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A Coupled Heat and Water Flow Apparatus 

AB5TRAITT: Tri wudy lhc ycrform~nrc o( a wmpaclrd bu!lcr ma- 
Icria! unrlrr rhcrrnal and iwrihcrm.d uunJr!lonr. a mup!ct htar and 
walcr ilow ippar2iur i s  dcsigncd and prcrcnicd. In ah< prchm~nary 
I lcsl~n. 3 ont dirnrnrional f l o ~  ul hcri  red  uafcr m u  nor achlc~td 
?lowc%cr. mnlmd ni trrnpxalurc pradlrnl. <ZI,#C~K o! one-d:mcn- 
rvnal flw, and uniiormirv of fcmpcrarlrrt and volurncrtic uairr 
rumcnt dirfnbufrom ar an! c r w   illo on vhlhhn UP.? rpccrrncn arc 
r th~<utd in ihc m&Ed dtllgn 

E~prwncn:a: roult, have rhown thar :hc lcrnpralurc >ras~l~zr.l 
x t y  raphdl?alwr apcnodo i~pprux~rna fc l~E . lU~  dayr Thc mourfurc 
mow% n a y  from thc hot e n d  a h o r  t h ~  longuudmal dircciwir u: lhc 
vxt irntn duc ro i r n p d  tlurtmal grahcn: lhc  rime rcwarcd lur 
rno.$turt to rlabilizr ir in order 01 days 

Salt and pcrrnancnr di>p!,al of ~ ~ ~ : O J F I I * L  ua \ lc  rtqulrcr I=- 

la;iun u l  J number ol divcnC chcrnical clrments frov. the m. 
vironmcnt Thc C~nddran Sucltar Fuel UJMC M~nrgcv.en: Pro- 
gram 15 a$uurng thc cuncepr o f  d r r p $ i n ~  u f  w a w  in a vaull 
crtaralrd 31 a deplh of >a3 ro HUM m bcluw !hc grulrnd r u r f ~ c e  
i n  plutonic rncii of rhc Canadian Shicld. Bciides rhe nalkrra: tcrr- 
permeability ruck. a number a1 eneinccred h r r ~ c r s  arc urcd [u 
i imit rad~uiiuclidc rclcasc. n e w  arc ihc wrrurrun.rcrislan[ con. 
raincr. ~ h c  buffer, and h e  hck f i l l .  The t o n i ~ ~ n t r -  w i l l  be placed 
i n  boreholes drilled into i h r  flours u l  crnplaccntnl r w r m  and 
separaicd Iron the host rotk by Senlon~tc-wnd buffcr marcria!. 
Xu hccm~:nJrr of the %auir *ill bc filled w r h  an canhen. c:a!. 
bawd backhll 

The SuMci and bxkf i ! :  -111 Sc compattcd C I A ) - b ~ w d  marcrialr 
nNh l ou  lunrc and h!drmlic d i f l us r r~ t i c~  ( C h c u n ~  ct a:. 1987: 
Mohamtd cl al IW; Tlir v.incral composition* ~ n d  cneineer- 

ing prop-itits ol ihc truller and backfill h a w  k c n  r c p x l c d  
clrewhcrr (Gray m d  Chcune: 1940: Yong c: al. 19%) Thc h!- 
drautic p r m u r c ,  tcmpcrarurc, and d u t c  conccnl;a:lonr i n  ihc 
pore water will vary spakall) and lc.Tporalty ~n thy clay barr:cr 
rn~tcrials ?4~l:1-Cuw 01 h o i .  *mi, and d~sro lwd l o l~J%.  :n- 
c lud~ng radiurruclidc$ r c l c ~ w d  hum b rcxhcd  cun:aincrs, u:ll 
=cur i n  the clay barnen vn&r thc changing driving eradiems 
1Chcu3g and Gray 1W: h l o h ~ m c d  el  a:. 1W) 

I n  thc Canadisn Ji lpoMl vdulr, :cmprdnlrc> and hpdrsulic 
p l c n l i r l >  io  rhc buffcr and backfill rna[crial arc txpccled to :.c 
as folluws. 

l l r c  hca: pruductd by radioarr~*t drcd) u i  rhr u a l l c  i n  ihe 
cofitamcr ail: k d i u r p a r d  ihrouph ~ h c  buf f t i .  SackhII. and r=L. 
Ihc rcmperalure ~ r ! l  decrca- aNar from !ht canlainer. and th r  
lcmpcrarure lrad:rnr %dl  tx hiEhcr in rbc r c p m  clo+ehr IU thc 
conrrincr. Tkc >a?;t I\ dcv.ped gcncrally to lim;t ;r.aai;r.um 
tcrnprlalurc at the wrl;rce of  :he con:diner !u 1 W C  or l e s s .  
Afrcr C W  ycars lrhc minimum dcr~pn conlalner I:fcr~mc (~ lancux  
:YM):. canl iner  luriacc r t rnpr r !u r ts  wi:l bc lcrr lhan I W C  
and a maximum remperalure gradienl ul 1"C:rn i n  t t c  buflcr ir 
c\rimaled lrom ikr o b r r ~ l !  ;hca:isler prwesxs.  

T h t  hydrm:lc condmon< in ;ht Suflcr m d  backltli dc;rnd un 
among Olh.3 faclor5. rhr p~hcmcabiliry o l  1b.c surrounding mck 
The nalurrlb! I w c r  pcrmcabj;rt! o f  :hc 1n:rct rock can 3e s q .  
nrf1ca;ltlr incrtared by naiural frac:urca t lxcarat~on ol ~ h c  vaul: 
urli tndutc frdcru~inp, i n  rhc rvck \urmur.dmi: rhc cxrdvaliun. 
and ihc c r t rn l  01 md?rcd f r r c l u r i ~ b ~  wrll depc:id ur. the exca. 
u ~ t i u i ~  m c t h d ,  gcomciry and orierrtatio;i. ~ n d  lhc rrrcss i ~ e l d  i n  
thc rock mas .  For :he r a m d i m  d i , pa l  r a u h  t l  rs proyu-d 
That ihe rrmnll and shahr will bc r x c a v ~ l c d  by blasiinp. rhc 
borehole\ In u h ~ h  thc buiicr acd masrc m i  br cmptarcd ril: 
Lw dril:crl or b o d  
Thc t i m  11 raker l o  malcr-sa;urar :hr bd i r~cr  r~.aicr~als und?i 

~e-situ r a k  condnr~oc~ d l  !he Stripa Minc.  S-cdefl ha5 been 
i r ; vc~ t ip~ !cd  IPuxh  e l  at 19.5565. T h ~ s r t u d y i ~ m e d  lhai rhc bac i -  
lill could k r o r c r  xirrual:y wale: saruraled rr. a f r w  ycrrs Thc 
i lmc 11 ulll l a l c  lo satura:c the buffer ir: lhe burchulc> will hc 
l m g t r  and wrl: var j  n i t h  :he f rquc:~cy wth r h ~ c h  nawra: waler- 
Scaring !raclurtr arc in!tnccrcd by ;hc hmho!e  a t d  ihe avai:- 
a j i l r ly  of mruundw;ltcr. 
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During the presa~ration period. buffer near the container mulo 
undergo drymg, shrinkage, and cracking due to heat-induced mois- 
Nre movement away from the container. These procerser tend to 
reduce the buffer's thermal conductivity, resulting in higher mn- 
tainer temperatures and perhaps funher moisture movement. The 
condition of the buffer near the rock will depend on the degree of 
thermally induced moisture redistribution and the moisture bound- 
ary conditions. Thus. to a large extent, processes and conditions 
in  the buffer will depend on local moisture content and moisture 
transients during the presaturation period. Understanding the 
eoupled processes of heat and moisture transfer is thus imponanr 
to confirming in-situ buffer performance. 

This study is  focused on the transpon processes in the buffer 
material before full saturation. Much research has been done on 
coupled heat and mass flows in  unsaturated soils. Smith (1943) 
and Philip and de Vries (1957) have postulated a moisture trans- 
fer model consisting of a series of evaporation and condensation 
steps togerher with a discontinuous flow of liquid film. Taylor 
and Cary (1960) and Nielsen et al. (1972) applied nonequilibrium 
thermodynamics to analyze the associated coupling effects. 

Generally. the following two approaches were used. The first 
approach is mechanistic (Philip and Vries 1957) and requires that 
physical properties of the porous system affecting both heat and 
moisture movement be known so that reliable estimates can be 
made of the individual diffusion parameters in  the transpon 
equation. Yong el al. (1990) presented acomparative study using 
Cassel et al. (1969). in which the calculations were made for a 
nonswelling soil and showed that there is  a difference of at least 
one order of magnitude between the values calculated for the 
isothermal water diffusivity coefficient by the Yong and Xu (1988) 
model (based on experimental data as well as on an identificarion 
technique) and the Philip and de Vries (1957) model (based on 
a mechanistic approach). The discrepancies with the Philip and 
de Vries model can be attributed to: ( I )  not considering the full 
coupling effect: (2) not accommodating fully any considerations 
for vapor transfer and the resultant pressure gradient: and (3) 
assumptions related to the independence of the soil water po- 
tential with temperature. Furthermore, the role of locked-in 
stresses and associated volume change or developed swelling 
pressure (local) uithm the system as moisture transfer progresses 
have not been taken inlo consideration for welling soils in the 
Philip and de Vries model. 

The second approach (Yong and Xu 1988: Yong el al. 1990: 
Mohamed e t  al. 1990). which directly uses experimental data. 
requires that the moisture distribution and the temperature dis- 
tributions in the time domain be measured. Then the diffusion 
parameters can be calculated by using the measured profiles and 
an identification technique. The basic principle of the identifi- 
cation technique used to determine the coefficients of the dif- 
fusion parameters relies on matching experimentally obtained 
values for volumetric water content and temperature at various 
time states of a controlled test with the predicted diffusion pa- 
rameters. 

The preceding highlights the need for experimental data of 
temperature and moisture distributionsasfunctions of spaee and 
time in order to accurately predict the heat and moisture flow 
'in unsaturated buffer material. Therefore. this study is  designed 
to provide the necessary experimental data for both temperarure 
and moisture distributions. A coupled heat and moisture flow 
apparatus has been designed and fabricated at the Geotechnical 
Research Centre of McGill University for this purpose. This 

paper describes the stages of development of this apparatus and 
presents the time-dependent temperature and moisture-content 
profiles of a compacted buffer subjected to specified boundary 
conditions to demonstrate the reliability and versatility of the 
apparatus. 

Dkcriplion of the Apparatus 

Testing Cell 

In  the design of the coupled heat and moisture flow apparatus. 
the following criteria were considered: 

One-dimensional heat and moisture flow has to be ensured 
for simplicity in measurement and analysis. 
The temperature and hydraulic gradient can be applied i n  
the same or opposite directions. The range of the temper- 
ature gradient and the maximum temperature in  the soil 
are 20 to S W U m  and 100•‹C. respectively. The apparatus 
must be capable of controlling the influx and efflux of water. 
This criterion is adapted specifically to meet the thermal 
and hydraulic environment of clay-based sealing materials 
used i n  the Canadian Nuclear Fuel Waste Disposal Vault 
(Yong et al. 1989. IWO). For example, before the near field 
hydraulic conditions are reestablished and during the early 
stages of closure of the vault. the system may be simulated 
by a closed system. As the hydraulie conditions reeslablish. 
the buffer adsorbs water from the surrounding rock and the 
system i s  simulated by an open system. 
Under the imposed temperature andlor hydraulic gradients. 
the soil pressure-due to swelling and thermal expansion. 
temperature. and soil moisture contcnt-has to be meas- 
ured as a function of time and space. This criterion is adopted 
io order to provide the necessary input data for modelling 
heat and moisture flow in buffer marerial. Hence, thermal 
and hydraulic diffusivity parameters can be calculated. Fur- 
thermore, dependence of diffusivity parameters on the ini- 
tial water content and imposed temperature can be char- 
acterized. 
The cell has to be sufficiently rigid to withstand the high 
compactive forces used in specimen preparation and swell- 
ing pressure of soil during heating and rewetting. 

Preliminnr). Design 

A schematic design meeting the above criteria is shown in Fig. 
I. Each end of the specimen can be heated or cooled with a 
temperature-controlled plate. A pressure transducer (h-Fig. I )  
is encased in  one of the end plates to measure the development 
of buffer pressure. which may be used to indicate movement of 
water with development of swelling pressure (Yong et al. 1990). 
The specimen is insulated around its outer surface by a PVC 
liner (l-Fig. 1). The PVC liner is capable of resisting the com- 
pactive and swelling pressure. I t  is then encased with concrete 
(m-Fig. I )  and steel tube (n-Fig. I )  around its perimeter and 
steel plates at its ends. A copper cooling coil is installed inside 
the concrete and on one of the end plates (q-Fig. I). I t s  role 
is to act as a heat sink so that the constant temperature of the 
concretecan be maintained and the temperatureofthe end plates 
can be lowered to create a temperature gradient within the buffer 
material. The dimensions of the specimen are 203.20 mm in 
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karne te~ by Sf a3 r.r. In : c n ~ l  h. Thi, rrraagcmcnl i n  dirncniuon% 
IS ~:ulcndc~i tu: <: j p:owdr unc-dirncns~n~:.~l flow o l  hcat r nd  
~mis rurc  I ~ I  !he middle third o f  :he huller n1d:criiql: and (2 )  he 
uxd ior 1cr::ng rhv b ~ c k f i l l  n;;rrrriul which cunlains a&repa!c 
rizer up  :o 10 mrr: IYnne cr rl 

Tunpcro~rrrt  Cunfrul l lnrr  

Tenryer~rurc eradjents i n  rh? buffcr m:ilcrinl wcfr  imposed 
hy htaiinRoee nl:heci~dplatrsm!tha 123.W [ r : n ~ - t ) ~ ) e l c n l c n I  
hcalcr. The dlmcn,iunl ut [he hea:er drc 63 fm rnm ia  dun i r te r  
b) : : b?  m m  in thickncn It I:ig 1). 4 copper pla!t I f -  Flg 
1) x a s  houicd in the pl$:on haw ?laic ic  -I-.lg. 1) UJ rran%r.i: 

rhc hcai lo  !hc buffcr rnalerlal. Thc dirncnwns of llir c u p v r  
pla!e arc 203.20 nbru in diamclcr hy 6.35 r.m i:u : t~kk l i c i r .  The 
hearcr ruppl). UYS au~onialically m:11111l1cd to rnal:l!din the con- 
slanr clcu;r~cd i cmprd ru r r  rcqu~rcd  at 1h.z cnd plalc. The ICE- 

F r r l u r c  mn t ro l  unul uwd i n  this inver l ip f ion i, ,how in FIE. 
? Each ! m e  !he htarcr u a r  ac:~rdltd, thc 1ir.c rolalrzrr uou ld  
rccurd !he l o t 4  r ~ m c  of hearcr 5uppl) ourput. from uhich rhc 
~umu la l i v c  :hcrmal cricrRy was calcuhrrd. 11 rhould bc nutcd 
that thc hcatcr diarnclcr 1s about orrr lhird ol :hc c u p p i  plalc 
diarnrl tr .  I1  ua r  assurncd thar :ht htdt could bc conduclcd r c T  
rapidly rnd rhcrt uould he no lolsof h r d  irum:~ssurroundingr. 
This u i l l  k shown Lrtcr lo be i n r ~ l f m r n l  Il nee& l o  k lunhcr  
co~rcur td .  
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Tcmperolure .Uoniloring Lhrr 

Thc l tmyzraluIcs w!htn the hu l l t r  rnatcnal were moniturcd 
by Typt T (Coppcr-Cansrar~rsnl lhcrmwcuplcr ,  each cncascd 
In a stainless slccl shcarh. .A ?o-posilion r o t a p  sclec:or ir sel lo  
read the various r h t r r n ~ o u p k s  inslalled (Pig. .3). A T!pe 1'  
rhermocovple arnplilrcr and l i n e a ~ : ~ r r  uni l  ii u x d  to cnnucrr [hc 
!hcrrnwouplc rn~l l iuolts to dcgrccs rwrligradc rc be read by Ihc 
digital uultmcrcrs. 

Material and hlrlhod 

Thc buffer marcnal wkcrcd  lor thas t n \ t ~ h g a t ~ o n  ua% a lab- 
orarorv.ortoared mixlurc u t  svdiun bcnloeitc [Avcnwal )  and - ~ , .  . 
gradtd Indusmw rand ( in  q u a 1  pruporrron by dry w i g h t )  The 
d t ta~ l tdcompor~ l ;oe  o f  the benlnn~rc has bccn rcpor:ed hy O~rig. 
Iry [ I Y B I ) ,  i h c  rn i r inr  snlurinn used is ' r r f t r t n d  synrhclic 
pramtic ~round~arcr ( t i t iW)acccrd~ngto a r top  givcn by Abr) 
ct a1 (1982). Thc liquid limir c l  rhc Avonscdl clay war 2MO"i  
and ihc plasllr l imit was 40.7'3 vhde [he p,rain riat dislrihulinn 
war 3% sand, 12% sill, and 85% clay. lhe sperilrc propor[ions 
c( l h t  mixlure were chosen hemusz ol lhcir pr l tn l ia l ly  a[lror!lve 
phyricdl. chtrn~cal,  and mccharural p r o p r l l c r  101 rhc iequued 
pzrfnrmarlcc crilcrir adopicd by rhc Canadian Nuclear Fuc! Warle 
[ ) i s ~ r A l  Program Currently under 1nvesrigr:ioo bu ALCL Rc- 
rcarch. 

Spccimcns w c r t  prepared hy mixing the above $ppcofitd bcn- 
:onilt and <and malerir l  u i t h  titi%- va r t r  to reach a watcr 
cuntrnr o l  sbour 19%. Spcimcns wcrc stor td in a humid room 
for a p r i o d  01 one week tc allow cquilibrarwn, 1.0 ach;cvr a 
1.67-M8'm' u n i f o ~ n l  d v  d e ~ i l y .  spc,irnens were divided m!c 
fivt laycn  and a k n o ~ n  quanlny of wet matelial mmprcled 
a[a:~vally i n  rack layer. Thcrrnocvuplcs werc p l m d  inside ihe 
soil ~ p e r i m e n  after comparlicn a1 d i t l c r cn~  p i l i o n r  aiong ihe 
length 01 the sprcimcns. Ahcr  tLr inslallaliun pracedures. spec- 
men5 wcrc lefr for  a pcrind of 24 h l o  equilibrale. T o  chcck lhc 
x~rilormiry G I  inllirl waler conlent anddry densq,  one rpFomcn 
wns hktn UUI dnd recrioned into nine portions k h r e  rcMurg 

I t  was found that [h: dis!rihu:ton, (11 w ~ l c r  runlcnf and dr) 
dcnril) sere uniform wi:li:n 1%.  

Following l l ic abwwlcscr ibrd pmcedurtr. specimenr w r e  
hcarcd a1 cnc cnd  h) [hc heale? ro a co:i,tanr tcmpcraturc. and 
:hc  p r i n c l e r  o f  [he specmew ( i - r . .  Ihc ccncrc!c t tcr ion around 
:he rpc imen) mas coolcd to a k n w n  Lcnrranl rcmpcrarurc. 
l tmpcralurc rncasurcmcntr ~ a l u n c r i u n  o f ~ p a t c  and l rm t  wcrc 
recc~dcd dueng hearing. Furthermorc. l c r h  *e f t  cndcd a1 dif- 
f c r cn~  l inesand ihc ~pcr imcns  w r c  rcc::oncd rnln nlnc porrions 
:u dclcrm~nc the mtilwure diirnburion, dcnp ill : c n ~ l h .  

The rcsl rerultr of two scics 01 chpcnrr;cnls arc d c w i b c d  
below. In the fin1 scncs. Test 4'11. 1 war evaluatcd a! a 1WC 
clcvatcd l tmp ra lu re  and a healing lrrneof24 dap I:i rhc second 
xrirs. Tcrt Nos. 2 ,  .3, and 4 were cvalualtd lor ihc ramc bound. 
arp cnndr l imi  bur lor diflcren[ rimes a1 which rnorrturc dlsln- 
hutinns wtre mcmurcd. Table : prcrenls inilml and boundar) 
cwdilrcns lor lhc two scries comducled in ihc hta: rmd moirrurr 
flsw appara:us according :o i [s prcl~minary d t s~gn  

Firrr Srrm 

In thc hi%( i r r i t l .  onl! Terl 30. I *a yerfurmcd tor d long 
peuod (24 day!) in dctcrmmc [he maximum limc rcquirrd ro 
esrablrsh the rquilibi:um mul%turc conrcn! distribuIion. The Icm. 
FtraruIc profile> 01 a Iuncl ro~l  of spacc and rimc arc yrcwnlccl 
in Fig. 4 lor a i rm t  period up  lo unc day cnly. The tenlpelalurt 
dmriburiuns t rcm 1 da! to 23 days arc r~n: rt:nwr ill !his ligurc. 
For rlme picalei i h m  onc day. the IempcraruIr J i w i C u ; ~ u ~ i  prc- 
files were ps i t inned i:! a narmw hand C c w t t n  rhc lrsl two 
protilcr. [I call he seen from Fig. 4 lhal ihc t tnpcralurc disrri. 
h~rtiorls ntabi i i~c vcry f a i l  in abcu! 0.16 days Fcr rarcr  conlcnt 
dclcrmi~~alicr!$. sp~c incn r  were ra i en  l rcm the cenrci uf thc 
hcattd 5pzorr;cn w i n g  A amplc r  wi [h 67 71 mm d~amc!tr and 
n.03 mm lcnethr ar s h o w  in Fig. 6. Spcorncns - t i c  then 
exrruded t iom rhc %arnpltr and wr i ioncd  hnto n:ne portion, for 
volumcrnc uarcr conrcnl dc~crmiedl iner. l+.e wolurncrr~c war t i  
content d;mibut:on allcr a p e r i d  o f  24 days, i . c .  a1 the time 
!he I~SI rroppcd. IS prcx-ntcd in Fig. 5 .  Thc uc:umetric warcr 
ronrcnt ir dcf intd aa iht rar;o hctwecz the rolumc of watcr and 
:he r o l u m  01 sclids. V,. waltr and alr. V, ,  1.e.. 

Second .Server 

Tt.51 Kus 2.3. and 3 arc includcd i n  the recmdreries >hewn 
i:i TaMc 1. 7he  unlv difference k w e t n  th r  varicu [csrs is ihe 
duraticn c t  tlme ar which thc water conlent d~~ rnbu r i an r  *ere 
measured. Ar  an c~amp lc  for fnt No. ?. lhc timc at which iht 
watcr content ir m t a u r c d  i, 2 . W  day$. re. .  a l  uhich timc rhc 
l ea  wasstoppcd. I n  r hs  p u p .  only txpt~ imentaldata hurn l -es i  
No. 2 rnll bc presenled due lo rhc wmlanry o l  rhc rcsulis. 

The iemprature dirrtibullun prufilcr a1 ihc ccnrer nf  Tehr No. 
! ai a tuncticn 01 r p a a  and timc an? prncnred in Fig 7. I r  can 
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Olrlsnce From Hsstlnp Plsle (mmJ 

bt K e n  rhat [he lernpraturc disiribuiion stabrltzc% in a pcriod 
of 0.198 days, thus rcaching a %ready rtatc coodirion. For lime 
grcaltr than 0.198dap. I h t  ltrnpcraiure profiler wrrc pmil imed 
in  a narrow bard bctwcen rhc last two profiles, i e . .  tor times 
0. I26 and 0.18 day. However, lo highlrghl l h ~ s  tyv or lemptr- 
alurc dnlributlom. Fig. 8 prcxnls the ternpcralurt dislribuiionr 
a5 a futxlion 01 limc for th r t t  p s i t i o m  01 i h t r m ~ ~ ( ~ u p [ c s  along 
chc ltngrh of ~ h t  rpFcmcn. For example. at a drsram 01 5 mm 
from rhc hearer rhr lcrnpraturr r im  up 10 82.m dier 0.313 
days and drops ro 7 4 . K  d i r r  2.77 day. Tbts  relaxation in 
rtmptralurt commencer after lhe waler m o w  dkc to the im- 
p a c d  thcrmal gradient and can bc atlribuled ro the @artchange 
ol ihc walcr into vapor. Similar bchawor i s  o h e n e d  for 1 k  
o l k r  two posiliom as shown in Fig. 8 .  

Funhermore, it can be xcn from Fig. 7 that thcrt 1s a difkt- 
cme 01 WC bcrwtcn l h t  hcaling tlemcnr and lhc rlowrr mil 
h y t r  lo t k  hcaltng ekmcnl. T h i s  diffcrcncr can h al l r i twcd 

to the radtal f b w  of hedl l iom the Mpp plale ar *tll a!. from 
the Al %pLcirntn i r x l l .  To  jusrily rhisslatemcnt. ~ h c  l tmprarurc 
d is t r~h[ ions in a vertical cross section inridc ihc v c i m e n  ar 
sltady statc condition arc prcsentcd in Fig. 9. The mnrour l inrr 
O l  equal tempcralure arc gcncralcd by thccompulcr by inputting 
tht temperature valucr for dillcrcnt pairions mi& and at t k  

perirncttr of the spccimtn Ii sccms that due to th t  cwl ing 
ttmprature. which is 15'C at the beundary, r h r c  I S  a gradicnl 
e l  ltrnpcrature a1 rhc i n l t r l x c  of thc sprrimtn wtlh the healer. 
and hcncc lhe r c m p a l u r c  distribu~cs in a radudl dirtctioo. At 
thc ramt lime lhere is anmhtr gradknl o l  lcmpcraturt in the 
longitudinal duwtion. This m t a m  rhal ~ h t  IcrnFralure uatied 
i n  IWO dimensions within ihe specimen. 

Addrtionally. the irrnpcralurc dirtribulion is r c h c d  to the 
volumttrk walcr mnlcel distriburion within tht qxamtn ,  ar 
r hownm Fig. 10. From ihz d u m t r k  wartr conrtntrai di l f trtnt 
loulk iMidc rhc ~ p t i m c n  at tocarlorn pivce in fig. bb. con- 
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[our liner wc~e generalcd by tompuler lo cover rhc area under 
inverrigat~on, nK moislure m o m  away Irom thc hcalcr side to 
~ h t o i h c r  sides longitud~ndl) and radially. The volumetric water 
ronltnt bslr ibu[~oni$ high rewards thcborrom and lhc pcrirnetcr 
of rhc spccmcn. When the lcsl was stopped, a cone shapr of 
dry material in iht middle of thc speamtn wasnoticed. Thc base 
01 [he wnc i6  in conlacl w ~ l h  lhc healer, and lhe apex o l  the 
ronc 12s in the lon@tudmal d~rccrim. which is perpendicular i o  
thc h e r .  Amrd ing ro  1-1 icsults. a lola1 mass balance k f o r e  
and after hearing u- maintaintd. 

