohr-Coulomb theory: 

T=c+crtanS (3-14) 

wherecis the cohesion and i?is the interface fiiction angle 
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Figure 3.9 Sihcasample in direct shear box. 

Dunngthe directsheartest,the stress state is notcompletely defined: and are 

knownonlyonthe horizontal surface,butthe stresses are unknownon all other planes.The 

stresses on the horizontal plane at failure are represented by pointM in Figure 3.10.Ifthe 

stressesonthe horizontalplane are measured atanothervalueofnormalstress,asshownby 

M',then the linear failure envelope A-M-M'can be drawn. Adoption ofMohr-Coulomb 

failure criterion assumesthatthe Mohr circle is tangentto the failure surface,and the point 

of tangency corresponds to the stresses on failure plane at failure. This allows the 

constructionoftheMohrcircle atfailure.Thus,theMohrcirclecan onlybedrawnatfailure, 

assuming that the failure plane is honzontal and the stress state is umform.Asshown m 

Figure 3.10, pomtMrepresentsthe stress onthe honzontal surface,and pomtNrepresents 

the stressonthe vertical surface.PomtP,referred to asthe"Pole",isonthesamehorizontal 

Ime as pointM whenthe failure plane is horizontal.The Mohr circle at failure is tangentto 

AM,and its centerB is given byImeMB perpendicular to AM. 
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Figure 3.10 Stress state at failure and its Mohrrepresentation(Bardet,1996). 

The test results suggested thatthe contact betweentheZorbax silica sample and the 

stainless steel plate followed a Mohr-Coulomb failure law with a cohesion,c=0kPa,and 

afriction angle, <^=21°,correspondmgto coefficient offiiction,tan6=0.39,asshownin 

Figure 3.11. 

3.3.2 Effects ofSolvents 

To evaluate the effects ofdifferent solvents on the wall fiiction in HPLCcolumns, 

an additional senes ofdirect shear tests were conducted. The same methods mentioned in 

Section 3.3.1.1.1 wereused,exceptacetone(densityof0.79g/cm^)wasused asthe solvent 

in the tests rather than methanol. The tests were performed atnormal stresses of250kPa, 

500kPa,1000kPa, and 3000kPa,and several replications were obtained at most normal 

stresses. Figure 3.12 illustrates the measured shear stress deformation response, and the 

resulting Mohr-Coulomb failure envelopes are shown in Figure 3.13. The test results 
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suggested thatthe contactbetween the silica sample and the stainless steel plate followed a 

Mohr-Coulomb failure law with a cohesion,c=0kPa,and aj&iction angle,6 = 22.5°(tan 

6=0.415). For comparison,the strength envelope for the Zorbax with methanol is also 

shown m Figure 3.13. Zorbax with acetone tends to have a slightly higher friction angle 

(difference of6= 1.36°) than the Zorbax with methanol. This difference between the 

coefficientoffrictionwithmethanolandacetonecanbeconsideredtobeinsigmficant,which 

is consistent with accepted theories ofcontactfaction. This suggests that the wall fiiction 

m theHPLCcolumnsisindependentofthe nature ofthe solvent since the difference m the 

measured fiiction angles is small. The small difference might be due to the fact that the 

particles m the bed interact strongly with each other and this mteraction depends on the 

surface tensions between the hqmd and the solid, which may be different for the two 

solvents. 

However, these direct shear results contradict fiiction measurements m 

chromatography columns with methanol and acetone (Guiochon et ah, 1999) where 

significant differences in the factional resistance were measured. This suggests that the 

solventmayaffectthe particle density,which mturn affects the coefficientoffriction. This 

aspectofthe problem warrants further investigation. 

3.3.3 Effects ofPacking Materials 

TofurtherunderstandthewallfrictioneffectsinsideHPLCcolumns,additionaldirect 

shear tests were conducted with different silica packing matenal.The test procedures were 

the same as those mentioned in Section 3.3.1.1.1, except Kromasil C8 sphencal silica 

particles(averageparticle sizeof10pm,solidsdensityof2.65g/cm^)withmethanolsolvent 
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were used asthe packing matenal. Thetests wereconducted atthe normalstressesof1000 

kPa,2000kPa,and3000kPa,andseveralreplicationswereobtained atmostnormalstresses. 

Figure3.14showsthe shearstress-deformation measurementsforKromasilwith methanol, 

and the resulting Mohr-Coulomb failure envelopes are shown m Figure 3.15. For 

companson,the strength envelope for the Zorbax with methanol is shown in Figure 3.15. 

The test results suggested thatthe contact between the silica sample and the stainless steel 

platefollowed aMohr-Coulomb failurelaw with acohesion,c=0kPa,andafiiction angle, 

6=11.64°(tan6=0.206). 

Kromasil with methanol tends to have a lower jfriction angle(difference of9.52°) 

than the Zorbax with methanol. In other words,the measured coefficient of fiiction for 

Kromasilwithmethanolis abouthalfofthemeasured coefficientoffiictionforZorbax with 

methanol.This suggests thatthe wall fiiction in HPLCcolumns is dependentofthe nature 

ofthepackmgmaterialsincethedifferencemthemeasuredfiictionanglesissigmficant.The 

difference mightbe due to the fact that the particles in the bed mteract strongly with each 

other and this interaction depends onthe surface tensions between the liquid and the solid, 

which maybe differentfor thetwo packmg materials. 

These direct shear results contradict fiiction measurements in chromatography 

columnswithKromasilandZorbax(Guiochon,1999),mwhichsigmficantdifferencesinthe 

fictionalresistance ofthetwo material was measured.This aspectofthe problem warrants 

fiirther investigation. 
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3.3.4 Effect ofLubricant 

Wallfrictionisthoughttocontributetothenon-homogeneityofthepackmgmatenal, 

and will be investigated by numerical analysis(discussed m Chapter 4). An experimental 

investigation ofseveral potential walllubncants wasconducted.Pnorto conducting direct 

shear tests with the lubncants,the relative difference between several potential lubncants 

wasinvestigated using tilt tests.The tilt tests were doneon interfaces between a steel plate 

and block of phenolic matenal with the various lubncants The lubricant with the best 

potential forimproving the column packmg procedure would be used m direct shear tests 

between the lubncated stainless steel plate and the Zorbax sphencal CIS-bonded silica 

packmg matenal. 

3.3.4.1 Tilt Tests 

Since the mterface coefficient of fiiction between the packing material and the 

stainless steelcolumndecreasesthe efficiencyofthechromatographycolumns,severalwall 

lubncants were mvestigated. These lubricants included flake graphite powder, Sprayon 

graphitespray,TeflonsprayandBoronNitride(ceramic)spray.Toevaluatetheperformance 

ofthelubncants,tilts tests wereconducted onthelubncated stainless steel plateand ablock 

ofphenolic. Tilt tests were chosen because they are an easy,cheap and quick method to 

comparethe various lubncants. 

3.3.4.1.1 ExperimentalSetup 

The tilt tests were conducted by usmg a block of phenolic and a steel plate. A 

schematic ofthe apparatus used in the tilt tests is shown m Figure 3.16. The plate was 

attached to a machinist'ssme plate(shown m Figure 3.16)where one end ofthe plate was 
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raised by cranking the handle ofthe sine plate at a constant rate ofabout90 mm/minute, 

while the other end was held constant.Considerthe block ofweight,W,resting on a plane 

surface which is inclined at an angle,a,to the horizontal surface. The block is acted upon 

by gravity only and hence the weight,W,acts vertically downwards as illustrated in Figure 

3.16. 

R 

Wsin 

W cosa V 

W 

Figure3 16 Schematic view ofthe tilt test. 

Theresolved componentofW which acts downthe plane and which tends to cause 

the block to slide is W sm a.The componentofW which acts across the plane and which 

tends to stabilize the slope is W cos a.The normal stress, ̂ rwhich acts across the potential 

sliding surface is given by: 

Wcosa 
cr= (3.15) 
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where A^is the base area ofthe block. 

Therelationshipbetweenshearstrengthoftheslidingsurfaceandthenormalstresses 

can be expressed as: 

T=crtan.S+c (3.16) 

where ristheshearstress, <7isthenormalstress, ^?istheinterface friction angle,andcisthe 

cohesive strength ofthe matenal contact. 

Assuming that the shear strength ofthe surface is defined by equation(3.16)and 

substituting for the normal stress from equation(3.15): 

Wcosa 
T= tan^+c (3.17) 

A 

and the resisting force, tA thatresists the block firom shdmgis given by: 

iA =(PTcosor)tann^+cA (3.18) 

Theblock willbejustonthepomtofsliding orinaconditionoflimiting equilibnum 

when the disturbing force acting down the plane is exactly equalto the resisting force: 

JVsmar=(Wcosc^)tan<^+cA (3.19) 

Ifthe cohesion c= 0, which was the case in the packing material-steel contacts 

investigated in the direct shear tests, the condition of limitmg equilibrium defined by 

equation(3.19)reduces to: 

(3-20) 

Thus,the angle at whichthe block beganto shdeisthe mterface angleoffiiction, d. 
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between these two materials. By measuring the height of the plate, h, when the block started

to slide and knowing the length of the plate, L, the interface friction angle can be determined:

<? = Sin —

KL
(3.21)

3.3.4.1.2 Discussion ofResults

Tilt tests were performed for a range of lubricants, and the coefficient of friction

(tan6) is compared in Figure 3.17. Also shown is the coefficient of friction for the phenolic

block without lubricant. This unlubricated value of 0.24 compares favorably with that of

Zorbax (tan 6 = 0.387) and Kromasil (tan 6 = 0.212) with methanol measured in direct shear

tests. Sprayon graphite spray (density of 0.66 g/cm^) was identified as the lubricant with the
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Figure 3.17 Interface coefficient of friction between phenolic and various
lubricants.



bestpotentialforimprovingthecoluinnpacking procedure(showninFigure3.17). A series 

ofdirect shear tests were then conducted between the stamless steel plate lubricated with 

Sprayon graphite spray and the Zorbax silica packing matenal to observe the effects of 

lubricant onthe interface friction between the plate and the packing materials. 

3.3.4.2 DirectShear Tests with Lubricant 

The same methods mentioned in Section 3.3.1.1.1 were used in the tests, except 

Sprayon graphite spray was used as a coatmg material on the stainless steel plate. The 

graphite wassprayed slowlyand carefullysothataumform layerofgraphite wasappliedto 

the plate. The thickness of the graphite was approximately 3.5 jjm, as estimated by 

measuringthe mass difference beforeand aftersprayingthe graphite onto thetest slide,and 

knowing the density ofthe graphite and the area ofthe sprayed slide. 

Thetests wereperformed atnormalstresses of2000kPaand 3000kParespectively. 

The shear stress displacement response is shown m Figure 3.18,and the resulting Mohr-

Coulomb failure envelope (Figure 3.19) was obtained based on the peak failure shear 

stresses. The test results suggested that the contact between the silica sample and the 

lubricated stainless steel plate followed aMohr-Coulomb failurelaw with acohesion,c=0 

kPa, and a friction angle,6 =18.3° (tan 6= 0.33). In other words,the graphite spray 

reducedthecoefficientoffrictiontoabout85.2percentthenon-lubncatedvalue Comparing 

the reduction m coefficient offinction m direct shear tests(14.8%)with the reduction in 

coefficient offriction from tilt tests(37.5%),the reduction is not as sigmficant as with the 

phenolic.This mightbe expected dueto the difficultyofachieving auniform coating under 

the packing material particles. 
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3.3.5 Discussion ofResults 

Figvire 3.20 comparesthe shear stress vs. honzontal displacement response forthe 

twopackmgmaterials(Zorbax andKromasil)usedinHPLCcolumnswiththetwo different 

solvents(methanol and acetone). The Mohr-Coulomb failure envelopes are compared m 

Figure 3.21 

Asillustrated m Figure 3.21,thelowestinterface coefficient offiiction between the 

silicasampleandthestainless steelplateisfoundinKromasilC8withmethanolsolvent(tan 

6=0.21).ThissuggeststhatKromasilC8couldbeusedmHPLCcolumns,suchthatamore 

homogeneouscolumncanbeprepared. Thetestresultsalsosuggestthatthecontactbetween 

theZorbax withmethanolandthestainlesssteelplatehadthegreatestcoefficientof fiiction 

(tan 6=0.39). This value ofthe interface fiiction angle is close to the two thirds ofthe 

internal fiiction angle(^=36°)measured Mihlbachler et al.(1998)on a similar packmg 

material Pro 10 Sil, which is consistent with the results reported byPotyondy(1961)for 

interface between soils and various construction matenals. 
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Chapter4 

Numerical Modeling 

Numerical modeling techmques such as the Fimte Element Method(FEM)can be 

usedtosunulatethestress-state msideHPLCcolumnsduringthepackingprocess.TheFEM 

IS a collection of theory-nch techmques, which can produce near-optimal approximate 

solutionstotheinitial-boundary value partial differential equationscommonto engineering 

and mathematical physics(Baker and Pepper,1991). In general,a finite element analysis 

requiresthe idealization ofan actual physicalproblem into a mathematical model and then 

the finite element solution ofthat model. The stress distribution in a typical preparative 

HPLCcolumn was mvestigated using the commercial general-purpose finite elementcode 

ABAQUS,version 5.8(1998).The material parameters used m the analysis were obtamed 

fi-om the laboratory testing. The numerical results firom ABAQUS were evaluated via the 

postprocessmg package,ABAQUS/Post(1998),which generated the graphical results. 

4.1 MechanicalResponse dueto Piston Loading 

Asdescnbed m Section 2.1,a piston is used to consolidate the HPLC column m a 

few seconds.The effects ofthis mechamcalloading was studied using a nonlinear elastic-

plastic model. Thelaboratoryresults fi:omthe directsheartestsand fixedrmgconsolidation 

tests incorporating falling head permeability tests were used in a numencal analysis ofa 

chromatography column 
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4.1.1 Idealization ofHPLCColumns 

ThetypicalHPLCcolumn used m this research is 16.0cm long with a diameter of 

5.0cm,asshownin Figure 4.1.SmcetheFEM is an approximate numencalprocedure for 

solving engineenng problems, it is valuable to recogmze that a mathematical model is 

actually implied in the fimte elementrepresentation ofthe physical problem. 

4.1.1.1 Idealization and Boundary Conditions ofthe Model 

To modelHPLCcolumn, athree-dimensional modelcould be used.However,due 

totheaxisymmetncnatureofthecolumnandpacking process,thecolumncanbesimplified 

to a two-dimensional model by taking advantage ofthe axial symmetry as illustrated in 

Figure4.2. 4-nodelinearaxisymmetnccontinuum elements(2x2integration pomts)were 

used. These elements are torsionless axisymmetnc elements, which only allow axially 

symmetric loading conditions. The body ofrevolution is generated by revolving a plane 

cross-section aboutan axis(thesymmetryaxis)and isreadily described mcylmdncalpolar 

coordinates:r,z,and 0.Theradial and axial coordinatesofapomton this cross-section are 

denotedbyrandz,respectively.At 0=0,theradialand axialcoordinatescoincide withthe 

global CartesianX-and Y-coordinates(ABAQUS,1998).Iftheloadmgconsistsofanaxial 

componentthat is independent of0,as m this problem,the displacement at any point will 

only have radial,u^ and axial,u^components and the only non-zero stress components are 

^zz' *^00' 

The fiictional surface between the bed and the steel wall was represented usmg 

contact pairs, with a coefficient offiiction=tan6=0.39. As illustrated in Figure 4.3, a 

vertical constraint wasimposed ontop ofthe column while a displacementof3.40mm 
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(correspondingto meancompression pressureof130bar)wasthen applied atthe bottom of 

the bed corresponding to the piston displacement. This value is consistent with results of 

chromatographic experiments(Gmochon etal,1999a). 

4.1.1.2Investigation ofthe Mesh Size 

The finite element method is an approximate numerical procedure for solving 

engineering problems, it is valuable to recognize that a mathematical model is actually 

implied m the fimte elementrepresentation ofthe physical problem.In other words,as the 

number ofelements is increased, a proper finite element solution should converge to the 

analytical or exact solution ofthe differential equations that govern the response ofthe 

mathematicalmodel.Ifthe differentialequationsofmotion are notknown,asinpreparative 

HPLCcolumnsanalysis,and/or analyticalsolutionscannotbeobtained,theconvergenceof 

thefiniteelementsolutionscanbeevaluated onlyontheassumptionthatallbasickinematic, 

static,and constitutive conditions contained in the mathematical modelmustultimately be 

satisfied attheconvergence.Thus,m alldiscussionsoftheconvergenceofthefimteelement 

solutions,we imply thatthe convergence to the exact solution ofa mathematical modelis 

meant. 

For monotonic convergence,the elements must be complete and the elements and 

meshmustbecompatible.Iftheseconditionsarefulfilled,theaccuracyofthesolutionresults 

will mcrease contmuously as wecontinue to refine the finite element mesh.Atsome stage 

ofrefinement,there should be little change in the results. This meshrefinement should be 

performed by subdividmg a previously used elementinto two or more elements.Thus,the 

old mesh will beembedded mthenew mesh.This also means mathematically thatthenew 

space offimte elementinterpolation functions will contain the previously used space,and 
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as the mesh is refined, the dimension of the finite element solution space will be 

continuously mcreased to contain ultimately the exact solution. 

To investigate the convergence issue m the model used for preparative HPLC 

columns,aseriesofanalyses with2,5,and 10elements acrossthe half-width ofthecolumn 

wasconducted Bycomparmgthe axialdisplacements atpointA(Figure4.2),itcanbeseen 

thatthereis very little difference m the displacementcompared with5and 10elements,yet 

the displacementwith2elementsproduce much greater displacement(Figure4.4).Thus,it 

can be concluded thatthe 5-element provides satisfactory results. 

4.1.2 Nonlinear Elastic-Plastic Model 

Thepackingmaterialwasrepresentedbyafrictionalmaterialmodel(Drucker-Prager 

nonlinear elastic-plastic model), in which yielding was permitted. Laboratory results 

obtained firom direct shear tests and consolidation tests wereinputinto the model. 

4.1.2.1 Material Modeling 

The stainless steel column surrounding the bed was represented as a linear elastic 

matenal with an assumed modulusofelasticity=2xlO^kPa and aPoisson ratio=0.3. A 

Drucker-Prager elastic-plastic model was used to simulate the response ofthe packmg 

matenal.In the elastic range,the porous elastic material modelimplemented in ABAQUS 

wasused,m which the changein volumeofthe material is proportionalto the logarithm of 

the mean stress, p=- +'^22 ■*" 
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Thevolumetnc strain Syofthe porousmaterialsis defined byIn(J®')whereJ®'isthe 

logarithmic measure ofthe elastic volume change(ABAQUS,1998): 

f el\ 
Po+Ptr'= 

K 
■in 

el 
+ \ (4.1) 

(l+^J yP + Pt 

and A-is the loganthmic bulk modulus, eg is the initial void ratio, is the initial value of the 

equivalent pressure or stress, and is the elastic tensile strength ofthe material. As shown 

in Figure 4.5, Equation (4.1) provides a good approximation of the observed volumetnc 

response dunng the application of the normal stress m the direct shear test. Poisson's ratio 

was assumed to be 0.3, and values of k= 0.010,/>o=0.0 kPa, andpf = 100.0 kPa were used 

to produce this response 
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A linear Drucker-Prager yield surface function,F,was used(ABAQUS,1998)' 

F=q-ptaR d=0 (4.2) 

wherep is the slope ofthe yield function m thep-q stress space,q is the Mises equivalent 

stress, and d is the yield function intercept on the q axis as illustrated in Figure 4.6. As 

indicatedmFigure4.6,/?isrelatedto ^anddisrelatedtoc.Anon-associativeflowrulewas 

used such that non-dilatant response could be represented. This was accomplished by 

assuming thatthe dilation angle, yr=0.Based on the friction angle measured for a similar 

silica packmg material(Mihlbachler et al., 1998),values ofy^=46°,and d=0.73kPa were 

used. 

