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in the Canadian Geotechnical Journal.
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A Coupled Heat and Water Flow Apparatus
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ABSTRACT: Ty study the perfermance of a compactec bufier ma-
teral under thermal and setheral condeions, a coupled keat and
waler Dlow apparatus is designed and presenied. |noihe preliminary
design, 3 one dimensional Now of keay and water was not achiced
However. conlrod of temperalure gradient, cxiyience of one-dimen-
wonal Now, and umilormity of temperature and volumciric waner
wamient distnbyeons at any oross seclon wilhin 1he specrmen are
dctueved an the modified dengn

Erpenmental results have shown that the temperature stamilizes
ver rapidly aiter a peniod of approsimately €107 days The mansturc
movey awady from the hot end aloop the longuodimal dipection w7 1he
specimen due /o imposed theemal gradiend The time receared for
moisiuie b slabilize 1% in arder of days

KEYWORDS: moisture, Now, wemperaiurs. unsaiurated flow . ox
pansive, transsenl. insulation. cochng, one dimens.onal, diffusion

Safle ynd permanent disposal of radigacting wante reguires iso-
lziwen ol 2 numbere of diverse chemical elements from the en.
vironment The Canedian Nucléar Fuel Wasie Management Pro-
2ram wy asysesang the concept of dimposing of waste in a vaull
cxcavaled ar a depith of 200 o 100 m below the ground serface
in plutonic reck af the Canadian Shield. Besides the natural tow-
permeability rack. a number af enginecred Larners are used o
imit radignuclide release. These are the corrosion-resislant con-
tanner, the buffer. and the Backfill. The ¢ontainers will be placed
it borehotes dnlled i the floors of emplacement rooms and
sepraraled frum the host rock by benlonite-3and butfer material.
The remamder of the vauit will be filled with an canhen, ciay-
based backbll

The buffer and backfi), wili be compacted clay-based materials
with low jonge and hydravhe diffusivties ($heung et a. 1937
Mohamed 1 al 19900 The mineral compositicns and eogineer-
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ing preperties of the buller and backhll have been reponed
clsewhere {Gray and Cheung 194n: Yong et al. 1935) The he-
draulic pressure, temperaiure, and solute concentralions in the
piare water will vary spatally and temporally in the clay barrer
materials Meln-fow of hest, waer, and disselied salds. n-
cluding radwauchides released from breached containers, wll
acewr in the clay barmiers under the chapging driving gradients
{Cheung and Gray 1990 Mohamed et al. 1990;

In the Canadian disposal vault, demperatures and hydrsuhc
poteniials in the buffer and backlill matenial are e3pecied 1o Le
as follows,

Temperaitres

The heat produced by ragioactive decas of the waste in the
container will be dissipated through the boffer backhlt. and rock.
The temperature wel decrease awas from the contaimer, and the
temperature gradment wall be mghern the repon clasest 1w the
contdiner. The wawl v designed generally ro hmit maximum
temperature at the surface of the contaner to 10T ar less,
Adfter 500 years |the mimimum design contaner lfenme (Hancox
BGEY. container surface wmperatures wil be less than 100°C
and a maximum femperature gradient of 1"Cim o the buffer
evtimated Irom the overall heat sransler processes.

Hydrauln Condrions

The hydrauiie candinions in the bufler and backiili depend on.
amang other factars. the permeability of 1he surrounding rock
The naturaly lower permeabanty of the inftact rock can oe sig-
mfcantivincreased by nawral fragiurey Excavation of the vaul;
wili induce fractaring in the rock surrourding the excavation.
and the exterd of induced fracturing will depend on the exca.
vatipn method, geomedry and crientation, and the stress field in
the rock muss. For the Canadian dispusal vacl, o 15 proposed
that the rooms and shafls will be excavated by blastinp. the
boreholes 1n which the bulier and waste wiil be emplaced wil!
e drilled or bored.

The time ol tukes (o walor-saturate the Darner materials andei
im-siu rock conditions gt the Stripa Mine, Sweden has been
vestigated | Fusih e al 19651, This study showsd that the back-
il could become virfually wale: saturated inoa lew years The
nme o wall fake b saturate the buffee i the borcholes will be
longer and will vary wath the frequency with which natural waler-
bBeating fractures are inlenccted By the Mrehole and the avai.-
agility of groundwater.
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During the presaturation period. buffer near the container coula
undergo dryng, shrinkage, and cracking due to heat-induced mois-
ture movement away from the container. These processes tend to
reduce the buffer’s thermal conductivity, resulting in higher con-
lainer temperatures and perhaps further moisture movement. The
condition of the buffer near the rock will depend on the degree of
thermally induced moisture redistiibution and the moisture bound-
ary conditions, Thus, 1o 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 progesses of heat and moisture transfer is thus important
to confirming in-situ buffer performance.

This study is focused on the transport 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 together 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 foilowing two approaches were used. The first
approach is mechanistic (Philip and Vries 1957) and requires that
physical propérties 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 transport
equation. Yong et al. {1990) presented a comparative study using
Cassel et al. (1969). in which the calculations were made for a
nonswelling s0il and showed that there is a difference of at least
one order of magnitude between the values calculated for the
isothermal water diffusivity eoefficient by the Yong and Xu (1988)
model (based on experimental data as well as on an identification
technique) and the Philip and de Vres (1957) model (based on
a mechanistic approach). The discrepancies with the Philip and
de Vries model can be attributed to: (1) 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) within the system as moisture transfer progresses
have not been taken into consideration for swelling soils in the
Philip and de Vries medel.

The second approach (Yong and Xu 1988: Yong et al. 1990:
Mohamed et 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
vatues 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 distributions as functions of space 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 temperature .

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
apparalus.

D"Scription of the Apparatus

Testing Cell

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

1. One-dimensional heat and moisture flow has to be ensured
for simplicity in measurement and analysis.

2. The temperature and hydraulic gradient can be applied in
the same or opposite directions. The range of the temper-
ature gradien! and the maximum temperature in the soil
are 20 to 500°C/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 in the Canadian Nuclear Fuel Waste Disposal Vault
(Yong et al. 1989, 1990). For example, before the near fietd
hydraulic conditions are reestablished and during the early
stages of closure of the vault, the system may be simulaied
by a closed system. As the hydrauliec conditions reestablish,
the buffer adsorbs water from the surrounding rock and the
system is simulated by an open system.

3. Under the imposed temperature and/or hydraulic gradients,
the soil pressure—due to swelling and thermal expansion,
temperature, and soil moisture content—has 1o be meas-
ured as a function of time and space. This criterion is adopted
in order to provide the necessary input data for modelling
heat and moisture flow in buffer material. 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.

4, The cell has to be sufficiently nigid to withstand the high
compactive forces used in specimen preparation and swell-
ing pressure of soil during heating and rewetting.

Prefiminary Design

A schematic design meeting the above criteria is shown in Fig.
1. Each end of the specimen can be heated or cooled with a
temperature-controlted plate. A pressure transducer (h—Fig. 1)
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 ({—Fig. 1). The PVC liner is capable of resisting the com-
pactive and swelling pressure. It is then encased with concrete
(m—Fig. 1) and steel tube {(n—Fig. 1) 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. 1). Its role
is 10 act as a heat sink so that the constant temperature of the
concrete can be maintained and the temperature of the end plates
can be lowered to create a temperature gradient within the buffer
material. The dimensions of the specimen are 203.20 mm in



d:ameter by 87 00 mm 0 lengih. This atrangement in dimensons
s ontended tan (U provede one-dimensiozal flow al heat and
meisture m 1he middle third of the bufier material; and (2 he
used for tesi:ng the back{ill matertal which contains aggre gate
sizes up to 20 mm (Yong <0 al 1986,

Temperarure (ontred Lirtee

Temperature gradients in the buffer marerial were imposed
by heating anpe of the end plates with a 1.24-W [ning-typel element
heater. The dimemsions of the heater are 63 30 mm in duameter
by 762 mmon thickness e Fig. 13 A copper piate 11— Fig
1) was housed in the piston base plate (c —Fig. 1) w ransmi
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the heat to the buffer matenal. The dimensions of the copper
plate are 20320 men n diameler by $.35 mm o chickness. The
heater supply was avtomatically coatrolled o mantain the con-
slani elévaled lemperature required at the end plate. The 1em-
perature control wmi wsed in this investigation iy shown in Fig.
2 Each time the heater was acivated, the lime tonalzer would
recurd the (otal time of heater supply cutput, from which the
wumulative thermal encrgy was calculated, Tt should be noted
that the beater diameter 15 about ane third of the copper plate
diameter. It was assumed thar the heat could be conducied very
rapidty and there nould be no loss of heat from is surroundings.
Thus will be shown later 12 be insufficent IUneeds 10 be further
conreyted.
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Temperature Monitoriag Uni

The 1emperatores wizhin the buller matental were monaitored
by Type T {Copper-Constantan] thermoccuples, each encasedd
n a stainless siecl sheach, & 20-position rotary selecter is sel 1o
read the vapous thermocouples installed {Fip. 30 A& Tepe T
thermocouple ampliber and linearzer unit is used o comvert the
thermocouple millivolts to degrees centigrade te be read by 1he
digital valumeters.