I t  rvill be rtrallcd that lhc prclimmary design asumcd that 
wlhin the middle lhird o l  ihe sptcimen, mtasurtd in the rddial 
d i rccrh,  onc.dirneruiona1 f low of k a l  and meixurc in lhc lon- 
p t u d i ~ l  dirtciion could bc achievd. Howcuer. the p rev lw l  
d lxusion hghhgha [he exlsltnce d a tmwdrmenrional Oow o l  
borh heal and moisture withrn l h t  whole spccimtn. Examination 
ol i h t  tcmpcralurc dislnburion in the middle lhird of the spec- 
rrnen (Fig. 9 )  highlighls lhc nonuniformily of the iempralurc 
dislr ibl i im sl  any am KCtiM1. A sirmlar result can be #n- 
rludcd frmn the vdumctric walcr contcnl disiribuMn prcscnted 
In Fig. 10. This demonrlialcr that tk condilion 01 ont dimcn- 
sionaliiy does nor txist wilhin ihc specimen tvcn in the middk 
third. Tkrclorc.  a M* s ~ c i r n c n  silc *a% kdgned  in order to 
achltw lk ontdrmcnsional Paw 01 hcar and moisrurt during a 
prolonged htarmg p r d .  There changes rill be addrcswd in 
rhe ncx[ seclion. 

& h e  giwng daaih ot  thc m d k d  dtrrgn, i t  u appropnale 
lo m e  that the lcngrh 01 rhc spccimcn could not be dccrcawd 

I d m  Io h e   lo^ 01 w f u l  mtasurcrntni~ of tempcra~ure and ml- 
urnctric wakr conlenrs along thc length of the specimen. The 
olhcr al[croauuc mas to inctcaae the diamctcr of the sptcimcn. 
This a d d  crcarc a pob lcm in handling rhe c e H  in  lcrmr oi 
mowmenl and c o r n w o n  To cmure ont-d~mcrnlaoal htar flew. 
the radial bwndar) needs l o  be made .I$ clost l o  adiabalic m 
ps ib le :  this was achieved by plating a m a l k r  diameter spec 
lmcn vithrn rhc o n p a l  lesl appaatus and providrng rad~al  irr 
sularlon 

A Yhcrnatrc diagram c4 [he ntwspctimen s i x  isshown in Fig. 
I I. Specimen d!n~c&nsare 80.5Dmm in diameter by 87.W mm 
in length. Thc apecimcnr are e n c k d  in a ruw. inrlalled PVC 
rube marw ing  M . 9  m m  and W.70 mm in i n w r  and o u k r  
d~amcltn,  rcsprivcl!. Thc s p x ~  bclwtcn rhc mu. rnrrallcd 
and previously desjgoed PVC t u k  is 61tcd wirh sryrofoarn l o  
minimire rad~al h ta l  f iow.  

M o r e  cngagwtg in a hd) spcctrum o l  tcsling. the apparatur 
was checked lor ihc follow~ng casts. 

FlG. 11-khrmarrc diagram rllrurruring rhr new 1porn.n  d i m m r i m  
uwd m rht  lhird irrirs 

Care 1 considers the effect 01 coeling lcmpcra[ure on i h t  lem- 
pcraturc dislribuuon wilhin ihe specimen. Th~s can be ach~evcd 
by rondwtin$rhrce c rp r inun ls  Firstly. nocoolrng lcmpra lur t  
u used during healing 01 the rpccimee: hcncc rhc tcmpcralurc 
in the o u w  boundary o l  ihc apparatus is a dirccl rcrponw to 
Thc imposed boundary tcmpcralurc by the hcatrr as wcll as any 
radial lcmpcralurc dissipalion l imn ihe soil ylecimen. Tk initial 
and bwodary condiriom for Test KO. 5 .  which represtnu [his 
coediuon, arc oullincd in Tdblc 2. The ttrl reul ls i n  ltrrnr of 
temperature dislnburion profilcr are prescnlcd in Fw. t?.  The 
I c m p a l u r e  diltribution profiks as a hncrion of limc and space 
u l lh in  l h t  spccimcn are shown in Fig. 1h. Temperalure dirt"- 
buuons ar thrcc drflcrcnr crolr w t i o n r  acrorr the apparatus tor 
heating time o l  0.146 days ale p rmnrcd  in Fig 1 3 .  From Fig. 
12a ir can bc secn that iht [trnpcrature increases m a functloo 
01 rime lor cach posrrmn of [hermotouplc within the rplcirncn 
as wcll as w i l h ~ n  the PVC zdjacenl to lhc concrcte and !he 
concrete ilscll. T t m p r a h r c  dralr~bulions ahow a r c k o c y  for 
cquilibliurn wilh lhc qxcirncn aflcr approairnately 0.139 da!s. 
Howcucr. the tcrnperaiure d~rtnbuiions v i lh in ihc oul t t  PVC 
and concrete show a kndency lor an imreaw in rernpxaturc 
w(h lime. Therciort. for a longcr perrod o i  htating limc the 
tcmperarure in lhc ourer PVC as mcll as lhc c m r c i e  might bt 

Lnihrl Cordilioar Boundary Condilionr 

Wulcr Vulurncfm I. Dry Hrafcr C w k r  Tca 
C m ~ t n ~ .  Walcr Drawly. T r m ~ r a i u t e  Tcrnpcralvrt. Durrlnm. 

Tcrl Surr Tcrf No. 4 Conlcnt M % : d  'C 'C Dcrcnprwn dW 

mird J 19.00 0.310 l,6? 1M 22 No omlint 04 lb  
Founh 6 I9.M 0.310 1.67 I ~ I  10 C d r g  c d  phlc only 0.416 
Fifrh - 19 03 0 117 I b7 100 10 CooW e n d  p h t  and 0 313 

mmcrc . 
Sirrb 8 19.W 0 11 1 . c  100 10 Cwling end f ine  ud 0 

m r c c c  
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FIG. 13- Tmprrorurr dkfvibunon errnu Lk. o p p a m u  altn r u q  h e  - 0.416 daw lot Tat No. 5. 
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~ncrcased i o  an cqual or  highcr valucr :han ihc icmprralure a[ 
same pmillons ~ i t h l n  :he rpe:imce. Hence, the buundarr con- 
d l h n  *ill not bc controlled and [hc amurarc mudcllmg uf  hcr l  
acd mass h u .  wil l  bc difr?culi lo cs[ablish. 

Funb.ermore, the lemperature drrtrihulinnr at differen! cross 
xcrions rhoun in F-IR 12b demonsrratc the cislcnce ut a [em- 
pcralurc gradicn: across thc apprrarus in !he radirl dircclrun. 
The ma! querljon can bc strtcd as tollour: I s  thcrc any radial 
wadien1 ni lh in rhe specimen or nol? il there is a gradient in the 
rad~al dmclion wirhfn thr  specimen, onc4imcnrional fluw u l  
heal and moisture w-ill not k achieved. Therclorc, h c  t emp i .  
atuw diwjbulion wilhm lhe rpcomen in the radial direction has 
ro bc mcasurcd. This nil1 k dixuwcd in a larcr reclion of ll i is 

!=PC'. 
Scwr;dly. cool~ng tcmpclalurc i ~ u w d  only at [he uppmilc cnd 

to  the heater via circulalion d cold watcr at a specified wm- 
pmtur t .  on rhc hnrrom of ihc bax aluminum plart (J--Fip 1). 
Thercforc, the hundary  tcmplralurei arc conxranl al ihc tr- 
lreme IHO ends of lhe specimen. Thc initial and boundary con- 
ditions for Tcsl 5 0  6, which tcprcscnir rhir condilwn, arc our. 
I indmTablc 2. The tearraulum tcrmlofltmplraNrcd~lnhution 
profiler are prcrcnlcd in Fig. 13 Tht  lcmpcratulc dlrtnbulion 
profjlcr as a luncr~on o l  rpacc and limc w ~ l h n  rhc ~pr r i rnen arc 
shown in F ~ R .  130 Figure I3hgrwci ihc rcmpmarurc d~rtnbullon 
at lour different crorr wcllons acros rhc apparAtur lor hcatmy 
tme equals 0.416 days Smdar rtrults lo T c r ~  No 5 hdvc bccn 
obtained exccpr that ihe lumt rtqurrrd l o  rrach cquillbrium is 
longel than thal lcquircd lor Ttrr No. 5 a i  rho-n from kjgs 12a 
and 13a Alrn, one c.+n norc the dilfcrcnct in lhc % h a p  of i h t  
tempcrrturc dusr~ibul~on prultlcs. IC . .  remperalur? profiles for 
Test Yo. 5 arc lrecpcl lhdn lhcw fur Tcrt Nu. 6 

' Ibrdly, cwling Icrnpralurc ir u r d  in ihc concrclc m r i u n  
as well as in rhc v p x i t c  cnd phre ro rhc hcakr Thc hcatcr 
tcmpcrirurc is Scl to 1M)T  whlc lhe cwl lng lcrnperalurc ir rpt 
tu 1QC The i n ~ l i r l  and b u n d . ~ ~  cvndi~ronr lor Tcr[ 50.  7. 
whch rcpitrznfs !hi\ cond~ l~un .  arc oull intd in Tablc 2 nt r c ~  
resul!sarcshuwnin Fig. 14. Thc Iempcraluredirlriburion profiles 
aa a function 01 r p x t  and lime wlthin ihe spcimen arc shown 
in Fig. 140. Tcmperaturc dir~ributivnr at lour diffcrcnt cruw 

secliorrs a c l m  I I U  xppmtus lor hcalung limc cqualr W.313 days 
r rc  s h o w  in Fig. lab, 

From thcrc rhrcc dificrcnr cases o l  boundav iondirions. lhc 
preferred cast i r  CAW 7, where h t h  the base plarc and ihc 
imrcr t l t  arc tcmpralurc wntruilcd and ctnlcd -ling con -  
crclc incrciws lhc tfficicncy of  he haw pla!c heal sink and alwr 
pruwder controlled rtrtii ig boundar~es. Allhough the radal lcm. 
pcralure ~radicnlr  arc higher. lhc clfioency of the insulalion u 
such 10 sufficicnlly relaid radial hcal nu*, thus givhg unc- 
dimenr~mal cmditionr. 

In urdcr lo lully ensurc nne.dtmcnsional flow uf heal in h c  
Iongiludinal direction wthin ihc spccimcn. one IUI check tor thc 
uoifixnuly uf ~ h c  rempra!urc dislribulion in ihc radial ditccriun 
at nny positlun withirr the specimen has to be cxemrcd. Thk 
rituarion will be discussed in the nexl reoion. 

k r d ~ x u s ~ d  above, in order ID ensurc a vnifonn lemperamrc 
d ~ r ~ r i b u ~ i o n  ar any cros sccrion, Tcsr So. 8 war, cunduckd. Thc 
initial and boundary wnditinnr inr Teal So.  8 ale shown in Tablc 
2. Thrcc ;rmb wt iu l ls  are uwd in mearule l l ~ e  lemperature 
distrihu[ions w i t h  th t  rp~cimcn as a furr~uun u l  umt. Each 
c r m  section has [wo ihcrmoceuplcs; Sus. 6 and 1 arc p l a d  ar 
5 U mm trum the hcatinp plalc. whilc fhennowuple Nor. 5 and 
3 arc plaecd at BZ.0 mm Ron1 fhe hcnting plate. ~lRc?mnmuplca 
Nos. 4 and 2 arc p l m d  appoximafel? at h e  middle of lhc 
rp l rnen ,  be., ar 42 mm hum ihc hcatinp cnd. Thc hcaling plalc 
*A% KI tn l(XPC aml Lhe c w l i n ~  sysrcm l o  l P C  ar the slan of 
lhe fm. Tkse b o u n d a ~  cunditions arc cxat-tly [hc aamc aa lhm 
ul T a t  Nu. 7. TcmpetaLures arc rncasurcd as a hrncrion of time 
lor all rhc imcncd thcrmucouples. I t  can he wen from Fig. 15 
lhal the rcmperawrc distnbulion at an? radial cross scdon is 
pnifvmr as a hmt ion of umc. Hcncc. lhcrc is m [cmprr lurc  
gradicnr lvlthin thc ~pct imen in lhe radial dircclion. 

7hc a b w  d~wus ion  of Case Sor. 1 and 2 demonsrrares lhc 
~mponance of thc uw o I a  hcal sink to extra* lk hear horn lht 
appamtur as well as tocontrol thc tcmperaturr padtents within 
thc spccimcn and iB  rumundinp components *ith insulation. 
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Furihcrmort.  u n h i m ~ l y  of rtelFrauure d~rrrhbui~on in rhc :adla1 
h r h ' r ~ o n  v ~ [ h ~ n  rhc r p u m c n  pro+<! r h t  e w l r n r c  o f  onc- 
d imtnr~ona l  flow of heal in ihc longitudini drrcrlron. I htrclore. 
lhc n ~ u d ~ l ~ c d  des,gn for hcar and nlasr, finw appmalur demon- 
srrales the prtcnrial me o l  !his appar4fus l o  srudy ihc cuuplcd 
ll~crnval and rnoisrlrrc flo* i n  hullcr rnalcrial. I l r t  ne*r wc:iun 
addrc%ws fhe pzrformancc ul buffer rnaterirl due l o  ~rnporcd 
lcmpcralure p d i c n t  as sn ciarnple o f  the exwtimculal dala 
Iha! can b t  oblamed from ~hh$ rrcv d e > p c d  dpparuul 

I n  Ihc lmal  scrie% 01 lhc c x p r i [ n e ~ ~ l .  7 e s 1  NOS Y .  1U. I I, and 
I2 are rracludcd. Ihe inilia1 and boundary condi:mns for [trc 
wrcnrh wries arc prcscnwd in l a b l c  3. Thc only d~flerence 
b c r w c n  the tesrs i n  [h:% w r r s  is the umc a! whrch the tcr l r  are 
i :Oppd and rpecimcns r t c l w ~ d  lor ~o lumc l l i c  w t t r  content 
mc&%urcrntn:,. Terr So : I  a a l  5roppFd immcdia:cl) alrcr rhc 
I c m p m u r c  dimibulion re.rchrd equ~hbrium.and l p m e n s  werc 

~ccl roncd in lu nlne p r t : on r  for rolumelric waltr content mcas. 
urtrncnr. Each y r . l oo  H3L R U . 5  mm in d~amcrcr b r  9.7 mrn jn 

rhickncsr A[  [ha: lime one could no! measure a noliccablc *ar- 
i a t~un  r r r  bolurnc:ric water conwnl  dis[ribu~lhon due IU thc lime 
r t q u ~ r c d  lo :  ( I )  iemuut r h t  s lxcmlcn i rum ihc rrmuld. (2) CUI 

lhc sp.cimcr1 inrn nine portions, and (3) takc nleasuremenl$. 
Viaua! InrpFt:lun o f  lhe secliun a l k r  culting lor volumciric wrrcr 
cnnrcnt nleasuremcnr rndlcates rhar thc vater cunlcnr was uni- 
f o ~ m l y  drrr~lbuled in rhc rddral d ~ ~ e c t j o n .  T h i l  h i  c t w c t e d  due 
to lhc unilormn:) of r cmpra ru r t  i n  the rhdia1 d~ r r c l l un  at an? 

crorr xcluon T k i e f o r r .  thc lrmc ar w h ~ h  r h r  ruatcr contcnl 
was fin1 mcawrcd was rncrcased to 0.294 dayr. 

1 h e  [o ihc sirnildrily of tclrrpelalute d~s[ribulionsa, a funcrinn 
ul spacc and llme for all fl ic cxpcrimenls i n  ihc lhirll scrics, 
tcrnpmlurc dis:ribhrtion ptofilcs arc p revn led  only fur T c s ~  No  
9 Figurc I 6  prclcnrs i h t  rcrnp.raturc di%:ribul~ou prohlcs for 
Tcsl So. 9 for +a r i ou  l m c  rnlerwals Flgurc l h  lndlcatu, thsr 
h c  d~Kercnce benuem the hcahtlg clemenl and rhc w i l  layer i r  
c o m p l c ~ t l ~  ciiminatcd. which rndicarc5 thar ihcr t  is no  radial 
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FIG. 15-Tcmprrorure dkn;burion profiles for Tar No. 8. 

TABLE 3- Various rur condirionr conducrrd lo srudy rtmprrarurr and moirrurr drrmburionr. 

Initial Conditions Boundary Conditions 

Water Volumetric Dry Heater Cooler T u t  
Conlenl. Water Density. Temperature. Tempcralure. Duralion. 

Test Series Test No. % .  . Content Malm' "C "C davs 

Seventh 9 18.42 0.3076 1.67 100 10 0.985 
10 18.96 0.3166 1.67 100 10 2.792 
I 1  18.84 0.3146 1.67 100 10 0 . W  
12 1903 0.3178 I .67 100 I0 02W 

Temperature, degree C 
100 r 

TIM (days) 

+ 0.008 

4 0.017 

* 0.027 

4 0.047 

0.069 

~oL.~ 8 c t i t 1 

4 0.072 

* 0.107 
0 
0 10 20 30 40 50 80 70 80 80 

Dlslsnca From Heallno Plala [mm) 

FIG. 16- Tcmprrorum dkrriburion profie for Trtr No. 9. 
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flow of heat and hcnr? m l l u r m  rnoirturc d~srribulion rn !hr radial 
dircctiun a d i % w c d  in thc sixth x n c > .  I . C .  Test So. R. Tcm. 
p r a t u r e  rrachcd a srcrdy rlarc condiriun a l m  0. IW days. 

F~gurc 17 p!c#n:s thc r o l u r n c ~ ~ r  walcr mnrcnr dis:tibulion 
alung thc lonptudmal d~rc r :~vn  of rhc >+men lur TCII M r .  
9, 10. and I 2  Thc volumcrnr wmer conlcnr rcduccs a; :he hot 
end due l o  thc induced heat flux at l h ~ s  huunrldry and rnobcr 
h u m  the hot cnd  dun2 Ihc lun@ludmal d ~ ~ e c t i o n .  The hrsl n x u -  
urable pruhlc ns a c h c b x  aftcr U.?M days. Aher approximately 
rhrce days. Ihe vnlumelrbc vatcr  mnltnl reduced ar lk h e a w  
ridc to 11%. while a1 rhc cold cnd il incrcascd l o  407.  -411 thc 
cxpnmen l s  in ihc sevtnlh xtia show a mass ba l~ncc  a> show 
In Fig. 17. 

A ~ o u p l c d  hcai and w ~ l c r  i l ow apparatus, in whicha s p i n l r n  
ir mn6ncd k n s c c n  top and botrnn aluminum t n d  plales and a 
pzrirnelcr consislinp u l  a PVC l iner, mncrctc, and srcel, oMrs 
a mcam by which lu srlrdy thc perlnrmanw u l  buklcr under 
~hc rma l  and ~w thc rma l  cundiiiuns. 

I n  rhc preiirninar) ku$n of the apparatw. ontdimeesiunsl 
now of h t n l  and molslurt war no1 achiwcd I n  spire 01 rht 
rplcimcns' diarr~etcr-lcrietb ralio o f  2, radial flow of hear and 
moisture war demonilrated by t h t  expnmcnta l  h l a .  

In lhc modf icd  &r ip,  a new r a m  betwccn the rpcrmcn'r  
diamtler and Icnglh was d c r i p c d  lo be cqual lo OK. Mvrc  
ttleclive insulatiun berwten ihe ncv, side d thcspeamcn and 
the old pcrirnctcr was included in ihc n w  ayparalu. Thc thrrd. 
fourth. and h f i h l es~  -nu, i .e .  IC~ I  ?lor 5 .6 ,  and7,demunwate 
rhc usehlntss of ~ h t  cooling ryrtcm and propcrly deqgnd in- 
sularjun 10 mn l ru l  lhc tcmperarurc gadicnu and lo t n w c  lhc 
exisrcncc 0 1  nncdimcnrinnal n o w .  TCSI wries No.  4 demon- 
rtraler rhc unitormiry ol temperature and volumclr~c water cun- 
rcnl dirlriburion at any c rvus tcnon in Ihc radlaldirecrion within 

Ihespumcl l .  Gmd qualily darn lr)r IemTra lu re  and vulu~r~err ic 
.*aler conl tn l  disinbulronr w e l t  obrajned. 

The :cmvralurc &rlnbul ion irabi luer wr) lapndly ahcr a 
pcnu? 01 dpproxinra!tly 0.107 dayr. The rnolrrurc mo*t> Away 

from thc hot ~ n d a l o n g  thc longiludinnl rl irnuion u f  lhc qxcirncn 
due ro ihc i m p d  thcrmal gradicnt 4 gmd quabry rncdsurc- 
mcnl of bolume~nc water content was achicvtd ahcr  a ~ r i o d  o f  
I l Z U  days. Addilionally. Inla: m a s  balance was achicr td during 
the htat ing p e r i d ,  which indicatcr !ha! i hc r t  i s  no molsturc lw 
dur l o  evaporation 
Tht iempzraturc ds1ribu:iunr IS wcH ar vu lumc l~ ic  watcr mn- 

ten1 dir l~ibul lons as a function of space and l ime a r t  * e r )  im. 
p o n w l  input &la i n  order l o  cilclrlate rhc dltfusion paramcterr 
ar a luncrion of tcrnprature and vniumctlic walcr conlent as 
dtmonrrrarcd by Yong and Xu (1WBB). Yung cr al. 119W). and 
Muhanied, cr al. (IP90). Fururc studlei wtl addrcs, ihc cab. 
laliun o l  the drffurion paramclcxs and cahbratc rhc dlffcrenl 
m&Is which prrtl icl the flow u l  heal and nroiriurc i n  unsatu- 
r a l t d  rwcllin,: Suffcr marcrial 
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Temperature Dependence of Soil Water Potential 

ABFTRICT: I d  ur.dc!r:rrJ :hr llralrrn n! w 4 , : c 3  hcar a d  warm 
1r3n;~d:l. r 3 r  rrla:m:hp W , u c c n  lcm;lrra!urc And luul *a lc r  pl 
I F ~ I I ~ I  ";\I bl hnuur: : u ~ i ! ~ ) $ .  ,\\vnlc~ ~ R ! W I I I C  and Lakr A8. i .  
;I: ~ 1 . l ~ .  J ~ C  OCICI inns;drrcd a> r h r  i l a k b a ~ l  b r ~ : r l h <  nlllr!:dl, fur  
ibc C~:~rl;an rucIrJr ru t :  u a : t  d ; , p w  r rull :\wnlca k n w n l t c  ir 

d~i !m&~>hcd Iru#ll Lakc A p w l  CIJ, b, 1 1 ,  h v ~ h  hral~rlg ~ l r n l r d l  I ! ,  

%,,!Cl A - n c >  ,>I r , ~ x ! , 7 t " : l  * d l  ~ r f * m c d  ;: %k,<k !k 
welt .;ltcc wnlb q u a :  ~ l r n u n ! !  o! l ~ r l  .%?d r r r c  .v?;.d<lcd :o 1 
dry dcn,~:? a! I A7 \!i cn' u:!Crr kdrwur : o ~ r i ~ ; c  iun::n:, ,md I=-. 

w# r i u#c *  \ p)<h#o~-rr r r  u a ,  yracrr; r8tl.m :kc r c - ~ ~ l t d  <!a?- 
5M:d I0 #:lcJ%blrC :ht w>lI - 4 l C r  ~SC-~UII 035Wd C r  :!IT r l ~ < l ~ f r ~ i l % ~  
: rxc  rilcrrurrd 3r thr p,:;hrumrcn Thr c t , d l $  ~r.d:;~!c ?ha# lhr 

w i l  w ~ k r  ~ x u c n i ~ ~ l  4~ J p r k ~ h r  w m p r a ! " r c  , h  k~rhcr !UI !wlh (Id!, 

u81d n ~ i ~ l a r c r  lhm yrcd~.'icJ 3y :hc ihdncc nn ihc rurlaw :milor: r! 
u . ~ : r r :  ~ h n  cl:t,,l n #mrh IWCC prorn:n<nl on :hc r l ~ u n l r r  *::cn~:: 
x d  dl lnw muwlurr cnr:;cn:l T k  p y c r  p!cu-:r cwplrlra: r:ul::r:?r 
rrt,l1111~ ibc vlll YU:CT p l c ~ ~ l . ~ I  ulll: I ~ c  rno.bl~:~ <orbIrn: i n d  : c f  - 
p r r tu lc  nl :kc tul :  r:.y,and iw*:ur<, 

Thc s ~ l c  and ~r1nnr:elr: d ~ v s a l  ul radivacti,~ wr5:c rcqulrc\ 
~ h . u  a numbcr u f  d ~ v c t x  chein~cal elemenrx tx iw ! xcd  irom :hc 
e11ciro111ncnI lo r  a lung :;r.c -1'lle co:lcep# of em?:aan?. the uastc 
il l ;I r u l :  e x c ~ v ~ t e d  :r. :tic Plurulr i~ tm:i 01 rhe ranadlarl Shield 
rl a depth 0 1  Nil :n !OX ni b u l u ~  [he r ~ r f a - r  is bcirw cvatua:cd 
a port r i l  rtrc Ca;lldL.ul Nuclear Fuel Watcr h1ana:rmcr.t Pro- 
1:rani. 111 addi1:rin IU lhc nalutsll? lnw.+:e:rwsbilil! r w k ,  a n u n -  
be[ 01 enginee:ed harr icx IUC~. a> [tic ~u:ro~ur~-~es:s:ar~! corn- 
taincr, th r  bu:fcrcJ  WAS:^ crir.t~incrr. and :hc backfill in both 
dn t l  and shah arc urcd tu l~r l i l i  ihc rc lcac r i l  radwnuc:tdcs lrom 
th r  wl id i l icd wa<tc, a, ik.uw!~ il l I ' ig I. The corrnsion rcrislant 
mnta ine :~  will he placcd in b r rho les  dr~l led infn the llnnr, ol 
r h t  ernplacclne#~! : oom snd wparalrd f m n  [tie hnst mr:k b! 3 

butte1 rnaturta:. T h t  :er~aindcr ut  :tic vaulr will bt: i i i lcd w ~ l h  
an cai ihcrn day-based hxk f i l l  

The buttr:  a:ld D ~ c k l i i l  Hi:i heco?~?ac:ed c:av-hded m ~ r c r i a l r  
w:[h Iv* :ur.ic rr.J iiyJt.rulir di i luvvir ie\ ! U h e u n ~  cl al. 19Si:  
W h a r ~ i f d  v: al 1990). Thc mi:icr*l rumpuri:iuns and cnpinccr- 
~rb# propertier o l  ihe buffer and hackfill w r c  rcpn:[cd b* G r r k  
and C:tbcunr: (lW6) ~ r ~ d  hy V ~ I I ~  er al. [IYXb). I h e  hydraulic 
prersurc. :crnpr.rarurc. and snlulr cur~:cn[raiiux ru ihc pore 
wdte: vdr). spdlidl:! dnd IcmpurAl!y in rhc c h y  2nd bdmc: ma- 
tc:la:,. A mulu-!!ow nf heat. wafer. and d~ssn:ved ml ids,  in. 
c iud~ng rdJiul~u~c!iCc~ i r : r r l s~d  frnm hrehrlied ror.r.rir.cr5, ir ca-  
pec:er! i n  thc clay barri.cn undcr cha~~g ing  drlbing cund.lrurii 
lChru112 .and G:ay iw: Muharncd c: a l .  !990). 