4.1.3 ResultsforZorbax with Methanol 

Tjqiical numencal results ofZorbax sphencal C18 bonded silica particles with 

Methanol solvent are shown in Figures 4.7 and 4.8. As illustrated in Figure 4.7(a), the 

displacementofthe packed bed is maximum atthe bottom ofthe bed,wherethe prescribed 

displacement condition is imposed due to a 3.40 mm displacement of the piston. The 

displacementdecreases alongthe column,andis nearlyzero atthetop ofthecolumn.There 

IS both axial and radial heterogeneity predicted along the packed bed The model 

displacements agree well with experimental observations from a packed bed made up of 

altematmg colors ofpacking matenals(Yun and Guoichon,1999),as mdicated in Figure 

4.7(b). 

The mean pressure distribution ofthe packed bed is shown in Figure 4.8(a) The 

results suggest that there is a concentration ofhigh stress nearthe edges atthe bottom and 
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azone oflow stress on top ofthe bed. Also,there is some axial and radial heterogeneity 

along the bed,corresponding to the variation ofvoid ratio shownon Figure 4.8(b). 

4.1.4 Parametric Study 

To further understand the effects ofthe wall fnction and the piston shape in the 

preparative HPLC columns, parametric studies were conducted by varymg the interface 

coefficient offriction ofthe columns and the shape ofthe bottom piston. 

4.1.4.1 Effects ofWallFriction 

TheresultsoftwonumericalanalysesareshowninFigures4.9toillustratetheeffects 

ofwallfrictionontheradialheterogeneityofthepacked bed.TheresultsinFigure4.9(a)are 

based on the measured coefficient of friction (tan 6=0.387) ofZorbax sphencal C18 

particles(withmethanolsolvent),whiletheresultsinFigure4.9(b)wereobtained withabout 

one halfthe measured wall friction,which isthe interface friction obtained usmgKromasil 

sphencalC18particles(withmethanol).Theresultssuggestthattheaxialheterogeneity,and 

more importantly the radial heterogeneity that lowers column efficiency, could be 

sigmficantly reduced ifthe friction is decreased 

Figure 4.10illustrates the yielded zonesmthe packmg matenalforthe fiill and one 

halfwall friction cases,respectively. As expected,the analysis suggested that under the 

applied loading there was little yielding ofthe packing material with the measured wall 

friction value,butthe yielded zones were observed to nearly vamsh when the fnction was 

reduced. 
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Figure 4.9 Void Ratio inside the packing matenal:
(a) Zorbax: tan 6 = 0.39; (b) Kromasil: tan 6 = 0.21

i

Figure 4.10 Elastic and plastic regions inside the
packing material: (a) Zorbax: tan 6 = 0.39;
(b) Kromasil: tan 6 = 0.21.



4.1.4.2 Effects ofPiston Shape 

The effect ofthe piston shape on the resulting particle density wasinvestigated by 

a senes ofnumerical simulations on the same packmg procedures, except with different 

piston geometries.Threetypesofpiston shape were considered:(1)flat piston,(2)concave 

piston,and(3)convex piston as illustrated in Figure 4.11. With a shghtly concave piston 

(Figure4.11(b))relativeto theflatpiston(Figure4.11(a))(with anedgeto centerdifference 

ofBmm),radial heterogeneity ofthe bed is improved especially atthe bottom.However,if 

the degree ofconvexity ofthe piston is increased(Figure 4.11(c))(with an edge to center 

difference of6mm),there is notmuchimprovementm the radial heterogeneity ofthe bed. 

Onthe other hand,for aconcave piston(Figure 4.11(d))(with an edge to center difference 

of6mm),theradialheterogeneityofthebedis worse.In short,aconvex pistonmayunprove 

the radial heterogeneity ofthe column 

4.1.5 Discussion ofResults 

Axialand radialheterogeneityofthecolunm is sigmficantlyreducediftheinterface 

frictionISreduced,asillustratedin Section4.1.4.1.The yieldedzonesnearlyvamshedwhen 

the wallfriction is reduced.Aslightly concave piston mayimprovethe radial homogeneity 

ofthe column,especially atthe bottom ofthe column. 

4.2 Coupled Mechanical— Seepage Response 

A chromatographic bed is submitted to a compression stress oftwo origms(Knox, 

et al, 1976 and Guiochon and Barker, 1995). Fnst, the piston causes a mechanical 

compression ofthe entire bed. This mechamcalcompression wasmodeled numerically as 
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descnbed in Section 4.1,and because ofthe side wall friction,this mechanicalstress is the 

greatest atthe piston(bottom)and decreases along the length ofthe column.In addition to 

this mechamcalcompression,thepiston displacementcausesapressureincreasemthefluid 

(solvent).Smce the end away from the piston(top)is at atmosphenc pressure,the column 

is subjected to a hydraulic gradient.Thedissipation ofthispore pressureis analogousto the 

classical consolidation problem m soilmechamcs.Theconsolidation ofthebedis governed 

bythe permeability,whichis related to the void ratio ofthepacking material,which m turn 

vaneswithmeanstress.Thus,theconsolidationandfluidflow arecoupledtothemechamcal 

compression. 

4.2.1 Idealization ofConsolidation in HPLCColumns 

Theidealization ofthe chromatography columns during consolidation is similar to 

that described in Section41.1.1.TheHPLCcolumnis 16.0cm long with adiameter of5.0 

cm,as shown m Figure 4.1. Due to the axisymmetnc nature ofthe column and packmg 

process,the column can be simplified to atwo-dimensional modelbytakmg advantage of 

the axial symmetry as illustrated in Figure 4.2. 4-node Imear axisymmetric contmuum 

elements with pore pressure were used for the packing matenal and contact elements with 

a coefficient offriction=tan6=0.21 were used to representthe fictional surface between 

theKromasilbedandthesteelwall.Theseelementsare similartothosedescnbedin Section 

4.1.1.1, except an additional degree of freedom for pore pressure is added. As m the 

mechanical analysis, a vertical constramt was imposed on top of the column while a 

displacementof3.40mm(corresponding to mean compression pressure ofabout 130bars) 

wasapphed atthe bottom ofthe bed corresponding to the piston displacement,asshownm 
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Figure4.3.Thepore pressures werefreeto dissipateontopofthecolumn,correspondingto 

a flange which is coimected to atmosphere. This boundary condition was established by 

setting the pore pressure equalto zero at each ofthe nodes across the top ofthe column. 

4.2.2 Types ofCoupled Numerical Analysis 

Two types ofanalysis were performed:(1)Steady-state analysis,and(2)Transient 

analysis. The steady-state analysis enforces flow conditions such that for every mcrement 

oftime,the magmtude and direction ofthe flow velocity are constant at any pomt.Onthe 

other hand,the transient analysis allows the magmtude or direction ofthe flow velocity to 

change with tune at any pomt m the flow field durmg the process. This transient 

consolidation analysis can be terminated either when the specified consolidation time has 

been reached or when the steady-state conditions(magnitude and direction offlow are 

constant)have been reached 

4.2.3 Material Modeling 

Acoupledflow anddeformationmodelwasdevelopedtofurthersimulatetheeffects 

of a single phase fully saturated flow on the radial heterogeneity of the packed 

chromatography beds. This coupled analysis is importantbecause the permeability ofthe 

packing matenalis influenced bythe void ratio ofthe particles,which is m turn influenced 

by the stress state. Since the stress state is mfluenced by the fluid potential, a coupled 

analysis mayberequired.Therelationsbetween permeability and void ratio weremeasured 

in the laboratory as reported in Section 3.2.For the numerical analysis,the experimental 

relationship,k = 0.0076e/^® was used,where =void ratio ofthe packmg matenal,and 

A:=the permeability coefficient m cm/s 
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Asillustratedin Section4.1.2.1,thepacking matenalwasrepresentedbyafrictional 

material model(Drucker-Prager nonlinear elastic-plastic model),in which yielding was 

permitted.Laboratory results obtained from direct shear tests and consolidation tests with 

falling head permeability tests were used to determine parameters for the model. The 

stainless steel column surrounding the bed wasrepresented as alinear elastic material with 

anassumedmodulusofelasticity=2xl0^(kPaandaPoissonratio=0.3.Inthe elasticrange, 
the porous elastic material modelimplemented mABAQUSwasused,in which the change 

in volumeofthe matenalis proportionalto the logarithm ofthe mean stress.Details ofthis 

modelare provided in Section4 1.1.1.Poisson'sratio wasassumedto be0.3,and valuesof 

K=0.010,/?(,=0.0kPa,and/?/'=100.0kPawere used toreproducethelaboratoryresponse, 

as discussed inSection4.1.2.1. AImearDrucker-Prager yield surfacefunction,F,wasused 

to describe the yielding ofthe packing material(ABAQUS,1998).A non-associativeflow 

rule was used with the dilatiom angle such that non-dilatant response could be 

represented. Based on the friction angle measured for a similar silica packing matenal 

(Mihlbachler et al,1998),values of 46°,and d=0.73 kPa were used to represent the 

linear yield surfacefunction.These materialparameters areidenticalto thoseused to model 

the packing processin the absence ofpore pressure effects. 

Since Reynolds number is about 0.01 during the packing process m the HPLC 

columns,Darcy'slaw is valid, as venfied by Farkas,et al (1999).The solid grains ofthe 

packing material and the permeatmg fluid (solvent) through the packing material were 

assumed to be fiilly incompressible. 
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4.2.4 Steady-state Analysis 

Consider a unit volumeofporous mediasuch asthatshowninFigure4.12.Such an 

elementis usually called an elemental control volume.Thelaw ofconservationofmassfor 

steady-stateflowthroughasaturatedporousmediumrequiresthattherateoffluidmassflow 

mto any elemental control volume be equal to the rate of fluid mass flow out of any 

elemental control volume. The equation of continuity that translates this law into the 

mathematicalform that can be wntten as(Freeze and Cherry,1979): 

=0 (4.3) 
dx dy dz 

wherepisthedensityofthepermeatingfluid,v^,Vy,and arethespecificdischarge(volume 

flow rate ofpermeating liquid perumtarea)in the x,y,andzdirection,respectively.Smce 

the compressibility ofthe permeating fluid is small, the density ofthe fluid, p can be 

-a7 

Figure 4.12 Elemental control volume for flow through porous 
media(Freeze and Cherry, 1979). 
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assumed to be a constant and thus it can be removed jfrom equation(4.3). 

dVx dVx _ 
—-+—-+—-=0 (44) 
dx dy dz 

dh 
SubstitutionofDarcy'sLaw for v, = mequation(4.4)yieldsthe equation 

dx. 

offlow for steady state flow through an amsotropic saturated porous medium(Freeze and 

Cherry,1979): 

'K Ĥ =0 (4.5) 
dx ̂  dx) dy 'Sy; dz\ 

whereK, is the permeability ofthe porous medium mthe i direction,where i=x,y,z,and 

h IS the hydraulic head. 

Foranisotropic andhomogeneousporousmedium,Kx=Ky= and equation(4.5) 

can be simplified(Freeze and Cherry,1979): 

d^h d^h d'-h 
=0 (4.6)

dx" dy"- dz" 

Equation(4.6),knownasLaplace's equation,descnbesthe valueofhydraulic head, 

h at any point m a three-dimensional homogeneous,isotropic saturated steady-state flow 

field. Laplace's equation is also used to describe heat transfer, electnc potential, and 
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diffusion. 

Steady-state saturated flow assumes that the rate offlow was "constant" in time 

inside the HPLC column dunng the packmg process. It was controlled by Darcy's Law 

where the storage effects due to compressibility ofsolid grams and the permeating fluid 

(solvent)through the packing matenal were neglected. 

4.2.4.1 Parameters and Convergence Criteria 

To simulate steady-state flow through the packmg matenal during the packing 

process,thepackingmaterialwasassumedtobeisotropic,homogeneous,andfullysaturated. 

Automatic incrementation was used because in a typical consolidation analysis, the 

mcrements can increase by several orders ofmagnitude during the simulation(ABAQUS, 

1998). To activate automatic incrementation in the steady-state analysis, the UTOL 

parameter on the *SOILS option was set to a nonzero value. Several pomts along the axis 

ofthe column were identified to follow the displacement and pore pressure dunng the 

loadmg process,asshownin Figure 4.13. 

4.2.4.2 Typical Results 

Figure 4.14 shows the computed displacements and pore pressures versus time at 

various locations(Figure 4.13)along the length ofthe HPLC column dunng the packmg 

process.As illustrated m Figure4 14(a),the displacements mcreased linearly over time as 

the piston pushed from the bottom ofthe column.Asexpected,the computed displacement 

was found to be maximum at the bottom of the column (Point R where the piston 

displacementwasapplied),anditapproached 0.00mmnearthetop ofthecolumn(PointP). 

Theporepressureswerefound tobezero overtime at allpositionsinsidethecolumn 

during the packmg process, as illustrated m Figure 4.14(b) This is consistent with the 
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imposed conditions in the steady-state analysis where m every increment of time, the 

magmtude and direction ofthe flow velocity are constant at any point,and thuszero. 

4.2.4.3 Comparison ofResults 

Acomparisonofnumericalresultsjfromthecoupled mechanical-seepagesteady-state 

and the uncoupled mechamcal analysis for Kromasil spherical C8 bonded silica particles 

with Methanolsolvent atthe end ofthe packing process is shown m Figures4.15 and 4.16. 

Asillustrated in Figure4.15,the displacementofthepacked bed wasfoundtobemaxunum 

at the bottom ofthe bed, decreased along the column,and was nearly zero on top ofthe 

column. The displacement distnbution for the coupled-mechanical is the same as the 

displacementdistnbutionforthe uncoupled mechanicalresponsebecausethe porepressure 

inside the column is small and msigmficant.Likewise,the void ratio variation for coupled 
j 

mechanical-seepage is the same as the void ratio variation for the uncoupled mechamcal 

numencalresponse. 

SincethemagnitudeoftheflowvelocityinsideHPLCcolumnsactuallychangeswith 

tune atanypomtin aflow field dunngthe packing process,the steady-state analysis might 

notbeappropnatetosimulatethedisplacementandvoid ratio variationsinsidethecolumns, 

unless the displacement is applied very slowly Thus,a transient analysis may be a better 

model for the flow conditions, and useful to investigate the effect ofloading rate on the 

column.Thesteady-state analysis andthe uncoupled mechanical analysisrepresentloading 

conditions such that pore pressures cannot be developed m the column. 
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Figure 4.15 Displacement distribution for Kromasil with Methanol (tan 5 =
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4.2.5 Transient Analysis 

The law ofconservation ofmass for transient flow in a saturated porous mednun 

requires that the netrate offluid massflow into any elemental control volume be equal to 

the time rate ofchange offluid mass storage within the element. This fluid mass storage 

ivithm the elementcan be characterized bythe specified storage,S^,which is the volumeof 

fluid released fromaunitvolumeofsaturated porousmediumforaunitdeclinein hydraulic 

head,h: 

Ss=Pg(oCp„+nfi^) (4.7) 

where pis the density ofthe permeatmg flmd,g is gravitational acceleration, is the 

compressibilityoftheporousmedium,n istheporosityofthe porousmedium,and isthe 

compressibihty ofthe permeatmg fluid. 

With reference to Figure 4.3,the equation ofcontmuity that describes the transient 

flow through a saturated porous medium takes theform(Freeze and Cherry,1979): 

^ d(pn) 
dx dy dz dt 

Thenght-hand sideofequation(4.8)canbeexpandedand simplifiedbysubstituting 

the time rate ofchange offluid mass storage,/JiS,di/d: 

S(pv,) , ^(P^y) I S(pvJ 8h 
dx dy dz ^ dt 
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Expanding the terms on the left-hand side by the chain rule and recogmzing that 

terms ofthe form v^. dp/ck are insignificant compared to terms ofthe form pdfjdx,, the 

dpIdKtermscan beremoved from the equation Equation(4.9)canbefurther simplified by 

eliminating p from both sides and substitutmg Darcy's Law to yield the equation for 

transient flow through a fully saturated anisotropic porous medium(Freeze and Cherry, 

1979): 

— 

dh 
-i—

/

K, - Q^ (4.10) 
dx\ dx dy dz dz 'dt\ 

Ifthemediumishomogeneousandisotropic,whichisanappropriateassumptionfor 

the HPLCcolumns prior to the packing process,equation(4.10)can be simphfied(Freeze 

and Cherry,1979): 

d^h d'^h d'h dh 
(4.11) 

dx^ dy"" dz" K dt 

Insummary,transientsaturatedflow assumesthattherateofflow changeswithtime 

inside HPLC colurrms during the packing process.It is controlled byDarcy'sLaw and the 

storage effects due to the compressibility ofthe packing matenal. 

4.2.5.1 Parameters and Convergence Criteria 

InABAQUS,atransientcoupledmechanical-seepageanalysisisperformedwhenthe 

CONSOLIDATION parameter is included onthe*SOILS option.In the transientcase,the 

backward difference operator is used to integrate the continuity equation This operator 
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provides unconditional stability so thatthe only concern with respectto time integration is 

accuracy(ABAQUS,1998).Theintegration procedureusedinABAQUSfor consolidation 

analysis introduces a relationship between the minimum usable time increment and the 

elementsize,asshownbelowforfullysaturatedflows.Iftimeincrementssmallerthanthese 

values are used, spunous oscillations may appear m the solution. These oscillations are 

nonphysical and may cause problems ifpressure-sensitive plasticity is used to model the 

porous medium(ABAQUS, 1998). If the problem requires analysis with smaller tune 

increments than the relationships given below allow,a finer mesh is required. Generally, 

there is no upper limiton the time step except accuracy,smce the integration procedure is 

unconditionallystableunlessnonlineantiescauseconvergenceproblems(ABAQUS,1998). 

A simple guideline that can be used for the mimmum usable time incrementm the 

case offully saturated flow is(ABAQUS,1998). 

2 

(A/ (4.12) 
6Ek 

where Jt is the time mcrement, is the specific weight ofthe wettmg hquid,E is the 

Young's modulusofthe porous material,kis the permeability ofthe porous material, is 

themagmtudeofthe velocityoftheporefluid,fipisthevelocitycoefficientinForchheimer's 

flow law.KgIS the bulk modulusofthe solid grains,and Alis atypical elementdimension. 

ForDarcyflow,the veloci^coefficientin Forchheimer'sflow law,fip,is assumed 

to be zero.In addition,the bulk modulus ofthe solid grains.Kg,is assumed to be infimte 

because the packing material is assumed to be fully incompressible.Thus,equation(412) 

96 



can be simplified(ABAQUS,1998): 

Jt > (4.13) 
6Ek 

FortheHPLCcolumn fimte elementmeshshown m Figure4.13, =0.005 m, 

=7.75 kN/m^,k=3.53 x 10"^ m/day,andE=p/K= l,300,000kPa.Thisresults m Atof7.0 

X10"® day.Themaximumporepressurethatwasallowedto dissipatemeachtimeincrement, 

UTOL=1,300kPa(13.0bar)wasassumed,whichis about10%oftheimtialporepressure. 

In addition to the convergence criteria above,the maximum rate ofpore pressure 

dissipation over time in each time step is required for the transient reaching steady-state 

analysisto describethemaximumrateofporepressure dissipationusedto definethesteady-

statecondition.However,duetotherelativelyhighpermeabilityofthepackingmaterial,this 

type ofnumencal solution would stop when the flowsreached the steady-state conditions, 

usuallybeforetheintended pistondisplacementwasreached.Thus,thistypeofanalysiswas 

notfiilly investigated. 