Mlaterial and Method

Maperiaf

The buffer matenal s¢lected for this iveshigabion was a lab-
oratary-prepared mixture of sodium benonite [Avcnseal) and
graded Induspun sapd [in equal proportian by dry weight) The
detaled campeosition of the berianite has been reporied by Quig-
ey [1984). The mixing salurion wsed 15 “reference’’ synthetic
gramtic grouvndwater {GGW) according to a reope given by Abry
et al. (1982} The liquid limit of the Avonseal clay was 284 0%
and the plastic limit was 4075 whale the prain size distribulien
was W% sand, 12% silt, and 85%F clay. The specilic proportions
of the mixiure were chnsen hevawse af 1heir petentially aliractve
physical. chemival, and mechanical propernes for the requared
perfarmance crileria adopted by the Canadian Nuclear Fue! Wasie
Urisposal Program Currently under Investigation by AECL Re-
search.

Specimen Preparairon

Specimens were prepared by mixing the above speafied ben-
wnife and sand marerial with GOW water ta reach a water
cantent of about 197 Specimens were stared in a humid coam
for a period of one week 1o allow equilibration, To achieve a
LetMegm' unilarm dry depsily, specimens were divided nte
fve layers and a koown quanity of wet material compacied
stazeally in exch layer. Thermocouples were placed inside the
soil specimen after compaction at differem positions aiong 1he
length of the specimens. Alfter the installation procedures, spec-
imeny were left for a period of 24 b 1o equilibrale. To check the
uniformity of imhal warer conlent and dry densiy, ong specimen
woas taken oul and sectioned inlo nine portions belore tesing

1t was found that the distributtony of waler content and dry
density were uniform within 1%,

Following the above-described procedures, specimens were
heated at eoe end by the heater [o a comtant temperature, and
the peomeler of the specimens (i.e.. (he goncrete <ection ardund
the specimen) was cooled W a knuwn censtanl temperature.
Tempéralure measgrements as a funetion of space and bime were
recerded during heating, Furthermore, tests were epded al gif-
fereni times and the specimens were seciioned imie fine pornions
To determine the moisture distribulions aleng i fength.

Experimenial Results

Frefimrnary Design

The tes1 results af two series of enperiments are dewribed
below. En the first senes, Tast Moo 1 was evaluated a1 a 100PC
elevated temperature and a heanng e of 24 days 1 the second
serics, Tost Nas. 2, 3, and 4 were evaivaied for the same bound.
ary conditioms but for different times al which mogsture distn.-
butions were measured. Table | presenls inibal and beundany
conditiens for the two serigs conducted in she heat and moisture
flew apparatos accordimg 1@ s preliminary design

Fiest Serter

In the Brv senes, omiv Test Mo, 1 was performed For a long
penod (24 days) 1o determine the maximum tisme reguired 0
estabihsh the equiiibrium monsture conrent distribution. The 1em-
perature profiles os a funchen of space and time are presentedd
in Fig. 4 [ar a hme period up to one day cnly. The temperature
distnbutions from 1 day to 23 days are ot shown in This ligore.
For ume greater than ane day, the temperatre disiribusion pre-
files were pasitioned i & Aarsow band between the ast 1o
pratiles. [t cap he seen from Fig. 4 that the wemperature distrie
hutiony stakbriize very fast. inabeut 0016 days. For waler content
detlerminalicns, specunens were taken (rom the center of the
heated speaimen uving 4 sampler with 67 73 mim dameter and
200 mm lengths as shown in Fig. 6a. Speamens were then
exttuded from the sampler and sectianed inlo nine porgons for
volumetne water content deternunations. The volumetng wates
cantent distribucion alter a peviod of 24 days, i.c._ a1 the time
the west stopped, J5 prescnted in Fig. 5. The vcoometne watet
content is defined as the ratio between the volume of water and
the volume of sclids, V.. waler and ar. ¥, ne.,

f— t:l
T L

] -

-

Second Aeres

Test Mos 2.3, and 4 are included 1n the szcond senes as shawn
i Table 1. The only difference beiween the varcus tests is the
duratien of bhme at which the water content distnbutions were
measured. As an example for Test No. 2, the nme at which the
water conient i» measured iy 3397 days_ 1.e., al which time the
fest was stopped. In this preup. only expenmental data from Test
Ma. 2 will be presented due 1o the sinulanty of the resolts.

The temperature disttibution prohles at the ceater af Test Mo,
2 a4 a tunetien of space and tme are presented in Fig 7. It can
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TABLE | — Varmews tesf condinm condicped dunng e prefiminary design

Test
irtial Conditent Roundary Condinony Digratian
W ke Vedumeine Dty Heawer Coaler Teul
Conient, Watgr Density, Temperaturc, Tempei Mure, Dwraton.
Tt Senes Tesl Mo, 3 Contem Mgm? s T days
First 1 20 T 03013 1.46 10 15 PER LI
Serooid s 19 39 075 | 42 10 5 237
3 1538 O 2749 143 106G 53 4.995
4 19.07 02T 1.43 00 15 11.970)
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FIG. 7 — Temperaiure disiribution prafles for Test Na 2

be seen that the temperalore distribution stabilzes n a period
of (.198 days, thus reaching a steady state condition, For lime
grealer than 0.198 days. Ihe 1emperaiure profiles were posilioned
in a narrow bapd between the last two profiles, ie | for times
0. 126 and 0,18 days. However, 10 highlight this (ype of 1emper-
atyre distributions, Fig. 8 presents the temperaiute distribunions
a5 3 function of ime for three positions ol thermocouples along
thie {ength of Lhe speaimen. For example. at 3 dstance of 5 mm
from the heater the lemperature rises up 10 §2.00C after 0313
days and drops o F40°C after 277 days. This relaxation in
temperalure commences after the water moves due to the im-
posed thermal gradient and can be atiribuled 10 the phase change
of the water into vapor. Simitar behavior is abserved for 1he
ather two positions as shown in Fig. 8.

Furthermove, it can be wen from Fig. 7 that there s a differ-
chie of XF'C berween the hrating element and 1he closest saoil
layer 1o the heanng element. This Jdifference can be attribgted

to the radral flow of heal from the copper plale ay well as from
the soil specimen ttsell. To justily this statement. the lempecature
distnburions in a vertical cross section inside the specimen at
steady state condition are presented in Fig. 8 The contour lines
ol #qual temperature are gencraled by the compuler by inpotting
the lemperature values for dilferent positions mside and at the
perimeter of the speaimen I seems that due to the cooling
temperature, which is 15°C ar the boundary. there 15 a gradient
ol vemperature 3t the inlerface of the specimen with (he heater,
and hence Lthe wemperawgre distribures in a radal direction. At
the same lime there is another gradient of iemperature in the
longitudinal direction. This means thal 1the 1emperaure vatied
in 1wo dimensions within the speamen.