I h c  Y h ~ l r ~ - d e  Vrlcs model (?hil:p and dc Vncs 1957) i s  gcn. 
crrll: u w d  [u  p r c d i ~ r  r h r  moveanew 01 rrlnr%nrrr: m d c r  norl- 
isuthcrmal ;und~:ion%. TI-.c r h m f c  i n  \n:l r d l r i  pr lcn l ia l  u i l h  
tclnpcrdtcrc fur a glucn a a w r  mrl:cn[ i> a:!rlbu:cd d c l ?  !u ttic 
cl Icc!\ol icrlpc:a:ure on  thcsur lwc tcnsionr u f  the rarcr  (W i l k -  
rnmn and Klurc 1952. t i d r d w r  19'3: l l ~ r ~ d a ~ r a r i  arid 1rnse11 
197:. >-on: rr al !MY: Simmo 1953). I hes r  wnrkcr> also >up- 
pcs:cd 1hd4 :hc tcrnFr;liurc ;mft~cicnr o i !he mi! wa:er p t c n t i a l  
~r~crrascs hecausc o f  thc p r r x n c c  01 d u t e  i? [he soil J O L U I I U ~ ,  
uhich charerr :he rcmpcrawrr coeflrc~rn! 01 l h r  wa r r r r  surface 
lcr~r ion 2nd the p r s r e x e  nl cntrdpped A!r. A uumhcr uf ~nvcx-  
I :  o a  9 .  ' w k  r I I ' 1W s:udird :he rcrw 
F ra ru r c  d c x n d r n c r  o f  I hc 5011 Halt: po[cnilal Thr )  ro#ic:udrd 
I ha f  i l l  for m a n c  ro i l .  lhc dcpcndcntc ir ~ b u u :  d, s1:ur.y nx 
crpec:cd i fom !he rurfacc l rn rmn h!polhcrlr: 12j (or ihc innc- 
eraincd w ~ l ,  rhc d c ~ n d e n c c  rr r rp i f1c3n i l r  \lronpcr: rrbd (3) :hc 
1cm~crau:c dc~ rn ! c - re  illr'rra.es v ! l h  l h t  d r ! n w  ol  lhc u~:. 
The lover[lga[lon o f  !he tcmpcrrturc dcpndcncc  win, nut c l -  
[ended ro include mid? i3nycrof  icrnpcraiulc 01 m o w u r t  runrcnr 
or rhc cflccr nl r w l l m y  ro l l< u c h  sr hen lowc c h )  Y c r l  (IPMI). 
f i a h a t  (1W. 1%5~, dc Backcr L ] M i l .  , ind Carv 1 l!Jb:) bnw+ 
lidated thc influtncc o i e n ! r ~ ~ ~ c d  A:: on ihc r t rnFrarurc  fwf-  
hriernr of lhc roi l  *ale1 porcorml 

This xludv is Jcslgncd lo ctrrnlgc Iht t l lcc ls  ol [cmpcidrurc 
on rnil ua:tr pot teual  for thc r!a!.hawd walmy. mat r r lak  hernp 
pnposcd lor 1heCanadlsn nuc l c~ r  f u t l  ua.r t  d ~ . p k a l  vault. I r o  
rlrys, hvrmlca hr:wmric and I.akc A p l r w  day. arc k i n g  dug- 
~ d c r c d  lor lhc builcr and hdckI~I I  rnalcrldl. Abvnlca twolunirc 
i< di<linguhhcd frum l ~ k c  Agsrri? i la !  by irr h r ~ h  rurfacr area 
md high rucllbng pr t rn t ld t  i r h  uatcr  In a K~ICIO( r . x ~ r ~ m e n t s .  
[lrr two clays were nl ixcd w l h  u n d  .md wcrc rhcn compsrlcd 
l u  a dry dcrrsil!, of I h i  Mg:m' undrr  tariour rnoisrurc r un l cn r l  
and lcmprs tu re i .  A psychrurnclcr r a s  placed r l l h l n  [he corn. 
pdcled clay I t )  d t~crmnnc thc wll u d c r  W r c n u ~ l  haset! on the 
clccliorrlorivc lolcc mcauured by lhc p?chromcrc i  using an 
e#(unlinri dc r i r t r l  on  ihc has~r nl ps)chrometr#c p~ inc ip le r  and 



Thc !rsl cquipmeot rhnun uhcrnm<dll? ro f:~p * a s  dc%:zm i  
In meel thcsc cnlcri.>. Llasird! ~ h c  u;l\alurarcd d r y  spccircn 
ir >t,licalry cnrnpxlcd a1 a spccrr;r:l uatcr conrcnr dcd :ucr:ant 

I I .  l t l e  specimcn ii ,LIIUTOCF~ h~ .L u ~ p d  't'etlo? I:ner 
YJ that ~ u l u r ~ i c  c h u t e  i:i rhc mi \?CIOT!~II i> nrplip:t~lc 
d u ~ ~ n p  rc%[rr.:. Thc spccrnlen ;unrI lhc Ttflon liner arc&:lmed 
u i l h ~ n  :all iron [u r%%urc Iuril icr rierd support. 

Thc ps)ch:omclcr uscd l u  nlelrure the rol l  w t c r  putcnlis: 
cu:sirls uf a spxrrncn chamher whcrc thc Crop m rhe wcl-hulh 
temperature can he mcrrurcd (FIE 3) .  Uwa l l y  this we1 hhrlll i s  

unc ,unrr:on uf :hc rhcrmuruup!~ ui:h thc rcicrcncc lunctrun hu 
Ihc <ptclmcn ihJrnber w a l l  ' Ihe ud:cr polcntlal of 3 lpcclnlrn 
ir c l l i u lA l rd  Iron: the tcrn;pral~re djllcrence b r l v r e n  rhece IWO 

] unc l~um yl.rn by rhc i h c r rnu r?~? l?  clc;rromu:rw l o r ~ c  lEL1FI 
A i h c f m ~ x w p l r  mcdrurcmtnr 11 b e d  on a dil lclencr in 

r e w l n c c > .  uhrch represent lhc Cillerecce bet&,.cn thc juncilon 
I c m F l d l u r r  .ht lhc head of the pi)rhromelcr ler l  chamber * hrre 
lhc chruniel and coar:rnla;r wrn arc l w e n e d  to [hr  cun!w<tnne 
pim. Thc <>llwl reading. nbraincd aftrr in i l ra l iz~t ion,  lhould k 
lerr thiqn 3 K V  Iur a mer:) i5~ful mcasurcmcnt. 3s  5pci f tcd h? 



FIG 3 -  T r o l l  x*iolr t l f  u i h t r m l ~ ~ : u f i J r  p ~ ? r h , n w ~ ~ r r  )n. rnll wd:cr 
oo:Pn!!oi w c o ? u ? r ~ ~ ~ ~ ,  

thc rt.lcrcnce inanua! p:o*:dcd b! ~ h c  rn.~ouixrcrer. H L P ~ F :  ~ f f -  

re: rc;idiiiys are ckdcucr  o l   en^-tsriuc Ihcrrnat prrllrcnlr. Thcrc- 
i n r e  w i l  water pofenlial, lor lempxrfures ahuur 47  and 6PC 
could no1 be rnca5ured fur the Laic AKa,$:? clay:sand rr~ix:urc 
and i h t  wdaurn kn:nn:!c rand m i x r u r o y x c ~ n r n r ,  rcrwi!ivr-:?. 
33;s rr dclcrmnncd b a u d  on  :hc incredw in rhc u f l x l  rcrdmp. 
wliich iruJicaicd e*ccssLbc ihetmal gradlcnls and htncc J n  c m r  
i n  rhc arueasurcn1r:i:r. 

Erprr irnrnlal Praedurr 

I l w  m a l e r ~ ~ l  ic:cctcd lo r  :his invc\ l~gat ion r35 a labota!ory 
rnlxturc 01. (1) Lakc :\passir clay and glsrled indusmin ,ilic? 
N n d  (rallcd Type I r l r r ) ,  and ;?\ ud iu rn  bcnioni lc ( A w n w a l l  
and RrAded indusniln >#:<a sand ( ra l l td  Trpe 2 clay). Yong et 
at .  IIYPh) andGr+ . ~ n d l h e u n g  L:9861 Jcwr ikd  a $iudy vn the 
~tmrnl c o m p ~ s i t i o ~ i  nl r h c ~  : Y O  IYP(S  of clay. 'These <la!-sand 
rnaicrurls mere muridcred becduw of their p h y r ~ c ~ l .  chem1;al. 
mcchanrcal, and cnpincct~ng proprr l lc$ tor the requirrd yer- 
lormancc m:cr:a adopled for ihe Canahan Nuclrar Fucl Waxlr 
Dispmal Program (Loper 1984. Cheunp e: al .  I W I .  Xu et al.  
1 W l I  Ihe r n a l e r ~ ~ l  pruwrhes of lhc c i a p  ured in t hn  w d )  are 
shown in ' I ~ b i e  I .  

4 s~c i l i c c l r y - sand  mix lurr  111bo:vinp an cq11;1l Arnnunf ulc!ry 
a d  m d  was rr!cclcd for this i ludy.  The mlx lurc.  usi:lc hn:h 
T)ye 1 and I'yw ! c h ) .  m a r  f hcn JlaTi~all! cmnpacrcd 10 a dl). 
rlrssily d 1.6: M~im'u i rh  v?ruou% amuunh OI d m ~ x i n g  wrlu:roil 
of ;I "refcrcnw" synlhelic grsni l~c ground walcr (GGH j w f h  A 
rccape pen by Abry ef a:. ( 1 W )  T h e  spccihc p r v p r t i n n  01 
a n d  and the d w  Jc:i>il? were adupled tor !he rufarcncc b u i h  
material u\I?$ d i u m  k n r o n i t t .  l a k e  A g a w r  cia) u a s  u w d  to 
hphhpht rhc dilkrcncer of rut: water polenhal brraeen A IOU 
swcliing and a high rwc1t:ng ctny l h ~ o n w a l ) .  

F*lrrcr~tl!c Cnu:on\ r!!tq:lO: f 

sa- A 5: U.? 
K .  : I J  1 4  
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A p e l ~ l x l  o l  2.1 h w.n alluwed lor r q u ~ l i b r ~ r i n n  v u h  the p)- 
rtirnnlcicr hefvrc ar:y rcadin:. A f r r r  [he fii,i r c r h  r d  r i c  
thcrnlrx-mli.e clcrlrunlu;i$e fnric (E\41:). rjesinhcllr wcrt pl.~ctJ 
iri ;I ic~nycr,~l~rre.cou[r~llcJ uveli, a d  thc ttmpcr;rulrc war r a i d  

1 i d  I .  A redd1r.g u a s  !&key 24 h allcr c ~ c h  \ut> 
~ c q w l ~ !  rear:perarurc i:~rtc:lse In zcncrs:, i h  sonling i ~ . r l i d  of  n l  
L c w  Y1 I wit$ ulecded f ~ r  rhc rtrcrnmcnuplv [u p io r !~~< r  2 s l~b i c  
rcndlnc Thc rhumher and cund:rio?\ ol cxper imcn l~  rrl~iducicd 
In 1hn3 uud! program ate s h o w  ir 1';1hlr 2. 

Cal~ula l ion or Soil Water Polrnlial 

A;?pcnd:x our:inrs :>e pmcdu rc  for dcrivloe rhc rcld:wr.,h:p 
S c I ~ t c r l  5011 water p i c r : ~ ~ !  2rd irt I ~ C . L J U I T ~  c l c~ i r omu~ i vc  
f o r r r .  E .  l rcm :he ps>zhrwc!ci '1-?c equsawn hr dcn~>rd on :he 
tlasrr of :k p!chroncrer opcra:lce pr~nr ' lp l t r  .hnJ cqu;l~br~um 
th.rnlml)nan:lz Thc iclalmnsh~p ir 

Thc wi .  watcr pu l c r l ~a l  I\ calcu:;wd a, rl iuwn 11: Fig. 1 lo: 
d i f f c rcx  +alucr of  c:cctrurnul~rc !otcc x i d  lcmyrralure. 'Whrri 
the :c=Tralule I< kepi cor.rlmt. rhc ml, ra t c r  porcrlTiil I:,- 

c r c r m  ejhr . brcornci i rmc rcp,dr~.ci :~d the elec:ln?.urivc furcc 
incrtasr,. The rela:luxh!p k ' w c t n  I ~ C  w:I wa:cr ptenl ia :  and 
the c:crlrcnuu>e lorcc Ir llncnr. a!d 1be i;opc t<1 ihe hlre de 
clearer - ~ h  an incrcau. In rcmyr-Wlrre. Fut:herrnvrc. ruhcr 1% 

T n l  Hrrut lh 



rarnc:cr, ;ha! cunlributc :o [his cllcct ruch ar vixm~lv. S U T ~ W C  ~ h e : e  
[cmion. diclccttic cnlislAnt. ~clivatirirl cncrgy of molcculcr. xnd 
mcasurcd elccmrrrnwe lorce. 1 - rhc 3hsolu:c r-r~mrr) ~n cen:~pac.  and 

T ; Ihe tcmpcralurc in 'C 
1. Vvrvsrry: il is  knriwn !ha! as IcrnFralurc i n c i c l ~ c r .  ,is. 

mkir? dcrrcorcs. I l ~ s e d  o:) a CHC h a : ~ l h o k  of Chcrn~,rry and 
Phystcs (;985), the rc!alionrhiy k l w e e n  virwrily L I I ~  1crnp.r ? Suducr remion: I[ I* known tha; as :cqwra:urc increase\. 
alure rna) he &*e:) as lr>iluws ~ u r l ~ u  ltn>iun of %oil u a t c ~  dmcaws .  whi<~ !cad, :o a rcducriou 

In u w r  conlenl at a gwcn prcssurt head. 1 3 a d  on a CRC 
? - 1.74 - OOSf' + 0.0017' - O.WW17ST' ( 2  I l rnJ twk  4 ihcmw) and P h r ~ i a  (:%585). rhc rclariumhip 
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where 

. D I P / P ~  rrid I i ;  i r  ah0 knuwn rkrr ah  lcrnpra:ure 
incre.lrer, dwlcclric tonrl.?rbl n! the so:l walcr dc r r ca r$ ,  whlc!i 
leads i o  a r t . r l ~ : i o n  in ihc rhrckncu o f  :he d~!fused chuhlc la)cr. 
O n  rhc basis of the d:lluw doublc laycr rhcory. the rriarinnrhip 
5er~c.r.r. ihr r l~rcknrsr o l  :he dnublc i a y r  and :hc var:uu> p- 

rsnic4crr c:in h- uri::c~: as hl:n*s 

d = dnuhlc layer !h:cirnm. 
li - 1lol:rnun conslanl. 
T - a b w l u i ~  Icmpra lu rc .  

. nun cuncenlra4ron. 
r - unlr c lcc~ron~c  charge and 
r ' ,on ra:cncc 

1t can k seen from rhc rcla!~uoh!p char the thickpcr< n! rhe 
duublc la)cr IS Jtrec::! proplnional ro q u r c  mor o! dicicrrric 
conrcnl rnd rcrnpcra:uic. 11 Aould br tmphasizcd tha: t h c p r d .  
uct of DT deneasel m:rh increasing rcmperalure. 3encc. reduc 
t lvn in the 1h:ckfress o! the d l f f uxd  douhic layer 

. AcNrutivn enerK?: Arrcmpcralurt i x r c m t l ,  actlbat:on cr -  
erg? of water rnultrult ,  and cations increaser. whic5 !cad5 ro an 
r x i c a r  in :he rhickness d lht d i f W  double l a y  

5 .  E/rcrrurnvtil-r jvrre: As te rnpa lu re  inmcaws. clcctro. 

Thc Cir:al rcrults to a l l  thcsc procersc% ;~rc  (1) A d c < ~ c r w  in 
:h icknru o f  thc d l l l uwd  duublc Isycr. [ ? I  rcductluil in i h t  rc- 
pulske inrcrr. (1) incrcaw in  I he attraclivc furccr. (4)  a irndvncy 
:n Inrm h c c u h l c d  rrruc!urc, and (4 )  rcduc!lun m u,il walcr 
pnfe11:iai (1.e , increase i n  rhc ricga~ive vduc  o l  rhc yrlil w a l ~ r  
~ r c n ; i a I ) .  

,\her coch l c s l  ipccimcns w c ~ c  :.alter1 so  ti:^: ltrc mnis:urr 
cnnknf cmrld be dclcrrn~ncd at five equal % p ~ c c %  a: d11Icruni 
l c v rh  a l o n ~  rhc 1cnt.th of the 5oil spccimen 11 c . .  ~n cach I+I 
u! rhc fivc rwrnpacled layerr) Tl lcte was no  Iurr i r i  ruars dblrine 
hratil ig hecause ihc Init ial  r n t c r  cmrcnr ua%r.qwil l o  1!1c dvcrapc 
c~ku :a f cd  wafer con:enl alter !crling H u w c v c t .  romc \pccir.rns 
had a w r y  m a l l  grad~cn: i l l mo1s:urc ctmcnr i n  ihc ordcr of 
:G% per mctcr bc!wccn ihc botloin par4 of the sprcimcn arld 
rhc fop  pa:r hccaurr :Pee rpcclr.cn b d ~  had hccn ~n dirccr contdcr 
wth !he h a t i n g  co1l5 In [hc oven. 

Calculslioe 01 Soil Water Pnrtnlial 6 x 4  on PhiIip.de Vrus 
Equation 



I .  !:sing [hc rc!rtiunih!p k l u e t n  thc rurfacc [ension of~a:cr .  
0 ,  drx rcr!~pc~aru:e, T ,  ywtr by Lq 
1. 1%: 1l1c s:mc rr,uu~ :mrenl. thc w r l a c c  l c ~ o r l  !scaicula:cd 

on the basis u! suii trr:iprr;llure mc;lru:cd cxperimcnt.~ll?. 
3. An lalitia: roi: ~ . i ~ l c f  ~ : r n l l . l l  rueasured cxyeume5lall) at 

ruum [c:np+rd!rrrr ik :hrn urcd ro olcularc [hc soi! HXCI pu- 
tcntial usinp: t q  S i n  ;%r\oc!;l[inn with S r c p r  1 and Z 

Ternpera:ure, degree k 
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rhc roc1 u ~ l c r  pvrcnrial can be ~r r r lPurcd  to l I I rhc pfcrcncc of 
wlurcs rn w r l  w tu t~on  l i rom pr:lnilr pruundualcr IGGWIJ. uhich 
changes lhc iemperalurr cocfl~ctcnl of rhe sur fxc lens&o of 
walcr; (2 )  ~ h c  redurlion u f  ihv d i f fuwd iun ldyer !hirkrw.c r! 
highcr tcn~pcra~uws.decreasi~g ihc loll wa!cr po!cn[ial: and (3 )  
the prrscrlcc of entrapprd air Also. l r  r h w l d  hc nolcd lha[ Eq 
5 c L x 5  nutcvcn prcdicl rhc i r r n d o l  incrcarrngwil u ~ t e r  p o l ~ n t ~ a l  
(i.c . decrcaw in rhc ncgalu>c r , ~ l u e l  wlh incrcaung soil w ~ l c r  
conienr fur ihc hentonnte:~nd mlr lure. bui II d w i f o r  the Lakc 
Aga\siz'sand ,hn*n in Fig, 7 

Soil Wal t r  Pu1ential:Ttm~ra!ure Relationrhipb 

Bawd on rhc rxprrimcn!al d ~ r ~  prcicnlcd i n  Ftp 5 ~ n d  6 .  
~ h c  roi l  uatcr p l c n l ~ ~ l  r e l :wc  l o  i cmpra tu re  rnd rolumctnc 
wAter conlrnt c ; ~ n  tw cliprcrrcd dr 

b = w11 rrarcr potcnl~al  in ?.ll'a. 
A a d  B - ~ 1 ~ 1  paramelerr ~ h a l  arc iunaicmr o l  rulumrrrlc 

water conrsnl. and 
T = l cmpra iu r c  i n  K. 

For cach r p r l f i c  %slue 0 1  bt>lumclrlc matcr mnlcnl.  A and B 
pdramrcr r  are p ~ c o  in Fi$+ h a n d  7 Furrhcrmorc. chcrc ~ulwi. 
arc then c o r r e l ~ l r d  [o wlumcrric u ~ i c r  cunrcnl In vrdcr ro rr -  
prc i< rw A a d  8 prramcters as o fu#lcriun uiuolumetric marcr 
conrcor Thc cdlculaled ralue. from ihc c u r r c . i ~ ~ r n p  praccdurcr 
can k r e y r c m ~ t c d  2, l o l lms .  

whew 8 - volurncrrtc malcr ionrcnr. 
By u i n g  the mrtr r ia l  p;lrarnc!ers and Eq 6. Ihe (allowing 

cqu~ l i ons  lor ihc dcpndcnc t  of soil walcr polenlial m, volu- 
mcrrlc warrr curllcnl and rcrnpcrarurc can be k r ivcd .  

I For ilo! T!pr I 

I t  ,hould bc n o k d  [ha[ Eq 7 il a p p l i c a k  only for vdumri r ic  
wdlrr conten[ lcsr than 0.25.M while Eq 8 Ir applirablt only lor 
r u o l u r n ~ l r i w a l e r  conlcnl tcrr fhan O.3W Whcn the ~olumctr ic  
walcr content k p r c a ~ v r  lhan r h c x  t ~ o  l imi l  *dues, thewi l  uatcr 
polcnnal is  m n d c r c d  to te mdependcot o f  ternprralurc v a n -  

r i ~ n n s .  T h c x  cqu:lr~on% (I c . 7 and R1 are dcr lv rd  b r r d  on rhr  
o b l a ~ n t d  cxper~mcn[al data pre$cnrrd i n  Fier 5 and h Thr? can 
be hied l o  calculalc lhc \oil walcr p t c n l i a l  and hcncc rhc dlf. 
fus~'.iiy parrmcicr i n  thc unr3 tu r~ tcd  h u f k r  m ~ l c r i a l  bawd un 
lhe foltowinp rqu~ t i ons  

T t r i  cquipmenl ~ 3 %  dcs~pmd  and b u ~ l t  t o  ~ [ u d )  fhc dtpcn. 
l kncc  of mi[ * a m  poremal on  tempcrawre and thc volumerric 
uaier ronrcnr u f  c l ~ y  5011 w h  haph swttlra~g polcnlial. T u o  soil 
I r p  w r c  used: a Lakc Ap;lh\iz i1ay:wnd m i ~ t u r e  and a d i u m  
bcnronite:vdnd mir lurc f h c  sod~urn ben~!onitc-rand mir lurc had 
a hlph welling p r t n t l d  In w f e r  r c l ~ r n c  lo th r  Lakc Ap.l,wz 
rl.m!:end mltrure Tao r r j e r  o f  chwr imcnlh wcrc conduc l~d  
lor dlffcrenr w r t r  comcnrs ~ n d  rcmpcrarurci. The result, Ihoucd 
rhai an incrcaw i n  walcr conlcnl incrca,cd i hc  m i l  i*.ucr poren- 
t ~ o l  li c . .  decrease ihc ncgiitivc v ~ l u t )  (or u conhlmi iernp-r- 
:Ilurc u 'hcn rhv W ~ I F I  icmcnr rrrnaincd conrldnl. un rm.rtdw 
In tcmpt.rrrurr. rcsullcd In 2 dccrcare in ihc e i l  ra re r  prcnri.1 
i e . dnricaw in thc M - F J I I ~ ~  ra luc] .  

A rnalhcmarc c q u ~ [ i o n  Tclaunp ihc m udrcr po t t n [~a l  to the 
c lccrrumorw Iorcc mc;uwicd hy a pr)chroniclcr wds derived 
urmp p$yrhiomcrer prmciplcl and cquilibrlunl l k r d y n d m i c r .  
4 i.amil? of ~ U T V C I  IC).IIIII# ihc \wil H ~ I ~ I  putcntidl ID ihe clcc- 
lrornolrvc force HA% cdkulalcd. A W l ~ l o n ~ I l y .  A marhcrn,~rical 
cqualion war devc lop~d i c l a l m ~  rhc ,011 w l c r  porrnlial ru  tcm- 
pcrslurc 3 r d  ihc \ o I u m t ~ ~ i c  Kalcr conlcnl 

Thc r t%u l l$  s h o ~  r h a  th r  wll w a k r  polcnl idl  dcircascr ul l l  

rcmpcraturc dn borh cldy:%ard mixtures more than predicted by 
[hc chrngc o lwr fdcc  lcnrron o f  ua i r r .  Thc  \ ludy demonstrattd 
[he i m p m m c c  o l  ulher pr ; lmctr r< such us ( I )  kncornr! of [hc 
pole l luid. (2 )  d n e l e c t ~ ~  conrtanl. ( 3 )  actlbAtron encrg?. and 1 4 )  

clccrrumori~c lorcc T h t  final r e w l ~ ,  l o  a l l  thcrc inreracrron 
promne< a i r  I I )  dccreaw in ihc I h ~ r h n c $ $ o l  ihc d l l f u u d  duuhk 
ld).r[ 1?1 rcductjon ,n ih r  r t p u l w c  iorccs. I>) inirrasc i n  th r  
a[rrdcrivc forces. ( 4 )  ~cndtecy  l o  form tlocculsutd drucrure. and 
(5 )  rcduclion i n  lhc rncarurtd <oil walcr polenl ial  (i.c.. i n c r t a ~  
rn ih r  r ~ c p i b e  %slue ot ihc soil wafer po tcn l~n l )  This r l lccr ir 
mur-h m o l t  piomintnr in s ~ c l l i n p  cla)r ?I  lower rnolsturc 
conrenr~ 

Thc iclsllPn5hrp dn t l uped  f o ~  thc so i l  r a r c r  po[m[ial.  rcm. 
p r a r u r c .  3 n d v o l u m c i r ~  vrucr contem HIII enilhlc u l  tocalculatv 
rhcdif fur ion p; lramt[trr in coupltd heal and n l a s  flow problcm5. 
Further rludics will addresr ihc c~ l r u l a i i on  of l h t  diflu<iorl ya- 
famelcn  a n ~ i  calihrat~on ot d~l fcrcnr  modclr l o  predrrr rhr l l o w  

01 hear and morrrurc in uma~ura lcd  expansive \oils 

This study u a l  wpportcd fanailcially undcr rhr Cenadidn Nu. 
clear Fuel W ~ r w  Managemen! Program. whlch i, julnl l? funded 
hy Atcmw tnc rg?  o l  Canada Limited (AECL) and Ontario H,- 
dro  under ihc aurpcc< of the C:.ANDU w n t r l  proup. 