4.2.5.2 Typical Results 

Figure4.17showsthecomputed displacementsandporepressuresversustimeatthe 

samelocationsinvestigatedpreviously(Figure4.13)mtheHPLCcolumndunngthepacking 

process. The load was applied to the bottom ofthe column through a piston within two 

minutes,and thenthe piston washeld at its final displacementfortwo minutesto allow the 

pore pressures inside the colunrn to dissipate. This loading is typical ofthe actual packing 

process (Guiochon, et al, 1999b). As illustrated m Figure 4.17(a), the displacements 

increased linearly for2minutes and thenremamed constant overtime as the piston pushed 
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from the bottom of the column. Similar to the imcoupled mechanical analysis, the 

displacement was found to be maximum at the bottom of the column (Point R where 

displacement was applied)and reduced along the column(away from the piston), and it 

approached zero on top ofthe column(PointP),as shown in Figure 4.17(a). 

As expected,the computed pore pressure increased as the piston pushed from the 

bottom dunng the packing process, as shown m Figure 4.17(b). Once the piston stopped 

pushing from the bottom ofthe colunrn,the pore pressures at the bottom ofthe colunrn 

dissipated rapidly through the top ofthe column(flange),as illustrated in Figure 4.17(b). 

Smcethe drainage distances ofPointsRandQ are largerthan atPointP,the pore pressure 

bmld up atthese points is greater. 

Figure4.18showsthe void ratio vanation and meanpressure distribution computed 

atthe end ofthe packmg process.Asillustrated m Figure 4.18(a),there wassome axial and 

radial heterogeneity along the column.The void ratio wasfound to belowernearthe edges 

atthe bottom ofthecolumn,increased alongthecolumn,and wasmaximum nearthe edges 

ontop ofthecolumn.Thisindicates thatthe density is higher nearthe edgesthan the center 

ofthecolumn atthe bottom and ontop ofthecolumn.Figure4.18(b)showsthemeanstress 

distribution corresponding to the void ratio distnbution,illustrated in Figure 4.18(a). The 

mean pressure wasfound to be maximum near the edges at the bottom ofthe column and 

decreasing along the column. 

4.2.5.3 Comparison ofResults 

Thevariationofvoidratio anddistnbutionofmeanpressureattheendofthepackmg 

processfortheuncoupled mechamcalanalysisandthe coupled transient analysis areshown 

m Figures 4.19 and 4.20. As illustrated m Figure 4.19(b),the void ratio was found to be 
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Figure 4.18 Transient analysis (a) Void ratio variation, (b)
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Figure 4.19 Void ratio variations inside the HPLC
columns (a) Uncoupled Mechanical response, (b)
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Figure 4.20 Mean pressure distributions inside the HPLC
columns (a) Uncoupled Mechanical response, (b) Coupled
Mechanical-Seepage response under 2 minutes loading.



lower near the edges atthe bottom ofthe column,increased along the column,and largest 

neartheedgesontopofthecolumn.Thisvoidratio distributioncomputedfromthetransient 

analysisissimilartotheuncoupledmechanicalandthecoupled mechanical-seepagesteady-

state response, as shown in Figure 4.19(a), indicating that the pore pressures developed 

inside the HPLC columns during the 2 minutes loading process do not have significant 

effects on the void ratio or density ofthe columns. 

Figure 4.20(b)shows the mean stress distnbution corresponding to the void ratio 

distnbution, illustrated in Figure 419(b). The results suggest that the mean pressure 

distnbution is similar to the uncoupled mechamcal and the coupled mechamcal-seepage 

steady-state response,shown m Figure 4.20(a). 

4.2.6Parametric Study 

Tofurtherunderstandthecoupledmechanical-seepageanalysis,especiallytheeffects 

oftherateofloadinginthepreparationofHPLCcolumns,aparametncstudywasconducted 

by varying the loadmg rate ofthe bottom piston. 

4.2.6.1 Effects ofthe Rate ofConsolidation 

Toillustratetheeffectsofthepistonloadmgrateonthecomputeddisplacementsand 

pore pressures overtime at vanouslocations insidethe center ofHPLCcolumn during the 

packing process,the analysis wasrepeated with afasterloading rate.Theload was applied 

to the bottom ofthe columnthrough a piston within one minute and the piston washeld at 

itsfinaldisplacementfortwominutes. Thecomputeddisplacementsandporepressuresover 

time at vanous locations inside the center ofHPLC column for the 1-minute loading are 

shown mFigure4.21.Forcomparison,theresultsfromthe2-mmuteloadmg arealsoshown 

in Figure 4.21. As illustrated in Figure 4.21(a), the displacement increased linearly for a 
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penod of1 or2minutes,after which it remained constant over time. 

Thecomputed porepressuresincreased asthepistonpushed firom thebottom dunng 

the packing process,and the pore pressure increase atPointR during the 1 minute loading 

was about 3.6 times greater than dunng the 2-mmute loading. Once the piston stopped 

pushing firom the bottom,the pore pressures atthe bottom ofthecolumn dissipated rapidly, 

as illustrated m Figure 4.21(b).The inset figure in Figure 4.21(b)shows detail ofthe pore 

pressure dissipation with an expanded time scale. 

Figures 4.22 and 4.23 show the computed void ratio variation and mean pressure 

distnbution attheend ofthepacking process.Forcompanson,theresultsforthe uncoupled 

mechanical and coupled mechamcal-seepage response(loaded for both 2-minute and 1-

mmute) are mcluded. hi this companson, the uncoupled mechamcal analysis can be 

considered to represent acolumn m which the piston is displaced veryslowly,such thatno 

pore pressure is builtup.Thecoupled mechanical-seepage analysis witha2minutes period 

of loading represents an intermediate loading rate, while the 1 minute loading can be 

consideredafastloadmgrate. AsillustratedmFigure4.22(c),whenthepistondisplacement 

was applied over a 1 minute period, there was less axial and radial heterogeneity m the 

column.Thevoidratio distnbution wasmuch moreumform,especially atthe bottom ofthe 

column compared with the uncoupled mechanical and coupled mechamcal-seepage 

response,as shown in Figures 4.22(a)and(b). 

Figure 4.23 shows the mean stress distribution corresponding to the void ratio 

distnbution, illustrated m Figure 422. Irrespective ofloadmg rate, the coupled mean 

pressurewasfoundtobemaximumneartheedgesatthebottomofthecolumnanddecreased 
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along the column.However,the mean pressure is more uniform when the load is applied 

over 1 minutethan when applied over2mmutesor very slowly. 

4.2.7Discussion ofResults 

Thenumericalresultssuggestthattherate ofloading isimportantwhenpacking the 

HPLC colunms because if the piston is pushed relatively fast (with respect to the 

permeability ofthe packmg matenal), the pore pressure does not have enough time to 

dissipate through theflange ontop ofthe column,and a more uniform columnis produced. 

However,ifthe piston is pushed slowly with respect to the permeability ofthe packing 

matenal,the pore pressures would dissipate quickly and a less uniform colunrn would be 

obtamed. This is consistent with the laboratory observations in which a more uniform 

column was produced if the bottom piston was pushed quickly with respect to the 

permeability ofthe packmg matenal(Guiochon,1999b).However,in practice,the piston 

caimot be pushed too qmckly due to the difficulty in controlling the piston pressure that is 

applied to the colunrn. 
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Chapter5 

Conclusions and Recommendations 

The efficiency ofthe separation process conducted in High Performance Liquid 

Chromatography(HPLC)columns is strongly dependent upon techniques used to prepare 

or pack the column. During the preparation ofthe column,fiiction between the packing 

material and the wallofthecolumnresults in anonmuform density or void ratio across the 

radius ofthe column,which sigmficantly reduces the efficiency ofthe separation process. 

Concepts fi*om soil mechamcs and numencal approximations using the commercial finite 

element code, ABAQUS (5.8) were utilized to investigate the mechamcs of the 

chromatography column preparation process. 

To obtain parameters for the numerical analysis, several series oflaboratory tests 

were conducted.These tests mcluded mterface direct shear tests on both Zorbax spherical 

CIS and Kromasil spherical C8 packmg materials, and fixed ring consolidation tests 

mcorporating falling head permeability tests on the Kromasil C8 packing matenals. The 

lowest mterface coefficientoffiictionbetweenthe silicasampleandthe stainless steelplate 

wasfoundin KromasilC8with methanol solvent(tan6=0.21). Thetestresultsfound that 

the contactbetween theZorbax with methanol and the stainless steel plate had the greatest 

coefficientof fiiction(tan6=0.39).This valueoftheinterface fiiction angleis closeto the 

two thirds ofthe internal fiiction angle(^=36°)measured Mihlbachler et al (1998)on a 

similarpackmgmatenalPro10Sil,whichisconsistentwiththeresultsreportedbyPotyondy 

(1961)for interface between soils and vanous construction matenals. 
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In the numencal analysis, the packing matenal was represented by the Drucker-

Prager elastic-plastic model,which isoften used to representthefrictional behaviorofsoil. 

A linear Drucker-Prager yield surface function,F,was used to descnbethe yielding ofthe 

packingmatenal.Anon-associativeflowrulewasusedsuchthatnon-dilatantresponsecould 

berepresented.In the elastic range,a nonlinear porous elastic material modelwas used,in 

which the change in volume ofthe matenal is proportional to the logarithm ofthe mean 

stress The stainless steel column surrounding the bed was represented as a linear elastic 

material 

The numerical results suggest thatifthe mterface fiiction is reduced,the axial and 

radial heterogeneity of the column is significantly reduced. The yielded zones nearly 

vamshedwhenthewallfiictionisreduced.Aslightlyconcavepistonmayimprovetheradial 

homogeneity ofthe column,especially atthe bottom ofthe column. 

To investigate the seepage effects inside the HPLC columns durmg the packing 

process,acoupled mechamcal-seepage modelwasused.Theresults suggested thatthe rate 

ofloadingwasimportantwhenpackingtheHPLCcolumns.Ifthepistonwaspushedquickly 

with respect to its permeability, the pore pressures do not have enough time to dissipate 

through the flange on top ofthe column, and a more uniform column, especially at the 

bottom,could be produced. However,ifthe piston was pushed slowly with respect to its 

permeability,the pore pressures would dissipate rapidly and a more non-uniform column 

would be produced. 

Further laboratory testing such as tnaxialtests should be performed to improve the 

charactenzation ofthe packing matenal Additionalnumencal analyses may also be useful 

to evaluatethe packing processofthecolumnandthe effectofloadingrate These analyses 
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include adding a low permeable layer on top ofthe column such that the pore pressure 

dissipation at the top ofthe column could be controlled,to investigate the effects on the 

column void ratio. 
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Appendix A 

Interface Direct Shear TestData: 

Shear Stress vs.Displacement Response 
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Sample ID:
Description ofthe Sample:
Diameter of the Sample:
Area of the Sample:
Normal Pressure:

Mass of the Sample (wet):
Initial Height of the Sample:
Initial Volume of the Sample:
Initial Density of the Sample:

Horizontal Displacement

ZIObm)

ZorbaxClS Diy Silica Solvent Methanol

orizontal Dial Shear Shear Normalized Shear Vertical

Reading Force Stress Force Displacement
Cml (\b) fkPa) (kPi) fin)

0.000000 0 0.00 0.00 O.OOE+00

0.000051 19 26.69 18.40 O.OOE+OO

0.000102 41 57.59 39.71 O.OOE+00

0.000152 65 91.30 62.95 O.OOE+00

0.000203 99 139.05 95.87 O.OOE+00

0.000254 126 176.98 122.02 0.00E-K)0

0.000305 148 207.88 143.33 O.OOE+OO

0.000356 167 234.57 161.73 O.OOE+00

0.000406 132 255.64 176.25 O.OOE+OO

0.000457 196 275.30 189.81 O.OOE+OO

0.000508 220 309.01 213.05 O.OOE+OO

0.000559 227 318.84 219.83 O.OOE+OO;

0.000610 234 328.67 226.61 i o,ooE+oo;;
0.000660 243 341.32 235.33 - O.OOE+OO

0.000711 255 358.17 246.95 : : O.OOE+OO

0.000762 260 365.19 251.79 O.OOE+OO

0.000813 263 369.41 254.70 1.00E05

0.000864 267 375.03 258.57 2.00E-05

0.000914 270 379.24 261.48 4.00E-05

0.000965 272 382.05 : 263.41 8.00E-05

0.001016 276 387.67 267.29 9.00E-05

0.001067 276 387.67 267.29 l.OOE-04

0.001118 276 387.67 267.29 1.20E-04

0.001168 276 387.67 267.29 1.40E-04

0.001219 276 387.67 267.29 1.50E.04

0.001270 277 389.07 268.26 1.60E-04

0.001321 278 390.48 269.22 1.80E-04

0.001372 278 390.48 269.22 1.90E-04

0.001422 278 390.48 269.22 2.10E-04

0.001473 278 390.48 269.22 2.20E-04

0.001524 278 390.48 • 269.22 ~ ̂ 2.20E-04

0.001575 278 390.48 269.22 2.30E-04

0.001626 277 389.07 268.26 2.35E-04

0.001676 277 389.07 268.26 2.40E-04

0.001727 277 389.07 268.26 2.50E-04

0.001778 278 390.48 269.22 2.50E.04

0.001829 279 391.88 270.19 2.50E-04

0.001880 , 278 390.48 269.22 2.60E-04

0.001930 279 391.88 270.19 2.60E-04

0.001981 276 387.67 267.29 2.60E-04

0.002032 276 387.67 267.29 2.60E-04

0.002083 278 390.48 269.22 2.60E-04

0.002134 276 387.67 267.29 2.70E-04

0.002184 276 387.67 267.29 2.70E-04

0.002235 274 384.86 265.35 2.70E-04

0.002286 273 383.45 264.38 2.80E.04

0.002337 273 383.45 264.38 2.80E-04

0.002388 275 386.26 266.32 2.85E-04

0.002438 273 383.45 264.38 2.85E-04

0.002489 274 384.86 265.35 2.90E-04

0.002540 276 ^ 387.67 ' 267.29 2.90E-04

0.002591 277 389.07 268.26 , : 2.90E-04

0.002642 276 387.67 267.29 ; 2.90E-04
0.002692 276 387,67 267.29 : 3.00E-04

0.002743 273 383.45 264.38 3.00E-04

0.002794 274 384.86 265.35 3.10E-04

0.002845 273 383.45 264.38 - 3.10E-04

0.002896 273 383.45 26438 3.10E-04

0,002946 272 382.05 263.41 3.10E-04

0.002997 . 272 , 382.05 - 263.41..,,.:;^^ 3.10E-04

0.003048 270 379.24 261.48 3.10E-04

0.003099 272 382.05 263.41 3.15E-04

0.003150 275 386.26 266.32 3.20E-04

0.003200 272 382.05 263.41 3.20E-04

Change of Vertical

Displacement

On}
0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000003

0.0000005

0.0000010

0.0000020

0.0000023

0.0000025

0.0000030

0.0000036

0.0000038

0.0000041

0.0000046

0.0000048

0.0000053

0.0000056

0.0000056 ••.

0.0000058

0.0000060

0.0000061

0.0000063

0.0000063

0.0000063

0.0000066

0.0000066

0.0000066 ,
0.0000066

0.0000066

0.0000069

0.0000069

0.0000069

0.0000071

0.0000071

0.0000072

0.0000072

0.0000074

0.0000074

0.0000074

0.0000074

0.0000076

0.0000076 .

0.0000079

0.0000079

0.0000079

0.0000079

0.0000079

0.0000079

0.0000080

0.0000081

0.0000081

Note: There were no methanol around and on top of the sample.



Sample ID: Z10bm2
Description of the Sample: ZorbaxClS Dry Silica Solvent:
Diameter of the Sample: 2.5 in
Area of the Sample: 4.9087 in*
Normal Pressure: 10 bar
Mass of the Sample (wet): 39.0 g
Initial Height of the Sample: 1.1400 cm
Initial Volume of the Sample: 36.1029 cm*
Initial Density of the Sample: 1.0802 g/cm*
Horizontal Displacement Horizontal Dial Reading Shear

0.000000 0 0.00

0.000051 6 8.43

0.000102 33 46.35

0.000152 60 84.28

0.000203 91 127.82

0.000254 112 157.31

0.000305 137 192.43

0.000356 155 217.71

0.000406 169 237.38

0.000457 181 254.23

0.000508 191 268.28

0.000559 202 283.73

0.000610 206 289.35

0.000660 213 299.18

0.000711 219 307.60

0.000762 225 316.03

0.000813 232 325.86

0.000864 236 331.48

0.000914 245 344.12

0.000965 249 349.74

0.001016 253 355.36

0.001067 257 360.98

0.001118 264 370.81

0.001168 266 373.62

0.001219 267 375.03

0.001270 268 376.43

0.001321 269 377.83

0.001372 270 379.24

0.001422 270 379.24

0.001473 270 379.24

0.001524 270 379.24

0.001575 271 380.64

0.001626 271 380,64

0.001676 272 382.05

0.001727 272 382.05

0.001778 274 384.86

0.001829 274 384.86

0.001880 275 386.26

0.001930 276 387.67

0.001981 276 387.67

0.002032 276 387.67

0.002083 276 387.67

0.002134 275 386.26

0.002184 266 373.62

0.002235 267 375.03

0.002286 266 373.62

0.002337 266 373.62

0.002388 264 370.81

0.002438 273 383.45

0.002489 275 386.26

0.002540 276 387.67

0.002591 274 384.86

0.002642 276 387.67

0.002692 272 382.05

0.002743 273 383.45

0.002794 270 379.24

0.002845 268 376.43

0.002896 270 379.24

0.002946 270 379.24

0.002997 270 379,24

0.003048 269 377.83

Normalized Shear

Displacement

O.OOE+OO

O.OOE+00

O.OOE+OO

O.OOE+OO

O.OOE+OO

O.OOE+OO

l.OOE-OS

3.00E-05

4.00E-05

6.00E-05

9.00E^5

1.30E-04

1.40E-04

I.40E-04

1.40E-04

1.50E-04

2.I0E-O4

2.80E-04

2.90E-04

3.00E^

4.00E.04

5.00E-04

6.00E-04

6.60E.04

7.30E-04

7.80E-04

8.20E-04

8.50E-04

8.50E-04

9.00E-04

9.00E-04

9.30E^

9.50E-04

9.80E-04

l.OOE-03

1O3E-03

1.05E-03

1.05E-03

1.05E.03

1.09E-03

l.lOE-03

1.13E.03

I.I3E-03

1.13E-03

1.13E-03

1.14E.03

1.15E-03

1.17E.03
i.l9E-03

1.19E-03

1.20E-03

1.20E-03

1.21E-03

1.22E-03

I.23E-03

1.24E-03

1.25E-03

1.26E-03

1.26E.03

1.27E-03

1.31E-03

Change of Vertical

Displacement

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000003

0.0000008

0.0000010

0.0000015

0.0000023

0.0000033

0.0000036

0.0000036

0.0000036

0.0000038

0.0000053

0.0000071

0.0000074

0.0000076

0.0000102

0.0000127

0.0000152

0.0000168

0.0000185

0.0000198

0.0000208

0.0000216

0.0000216

0.0000229

0.0000229

0.0000236

0.0000241

0.0000249

0.0000254

0.0000262

0.0000267

0.0000267

0.0000267

0.0000277
0.0000279

0.0000287

0.0000287

0.0000287

0.0000287

0.0000290

0.0000292

0.0000297

0.0000302

0.0000302

0.0000305

0.0000305

0.0000307

0.0000310

0.0000312

0.0000315

0.0000317

0.0000320

0.0000320

0.0000323

0.0000333
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Horizontal Displacement