Additionally, the temperature distribution is related to the
volumetnc water content distribution within the specimen, as
shownon Fig. [0. From ihe vlumetric water contents a1 different
tacalions inside the specimen at lacations prven (n Fig. 68, con-
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tour lines wers generated by compuler la cover the ares under
invesiigation, The moisture moves away from the healer side o
the other sides longitudinally and radially. The volumetric water
content disiribution s high towards the betiem and 1he perimeter
of the spetimen. When the test was stopped, a cone shape of
dry matenial 1n the middle of the spedimen was noticed. The base
of the cone s tn contact with the healer, and 1the apex of the
cane lies in the longitudinal direction, which is perpendicular to
the heater. According 1o Ilesi results. 3 tal mass balance before
and afrer heating was mainlained.

It will be recalled that 1he prelimmary design assumed that
within the middle 1hird of the specimen, measured in the radial
dircction, one-dimensional Bow of beat and moeisturs in the lon-
pradinal direction could be achieved. However, the previous
discussion hughlights the existence of a twe-dimensional flow of
both peat and meistyre within 1he whele specimen. Examination
of the temperature distnibution in the middle third of the spec-
ymen (Fig. 91 highlights the nenupiformity of the temperature
disiribyton at any ofoss section. A simlar result can be cen-
cluded from the volumetnic waler contend distribulion presented
in Fig. 10, This demonsirales thal the condilion of one dimen-
sionaliry does not exist within 1he specimen even in the midde
third. Therelore, a new specimen size was designed tn order o
achieve the one-dimepsional Row of heat and moisture during a
prolonged heaung penod. These changes will be addrossed in
the next seciion,

Maodified Design

Beiore giving deiaibs of the modilied deswign, it 15 appiopnale
to nake that the length of the specimen could not be decreased
due 1 1ke Joss of usefol measuremenis of temperalure and vol-
umneteic water contents atong the length of the specimen. The
other alternauve was to increase the diameter of the specimen.
This would creatc a problem in handling the cell in fermy of
movement and compaction To ensure one-dimensional heat flow,
the radial boundary nesds 1o be made a4 close 1o adisbalic &5
possible; this was achieved by placing a smaller dizmeter spec-
wnen within the onginal test apparatus and providing rachal ine
sl a%a0m

A sthematic diagram of the new specimen size is shown in Fig.
11. Specimen dimensions aré 80,50 mm in diameter by 87 00 mm
tn lengin. The specimens are enclosed in a pew, insiatled FVC
tube measuring 80.50 mm and 9. mm in inner and outer
diamglers, respectively. The spate belween the new, installed
and previously desipned PWC ubes is filled with styrofpam to
minimize rachal heat flow,

Before engaging in & fuld spectrum ol testing, the apparatus
was checked lor the following cases,

grarara b COnCiae

*0P 0 mm

21910 mm

130 o
F- mm |
- il

FI1G, 11— Schemane diggram iifcstrating ihe new spraimen dimensions
wied i rhe third series

Case I: Cooling Temperateure

Case 1 considers the effect of cooling remperarure on the 1em-
perature distribution wilkin the specimen. This can be achieved
by conducting three expeniments Firstly. no cooling temperaiure
& wsed duning healing of Lthe specimen: hence the 1emperalure
in the outer boundary al the apparatus is a dircel response to
the imposed boundary temperature by the heater as well as any
radial \emperalure dissipation frem the soif specimen. The initial
and boundary conditions for Test Mo, 5, which represent this
copdivon, are cullined jn Table 2. The test resulis in 16rms of
temperature distnbution profiles are presented in Fig. 12 The
1emperalure distribution profiles a1 a funciion of ime and spage
within the specimen are shown in Fig. 122, Temperature distn-
buuicns at three didferent cross sections across the apparatus for
heating time ol 0. 146 davs are presented in Fig 126 From Fig.
12a, it can be secn that the temperature increases as a function
af time for each position of thermocouple wilhin the speamen
as well as within the P¥C adjacent o the concrete and the
concrete itsell. Temperature distributions show 2 tendency for
equilibfivm with the specimen afier approaimately 0.13% davs.
However, the temperatere distnbuotions within the ouler PVC
and concrete show a leadency lor an ncrease in Temperaturs
wath lime, Therefore, for a longer penod of heating lime the
temperature in the outer PVC at well as the concrete might be

TABLE }— Yaricus reni conditigns conducted during the modified design

Imitial Conditions

Boundary Conditions

Waler Yolumeine .- Dry Hreater Coolker Test
Coment, Waier Densay, Temperature, Temperaiure, Drurainn.
Test Series Test Mo % Conlemt Mg:m? 'C * Descnphon davs
Third 5 1.0 o.M 1.67 100 s Mo cooling 2418
Fourth 3 1900 0.110 1.67 LoD 10 Cooding cnd platc onty 0.216
Fifth ¥ m oy 1 &7 JLid] 10 Cooling end plae and 013
Lem a2
Sixth ) 1%.00 (e 1) 1.a7 100 1 Codling end plae Lol 0 M0

SO TRIS
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mcreased to an equal or higher values than the temperature at
some posihons within the specimen. Hence, the boundary con-
dition will not be conwrolled and the accurate modelling of heat
and mass Now will be difficult to establish.

Furthermaore, the lemperature distibulions at different crass
sections shown in Fig 126 demonstrate the sxisiense of a tem-
peralure gradien! across the appacatus in the radial direction.
The rea! question can be stated as foilows: [s there any radial
gradient within the specimen or nod? I there is a gradient in the
radial direction within the specimen, oné-dimensional flow of
heail and moistigre will pot be achieved. Therefore, Lhe temper.
ature disiribution within the speamen in the radial direction has
to be measured. This will be discussed in & later secnon of this
paper.

Secondly, cocling temperature is used only at the opposile ead
to the heater via circulalion of coid water at a specified wcm-
perature on the battem of the base aluminum plate {j— Fig. 1)
Therefore, the boundary lemperalures arc constanl al Lthe £x-
treme iwo ends of the specimen. The initial and boundary con-
ditions for Test Mo &, which represents this condinon, are oul-
lined 1n Table 2. The test resuits in terms of lemperahure deinbubion
prafiles are presented n Fig. i) The 1emperature distnbulion
profiles a5 a function of space and hime withan the specimen are
shownn Fig. 134 Figure 138 gves the temperature distnbubion
at [our different cross sechions across the apparatus [or heating
time equals 0416 days. Simular results to Teyt Ne 5 have been
chlained except that the nme réquired to reach cquilibrium is
longer than that required Tar Test Na. 5 as shown from Fags. 124
and 134 Alo, one can note the differeace 10 the shape of 1he
temperatuie distribulion profiles, ve., temperature profiles for
Test Mo § are steeper than those for Test Mo, &

Thirdiy, coohng temperature is used in the concrete section
as well as in the opposite end plate 1o the heater The heater
temperature is sel 1o 100FPC, while the cooling lemperature 15 set
to W0C. The manial and boundary condinons for Test No. 7T,
which gepresents this condiion, are owilined in Table 2 The e
results are shownin Fig, 14. The lemperature distnibution profiles
as o function of space and time within the specimen are shown
in Fig. 14a. Temperature disiibutions at four different cross

Tempw wure, dagraa G
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SECnons acrass ihe apparatus far heatiag time eguals 0317 days
are shawn in Fig. 145,

From these three difierent cases of boundary conditions, the
preferred case is Case 7, where both the basz plate and the
concrele are temperature contreiled and codled Cooling con-
crete increases the efficiency of the base plate heat sink and also
provides controlled testing boundanes. Although the radial 1em-
pecature gradients are higher. 1he effiaency of the msulation i
such o sufficienily setard radial hean Mtow, thus gving whe-
dimensiomnal conditions.

o order te fully ensure one-dunensional flow of heal in the
langitudinal direction wathin the specimen, one last check for the
uniforauty of the temperature distributien in the radial dicection
at any position within the specimen has to be execuicd. This
situation will be discuysed in the nexl sedicn.