APPENDIX 

u hcrc 

1' - ~ h t  par:rrl no1a:rolumcor rptrilrc ro lumccf  rhc r3por.  
rnd 

P thc xdimr ~ r c ~ s u r t .  

uhcr t  

}urrhrrmnre, whcr. [hc ?>yrhronirrer r e [  bulb IS plarcd in r 
hlumid almosphere. !hc 1emFrslure r ) l  !he u c l  bulb i% Inuered 
as W3lcr rrapura[c$. Ihe mxumurr. Ihcorct>cal walcr  bulb rem- 
peralurc drops i u  ihc ambirn! alm~mphcrc tcmpcrarurc. In p r w  
I .  kour\cr. rhc rn3xrmum dcprcssron ulll nc\cr br ohl3rncd 
:luc ro h t ~ r  t rmde r  from rht  w r r u u n d ~ n p  i u  rhc mci bulb I n  
urdtr tn p;cxr:l lhe lundamenr~l p h j w u l  pr1nci;rie on ubkh ihc 
p)'chruniclnr. :cc-l!nlq~e is hased. 11 ir swumed lhat [he only 
mechanism ol hc.11 1:dnslcr bclmtcn ihe wc: h l b  ax1 irs biclnir! 
is by tlle cvaporalion c l w a w r .  Under this a~wrn;rlir~n. ihc p l ~ c -  
rlierrl uf the we1 Sulh ir. I h r  almosphcrc :s cquaka:cnl [u !hc 

Fu l l vwne ~ n !  c h u g c  rn :hr ,,,IF=. :hcro:dlirnn lu: c q u 1 i 1 h r i . 2 ~  
Ir rhdr 

L', dP. - L', d P ,  - 5 dT. 5, d T ,  ifhl 

bur. d T .  = dT,  - rcmpra :ne  chmpe. 

where I. ir :he h t cn i  hca: of \a;lnr:zatlon lpc: :l:oicl Alrurninp 
thnl d P  - dP, dp, l k n  

Since the r a p r  p h ~ r r  1) i~ssull:c:l 10 hhahe as an ~ d e : ~ l  y r .  

d P  I.P - - 
7 '  RT' 

d i e r e  if IS assumed 111:*t rhe rempera::~re A f f e r c l l r ~  I' ir small 



Tn,, qu:ifl':r? .IT 1, < l l l < d  :hv *cr  bulb dcprcsswn srnie 11 

r e p r c ~ ~ ~ l t ,  rhc cl:ifcrcnzc : n  I c r c ~ r l l u r c  k t - e e n  dl)  r:Id ;b 

n c :  p n ~  c t ~ r ~ ~ n g  i n  r hurnld ~r :cobphcrc  Lquartun :? rcprereai tr 
Ihe w l i  ua le r  ,spar po!cntizl JS .I lunc!lun o f  !bee larc:~: h w :  o l  
* a p > : i r ~ r ~ u . r .  bu lb  dcprc%~u:i ,  drrd rcn:per;l:urc. 

Fcrliwr:r.nre. AT ir  mlmrured u.11 h J l h e r n ~ n c o u ~ l r  rt!c:moni- 
crcr. 1 T  15 rc!;llcd 1 0  rhc v l v c i r u ~ ~ i o r ~ v e  force ( E )  by 

whcrc 

E - :ht  t l c i l : u r u [ ~ h c  l u r ~ x  rn ub'. 
= thc : h e r ; l l ~ l e < t r i ?  p - e :  01  :hc ihe:n:ocmrpl? 1r1 K K .  

sml 
1 7  ; r h  b u l b  i l t qmr r in r :  

t-qxdl:un lr: reprchcn!, [hc  f i n d  :clation,h:p bt fneer :  !he  :ie:- 
mmu;le ou lpu r .  f.'. And the soil marcr p : e n t b . ~ i  D\ using Eq 
iC and raki:e< L - C I V  i ~ l  g 2nd a ; 03 r V  K .  t h t  f ~ n a l  :el>- 
t ionrh ip  can he p r o r m r ' d  .>s 

CA.  pp. I*-!hV 
T?.e.nc. 5. C. 11 rud G r m  \1 .\ . I .  Cuuplcr l  T I L ~  dl  ~ICA ~ n c  

M.5; m Clay ht=r!#all ~k 111 <:pn: ! : :=r~c  l o  B~ r ! : c r  Ptrlnaman~v." 
CSCE. PrN<<d:ngr. .,\nndJl Csnicrcxc Is: Bl inn l l l  rn%rron 

..> 

?onR R '. . ( - > r n ~ .  R K .anCKdrl;nrin. R P 1W " ' I c % x r ~ : u r c  
t f f r c u  o r  H 4 1 r . r  Rc#tn lan  and Swcrl~rp Yrc~rurc 01 CIJ! % ~ ~ l r . '  rn 
I  I I .  H ~ E h u a t  R c ~ c i ~ r c h  nbr.~:rl. 9dL1onal H r w ~ r c h  
L u n < l l .  Wdi:ung:on. Dr. pp 117 

Ynng. H S . Hc~rr>in>uk. P. .  U n r ~  G. .  2nd C'ccurn 5 .  C t l  . !W. 
"nack1ill r m ~ ~ l a l ~ o n  h r  A Y d r ~  WMC hprd V d : -  A Y J O .  

r r rd i r lp .  Sc~8md I l l tc :nat !~d Cot~!rrcw~e a>n RXL,JC!IV< W a l r  
!,l~n~pcrncnl ~ p .  1U1 i! I. C z n d a r  %ucic=r Sxwt6.  Torunto. 

 yon^ R .  > 5luhrrncd. 4 .  hl 0.. xd C h c u n ~  h ( '  H . :*!. T h c r -  
x 4 1  H C ~ J V ~ " " ~  h ~ i l ! I  \I>!?r!Jl f ~ , f  2 S U ~ ~ C ~ ,  I . " < !  N h ! C  D l > ~ h ~ l  
Vadl l  ' -  113:r.:d! R f r r w , .  .So::<n S%nroorr;m P w  ~ f : , r . t > .  V,:I l i h .  
pp -9-bVI 



A study of  particle interaction energies in wetting uf unsaturated expansive tLaysa 

The rtrultr of m5l:ralion (welling) cxperimcnrr conducid on capanrive %oil% dcinrxsrraic scvcral rcquircments alrd 
comtrain~r to tht :whniqum u d  for ihc M U ~ Y  o i  ultrling pertorniance ol  %uch ~ r i l r .  I n  par[ ,  : h m  cowramis arc 
a necesrar) outcome of :mi:arionl impnMd by l h t  dif l~cul[ i ta (impo$oih~lily?l u l  rnu+urcmc:i[ of swellrng pressurc 
at the wc!ting front. To p~ovidc a btllcr iniighr into the dt+tlopmtnt of rwclling and rcaclirln prcuure in ihr soil during 
the wcttmg prMcsr. [he cncrgim of inlcracrion bt t*mn parlicltr and wrtcr arc cxaminrd, cspccislly ill rcgard [u [host 
torccsdc~clopcd m !ht Srcrn la j t r .  The Grahamc rnndrl~ca!ion o l  [hr Sicrn laycr ha> bccn used in :his study [oprovidc 
rhc b u r  lor safculzt~onr of mlrrac1:on m r & ~  ~n i h t  lnrrr and ouirr IIchnholrr p h a ,  Comparison wilh high-prcrrurc 
cnnrolidation nt a d i u m  montmor~l lon~lc a1 wrv clorc palrick wpalation dirlar~cts sugResLs thal rlir addiiion of ihc 
cncrgits of intcracrion dncloped in thc 51tr n layer lo  t h ~  Gout-Chapman modd would ~ r r n i c  :hc duublc-iaycr m d e l  
lo bccxtcndtd tociov wick Ipacinar. Whtlhcr lhr 1s wfficienr roaccnunr lor rhr uav [ wtiling process i s  a qumlion 
thar remains to bt lurihcr rludicd For rhr prcrrnl, rhc tcrl ruulrs su~p.rst that ihc exprerrion for the total soil-waicr 
p l m t i a l $  should accounr for [how lortcs o f  interaction. [hcrcbg providu~g a btttcr account o i  the physical prvccmcr 
icuol%cd in wetting 01 !hc txpanrht clay and a morc rtnlistrc diffusion cvcllicicnr fur thc m:al w c i t i n ~  prows 

K e j  word. sod.watcr poicnlial, arrnot~c p l t co l~ r l .  wchng prcuurc. vo lmc  chan#c, wci:irlg I'ront. Sicm laycr, i r m r  
Helmhol~i  plane, uulct 1klrnho:ti. plant, Coulombrc lorcc,. dipolc4ipolc inrcraction, ion-dipelc in[craction. 

Lcs rtsulLats J ' c x p r r ~ m a  d'in!~ltrar~on trnouillagcj r&s& sur dcr sol! gonllmts dernonlrenf I'cxiumcr dc plurieurs 
clugcnccs ct conrrainlrs pour In [crhniqutr utilis& pour l ' t ~ u d r  du cornpsrtemen: au rnm:llage dc tels sols. En par ire, 
cn conIrainks ront I'dmulirrcrncn[ n k r r w r  dm lirniialioor impor&% par Its d~l!'~culrts (irnpsrib~lite?) de maurer 
13 pcrsion dc gonflcmcnt au front dc rnouiUme. Pour lournlr unc rnciUcure comprthtnrion du dlveloppernent du 
gonflcmrnl CI dc la prmron rhulrantc danr le rol au cours du prom%ur de rnouillagt. I t r  *nttgicr de l'in!etacfion 
cnlrc In paruculcs cr I'rau Ion1 eraminicr. r%oalcmce: cn ce qui concerne ccr l o r w  dtuelop@s dans la muche de 
Slcr l~ 1.1 modiimtion dc Graham* Je la coucht de Sltrn a ~ I C  u l ihrkdans Cctrettude p u r  lournir la based- calculr 
drr Cnngicr d'inlcraction Jam lcs plans inttrjcurs ci txtiricurs dc Helmholrr. 1.a wrnparairon avrc la mnsolidalion 
a loric pitmion d'unc monunonllonitr d t  s d i u m  a)am dcs d is lanm de sipararior. trCr iaiblcs tmre k panicu!- 
sugv.trr quc I'addition au m M l t  Fouy Chapman dm i n n &  d'inlnaoion d w c l o p ~ d ~  lamuchede Srern wrmer- 
mi: du mdtc dc doublc-coucht d ' h c  Ctcndu nut ta ib lu upactmcnls Jt pari~ulo. A ~ v o i r  s i  mi a: s u k a n t  
w u r  crpbqucr k pruccwu d t  muuiClgt siagc I UI unc quuiion qui rrsrt B Elm ttudik. Pour lcmamcnt. I- rtsuliacs 
d ' c r r u  suagtrm: quc l'cxprcrriun puur It poltnticl urtal r: so-tau J m a i l  tcnu cornme d t  cer  lorccs d'inkracriun. 
iourniuanl ainri unc mclllcurc txp l ia l ion d e  p r o w u r  ph)siqucs impliquCs dam ic nou~llage de I'argilc gonflm:~. 
ei ur. cueificicnl Jc diliusion plus rialislc pour [t pra;cuus t o l d  dc rnouiUagc. 

Mulscl& : pttr:!icl sul-%u, pottnricl lamoriquc, p r u i o n  d t  gonCtmml. changcmcnt de volumc, lronr dcnouihpc, 
courhede Slcrn. Plan in[crkur Jc Htlmholrr. vlan tx l t rcur  d t  Hclmholu, lor- deCoulomB, interaction bipo!c-bipolc. 
in[erac[ion ior .bipolc. 

In unvamated soh, the existence of a po ten l i d  difference 
in the soil w i l l  rc ru l l  in nuid floe i n  lhc soil i n  t h t  direction 
o f  thc poten~ia l  eradknt,  i .c ,  in I he direction of dccrcasing 
poren[ial. O f  the various components or the soil-water 
p o m d i a l  & lhul  inllucnce the Jcvclopmcnl of soil wetting. 
thematric polenrial 4,. thc gravitational potential 6,. and 
the osmolic potcnlial 6, are mosl oflrn considered a be in^ 
sufficicnl in describing &. ?-he piezometric polcnl ia l  $,and 
h c  pncumatjc or  air-prcssurc put tn t ia l  $, are gcncrally 
considered lo hc "lumped" inro rhe matr ic polcnt ia l  $,, 
primari ly because or thc crlnditions existent or  cunrrollcd 
by cxpcrimcntal ttchniques. 

When an exremal suurce o f  "free" ra te r  is available, wet- 
ting o f  thc soil results. For a onc-dimensional cape, and for 

'Papcr pr-en:ed a: ihc workshop on " S i : w  Panilloning in 
Engi~ccrcd Clay Barriers." May 29-31, 15-31, D u k t  Univtrsir). 
Durham, S.C.  
P r n r :  Cn-, ..m .; Lc- 

[Tradui! par la rddac[Iunl 

Ihc situation w h t r t  bolh t', and &art vanishinply small or 
rcro. as rnighr be f01 [he caw of nonswclling soils and tcsts 
involv ing short wtrl ing d is~ancm or horizontal flow, ii 4, 
is considered to  bc an uniquc funslion o l  lhc volumclric 
water conrent 8, [he tollowing n elation ship describing thc 
ratc of changc or B d o n g  the I axis is oblaincd (Yong and 
Warkcnt in 1975): 

Assumine that n o  resultant volumc changc %curs in the soil 
undereoing welting, i.e., the soil is assumed to be a r ig id 
porous hlwk with unchanginp: port gtumciry, thcconllnuity 
condi t ion can k specified as follows: 

where pis water flu. Assuming the fluid d i f lu r ion c d f i -  
c i e m  D lo bc a lux!ion of 8 in rhe follorcinp form: 



the well-recognixd tluid flow dillusion cquation is oh t a inx i  

It needs lo hc rioted [ha t  t hc  rc l r~ ionrh ip  showt  in [41 has 
h w n  chrained as a direct conequcnce  of thc s ~ v i l i c  con- 
r i~iui ty condil ior~ invoked, i . c . ,  n o  rcsulrmt volume c h m g c  
occurs as a r~s111t or fluid flow inro and our of ihc  roll 
(original pure gcumr t r s  remains unalrered). This condition 
( i-c . ,  rigid porous  g t o r n c l n ) c a n  hc conridcrtd lo be appli- 
cable (more or l u s )  fnr nooswelling and noncollaps~ng soils. 
i e . ,  $ : $m (11, osmot ic  or othcr yotenrial pradicntr are 
~ons ide rcd ) .  I!! [ h c  case or u~~rn ru ra t cd  clays, sludicr on the 
wrttir1.g phcnornemn tha t  r n u l t s  from tluid flow have bern 
well reponed in ihc literature, e . g .  Philip u d  Smiles (IW), 
Yong and Warkenrin (1975). Zaslavskj- (l%S). For clay m l r  
u i th  Iiltle sweuing potential (no volume changc), it has bccn 
s h o w  tha t  i h r  dasrical  diffusion cqualion can  prcdict 
moisturc t ranspcn  in rhe sod. However, in thc wsc  rlfexpan- 
sive clays, the  prescncc u l  swclling lorccs iuflucnces the 
drve lopmem of t hc  w e l t h e  frotlt, resulting thereby in thc 
need for  c o n s i d e r ~ t i o n  of inlerparticle relationships and 
volume change in calculating thc r0il.walcr p ~ ~ m t i a l  ;. T u o  
limir condirions can  be  spt i j f ied during the wctting p rwer s  
In Iahorator). resting of unraturated f low i l l  cxpansive clays: 
(i) rhc confined s ~ t u a t ~ o n  where no volumc chdnge is w r -  
m i t ~ c d .  and  ( i i )  the unconfined LXW whcre the free swell ir 
allowcd l o  occur. In  t hc  first insrnnce, the rcstrictjun of 
"cnnsfanf volume" will rcsull in development of  swelling 
forces in the  conrained roil, and i n  t k  sezond instance. I he 
I r e - w e l l  c o u d i t i o ~ ~  will p r d u c e  changcr in soil volume 
which will undoubredly influence rhe dilfusion ratc LIT 
moislure l r anspon  

The szarcity o f  proper expcri~nental (ttsl) informalion oli 
swetling prcssurcs deve[oped in a mnlinad swelling soil dur- 
ing welling does not permit  one l o  categorically slate rhat 
the dcvclopcd swelling p r c w r e s  would nM a l l t i t  the trans- 
pon rate o r  the  fluid, i t . .  the diffusion cwlficlent may (or 
may nut?)  bc  considcrcd to remain consIan1 throughou~ the  
lranrpon p r m .  Dcvclopmcnr o f  anexprirncntal t a t  tech- 
nique l o  measure swelling p r a r u r e s  dong [he tesl column 
during the advance o f  t he  wet front is fraught with difficul- 
Lie$. Not only is [he rneawrcrncnt of swchng pressure at  rhe 
moving weuing front  very difficult t o  achicvc. bur also it 
is not i r~~media te ly  clear that mtaruremxou of r d a l  swelling 
prersure obraintd by g a u g u  located at  the cnd of rhc lesr 
sample,  which includes both rhe w e n d a n d  unwctlcd pr -  
L ~ O N  01 ihc t a t  m p l ~ .  MC indicativeol Lhe prcrrures devcl- 
opcd a[ the  wetting fronr.  The prohlcm o f  dcwrminalion 
o icomprc$r ioa  of rhe unwc t~ed  portion (due t o  thc swelling 
prcssurcu dcvclowd in the  wcrtcd ponion) and its influence 
o n  the developed swelling presrurer; mearurcd a[ i p c  end of 
Ihe sample r t m n i n ~  ro be r e so lvd .  Aaor&ngly,  &urnpiions 
made which prcrume tha[  [he  unsarurared sod p r ! i o n  
remains rigid (i-c.. ac t s  as a rieid pinon?) and thus will nor 
alfcr-l the  dcvcloped swc11i11g presrures a1 Lhc wetting front 
have yet lo be t~ s lCd  t o  delerminc wticlhcr they arc tcnablc. 

Adopting tllc frw-swcll lcst cundjlion, i.e., a l lovir~g unre- 
slricted swelling or the  sample during wetting, as a labora- 
lory icsl t e chn~que  f o r  c v d u a ~ i o n  or the raie of  moislurc 

rrallspurl in unsaluratcd cxpansive cla?s rcquires o n c  t u  
x c u u n t  for changu  in rhc di ifusion coelficicnt when volume 
c h a n ~ c s  and  a s m i a l d  r.olurne1ric watcr conrent ~ h a r i g e s  
occur a lonc  the lcnglh 0 1  [he  lest co lumn.  Data-reducrion 
t~rchniqurs {Yong and  Warkcnl in  1975) that pcrmit o11c 10 
dcduce rlw diffusion i .cdfjcient  f rom me;lrurerrictits of 
weuing-lront  advanccmen~ lnurr accounr nor only for  t h ~  
volumc mid 6 changes occurring in the  wetrmg port ion ol 
thc tcst column hut  must also a sc r r t a i~ i  lhal i h t  unwcltcd 
porlion remains erse~irially i n  rh t  nevolum.e changc  (rigid) 
condit ion Otherwist,  rhe changcr i n  t h e  bulk drnsi ty (par-  
l i ck  n r r a u p e m n t  and porouiry) o f  rhe uliwcrred portiolr 
w o d d  crcarc tluid-[ransport condi t ions  d i s s i m i k  t o   hose 
in rhc wctted portion. Assuming a direct rcla[ionship 
beiwet~t  volume change m d  rwctling-pressure dcvclopmcnt, 
a n d  l u n h r r  assuming thar rhc potenlial equixalcnce ol the  
s w e h g  prcsrurc is the osmotlc potential $,, it loUows tha t  
,$.would nccd t o  be considered i n  t hc  i. term In 131 in the  
determination o r  the  diffusion c o c f k i e n r .  

In studying thc welting or a swelling soil, it is important  
lo d i s t i~~pu i sh  between at  l e i t  t w o  kinds of soil inilial con- 
dilious, i.e., a completely dry soil 4s  opposed lo a p a n i d l y  
wct but u n s ~ r u r a l c d  soil. Thc  l ~ r r t  iniriai condirion 11 gcn- 
erally refcrrcd to M a d v  soil, whereas  the  second kind o f  
initial mil w r i d i ~ i o n  ir often refcrrcd t o  as a moist o r  partly 
saturated soil. Thc distinction hc lwetn  [he two inilial con -  
ditions is imponan1 in thaL for  t hc  dry swclling soil condi- 
tIon, thc resultant volumc chunge tha t  m c u r s  on werting o f  
thcsoil  would initially be  d u e  ro hydral ion o f  rhe dr) clay 
panicles. van Olphen (1977) indicattS tha l  volume changu 
a! high as 1W% o i t h c  present volun,t o f  rhe dr) d a y  can 
br ebtaincd for t h t  condilioo when lour nlonolaycrs of 
water enter between the layers ot a montmorillonile clay. 
Hcyond this poinl, whcre a moisl condit ion can be  said t o  
exist, swclling o f  the clay soil upon wcfting is a r tsul t  o f  
lhc repulsive forces developed between ad j acmt  clay par -  
ticles. T h e  two stages of wetling (van  Olphen 1977) can  k 
convenienlly conridered as stage I. whcrc rhc volume change 
i s  due t o t h e  hydration c n e r g m  o f  inlrracl ion,  a n d  Ltage [I, 
wherc volume changc is d u e  t o  t l i t  cncrgies developed d u e  
lo d o u b l ~ l a y c r  rcpulr~on.  Ihis i, consislcnt wirh the analyxr 
g l w n  by Kiltham (1981), w h o  indicated that surface forces 
a t  small d i shnces  arc dominared by s~~r f ace - induccd  liquid 
structure, and  that continuum lhcories fie h e r  applied a[ 
distances beyond 10- 20 molecular diamctsrs. What  happcnr 
In the stage 1 region of wcrring? To addrcsr  this question. 
a stud) o f  swelling-prc~ur~voIuttir.changt rclatiomhips at  
very close part ick spacings could perhaps provide somc 
ansuers  in w a r d  l o  hydration ene rdes  oi inferaction e s l a b  
l i s h d .  Ihc insight ohtaincd therefrom could conlr ibutc l o  
a bctter undcrskanding ol the welting ol u r u a t u r a l d  expan 
sivc clays. 

The G o u y X h a p m m  d i fh s ivc  doublc.laycr (VDL) model 
has b x n  shown t o  provide capable predictions for  interac- 
[ions w c u r r i w  at  panicle spacings discan1 lor the  Stern 
layer. However, evidcncc f rom rcponcd  studies on osmotic 
o r  swelling p rcuu re  o f  activc clay soils shows tha l  ar close 
particle icparation distances, addit ional  f o r ~ c s  o r  mecha- 
nisms 1101 considered in the DDL mudels  w r c  unlikely 
responsible l o r  unpredictable volume changcr or prcssurcr. 
For cnmplc, studies by  Barclay er a/. (1972) show that at  
paniclc separation d u r a n c a  o f  less than IS h ( I  A -. 
0.1 MI), pressures ~ C L W M I I  par t icl ts  of sodium montmord-  
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TABLE I. Physi;rl propcrtics of materialr uud - . .  . . .. - - -. . .- . ... . 
Kaolioite Saintc-Rosakc i i a y  Nu. 13 phrs beads 

- . - 
3i1r,cr~l? prcscn! Kaulinite Miia and ch!orite. with 

Icldrpar, amphibole, and 
sma!l Amounr of 
rnonrrno:illonitc 

L i q d  limit [Po) 5R J a . 0  
Plar:ic bnlit [To) 39.6 2 3 . 0  
Spccilic grawl, 2.65 2.7 2-44 
tirain-r:zc dbstribulion 103Tm < O l M  mm 66% < 0 2 M  mrr 95-IaOTm vi[h 

diamcier 
7 J h  < OD316 mm 52% < O W 2  mm 0 . 2 3 4 . 4 2  mm 
SOTO < OD315 rnm 

-. . . -. 

lonj:c in ihc 10 ' >1 SaCl solution w r t  coluidcrably 
hipher than thox prediclcd from DDI. models. S~udlts 
rtponed by Israelachvih (1982) and Parhley (l9S2) in rcgard 
to lorccs dcvtlopcd brlwccn tu-o mica surfacts irnnwrwd 
in an electrolye solution ~ndicate I hat addi~ional rtpulsivc 
forces could be prestnr ahen panicle scpararion dirtancts 
bccomc l c u  than 3 nm. T h e  rnod~ficationr inlroduccd by 
the Stern (1932)model to accounr Tor non-Coulornbic inter- 
aciion Maem thecounterions immedialely adjactnr ro thc 
clay particle surfaces, to~ethcr with funhcr modifications 
i m r o d u d  by (ir;ih;u~~c (1947) indicatt that 8 determination 
of the forces raising from the inreracriom =curring ar [hc 
clay-counterion interface could provide a meam for explain- 
ing the "unprediclablc volulnc chuigcs or prcsrurcs." 

Thc nccd to study romr of lhc problcms concerning 
unpredictable volumc change or prcrsurc, especially ar d o r r  
particlc spacings, i s  considcrcd LO bc a rquircmcnt in sorl- 
ine oul the dirliculr problems associuled wi th not only thr 
design o f  experimenlal procedures for mcaruremcnt of 
moislure ~ra~ i rpor l  in unsa~uratul rxpansive clays but also 
analysis or the results obtainrd therefrom, The two-stage 
concept o f  energies or interanion ( v i m  Olphen 1977) is a 
uxhl wnccpt in cvalua!ion of ihc volume<hange and dcvcl- 
o ~ d  swlling-prrrsurc aspcrls or tht nloislurc-lranswrt 
problem. The study rcprted herein has  been structured as 
twoseparate kinds ofexperimen~s. The first type of experi- 
rncnlr war dnigncd lo  cxamhe wetting or i~utiauy saturdcd 
(slightly moist but not maUy dry) soils, u h c r e i  in h e  
w o n d  type o l  expximents swelling pressures develoycd a t  
vrr) close paniclc spacings for a rnonlmorillonitc soil. 
Obviously, i t  would haw bmn useful l o  construci an exper- 
imental technique that would p x m i ~  one to obtain all thc 
inlormalion from thc two t)pzs or l e t s  without having to 
perform two different and xparate kinds o f  cxperirncnls. 
tlowcvcr, borh infonation and instrumentation consrraints 
provfd too difficult to ovtrcomc a t  this slage. 