tinch

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

0.024

0.026

0.028

0.03

0.032

0.034

0.036

0.038

0.04

0.042

0.044

0.046

0.048

0.05

0.052

0.054

0.056

0.058

0.06

0.062

0.064

0.066

0.068

0.07

0.072

0.074

0.076

0.078

0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

0.096

0.098

0.1

mtal Dial Reading Shear Shear Stress Normalized Vertical

Force Shear Force Displacement
tml (lb) fkPal fkPa1 finl

0.000000 0 0.00 0.00 O.OOE+00

0.000051 35 49.16 33.90 O.OOE+00

0.000102 60 84.28 58.11 O.OOE+00

0.000152 92 129.22 89.10 O.OOE+00

0.000203 118 165.74 114.27 O.OOE+00

0.000254 140 196.64 135.58 O.OOE+00

0.000305 159 223.33 153.98 O.OOE+00

0.000356 179 251.42 173.35 O.OOE+00

0.000406 185 259.85 179.16 O.OOE+00

0.000457 196 275.30 189.81 O.OOE+00

0.000508 204 286.54 197.56 O.OOE+00

0.000559 212 . 297.77 205.31 O.OOH+00

0.000610 220 309.01 213.05 O.OOE+00

0.000660 226 317.44 218.87 O.OOE+00

0.000711 231 324.46 223.71 O.OOE+00

0.000762 238 334.29 230.49 O.OOE+00

0.000813 243 341.32 235.33 O.OOE+00

0.000864 246 345.53 238.23 O.OOE+00

0.000914 251 . 352.55 243.08 O.OOE+00

0.000965 254 356.77 245.98 O.OOB+00

0.001016 257 360.98 248.89 3.00E-05

0.001067 260 365.19 251.79 7.00E-05

0.001118 262 368.00 253.73 l.OOE-04

0.001168 265 372.22 256.63 1.50E-04

0.001219 265 372.22 256.63 1.70E-04

0.001270 265 372.22 256.63 1.80E-04

0.001321 267 375.03 258.57 2.00E-04

0.001372 267 375.03 258.57 2.00E-04

0.001422 267 375.03 258.57 2.00E-04

0.001473 267 375.03 258.57 2.00E-04

0.001524 268 376.43 259.54 2.20E-04

0.001575 267 375.03 258.57 2.30E-04

0.001626 267 375.03 258.57 2.30E-04

0.001676 268 376.43 259.54 2.40E-04

0.001727 269 377.83 260.51 2.60E-04

0.001778 268 376.43 259.54 2.70E-04

0.001829 268 376.43 259.54 2.80E-04

0.001880 268 376.43 259.54 2.80E-04

0.001930 270 379.24 261.48 2.85E-04

0.001981 267 375.03 .. 258.57 2.90E-04

0.002032 266 373.62 257.60 2.90E-04

0.002083 268 376.43 259.54 2.95E-04

0.002134 268 376.43 259.54 2.95E-04

0.002184 268 376.43 259.54 3.00E-04

0.002235 268 376.43 259.54 3.00E-04

0.002286 268 376.43 259.54 3.00E-04

0.002337 268 376.43 259.54 3.00E-04

0.002388 268 376.43 259.54 3.00E-04

0.002438 268 376.43 259.54 3.00E-04

0.002489 268 376.43 259.54 3.00E-04

0.002540 268 376.43 259.54 3.00E-04

Change of Vertical

Displacement
ini)_

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.00001 >00

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000 _

0.0000008

0.0000018

0.0000025

0.0000038

0.0000043

0.0000046

0.0000051

0.0000051

0.0000051

0.0000051

0.0000056

0.0000058

0.0000058

0.0000061

0.0000066

0.0000069

0.0000071

0.0000071

0.0000072

0.0000074

0.0000074

0.0000075

0.0000075

0.0000076

0.0000076

0.0000076

0.0000076

0.0000076

0.0000076

0.0000076

0.0000076



 

 

Sample ID: Z2.5bml

Description of the Sample: ZoibaxC18 Dry Silica Solvent: Methanol

6.35Diameter of the Sample: 2.5 in =
em

Area of the Sample: 4.9087 in^ — 31.67 cm

Normal Pressure: 2.5 bar

Mass of the Sample (wet): 44.0 g

Initial Height of the Sample: 1.3400 cm

Initial Volume of the Sample: 42.4368 cm'

Initial Density of the Sample: 1.0368 g/cm'
Horizontal Displacement Horizontal Dial Reading Shear Force Shear Stress Normalized Shear Vertical Change of Vertical

Force Displacement Displacement

linchl (m) (lb) (kPa1 (kPal (in) (m)

0 0.000000 0 0.00 0.00 O.OOE+00 0.0000000

0.002 0.000051 5 7.02 19.37 O.OOE+00 0.0000000

0.004 0.000102 9 12.64 34.86 O.OOE+00 0.0000000

0.006 0.000152 22 30.90 85.22 O.OOE+00 0.0000000

0.008 0.000203 32 44.95 123.96 O.OOE+00 0.0000000

0.01 0.000254 40 56.18 154.95 O.OOE+00 0.0000000

0.012 0.000305 47 66.02 182.06 O.OOE+00 0.0000000

0.014 0.000356 51 71.63 197.56 O.OOE+00 0.0000000

0.016 0.000406 53 74.44 205.31 O.OOE+00 0.0000000

0.018 0.000457 56 78.66 216.93 O.OOE+00 0.0000000

0.02 0.000508 57 80.06 220.80 O.OOE+00 0.0000000

: , 0.022 0.000559 59 82.87 228.55 O.OOE+00 0.0000000

0.024 0.000610 60 84.28 232.42 O.OOE+00 0.0000000

0.026 0.000660 62 87.08 240.17 O.OOE+00 0.0000000

0.028 0.000711 63 88.49 244.04 O.OOE+00 0.0000000

0.03 0.000762 63 88.49 244.04 O.OOE+00 0.0000000

0.032 0.000813 64 89.89 247.92 O.OOE+00 0.0000000

0.034 0.000864 64 89.89 247.92 O.OOE+00 0.0000000

0.036 0.000914 65 91.30 251.79 O.OOE+00 : 0.0000000

0.038 0.000965 65 91.30 251.79 . O.OOE+OO 0.0000000

0.04 0.001016 65 91.30 251.79 3.00E-05 0.0000008

0.042 0.001067 65 91.30 251.79 7.00E-05 0.0000018

0.044 0.001118 65 91.30 251.79 l.OOE-04 0.0000025

0.046 0.001168 65 91.30 251.79 1.50E-04 0.0000038

0.048 0.001219 65 91.30 251.79 1.70E-04 0.0000043

0.05 0.001270 66 92.70 255.67 1.80E-04 0.0000046

0.052 0.001321 64 89.89 247.92 2.00E-04 0.0000051

0.054 0.001372 64 89.89 247.92 2.00E-04 0.0000051

0.056 0.001422 64 89.89 247.92 2.00E-04 0.0000051

0.058 0.001473 64 89.89 247.92 2.00E-04 0.0000051

0.06 0.001524 64 89.89 247.92 2.20E-04 0.0000056

0.062 0.001575 63 88.49 244.04 2.30E-04 0.0000058

0.064 0.001626 63 88.49 244.04 2.30E-04 0.0000058

0.066 0.001676 63 88.49 244.04 2.40E-04 0.0000061

0.068 0.001727 63 88.49 244.04 2.60E-04 0.0000066

0.07 0.001778 63 88.49 244.04 2.70E-04 0.0000069

0.072 0.001829 63 88.49 244.04 2.80E-04 0.0000071

0.074 0.001880 63 88.49 244.04 2.80E-04 0.0000071

0.076 0.001930 63 • 88.49 244.04 2.85E-04 0.0000072

0.078 0.001981 63 , 88.49 244.04 2.90E-04 0.0000074

0.08 0.002032 63 88.49 244.04 2.90E-04 0.0000074

0.082 0.002083 63 88.49 244.04 2.95E-04 0.0000075

0.084 0.002134 62 87.08 240.17 2.95E-04 0.0000075

0.086 0.002184 62 87.08 240.17 3.CI0E-04 0.0000076

0.088 0.002235 62 87.08 240.17 3.00E-04 0.0000076

0.09 0.002286 62 87.08 240.17 3.00E-04 0.0000076

0.092 0.002337 62 87.08 240.17 3.00E-04 0.0000076

0.094 0.002388 61 85.68 236.30 3.00E-04 0.0000076

0.096 0.002438 61 85.68 236.30 3.00E-04 0.0000076

0.098 0.002489 61 85.68 236.30 3.00E-04 0.0000076

0.1 0.002540 61 85.68 236.30 3.00E-04 0.0000076
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Sample ID: Z2.5bin
Description of the Sample: Zorbax (
Diameter of the Sample: 2.5
Area of tlie Sample: 4.9087
Normal Pressure: 2.5

Mass of the Sample (wet): 33.9
Initial Height of the Sample; 0.9400
Initial Volume of the Sample: 29.7691
Initial Density of the Sample: 1.1388

Horizontal Displacement Honzoi

Z2.5bin

Honzon

2

Zorbax CIS Dry Silica
2.5

4.9087

2.5

33.9

0.9400

tal Dial Reading

(m)

0.000000

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0.000406

0.000457

0.000508

0.000559

0.000610

0.000660

0.000711

0.000762

0.000813

0.000864

0.000914

0.000965

0.001016

0.001067

0.001118

0.001168

0.001219

0.001270

0.001321

0.001372

0.001422

0.001473

0.001524

0.001575

0.001626

0.001676

0.001727

0.001778

0.001829

0.001880

0.001930

0.001981

0.002032

0.002083

0.002134

0.002184

0.002235

0.002286

0.002337

0.002388

0.002438

0.002489

0.002540

0.002591

0.002642

0.002692

0.002743

0.002794

0.002845

0.002896

0.002946

0.002997

0.003048

0.003099

Force

nb^ fkPa)

0 0.00

6 8.43

10 14.05

19 26.69

33 46.35

40 56.18

45 63.21

50 70.23

54 75.85

58 81.47

60 84.28

62 87.08

64 89.89

64 89.89

65 91.30

65 91.30

66 92.70

67 94.11

67 94.11

67 ; 94.11

67 94.11

67 94.11

67 94.11

67 94.11

67 94.11

67 94.11

67 94.11

67 94.11

68 95.51

68 95.51

69 96.92

69 96.92

69 96.92

69 96.92

69 96.92

68 95.51

68 95.51

69 96.92

69 96.92

68 95.51

69 96.92

69 96.92

69 96.92

69 96.92

69 96.92

69 96.92

68 95.51

68 95.51

68 95.51

68 95.51

69 96.92

69 96.92

68 95.51

68 95.51

68 95.51

68 95.51

67 94.11

68 95.51

68 95.51

68 95.51

68 95.51

68 95.51

1

Shear Stress Normalized Shear Vertical Displacement Change of Vertical

Force Displacement

26

1 25

1 26

1 26

1 26

O.OOE+00

O.OOE+00

O.OOE+00

O.OOE+00

O.OOE+OO

O.OOE+00

O.OOE+OO

O.OOE-H)0

O.OOE+OO

O.OOE+OO

O.OOE+OO

O.OOE+OO

O.OOE+OO

O.OOE+OO

5.00E-06

l.OOE-05

l.OOE-05

2.00E-05

3.00E-05

3.50E-05

3.50E-05

4.00E-05

4.00E-05

4.00E-05

6.00E-05

7.00E-05

7.50E-05

8.00E-05

8.50E-05

9.00E-05

9.50E-05

.9.50E-05

l.OOE-04

l.lOB-04

1.20E-04

1.20E-04

1.20E-04

1.20E-04

1.20E-04

1.20E-04

1.25E-04

1.25E-04

1.30E-04

1.35E-04

1.40E-04

1.45E-04

1.50E.04

1.60E-04

1.60E-04

1.65E-04

1.70E-04
1.70E-04

I.75E-04

1.75E-04

1.75E-04

1.75E-04

i.75E-04

1.80E-04

1.85E-04

1.85H-04

1.90E-04

1.90E-04

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000001

0.0000003

0.0000003

0.0000005

0.0000008

0.0000009

0.0000009

0.0000010

0.0000010

0.0000010

0.0000015

0.0000018

0.0000019

0.0000020

0.0000022

0.0000023

0.0000024

0.0000024

0.0000025

0.0000028

0.0000030

0.0000030

0.0000030

0.0000030

0.0000030

0.0000030

0.0000032

0.0000032

0.0000033

0.0000034

0.0000036

0.0000037

0.0000038

0.0000041

0.0000041

0.0000042

0.0000043

0.0000043

0.0000044

0.0000044

0.0000044

0.0000044

0.0000044

0.0000046

0.0000047

0.0000047 ̂

0.0000048

0.0000048



Sample ID;
Dcgcription ofibe Sample:
Diameler of the Sample:
Area of (he Sample:
Normal Pressure:

Mass of the San^le (wet):
Initial Height of the San^le:
Initial Volume of the Sample:
Initial Density of the Sample:



 �

Sample ID: ZSbml

Description of the Sample: Zorbax C18 Dry Silica Solvent: Methanol

Diameter of the Sample: 2.5 in 6.35 cm

Area of the Sample: 4.9087 in* 31.67 cm

Normal Pressure: 5 bar

Mass of the San^le (wet): 40.0 8
Initial Height of the Sample: 0.9900 cm

Initial Volume of the Sample: 31.3525 cm'

Initial Density of the Sample: 1.2758 g/cm'

0

\2

19

36

50

64

76

86

97

105

. ilO

114

118

122

126

128

130

132

133

134

135

136

136

136

135

133

132

131

130

130

129

129

128

126

126
126

126

126

126

124

124

124

122

122

123

122

121

123

121

120

122

119

120

119

120

119

119

120

118

118

117

119

119

117

117

117

117

117

117

117

117

117

117

117

116

116

116

116
116

116

116

116

116

0.00

16.86

26.69

50.57

70.23

89.89

106.75

120.79

136.25

147.48

154.50

160.12

165.74

171.36

176.98

179.79

182.60

185.41

186.81

188.21

189.62

191.02

191.02

191.02

189.62

186.81

185.41

184.00

182.60

182.60

181.19

181.19

179.79

176.98

176.98

176.98

176.98

176.98

176.98

174.17

174.17

174.17

171.36

171.36

172.76

171.36

169.96

172.76

169.96

168.55

171.36
167.15

168.55

167.15

168.55

167.15

167.15
168.55

165.74

165.74

164.34

167.15

167.15

164.34

164.34

164.34

164.34

164.34

164.34

164.34

164.34

164.34

164.34

164.34

162.93

162.93

162.93

162.93

162.93

162.93

162.93

162.93

162.93

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000013

0.0000013

0.0000025

0.0000025

0.0000025

0.0000038

0.0000038

0.0000051

0.0000051

0.0000051

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000063

0.0000076

0.0000076

0.0000076

0.0000076

0.0000089

0.0000102

0.0000127

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

0.024

0.026

0.028

0.03

0.032

0.034

0.036

0.038

0.04

0.042

0.044

0.046

0.048

0.05

0.052

0.054

0.056

0.058

0.06

0.062

0.064

0.066

0.068

0.07

0.072

0.074

0.076

0.078

0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

0.096

0.098

0.1

0.102

0.104

0.106

0.108

0.11

0.112

0.114

0.116

0.118

0.12

0.122

0.124

0.126

0.128

0.13

0.132

0.134

0.136

0.138

0.14

0.142

0.144

0.146

0.148

0.15

0.152

0.154

0.156

0.158

0.16

0.162

0.164

Q.OOOOOO

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0.000406

0.000457

0.000508

0.000559

0.000610

0.000660

0.000711

0.000762

0.000813

0.000864

0.000914

0.000965

0.001016

0.001067

0.001118

0.001168

0.001219

0.001270

0.001321

0.001372

0.001422

0.001473

0.001524

0.001575

0.001626

0.001676

0.001727

0.001778

0.001829

0.001880

0.001930

0.001981

0.002032

0.002083

0.002134

0.002184

0.002235

0.002286

0.002337

0.002388

0.002438

0.002489

0.002540

0.002591

0.002642

0.002692

0.002743

0.002794

0.002845

0.002896

0.002946

0.002997

0.003048

0.003099

0.003150

0.003200

0.003251

0.003302

0.003353

0.003404

0.003454

0.003505

0.003556

0.003607

0.003658

0.003708

0.003759

0.003810

0.003861

0.003912
0.003962

0.004013

0.004064

0.004115

0.004166

+00 , 
+00 '
+00



Sample ID:
Description of the Sample:
Diameter of the Sample:
Area of the Sample:
Normal Pressure:

Mass of the Sample (wet):
Initial Height of the Sample:
Initial Volume of the Sample:
Initial Density of the Sample:

Z20bml

ZorbaxClS Dry Silica
2.5

4.9087

20

34.0

1.0400

32.9360

1.0323

0.000000

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0.000406

0.000457

0.000508

0.000559

t.000610

0.000660

0.0007 U

0.000762

0.000813

0.000864

0.000914

0.000965 „

0.001016

0.001067

0.001118

0.001168

0.001219

0.001270

0.001321

0.001372

0.001422

0.001473

0.001524

0.001575

0.001626

0.001676

0.001727

0.001778

0.001829

0.001880

0.001930

0.001981

0.002032

0.002083

0.002134

0.002184

0.002235

0.002286

0.002337

0.002388

0.002438

0.002489

0.002540

0.002591

0.002642

0.002692

0.002743

0.002794

0.002845

0.002896

0.002946

0.00299?

0.003048

0.003099

0.003150

0.003200

0.003251

0.003302

0.003353

0.003404

0.003454

0.003505

0.003556
0.003607

0.003658

0.003708

0.003759

0.003810

0.003861

0.003912 -

0.003962

Note: The san^le was reused from the previous 2.5, 5 and 10 bars with methanol.
Stick-slip behavior was observed after the sample reached the peak shear strength (sample &iled).