Case 2: Kadial Temperoture Dummiblilion

As disoussed above, inooder 10 ensure 2 unifonn 1emperatore
distribution at any cross section, Tesi Mo, 8 was conducied, The
witial and boundary conditions for Test Mo, & are shown in Table
2. Threc crims sections are used to measure the lemperature
distributions within the specimen as a function of ume. Each
Cross section has two thermooouples; Nos. 6 and 1 are placed at
50 ram from e heaking plate, while thermecouple Nos. 5 and
3 are placed at 82.0 mm from the heatiap plate. Thermocouples
Wos. 4 and 7 are placed approximately at the middle of the
specimen, 1.2, at 42 mm from the heating end, The heating plate
wan 21 Ta 100°C and the cooling system (o 10PC at the start of
the test. These boundary conditions are cxactly the same as thorse
of Test Mo, 7. Temperatures are measured as a function of time
for all the insened thermocouples. [t can be seen from Fip. 15
thal the temperature distnbulion at any radial cross section is
umiform as a function of Ume. Hemce, there is ng lemperatore
gradient within the spectmen in the radial directian.

The above discussion of Case Nos. 1 and 2 demonstrates the
importance of the use ol a heat sink to extract the hear from the
apparatus as well as to control the temperature gradients within
the specimen and its surrounding components with insulation.

Theaw MetaBupi & Tiblarw e
Irgm H el g Plate

o mm

18 mm
i} mm
40 mm
B mm
2 mm
Pw
Concrye

AR R R X RN

L e T ———————

1 ! 106G

Tima , min

oo 000G

FIi. 1da-— Femperanure divinibulion prefiles for Teal Ne. 7



g6

GEDTECHMIGAL TFS7 NG JOLRMNA

4]
@
o
)
2
»
'
N N,

-, ‘-M
.
we L boTs eg
- -y
—— _rzrca

L r,--‘] """ TteL_ 0 C

Sact.an C-C
]

“

angigigH s agil siimaandgongrer

d ol

. | c
BQ &0 mon
: ¥

A 4D mm |

i

203 2¢ mm

|
+

im1g 10 mee

330.22 mm |
| ol

FIG. [b—Temperatee dupribanan aceass the gppardho aiter keatemg e = 0007 dan

Jor Tear Sa 7

Funthermare, untormay of temperaiore distribuonon n the radal
direction within the sipeoimen proses the eusience of one-
dimensional flow of heat in the longitudinal direction. Therefore,
the modified design for hear and mass flow apparaius demon.
strates the potential use af this apparatas o swdy the coupled
thermial and roisture flow in bulfer material. The next stdtion
addresses the performance of buffer material due to imposed
lemperature gradient as an e¢xample of {he exporimental daia
Iha: can be obtamed from thiy new designed apparstus

Temperature and Motsinre fNsirbutions

In the final secies of the experiment, Test Nos 4, 100 11, and
12 are ncluded. The initiel and bBoundary ¢onditaons for the
seventh series are presenled i lable 3 The only difflerence
between the tests in thi senies s the ume at which the tesls are
stopped and specimens sechoned (of volumeiric water content
measurements. Test Mo 11 was stopped immediately after the
lempralyre distibulion reached equulibrium, and specaimens were

sechoned inlo mine portiens for volumelrnic waler confent meas-
ueement. Each parugn way 80,5 mm an duameier by 9.7 mman
rthickness At that ime are could nol measure a nativeable var-
ation i solumetnic water conteal distribunen due 120 the t1ime
reguired 14; (1) remove the speckmen from the mould, {23 cul
1he Spesimen into nine portiens, and (3 take measurements.
Visual inspechion af the secnion after cutting for volumeiric water
content measurement mdicates that the water conlent was umni-
formily distnbuled in the radeal direction. This w expected due
ta the uniformuty of femperature in the radial dircenion at any
cross sweenon Therefore. the tme at which the water conteni
was Tl mcasared wis ncreased to 0.294 days.

Me to the similarily of temperature distribolions as » function
of space and ime for all the experiments 10 the third series,
termprerature distribution profiles are preseated only for Test No
9 Figure 16 presents the temperature distribunion profiles for
Test ™o, 9 for varous me intervals Figure 16 jndicates that
the difference between the heating ¢lement and the soil layer is
complewly ehiminated, which indicates that there s no radial
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FI1G. 15— Temperaiure disiribution profiles for Test No. 8.

TABLE 3— Various test conditions conducted to siudy temperaiure and moisture distributions.

Initial Conditions Boundary Cenditions
Water Volumetric Dry Heater Cooler Test
Content. Water Density, Temperature, Temperature, Duration,

Test Series Test No. %o - ., Content Mg/m? °C °C days
Seventh 9 18.42 0.3076 1.67 100 10 0.985
10 18.96 0.3166 1.67 100 19 2.792

L1 18.84 0.3146 1.67 100 10 0.083

12 19.03 0.3178 1.67 100 19 0.294

Temper ature, degres C

100
80
80}
70F
80O Time (days)
60 —+ 0.008
- 0.
a0l 0.017
~¥% 0.027
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FIG. 16— Temperature disiribution profile for Test No. 9.
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Now of heat and henee Saform moshore distribotion in the radial
direction as discussed in the sixth senes, 1.2, Test No. & Tem-
perature reached a steady siate condition after (0.107 days.

Figure 17 presen:s the volumetric water content dissribution
alung the iengiudinal dwection of the specimen fw Teu Nos,
9, li, and 12. The volumetric waler conlent redueces at the hat
end due 10 the induced heat flux o this booadary and moves
fom the hot end along (he longaudinal dieection. The firs! meas-
urable profile s achieved after U.2%4 days. ARer approximalely
three days, the volumeinc water conlen! reduced at the heates
side 9 115, while at the cold end i incroased 10 4072 All the
cxperuments in the seventh series show a mass balance as shawn
m Fig. 17.

Cunclasions

A coupled heat and waler Now apparatus, 1n which a specimien
iy confined between top and botiom aluminum end plates and a
perimeter copsisting of & FYVC liner, concrete, and sicel, offer
2 means by which {0 study the performance of bufler under
thermal and isothermal conditions.

[n the pretiminary desgn of the apparatus. one-dimensional
Mow of heal and moisture was ool achizved [n spite of the
specimens’ diamelgr-length ralio of 2, radial Now of heat and
mcisture was demansirated by the experimental data.

in the modified design, a new rato between the speomen’s
diameter and leagth was designed 10 be equal w 0.92. More
eHective insulation between 1he new side of the speamen and
the old perimeter was ngluded in the new apparatus. The thard,
fourth, and hith iest wenes, ie., ted Mos. 5, &, and 7, demonstrate
the usefulness of 1he cooling sysiem and properly designed in-
sulation 1¢ conlrol the temperature gradignts and o entate 1he
existence of one-dimensional Mow. Tesl series Mo, & demon.-
strates the uniformisy of lemperature and volumetnc wiater con-
tent distribulion at any €ross sechon in the radhal direction within

the specimen. Good qualily data [or lemperature and volumetoc
water confent distnbutigns wers obtainad.

The ‘cmperature disinbution stabibzes »ery rapdly afier a
penod of approdimately 0,107 days, The moisture movés away
trom the hot end algng the lengiudinga] direction vf the specimen
due to the impesed thermial gradient. A good quality measure-
menl of volumetne water content was achieved afier a period of
0.2%4 days. Addilionally, Ioial mass balance was achieved during
the heating period, which indicates that there 35 po mosture loss
due 10 evaporation

The temperature disinibulions as well a4 volumelnic waler con-
tenl dislribolions as a function of space and (ime aré ey im-
partant jrput data i grder to calenlate the diffusion parameters
as a tunction of tempetature and viumetic water conlent as
demonstrated by Yong antg Xu (1988). Yong et al. (1990}, and
Mobamed, et al, (19901, Future studies will address the calcu-
lation of the dffusion parameircts apd cabbrate the different
midels which predict the Qaw of keat and moisture in unsatu-
rated swelling huffer material.

Acknowledgment

This study was hinancially supported by the Canadian Muclear
Fuel Waste Management Program, which is jointly lunded by
Alomic Frergy of Canada Limired (AECL ] and Ontano Hydro
under the auspices of the CANDU owners group.

Refecences

Abry, O B M., Ahry, B G, F., Tichpor, K. V., and Vandergraal,
T T.. 1952, “Procedure to Determine Sorpion Coellicienn of Radiy-
puclides on Rock Coapons under Static Condivions,”’ Techpacal Recond
TR-i89, Ateruc Energy of {anada limuied. Pinawa, Manitoba.