In the first writs olcxpc?ments, conducted lo study the 
woting phenomenon or in ik l ly  uru;alurated mils, thc results 
for a nawral expansive soil are examined in reIation lo  the 
de%elopment otrhc waring-front advana. wirh and wjlhout 
constrainls on a d  expansion of the test samplu. This set 
of raulls ir  compared with the wetting pxlormanct 01 a 
nontxpansive soil 7 0  provide indications as to thc ttlact of 
rhc swelling porcmial on con:rol o f  t h t  wetting charactens- 
ricsof rhc soils. The resultscan be used tocalcuIate thedif- 
fusion coell~cicnt using the "weiting front aduancc," h c  
tahnique given in Yong and Warkentin (1975). I n  the 
wmnd pan of thc study, rhc cnergics of interaction devtl- 

opcd betwmn soil panicles a1 dose and distant spacings a re  
evaluatd lo  permit ~ h c  soil-aatcr polcntial 6 to take inlo 
accouu lhc inrcraclion cncrgics developed at that panicle 
surface - walcr interface (in the Stern layer), inasmuch a! 
lhir is considered to be the stage I hydration p r ~ c r s ,  and 
a significant cncrgy componcnt in lhe wetting precess, ar 
discussFd previously. The experiments conducted in suppon 
or the developmenl of the interpaniclc modcl includcd high- 
prcrrurt wnsolidation cxpxirnenm on a sodium rnonrmonl- 
loniteclay. I t  is  hyporhcsircd that the rest results obtained 
from rhc IWO dillcrent types of experiment could indicate 
whether information on paniclc interaction cncraer could 
contribute l o  a bettcr insight inlo [he stage I welting and 
mral woung proccrr rchtivc to cunrrraind ani unconruained 
boundary conditions. 

Enperimcnfation 
Infillrarinn - wcrring txpcrimwrs 

The physical properties of rhc natural cnpansivc s r d  (from 
Sain~c-Rosalie. Quc.), the conlrol kdolinitc soil, and the 
No. 14 g l m  bends used to m u  with the Sainte-Roralic clay 
tcslcd in the wetling experiments are shown in Table 1. The 
Sainre-Rosalic clay (SK) w& used as 1W% SR and as 50 
and 75% SK mixtures wirh No. I4 g k s  beads. To prepare 
t n r  rntrlu.r<\ oi SK and glapg heads in poudeted the 
SRpauine through J O25mm Si tbe  uas m i n d  u i t h t h e g h  
beads in the dciircd proporlions, and a slurry was formed 
with the mixture a1 a wale1 content slightly abovc the cor- 
respondmg l iqud l imi~. The slurry w a r  then dcaircd under 
vacuum in 3 . k m  I D  split moulds and allowed to air. 

The baic l u t  appararus lor [he inrdtration-wcttingexper- 
imcnu shorn in FIE. I u l i h c d  a double Mariollc flask sys- 
tem to mainlam a conslant (water) head. Ry varymg thc 
eleralion o f  tht a[rnosphcrc-prtrsurc inlct, various p s i l i v e  
or ncgatire heads could bc imposed for the differen1 terl 
series. The  basic cur rssrcm war adaptcd for mcasuremcnr 
Of decelopcd swhng  prcsrurc i n  lht t a t  wries dcsigncd lo  
dctcrminc swclling prnsurt during soil waling. A prcsurc 
tranrduccr *as mounlcd on ihc lucitc platen localed a1 the 
tnd of lhc sample, T h ~ s  platen. with the prfisurt rransducer 
facing the wd-plarc reslraint. was brouphl to bear against 
the restraint, and a zero prcssurc condition was cxpcrirnm- 
rally set before comrncnccrncnl o f  the wctling tars. The 
prusuru dcvclopcd wcrc rccordcd during the advance of 
the w a  fronl in the test sampIc. Although h i s  did no1 givc 
rhcacrual prtssurcdcveloped at ihc wetting front, it ncvcr- 
thcless provided information on the nature of prcssurcr 



FIG.  I. Schtnrauic of les! r)rrrm urcd for welling studs 

being dtvtloptd during werting. The question o l  whether 
snmc cornprcssion o f  ihc uclrtd and unwtltcd portions o i  
[he clay could delracl lrom lhe actual presrures developed 
at ~ h t  wetling lronl has ycl to be addrcwd. 

For thc unconslraioed swclting les l ,  information or: axial 
cxpanrion o i  the tcst sample during wetling was ohtaincd 
by substituting the prcrswc gauge with an exrensomeler. 
A sulticlcnt length of sample column was providtd to dlow 
axial expansion ro occur. The inside o f  tht test column war 
liberally lubricated with petroleum jclly ro minimize iric- 
lional rraistance btlwee~l the test sample and [he rid- of 
thc column. It  i s ,  howevcr, rccog~liztd that this rcsistancc 
may be or some consequcnct, and thus lhc results ohmined 
should bc used in a qualitative sensc. 

H;#h.premre cons01idutioti erper~menrs 
Sincc thc DDL m d e l ,  which permils onc to gain insight 

into lhe rofr o i  soil-uatcr interaction in dcvclopmtn~ or 
swelling pressures, has been wcll rcported for tests with 
Na rnor~trnonllonitc, this serics of cxpcri~nenls was con- 
duc~cd using monrrnorillorute. The montrnurillorlire used in 
this ponion or the sludy war obtained iturn Fishcr Scientific 
Company, Fairlawn. N.J.. and sodium saturation o l  rhc 
rnon~moril loni~e was ohlained by rcpcatcd washings wtrh 
1 M NaCl. FoUowing removal oiexcclr salu throughwah- 
ing or rhe rnontmorillonile wtth alcohol in an u lmunt r i -  
fugc, the montmorillonile was dricd at 105•‹C and strhse- 
qucnlly pulverized 

The cation exchange capacity (CEC) and thc specific sur- 
tact area (SSA) of rhe sodium montmorillonile wcrcdttcr- 
mined using atomic-adsorption (Chabbra PI 01. 1975) and 
elhylcnc glycol niolmethyl ether (ELME, Hlantway and 
Arnold 1973) lechniques, rtrpcctivcly. The values ohrained 
wcre CEC ; I18 rnquiv/g. and SSA = BE5 rn2/g. Thcsc 

valucs agree well  with published rcsulls, e.g., varr Olvhm 
(1977). Fur prtssurc musuremenis, a high-slrtss consrhida- 
lion cell wilh compression capabilily o i  up I(, 100 Mlaa, and 
uih both top and bottom drainage, was conslructeri 
(Alarnrnawi 1989) lo sludy lhe high-pressurc swclliug- 
prarurc ch;rracleri$tics or thc clay using a proccdurr akin 
to [he consolidation lest. In  the p r ~ e d u r e  used to promote 
parallel paniclc orienlarion o f  thcclay paniclcr, a suspmsion 
of Na-montmorillo~lite clay with rht dcrired eleclrolytt con- 
centration w u  ccntrifugcd (using the ui~raccnrrifuge), und 
the sediment war lhcn h 7 r n  afler decantation o l  the super- 
natant to prornok dispzrion of the clay a f w  thawing. 
Eqmicncr with Icdimenls formed from surfact mil suspen- 
sions, espxially those from the sludies reponcd by Yong 
(19841, indicaks that when the sediments are irozen, the 
scdiment particlcs tend lo  hc dispcrwd whm thawed. 
Although lh t  cxact mechanisms promoring rhis tcndency ar t  
not iully known, !his procedure w a  adopted for [he mont- 
mo~i:lonitc slay. By subjming thc specimens to consolida- 
lion loads, lhc incchanical comprurion would, is  combina. 
ti011 with thc inil iddirperxd fabric of thcsoil, bc mast liktl) 
tu devclop prererrrred parnllcl orienwtiun of ihc soil panid-. 

To calculate the separation disrance b e t w ~ w  particles 
from void rario determinations, on the assumption that the 
synm is lully u.luralcd and rhal thc wil paniclaare aligncJ 
parallcl In each other. rhe rela~ionship givcn by 8011 (1956) 
can bt used: 
I51 e = yuG,.SJ 
wheree is void ratio, 7, is densily o f  water (Mg/m3), G, 
is specific gravity of solid particles, S. is specific suriacc 
arca o l  the solids (rn2/g), and d is onc-hall or rhe repara- 
tion distance between adjaccnr parde l  panicles. The final 
consolidalion lead or 400 MPa produccd a "old ratio (e! 
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Flr. 2. Welling-Iron: advanru lor kd in i rc  clay a[ various dcnri:~tn. 

FIG. 3. lnflucncr of inlet suction o p  advance o l  wcrling lroet for kaoiinitc day.  

or 0.52, cquivalmt to the separation half dlslancc ( 0 )  
lxtwccn panicles of 0.21 nm. 

Void ralios (e)  and #pasation disranccr ( d )  or 1hc sample 
werc calculated d u n g  rhc comlidationlesl, using a spmfic 
p a v i t y  valur or Na monlmoriUonitc 01 2.5 at d c t t r m i d  
f o ~  the as-suppM srateol thc rnoounonHonite, using a non- 
polar liquid (mclhyI alcohol CH30H). Thx value is in clox 
agrccrn~nl wilh published average values for montmodonilc 
(tg., W'aidclich 1958). 

Ruat(s and dixauion 

InfiIIroIion- w r  ring wperimenrs 
To dctnoristrate the clarsical situarion representalive or 

rigid port gcomcuy infilrra~ion, ~u gcucrally assumed in the 
cominuity condilion avlax = - at?/& in dcvclopmcnr or 
131, the ad- of the wctting iron1 lor [he kaclinitc mples 
a1 various bulk densities and ar various inlet suctions is 
shown in Figs, 2 and 3 ,  r e s p a ~ i v c l y ,  The l intar i ly  obtained 
bctwccn wtlting-fmnl advance x and tht squarc root or limc 



FIG. 4.  Wt~~ine-Iron1 advancc lor Sainte.Roral~c 

confirms [ha! thc continuity conditions leading to develop- 
men1 of  [3] havc k e n  gencrdly mct. It is rccalttd that by 
invoking the Bollzmann m n s f o r m  q - x/(r)" = q(8) 
(Yorlp and Warkenrin 1W5) t o  rcducc theclauical diffusion 
q u a l i o n  (eq. 131) t o  a n  ordinary diffcrehtial cquarion 10 
ohmin a cIosld-form sulmion, linearity k w e m  x and square 
roo1 I as a physical facl is r q u i r c d .  It should be notcd, h o r -  
cvcr, that this is not a necessary condition for rhe classical 
diffusion cquation if the continuity condirion i s  restated lo  
permil volume change. Also, dificrcnt iorrns for D(8) can  
be wi l t en  in relation t o  w l u m c  change, and  [he resultant 
131 solved using numerical techniques. 

Taking the bulk dtnsity o f  1 . 3  Mg/m' a! thc cornpara- 
live case tor thc swtlling SR and nonswcUing kaolinire clay. 
thc wct-lront advancc a t  various l i m u  of the pure SR and 
SR mixtures is shown in Fig 4. lor the situalion whcrc thc 
swelling has k e n  allowcd. F-or comparison, the kaolinitc 
results tor [he similar bulk dcnsily are also shown. To con- 
tinue with the comparisons the  50% SR mLnurr is chosen 
to represent the restrained ~wcl l ing casr for act-front 
advance with time Wig. 5). Similar comparisons mr be 
ohtsincd for the other SR mixtures. The ruul ts  shown in 
Fig. 4 demonstrare [he influence orgrcaler swclling, as rep- 
resented by rhe higher SR proportions, on rhe wtt-from 
advarrc wirh time. Dtpanure  from linearity ir: the x versus 
( I )"  rclarionship is ebvinus. The  grcarcr inllucnce e x c r a x d  
lrom rhc rtsrrained welling casc, even lor rhc 50% SR mix- 
ture. is shown by the higher dcgrce of curvatufe in the wet- 
tronr advance wrsur Time relationship. & norcd from ihc 
companion c w c  Illusrrating the developed swelling prusure 
in Fig. 5, the p r w u r n  rncarured at the ucwerted end of the 
sampk IncrcaK in a larhlon corresponding to the rate of 
a d v a m  oi thc *c[  lion^. This rrlalionship docs nol. upon 
furl v u r  ing, appcar to be consiswnr w i h  a r m a t i o n s  b a d  
on experience wirh classical s w c l l i n g - p r ~ u r e  experiments 

such as lhow icp)flcd previously in thc Iircrarurt (c.g.. Boll 
1956; Warktnlin and khofield 1962; Yong ef 01. 1%1). The 
results indicate lhal i n  swdling-prmsurc cxpxinicnts COIL- 

ductcd on t h c ~ a m c  kind ol Na rnonrmorillonirc (i .r . ,  same 
m o l d  conccntration). whcrc rhin (saruratrdj samples arc 
tmttd,  lhc rclationrhp etablishcd berween s w t l h g  prerrurc 
and solumelric watamnlcnr  (or panicle a p i n g )  is uniquc. 
providcd that the soil particles arc or icnkd parallcl to ~ a c h  
other. Clearly? thc rclatiuluhip nlahiirhod bttwecn swelling 
prcssureand ralcof advance of wer front (lrom the welting 
experiment) shows rhar the physical (expcriolcn~d) condi- 
tions necessary for the dzu ica l  rwcllit~g , p r m u r e  cxpcrimc~il 
h a w  not b n n  duplicatcd in thc wctlinp expcrjmcnl. Thc 
lcnyth oi the test ample used lor the wetting experiment, 
coupled with possible compression of both the wcttcd and 
unwettcd ponions or thc tcrt sample during welling, will 
contribute greatly to comro[ of tht relationship between 
swelling prcssurcmd rate of advance of [he we1 Iron[. Sir~cc 
undetcrmincd sidc-friction dfccrs  will also be influential in 
thc dcvclupmmt of ruul tanl  swell~ng pressures, il is clcar 
lhar the results of h e  developed swcUing preuures cannot 
be accepted as exact quantitative v a l u a .  Hlwcvcr,  [he 
quditative pcrformarw of the p r m u r c  curve providcs a 
good indicatior: of the panicipation of developed swelling 
p rmsura  in the control of  rate of welting-front advmce.  
S d a r  lypcs of rtsdls cax he o h t a i ~ ~ c d  for ~ h c  75% SR mix- 
ture and for tbc SH clay, wjLh greater developed swelling 
prcssurrs and conespndingly greater curvatures lor [he 
wetting-iront curves. 

Thc qucstion of hnw all thcsr p i ~ ~ c s  01 irllormarion can 
hc cualuatKl in Lrrms 01 rcquirrd modificalion of the clas- 
sical fluid-diiiusion relationship as represenled by [3j can 
be answered in pan by a rutaLcmen1 of the continuity con- 
dition lo  m o u n t  ior volumc chnngc, for the casc wbcrc frec 
swelling 01 !he soil is allowed during soil wetting. This can 
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FtG !. Swelling Fr rwrr  and ~lvrlling ciimt on wc:tir.g-fronl advance Tor Sainrc-Rusdie clay.  

F ~ L  6. Panicle wmtaljon dirtancc, volurne[ric watcr con- 
ten!, rnd wchng pressurc for Na-mon~rnorifloni~e clay a1 
I0 ' 54 NaCl, 

he achievd by using the rnatrrial coordinalesystenl similar 
tu lhar proposed by Philip and Smiles (1969). This system, 
which permils accou~ltabilily for volumechange, is simple, 
since lhc analylical Iormulntion is similar, in a sense. 10 ihc 
no-volumtihangc analysis, spccifying the relation Mwccn 
tnatcrial coordinate m and x ar 

where e is void ratio. The corresponding contjnvi~y condi- 
tion wil l  lhcn hc eiven a! 

a a#., [S] - [O(l + e)] = - - ar am 

where v,, i s  velocily o!' ~ 3 1 ~ 1  ~ e l a t i v e  to moving soil par- 
l icks. Wrjring Uarcy's relalionship in terms of watrr move. 
ment relarivc to the rnovinp soil panicles: 

Substiruring 161 inlo 151, rhr fluid-nuw dilfusion equalion 
for rhe ca r t  where volume change occurs a a result o f  soil 
werting lakes ihc following form: 

and thus 

where void ratio e and soil-water potenl id \G are assumed 
lo be funclions ofvolumelric water cmitent U only (whhout 
significanl loss or accuracy. Yong aild Warkentin 1971). and 

In *iew of ihc idrnrical form betwern 181 and 141, the tech- 
~ q u e  for solution or [81 would also bc similar. Wriline the 
B o l l m a m  lransform as 

[8] can be reduced lo an urdinary differential cquarion and 
solved subjcn to ihc specificarion of approprialt b o u n d w  
wndilions (Philip and Smiles l%9; Yong and Warkentin 
19751. 

For &e cau whcrc swtUing is consrraincd, i .e . .  no volume 
change under developed swelling prcssurcs, il is noted that, 
whcrtas th t  no.volumtshangc cunhu i t y  condition i s  
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FIG ' THO l yp t s  of anar.gcrncnl of ions a: the pniclc lutfacc - uale: iAerlaw. 

apparcnlly satisfied, the test rrsul~s obtaincd will not, in all 
prohbilily, malch the prcdicrions made f r m  the modcl rep- 
rcrcnted by 131 h ~ a u s e  o f  the swclling pressures developed, 
as notcd in Fig. 5. I f  such is lhc cnsc, a t c ~ a l u a l i o n  o f  thc 
swelling . volume changc phenomena in ihc wcttcd and 
unwclttd porlions o f  [he test column and their impact on 
the soil-warer potential, i.e.. ~ h c  $ l t r m  in (31, i s  nccdcd. 
npccidl~ in regard lo rhc m u n g  phrnomcnon wherc hydra. 
rion imeraclion energies arc dcvelopcd at the paniclc 
surfacc - uatcr inttrface. 

High-pwme in r lid of ion andpariicle inreracrion energim 
As noted inrhe Introduction, i t  i s  impor~anl  in the study 

olwctting of a swelling soil to reco&nizc lhal wctling of a 
cmnplctely dry soil ar oppowd lo  a panially wcl but unMlu- 
rarsd soil cannor bc analyzed without due consideration to 
the differences in energin o l  inrcracrion utablishcd he1 w e n  
p a ! l i c l a  during the coursc of uctring. The diiicrcncts 
hcr~een rhe rwo initial soil conditions are though1 lo  bc duc 
to rhc lacl that wctting or an milially dry swelling soil pro- 
d u m  rcrultanl volumr changc due ro intcraclion cncrgics 
responsihlc lor hydraliori o f  ihc dry  clay panicles. This has 
bwn rererred lo  (van Olphcn 1977) as the srage 1 wclting 
prwrss. The rcaoning given i s  (hat, whcrta~ the general 
DDI. models can dercritx r heswclling-pressurc and volurnc- 
change phenomena for the stage I1 welting p r k x  whtrc 
c n c r g a  of interaction duc to double-laver i ~ t t ~ a c r i o n  
dominarc, thc stage I process rhcre hydralion forces 
dominate can bcntiit from a closer cxaminarion or the 
energics o i  inreracrion dcvelopcd. To provide a means lor 
evaluatio~i of ihe energies of inlcraclion dwelopzrl in the 
sfagt 1 p r K w ,  thc energies of in tc ra~q io~~ dcvcloped in the 
Slern laycr are crmir~cd, using high-pmrurc coml idal ion 
tcsls on Na montmorillonirc. I t  is recopnkcd Lhat lhest 

rcsults pertain to thc iutly saturated soil condilion and 
should therefore be ustd mow in the qualitative r cnx  as 
input lor cvduarion or ~ h c  r ~ q c  I wetting process than au 
quantirative valucs for direct application lo  y i d y s a  of we[- 
t i ~ l g  or an initially dry swel!ing soil. 

Thc rcsults from a high-pmsurc consolidation 1-1 on 
Na  montrnori l lo~lc arc shown in Fig. 6 togdhcr with the 
calculated rcsulu obraincd using the Gouy-Chapman (DVL) 
model and the cxperimenbl rcsults rzponcd by Bolr (1956). 
Thc dctailtd dcvclopment o f  thc rclarionships lor rhe DDL 
modcl and method lor calculating rhc variation of roral 
inttraclion eneru (swcllulg p m u r e  with pnic lc separation 
dislarrcc) can bc found i n  various refcrcnce t e n s  and puidi- 
carions. c.g.. Kruyr (1962j, van Olphc~i (1%3), Youg and 
Warkenlin ( l915) ,  Rohn ef 01. (1979), and thus will not k 
repeated herein 

The assumpuons made for rhe computed valucs in Fig. 6 
includd rhc following. (1)The rclationrhip bctrcen panictc 
scparalion dirtmcc (Id) and Lhc ovcrall syslem void rario 
( e  j, whcrc d reprcscnls rhe eqwbbriurn hdfdutance t u w n  
inreracting paniclcr, LC., panicle spacing bcluccn two adja- 
cent inreracting particles at equilibrium, is  2d. (2) Thc clay 
soil is Iully saturated, und hcncc capillary forca mav hc 
ncglntcd. (3 )  The clay panicle surfacm arc xmooth (i.e.. 
surfaoe roughntss i s  neglected). (4) The rclalionrhip betvtcn 
total inleraclion entrgy E, and [ h t  overal: soil-r)stcm p r a -  
sure (P) is c a p r e d  as (Barclay er 01. 1976) P = 
a&/dt26). (5) Parallcl onemarion o i  cby pr i ic lc  h a  bm~ 
achiwicd in the h ~ g  h-praure consolidation cxpcrimentation, 
thus permitting uw o f  thc iacc-to-face m d e  forcaIculations 
using thc Gouy-Chapman mcdcl (with and wirhout thc 
mudilicittio~is dcvcloped in this srudy). 

The results shown i l l  Fig. 6 indicak good agreement 
belwten the mcasured valucs of Bolt t 1956) and th i s  study 



and also good aereemcnt hcrwccn the ca l cu l a~cd  values and 
the experimental o n c  lor pihniclz spacingr abovc 3 3. I tow- 
ever, a1 valucs brluw 3-nm pamicle spacings? the  m a u r c d  
valucs d o  nor accord well wirh rhox calculalcd valucs 
o b l i n c d  from [he DDL r n d c l .  Thir ir no1 u n c x p m e d ,  siwc 
the DDL model prcsurncs lhar ihe portnrial at the  chargcd 
panictr  surfacc $, dropslinearly t o  $, , the p o t e n ~ i a l  in rhc 
S ~ c m  layer, and tha t  thc d rop  o f  ihe polential s t  [ hc  Stern 
layer t o  lhc polential 6,. thc potcnlia! ar a distance x; away 
from t h t  charpcrl psrlicle surfacc ( i t . .  $, lo b,), occurr in 
thc Gouy h y t r .  T o  seek berier accord beween  expcrimcnral 
~!bscrvat ionr and  computcd values from the  DDI. model. 
the Stern and  Grahamc  sugpcrlions o f  thc c l m r i c  doublt  
!ayer, i t . ,  i h r  chargcd particle suriacc and  the imrnediatc 
adjaccnt h y c r  of count f l  ions, ncrd l o  be c o n s j d t r d  in 
dc tcrminauon of [he  addirional cncrpy rcrm r y u i r c d  for  
modification or cxrcnsion o f  rhe DDL rnodcl. The  G r a h a m  
(1W) panit ioning o f  thes te rn  laycr inio two p a n s ,  an  inncr 
He[mhottr  plane ( I l I P )  with p o l e n ~ i d  Gih and s n  ouler 
11elrnholtz (OHP) wilh potcntial $,, cqual t o  +A, prov idn  
the  oppor t~rn i ry  ro cxamiric rbe inreracl ion cncrgies devel- 
oped ill thc layers. The problem o f  a vi ihlc description of 
the  (soil parrjcle) solid-liquid inrcrfacc in ihe conLcxL 01 an 
elmrifird imcrfacc h a  h m  d M  by Bockris and Reddy 
(IYfO). In rcpard t o  the q u a t i o n  of rhc "rlicking" o f  ions 
to lhc elccrrOdt, [ wo typer, olarrangcrncn[ o f  ions "slruck" 
on an  eleclrodc Wigs. 7A. 78) ( G r a h u n e  1947): arranee- 
men1 A whcrc [hc  hydratcd ions inieracl with lheelectrirjed 
suriacc w ~ h  a water molecule s c p a r ~ t i o l l ,  and  arransc- 
mcnt R where the  ions are if1 d i rwt  conlacl  with the  sur. 
faces, resulting thereby in panjal hydration of thc  ions. The 
problem for  cotlsiderilion reduces t o  an  at-ment of whai 
conslildles the  closcul approach distance for the  i0r.s and 
a dctcrrnination o f  ibe forces t h a ~  influcncc the  3ticking of 
ions t o  t hc  chargcd ~nrcrface.  One  rwogWn tha t  uha~c l - c r  
arrangemenr of ions and u a r t r  molecules c is($ at  t hc  inter- 
race, this arrangrmcnt n o d s  lo correspond t o  ihc c o n l i p r a -  
tion of lowcsl frrc cncrgy. For arrangcllient B l o  occur, ions 
in r h t  OIiP musl cnicr L ~ C  IHP. 

In  the Gouy-Chap~r ian  model wjthom ihc Slcrn correc- 
lion, ihe chargc 011 the s u r h c e  of the  parliclc o, must be 
balanced by the total space charge in the roil solution, if 
clcctroneu~ral iry i s  l o  be prtservcd, i.c.. 

P 

on = n8 - 1 or d~ 
. a  

whcre o, is sur lacc  charge balanced by ihc diffuse Gouy- 
Chapman laycr, and p, is net charee density a1 a dislancc x 
from ihc charged surfar? (volume chargc]. As  derailw! in 
the various reference lrxrr, rhc R o l t m a n n  rtlaticmship for 
DX as 

whtre  n, i s  concentration ot irh spccjcs a[ disrancc x ,  n,, 
is conccnlrat ion o l ' i r h  spccjcs ill the bulk solulion (outside 
~ h c  influence of ihc chargcd surface, zi is valcnce of 
spccies i ,  E is e l ~ t r u n i c  charge, i s  c l m r i c  potential at  x ,  

x is Bokzmann m n m n t .  and  7 is absolulc lemperarurc. 
In regard lo o,. Ihc factor  w i~h ln  [hc  cxponenlial 

blacker i n  11 11, ( -  :,t&,/aT), reprcsmrr [he  ratio o f  thc 
clcctrical and i h e m a f  energics 01 an  ion ai a dislancc x irurn 
rhc charged suriacc. Ilivoking the  Poissoll relalionship 
belween electric pmcnrial and space dmsi ty ,  LC.. 

n dl$, 
Px - dx d$ 

solution for  0 ,  can k obtained as thc  wclLknown Gouy- 
C h a p c a n  cquarion: 

Howcver, with ihc inclusion ol rhe G r a h a m c  Stern 
modification, and  with rhc model shown in Fir. 7 {arrange. 
mcnt B). [I21 needs t o  i~ ic lude  considcra:ion 01 inrcractiocr 
111 rhc Slern laycr. Idmi l 'y ing  thc surface chargc d u c  t o  the 
ion3 in the I H P  and OlIP ar o:, and a,,, r c s ~ c ~ i v e l y .  kc 
surfact  chargc at the paniclc rurface is balanced by Ihc con. 
lrihurions of both oh and  o0, ar follows: 

1131 o, = oh t aOb 

whcrc uo?, 7 uA. T o  dctcnninc qr,, onc n c d s  [ O  obta in  thc 
co[~ccnrralion ol' ions of spccies i in the I I i P .  (n,,*]. 
inusmuch as 
[I41 "ih - ~ & n ? , , ~ t  
whcrc A x  is ~ h i c k n c s  o f  warcr layer (2.8 x 10 ' O  m]. 
Froni [hc  B o l r m a n n  relationship: 

where E<, and  E,, refer 10 rhc ~nlcrac l ion  cncrgics in [he 
IHP and  OIIP, respectivtly, qUh r t fcrs  to the concentra-  
tion o r  ions of spccics i in the  OHl', and rl, refers t o  the 
elecimnic potcnlial ai the OHP. 