 

 

 

0.000000

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0.000406

0.000457

0.000508

0.000559

0.000610

0.000660

0.000711

0.000762

0.000813

0.000864

0.000914

0.000965

0.001016

0.001067

0.001118

0.001168

0.001219

0.001270

0.001321

0.001372

0.001422

0.001473

0.001524

0.001575

0.001626

0.001676

0.001727

0.001778

0.001829

0.001880

0.001930

0.001981

0.002032

0.002083

0.002134

0.002184

0.002235

0.002286

0.002337

0.002388

0.002438

0.002489

0.002540

0.002591

0.002642

0.002692

0.002743

0.002794

Force Stress Force

nw fkPal fkPal

0 0.00 0.00

138 193.83 44.55

215 301.99 69.40

285 400.31 92.00

352 494.42 113.63

403 566.05 130.09

456 640.49 147.20

500 702.29 161.41

538 755.67 173.67

576 809.04 185.94

602 845.56 194.33

632 887.70 204.02

659 925.62 212.73

680 955.12 219.51

701 984.62 226.29

716 1005.69 231.13

732 1028.16 236.30

747 1049.23 . 241.14

760 1067.49 ; . 245.34

770 1081.53 , 248.56

779 1094.17 251.47

785 1102.60 253.41

792 1112.43 255.67

798 1120.86 257.60

806 1132.10 260.18

812 1140.53 262.12

818 1148.95 264.06

824 1157.38 266.00

829 1164.40 267.61

831 1167.21 268.26

834 1171.43 269.22

839 1178.45 270.84

842 1182.66 271.81

842 1182.66 271.81

830 1165.81 267.93

805 1130.69 259.86

797 1119.46 257.28

775 1088.56 250.18

771 1082.94 248.89

774 1087.15 249.86

750 1053.44 242.11

733 1029.56 236.62

732 1028.16 236.30

727 1021.14 234.68

723 1015.52 233.39

721 1012.71 232.75

719 1009.90 232.10

711 998.66 229.52

705 990.24 227.58

705 990.24 227.58

705 990.24 227.58

705 990.24 227.58

705 990.24 . 227.58

705 990.24 227.58

705 990.24 227.58

705 990.24 227.58

Displacement

O.OOE+00

2.00E-05

2.00E-05

2.00E-05

2.00E-05

2.00E-05

2.00E-05

2.00E-05

3.00E-05

6.50E-05

8.50E-05

1.25E-04

1.65E-04

2.25E-04

2.55E-04

3.05E-04

3.45E-04

4.15E-04

4.95E-04

5.55E-04,
6.05E-04

6.65E-04

7.15E-04

7.45E-04

7.55E-04

7.55E-04

7.60E-04

7.60E-04

7.60E-04

7.60E-04

7.65E-04

:7.80E-04

i:7.85E-04

7.95E-04

8.00E-04

8.10E-04

8.20E-04

8.20E-04

8.25E-04

8.25E-04

8.45E-04

8.65E-04

8.65E-04

8.90E-04

9.05E-04

9.20E-04

9.35E-04

9.45E-04

9.55E-04

9.65E-04

9.70E4)4

9.80E-04

9.90E-04

l.OOE-03

l.OlE-03

1.02E-03

Change of Vertical

Displacement

0.0000000

0.0000005

0.0000005

0.0000005

0.0000005

0.0000005

0.0000005

0.0000005

0.0000008

0.0000017

0.0000022

0.0000032

0.0000042

0.0000057

0.0000065

0.0000077

0.0000088

0.0000105

0.0000126

0.0000141

0.0000154

0.0000169

0.0000182

0.0000189

0.0000192

0.0000192

0.0000193

0.0000193

0.0000193

0.0000193

0.0000194

0.0000198

0.0000199

0.0000202

0.0000203

0.0000206

0.0000208

0.0000208

0.0000210

0.0000210

0.0000215

0.0000220

0.0000220

0.0000226

0.0000230

0.0000234

0.0000237

0.0000240

0.0000243

0.0000245

0.0000246

0.0000249

0.0000251

0.0000254

0.0000255

0.0000258

Note: The sample was reused from the previous 5 and 10 bars with acetone. Stick-slip behavior was observed after the sample reached the peak

shear strength (sample failed).



Sample ID;

Description of the Sample;

Diameter of the Sample;

Area of the Sample;

Normal Pressure:

Density of the graphite spray;

Mass of the Sample (Dry);

Initial Height of the Sample:

Initial Volume of the Sample;

Initial Density of the Sample;

Horizontal Displacement

(inch)

ZorbaxClS Dry Silica

Horizontal Dial Reading

0.000000

* Lubricant; Graphite spray was used

Methanol

Thickness ofthe graphite: 4.69E-06

Mass of the Sample (Wet): 33.6

Shear Stress

(kPa)

0.00

Normalized Shear Force Vertical Displacement

fin)

0,OOE+00

Note; The sample was reused from the previous tests. Stick-slip behavior was observed after the sample reached the peak shear strength (sample failed).

Change of Vertical Displacement

(ni)
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Sample ID:

Description ofthe Sample:

Diameter of the Sample:

Area of the Sample:

Normal Pressure:

Density of the graphite spray:

Mass of the Sample (dry):

Initial Height of the Sample:

Initial Volume of the Sample:

Initial Density of the Sample:

Horizontal Displacement

0.074

Z20bmll

ZorbaxClS Dry Silica Solvent:

2.5 in

4.9087 in

20 ba

660.33 kg/i

21.5 g

0.8400 cn

26.6021 cir

0.8082
Horizontal Dial Shear 1

Reading

(m) (lb

Shear F

0.000000 0

0.000051 2-

0.000102 4:

0.000152 10

0.000203 14

0.000254 18

0.000305 22

0.000356 25

0.000406 28

0.000457 30

0.000508 31

0.000559 33

0.000610 35

0.000660 36

0.000711 38

0.000762 39

0.000813 41

0.000864 42

0.000914 : 43

0.000965 43

0.001016 44

0.001067 44

0.001118 45

0.001168 44

0.001219 44

0.001270 44

0.001321 44

0.001372 44

0.001422 45

0.001473 44

0.001524 44

0.001575 44

0.001626 44

0.001676 44

0.001727 44

0.001778 44

0.001829 44

0.001880 44

0.001930 43

= 0.001981 43

0.002032 43

0.002083 43

0.002134 43

0.002184 43

0.002235 43

0.002286 43

0.002337 43

Spray Graphite lubricant * Sample used for other acetone tests, but not the Z30bml test
Methanol

6.35 cm

31.67 cm

El' Thickness of the graphite: 4.69E-06 m

orce Shear Stress Normalized Shear Force Vertical

Displacement

(kPa) (in)

0.00 O.OOE+00

11.14 O.OOE+00

22.76 O.OOE+00

48.42 O.OOE+00

72.15 O.OOE+00

91.03 O.OOE+OO

107.98 O.OOE+00

124.93 O.OOE+00

137.03 O.OOE-H)0

146.23 O.OOE+OO

153.50 O.OOE+00

162.70 0.O0E+OO

170.44 O.OOE+OO

178.68 = 5.00E-05

186.91 Iv I.00E-04

193.20 1.50E-04

199.50 : 2.00E-04

204.34 2.50E-04

208.70 3.00E-04

212.09 3.50E-04

214.99 3.50E-04

217.41 3.50E-04

218.87 3.50E-04

217.41 3.50E-04

217.41 3.50E-04

217.41 3.50E-04

216.44 3.50E-04

215.48 3.50E-04

217.90 3.50E-04

214.51 3.50E-04

214.99 3.50E-04

214.99 3.50E-04

214.99 4.00E-04

213.54 4.00E-04

213.54 4.00E-04

213.54 4.00E-04

214.99 4.00E-04

213.54 4.00E-04

211.12 4.00E-04

210.b3 ; 4.00E-04

210.63 4.00E-04

211.12 4.00E-04

212.57 4.00E-04

211.60 4.00E-04

210.15 4.00E-04

212.09 4.00E-04

209.18 4.00E-04

Change of Vertical

Displacement

12!}
0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

p 0.0000000

' 0.0000000

p 0.0000013

0.0000025

0.0000038

0.0000051 p:

0.0000063

0.0000076

0Xm0089-'^
0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089

0.0000089, 

0.0000102

0.0000102 ^

0.0000102 

0.0000102 p

0.0000102 :

0.0000102

0.0000102

0.0000102

0.0000102

0.0000102

0.0000102

0.0000102

0.0000102

0.0000102

0.0000102
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Sample ID:
Description of the Sample:
Diameter of the San^le:
Area of the Sample:
Normal Pressure:

Mass of the Sample (wet):
Initial Height of the Sample:
Initial Volume of the Sample:
Initial Density of the Sample:

ZSbal

ZorbaxClS Diy Silica
2.5

0,000000 0 0.00

0.000051 8 11.24

0.000102 16 22.47

0.000152 44 61.80

0.000203 65 91.30

0.000254 81 113.77

0.000305 90 126.41

0.000356 99 139.05

0.000406 106 148.89

0.000457 113 158.72

- 0.000508 116 162.93

0.000559 120 168.55

0.000610 122 171.36

0.000660 123 172.76

0.000711 124 174.17.

0.000762 124 174.17

0.000813 124 174,17

0.000864 124 174.17

0.000914 123 172.76

0.000965 123 172.76

0.00)016 123 172.76

0.001067 122 171.36

0.001118 121 169 96

0.001168 121 169.96

0.001219 121 169.96

0.001270 120 168.55

0.001321 120 168.55

0.001372 120 168.55

0.001422 120 168.55

0.001473 120 168.55

0.001524 119 167.15

0.001575 119 167.15

0.001626 119 167,15

0.001676 118 . 165.74

0.001727 118 ' 165.74

0.001778 118 '• 165.74

. 0.001829 117 164.34

0.001880 116 162.93

0.001930 116 162.93

? 0.001981 116 162.93

0.002032 116 162.93

0.002083 116 162.93

0.002134 116 162.93

0.002184 116 162.93

0.002235 116 162.93

0.002286 115 161.53

0.002337 115 161.53

0.002388 115 161.53

0.002438 115 161.53

0.002489 115 161.53

0.002540 115 161.53

0.002591 113 158.72

0.002642 114 160.12

0.002692 114 160.12

0.002743 114 160.12

0.002794 113 158.72

0.002845 113 158.72

0.002896 113 . 158.72

0.002946 113 158.72

0.002997 ; 113 158.72

0.003048 113 158.72

0.003099 113 158.72

0.003150 113 158.72

0.003200 113 158.72

0.003251 113 158.72

0.003302 113 158.72

0.003353 113 158.72

0.003404 113 158.72

0.003454 113 158.72

0.003505 113 158.72

0.003556 112 157.31

0.003607 112 157.31

0.003658 112 157,31

0.003708 - 112 157.31

0.003759 112 157.31

: 0.003810 . 111 155.91

0.003861 111 155.91

0.003912 111 155.91

0003962 . . " 111 155.91

0004013 111 , 155.91
0.004064 110 154.50

0.004115 110 154.50

0.004166 110 154.50

0.004216 110 154.50

0.004267 110 154.50



•
 9
>
 
A

:
i
c
>
c
>
c
i
c
>
c
i
d
o
o
c
>
.
c
>
o
o
c
>
o
o
o
c
>
o
o
o
o
c
)
O
d
Q
C
>
o
o
c
i
o
o
o
o
o
c
>
o
o
o
c
>
o
c
i
c
i
e
e
>
d
d
d
d
o
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
o
d
d
d
d
d
d
d
c
i
i
d
d
d
d
d
d
d
d
d
d
d
o
d
d
d

s
S
 =
 S
 =
 S
S
S
S
 =
 5
I
S
?
S
 =
 S
S
S
a
S
S
!
S
!
S
!
S
.
'
S
!
S
S
S
S
3
S
3
S
:

= =
 s
s
 =
 S
S
I
S
I
s
3
S
S
S
3
s
S
S
S
?
.
?
.
S
a
3
S
S
S
S
?
t
3
3
3
?

«
«
a
»
M
M
r
«
r
>
r
>
.
t
>
>
.
i
-
.
«
»
i
Q
O
Q
O
A
n
A
o
<
O
o
o
o
e
*
0
^
r

SaaaS?. S?,liSSRRSRRS3?.3^fi3S3Sf
ififlriririSSSSSSSSSSSSSf

s
s
S
a
s
S
o
S
S
P
K
S
a
S
R
S
S
S
^
P
P
S
P
S
S
S
S
S
S
S
S
S
a
R
K
R
K
K
C
i
S
s
t
l
i
l
i
E
E
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
!

o
"
 =
 5
S
 =
 "
R
'
"
K
3
G
r
:
P
i
S
S
 =
 |5pff??Sgif;pf;iSiSSig;Si!:Ri!;RKBj!J33a»»PF;F;fi;df;;:i:pgp;;p:^4»5SiS§!sii&S!:;;SECSSSS£;3SsS§§S§333§§§

S .s"5 5
 » g"g lj

^
-
"
R
s
s
s
s
s
S
s
S
r
S
S
S
a
S
S
S
S
S
 S
S
S
S
S
E
i
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
 5
3
5
3
 "E
!
"
'
!
"
f
£
!
"
"
"
"
f
"
"
"
s
s
s
s
s
s
s
p
,
 2
2
2
2
2
2
2
;

•
 r
i
r
i
n
^
<
^
v
O
>
o
r
-
M
9
>
O
Q
—
•
r
!
f
<
n
T
'
«
«
r
>
>
e
r
>
a
e
a
a
9
>
0
 
—

i
S
§
S
8
s
i
3
i
s
s
l
K
K
s
i
®
|
s
S
 =
 -"SKPii'5«5;SSPf

o
o
o
o
o
o
o
o
o
d
o
o
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
d
c
o
o
o
o
o
o
o
o
o
e
o
o
d
o
o
o
d
d
d
d
d
o
o
d
d
d

-

«
s
 
« 

s
 i
 ̂

A
 €
 
a
 

<s S
 ie ri

1 "i. 
I.

|lt,pll5loii|s|iiii|§i§lisSi333il3Sggi|«iili£giiisiiiig$iii-S|is = E! = ̂ = '-iE!5Ss-^sss2V559riSsss2S3S3-BESE = a3SS
®
®
®
®
 
o
o
d
d
®
o
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
 
d
d
c
>
d
®
d
d
d
c
>
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d
®
d
d
d
d

I 115 s i 11



r
^
^
i
r
>
>
o
'
A
<
o
o
»
c
o
A
9
t
<
;

o
 o
 o
o
o
o
o
o
e
o
o
e
o
e
c
i
o
d
o
o
o
o
c
i
c
i
e
c
i
o
e
o
e
e
e
o
o
d
b
d
o
o
o
o
 o
 o
 o
 o
 o
 o
o
o
o
e
e
o
o
o
o
o
o
e
o
o
o
o

i
L
u
i
U
U
l
U
l
U
U
u
a
u
J
U
J
U
U
I
U
U
J
W
W
U
W
U
U
U
U
U
U
j
^
u
u
l
U
J
U
U
J
t
U
U
l
U
U
M
W
W
U
U
U
U
U
U
U
U
U
U
U
U
U
U
l
U
U
U
U
l
U
U
U
U
U
U
J
U
J
W
W
W
U
U
l
U
W
U
U
b
l
U
U
U
U
U
W
M
W

S
o
d
O
O
O
O
®
O
®
®
®
O
®
©
®
®
®
O
O
©
O
O
©
S
©
©
©
o
o
o
o
O
v
^
<
n
<
o
i
o
>
r
t
K
i
O
O
O
O
O
>
r
i
O
«
r
i

«r>
»
r
v
O
O
O
>
«
k
n
O
<
r
>
»
A
>
r
i
>
r
»
«
»
>
A
©
<
/
i
O
O
w
^
>
r
t
O
0
O
O
O
O
«
r
i
Q
Q
d
'
'
3
^
C
>
O
<
r
>
w
%
>
r
t
»
0
<
0
O
P
P
j
P
I
'
>

r-; i^. i
^
r
-
;
-
^
d
d
9
q
g
5
5
5
5
S
C
K
K
d
 —
 •
-
r
k
-
»
'
»
5
>
«
o
e
S
©
©
 —
 r
n
-
v
-
^
r
^
o
o
S
R
o
s
o
s
S
o
o
o
o
o
o
 —
 —

5
j
:
2
2
3
3
S
3
R
2
S
3
S
2
g
S
K
2
a
S
S
S
a
 =
 S
S
S
S
S
S
3
 =
 =
 =
 !
:
I
:
E
a
a
S

i
a
a
R
S
I
S
-
K
S
S
-
f
S
S
S
S
S
a
S
f
j
S
S
S
S
^
S
S
S
S
S
^
S
i
j
i
j
S
f
'
l
R
S
g

^
•
^
«
^
«
•
^
^
r
^
O
©
©
©
0
0
0
'
©
'
0
2
2
M
^

O
^
O
s
O
^
O
^
A
O
v
t
r
k
V
^
«
«
i
-
«
^
p
-
*
W
Q
O
O
O
'
Q
O
Q
O
O
O
*
>
*
«
M
*
^
0
0
»
*
«
^
«
*
*
M
O
O
O
O
Q
O
^
O
O
O
O
O
O
Q
O
O
O
D
O

^
^
?
^
v
^
<
'
>
<
o
q
>
0
v
o
-
O
N
O
>
o
<
o
<
o
«
«
<
o
^
©
d
<
c
>
O
'
O
>
e
«
<
o
<
o
©
'
e
'
o
q
©
'
o
q

d
©
d
d
d
d
o
o
o
b
d
'
d
d
d
^
*
*
'
*
'
V
-
*
'
d
d
<
©
'
r
d
d
^
.

R
S
S
M
R
?
5
?
3
?
4
?
J
?
J
?
S
?
i
?
J
N
?
5
<
N
 ?1 M

 K
 M
 rt ̂

 M
 R
 

«N«S<NfMCNfSMrsr4<N

■
.(>

.i>
t^\Q

s
o
^<

o
>

o
<

e
<

o
©

©
<

<
'. ••.X

o
»

:rt;
iv

i^
rt,i>

J
<

^
W

«
«
<

«
©

'O
--'*''*>

'^
-"'~

~
d
lN

w
S

0
0
 0

0
0

0
©

0
0

0

o
2
2
2
2
S

r5
C

;S
P

ftS
S

S
S

:2
S

2
n
2
n
2
2
2
2
2
2
2
2
2
2
C

i2
2
2
C

J
2
2
2
2
2
2

. 
—

 
O

©
o

o
©

o
©

o
\0

\o
»

»
«

<
h

e
v
o

o
o

o
r
-
r
*
r
»

r
«

-
v
o
'0

«
y
>

>
o
>

o
i~

*
r
^
r
-
'a

f^
r
»
f»

f>
-

v
0
'0

v
0
f-

'«
'0

<
©

'0
'0

'<

'in
r
%

^
^
<

o
«

f
l<

0
'0

f
~

t
^
<

o
o

o
©

o
>

©
©

 
—

 
—

 
'

©
 —

 r<
«

N
n

n
^

>
o

>
o

©
f-»

o
©

©
©

 —
 r«

n
*'*«

rt>
O

f>
-e

o
o

o
©

©
 —

 r«
i«

N
fn

^
io

'«
<

e
r-o

o
©

©
0

 —
 fN

r^
^
-*

>
n

«
r-w

o
o

o
v
©

 —
 M

^
^
5
^
«
«
t?

S
2
'0

2
'"
C

J
'^

2
*
iC

5
5
S

J
5

S
2

2
J
®

:r'!jf5
!!5

S
!£

!S
!S

&
5

S
5
S

S
~

C
J

|s£2S
fiS

S
|5^:«si-JS

sis|oS
 = 5^?iSR

q!55{C
;S!o?!p:SS55SS§22SSR

S5^5;9:3$ggSil85Si2gggsi5gg|§|SSSS«|i = |5
|5

||5
5
|

Il|§
i§

|§
|§

|iiili||||s
iii8

iiiiis
§

§
§

iiii8
8

i8
i8

ii§
ii§

i§
§

§
§

s
8

§
i§

§
§

i8
s
s
s
s
s
8

8
s
8
8
8

8
8
8
8

iiiiiiiiiiii
jddd©dddd©dd©dddddddddddddddddo^do©doddddddddoddddd©dddddddo©d©ddddddddooo©o©©o©oodo©©oooo©o©

fs
^
-©

o
o

_
<

N
*
v
o

o
o

„r4
*
^
O

o
o

_
<

N
*
>

O
W

—
.