Casset, . K., Nieben, ¥ R., and Biggar, }. W, 198%, " Soil-Waier
Movemenl i Response 1o Imposed Temperarare Gradiens.” Sof
Sewemee, Vol 33, pp. 493 - 500



Cheung, S. C. H., Gray, M. N., and Dixon, D. A., 1987, "Hydraulic
and Ieopic Diffusion Properties of Bentonite/Sand Buffer Materials,”
Proceedings, Imernational Symposium on Coupled Processes Affect-
ing the Performance of a Nuclear Waste Repository, Berkeley, CA,
pp. 393-407,

Cheung, S. C. H. and Gray, M. N., 1990, "Coupled Flow of Heat and
Mass in Clay Matenals and Is Significance to Barrier Performance,”
1990, Annual Conference, Canadian Society of Civil Engineening,
Hamilten, Ontario, pp. 18-27.

Gray, M. N, and Cheung, §. C, H., 1986, “Disposal Vault Sealing,”
Technical Record, TR-375, Atomic Energy of Canada Limited,
Pinawa, Manitoba, pp. 235-263.

Hancox, W, T., 1986, “Progress in the Canadian Nuclear Fuel Waste
Management Program,” Canadian Nuclear Society International Con-
ference on Radioactive Waste Management, Winnipeg, Manitoba, pp.
1-9.

Mohamed, A. M. 0., Xu, D. M, Yong, R. N., and Cheung, 8. C. H,,
1950, " Application of an [dentification Technique to Evaluate Dif-
fusion Parameters in a Coupled Flow,” Proceedings, IASTED Inter-
natonal Symposium on Modelling, Simulation and Optimization,
Montreal, Canada, Z. Jacyno, Ed, pp. 103-105.

Nielsen, D. R., Jackson, R. D., Cary, J. W., and Evans, D. D., 1972,
Soil Water," American Society of Agronomy and Soil Science Society
of America, Madison, WI.

Philip, J. R, and de Vries, D. A., 1957, “Moisture Movement in Porous
Materials under Temperature Gradients,” Transactions of the Amer-
ican Geophysical Union, Vol. 38, p. 222-232.

Pusch, R., Borgesson, L., and Ramqvist, G., 1985, ““Final Report of the

MOHAMED ET AL. ON HEAT AND WATER FLOW APPARATUS 99

Buffer Mass Test, Vel, 2: Test Results. Stripa Project,” KBS-Sp-85-
12. Swedish Nuclear Fuel and Waste Managemen! Co., Stockholm,
Sweden,

Quigley, R. M., 1984, “‘Quantitative Mineralogy and Preliminary Pore-
Water Chemistry of Candidate Buffer and Backfill Materials for Nu-
clear Waste Disposal Vault,” Report AECL-7827, Atomic Energy of
Canada Limited, Pinawa, Manitoba.

Smith, W. O., 1943, “Thermal Transfer of Moisture in Soils,"” Trans-
actions of the American Geophysics Union, Vol. 24, pp. 511-523.
Taylor, S. A. and Cary, J. W., 1960, ** Analysis of the Simultancous Flow
of Water and Heat or Electricity with the Thermodynamics of Irre-
versible Processes,” Seventh International Congress of Soil Science

Transactions, Vol. 1, pp. 80-90.

Yong, R. N., Boonsinsuk, P., and Wong, G., 1986, "'Formulation of
Backfill Material for a Nuclear Fuel Waste Disposal Vault,”” Canadian
Geotechnical Journal, Vol. 23, pp. 216-228.

Yong, R. N. and Xu, D., 1988, “An Identification Techaique for Eval-
uvation of Phenomenological Coefficients in Coupled Flow in Unsat-
urated 5oils,” International Journal for Numerical and Analytical Meth-
ods in Geomechanics, Vol. 12, p. 283-299.

Yong, R. N., Mohamed, A. M. O., and Cheung, S. C. H., 1989, “Ther-
mal Performance of Backfill Material for a Nuclear Fuel Waste Dis-
posal Vault,” Symposium, Scientific Basis for Nuclear Fuel Waste
Management, Material Research Society, Vol. 176, pp. 649-656.

Yong, R. N., Mohamed, A. M. O., and Xu, D. M., 1990, “Coupled
Heat-mass Transport Elfects on Moisture Redistribution Prediction in
Clay Barriers,” Engineering Geology, Vol. 28, pp. 315-324.



Abdel-Mohsen O Mohamed,! Ravmond N, Yaong? and Steven (. H. Cheang®

Acthorized Feprrt 14992 Fom Geolechmgal Tesing Joumil, Decamber 1952

Capyright Amencan Socety [or Testrg and Malennls, 19168 Aage Sireet, Philadephu, PA 19103

Temperature Dependence of Soil Water Potential
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ABSTRACT: To urndesstard the promcas of cogpied heat and water
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The safe and permarent disposal of radicactise wasic requares
that a number of divere chemcal elements be isolated from the
enviromnment for a lung tme The concep of emplacing the waste
ina vawli excavated in the plutenic rock of the Canadan Shield
Al @ depth of 500 ' 1000 m below the serface is being evatuated
as part of the Canadan Nuclear Fuel Water Managemert Pro-
gram. Im additzon to the natutaly low.permeeabilily Tock, & num-
ber af engineered harriers such as the corrdson-resssrant can-
tainer, the bulfered wasie containers. and the backfill in both
dnft and shaft are used to imu the release of radionochdes from
the solidificd waste, ds shown in Fig, L The corrosion ressiant
containers will he placed in boreholes dnlled 1ato the Nooes of
the emplaccihent rooms and separated {rom the host rock by a
bufter matertas. The rerainder of she vault will be Biled with
an catthern lay-hased backhil

‘RBasearch assogiace, Ceeotechnical dcscarch CUencre, xiljung) profas.
sor. Civil Enpineeting Depapment, Mclnll Loversiy, BLT Sherkrooke
50 West, Monireal. PO HIA K6

“William Scot: professor, Uil Ernginsering D=pariment, divegior,
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The Bufler amd back i witi ke compacied cav-based materials
with low onic and byvdraulic diffusvizies {Cheune er al, 1985
Mohamed et al 1990), The mineral compositions and cngineer-
ing properiies of the hulfer and backitll were reposted by Gray
and Cheung (19861 and by Yoog e al. [I1986). The hydraulic
pressure, lemperature, and selule concentralions i Lhe pore
water vary spatially and temporally in the ciay and barner ma-
teoats. A mulu-flow of heat. water. and dissolved solds, in-
cindimg radionuglicdes released from breached containers, s ex-
pecied in the ciav barriers wnder changing drving condibons
{Cheung and Gray 1995, Mohamed ot al. 1990

The Phihp-de ¥ncs model {Philip and de Yoes 19577 is gen-
crally used to predict the mavement of mosture under nan-
isothermal condiions. The change in sinl waler petential with
temperatire (or a given water onfent iy attnbated salely to the
elfects of wemperazare on the surface tenstons of the water {Wilk-
wson and Klure 1962, Gardner 9220 Flandmsan and Jensen
1972, Yonz et al 2969, Nimmo 1983). These warkers wlso sug-
eesied thal the temperature coefficient of the swil water potential
increases because of the presence of solute §a the sl solueion,
which changes the emperare coefhawn: of the water’s surface
tension and the proseace of entrapped atr. A owmber of iNves-
nearors (Constante (985, Flooker ¢ al  [998) studied Sthe em-
perature degendence of the sl waler potenual They conduded
that. {11 for coarse soil, the dependence 15 aboul ds slrony as
expecied from the surfage ension hypothesis; (2 (o the Nioe-
grained sou. the dependence s apnificamly aronger: and {3) the
temperature dependence mgeases wh e drvness o the s,
The nvestigalion of the temperature dependence was not ex-
tended ro inglude wide rangesalemperature o mosiure content
or the efiect of swelling soils such as bemcante ¢iny Peck (1960).
Chahal ¢ 1960, 1965y, de Backer {1967 and Cary (1957 ) ipves-
ngateed the influenge of entrapped air on the e mperature voed-
ficient of the sail «ater patenoal