E,, can bc calculaled in Lcrml o f  [h t  Coulomb forces as  
E* F: = :#'IIR, whcre R is disrancc hetwoen the  centrt 
of the ion I and rhc ncgstive chargc sitc of the paniclc, and ( 
is diclcctric conslanr. For En,, one netdr  t o  c o u i d e r  no[ 
unly the same Coulomb lorces but also thc shon-range 
forces arisine from ( I )  ion-dipole inrcraction, { i i )  dipolc-  
d iwle  intcracrion, and (iii)  dipolc-si~c inlcraction. Thr ion- 
d i p l t  inrcrxl ion energy Ex can be compurcd according l o  
Ra r ro r  I 1971) as 

where is d i p l c  moment of the  w l c r  nloleculc (; 1.8 x 
10- lo csu im) ,  t is eleclronic charge ( =  4.8  x IU  l o  esu). 
r i ~  sum o r  [hc  radii of thc ion and  warcr niolccule ( m u m -  
ing nonderorroing spheres), and F is dielectric constant  
( =  j) 

Siricc dipole-dipole in lc raa ion  could subsritutc f o r  ion- 
dipoleinleraclion. ~ h c  m u l l  of d i p o l e 4 p l e  interaction and 
rhe m a g ~ t u d c  of reduction o f  Ed *ill incrcare as r h t  num- 
k o i  a b s o r b 4  (inrcracling) walcr m o l c ~ d c s  increarcs. This 
redurnion w a r  calculated hy Rcrnal and  Flowcr (1933) l o  be  



from I0 [u ?OTo 01 [k pufcntial cncrgy duc lo  thc ion. dipok 
iorcrxtion when the numkr  uf absorbed water molecules 
is 3-6, according to ihe following relatiomhip: reducljon - 
D , ( p 2 / t r 1 ) .  Thc gwmc:n;nl factur i;r, is givcn a! 0.3U and 
1.188 lor J and 6 water molecula adsorbed by ion, respec- 

I tivcly. In rhe dcula:ions used to rnd i ry  [he Gouy- 

I Chapman ~rlodel, a rrduction factor of 20% ool thc cncrgy 
duc l o  i on -hp lc  inlcracuun w z  uscd La ukulaw the diprllc 
interaction mcrgy t,. on !hc assumption Lhat an! Na ' 
ion could k surrounded by up to s i r  waicr molccu[cr, i.c.. 
Ed, = 0.2Ed. 

The values for d i p k i t e  interaction encrgy .Ei, may k 
calcutalcd m 

- ,  

whcrc r ,  i s  the distance bctwccn thv cerrlre o l  the dipole and 
thc ncgalivc S ~ L C .  The re1atir)nship Irlr Lo, can nuw be 
obtaincd as ~ h c  surrmation o f  dl the inlcraction tncrgicr 
herelofore considcrcd, i c , ,  .ED, = .Cc + Ed + tdd + E,. 
Accotdi l~~Iy, with this 1111al interaction crlcrgy rclationship 
and thc cxprcssion givcn lor E,,, given in terms o l  E,, thr 
rerm ( E ,  - E,d can now bc evduaied. in addition. +,,, 
can be calcula~ed as folluws: Ii) calculating up from thr 
kno*-n UEC and S,, i.c., u, = CEC/S,; and ( i i )  uubstitut- 
ing [I21 and [IS] into 1131; theon[y unknown pararrrctcr is 
$ wkch can k obtaincd altcr suhsrirulior! of the 
cquatiuns. 

.4t this juncturc, i t  should benoted !hat to calculaLe thc 
diClusion cwfficient p c n  in []I, thc osrno[ic pmcntial 4. 
(where $, = $*) n e d s  to be considered in calculating thc 
Ialal sail-walcr p ~ t m t i d  6. 
Thc cunccnrration rll ions at rhc OIIP can bc computed 

lrom the Boltmann rclationship: 

Thc valucr inr  n,,a and n,,,, h a w  bctn calcularcd by 
Alammawi (1988) Ior rhc ~amontmori l lonitc clay uxd in 

FIG. 9. Panicle scpara[ion disrance, vnlumctric vatcr contcm. 
and swelling prcsrure for N;I-mon~morillonire clay with addd inter- 
rniun energy in h e  Scer~r laycr. Cnrr. (iouy, Chapman, corrccred 
by addition of hydration cncrpitr, ol'infermion ro(iouyChapnar: 
Dn1. mode!. 

the high-pressurc consolidation tcst, using [IS] and 1181 to 
give the disrribu[ior~ of  Ka'  shown in Fig. 8 .  

To cdculatc [hc distribution o f  thc clcctric potential ;i, 
ar any pninl x,, dis~anr from the surface of  the chargd par- 
liclc, the following conditions are used in the 1ntegra:jon: 

and 
- $oh for x - h r  

a[ rhc O W .  Thc final rclatiunshipobiaincd taka the form 
similar i o  ihc one given by Kru l t  (1952): 

where G, i s  the polenrial a t  a distance x: lrom thc surlacc 
of lhc charged particle. The term X is writren ar 

To dctcrnrinc whether the relationship describing soh is 
valid, recalling t h a ~  i h s  ptrlainr, to the wtcntjal at the O W .  
{he experimental values Ior thc prssurc-paniclc space shown 
in Fig. I need tr) be compared w i t h  the calculations oblaincd 
using thc cncrgicn o l  intcraden developed lor the number 
of ions i n  the IIIP and OHP. Thc number of calioi~s lor 
cach watcr layct away from the Ka-montmorillon~tc surface 
has bctn calcula~cd by Ahmmawi (lP89) using thc modcl 
givcli herein (Fig. 6). As observed, [he coocenlrarions u l  
catiom in the f i r s t  layer ( r r , , ; , )  and the second hycr (n,,oh, 
are significanrly higher than those in the Gouy laycr. The 
high concentration o I  cationr is indicative o f  :he resultant 



increase in thc soil-water potcnrial ui ;it clwc scpiralic~n 
distances between particles. 

I n  thc calculation$ o f  the ~wt l l i ng  pressurc using rhe 
Gouy-Chapmar mdeL rhc addition of rhc cncrgicv of inter- 
action within the Stern layer (presented by the IHP mr! 
OHP) l o  the value calculattd with the Gouy-Chapman 
modcl shown in Fig. h mil: add more swcllinl: prcsrurc o f  
the same panicle separation disrance. Thc mlculatcci ralucs 
with rhc addhionat enagies of intcracrion ar [hc l t I I '4WP 
car! he m n  in Fig. 9. Thc comparison hclwcen cxpxinlcnral 
and calculated value shows good accord, indicating therehy 
rhc mcrir of incorporaling tht porenrial as dcrcrmined in 
accord with rhc Grahamr modjfica~ion of [he Srcrn layer 
(arrangcrnenr R in Fig. 7). Thc rcrulls suggesl vtry strongly 
that rhe dmerminalion o l  rhc di i fus~on cotliicicnl in 131 
should recognizt thc sm+fitarion o f  rl. in rhc equation, i.e., 
to be cogn imt  of rhc conlribution lrorn rhc Slcrn layer. 
Ir  is further suggcrted thar rhc fluid-lransport dilfusiuncoci- 
ficienl Ll in thc sngr I w r l i n ~  process (van Olphcn IPff), 
w h m  t he comidtrablc cncrgier o l  intcracrion arc dcvcluped 
in hydration (thcsamr rceionrclcrrcd lo  by Ninham(l981) 
as tht r w o n  dorrunard by surtacc-induced Liquid nrucmre), 
will not bc auuralcly pnrayed il the powntials devetoped 
at 1HP and OHP ($,,. Jsr) ar t  nor incorporalcd into thc 
analyses considtrd in 131. Continued work il nmsrary 10 
comhinc the sets of rtsulls ob~ained in this tuo-pan ~rudy 
to betrcr cvduatc rhr impacl 01 ihcst pottnlials on D .  

O:oncludiog remmrlcr: impUcmtion lor soil welling 
The closc corrcspondcncr bctwecn lhc calculaltd ralucs 

using the cncrpies 01 intcracrion in the I tIP-OW as addi- 
tiurial t u  thc s~u~r lard  Guuy-Chapman modcl cakula~ionr 
shows that the yjd term can be u d  ro proride a measure 
to the swelling prcvure component that necdr :o be 
accounted for in measurcmcnts of cunstrilind uctting or 
expunrivc soils. The manner in which such calculations 
should be incorpralcd into analyses o f  results for wetting 
of expansive soils is currently undcr study. Sprcificall~, thc 
hydr~ l ivn  lorces that are responsible for the hydration 
energies u l  inlcrx?inn in th t  stage 1 welting process referred 
10 by van Olphen (1977) would nrcd to be studied in relation 
to the swellin~ pressure ~es l  rcsulc; obtaincd. Ccntral 10 any 
thcorelical or expcrimenlal development is the need for 
improvemenl in thc nmsurcnlent o l  swelling prusures at 
the wctling iron( in lhe inliltration--welling cxptrimcnts 10 

arsure that [he swelling-pressure measurements obtained 
reflcct the actud $welting prtssurc dcvcloped at the wetting 
h n l .  I n  the meanlime, resr~rch into thc welling perfor- 
mancc at txpamive soils will need ro determine the welting 
characrerirtics or [he soils and the related rolume expansion 
durine wetling, with the hopc that compulations or the 
various i~lteraclion energies Jeteloped and corresponding 
volumc change can be correIated with t h e  measured soil wer- 
l ing rcsuls. 
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Influence of amorphous silica and iron hydroxide on interparticle action and soil 
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The study o t  rhc phyricwhcmrcal proprlics or  purc amorphous maicrialr ~cornpkrcrJ consisting of k:O, and SiO: 
Lrr varioui propnionr indicals lhal the amorphous complues wilt exhibit difkrcnt propcrLim md charau.&tlcrdcpmd- 
ing on the proportions 0 1  I'c:~, and SiD,. Addi~ion of the amorphous cornpkxrs 4 t h  i l l i t i c  clay studkd shows lhat 
[he propcrricr of thc clay admixlurc *ill also vary according to the propcrticr of ihc amorphous complex. a l k i r  to 
a leucr dcgra. The proptnks and khav~our  obwved lor the amorphous cornpkws and the clay adminurs  a n  k 
iinkcd dircclly to lhc !mpc specific ~urlacc arm and high surface chargcof the amorphour cornplenm. t h e  contribul~on 
ofamorphow complcxcllo lhc clay - m ~ r p h o u s  complcx mulurcr (clay admirrura) Is Iwoleld: f i n t l y ,  by lhc amounl 
of amorphous complex in the clay admrlurc, and second[? by the cornposjtion o t  ihc arnwphoul comp:cr u d .  fhc 
contriburion from the amorphous complcr i s  in lwo forms: wa:cr-holding apacicy and boediw action. Thc prcKncc 
or ptihpcnden: sur lar~ cbarun autxlalcd wi th rhc amorphous mrnplezs makes the phyr icwht rn~ul  propwicr and 
bcha>iour o f  the clay admvtrurts ( r e ,  liquid lirnilr and zcra pu:cntial) x ru i l iu t  l o  ihc pH tnvironmmr. Coaring e l  
amorphous col:oidr onto d a y  p r l i r l r  surfaces, shorn by scanning clcc:ron micrawopy, appears ro k cnhanud by 
a k r w  in pH of i h t  syrrtrn, indiuring rha: r h t  cnhanccmcnr i s  likcly due to the incrcaitd tfmrorlatic arrracrion 
resulting from rht incrtaxd amounts o l  posirivc charga on the amorphous colloids. 

Key vim&: m p h o u r  maleiah, m u  ratio. x r a  p e n t i d ,  Bingham yield rlras, clay adm~~lurcs. hydrown bonding. 
spxific surface a:ca, ca:jon cxchangc capacity, anion exchange capacity, fabric and soil slruclurc. - 

I.'t!ude rur lu propriCltr phmicwhirniqun de marCrlaua amorphes purs [comptcxu), consliluLr dc FqO, ct de SiD, 
en p p o r ~ i o n s  d i w m ,  indiqucnl que les complmcs amorphes vont prtsenln d i l l t rcn tn  propr i f lk  e l  ca ra~ t r i r l i quu  
dbpmdani dcs pruporhnr dc FclO, cl dc SiO,. L'addilion dm comp1exes amwphp B l'argdc iril iquc Pludik monirc 
quc lm propriettr dc l'admution d'ugile van: atrssi varier selnn :er propr i t lh  du cumplcxes anrurphc. quoiqu'h l r l r  
degrl moindrc. Lm prupritth ct lccornyorterr~c~rt obsnvt pour lej mmplcxn amorphu u la admixliuns d'argilc psrvcrlr 
fire relies dircctuncn! h la valeur t l c v k  dc slrrlacc rptfilique et  A la ione c h q e  de surtacc d c ~  cornplcrcv amurphs. 
I a  contribution dcr compkatv amorplia aux n14bnges argile<omplexc amorphc tadrnktiunu d ' w i k )  al double: 
prcmibrcrncn~, par la quanlill dc complexe amorphc dans I'adrnixtion d'argilc, c l  dcunibmemcot, par la w m p o r i t i o ~ ~  
du wrnplclrc m f p h c  urm. La contribution du cornpkxc amorphe x prCrmlc sous dew iormrs: In capscilt dc rdcntion 
d'cau et la production dc h s .  1.a p r h  dcr charges de surface, d+ndantcs du pH, assoah aux compkxn amorphcr. 
:md ics proprkts physicdirniqutr el  It cornpertcmcnt d s  admklionsdargjl t  (i.c.. l imi la l iquide CI porcnliel zita) 
sms~blm k I'tnvuenntmmt dc p H  I.'cnduiugt dc calluidcs amorpha sur lu surlace der paniculcs ugdcuws, mis 
cn tuidtowpar la micrompir  t lmroniquch balayagt, m b l c  t r r c m p t i f i t  p a  unt  diminurion d t  pl l  dam It systtmt. 
indiquanl qut c a t  mpl~f icar ion rrr Yraiitmblablcmcnt duc a I'augmcnralion d t  l'a~rraclion Clccltoslariquc rtsuitanr 
d u  q u m i r u  croisranitr dc chmrgs poritivs sur lu colloidcn smorphu. 

Mots dts : :~criawamorphs, rappon dc rnasse. potmticl &a, coomin le l imi t~  df Binfiam. b u t i o n s  d'argjlt. 
k n r  d 'hydroah.  a w ~ b t l  dc surlacc snicifiauc. ca~aci l6d'khangcdr cations, c a p w t d ' k h n n g t  d'anions fabl~quc 

Introduction 

Speculation on the p r u r e c r  or amorphous malerials in 
Ihc marinc clays of Eastern Canada (Cordon 1966; Quigley 
1968) led t o  scvcrd later rrudics by many rexarchcrs (e.g.. 
Loiselle n 01. 1971; %1cKycs el a1 1974; Hendersbot a n d  
Carson 1978; Quitley 1980: Local el 01. 1984) which con- 
firmed the cxisttncc of such materials and that the three 
major componenls wcrc amorphour silica, iron, and 
alumilia. These components arc bclicved t o  exist in kht 
che~nical forms o f  hydroxides a11d (or) oxides. Interest i n  
Lhe control e x c r c i d  by the prcwtlcc snd concentration of 
t h w  amorphous materials has rcsultcd in several r t u d i a  
designcd t o  cxaminc w c r a l  a r m s  of soil properlies and 
F m d m c . r * , w u l r -  

bchaviour, ranging r rom basic material charac~crizarions to  
mater ia l  gerforrnanm and proptn ics .  k d n ~ n g  with the 
reponing o f  presence o r  the amorphous materials i n  the 
marinc days, the early study o f  bonding or cementing utab 
lishcd by amorphous malerials, using EDTA ( e t h y h c -  
diaminetctraxmic add) as a l m c h n g  solution (LaircUc et 01. 
19771, w a  fol lowed by studim of d i r l r i hu~ ion  and of rhc 
devclopme~it  o f  physical and mschasical p r o ~ n i c s  (e.g., 
Yung et a/. lYl90, 1979b; Hayner and Quigley 1976; L m a t  
e! of. 1984; Torrance 1987). 
In attempling to  determine thecot~miburion of amorphous 

rna1erials t o  soil p r o p c n k  and khav iour ,  ammion  has bacn 
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FIG. 1. XRD patrenu of iUitc. roil. amorghour material, and admu[ura.  

given by many ~tstarchcrs (t.g., Hayups and Quiglty 1976: 
Bcntlcy and Smalley 1978, 19W. Y o n g  er 0 1  1977, 1979, 
1980; Quiglcy 19BO. 1983; Locat el al. 19W. Yone and 
Ohtsubo 1987; Torrance 1987) to the rhEsir that the amor- 
phous malerials ( i )  form coalings on soil partide surfaces 
(deduced from scaaning electron micropaptd and horn 
mhanfemem of X-ray pcak inlensitips upon removal of the 
amorphous rna~erials), and (ii) form bonds between clay 
panick. Howcvn, &exact type of bonding and theextent 
or s t r m h  o f   ti^ bonds formed have not been ful ly estab- 
lished or definitely defined. 

In additloo to the  interest in the rolcofamorphour matc- 
rials in control of soil propertics and behaviour, the recent 
imperative concern regarding ihc use of clay soil ar an 
engineered barrier for containment of land d i s ~ a l  or 
wa t t s  has focussed attention on the surface propcnin or 
the soil solids in the clay-cngincwed barrier. The manner 
in whkh day soils mrnp l i sh  xcurnulalion or contaminanls 
and control transport pr-rs h a  ken hcrihd in many 
referenw ttxtr (c.g.. Bolt and Bruggcnwcrl 1978; Fullerand 
Warrick 1985; Greenland and Hayu 1981). Adsorption or 

cations by cby  s o h  rnuhr  lrm the nrgaliw surfact c h u g 6  
tbal are characterinic of  many layer-lattict minerals. 
Amorphou maltrials p o r n  high spcritic surfact artas md 
high ion-exchange capacities. Thc surfacts of amorphou 
matcriA, as far as the chargt i s  conccrncd, arc dtpcndcnl 
on pH and clccrrolytc concentration in the surrounding 
medium. T k  chargc nriscr from asshalion or dissociation 
o f  protons and may be rcprt*nlcd by 

*here M rcprexntr a coordinarcd amorphous ion. The 
exlenl o f d t i o n  or dissocia~ion o f  prolorn is determined 
by [he conctnlration or protons nrar the suriaa, and hcnm 
by pH electroTylcconctntration of the soil por t  fluid. Tht  
pH a1 which the surface is unchanged is known as ihc zero 
pin1 of change (ZPC). I1 drpends primarily on the allinity 
of the amorphous ions for clcctrons. T h t  chargc rcvcnal 
of the arnor@ous mnrcria1, d u t r o c h m g n  in th t  pH ofthc 
soil system in relation to the ZPC pH, will create or affec~ 
bondinp situations consislent with the changes in the sign 
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TABLE I. Mineralogical and chemical composition of soils and amorphous materials used in the study 

Amorphous material at mass ratioD of 

Cornwsition lllitic soil 0.00 0.10 0.25 0.40 0.54 1.00 

Crystalline minerals Quartz, feldspar, calcite, illite, chlorite - - - - - - 
Amorphous content (%) 

SiO, 2.1 100 90 75 60 46 0 
Fe20J 3.6 o 10 25 40 54 100 
AIL4 1.1 o o o o o o 
Total 6.8 100 I00 100 100 100 100 

Organic content (%) 0.2 - - - - - - 
Cation concentration (mequiv./100 g) 
K' 2.8 nd 18.8 6.8 4.4 1.2 nd 
Na ' 8.4 nd 148.0 184.0 215.6 204.0 nd 
ca2' 65.5 nd 21.2 13.2 23.2 17.2 nd 
~ g l *  3.2 nd 1.8 1.8 0.3 0.6 nd 

SOTE nd, not dclrrrninrd 
%ass ratlo = Fe20J/(Fc20J 7 SiO3. 
bDr~errnincd b, Srgalen's (1560 lechniguc for rolls 
'Orion coocentra~ion = soluble + exchangeable. 

of the surface charges (Yong and Ohtsubo 1987). Since 
amorphous oxides and hydroxides in the presence of water 
have a reduced coordination number in their surface layers, 
they develop hydroxylated surfaces with a net negative 
charge at high pH. This results in adsorption of cations at 
any pH higher than that of the ZPC pH. The adsorption 
occurs before overall precipitation takes place, saturating 
the surface sites. On the other hand, for pH values less than 
the ZPC pH, the surfaces become positive& charged due 
to adsorption of protons in excess of that for hydroxyl ions, 
and hence adsorption of anions at the surface will be 
achieved. The magnitude of charge increases with the 
increase in ionic strength at any given pH below the ZPC. 
In these circumstances the positive charge is located on the 
inner Helmholtz layer, with the balancing anion located 
within the other Helmholtz layer or the diffuse double layer. 
Such adsorption is termed nonspecific. Furthermore, organic 
anions can penetrate the coordination shell of the amorphous 
surface of [he hydroxide. The anion is thus incorporated 
with the surface hydroxyl layer. This process is not sensitive 
to electrolyte concentration but is sensitive lo pH. 

It is useful to note that, whereas the record shows (Yong 
and Rao 1991) that because of their hydrophilic surfaces, 
clay soils are usually not good adsorbents for non-water- 
soluble organics, the existence of organic matter in clay soils 
enhances its adsorption capability for non-water-soluble 
organics. Recent studies have focussed on the modification 
of clays to create so-called organo-clays (Boys et a/. 1988a, 
1988b; Yong and Rao 1991) that utilize macromolecules in 
developing bonding with organics. Present perception of 
contaminant-soil interaction suggests that clay sMls which 
contain some amorphous materials would enhance sorption 
of contaminant solutes. To provide a better understanding 
of the contribution of amorphous materials to the perfor- 
manceof clay soils, this study examines the effect of amor- 
phous material composition and concentration in combina- 
tion with an illite soil on some selected surface properties 
of the soil mixture. To achieve control of the composition 
of the amorphous material. synthesized amorphous silica 

and iron hydroxide are used. In addition to the determina- 
tion of the combinations necessary to obtain maximum 
adsorption capacity, the physicochemical properties of the 
soil mixture are examined as a function of pH, and particle 
interactions in the soil mixture are assessed with the aid of 
infrared spectrometry. electron microscopy, surface area 
measurements, determination of both cation and anion 
exchange capacities, and zeta potential. 

Materials and methods 
Illite soil 

The control soil was a pulverized marine shale (Ordovician 
sedimentary rock), obtained commercially and identified as 
Domtar Sealbond silty clay. The procedures for determina- 
tion of composition and properties of the illite soil (and the 
amorphous materials) will be given in a later section. 

Synthesized amorphous materials 
Since natural amorphous material was not readily avail- 

able for the purpose of this study, laboratory-prepared 
amorphous materials were used. To maintain a simple sys- 
tem. only two components were used, i.e., amorphous silica 
and iron hydroxide. Inasmuch as amorphous silica and iron 
hydroxide possess different properties (Yong et a/. 19796, 
l980), accountability for composition or type of amorphous 
material was achieved by using the mass ratio (MR) concept 
(Yong et a/. 1980), defined as the ratio of amount of amor- 
phous iron to the sum amount of iron and silica in the form 
of oxides and in units of mass, i.e., (Fe203/(Fe203 + 
Si09). Thus, an MR value of zero indicates that the amor- 
phous material consists solely of silica, whereas a value of 
0.40 indicates that 40% of the amorphous material consists 
of Fe203. For simplicity in presentation and discussion of 
results, the pure amorphous silica and iron hydroxide as mix- 
tures will be referred to as amorphous complexes. Refer- 
ence to amorphous material will be made, when required, 
to avoid confusion. As reported previously (Yong eta/.  
1980), a change in the MR in effect changes the composi- 
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A S l M  Synrhtwcd amorohour rnartrnal (Ircsh) ar mass raria of 
fer~ II!ili~ -. 

1011 0.10 0.25 0.40 0.54 I 
- - .. . 

(lQw 0 
. . -. - 

As ir  w x c r  conmt (4) 0 2 2  1680 0.8 l6aO.l 1541.6 918 0 3W.O 402.6 732.1 

tion or t p e o f  amorphous material and can rtsuSt in corrr- 
sponding changes ill the soil propcr~ics. 
To synthesize amorphous silica and iron hydroxides, ar 

well as their m i r u r u  of varying compmition, the prccipira- 
tion icchnique dr%cIopcd by Herbillon and T m  Vinh An 
(1969) was cmployd. A prcde1ermincd MR war obtained 
by mixing together prccalcula~ed volumes or FeC1,.6HlO 
(0.05 M) and NalSiOl .9Hlfi  (0.05 M) slowly in a beaker. 
The pH or the mixed solutions was broueht [a 8 by adding 
either diluted HCI or NaOH with gcntlc stirring for a weck .  
I n  the c a m  where I he MR was 0 or I, corresponding rap- 
ri\eIy to pure  amorphous silica or pure iron, only lht pH 
adjustment was ncctsrar).. FoUomng 1 wwk of gentle stir- 
ring, when the amorphous complex had grown suificienlly 
large in panicle suc wilhout k i n e  crystalliled, the complex 
was repeatedly filtered and washed with d is t ikd  watcr to 
remove free salts in the suspension. Repeated idtering and 
washing w z  terminated whtn the NaCl conccnlralion was 
towered to 10 " hi. The amorphous complcx lhus oblaincd 
w a i n  the form o l a  gel and war u4cd wirhout k i n g  allowed 
ro sir-dry. 