<
N

5
'«

o
O

j.<
N

'r©
o

o
^
«

N
'*

>
0

«
~

.rH
5

^
g

o
_

2
}2

«
«

-^
^
5

«
o

o
 

rj
»

8
i8

8
5

©
o

©
s
S

g
S

g
g

S
s
S

8
8

5
5

is
5

°S
S

S
S

S
8

iilS
s
s
s
s
§

S
g

§
§

|s
iiS

5
2

d
d

©
d

®
d

d
d

d
®

d
d

d
d

®
d

d
d

d
®

d
d

d
d

®
d

d
d

d
®

d
d

d
d

®
d

d
d

d
®

d
d

d
d

®
d

d
d

d
 

d
|-.s

s
|g

 = 2S
222aasa2S

S
S

S
3 555?2S

S
2R

sS
3S

S
^B

3S
R

2
d

®
d

d
d

d
^
d

d
d

d
®

d
d

d
d

®
d

d
d

o
®

o
©

o
o

®
o

o
o

o
®

d
d

d
d

®
d

d
d

d
®

*

f a 1 3 i a ~ ■= 1
I fS 3 I z s 5 5 J



Sample ID: ZlObal

Descripiion of the Sample: Zorbax CIS Dry Silica Solvent: Acetone

Diameter of the Sample: 2.5 in 6.35 cm

Area of the Sample: 4.9087 in* 31.67 cm

Normal Pressure: 10 bar

Mass of the Sample (dry): 27.3 g Mass of the sample (wet): 41.4 g

loiiial Height of the Sample: I.I900 em

Initial Volume of the Sample: 37.6864 cm'

Initial Density of the Sample: 0.7244 g/cm'
[WTBi



� 

Honzontal Displacement

Cincli)
0.000000

0.002000

0.004000

0.006000

0.008000

0.010000

0.012000

0.014000

0.016000

0.018000

0.020000

0.022000

0.024000

0.026000

0.028000

0.030000

0.032000

0.034000

0.036000

0.038000

0.040000

0.042000

0.044000

0.046000

0.048000

0.050000

0.052000

0.054000

0.056000

0.058000

0.060000

0.062000

0.064000

0.066000

0.068000

0.070000

0.072000

0.074000

0.076000

0.078000

0.080000

0.082000

0.084000

0.086000

0.088000

0.090000

0.092000

0.094000

0.096000

0.098000

0.100000

0.102000

0.104000

0.106000

0.108000

0.110000

0.112000

0.114000

0.116000

0.118000

0.120000

0.122000

0.124000

Honzontal Dial

0.000000

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0.000406

0.000457

0.000508

0.000559

0.000610

0.000660

0.000711

0.000762

0.000813

0.000864

0.000914

0,000965

0.001016

0.001067

0.001118

0.001168

0.001219

0.001270

O.OOI32I

0.001372

0.001422

0.001473

0.001524

0.001575

0.001626

0.001676

0.001727

0.001778

0.001829

0.001880

0.001930

0.001981

0.002032

0.002083

0.002134

0.002184

0.002235

0.002286

0.002337

0.002388

0.002438

0.002489

0.002540 ; ^

0.002591

0.«02642

0.002692

0.002743

0.002794

0.002845

0.002896

0.002946

0.002997

0.003048

0.003099

0.003150

Normalized Shear

rib) rkPa)

0 0.00

102 143.27

151 212.09

186 261.25

259 363.79

326 457.90

387 543.58

441 619.42

497 698.08

539 757.07

575 807.64

609 855.39

643 903.15

670 941.07

695 976.19

718 1008.49

741 1040.80

757 1063.27

775 1088.56

780 , 1095.58
802 1126.48

819 1150.36

830 1165.81

843 1184.07

855 1200.92

865 1214.97

875 1229.02

882 1238.85

890 1250.08

897 1259.92

904 1269.75

910 1278.18

916 1286.60

921 1293.63

923 1296.44

926 1300.65

931 1307.67

933 1310.48

936 1314.70

937 1316.10

938 1317.50

939 1318.91

939 1318.91

939 1318.91

939 1318.91

936 1314.70

936 1314.70

934 1311.89

935 1313.29

935 1313.29

•'931 1307.67

930 1306.27

930 1306.27

930 1306.27

929 1304.86

929 1304.86

933 1310.48

930 1306.27

930 1306.27

932 1309.08

932 1309.08

929 1304.86

930 1306.27

Vertical Change of Vertical

Displacement Displacement
rini fm)

0.000000 0.0000000

0.000000 0.0000000

0.000000 0.0000000

0.000000 0.0000000

0.000000 0.0000000

0.000020 0.0000005

0.000065 0.0000017

0.000145 0.0000037

0.000205 0.0000052

0.000245 0.0000062

0.000265 0.0000067

0,000270 0.0000069

0.000275 0.0000070

0.000275 0.0000070

0.000280 0.0000071

0.000290 0.0000074

0.000305 0.0000077

0.000325 0.0000083

0.000345 0.0000088

0.000350 0.0000089

0.000360 0.0000091

0.000375 0.0000095

0.000385 0.0000098

0.000395 0.0000100

0.000410 0.0000104

0.000425 0.0000108

0.000430 0.0000109

0.000435 0.0000110

0.000440 0.0000112

0.000445 0.0000113

' 0.000445 . 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

.0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113

0.000445 0.0000113



 

 

 

 

Sample ID: Z30ba2
Description of the Sample: Zorbax (
Diameter of the Sample: 2.5
Area of the Sample: 4.9087
Normal Pressure: 30
Mass of the Sample (dry): 26.8
Initial Height of the Sample: 1.0400
Initial Volume of the Sample: 32.9360
Initial Density of the Sample: 0.8137

Horizontal Displacement Horizon!

Z30ba2

Zorbax C18 Diy Silica Solvent:
2.5 in
4.9087 in^
30 bar
26.8 g

1.0400 cm

32.9360 cm^
0.8137 eW
Horizontal Dial Reading Shear Force Shear Stress Normalized Shear Force Vertical Displacement Change of Vertical Displacemen

0.000000

0.002000

0.004000

0.006000

0,008000

0.010000

0.012000

0.014000

0.016000

0.018000

0.020000

0.022000

0.024000

0.026000

0.028000

0.030000

0.032000

0.034000

0.036000

0.038000

0.040000

0.042000

0.044000

0.046000

0.048000

0.050000

0.052000

0.054000

0.056000

0.058000

0.060000

0.062000

0.064000

0.066000

0.068000

0.070000

0.072000

0.074000

0.076000

0.078000

0,080000

0.082000

0.084000

0.086000

0.088000

0.090000

0.092000

0.094000

0.096000

0.098000

0.100000

0.102000

0.104000

0.106000

0.108000

0.110000

0.112000

0.114000

0.116000

0.118000

0.120000

0.122000

0.124000

0.126000

0.128000

0.130000

0.132000

0.134000

0.136000

0.138000

0.140000

0.142000

0.000000

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0,000406

0.000457

0,000508

0.000559

0.000610

0.000660

0.000711

0.000762

0.000813

0.000864

0.000914

0.000965

0.001016

0.001067

0.001118

0.001168

0,001219

0,001270

0.001321

0.001372

0.001422

0.001473

0.001524

0.001575 :
0.001626 ^

0.001676

0.001727

0.001778

0.001829

0.001880

0.001930

0.001981

0.002032

0.002083

0.002134

0.002184

0.002235

0.002286

0.002337

0.002388

0.002438

0.002489

0.002540

0.002591

0.002642

0.002692

0.002743

0.002794

0.002845

0.002896

0.002946

0.002997

0.003048

0.003099

0.003150

0,003200

0.003251

0.003302

0.003353

0.003404

0.003454

0.003505

0.003556

0.003607

0 0.00 0.00

16 22.47 5.16

20 28.09 6.46

23 32.31 7.42

24 33.71 7.75

24 33.71 7.75

53 74.44 17.11

120 168.55 38.74

195 273.89 62.95

261 366.60 84.25

330 ' ̂ 463.51 106.53

385 540.77 124,28

440 - 618.02 142.04

481 675.61 155.27

530 744.43 171.09

568 797.81 183.36

605 849.78 195.30

630 884.89 203.37

656 921.41 211.76

680 955.12 219.51

706 991.64 227.90

718 1008,49 231.78

735 1032.37 237.27

747 1049.23 241.14

763 1071.70 246.30

776 1089.96 250.50

788 1106.82 254.37

801 1125.08 258.57

812 1140.53 262.12

821 1153.17 265.03

829 Jr' 1164.40 267.61

837 \ 1175.64 270.19

843 '1184.07 272.13

850 "1193.90 274.39

856 1202.33 276.33

861 1209.35 277.94

865 1214.97 279.23

869 1220.59 280.52

872 1224.80 281.49

874 1227.61 282.14

875 1229.02 282.46

875 1229.02 282.46

874 1227.61 282.14

873 1226.21 281.81

872 1224.80 281.49

870 1221.99 280.84

869 1220.59 280.52

869 1220.59 280.52

868 1219.18 280.20

868 1219.18 280,20

869 1220.59 280.52

868 1219.18 280.20

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99, : 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221.99 280.84

870 1221 99 280.84

870 1221.99 280.84

0.000000

0.000055

0.000095

0,000135

0.000195

0.000235

0.000255

0.000275

0.000280

0.000285

0.000295 '

0.000305

0.000325

0.000355

0.000385

0.000415

0.000435

^ 0.000455

0.000475 :

0.000485

0.000495

0.000505

0.000515

0.000535

0.000555

0.000560

0.000565

0.000570

0.000575

0.000575

- 0.000580

0.000585

0.000595

0,000600

0.000605

0.000610

0.000615

0.000625

0.000635

0.000655

0.000665

0.000670

0.000675

0.000680

0.000685

0.000690

0.000695

0.000700

0.000705

0.000705

0 000710-'
0.000710

0.000715

0.000725

0.000730

0.000735

0.000740

0.000745

0.000755

0 000765

0,000770

0.000775

0.000780

7.85E-04

0.00079

0.000795

0.0008

0.0008

0.000805

0.000805

0.00081 :

0.000815

0.0000000

0.0000014

0.0000024

0.0000034

0.0000050

0.0000060

0.0000065

0 0000070

0,0000071

0.0000072

0.0000075"-
0.0000077

0.0000083

0.0000090

0.0000098

0.0000105 -

0.0000110

0.0000116

0.0000121

0.0000123

0.0000126

0.0000128

0.0000131

0.0000136

0.0000141

0 0000142

0.0000144

0.0000145

0.0000146

0.0000146

0.0000147

0.0000149

0.0000151

0.0000152

0.0000154

0.0000155

0.0000156

0.0000159

0.0000161

0.0000166

0.0000169

0.0000170

0.0000171

0.0000173

0.0000174

0.0000175

0.0000177

0.0000178

0.0000179

0.0000179

0.0000180 •

0.0000180

0,0000182

0.0000184

0.0000185

0.0000187

0.0000188

0,0000189

0.0000192

0.0000194
0.0000196

0.0000197

0.0000198

0.0000199

0.0000201

0,0000202

0.0000203

0.0000203

0.0000204

0.0000204

0.0000206

0.0000207



 

Sample ID; KlObml * New sample * Stick and slip behavior is observed

Description of the Sample; KromasilC8 Diy Silica Solvent; Methanol

Diameter of the Sample; 2.5 in 6.35 cm

Area of the Sample; 4.9087 in= 31.67 cm

Normal Piessure; 10 bar

Mass of the Sample (wet); 40.6 g Mass of the sample (dry): 21.7 g

Initial Height of the Sample; 1.1400 cm

Initial Volume of the Sample; 36.1029 cm'

Initial Density of the Sample; 1.1246 g/cm'

Horizontal Displacement Horizontal Dial Reading Shear Shear Stress Normalized Shear Force Vertical Change of Vertical

Force Displacement Displacement

(inch) (m) (lb) (kPa) (kPa) (in) (m)

0 0.000000 0 0.00 0.00 O.OOE+00 0.0000000

0.002 0.000051 10 14.05 9.68 6.00E-04 0.0000152

0.004 0.000102 13 18.26 12.59 7.00E-04 0.0000178

0.006 0.000152 19 26.69 18.40 7.50E-04 0.0000190

0.008 0.000203 45 63.21 43.58 9.00E-04 0.0000229

0.01 0.000254 68 95.51 65.85 1.05E-03 0.0000267

0.012 0.000305 90 126.41 87.16 1.40E-03 0.0000356

0.014 0.000356 105 147.48 101.69 1.50E-03 0.0000381

0.016 0.000406 118 165.74 114.27 1.50E-03 0.0000381

0.018 0.000457 128 179.79 123.96 1.50E-03 0.0000381

0.02 0.000508 "'V' 138(.- 193.83 133.64 1.50E-03 0.0000381

0.022 0.000559 146 205.07 141.39 1.50E-03 0.0000381

0.024 0.000610 145 : 203.67 140.42 1.50E-03 0.0000381

0.026 0.000660 147 206.47 142.36 1.50E-03 0.0000381

0.028 0.000711 150 210.69 145.26 1.50E-03 0.0000381

0.03 0.000762 147 206.47 142.36 1.55E-03 0.0000394

0.032 0.000813 ' 147 206.47 142.36 1.60E-03 0.0000406

0.034 0.000864 150 210.69 145.26 1.65E-03 0.0000419

0.036 0.000914 146 205.07 141.39 1.70E-03 0.0000432

0.038 0.000965 153 214.90 148.17 1.75E-03 0.0000444

0.04 0.001016 160 224.73 154.95 1.75E-03 0.0000444

0.042 0.001067 151 212.09 146.23 1.75E-03 0.0000444

0.044 0.001118 161 226.14 155.92 1.75E-03 0.0000444

0.046 0.001168 154 216.31 149.14 1.75E-03 0.0000444

0.048 0.001219 154 216.31 149.14 1.75E-03 0.0000444

0.05 0.001270 154 216.31 149.14 1.75E-03 0.0000444

0.052 0.001321 157 220.52 152.04 1.80E-03 0.0000457

0.054 0.001372 158 221.93 153.01 1.80E-03 0.0000457

0.056 0.001422 160 224.73 154.95 1.85E-03 0.0000470

0.058 0.001473 165 231.76 159.79 1.90E-03 0.0000483

0.06 0.001524 163 228.95 157.85 ' 1.95E-03 0.0000495

0.062 0.001575 162 227.54 156.89 2.00E-03 0.0000508

0.064 0.001626 160 224.73 154.95 2.00E-03 0.0000508

0.066 0.001676 160 224.73 154.95 2.05E-03 0.0000521

0.068 0.001727 160 224.73 154.95 2.05E-03 0.0000521

. 0.07 0.001778 160 224.73 154.95 2.05E-03 0.0000521

0.072 0.001829 160 224.73 154.95 2.05E-03 0.0000521

0.074 0.001880 160 224.73 154.95 2.05E-03 0.0000521

0.076 0.001930 160 , 224.73 154.95 2.05E-03 0.0000521



 K20binl * Stick and

Kromasil C8 Dry Silica Solvent: Methanol

* Stick andSample ID

Description of the Sample:
Diameter of the Sample:

Area of the Sample:

Normal Pressure:

Mass of the Sample (wet):

Initial Height of the Sample: 1.2400 cm

Initial Volume of the Sample: 39.2698 cm'
Initial Density of the Sample: 1.0619 g/cm'
Horizontal Displacement Horizontal Dial Reading Shear

slip behavior is observed
' New sample

Mass of the 21.2 g

sample (dry):

Shear Normalized Vertical Change of Vertical

DisplacementDisplacementShear Force

(kPa)

0.00

StressForce

flbl (kPa)

0.00

8.43

16.86

67.42

119.39

161.53

196.64

238.78

264.06

292.15

321.65

339.91

360.98

372.22

386.26

398.90

407.33

421.38

431.21

404.52

390.48

412.95

398.90

400.31

418.57

408.74

405.93

415.76

427.00

422.78

431.21

432.61

439.64

443.85

449.47

0.0000000

0.0000063

0.0000203

0.0000216

0.0000254

0.0000317

0.0000394

0.0000432

0.0000457

0.0000470

0.0000508

0.0000559

0.0000597

0.0000686

0.0000724

0.0000775

0.0000825

0.0000927

0.0001003

0.0001079

0.0001156

0.0001283

0.0001435

0.0001486

0.0001600

0.0001664

0.0001689

0.0001765

0.0001867

0.0001943

0.0001994

0.0002032

0.0002083

0.0002121

0.0002184

0.0002222

O.OOE+00

2.50E-04

8.00E-04

8.50E-04

l.OOE-03

1.25E-03

1.55E-03

1.70E-03

1.80E-03

1.85E-03

2.00E-03

2.20E-03

2.35E-03

2.70E-03

2.85E-03

3.05E-03

3.25E-03

3.65E-03

3.95E-03

4.25E-03

4.55E-03

5.05E-03

5.65E-03

5.85E-03

6.30E-03

6.55E-03

6.65E-03

6.95E-03

7.35E-03

7.65E-03

7.85E-03

8.00E-03

8.20E-03

8.35B-03

8.60E-03

8.75E-03

0.000000

0.000051

0.000102

0.000152

0.000203

0.000254

0.000305

0.000356

0.000406

0.000457

0.000508

0.000559

0.000610

0.000660

0.000711

0.000762

0.000813

0.000864

0.000914

0.000965

0.001016

0.001067

0.001118

0.001168

0.001219

0.001270

0.001321

0.001372

0.001422

0.001473

0.001524

0.001575

0.001626

0.001676

0.001727

0.001778

2.91

5.81

23.24

41.16

55.68

67.79

82.32

91.03

100.72

110.89

117.18

124.44

128.32

133.16

137.52

140.42

145.26

148.65

liil 139.45

134.61

142.36

137.52

138.00

144.30

140.91

139.94

143.33

147.20

145.75

148.65

149.14

151.56

153.01

154.95

160.76

284

466.32



 

Sample ID: K20bm2 • Stick and slip behavior is observed * Old sample from previous KlObm

Description of the Sample; Kromasil C8 Dry Silica Solvent: Methanol

Diameter of the Sample: 2.5 in = 6.35 cm

Area of the Sample: 4.9087 in^ 31.67 cm

Normal Pressure: 20 bar

Mass of the Sample (wet): 35.27 g Massoftbe 18.96 g

sample (dry):

Initial Height of the Sample: 1.3900 cm

Initial Volume of the Sample: 44.0202 cm'

1 Initial Density of the Sample: 0.8012 g/cm'

Horizontal Displacement Horizontal Dial Reading Shear Shear Normalized Vertical Change of Vertical

Force Stress Shear Force Displacement Displacement

(inch) (m) (lb) (kPa) (kPa) (in) (m)

0 0.000000 0 0.00 0.00 O.OOE+00 0.0000000

0.002 0.000051 13 18.26 6.29 2.00E-05 0.0000005

0.004 0.000102 17 23.88 8.23 8.00E-05 0.0000020

0.006 0.000152 22 30.90 10.65 1.50E-04 0.0000038

0.008 0.000203 22 30.90 10.65 1.70E-04 0.0000043

0.01 0.000254 26 36.52 12.59 1.75E-04 0.0000044

0.012 0.000305 28 39.33 13.56 1.75E-04 0.0000044

0.014 0.000356 30 42.14 14.53 1.75E-04 0.0000044

0.016 0.000406 33 46.35 15.98 1.75E-04 0.0000044

0.018 0.000457 45 63.21 21.79 1.75E-04 0.0000044

0.02 0.000508 109 153.10 52.78 1.75E-04 0.0000044

0.022 0.000559 162 227.54 78.44 1.75E-04 0.0000044

0.024 0.000610 206 289.35 99.75 1.75E-04 0.0000044

0.026 0.000660 237 332.89 114.76 1.75E-04 0.0000044

0.028 0.000711 267 375.03 129.29 1.75E-04 0.0000044

0.03 0.000762 290 407.33 140.42 1.75E-04 0.0000044

0.032 0.000813 295 414.35 142.84 1.75E-04 0.0000044

0.034 0.000864 288 404.52 139.45 1.80E-04 0.0000046

0.036 0.000914 288 404.52 139.45 1.80E-04 0.0000046

0.038 0.000965 257 360.98 124.44 1.80E-04 0.0000046

0.04 0.001016 256 359.57 123.96 1.85E-04 0.0000047

0.042 0.001067 256 359.57 123.96 1.90E-04 0.0000048

0.044 0.001118 256 359.57 123.96 1.95E-04 0.0000050

0.046 0.001168 256 359.57 123.96 2.00E-04 0.0000051

0.048 0.00I2I9 256 359.57 123.96 2.00E-04 0.0000051

0.05 0.001270 256 359.57 123.96 2.00E-04 0.0000051

0.052 0.001321 256 359.57 123.96 2.00E-04 0.0000051

0.054 0.001372 256 359.57 123.96 2.05E-04 0.0000052

0.056 0.001422 256 359.57 123.96 2.05E-04 0.0000052

0.058 0.001473 256 359.57 123.96 2.05E-04 0.0000052



 