This sludy » designed to esgminie 1he eftects of lemperalure
on sonl water poteptial for the clay.-bawed waling matenals being
proposed lorihe Canadian noclear fuel waste disposal vault. Tag
clays, Avonlea bestomte and Lake Agasar clav are Beng can-
sidered for the buffer and RackDll matenal. Asonlea bealonite
is dishinguished from Lake Agassiz ¢las by ats high surface area
and high swelling potential in water Inoa seres of experiments,
the two Clays were mixed wath sand and were then compacied
tw o dry density of 167 Mg/m' under sarious mosture contents
and temperatures. A psychrometer was placed within the com-
pacled cray 1 determine the soil water potential based on the
electromotive ffes measured By the ychrometer using an
equalion derivéd on the basis of psychromeine principles and

£ 1952 by the Amarcar Society lor Testing and Malanals
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equithnam thermoedsnzmicy The émpengyl equations rejaling
the sl water potectia. wilh the mosiure fontent and \emper
ature of the two ¢luy-sand mistuces are prescnted The Wil waten
polentaal calcutated Fom experemental data and from ke surface
tensien cifect [the Philip-de Yoy madely s compared o1 the
twir clay sand miatures.

Dieeiption of Test Facility

Pestray Celfl

The folipwing crinena were considered in the despen of the

water polenlia, cell test eguzpmant.

I. The unsaturated clay sonl specumen is complotely sealed in
thigh Teflon o present evaporation of wingr on escaje of air

2. A large mass ol clasy matena) s reguired o vover the vahire
vhamber wali of the psschromete: This elimimates any temper
alure differences betwaen the chamber and the reterence junc-
hoon, and also memmuzes thy error asscoigted wilh the heaving of
arr {1.e.. adecrease 0 relative humadies arisine from the increased

vapacty of the air to kood water vapard

The test equipment showen schematically i Fig 2 was devigaed
to meet these criteria, Baswals the unsaturated ¢lay specimen
in statically compacled al a specfe:d water content and consant
dry density. The specinen in sciroended by o ngid Tefloa Laer
s Lhat any wolume chinpe m the s specomen i negliphble
duning testing. The specimen and 1he Teflan liner are enclosed
willim cast tron to assure furilier ripid suppornt,

FPsvehrometer

The peychromeler used (o measuce the sonl waker potentia
cunsisls of a specimen chamber where the drop i the wel-bulb
temperature can be measwred (F1g 3) Usoally this wet bulb s

CONTAINER
EMPLACEMENT ROOMS

E CUMTAINERS

v ool @ pnclear feed waale diypoin i

Thermacg upde wir g

15 rm :%/ /////':/ /‘///‘/_//‘/// — Thraarsd rog
1 R 7Y
&5 mim ? . ; ' é Tatirn
I ‘ [/
= N7
2 2
3 - 1A . Cerame bp
wen, 1 Uty e
7 4
2 C . ////""—GBE L
A b - -
1]
’ =Y
16 mm ? %
e 0777 W / 772
M mm_ -
- l25 5 T _—
—-— 15 )
FIG. X - Traf faeess,

one puncian af the thermotouple with the reference junction an
the specimen chamber wall, The water polental of 3 specimen
is vaboulated from the temperawcre difference between thess 1wo
Junciiens gisen by ehe thermocougle electromotiee force (EMF

A thermocouple measurement 15 based on a difference 1n
resistances, which represent the dilferenge between the jupetion
lempcTalure 4t the head of the paychromeler 1esl chamber »here
the cheomel and constaman wires are fasigned (o the contecting
pii. The offsetl reading, obtained after iniualization, should be
less than 3w for a meaningful measurement, as specified b
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{1} eflan inzert

i€ {2] copper heat sk
&)
13} chremel-constanian
L] thermrocouple
i (4} copper lead wires
{5] acryle mubing
) |6 DRDEy ff s encApIulaling
hept 2lny
" {7 ocorame: bulb

l |

-

4 e

FTO0 3 — {rass secuan of @ phermaczugle puecheasreies [oe fal waes
FOEAR e L erER

the relference manua! provuded by the manufacterer. Hiphes off-
se: rradings are ovidence of excessive thermal pradeenis. There-
Tore. soil wiater potendialy 1or temperatures ahove 47 and 67°C
could not be measured For the Lake Agasyiz clayssand mixiure
and the sodigm beninnde sand mixiores specimens, respedtivey.
This s determuncd based an the incréase in the oifwel readings.
which wrsheated excessive thetmal gradienis and hence an coror
in tho measurements,

Psychramerer Microvolimeter

The PR-55 pychiametef ticrovoitmater is 2 contsol une and
read-out device used with the Pelier covled-thermicouple psy-
chromveter o measuwre the thermoeodpe eleciromonve loree
{EMF) Two modes of operaiion ate provided: the FR-35 may

ke operaicd mapually o moa semuavtomans mode, The PRSS
reasutes temperature. zere offset, and the psschramanc pla-
teaw. Ten sensoas may e connectod ab vne fime. A stng!e swaich
selects the sensor 1o b used  The seasors ate conneeted w he
mactos o meier with surefast connectors and receplacles A dig-
vtal display indicates the ~oliage from 1Mb1e = 10 o she
1Y position and voltapes from - DNEL [0+ LG LY 50 othe
LO60- N position.

Experimenial Procedure

Marerigl

The matenal selected 101 this inveshgation was a laboratory
muiture o {1] Lake Agassiz Clay and graded mdusmin sifica
saret {calbed Type | clav), and {2} sodium bentomite { Avonseal)
and graded indusnun sia sand icalled Type 2 clay). Yong et
ab. [1986) and Gray and Cheung [986) described a viudy on the
peneral composition of these Yo 1ypes of clay. These <lay-sand
maic mals were considered pecause of theit physwal, chemcal,
mechanacal. and ¢ngineenng propertes for the reguired per-
farmance cniersa adopled for the Canadian Muclear Fuel Wasie
Drisposal Program [Loper 1984, Cheung et al. 1991, Xuo et al.
19911 The matenal propertes of the ¢iays used in this sludy are
shown in Tuhie 1,

A specilic clay-sand mixture iosoiving an cqual amouant of clay
and sand was sefecied for this study. The mixiure . using hath
Type 1 and Type 2 clay. was then siaticaliy commpacted 10 3 dry
deasily of LE? Memt with vandus amouats of 3 miing seluln
ala rreference ™ syrthelic granine ground waler (G0W) with a
recipe prven by Abry et al (19487 The specifw proportion of
sand and the dry densiy were adopted for the reference butfer
matenal wying sodium bentonite. Lake Agaswar clay was used 10
highhght the dilferences of sl water potential berween a low
sweking and a high swelking ctay {Avonseal ).

TABLF | — Muirril prepreion,

Faramerer Sifica Sand Lake Agaiud Tlay Sundium Bentonio

Gean Sage

Sand F L ps U |

Sai (U g Dpemrty I ) 4

Clay 140 2w 5 " LR 51
Cimsislengs Limies

Ligu:d it & A 131.% 2w

Plastiw hma 5% NA LY W
Mineralogy [ ducreaang Mantmonihinte, Mun marnltanite,

urderk

[ o]
(=
L]

Spoecutic Qraviy
Surface Ared. mog

Chemicai Anadssa
Ealubly Canons meg L
AT
K £
e
Mgt
Fairaerable Canons reeg 100 g
Na-
N .
Ca™-
Mpo -

AlTe Quatls . kd
olinile f*ldwpar

kaaliniic. guasls,
teldspar, nlie

1T 2.7
kL als
2 193
57 L [4]
Lo .70
Ul
457 517
253 14
L 7.9
5




Kample Frigoruiion

SpeCimens were poepared By oraxinp tho maternn spegihied
above with diferent wnounts of GOW o acheve a differen!
mthial oesiere content for each spoimen Specimens were srored
i 4 humud reom bor a penod 0f 24 h befare lesting. To achieve
a constant gy denedty (AT Mp'mYy the prepared specimaens
were dovided 1o Nise lavers, and a kaown guanty af we: ma.
ternal was contipacted staticaly moeack ayer. Afer compation.
a smail hole was dolled o the middle of the specimen il
the piyekromerer (o be paered

Teat Frocedure

A pevan] of 24 b owas allowed (od zquilibration wuh the .
chrometer before ary reading. After the firsd reading of e
thermesoupe eleciromesive foroe (EMEF). speaimens wete placed
ir i lemperalure-controlled oven, amd the temperabione way Taiwed
ter o specificd walue. A reading was 1zken 24 hoaller cach st
seguent freinperature imetease 1o general. a coohng penid of al
beanl 04 was peeded for the thermocouple o prodoce a stabie
reading The number and condstiors of experimenty conduetcd
i 1hes study program ate shown e Table 2.