V h u l  dercriplion o j  synlhesiz~d umwphous moltrid 
komp!w  

All the amorphou$ complcxcj wrre r y n ~ h s i d  in t k  
manner. Tbe tollowing is a visual descripuoo o f  the amor 
phow complexes in [kc wet sratr (it.,  as uscd in the expcri- 
mmls) with Uferent MRs using the r e v i d  Standard hlour 
Chart by hyania and Takehara (1976): (i) M R  - 0: whitc 
(anopaqueoft-while gel); ( i i )  SIR - 0.10: pale yellow (an 
opaqur pale yellow gcl): ( iii) MR = 0.25 : ycuous(an opaque 
yellow gtl); ( i v )  Mn = 0.40: brighl ycllorvish brown (a 
yellowish brawn gel): ( v )  MR = 0.54: bright brown (a 
brown gel); ( p i )  MR = I: dark reddish brown (a dark 
reddish b r o w  gel). AJ notcd, the colour change [tom white 
LO yellow, and thcn to brown, as the M R  varies from 0 to 
0.25. rind then to 1. l ' h c  opacity i s  reduced as the MK 
increases, i.c, as rhe i ron content increases. 

Mineralow and camporifion 
!vlincraloeical analysis or lhc illite soil, amorphous mate- 

rial, and lhcir adminures war obtaincd lhrough X-ray dil- 
fraction (XRD) studiu, using a Sicmcnr L)SW apparatus 
with C'uKrr radiation. Drimted ~lides were obtained alter 
drying a surpcnsion (1.0% solid) o i  dried and pulvtri+cd 
sample mued w i ~ h  distilled water. For amorphou ma~crjals. 
a spmmcn war prepared from approximately 3 K or wet gel. 
which was spread on an XRl) slide and subjcctad to air- 
d>ing. Thc XKU resulu(di~fractogmms) for illitc mil, amor- 
phous materials, and admxrurcs arc prrsentcd in Fig. I. 
Since, by dc f i~ t i on ,  amorphous materials do nor exhibir 
ciyrall inc features, XRD s1udits were nevcnht lm con- 
ducted on the laboratory amorphous materials to confirm 
Ihe  ahsencc or crystalline material, as demonstraled by the 
diffraction pa[tcrru shown in Fip. 1. As indicakd by the 
XRU resulu, the illirc roil is c o m p t d  mainly 01 quaruand 
feldspar ar primary minerals wirh illite and chlorire as clay 
rnjncrals. 

kc expcard,  rhr admuturw o i  amorphous comp l rm 
with i l l i r i c  soil show no alrerarion of XBD p a k  positions 
nf various crystalline minelds in comparison whh those 
Mort wldi~ion o f  amorphour mrnp[exes. More specif~cdly, 
these dam indicate that [he addition o f  amorphouscoinplex 
neither change the uysrallinr cornp i l ion  nor Iormsa new 
rpccics ot minerah with rhc clays. However, rhe pcak inrcn- 
si ties of some minerals are more or less reduced, due prob- 
ably to anmrphous complcx coating to clay minerals 
(McKyrj el ul, 1974). Since il has bctn suggenrd l ha t  amor- 
phous iron hydroxide may gradually transform into a 
crystalline substance, osrnely ht~natite and (or) goshire 
upon agmg under neutral pH conditions (Garruche PI 01. 
1964). thc XRD tcchniquc was a l so  uKd to monitor a n y  
tramiorrnauonoiamorphous mmpIex inlocryadline mat- 
ttr during "aging" tuts. 

A tram amount or organic matter of about 0.25 was 
d e t d d  in the ~ l l i t t  soil, using the hydropxoxidr oxidallon 
technique (Jackson 1967). The amorphous materials dttcr- 



nrincd a~xarding to Scgalen'r (1%8) technique. lor rhc i l l i t lc 
soil. were as lollows: SiOl - 2.1%, Fc,OJ - 3.6%, and 
hl:0, - I. l To, for a total amorphous marerial content or 
6.111$0 by wcight. I t  is recognized that i t  is difficult Lo idew 
rify and, hcnce, isolate thc cffcci of  this inilial arr~orphous 
matcrial prmmt. sincc rcmoval o f  tbc amorphous cornpo- 
ncnts by sclcclive dissolution techniques may cause allcra- 
tion o f  wrc-f luid chcmis :~  a r d  pcrhaps somc dissolution 
of i l ~ e  solid mattrial consMuents. Accordingly, qu;mli!alive 
values ~ i v c n  are to be laken in the contexr of the method 
used and are useful only with rcspecl l o  a relative compan- 
snn o f  conccntritions of the variousconstiruents. Thisdots 
1101 apply to thc laboratow-prepared amorpl:ous silica or 
iron hydroxidt inasmuch as thwe wcre prcparnl as dmmbcd 
in the preceding section. 

Cation concentrations (soluble and exchang,cablc) ul thc 
port fluid, replaced by a silvtr4hiourta compltx (Chhabra 
er 01. IIYIS). wrr t  determined using an atomic absorprion 
spatrometer. Thc synlhmird amorphous materials show 
sodium concentralions higher lhan lhc rnher cations, as 
indicalrd in Table 1. T h i s  could be attributed to the com- 
plexation of sodium and hydroxylated surfaccs during [he 
prcpararion o f  the synthcsizd amorphous mattrial; hcnce, 
the adsorbcd sodium could no1 he wzshed off  by distilled 
waitr during the synthcrbng prwess The minerdogid and 
chemical composilion of the wils and aninrphou\ cuinplcx~ 
used i n  thc study i s  surnmarirr.d in Table 1. 

Zera polenlid rneusurfemcnr 
Detailed information rcgarding the 7 t h  polcntid mea. 

surcmcnt and i t s  conccpl is  gven in Appendix The zera 
potential o f  the soils, amorphous complex, and lheir admir- 
tures w;rs dererminrd with the a d  01 a zeta meter and 
application of the kIclmbolrz-Smoiuchowski cquation 
(Neimtn-r 1977). Only a rninutt quantity of specimen was 
required to preparc a vcr) dilute suspcnsion (about 0.02% 
solids conccntralion). Several agilalions were necessary 10 
brcak down the soil R w ,  lollowed by a quiescent period 
to allow the samples to quilibrarc with the buffering solu- 
tions (i-c., varjalions o l  solutions pH from 2 to 10). 

Viscosiry and Bingham yieid strpsr dcrerminaliofl 
For viscosity arid Bingham ylrld s k s s  tesu, ilw solidvcon- 

centraiion o f  the test sampla consirked or 5% amorphous 
complexm for tests on thesc materials. In  t c w  on lhc illilc 
roil and admixtures r i l h  arnorphoux complexes, the solids 
cunccntration for h e  test ~ a m p l u  consisled of 10% soil 
solids (or soil admintures). The lest samplcs (suspcnsionr) 
wtrc well shaken lo cnsurc unifonnrly and allowed to 
cquilibratc lor a period of 24 h bcfore detcrminalion o f  the 
Row characlcrislics o f  the samples. Thc vixosily values of 
the samples were measured using a rotating cylindrical 
vircometer (Contraves Khmmal 151, capablt 01 I S  dilferent 
shear rates incrtasing in gmmetric progrmlon. The shear 
slress war calculated through mcasurcmcnts or ihc torque 
requ i rd  to maintain a gvcn shcar rate, and the Ringham 
yeld strcss obtamed Irom the shear rate cume was used ar 
an  indicalor of the i low behaviour of 1hc ma~crial. 

turc had turned i n k  a w r y  linc powder. The powder, con 
mining 10% soil samplc, was compressed toap~roximately 
70 W00 kPa hy a compressor l o  obtain a thin-section speci- 
men. A blank sample (purr KRr) war a h  tested ar 
"hackgrnund" along wirh the orher san~plcs. Thc infrared 
spmrometric patterns were obtained using an infrared spec- 
rrophotometer (model ACOlI IAR manufactured by the 
Reckman Conpans'). TO minimize thc ctfccr o l  mokturc 
adhering to thc soil samples, the samplcs wcrc kept i n  a 
desiccator prior to testing. 

Srunning electron microscopic ISE.!i') srudy 
A JVC T3M1 scanning electron m i c r o s c o ~  was used to 

o b c  h e  microslructure o f  th t  roil - amorphouscomplcx 
admixture. The air-dried sampla from aboul I : IWU (solid: 
liquid) concentration suspension were coakd with carbon 
and subscquemly with gold-palladium ar required lo r  thc 
SEM craminalion. A vcry srnall amoum of roi l  and (or) 
amorphouscomplcx was obtained I rom ihe prcviousIy pre- 
pared and equilibrated samplcs lo r  immersion in a beaker 
conlainini: distil1r.d walcr at a p H  preadjustcd to 8 by adding 
NaOH or HCI. One drop of this suspcnsion was p ipe t td  
and placed onlo the SEM samplc stud ior air-drying bcforc 
coating with carbon and gold-palladium. 

For suspensions containing sampltr from moldtd soils, 
continuous agitation was performed for aboul 5 min lo 
ensure that complele disruption o f  roil rlruaural bonding 
was ob ta in4  A l l  of thc roi l  samples were a g d  lor approx- 
imately 1 months in a humid room prior l o  prcparation for 
thc SF.M tcsts. Thema~.,~lifation forSEXI tutswas x la t td  
a1 I S  MK) x bawd on the rcsults O f  several cxarninaliuns 
of  sampler. 

RrsullF nod discussion 

Georechnicd and phy.~icochemicd properli~s 
Tablc 2 prrscnts the t a t  resulls ofso111c basic gcottdmicd 

and physicochrmical propcrtics for i l l i i e  soil and amorphous 
complexes pmincnt LO this study. The waler conlcnl, con- 
sistcncy limits, and grain-size distribution wcre derermined 
usim the ASTM VI1980) standard methods as aatcd in 
~ a b i e  2 .  ~ydrnnlet;r fcsrs for evaluation or grain-size dis- 
tribution of thc m~orphous complexes (prcstnt in the form 
or gel) could not bc undertaken because of the tendency for 
floccula~ion or the complurm almost i rnmdatcly a l l t r  
blending. Thir phcnorncnon i s  not unexpcctcd in view o l  
tbe strong amactiw forccs present within the amorphous 
carnplm. 'Thc add~lion o f  a dispersing agcni did not achicvc 
the expcclrd dirprrsion o f  I E ~  amorphous complex, due 
pxhaps lo  the cuunlnrcactlon o l  the variable charged sur- 
facer, or ihc martrial. Tht specific surface area valucs were 
m u r e d  using the cthylcnc glycol monocthyl ether EGMF.) 
mmtion lechniquc(Eltanmwy and Arnold 1973). Thc cution 
exchange capaciry (CEC) rrar detcrmincd at a pH of 7 wirh 
a silver-tluourea complex as a cation-replacing agent 
(Chhabra er 01. 1475). 

As noted from Tablc 2, thc synthrsixd amorphous com- 
plexes shorcd varying values o f  consistency limits depcnd- 
ina on lhc MR, This can be observed, for exam~le. in ihe 

Infrared spectrometry IIR) srudy v i r  difference in the liquid-Iinut valk..  The l k u i d  l imit 
Thc samplcs were prepared by mixing onc par1 soll, or dccreaws from 847.6 lo  1BO. I h and subxqucnrly increasu 

amorphous complex or admkturr, with 10 puns o f  buffer- tn 364.5% ar tht M R  ol thc amorphouscompler varis fmm 
ing material (potassium bromide, KRr). Following mixing, 0 to O.W and thereafter to I. An apparent critical p int exisu 
manual grinding wzs carried out in a rnorlar until ihe &- at an MR 010.40, where the liquid and pbstic Iimiu exhibit 
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minimum values. As rnight be expecred, the spcific surface 
axear ofrhe amorphous complexes vary i n  rhe same manner 
a their wnslstcncy hmiu. inasmuch ai tht consistcnc) prop- 
erties are controlled by [he surface area or the amorphous 
complcxcs. Table 2 shows that a minimum valut o f  specific 
surtace ama i s  obtained at an MR of 0.40, corraponding 
ro the minimum values or consistency l imiu.  T h t  CEC of 
~ h c  amorphous complexes attains i t s  nmximum valuc at an 
MR 01 0.40, in contrart with the specific surrace x e a  mea- 
surements and consistency l imi~s. which arc a1 a minimum 
at 0.40 <U dl k noled in the discu&ons ro follow. whereas 
this mighr a p p  10 k incomistenl with inilial exp3alionr. 
thc :-I studirs on isomorphous sutstituuonr in arnorphow 
complcxes reporled by Cloos er 01. (1986) and Deiareau 
@I 01. (1987) suggest that thcsc subrtitutionr arc rtsponsiblc 
for [he oblervcd hchaviour. 

Specific surJuw urea 
The rerulrs gortrayed in Fy. 2 show that the specilic sur- 

face area [SSA) o f  frahly prepared amorphous :omplexes 
varier, irom 790 m'ig for the pure silica (MR -0) to 
670 ml/g for the pure iron {MU - 1). with a minimum 
value or about 500  m'lp lor thc mixed iron hydroxide and 
amorphous silica a1 MR = 0.40, indicating thcsurfaze-arta 
dependency on 31llorphous matcrial composition. As com- 
parative values, i[ i s  noted that the SSA for a pure Na- 
montmorilloni1c clay i s  appruxima1ely 800 r n ' l g ,  whcrcar 
the SSAs for kaolinilic and iUiric soils arc about 15 and 
80 r n ' i g ,  rcspecrivcly, whch in rum suggests thar the 
amorphou~ maltrial has a SSA dose to that o f  Na- 
monrmori1loni:t. Funhamorc, il h known that the higher 
the surfacc area. the neater the number o f  available sites 
lor chemical interactiom: hcncc. more alrenuation capacity. 
Thc variul io~~ olSSA o f  ihe amorphous complex wirh m m  
ratioexhibirsa V-shapcd curvc, very similar to that shown 
for tht consistency lirnirs. The same typc o f  relalionship i s  
also observed for the admix~urcs composed or a[t~orphous 
complex. and illiric soil. 

Thcvariable SSA mcerurrd as a result Of variarion 01 mars 
ralio o i  thc amorphous complex suggesls that the combina- 
lion of Si and Fe during lormarlon of the amorphous com- 
plex i s  not necrisarily a simple marttr u i  physical mixing. 
but rahcr a more complicatd procedure that also involvn 

FIG. 3. Carlon uchangc rapaci1)- mas ra!io relation&. 

chrmical inleraclion. The minimum value o i  SSA a1 
MR = 0.40 sugeesls the lormarim of larger parlicle sues 
for the amorphous complexes and the adrni~turcs. This 
would be conesrent wirh tht observationof r n i i m u m  vnlucs 
for thc plastic and liquid limits found a1 MUIH = 0.40. 
inasmuch as low warcr-holdine capacities are indicative of 
low SSAs. 
On the other hand, sincc th t  molewtar wcjghr of SiO; 

is less than that o i  FclO,, the proponionality in the mass 
or each component i s  diifcrcnt ior each MR. For cxamplc. 
a1 MR = 0.1. lhc mars or SiO; = 0.0166 rnollg o i  soil 
and rhe mass of Fc,O, .- O.M)1X4 rnol/g of soil, whcrcas 
at MR - 0.4, the mars or SiO, IS the same as for 
M R  = 0.1. bul rht mws o f  F e p ,  .- 0.011 mol/potsoit. 
This in turn indicates that at MK - 0.4. q u a l  mass of 
SiO, and F q 0 ,  i s  prcscm in lhc compltx mixture: hencc. 
maximum subs:ilution of Si" by Fe-' and optimum sur- 
face area or thc composition are obraincd. 

Tests on ihe i l l i t i t  soil and admixturts of rhe mil and 
amorphous complcxes aeed in a humid room for 1 year 
showed thal [he SSA or [he iUitic soil rua r i m i l x  to the 
"un-aged" soil ISSA or about 89 m 1 / g ) .  However. m 
shoan in lhc chtck samples in Fig. 2, a marked raducrion 
in rhe SSA occurred fur thc amorphous complex. Thc ageing 
eifec1 on the admixlures is no1 conridtrcd significant for 
the ptrcentage of amorphous complex uwd in rhe admLuurr. 
how eve^, it i s  expccred rhat, i f  the anorphow complex is 
increased lo  vducs rignilicantly above 15% oirhe mixture, 
[he a g h g  cftect would be noliccahlr. 11 is  not irnmediatels 
clear as to thc direct cause of [he reduction or SSA other 
rhan a "thixomphic" or aggregalion cfrecr icading lo  an 
increase in amorphous complex parkick s i x  This will be 
cxaminid in a larrr setlion in tht dixuuion providrd in SUP 
port or the StM study. 

Cotion and union exchunge cupacilles K E C  and AEC) 
Lsing thc cation exchange capacily (CEO and anior. 

cxchange capacity (AEC)  a indicators o f  thc capability 01 
thc roil adrnixrur~ to proride inlera~ion with thcindifferen~ 
ions, LC.. ions thar inreract i11 thc diffusc doubk layer and 
have the ab~tity lo influence the magnitude on t l~c m a  polen- 
t ia l  Sinct thc CEC and AEC value of  asoi[ masr, rcprcstnr 
thc surface ncgarivity and posi~ivity, r c r p l i v d y ,  the CEC 



Frc 4. Schrmalii rcprtxnlation of molecular rlruclurr of 
dru- i ron m u d  amorphour complrx. ', SI subrtiruted for Fe. 

and AEC wcrc mtasurcd a1 a pH o l  7 (solution pH) to pro- 
vide thc same basis lor comparison of surface-charge char- 
acttristics. This i s  necessary k a u x  ~ h c  CFC and AEC of 
$oils arc lunctioru of ~k p H  cnwronmcnl (Ruqueltt anti 
Hcndcrsho1 1987). T h e  CEC value dtrermjned by the 
fill'' adsorption whniqut  for wmt uSacd wnplcr, were 
comparable with those obtained by the silver-thiourea 
method. Thus. the CEC valucs prcscmed in lhis m i o n a r e  
thosr determlnrd by the l a t l a  technique. 

Figure 3 showsthcCEC rerultr lor both the amorphous 
complex and the admixtures. The rncasurcd CEC vdues 
range lrom S O  mcquiv./100 g lor the pure m n q h o w  iron 
tu 62.0 mequiu./l00 g lor lhe M R  = 0.40amorphoumm- 
plex. An inlermcdiale value of 55 mequiv./l[k) g w z  
oblained for the pure amorphous silica. I n  contrast with the 
trend shown by [he SSA relationship, ~ h t  CEC iraninverred. 
V-shaped curve wilh a maximum valuc at MR - 0.40. 
A similar trend is shorn lor the admixtures. Sincr theCIiC 
of thc illilic soil is 16.0 mcquiu./100 g, the addition of the 
15% amorphous co~npltxes wrva to increase the CEC of 
thc adrnixkurcs to about 2 5  mtqujv./100 g at MR - 0.4. 

Whereas one would expecl the CEC to incrcasc wilh an 
increw: in the SSA o f  ~ h c  amorphous wmplex or admix- 
lure, the contrary is oblajncd, i . t . .  thr maximum CLC i s  
obhncd when the SSA is at a minimum, a1 MU = 0.4 (refer 
10 Fig. 2). This appurcnt conlradiction is in actual factsup 
pond by the earlier work o f  lIerbillon and Tran Vinh An 
(1%9), w h m  an incrcasc in CEC was observed with incrcas- 
ing MR. The proposition 01 jsomorphous suhslilul~on o f  
silica atoms by iron d u r k  [he formalion o f  [he amorphous 
material has been made through a process which suggests 
that when the hydrous silica and iro11 ions were co- 
precipitating in thc aqumus solution, a numbcr o l  Si" 
ions can be r e p l a d  by ~ e "  ions. Thus, inslcad of form- 
ing Si(0H);. Fe(0Ii):is prduccd. The hUer b c m  one 
otgativtchargc, whereas the former i s  neutral. The cancepl 
of isomorphour substitution in amorphous matcrialr wat 
initially prop& by C 1 m  e l  at. (1986) for the cw 
prgipitatcd silica-alumina hydroxide, where lhe silica atom 
can be panially iromorphour substirut4 by aluminum mns. 
Most rmnt ly ,  Si4'-Felt rubaitution (Si4+ by ~ e " )  was 
also suegestcd by D&arrau er at. (1987). 11 is, however, not 
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Ftci 5 .  Negative surfact chargc dtnsily - marr ratio rtlations. 

yet irnmcdiatcly clear how iromorphour suhrtitution occurs 
and why i t  is maximir.cd at an M R  of around 0.40. 11 would 
k expected that not all of the negalive charges on ~ h c  sur- 
faces of thc silica-iron hydroxide arc thc rcsult of isomor- 
phous substitution. sin= lhe prwnce of broken bonds could 
constitute anolher source of negative charges. The former 
charges are permanent, whereas the lamr arc variable, i.e.. 
pFideptndtnt charges. 

Thc strudurc o f  the amorphous complcx shorn in Fig. 4 
is postulated on the basis or the following observalions: 
(i) urislcncc o f  Si", f e z ' ,  OH (0 and H '): ( i i )  thc 
amorphous complex i s  solid; ( i i i )  abundance of electric 
cbarga arising from broken bonds; ( iv )  isomotphous 
substitution o f  Si" by Fez+; and ( v )  polymtrisrn or 
molcculcs. The portrayal o f  both ntga~ive and positive 
charges on h e  surface o f  1hc amorphous solid shown in 
Fig. 4 recognizes h a t  the nega~ivt charges art due to both 
iromorphous rubslitution and the prestncc 01 broken bonds 
and that the posirivc chargcs arise only from the ctfcct or 
broken b o d s .  Thecharges =kited with thr broken bonds 
can vary in Jign dcpcnding on the pH of r he syrlcm (envi- 
ronment). By and large. a dccrcaw in pH is associated with 
an increacc in the amount of ps l l i vc  c h a r g ~  arising horn 
deprotonation o f  hydrogen @ r o d o n  o l  oxygen) alorns. 
I t  is conceivable that signiijcanl hydrogrn bonding may 
occur both within and oulsidr lht amorphous domains, ar 
suggcstcd by thc iotrarrd spwrornclry raulls, since thert 
are numerous hydroxyls. Mormvcr, a ct f la in amount o l  
cations, mastly sd ium in this case, can Ix adsorb& on the 
surfaces or the amuphour complm's paniclu by the 
ncgative charges. Thc amount adsorb4 is proponional to 
ihenegative surface charges, i.e.. CEC. I t  i s  a h  likely thal 
some cations can b t  mlrappcd bctwcn ~ w o  units o l  the 
amorphous marcrial complex. 

To p r d c  a mcam lor quantification of rhc surfacc activ- 
ily, tht conctpl or negative ~urlace charge densil) (NSCD) 
is inlroduced. The NSCD, which is expressed ar ihc ratio 
of IZU l o  surface area (maquiv./mz), provides an indica- 
lion or the amounl of negative charges per unit area. The 
higher [he NSCD, the grcaler is the ntgativily. Figure 5 
shows that the NSCD is m a x i m i d  when MR = 0.40 and 
that a vduc y. low ar 1.2 x lo-* mequiv./m2 is oblained 



lor pure amor hour iron, in conrrarr wilh 16.4 x P 10 ' mtquiv./rn at >lR - 0.40. This suggcrts t h i t  a veery 
small amount or negative char~cs arc &$sociared with pure 
amorphous iron md that thc negarive charge denrily i f  sig- 
nilicnnlly increued with the addilion o f  amorphous silica. 
i.e., up to !vlR 0.40. 

Thc KSCD for thc clay - amorphouscomplcx adminlurcs 
alrr, shows a maimurn value at MR 2 0.40, as rtcn i n  
Fig. 5 .  For ~ h c  pure i l l i~ ic soil, thc NSCD value calculattd 
from ihc  CEC and spccific surface area for rhc sod given 
in Tablc 2 is 18.0 x 10.' mequiv./m2. Whncas a compr-  
ison of the NSCD valuer lor the sol1 admixture a1 various 
UPS with the cai~uponding NSCID values for rhe amalhu 
camp!cr shuws that ihc NSCD of illitic day is higher than 
thal lor ihc amorphous complcx, the values are still lower 
than the NSCD valuc tor the pure illilic SOU. This i s  consis- 
tent k t h  the rxpxtalion that any addition of low-NSUU 
amorphous complcxcs w i l l  rcduce thc overall NSCD of ihc 
illitic soil. 

Thc AFX: wluer for the pure amorphous t o n  and the i l l i t t  
sod were obtain4 ar 1.0 and 0.05 mtquiv./100 g, resptr- 
tively. The AEC valucs for ibc rmorphous complex and soil 
ddmixlurcs and their rcspw~vc porilive surface charge den- 
sity (PSCD, ic.. AEUSSA) variationr with MR arc shown 

Clays D ? 4 Amorphous Complexes 

FIG. 7 .  I l I~I:~d:ion ot day-amnrptlous silica-iron ~omplcx 
inrcrac::onbc>rnd~ng mcchar~irms. CB, carion bridging: 
ESA. clcctrusratic attraction: tl-H, hydrogen borlrling: VW, van 
dcr Wads: WH, wa1r.r bridging: ', replaced by clmco: shorn. 

in Figs. Q and 6b, r tsp5ve ly .  11 i s  Ken that the AEC value$ 
arc gcncrally much l u w r  than the CEC valucs, crpcciaUy 
for l h o x  w ~ l h  a M R  less [han 0.54. Thc inrrcasing trend 
of TUX: and PSCD with increasing MRs noled in [he figurcr 
may be attributed lo r he incrczing iron content, Thc admix- 
tures o f  iUitc soil and amorphous malerids show higher 
PSC:Ds in conrrut WII h r hc amorphous cumplex for rht lwu 
MRs ponraytd in Fig- 4b because the S S - h  o f  the admix- 
lures a r e  lower rhan those or the amorphous rnalcrials. 
Although thc wloun: or p i l i v e  chargw is low, il i s  cxpccnud 
that thc posilive charso would conlrihutc lu rhe total inler- 
active f o r m  ihrough clmrosraric amaction. 