 

� 

Sample ID: K30bml • Stick and slip behavior is observed * New sample

Description of the Sample: Kromasil C8 Dry Silica Solvent: Methanol

Diameter of the Sample: 2.5 in = 6.35 cm

Area of the Sample: 4.9087 in' = 31.67 cm

Normal Pressure: 30 bar

Mass of the Sample (Wet): 43.7 g Mass of the 22.8 g

Sample (Dry):

Initial Height of the Sample: 1.3200 cm

Initial Volume of the Sample: 41.8034 cm'

Initial Density of the Sample: 1.0454 g/cm'

Horizontal Displacement Horizontal Dial Reading Shear Shear Normalized Vertical Change of Vertical

Force Stress Shear Force Displacement Displacement

(inch) (m) (lb) (kPa) (kPa) (in) (m)

0 0.000000 0 0.00 0.00 O.OOE+00 0.0000000

0.002 0.000051 12 16.86 3.87 O.OOE+00 0.0000000

0.004 0.000102 25 35.11 8.07 O.OOE+00 0.0000000

0.006 0.000152 32 44.95 10.33 O.OOE+00 0.0000000

0.008 0.000203 39 54.78 12.59 -l.OOE-05 -0.0000003

0.01 0.000254 92 129.22 29.70 -1.50E-05 -0.0000004

0.012 0.000305 146 205.07 47.13 -1.50E-05 -0.0000004

0.014 0.000356 183 257.04 59.07 -l.OOE-05 -0.0000003

0.016 0.000406 230 323.06 74.25 O.OOE+00 0.0000000

0.018 0.000457 267 375.03 86.19 1.50E-05 0.0000004

0.02 0.000508 301 422.78 97.17 3.00E-05 0.0000008

0.022 0.000559 330 463.51 106.53 6.00E-05 0.0000015

0.024 0.000610 356 500.03 114.92 l.OOE-04 0.0000025

0.026 0.000660 378 530.93 122.02 1.20E-04 0.0000030

0.028 0.000711 399 560.43 128.80 1.40E-04 0.0000036

0.03 0.000762 420 589.93 135.58 1.70E-04 0.0000043

0.032 0.000813 439 616.61 141.71 2.50E-04 0.0000063

0.034 0.000864 436 612.40 140.75 3.20E-04 0.0000081

0.036 0.000914 395 554.81 127.51 3.40E-04 0.0000086

0.038 0.000965 390 547.79 125.90 3.50E-04 0.0000089

0.04 0.001016 400 561.84 129.12 3.60E-04 0.0000091

0.042 0.001067 404 567.45 130.42 3.70E-04 0.0000094

0.044 0.001118 404 567.45 130.42 3.80E-04 0.0000097

0.046 0.001168 428 601.16 138.16 3.80E-04 0.0000097

0.048 0.001219 419 588.52 135.26 3.85E-04 0.0000098

0.05 0.001270 429 602.57 138.49 4.00E-04 0.0000102

0.052 0.001321 471 661.56 152.04 4.10E-04 0.0000104

0.054 0.001372 452 634.87 145.91 4.20E-04 0.0000107

0.056 0.001422 456 640.49 147.20 4.25E-04 0.0000108

0.058 0.001473 483 678.42 155.92 4.30E-04 0.0000109

0.06 0.001524 477 669.99 153.98 4.40E-04 0.0000112

0.062 0.001575 470 660.16 151.72 4.50E-04 0.0000114

0.064 0.001626 478 671.39 154.30 4.65E-04 0.0000118

0.066 0.001676 512 719.15 165.28 5.00E-04 0.0000127

0.068 0.001727 490 688.25 158.18 5.10E-04 0.0000130

0.07 i..- . 0.001778 487 684.03 157.21 5.20E-04 0.0000132
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SampleID Z30bml 

Initial Sample Height 114cm 

Applied Nonnal Volumetnc ApphedNormal Volumetnc 

Vertical Dial Gage Giange m Height Vertical DialGage Change m Height 
Pressure Strain Pressure Stram 

(bar) X lOE-4(m) X lOE-4(m) (cm/cm) (bar) X lOE-4(m) X lOE-4(m) (cm^cm) 

0 000 000 00000 15 8000 8000 00178 

1 3180 3180 00071 14 7970 7970 00178 

2 3800 3800 00085 13 7940 7940 00177 

3 4380 4380 00098 12 7925 7925 00177 

4 50 15 50 15 00112 11 7830 7830 00174 

5 5230 5230 00117 10 77 95 7795 00174 

6 5420 5420 00121 9 77 10 7710 00172 

7 5645 5645 00126 8 7630 7630 00170 

8 5870 5870 00131 7 7530 7530 00168 

9 6210 6210 00138 6 7435 7435 00166 

10 6400 6400 00143 5 7335 7335 00163 

9 6210 62 10 00138 4 7230 7230 00161 

8 6210 62 10 00138 3 7045 7045 00157 

7 6210 6210 00138 2 6730 6730 00150 

6 6200 6200 00138 3 6800 6800 00152 

5 6180 6180 00138 4 6800 6800 00152 

4 6000 6000 00134 5 6870 6870 00153 

3 5830 5830 00130 6 6960 6960 00155 

2 5630 5630 00125 7 7065 7065 00157 

3 5640 5640 00126 8 7155 71 55 00159 

4 5670 5670 00126 9 7260 7260 00162 

5 5790 5790 00129 10 7335 7335 00163 

6 5905 5905 00132 11 7450 7450 00166 

7 6050 6050 00135 12 75 10 75 10 00167 

8 6105 6105 00136 13 7630 7630 00170 

9 6220 6220 00139 14 7745 7745 00173 

10 6360 6360 00142 15 7795 77 95 00174 

11 65 10 65 10 00145 16 7870 7870 00175 

12 6580 65SO 00147 17 7935 7935 00177 

13 6750 6750 00150 18 8045 8045 00179 

14 6905 6905 00154 19 8145 8145 00181 

15 7020 7020 00156 20 8290 8290 00185 

16 72 10 72 10 00161 21 83 50 83 50 00186 

17 75 10 75 10 00167 22 8405 8405 00187 

18 76 10 76 10 00170 23 8475 8475 00189 

19 7690 7690 00171 24 8590 8590 00191 

20 8005 8005 00178 25 8660 8660 00193 

19 8000 8000 00178 26 8740 8740 00195 

18 8000 8000 00178 27 8870 8870 00198 

17 80CO 8000 00178 28 8980 8980 00200 

16 8000 8000 00178 29 9070 9070 00202 

30 93.15 93.15 0.0208 
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SampleID KZObml 

Initial Saniple Height 1 24 cm 

AppliedNormal Volumetnc 

SampleID KlObml Vertical Dial Gage Change m Height 
Pressure Strain 

Initial Sample Height 1 14 cm (bar) X lOE-4(in) X lOH-4(in) (cm/cm) 

AppliedNonnal Volumetnc 

Vertical Dial Gage Change m Height 0 0 0 00000 

Pressure Strain 

(bar) X lOE-4(in) X lOE-4(in) (cm/cm) 1035 1035 00025 

0 0 0 00000 2 16 16 00039 

205 205 00050 3 207 207 00051 

2 256 256 00063 4 2325 2325 00057 

3 31 7 31 7 00077 5 2495 2495 00061 

4 3485 3485 00085 6 267 267 00065 

5 3635 3635 00089 7 2845 2845 00069 

6 388 388 00095 8 3125 3125 00076 

7 41 5 41 5 00101 9 323 323 00079 

8 43 1 43 1 00105 10 33 1 33 1 00081 

9 46 46 00112 11 347 347 00085 

10 509 509 00124 12 354 354 00086 

13 366 366 00089 

14 383 383 00094 

SampleID KSObml 15 407 407 00099 

Initial SampleHeight 132 cm 16 413 413 00101 

Applied Normal Volumetnc 

Vertical Dial Gage Change in Height 17 423 423 00103 

Pressure Strain 

(bar) X lOE-4(m) X lOE-4(in) (cm/cm) 18 433 433 00106 

0 0 0 00000 19 4445 4445 00109 

1 2915 29 15 00071 20 464 464 00113 

2 3805 3805 00093 

3 533 533 00130 SampleID K20bm2 

4 5745 5745 00140 Initial Sample Height 139 cm 

Applied Normal Volumetnc 

5 61 55 6155 00150 Vertical Dial Gage Change in Height 
Pressure Strain 

6 6425 6425 00157 (bar) X lOE-4(in) X 10B-4(in) (cm/cm) 

7 67 1 67 1 00164 0 0 0 00000 

8 699 699 00171 1 217 217 00053 

9 728 728 00178 2 365 365 00089 

10 758 758 00185 3 459 459 00112 

11 7695 7695 00188 4 485 485 00118 

12 782 782 00191 5 5375 5375 00131 

13 7975 7975 00195 6 557 557 . 00136 

14 8125 8125 00198 0 0 0 00000 

15 827 827 00202 2 164 164 00040 

16 836 836 00204 4 2355 2355 00058 

17 843 843 00206 6 278 278 00068 

18 8525 8525 00208 7 328 328 00080 

19 861 86 1 00210 8 335 335 00082 

20 8755 8755 00214 9 377 377 00092 

21 894 894 00218 10 386 386 00094 

22 907 907 00222 11 412 41 2 00101 

23 924 924 00226 12 425 425 00104 

24 935 935 00228 13 436 436 00106 

25 947 947 00231 14 447 447 00109 

26 958 958 00234 15 4845 4845 00118 

27 9725 9725 00238 16 506 506 00124 

28 98 15 98 15 00240 17 51 3 51 3 00125 

29 9895 9895 00242 18 526 526 00128 

30 993 993 00243 19 533 533 00130 

20 5765 5765 00141 
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Uncoupled Mechanical Analysis using Zorbax SphericalCIS packing material 
File name:porouslc.inp 

♦HEADING 
THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS) 
♦♦This IS a model used to simulate a 5 3cm by 10 6cm column used m the HPLC column 
♦♦There is a restraint on top ofboth the column and steel section to prevent movement along the y-direction
♦♦A piston IS used to induce 3 4 mm displacement (bottom) into the column 
♦♦The packing matenal inside the column is assumed to behave like a porous elastic matenal 
♦♦Units Length=m, Stress=kPa 
♦RESTART,WRITE 
** 

♦♦Defining the coordinates of all the nodes used to model the HPLC column and the steel column , 
♦NODE,SYSTEM=R 
1,0,0 001 
6,0 025,0 001 
321,0,0 16 
326.0 025,0 16 
2001,0 025,0 
2002, 0 03, 0 
2321,0 025,016 
2322, 0 03, 0 16 
** 

♦♦Defining the nodes of the internal section of the column 
♦NGEN, NSET=TOP 
321, 326,1 
♦NGEN, NSET=BOTTOM 
1.6.1 
♦NGEN,NSET=SIDE 
6,326, 10 
♦NGEN, NSET=CENTER 
1,321,10 
♦NFILL, NSET=INTNODE 
BOTTOM, TOP, 32, 10 
** 

♦♦Defining the nodes of the contacting steel fhction section located beside the column 
♦NGEN, NSET=SFRICIN 
2001,2321,10 
♦NGEN, NSET=SFRICOUT 
2002,2322,10 
♦NGEN, NSET=SFRICBOT 
2001, 2002,1 
♦NGEN, NSET=SFRICTOP 
2321,2322,1 
>K* 

♦♦Defining elements of the internal section of the column 
♦ELEMENT, TYPE=CAX4 
1, 1,2,12, 11 
♦ELGEN, ELSET=BOTTOM 
1,5,1 
♦ELSET, ELSET=TOP, GENERATE 
311,315,1 
♦ELGEN,ELSET=INTERNAL 
1,5,1,1,32,10,10 
♦ELSET, ELSET=SIDE, GENERATE 
5,315, 10 
♦ELSET, ELSET=CENTER, GENERATE 
1,311,10 
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♦♦Defining elements of the contacting steel fhction section located beside the column 
♦ELEMENT, TYPE=CAX4, ELSET=SFRIC 
2001,2001,2002, 2012,2011 
♦ELGEN, ELSET=SFRIC 
2001,1,1,1,32,10,10 
** 

♦♦Defining the solid matenal properties of the mtemal section of the column 
♦SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA 
♦♦Defining the matenal properties of the column 
♦♦The matenal is assumed to behave like a porous elastic matenal 
♦♦Note that Poisson ratio is 0 3 
♦MATERIAL, NAME=SILICA 
♦POROUS ELASTIC, SHEAR=POISSON 
0 01,0 3,100 0 
♦DRUCKER PRAGER HARDENING 
1 1,0 
♦DRUCKER PRAGER, SHEAR CRITERION=LINEAR 
45 51, 1 0,0 
** 

♦EQUATION 
2 
326,1,1 ,2321, 1,-1 
♦♦Defining the solid section properties of the steel fhction section located beside the column 
♦SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL 
♦♦Modulus of Elasticity used m the steel section is 29 E6 ksi 
♦♦which has been converted to 2e-l 1 kPa 
♦♦The Poisson ratio of the steel is assumed to be 0 3 
♦MATERIAL, NAME=STEEL 
♦ELASTIC 
2EII,03 

♦♦Defining the contact surfaces between the mtemal section 
♦♦and the fiiction steel section beside the column 
♦SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES 
SIDE 
♦SURFACE DEFINITION, NAME=SFRICSUR 
SFRIC 
♦CONTACT PAIR, INTERACTION=SDFRIC 
SSOILSUR, SFRICSUR 
♦SURFACE INTERACTION, NAME=SDFRIC 
♦♦The interface coefficient of fhction is estimated to be 0 39 for Zorbax sphencal C18 packing and the polished 
♦♦stainless steel plate (interface direct shear tests) 
♦FRICTION 
0 3874 
** 

♦♦Defining the boundary conditions of the section 
♦♦Both the top of the column and fhction section is prevented from moving axially 
♦BOUNDARY 
TOP, 2 
SFRICTOP, 2 
** 

♦♦Defining the initial loading conditions of the mtemal section 
♦INITIAL CONDITIONS, TYPE=RATIO 
INTNODE,0 6I,0,0 61,0 16 
♦INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC 
INTERNAL, -10, 0, -10 , 0 16, 0 43 
** 

♦♦Defining the loading onto the mtemal section 
♦♦Step I**************************************** 
♦STEP 
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*GEOSTATIC 

*DLOAD 

BOTTOM,PI,10 
*ELPRINT 

S 

E 

VOIDR 

♦NODE FILE 
U,RF 
♦CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES 
♦PRINT, CONTACT=YES 
♦END STEP 
♦♦Step 
♦STEP, INC=100 
♦STATIC 
0 025,1 0,0 001,0 I 
♦BOUNDARY 
BOTTOM, 2, 2, 0 0034 
♦END STEP 
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Coupled Mechanical-Seepage Steady-State Analysis using Kromasil SphericalC8 
packing material(Loading rate:1 minute) 
File name:conpl.inp 

*HEADING 

THECHROMATOGRAPHYPROBLEM WITHFRICTION SURFACE(KPA,M,DAYS) 
**This IS a model used to simulate a53cm by 106cm column used m the HPLCcolumn 
♦♦There is a restraint on top ofboth the column and steel section to prevent movement along the y-direction
♦♦A piston IS used to induce 3 4 mm displacement (bottom) into the column, while the solvent is free to flow out of 
♦♦the column through the flange on top of the column 
♦♦The matenal is assumed to behave like a porous elastic matenal 
♦♦Units Length=m, Stress=kPa 
♦RESTART,WRITE 
** 

♦♦Defining the coordinates of all the nodes used to model the column 
♦NODE,SYSTEM=R 
1,0,0 001 
6, 0 025,0 001 
321,0,0 16 
326, 0 025, 0 16 
2001,0 025,0 
2002, 0 03,0 
2321, 0 025, 0 16 
2322, 0 03, 0 16 

♦♦Defining the nodes of the internal section of the column 
♦NGEN, NSET=TOP 
321,326,1 
♦NGEN, NSET=BOTTOM 
1,6,1 
♦NGEN, NSET=SIDE 
6,326,10 
♦NGEN, NSET=CENTER 
1,321,10 
♦NFILL, NSET=1NTN0DE 
BOTTOM, TOP, 32,10 

♦♦Defining the nodes of the contacting steel fhction section located beside the column 
♦NGEN, NSET=SFR1C1N 
2001,2321,10 
♦NGEN, NSET=SFR1C0UT 
2002,2322,10 
♦NGEN, NSET=SFR1CB0T 
2001,2002,1 
♦NGEN, NSET=SFRICTOP 
2321,2322,1 

♦♦Defining elements of the intemal section of the column 
♦ELEMENT, TYPE=CAX4P 
1,1,2,12,11 
♦ELGEN, ELSET=BOTTOM 
1,5,1 
♦ELSET, ELSET=TOP, GENERATE 
311,315,1 
♦ELGEN,ELSET=1NTERNAL 
1,5,1,1,32,10, 10 
♦ELSET, ELSET=S1DE, GENERATE 
5,315,10 
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♦♦ 

*ELSET,ELSET=CENTER,GENERATE 
1,311,10 
** 

♦♦Defining elements of the contacting steel fhction section located beside the column 
♦ELEMENT, TYPE=CAX4P, ELSET=SFRIC 
2001,2001,2002,2012,2011 
♦ELGEN, ELSET=SFRIC 
2001,1,1,1,32, 10,10 

♦♦Defining the solid matenal properties of the intemal section of the column 
♦SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA 
♦♦Defining the matenal properties of the column 
♦♦The matenal is assumed to behave like a porous elastic matenal 
♦♦Note that Poisson ratio is 0 3 
♦MATERIAL, NAME=SILICA 
♦POROUS ELASTIC, SHEAR=POISSON 
0 01,0 3, 100 0 
♦DRUCKER PRAGER HARDENING 
1 1,0 
♦DRUCKER PRAGER, SHEAR CRITERION=LINEAR 
45 51,1 0, 0 
♦♦ Definmg the permeability of the packing matenal 
♦♦Permeability in m/day, specific weight ofmethanol in kN/m'^3 
♦PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499 
7 89e-6 0 1819 
7 62e-6 0 1919 
1 16e-5 0 2019 
1 73e-5 0 2119 
2 54e-5 0 2219 
3 65e-5 0 2319 
5 18e-5 0 2419 
7 25e-5 0 2519 
1 OOe-4 0 2619 
1 36e-4 0 2719 
1 84e-4 0 2819 
2 45e-4 0 2919 
3 24e-4 0 3019 
4 25e-4 0 3119 
5 52e-4 0 3219 
7 lle-4 0 3319 
9 09e-4 0 3419 
1 15e-3 0 3519 
1 46e-3 0 3619 
1 82e-3 0 3719 
2 27e-3 0 3819 
2 81e-3 0 3919 
3 47e-3 0 4019 
4 25e-3 0 4119 
5 18e-3 0 4219 
6 29e-3 0 4319 
7 60e-3 0 4419 
9 15e-3 0 4519 
1 lOe-2 0 4619 
1 31e-2 0 4719 
1 56e-2 0 4819 
1 85e-2 0 4919 
2 18e-2 0 5019 
2 57e-2 0 5119 
3 Ole-2 0 5219 
3 53e-2 0 5319 
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2 