Calcylation of S0il Water Poreniial

Appendix outlings ihe movedure for deriving the relatonshag
"ard ire measuicd clectrometive
farce. £, ftcm the psrchrometer The eguanion v Jdenscd on cthe
basis of the povchrometer operating principies and sguilibrium
thermodynamcs The telanoaship s

(TR R £ %

where

w — sou water petenoal ir MPa.
£ - electramative forvce i BV, and
T soil temperature in K

The soi water potendial s calyuwlated s shown i Figo 4 for
differem values of clectromolive e aad temperature. When
the temperalurg 1% Kept ¢onsiant. rhe son water paentia o-
creases (1.2, becomes mmanre népanee} and the eleciomotive farce
mereases. The relationship hetwedn the wel water potentia and
the c.octromobive force 15 Tincar. as 1he siope of The hoe de
creases with an increasy i emporatyre. Fuethermore . enher g
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U or the graptuc representazion of Eq § shown i Fig d can be
used 1 calculale the sonl water pozent:al

Tesl Resulls

Fipure & shows the relationships helween the calculared soif
wilel patential and remperature Wsing sl iCus Myl ure Coniens
for Type | clay {Lage Apassiz chiysand auxlure}, The experi-
mantal data were filted tostraight hine for each moisture content.
The fitted equatians are shown in Feg 5. The mutenal parameters
are then varrelated will volumetne water coptept in arder (o
express the soil water potantial as a funpction uf volumelne water
comen as will be discussed faer, The soil water potential for
wpectineny with an nitiad water coniont grgater than L 0%
{3237 of water walyration} has a sery small depepdence on
wermperature. Howesver. for mowsture contents less than 15 20% .
ithe \omperaiure hay a greater effect on the sin] water powential.
The measured vulues for ol water jreiennal for Tvpe | cley
ranged betwezntite Y 0MPa Furthermone. Fip. 5 shows that.
for the wame wemperature, the ol water poteninl increases as
the moisiure contert devreases sinee the surface temion in-
creascs. Additionallv. for the same mosture content. the soil
water poteanal incriases (bevomes more neganvel wath the 1o
STEaM 0 femperaiute Pecawie af the Jdecrease in visgomiiy.

The depeanderce of 1he vadvulined sonf water porential or tem
perature for vanous moidure coterls for Type 2 clay (sodium-
bentonite-sand mixrures) is shown in Fig. f. For specimens with
an imtial waier cantent preater than 20.66% | 1he soil watzr po-
renhiai depends very e o temperalute. | lowever, lor mos-
Ture content less (than X0 H6 che tomperature has a preater effec
on the soi, water potentun. [ wnher words, the bigher the water
conlent, the less the change of wal waier potential is with tem-
perature Al ihe same emperature. the sonl waler potential in-
Creasgs 35 the Mowslure combont decieases because of the increase
i surfage tenpion Adse, 0 ocan by noied thar the range of the
measured st water polential fon Type 2 clay was from 0o - 640
MPa Based on the espereticnial data presented in Figs $ and
& and the abgve disgussnin i gap he viated that the aoni water
potertial for Type 2 olas has a stronger dependence on lemper-
atute than the Type [ clay. This s aoribeted 1o the clay bpe
vsed in each speamen For Type 0 clay, sodiom beatomie v
wied wlnch has very tigh swelling potennal; hence high so:l wuaer
petential, However, bor Type 2 clay . cawural clay is used which
does not have high swelling petcnnal,

Generally, the expenmenta; resulis have shown Lhat the sol
water polential (nepative ) inereases wilh increasing lemperalure
To explan tho phenomennn, ane has to nvestigale vanows pa-

TABLE 2 “umber ars condhons of azperomens conducted o ihn giuady.

Test So s Tvpe Water Comene. 5 Degree of sarwmaton 5 lemperaiure Range, K
: vakr Bgidaiz claysand - 93 LN a0 320
2 I TN
3 1297 1
i E5.20 LA
4 1751 L
] (L )

7 sovcd i bentonte!s afed LR, O% VALY 2750 30
. 20,64 57 M5
v Pl | .50
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rameiers shat contribute 1o this effect such as visgustly, sufface
tensian. diclectuc constant, activation cnergy of malecules, and
measured alacuomotive foroe.

1, Vearroseiy: it is known that as I8mperalure incredses, vis
cosily decreases. Hased an a CRC handbook of Chemintry and
Phystes [1985], the relanonship between viscosity and femper
atme may be gven as Toilows
174 — 005F + 0.0017° — Doum1?ET

- {2}

where

n — ihe absolute viscosity 10 centipose. and
F = the téemperature in L

2 Surface reasion: b v known thai as jemperature increases,
surface tension of soil waler decreases, which leads 1o a reduoetion
i walel copten at a given pressure head. Based on a CRU
Handbessk of Chemisiry and Phesics [1985), the relationship
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FIC & Relavarsip betwsen 1ol water goteeiiad aad remmperasure (e beaiomife: samd meniues

betwaen sarface lensien. o, ard emperature may be gvep as
fallows

" 75.85% - 0.168F {3

where

v — suFfage 1enswen 0 dymedcm, and
T o= the temperaure i G

X Dwafecrrd copatant U0 Ao Roown thit as ternperatore
mereases, dielectee constant of the sonl warer decreases, which
leads 0 ceduction in the thackness of she diffused double layer.
On the basis of the diffuse double [ayer theory, the refationship
netwern the thickness of the double faver and the varwows pa-
rameters can be widien as follmws

g ! DKT

\ r'r:.' {4

4 = double laver thickness,

K - Hol:rman constani.

T = absoluie 1icmperature,

. wm conceniraton.

¢ = umf clectrone charge. and
Fosoen s aicnie

It can be seen from the relationship thar the thickpess of the
double lager s dtrectiy proporional 1o square oot of dicieciric
content and temperature. |t should be emphasized that the prod.
ucl of DT decreases with imcreasing temperaiure, nence, redug
Hon in the Theokoess of the diffused doobie layer

£ Actvaien enérgy: S leMperalure increases, activalion en-
ergy of wiler molerules and cations increases, which leads 1o an
imgreaye N the thickness of the diffused dookle laver.

5. Elecrromoive fuorce: As temperalure increases, clectros

mizt1ve foroe increases due o 3 InCrease iy evaporat o ol water
between the reference juncizon and the wet junelion af the pay-
chromeler

The Niral resulls o all these processes are (1) & decrease in
thickness of the diffused double layer, (29 reduction in The re-
palsive Inrces, {1} increase in Lhe attractive forces, (4) a iendency
o foem Docoubaled structure, amd (&) redecton i sl waler
potentiai [re , increase wn the negative value of the woil watler
poteniial).

After each test, specimens were taken 80 thit the maistune
content goald be determined at five egual spaces ad different
levels atong the lengih of the woil specimen (1 e, an cach layer
of the five compacted layers) There was oo ko o raass during
heating because rhe initial water confent was equil © the average
calculated water content after testing However, some specimens
kad a very small gradies! in mosiure tonlent i the order of
(R per meter belween the botoim pan of the spevimon and
the top part becauste the spedimen Base had beepn diredt contact
with the heating coils in the aveén.