Since the amorphous ~~ra l t r ia ls  p o r s t ~ ~  b o ~ h  posiiive and 
negalive charges, polymtrirarion of [he amorphous colloids 
can occur in the d~vclopmenl of an amorphousda) soil 
slrucrurt, rcsulling in an arrangement vihcrc growth and 
attachnml of the amorphous "polymer" to day particle 
produces chain-like < I & )  - amorphous materials. Fieure 7 
illus~ralcs lhc polriblc inleraclions lhal migbl ocrurbetrvccn 
cla) mincrak and i h t  amorphour complcx. with assumed 
isomorphour suhslilulion occumng in theclay mhcrals. The 
development or thc arrmgrmcnts shown in Fig. 7 r ~ o p k %  
the potential for the lollowing interactive mechanisms. 
(1) Elecrmsraric arrracrion brimm clay surJuces und urnor- 
phous colloids. ( 2 )  Cation bridging f h r o u ~ h  udsorbed 
caIiow. as u specie/ case ~ / e I e c ~ r o ~ l u l i c  oftraction. This C L  
bc significant, since the~natcrials show high negalive surface 
chargm, esptcially at MK = 0.40, as indicated b, their CEC 
valucr. The higher ihe nc~at iv t  charges, ihc hrgherthcbtidg- 
ing strength. (3) Hydrogen bonding, i.e.. 0-H bond 
befween the claymineruls and she mnorphotu compler. f h t  
IK rtsults, which indicate lhc prcwncr or rignjficant 0 - H  
bonds. suggest [bat ~ h c  amorphous complca may have 
ptnerrared ~ h c  Stem laycr and kcomc physically adsorbed 
onto the mineral surlaas, lh t r tby  enhancing the van dcr 
Wads forces. Supprt for the bond lormation IS  found in 
~ h c  scanning eleclron micrograph? (Figs. 13b-13@, where 



amorphous coating oT [he f a c e  of [ h e  clay minerals is 
shown. It s h w ~ l d  bc notrd [hat undcr certai isi tuatiol~r such 
as h a 1  shown, Tor example, in Fig. 7b (ubbsile or brucitc). 
0 - H  bonds would noL be formed where the hydroxyls are 
exposerl 10 the amorphous ma~cr ia l ,  irlasmuch as ihc 
hydroxyls at one face of the clay minerals (i.e.. chlorite) arc 
hydroxylatcd. This specula~ion is supponed by rhe 1R 
rtsults, which will be discussed later. A maximum strength 
of hydrogen bonding has bwn  mcaurcd for soils with amor- 
phous material compmed at MR = 0.40. (4) Wottr bridging 
through 0 .ll bonds oJwoler  molecule^ This is admitted[y 
a weak bond. (5) Vun dtr  Wools Jorces. (6 )  Other bond~ng 
mechanism yet to he identified. 

%etu potenliol (%I>) 
The schema~ic representalion or the general naLure and 

d i s~r ibu~ ion  of ihc charges associated wilh the amorphous 
material and d a y  paniclcs given h Fig. 8 is similar lo  [he 
one depicted previously by Yong and Ohtsubo (1987) and 
is used lo inlerpret the Zp measurements for thc various 
alnurphous complcxcs artd clay admixlurc given in Fig. 9 
in relalion 111 pH vana t io r~ .  lu tcrprc~ing ihc %p as a mea- 
sure of ihe electrokinclic propcnies, and as a rcflcclion oT 
thr to ld  positive artd negative charges from all sources, i.e., 
the ncr resulranL E ~ ~ C E L .  Lhe values ~ncasurcd at various pH 
levels may be used to estimate ihc swcallrd isoelcctnc points 
(1L-P) of ihr ~ n i x ~ u r c s  (Yong a n d  Ohlsubo 1987). Sin= [he 
IEP is [he pH value ar which the I I ~ L  rcsukant rlcciric c h a r g e  
on the surfaces of [he solid frorn dl s o u r ~ s  arc- rqual lo  
zero, thr  eleclrokinetic po~en!ial is e x p m e d  to be zero at 
the IL-P. Figure 8 demonstrates [he influcncr of thc IL-P in 
rcla:ion to the changes in thc sign of the charges zssociarcd 

FIG. 9. &la polcnlial varia:iuns v i l h  p H  

wiLh ihc a~norphous  complex and thc udgc chargcs or thc- 
clay parliclc. The two cousidera:ions used to depict rhe 
charges associatrd with the clay mineral and amorphous 
complex are as Tollows: (i) most clay minerals havc both 
rlcgativr or pcrmanrnt chargcs on Lhrir Paces and posilive 
or  variable charges on [heir edges, and the permanem 
chargm d o  no1 vary wilh Lhc pH cuvironlncut, whrrcas ihr 
variable chargts on ihr cdgcs d o  change with pH: and 
Ii i)  the amorphous complcx POSSLXYS abundanl negalive 
charges from broken bonds and isomorphous subslitulion, 
but relatively few positive charges, (with ihc exception of 
amorphous iron), and rhc chargcs arrr~iaLcd with rhc brokcn 
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I .  10. ( 0 )  tlingham yield sfress - mass ratio rclotiuns; 
p I 1  = 8, 10% solids. [ b )  Bingham yicld slrcrs - amorphous 
cunlcnr relafions. 

phous silica, which is abundant in negative charges, 
i~tfluenccs rhc 11ct charge ( to  the ncgativc sido). This rxprri- 
mental results ohtaincvi confirm lhc luw AEC valu:s mea- 
sured Tor this group oT amorphous  complcxcs. Cunsidcring 
~ h r  Zp rosuhs in cumhination wilh the CEC,  A E C ,  NSCD, 
and PSCU resu[ls, one is led l o  concludr lhat nogativo 
chargcs prciiominatc on lhc surTaccs of  the nmurphouscom- 
plcxcs (excluding amorphous iron) and the clay admixtures 
under "normal" pH conditions (pII  5-10) This, however, 
docs no1 exclude ~ h r  cxisrcncr oT a some posirivr c h a r ~ e s ,  
rspccially lur irun-rich amorphous  complrxos. i.e., 
M R  - 0.40 and 0.54. 

B i n ~ h o m  yield stress /L! YSJ 
lnilinlly, a d i d \  conccnrrariun o r  10% (w/w) suspension, 

similar to rhal used by Yong and Ohlsubu (1987), was 
x l e c l d  lor  both amorphous complexes a i d  Lhc roil admix 
lures. Since ~ h r  amorphous cumplrxcs appeared as rhick 
gels, e s m a l l y  lor  the MR = 0.10, rhe solids concpntration 
wa% rcducrd 10 57'0 lo  facilitarc lrsting. As cdn b r  seen in 
Fig. lDa, [he rheolo5cal hehaviour u l  the amurphous com- 
plexes is relatcd to the MR. I h e  Bingham yield slrcsr (RYS) 
is uhscrvrd 10 d~xrcdsc  significrnlly wilh an i n c r e a e  in the 
IVIR, up ro a value 01 0.40, apparenl[y due  to the viscority 
of the complex. Thc cflect oT pII o n  lhc BYS o f  lhc  clay 
ad~nixlurc  with 15% amorphous complcx a1 M K  -; 0.40 
war also evnluarcd, as i l lurraled in Fig. lob. The  BYS 
increases wirh a decrease in pII  from 9.5 lo  6.5, due  appa- 
rcnlly lo  thc incrcascd inrcrparticle elcctrostalic atlracrion 
wirh d ~ r c a s i n g  pH. The snmc mend of change wilh pII w u  
also observed Tor the consislency limirs. 

As rhe same given wmpusi l iun  u l  amurphous complex, 
i .e . ,  MR, rheexperimcnlal results ponraycd iu Fig. 1Oh show 
an i n c r a s c  in BYS wilh an i n c r w e  in lhc amount  of 
admixed amurphous cumplcx, duc  apparenlly to rhe 
increased viscosity and bonding acrion o l  the amorphous 
cornplcx. A luwering of  the suil p H  luwards acid condilions 
ensures a more flccculanr amreeared panicle arrangemen1 
and hcncc favours clay particle - amorphous c o m ~ l c x  

bonds arc  variable in sign according lo the 1l.P p H  of rhe inreractionr, a r e n d  in ihc rncuurcd i n u e a s d   see 
v...+..- Fig. 106). In asscciariun wilh rhe fluccularion of panicles, 
> , = L C " ' ,  

The  ner charge oT thc amorphous complexes and clay 
admivlure shown in Fig. 3 w r i o  rrom negative Lo positivc 
a Lhc p H  of Lhc sysrem p w  t h r o u ~ h  rhe IEP. From rhc 
measured 79' vaiuts shown in Fig. Y Tor ( i )  the amorphous 
complexes, (ii) rhe laburamry illiric soil, and (iii) Lhc soil 
admixture. Lhc IEP valuesdetermined from rhe inrersenions 
uT rhe plolrcd curvcr wilh Lhe Z p  linc can be oblained. 11 
is inleresrjng lo  nole rhar [he addiriun or  154'0 amorphous 
cumplcx ( M K  - 0.40) did not significanlly alrer lhc shape 
uT the %p curve fur the illile soil. Anolhcr s l r i k i u  fearure 
of the resulD is shuwn in rhc shapes of  the Z p  curvcs for 
lhe various amorphous com~lexes  wirh MRs ranuinx from 

eleclroslatic allraclionr arising from a highcr edge( +) lu 
face[-) cunfiguration a n d  furccs are  enhanced. Funher-  
mure, il is expected rhal edge(+)  lo  face(- )  assmiation 
development is favourably promored as thc p H  rnovfi 
rowardr the I E P ,  ar which iimc maximum clcdrusiaric 
armaclion would occur as a result of rhe presence ol cqual 
amounls of pusilivc and ncgativc charges. This tvnlualion 
of i ~ ~ c r c f i i n g  RYS wirh decreming p H  ir in agrecmcnr with 
rhe work by Yong and O h ~ u b o  (1987), wnceming [he varia- 
tion of BYSs with pII Tor a kaolinire-Terryhydrite syslem. 
Their results showcd [hat [he kaoljnite and ils admixturt< 
with ferrihydrjre (amorphous iron) p roducd  maximum BYS 

, . 
0.10 lo  0.54. l'h&e curves &e quile simiIar and;ekvely vames aroma me '''. 
closc Lo cdch olher. ~ccord ing~ ; ,  thc IEPs for thcsc com- 
pIexes are  no1 signifjcan~ly difrerenr. In l h t  cak u f  purc 
amorphous iron (i.e., MR = LO), one observes a signifi- 
cam diffcrencc in the shape and position of lhc curve, and 
correspundingly lhc  IEP is significantly differcnt from lhc 
r E l  of the amorphous complexes. The large difference in 
Lhc 7.p shown btlwecn the purc amorphous iron and [he 
other a m u r p h o u  complcxrs, whcrcamorphous silica forms 
p a n  of ihc complex, suegesu lhar rhe presence of the amur- 

Infrored spectrometric stlrdy 
Even rhuugh infrared s p ~ r r u m c l r v  (1R) is mainly ro sludy 

rhe presence and smength o f  urganjc Tunclional groups, use- 
ful results were obtaincd t o  permit one lo inlerprct thc mwh-  
anisrns of mineral - amorphous compIcx inlcracrion. l 'hc 
presence of abundanl hydroxyls in ihcamurphous complexes 
increases l h t  likelihood o l  hydrogen bonding berween the 
clay minerals and amorphous c o m p l c x ~ ;  a likelihood thar 
can be evaluared rhrough IR analysis inarmuch a the pur- 



FIG. 11. Infrared s m r a  of arnor~hwr rnnlrrial and i t s  admuturcr with clap. (0)  Amorphous wmpkrcs. ( b ]  Amorphouscompkx 

pose or 1R is todaect the p rwncr  and, hence, to quantify 
thc arength of hydrogen bonding. 

Figure 11 shows the IR results of thc amorphous com- 
pkxes and the amorphous complew admixturrs with iUitic 
soil. Tk IR pattern o f  ihe blank specimen (potassium 
bromide, KRr) used as an incrt rncdia. showed no peak but 
a clcar background. The resutls noted from ihe 1R patterns 
lm the individual sampk indicate lhat there are five main 
p k  1requtn-q bands rcpreseming, rcspmively (from high 
to low irsquemv), (a)  frcc S H ;  ( b )  bonded 0-H, including 
intra. and inrmokculas and dimcrk-polymeric bonds; 
(cl  capillary condensed or absorbed 0 - H  t i ther 
polymolcalaly or by mnohya: (6) S i O :  md (e) unibcn- 
t i fmi.  A summary of p u k  frqurncy and intensity o i  e c h  
individual samplc is givm inTabk 3, which is taken d i m l y  
from the experimental data shown in Fig. 11. Tht T i 9  
description in Tablr 3 is the wavelength, and the mud is 
the intensity a t  lhc specikd wavclcngh. The dexriptions 
of each Irrquency band in lcrms of ( i )  inrmtity, ( i i l  func- 
tional group, and ( i i i )  type o i  vibration o f  t l a t  functional 
group are summarized in Tabk 4. bapcd on the work of 
h l e v  and Lygin (1975) and Parker (IWl). Free - partially 
fret 0-Hs arc setn l o  br prescnl mainly in l h t  illitic roil. 
An iniercsling observarion concerns the next r h r a  bands, 
especially b and d.  I n  band b, peak frequency is shifted 
upwards as the MR of amorphws complexes varies from 
0 to 0.40. Moreover. the m h u m  rh i f i  towards a higher 

frequency number wcurs at MR = 0.40, where the 
stronger1 hydrogen bonding appcarr. Correswrdinply. moS 
samples exhibit d u d  0-H p k  intensities at MR - 0.00. 
A similar observation is oblaintd for the wcak 0-H group 
in band c. I1 i s  sllspared i h a ~  an incrtaw in 0 - H  bonding 
slrenglh must be accornpanicd by a relcvanl dm- in the 
tanding strengrh o i  an adjacent group. Indeed, in band d. 
a reverse relationship. opporitc to th t  0-H bonds, b 
observed between the pcak frequency shift and the MR tor 
Ihe SiQ inleraclion. M m  speeirwdly, the wcakrst Si-0 
bonding strengfh is found looccur critically for thr sample 
with MU = 0.40. This phenomenon is known as the 
bathochromaric ctim. Two possibililies may explain rhc 
observed barhochromatic effecl. Firstly, the silicon in the 

OH 
t 

Si-Ogroup acts with r k  adjacent hydroxylr to form -3-0 
1 

OH 

aoupr. and this interacrion can apparently weaken i h c S i 4  
iorcrmol#ukr bending arrngrh. Sewradly, bccausr of silim 
iron polymeriza~ion and isomorphour suhilu1ion, Fc may 
axupy a po i l ion  next to tbc 3-0 group, torming an 
Si-0-Fc chain ar shown in Ti. 4. Since iron is more 
chemically aclive than silicon in t e r m  olprotonation. the 
in-between oxygen is artrancd to thc iron. rhcrcby reaulriog 
in a rdunion 01 Si-O bor.dmg suength. It u wry Likdy lhat 



TABU 1. lntrartd sludy rtsults uf soil sampler rhouing peak lrequcnc) and intenrjry 

Arnurphaur malrrral W R )  IHilis soil + amorphous 

Band range Si(0HI. FelOH), 
Class lwavc  number.l/cm) 0.0 0.10 O.U 1.0 Llhrir soil O O I S  O S l  0.4/15$# 1.0115~m 

T ~ B L €  4. Chawrcruli*: inI~nrcd bands of various groups cncountercd 

F~cqucncy 
rang Type 01 

Clsr (wave numkr. l lcml lnrmiry Grwp vibralion Descriflion 

b 3 S @ W  Swung (sharp) O-H Strclching Boncltd O-Hs 
including h a -  and 
inlcrrndccular and 
dimcric-golprk 
bonds 

Wmk (3harp) 0 -n  Swcrching Capillary 
condcnxd or 
akorlxd O-Hs 
cilhcr 
polymokcularly or 
by monolaycr 

Srrong (broad) Si -0  Slrelching Bonding lrcm and 
Si-0-Si 

e 800- Variable {broad) ? Slrctching Vibra~ion of Si. Fc 
Al. 0. and H 
inrcractionr 

 nor^: TaMc baed on K i x k v  and Lyme ( 3 9 7 5 )  and Parkcr (1971). 

both mechanismscan occur simultaneously in theredwiion 
of Si-0 bonding strength. 

Scanning eleclron microscopy /SE.W) 
SEM d r o ~ r a p h s  (photographs) were obtained for xrmt 

selected samples aged for 3 months. Analysrs of their 
microstructure are made bawd mainly on the following 
observations and comparisons. 

Amorphous mo~erial 
Figure 12.-1 W present the micrographs or the amor- 

phous complcxcs with MRs or 0 b u r r  silica}, 0.10. ON, 
and I (pure iron), respectively. One commodobreruation 
made Irom the four micrographs i s  the irregular shape of 
thcir n~icrostruclurcs, which conhms the XRD study. 
Unlike rhc clay minerals, this noncrystalline mamr (amor- 
phous marcrial) does not take the lorm o l  plates or i n d i t e  
sharp edges. bul father spherical not uniu that form largc 
amorphous malerial clouds, as seen lrom the micrographs. 
espwially from (Fig. 12cj, where the M R  = 0.40. The dif- 

Itrtncc bctween amorphous silica (Fig. I )  and iron 
(Fig. 12d) is not only rhc opacity, ar s e n  very clearly by 
tye, but also th t  form, which consists o f  large udorm. 
smoo~h-looking clouds, compared with ~ h c  latter, which rr 
seemingly lcss uniform and roughcr. The silica-iron m i d  
hydroxide at M R  = 0.10 (Fig. 12b) and MR = 0.4 
(fip. 1 2 )  showsa vcrydirtincr fabric arrangemew. I n  r e m  
of shap, the M R  = 0.10 amorphous complex i s  morc 
uniform and finer, whereas thc l a m r  is uniform but IS 
coarser and tends to aggrqatt. Mortovtr ,  ir is vcry c a y  to 
idrntify each individual fabric unit in Fig. 12c. where rhc 
spherical-sham panicles can be O b s e ~ t d .  This is, pcrhapr. 
an indication of arong intcrrnoltcular atuaction, resultirg 
probably from thc hyd rq tn  lmnding datcled in rhc I R  tmt. 
cation bridging, coulombic forces, etc. 

Illiric clay und umarphour morerial 
The iUitic clay, as shown in Fig. 130, is sctn to have m, 

amorphousmaled mating onmost of the panicle surtm, 
though some fine panicles, locattd in th t  centre, arc seen. 



Fiti I?. SF.hl rnhophutos i~obv u l  amorphour r n a ~ e r ~ a l  complextr ul [h  mau rnriur or 0 (o), 0. I ( h ) .  11.4 (c), w d  1.0 (d). Scalr 

T h m  finr panicles ma) conrisl ol colloid fractions o f  h o ~ h  
ouneralr and original m ~ o r p h n u s  lnalrcr. O n c  may notice 
t h s  coa t ingolaroorphou colloids o m o  clay p u l ~ c l e s  m u m  
imrncdialcly after the amorphous rnalcrial I S  i n r r o d u c d  i n  
Figr. 136-IM, amorphous colloici?: ;ire adsorbcd rni~inly o n  
the facts of ihc finr panicles, wherem thc edges reniair 
mortly I rcc or co[loids, 1-Itis evidencc suegcstr thaL at  
pH 8.0, [he negalively chargcd amorphous material IS 

a l t r i r tcd to thc nrgativc f a c a  of claf pan icks  by at  Icaqt 
lhrcc mt.chanisms: ( i )  0-13 bonding. ( 1 1 )  cation hridging 
acr ior~ ,  and ( i i i )  coulombic (electrorta~icI f o r m  

Thc firs1 m~hanism has been suhsta!~t~arcd h) tkc In 
rcsulrs obtained, as discussed p r c ~ i o u s l ~ .  Thc <ccorid rncch- 
anism can hf d d u z d  frnm thr  high n m l i v c  surlacc chvees 
(CECI n w x u r e d .  .+. noted previoudy. calions cxirt in 
hclwecn ~ h c  iaccs of thc clay pa-liclcs rnd  amorphr~ul col- 
Inidr, formmg a bridge. Thc lhird mrchmisrn is dirrttly 
~ n l c r r r d  I ~ o m  [he resulrs o f  the CEC and ACE m r m l r c -  
mcnl< ,  111 rc la t~on ro thc n c g a t ~ d y  chargcd i x c s  that clcz- 
rrortalical!g atlract th~pos i t ivc lycharged  edgm o f ~ h t .  clay 
parl~clcr .  

T h t  cifccl of rentoulding can bc s c m  in ihc micrograph 
shown in Fig. 13d. wht r t  a co l l apsd  strucrure with a morc  
facc-to-l'acc w.ociation is observed, with some ainorplious 
coi~ting on tlm faces. ' I l e  microphntovaph show in Fig. I 4  

for  pH 7 6.5 indicntcs khat no  significant difference cul 
be noliced, cxccpl that morc co.ating o f  amorphous  par l~cln  
seems LO cxisr in cnnrru t  wilh that o f  MR = 0.40 a p l I  8.0. 
The  i nc rus inp  tendency ol' amorphous  mattr ial  waling with 
d c c r w i n g  p l I  to pH 6.5 is duc primarily t o  the  increased 
eleclrostalic al t racl ion.  Thi r  c x p e r i m e n d  finding inatchrs 
the previous work rtponcd b! Yong and O h u u b o  (198:). 

Cuncludinpl r tmarks  

The  expenmenml rcsulu ohlaincd from thk study indjcarc 
[ha t  amorphous  matcriall corrsirting of FQO, and SiO, will 
exhibit dilfcrcnt propmicr  and characteristics depending o n  
t h t  p ropon ions  o f  Fernl and  SiO,. A d d i ~ i o n  o f  the  amor-  
p h o ~ l s  materials 01 various propon ions  (i.e., amorphous 
complcxcs)  t o  the  illitic clay smdied  shows tha l  Ihc propcr- 
tics o f  the  clay admixture will also vary according t o  the 
p ropen ie s  ol the amorphous  cumplcx, albeit t o  a lesser 
degrce. Thc  propcnics and bchaviour obsmed for the amor- 
phous  complexes and  the  clay a d m i x t u r a  can k iinked 
direclly ro [he large speci lk s u r f i m  area a d  high surfac: 
charge ol' thc amorphous  c o ~ n p l c x c ~ .  Thc rpx i f i c  surlacc 
arca m c a w r c d  for  rhc omorphou<  complexes varicr from 
almost  800 rn:/p, t o  a minimum o f  500 rn'/g and  subse- 
quently t o  a v a h t  of 677 m ' / g  a Ihr m a r  rat io increase; 
f rom 0 t o  0.W ro I ,  rcsp3mvrly.  Cal ion  exchange capacity 



Flc 13. St:M rnimopholgraptu r d  ( o )  l l l i l c  soils. ( b )  illirc %oil and ~ S E D  amorptroui rnrlrr~al ar a mass rallo 01 0.10, (r! ~[l i ie  roll 
and 1 5 %  ~rnorphour rnaraial at a rnzr ratro olO.4 in  un3irfurkd ilalc. and (dl dlitc i w ! ~  and 1 %  amorphoui nld:crlal at a mau 

Frr; 14 S l : M  rnicrophoropr~ph of  illi:c roil and t5ao 
wnorphour nrrcrial at a m a s  faun of 0.4 and pII = 6 . 5  Sr'alr 
bar = t 0. 

The sonLrihution or mnorph~us con~plcxa lo the clay - 
uiiorphous C O I I I ~ ~ C I :  mi.irur= (clay adrnixturc~) is  iuol'o!d: 
firsrly bv Lhe nnloum o l  anrorphour coniplcx in lhc clay 
adrni.irure, and stco~~dly by ihc composition of fhe amor- 
phous complex uscd. 'l'hc cooiribu1ion from lhc aiuorphous 
complcx i s  in l w o  forms: ~atcr-holding capariry and bond- 
ing action. Whcn [hc an~orphous complcr prcsenr in rhe clay 
admixture conslslr primarily o f  dica (up ro 3 mars rario or 
0.25)  or mainly o t  iron (beyond a mass ratio o f  0.60). rhc 
iewlmnL syxuific surface area is largc. [hcrcby producing 
s large walcr-holding capability. H o w e r e r ,  whcn ihc amor- 
phous ccmplex h u  a mu ra~io at or closc co 0.40. thc rerul- 
tam minimal specific surface arrd w i l l  prolluw corrcspan- 
dingly m i n j ~ ~ ~ u ~ n  ylauicily and water-holding capacity. 

Bccause of lhc prcscncc or pH-dependenl surfxc charges 
associa~cd w i th  [hc amorphous con~plcner. thc 
phyricwhcmical p r o p 4 c s  and bchoviour of  rhc clay admix- 
tures  (e.p., liquid lirnirs and reia porcnlial) v a r y  with the 
pH cnvironmcnr. C'axing n l  amorphous collo~ds onto clav 
particle surfaia, shorn b:- scanning t l t c~ ron  microscopy. 
appears to kcnhanccd by a decreasc in pH from 8.0 lo  6.1 
o l  thc sysrcm. I t  may be dcduwd [hat 1h5 enhanccmcnt is 
due LO ihc incrcawd clcctrostaric at~rac~ion which is a ruulL 
of the incrwrcd amounts of posilivc chargm on the amor- 
phous colloids. 
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Appendix 
?el0 polenrial IZpJ 

Zela p o t c n l i d  ir an cxper immtal ly  dd r rm incd  potent ia l  meafured in l h c  d i f fuse double layer. Thc c x a a  
cmplaccmcn l  whcr t  th i r  potential  i s  rneaturcd remains q u n l i o n a b k .  Defined t o  bc close t o  t hc  shcar plane 
of a coUoid or a charscd surface, Zp is o i l c n  descrikd 3s the  potential  at tht sur iace ot shcar. very closc 
lo the Stcrn lay= (Hitmclu 1919). 



818 C a y  CEOTLCH. I .  VOL B. 1P91 

Dirccr associalion between Z p  and a panicle's surfact and Srern layer renders this propeny a valuable 
tool l o  invesligatt adsorption and particlc interactionr. Changcs in Zp and electrophormic mobiliry could 
provide valuable information in  rhe ernplacrmcnt o f  adsorption (i.e.. inside or oursidc the  shear planc) 
(Hicmcnn 1979) on ( i )  the formation o f  rhc adsorbed polymer, ( i i J  [he polymer's abiliry to  compress a 
particle's dif luw double laycr, ( i i i )  the countercharge cffwt or adsorbed polymcrr, end ( i v )  the selective 
adsorption of polymers on clay edges and (or) surfaces. 

Zp changts could k directly used lo  cvalua~c Ihe slate or dispersibilily o l  a systcm itom a microscopic 
point o f  view, with application to a soil's dirlocakion, pipinu, and ermion suscepribility (Yong and Seth 1977). 

Mtfhod of culculotion of Zp 
Elmmphoraic mobility was measurcd by tracking 10 individual panicles per data point. Triplicale poinrs 

wc rcco l l~ led  (total o f  30 tracked paniclcs) and averaged. Calculalion o f  a sarnplc's clcc~rophoraic mobil. 
ity (EM) war, carried out as follors: 

where d i s  length o f  micrometer division (160pm). I0 cm is lcnglh o l  rhe cell lube. t is time in seconds 
lo  maverse one division. and V i s  voltage applied (volts). Zp (in mV) calculations wcrc derived from the 
Helmholtz-Smoluchowski equalion (Yong ef 01. 1987b), which reads as follows: 

4r.Vt.EM 
z p  = 

Dt 

where Vt  is viscosity (in wises (I P = 0.1 Pa.$))  or the supending liquid ar 1S0C, and Dt is dielectric 
constant of the suspending liquid at 25'C. 