♦PERMEABILITY, TYPE=SATURATION 
10,10 
♦PERMEABILITY, TYPE=VELOCITY 
1 0 
** 

♦EQUATION 

326, 1,1,2321,1,-1 
** 

♦♦Defining the solid section properties of the steel fhction section located beside the column 
♦SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL 
♦♦Modulus of Elasticity used in the steel section is 29 E6 ksi 
♦♦which has been converted to 2e-l 1 kPa. 
♦♦The Poisson ratio of the steel is assumed to be 0 3 
♦MATERIAL, NAME=STEEL 
♦ELASTIC 
2 El 1,0 3 
♦♦The steel is assumed to have a low permeable layer 
♦PERMEABILITY, TYPE=ISO, SPECIFIC = 7 7499 
1 e-9 
»♦ 

♦♦Definmg the contact surfaces between the internal section 
♦♦and the fhction steel section beside the column 
♦SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES 
SIDE 
♦SURFACE DEFINITION, NAME=SFRICSUR 
SFRIC 
♦CONTACT PAIR, INTERACTION=SDFRIC 
SSOILSUR, SFRICSUR 
♦SURFACE INTERACTION, NAME=SDFRIC 
♦♦The interface coefficient of fhction of the Kromasil is estimated to be 0 21 
♦♦where the fhction angle is approximately 12 degrees 
♦FRICTION 
0 2056 

♦♦Defining the boundary conditions of the section 
♦♦Both the top of the column and friction section is prevented from movmg axially 
♦♦The fluid (solvent) mside the column is free to flow out of the column through the top 
♦BOUNDARY 
TOP, 2 
TOP, 8 
SFRICTOP, 2 
♦* 

♦♦Definmg the initial load conditions of the internal section 
♦INITIAL CONDITIONS, TYPE=SATURATION 
INTNODE, 1 0 
♦INITIAL CONDITIONS, TYPE=PORE PRESSURE 
INTNODE, -100,0,0,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
INTNODE, 0 5319,0 , 0 5319,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
SFRICIN, 1 e-5,0,1 e-5, 0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
SFRICOUT, 1 e-5,0,1 e-5,0 16 
♦INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC 
INTERNAL, -10,0, -10 , 0 16,0 43 

♦♦Defining the loading onto the internal section 
♦♦Step I**************************************** 
♦STEP 
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*GEOSTATIC 

*DLOAD 

BOTTOM,PI,10 
*ELPRINT 

S 

E 

SAT 

POR 

VOIDR 

*♦MONITOR, NODE= 161 ,D0F=2,FREQUENCY=1 
♦MONITOR, NODE=I 61 ,D0F=8,FREQUENCY= 1 
♦NODE FILE 
U,RF 
♦CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES 
♦PRINT, CONTACT=YES 
♦END STEP 
♦♦Step 
♦STEP, INC=100 
♦♦The packing matenal is consolidated in 1 mm 
♦SOILS, UTOL=1300 0 
7 Oe-8,6 94e-4,0 001,0 1 
♦BOUNDARY 
BOTTOM, 2,2, 0 0034 
♦END STEP 

159 



Coupled Mechanical-Seepage Transient Analysis using Kromasil SphericalC8 
packing material(Loading rate:1 minute) 
File name:couplO.inp 

♦HEADING 
THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS) 
**This IS a model used to simulate a 5 3cm by 10 6cm column used m the HPLC column 
♦♦There is a restraint on top ofboth the column and steel section to prevent movement along the y-direction 
♦♦A piston IS used to mduce 3 4 mm displacement (bottom) into the column, while the solvent is free to flow out of the 
♦♦column through the flange on top of the column 
♦♦The packing material is assumed to behave like a porous elastic material 
♦♦Units Length=m, Stress=kPa 
♦RESTART,WRITE 

♦♦Defining the coordmates of all the nodes used to model the column 
♦NODE,SYSTEM=R 
1,0,0 001 
6, 0 025, 0 001 
321,0,016 
326, 0 025, 0 16 
2001,0 025,0 
2002,0 03, 0 
2321,0 025,0 16 
2322,0 03,0 16 
** 

♦♦Defining the nodes of the internal section of the column 
♦NGEN, NSET=TOP 
321,326,1 
♦NGEN, NSET=BOTTOM 
1,6,1 
♦NGEN, NSET=SIDE 
6, 326,10 
♦NGEN, NSET=CENTER 
1,321,10 
♦NFILL, NSET=INTNODE 
BOTTOM, TOP, 32,10 
** 

♦♦Defining the nodes of the contacting steel fliction section located beside the column 
♦NGEN, NSET=SFRICIN 
2001,2321,10 
♦NGEN, NSET=SFRICOUT 
2002,2322,10 
♦NGEN, NSET=SFRICBOT 
2001,2002,1 
♦NGEN, NSET=SFRICTOP 
2321,2322,1 

♦♦Defining elements of the internal section of the column 
♦ELEMENT, TYPE=CAX4P 
1,1,2,12,11 
♦ELGEN, ELSET=BOTTOM 
1,5,1 
♦ELSET, ELSET=TOP, GENERATE 
311,315,1 
♦ELGEN,ELSET=INTERNAL 
1,5,1,1,32,10,10 
♦ELSET, ELSET=SIDE, GENERATE 
5,315,10 
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*ELSET,ELSET=CENTER,GENERATE 
1,311,10 

♦♦Defining elements of the contactmg steel fhction section located beside the column 
♦ELEMENT, TYPE=CAX4P, ELSET=SFRIC 
2001,2001,2002,2012,2011 
♦ELGEN, ELSET=SFRIC 
2001,1,1,1,32, 10,10 

♦♦Defining the solid matenal properties of the intemal section of the column 
♦SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA 
♦♦Defining the matenal properties of the column 
♦♦The matenal is assumed to behave like a porous elastic matenal 
♦♦Note that Poisson ratio is 0 3 
♦MATERIAL, NAME=SILICA 
♦POROUS ELASTIC, SHEAR=POISSON 
0 01,0 3, 100 0 
♦DRUCKER PRAGER HARDENING 
1 1,0 
♦DRUCKER PRAGER, SHEAR CRITERION=LINEAR 
45 51, 1 0,0 
♦♦Defining the permeability w r t void ratio of the packing matenal 
♦♦ Permeability m m/day, specific weight ofmethanol in kN/m'^3 
♦PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499 

1 3096e-2,047188 

14044e-2, 047588 
14540e-2, 047788 
1 5052e-2,047988 

1 0968e-2, 0 46188 
1 1367e-2, 0 46388 
1 1780e-2, 0 46588 
1 2205e-2,0 46788 
1 2644e-2, 0 46988 

1 3563e-2,0 47388 

1 5579e-2, 0 48188 
1 6122e-2, 0 48388 
1 6682e-2, 0 48588 
1 7259e-2, 0 48788 
1 7854e-2, 0 48988 
1 8466e-2, 0 49188 
1 9097e-2, 0 49388 
1 9747e-2, 0 49588 
2 0416e-2, 0 49788 
2 1105e-2, 0 49988 
2 1814e-2, 0 50188 
2 2544e-2, 0 50388 
2 3296e-2, 0 50588 
2 4070e-2, 0 50788 
2 4866e-2, 0 50988 
2 5685e-2, 0 51188 
2 6527e-2, 0 51388 
2 7394e-2, 0 51588 
2 8286e-2, 0 51788 
2 9203e-2, 0 51988 
3 0146e-2, 0 52188 
3 1116e-2, 0 52388 
3 2113e-2,0 52588 
3 3138e-2, 0 52788 
3 4192e-2, 0 52988 
3 52756-2,0 53188 
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♦PERMEABILITY, TYPE=SATURATION 
1 0,1 0 
♦PERMEABILITY, TYPE=VELOCITY 
10 
** 

♦EQUATION 
2 
326,1,1,2321,1,-1 

♦♦Defining the solid section properties of the steel fiiction section located beside the column 
♦SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL 
♦♦Modulus of Elasticity used in the steel section is 29 E6 ksi 
♦♦which has been converted to 2e-l 1 kPa 
♦♦The Poisson ratio of the steel is assumed to be 0 3 
♦MATERIAL, NAME=STEEL 
♦ELASTIC 
2E11,03 
♦PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499 
1 e-9 

♦♦Defining the contact surfaces between the internal section 
♦♦and the fiiction steel section beside the column 
♦SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES 
SIDE 
♦SURFACE DEFINITION, NAME=SFRICSUR 
SFRIC 
♦CONTACT PAIR, INTERACTION=SDFRIC 
SSOILSUR, SFRICSUR 
♦SURFACE INTERACTION, NAME=SDFRIC 
♦♦The interface coefficient of fiiction of the Kromasil is estimated to be 0 21 
♦♦where the fiiction angle is approximately 12 degrees 
♦FRICTION 
0 2056 
** 

♦♦Defining the boundary conditions of the section 
♦♦Both the top of the column and fiiction section is prevented from moving axially 
♦♦The fluid (solvent) inside the column is fi^ee to flow out of the column through fte top 
♦BOUNDARY 
TOP, 2 
TOP, 8 
SFRICTOP, 2 

♦♦Defining the initial load conditions of the intemal section 
♦INITIAL CONDITIONS, TYPE=SATURATION 
INTNODE, 1 0 
♦INITIAL CONDITIONS, TYPE=PORE PRESSURE 
INTNODE, 0 ,0 ,0 ,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
SFRICIN, 1 e-5,0,1 e-5,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
SFRICOUT, 1 e-5,0 ,1 e-5,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
INTNODE, 0 5319,0 , 0 5319, 0 16 
♦INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC 
INTERNAL, -10, 0,-10,0 16, 0 43 
** 

♦♦Defining the loading onto the internal section 
**Step I**************************************** 
♦STEP 
♦GEOSTATIC 
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0025,1 0,0001,0 1 
♦DLOAD 
BOTTOM, PI, 10 
♦EL PRINT, ELSET=INTERNAL 
S 
E 
SAT 
POR 
VOIDR 
♦EL PRINT, ELSET=SFRIC 
S 
E 
♦MONITOR, N0DE=161, D0F=8,FREQUENCY=1 
♦♦MONITOR, N0DE=161, D0F=2, FREQUENCY=1 
♦NODE PRINT, NSET=INTNODE 
U 
♦CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES 
♦PRINT, CONTACT=YES 
♦END STEP 
♦♦Step 
♦STEP, INC=100 
♦♦The packing matenal is consolidated for 1 mm, where the maximum allowable pore pressure dissipation for each 
♦♦increment is 1,300 kPa 
♦SOILS, CONSOLIDATION,UTOL=1300 
7 e-8,6 944e-4,„ 
♦BOUNDARY 
BOTTOM, 2,2, 0 0034 
♦EL PRINT, ELSET=INTERNAL 
S 
E 
SAT 
POR 
VOIDR 
♦EL PRINT, ELSET=SFRIC _ 
S 
E 
♦NODE PRINT, NSET=INTNODE 
U 
♦CONTACT PRINT, MASTER=SFRICSUR,SLAVE=SSOILSUR,SUMMARY=YES 
♦PRINT, CONTACT=YES 
♦END STEP 
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Coupled Mechanical-Seepage TransientAnalysis using KromasilSphericalC8 
packing material(Loading rate:1 minute,remaining at3.4mm for2 minute) 
File name:coupll.inp 

♦HEADING 
THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS) 
**This IS a model used to simulate a 5 3cm by 10 6cm column used in the HPLC column 
♦♦There is a restraint on top of both the column and steel section to prevent movement along the y-direction 
♦♦A piston IS used to induce 3 4mm displacement (bottom) mto the column 
♦♦The packing matenal is assumed to behave like a porous elastic matenal 
♦♦Units Length=m, Stress=kPa 
♦RESTART,WRITE 
** 

♦♦Defining the coordinates of all the nodes used to model the column 
♦NODE,SYSTEM=R 
1,0,0 001 
6, 0 025, 0 001 
321,0,0 16 
326, 0 025, 0 16 
2001, 0 025, 0 
2002, 0 03, 0 
2321, 0 025, 0 16 
2322, 0 03, 0 16 

♦♦Defining the nodes of the internal section of the column 
♦NGEN, NSET=TOP 
321, 326, 1 
♦NGEN, NSET=BOTTOM 
1,6,1 
♦NGEN, NSET=SIDE 
6, 326,10 
♦NGEN, NSET=CENTER 
1,321,10 
♦NFILL, NSET=INTNODE 
BOTTOM, TOP, 32,10 

♦♦Defining the nodes of the contacting steel fhction section located beside the column 
♦NGEN, NSET=SFRICIN 
2001,2321,10 
♦NGEN, NSET=SFRICOUT 
2002,2322,10 
♦NGEN, NSET=SFRICBOT 
2001,2002,1 
♦NGEN, NSET=SFRICTOP 
2321,2322, 1 

♦♦Defining elements of the mtemal section of the column 
♦ELEMENT, TYPE=CAX4P 
1,1,2,12,11 
♦ELGEN, ELSET=BOTTOM 
1,5,1 
♦ELSET, ELSET=TOP, GENERATE 
311,315,1 
♦ELGEN,ELSET=INTERNAL 
1,5, 1,1,32,10,10 
♦ELSET, ELSET=SIDE, GENERATE 
5,315,10 
♦ELSET, ELSET=CENTER, GENERATE 
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1,311,10 
** 

♦♦Defining elements of the contacting steel fhction section located beside the column 
♦ELEMENT, TYPE=CAX4P, ELSET=SFRIC 
2001,2001,2002,2012,2011 
♦ELGEN, ELSET=SFRIC 
2001, 1,1,1,32,10,10 

♦♦Defining the solid matenal properties of the internal section of the column 
♦SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA 
♦♦Deflnmg the matenal properties of the column 
♦♦The matenal is assumed to behave like a porous elastic matenal 
♦♦Note that Poisson ratio is 0.3 
♦MATERIAL, NAME=SILICA 
♦POROUS ELASTIC, SHEAR=POISSON 
0 01,0 3,100 0 
♦DRUCKER PRAGER HARDENING 
1 1,0 
♦DRUCKER PRAGER, SHEAR CRITERION=LINEAR 
45 51,1 0,0 
♦♦ Permeability m m/day, specific weight ofmethanol m kN/m'^3 
♦PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499 
1 0968e-2,046188 

1 3563e-2,047388 
14044e-2,047588 
1 4540e-2,047788 

1 8466e-2,049188 
1 9097e-2,049388 

♦PERMEABILITY, TYPE=SATURAT10N 
1 0,1 0 

1 1367e-2,0 46388 
1 1780e-2, 0 46588 
1 2205e-2, 0 46788 
1 2644e-2,0 46988 
1 3096e-2,0 47188 

1.5052e-2,0 47988 
1 5579e-2,0 48188 
1 6122e-2,0 48388 
1 6682e-2,0 48588 
1 7259e-2,0 48788 
1 7854e-2,0 48988 

1 9747e-2, 0 49588 
2 0416e-2, 0 49788 
2 1105e-2, 0 49988 
2 1814e-2,0 50188 
2 2544e-2,0 50388 
2 3296e-2,0 50588 
2 4070e-2,0 50788 
2 4866e-2,0 50988 
2 5685e-2,0 51188 
2 6527e-2, 0 51388 
2 7394e-2, 0 51588 
2 8286e-2, 0 51788 
2 9203e-2,0 51988 
3 0146e-2,0 52188 
3 1116e-2,0 52388 
3 2113e-2,0 52588 
3 3138e-2, 0 52788 
3 4192e-2, 0 52988 
3 5275e-2, 0 53188 
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2 

♦PERMEABILITY, TYPE=VELOCITY 
1 0 

♦EQUATION 

326,1, I ,2321,1,-1 

♦♦Defining the solid section properties of the steel friction section located beside the column 
♦SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL 
♦♦Modulus of Elasticity used in the steel section is 29 E6 ksi 
♦♦which has been converted to 2e-l 1 kPa 
♦MATERIAL, NAME=STEEL 
♦ELASTIC 
2E11,03 
♦PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499 
1 e-9 

♦♦Defining the contact surfaces between the internal section 
♦♦and the fhction steel section beside the column 
♦SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES 
SIDE 
♦SURFACE DEFINITION, NAME=SFRICSUR 
SFRIC 
♦CONTACT PAIR, INTERACTION=SDFRIC 
SSOILSUR, SFRICSUR 
♦SURFACE INTERACTION, NAME=SDFRIC 
♦♦The interface coefficient of friction of the Kromasil is estimated to be 0 21 
♦♦where the friction angle is approximately 12 degrees 
♦FRICTION 
0 2056 

♦♦Defining the boundary conditions of the section 
♦♦Both the top of the column and fhction section is prevented from moving axially 
♦♦The fluid (solvent) inside the column is free to flow out of the column through the top 
♦BOUNDARY 
TOP, 2 
TOP, 8 
SFRICTOP, 2 

♦♦Defining the initial load conditions of the intemal section 
♦INITIAL CONDITIONS, TYPE=SATURATION 
INTNODE, 1 0 
♦INITIAL CONDITIONS, TYPE=PORE PRESSURE 
INTNODE, 0,0,0 ,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
SFRICIN, 1 e-5,0 ,1 e-5,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
SFRICOUT, 1 e-5,0,1 e-5,0 16 
♦INITIAL CONDITIONS, TYPE=RATIO 
INTNODE, 0 5319, 0 , 0 5319,0 16 
♦INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC 
INTERNAL, -10, 0,-10,0 16,0 43 
** 

♦♦Defining the loading onto the intemal section 
♦♦Step \ **************************************** 
♦STEP 
♦GEOSTATIC 
0 025,1 0,0 001,0 1 
♦DLOAD 
BOTTOM, PI, 10 
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*ELPRINT,ELSET=INTERNAL 
S 

E 

SAT 

FOR 

VOIDR 

♦EL PRINT, ELSET=SFRIC 
S 
E 
♦MONITOR, N0DE=I61, D0F=8,FREQUENCY=1 
♦♦MONITOR, N0DE=161, D0F=2, FREQUENCY=1 
♦NODE PRINT, NSET=INTNODE 
U 
♦CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES 
♦PRINT, CONTACT=YES 
♦END STEP 

♦STEP, INC=100 
♦♦The packing matenal is consolidated for 1 minute, where the maximum pore pressure dissipation allowed in each 
♦♦increment is 1,300 kPa 
♦SOILS, CONSOLIDATION,UTOL=1300 
7 e-8,6 944e-4,„ 
♦♦The piston is pushed 3 4mm from the bottom within 1 mmute 
♦BOUNDARY 
BOTTOM, 2,2,0 0034 
♦EL PRINT, ELSET=INTERNAL 
S 
E 
SAT 
FOR 
VOIDR 
♦EL PRINT, ELSET=SFRIC 
S 
E 
♦NODE PRINT, NSET=INTNODE 
U 
♦CONTACT PRINT, MASTER=SFRICSUR,SLAVE=SSOILSUR,SUMMARY=YES 
♦PRINT, CONTACT=YES 
♦END STEP 

♦STEP, INC=100 
♦♦Holding the piston at its final position for 2 minutes 
♦SOILS, CONSOLIDATION, UTOL=1300 
7 e-8,1 389e-3,„ 
♦END STEP 
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