Calculation of Sail YWater Potential Based on Philip-de Vries
Equation

For a goven water contenr. can the stk water pawcanal be fully
eaplained on the basin of the femperature eftect on the surface
tension of water? To answer this guestion, the soni water potental
1 calowlated using the Prubip-de Y ey equatien (19571 The Phuhp
de Yres equabion descnbes the change of seii water potential

wilh temperature
Ay 1 WY
- T £5)
of  waT

where

W — sl water potential,
T = wmperature. and
o — surface tension of water
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The calcelatwen procedsre can therelfore be summanezed as
foalluws;

1. Using the relationship between the surface fension of water.
a, and wemperiatuie, T, given by Ly ®

2. Torthe same wiler rontent, e surface lenyion = caiculaied
an the basis of sand temperalore measuied experimentally,

X Antial sail water ptenieal measured capeomentally at
room [emperalure is en osed B daleulate the soil waler po-
tential using Eq % in association with Steps 1and 2

The predecicd so:dl water potentials given by Eqg 5 a1e presentesd
n Fips 7 and & for the twd tvpes of clay mustures. Fipdre 7 shows
the relationship belween The experimentally determined and the
pred:ied sarl pofential versus temperature o the Lake Apassey
claysand mivture, and Fig. & shaws the experunentalls dete:.
mined acd predicied relatumships af the sodim Dentonjle Aand
mixiure, It can e seen thal thede o a large dilference beiween
the predicted sor water putenbial hased on surface tension and
the experimenially calcu.ared wul water palentral, eypeoialiy at
lower mostere contenls. A larger temperalure dependence for

0 T
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the soel water potential can be attabuted w (1) the presence of
solutes s wnl sotution [iram gramie groundwater (GGW 3] which
changes the iemperawre coclliceent of the surface tension of
waler; {2) the reducnon of the diffused ion layer thickness at
higher temperatures, decreasing [he sol water potential;, and {3)
the presence of entrapped it Also, 18 should be noied thar Eq
5 does noreven predict the trend of increasing o1l water polenal
{i.e., decrease in the negalne vafue) with increavng soil water
conTent (o1 1the bentomte.sand misture, Bun o docs for the Lake
Agassiz'sand shown in Fig, 7

Soil Waler Priential- [emperature Relationshipy

Based on the experimentyl data presented o Fegs 5 end .
the soil warer ponential relating 1o temperatare and vHlumetnc

water comiont cin be expressed as

=4 - 8T i)
where
Wr = ol water polental in MPa.
Aapd B = wod parameters thal are fundtions of valumietng

water content. and
T = lemperature in K.

Far each speaific value of vulumelnc water conteni. A and B
parameiers are preeain Figs fand 7 Furthermare. these walues
are then correlated o volumetric wai¢r contenl @ ordet 1o ex-
press the A armd B parameters as @ (unchion of volumetng water
content The Calculated values from the curve futing pracedures
an he represcoied os 10)ows,

L. Forclay Tape ! Lake Apaiirs vhincsand e

In § «~ 1.263K
= | a—]. = i 44
A ( o1 ) and & = (NS4

= Forcin Type Xowrmftaere BertoeeS g enninee

A = D15 " and B = (HiNKA
where 8 = volumetrg waler content.

By using the material paramcters and Eq 6. 1he {ollgwing
equalions for the dependence of soif water polenlial oo volo-
metre water conlen and temperatore can be derved.

I Forclay Tape d

Ind -
- = {], 354 Ti
& [n T 30.:39)(1 1.O3654T) (7

2 bor ey Type 2
N N RELL T A NRTRT (V3 (K}

It should bBe noted that Eq 7 is apphcable anly for volumetric
waler comtent less than (02508, while Eq 8 13 applicatde only tar
avolumelric waler conlent bess thao 0, 3808, When the volumetric
waler eontent v greater than these two limit valoes, the coil water
potenual 5 considered w0 by independeat of temperature van-
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ations. These equanons f1e . 7 and #) are derived based on the
olriained cxpenmental data presented in Figs. 5 and & They can
be uied 1o caloulale the soil water potenhial and hence the dif-
fusivity parameter in the unsawuraced boffer material based on
1he feltowing equations

Aol e

P dz(.xw:l -u] &
i i hle el A 9
S sk R)n - sew)

Conciusion

Test equipment was desipned and built to study the depen.
dence of soil warer potential on fremperature and the volumetric
water content of clay soul with high sweltog potential. Two soil
Iepes were used: o Lake AgassiZ clayisand mialure and a sodium
bentonife’ssund mixture The sodium bentonitesand riviure had
a high welling potential in water relative t the Lake Apasuz
s vand minture Two wenes of expenments were conducied
lor different water contents wad temperatures. The results showed
that an indrease i water content increascd the soil water potea-
tal i ¢.. decredse wh the negative value) for o constunt temper-
alpre When rhe water conlent remained constant. un mgrease
Im temperarure Tesulled 10 g decrease 0 the ~oil water porential
1ie ancTease in the nggatve value).

A muthemate cyuation 1elating the sonl water polential 1o the
clectromateve forge measuted by a psychromeler was denived
uswng prychrometer principles und equilibrium thermodynamics,
A damily of curvey relaung 1he st wates putential 1o 1he plee-
Iramotive force was cabeulaled. Aaddinonzlly. o mathematical
eguation was Jeveloped relanng the sorl waler piential o tom-
perature and the volumene walcr conient

The resulis show that the soil water polential decreases wilh
temperature o bach claysand mixtures mare than predicted by
the change of serface ensen of water. The study demanstrated
the ymportance of ¢lher paramclors such as {1} vse@srny of the
pore Nnd, (2Y digfectrg ¢onstant, £3) activatidn €ncrgy. and (4}
electromative force The final resalty 1o all these nteracuon
processes are {1} decrease i the thichoess of the dlfu~ed double
laver (X redoction o the repulsive Torces. (1) increase in the
attractive orees, (4] wendency to form flacculared atructore, and
(5) reduction in the measured soib waler potential {ie.. increase
1 the pegative value of the soil water potennial) This eflect is
much more prominent o swelling clays at lower moisture
wontents

The telananshp developed for the soil water potential. tem.
preratuce, and volumcirg water ontent well epuable us to calculate
the diffusion puramerers in coupled heat and mass flow problems.
Further sludies will address the calculation of 1he diflesion pa-
rameters and calthrabon ot different moedels 1o predict the low
af heat and mossture in upsaturated expansive ~oils
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I GEOTCCHMICAL "ESTING JOLHYA,
APPENDIX

{Cakeulation of Seail Water Polential From Pspchrometer
Measurementy

The aim of the psychrometle: measuremenis is 2o meawnse the
potenmal of water wapo: swshing 0 eguihibiom with the sl
water, iy

UBEIE A T e 11y

W= the wtal patenhal,

W, = the polential doe 30 eXtornd jressire,
St the potential of waler.

- Lhe ovmonc potential. and

= the puicniial of water in the sapor phase.

Siace g, 0 Ik
2T, t2)

Thiy method retains the adsantages of the sorptian bafance
method i Wnal an ar gap is usesd as on wdeal semipermesble
membrane The tme 10 equibbiium 1w shonened 1o 7e19 since
the polenbal of water vapdn v meniwed w eguilibriem with the
soll water. v thar no tramsfer of water through a vapar phase s
CEERSAry

The mersurement s Based on the assomphon thar water »apa?
behiaves Lie an wdeal gas

v, - ¥oudP Y]

where

Voo— ke parial raclar volume o spedihc volume of the «apor,
ansd
P the vapor pressure.

By subsinuting [(RF7P) for ¥ and inregrating

N
o - HTin(-fTJ 4

where

£ = the gat comsfani,

F = absolute femperature.

F - the vapor pressare of water ¢ the soil. and
F. - the vapor pressare ol pure water,

Furthermare, when the psychrometer wet bulb 15 placed in a
homid atmasphete, the temperature of the wel bulb i 1owered
as waler ¢saporaicy. The maamum theorehcal waler bulb 1em-
perature drops o the ambient almosphere temperatare. In prac.
e, Rowcher, the masimum depression wili never be obigned
due 1o Rear transfer from the surroundings o the wet bulbh In
order to present 1he lundamental physcal principie on which the
msychromelne techmgue j» based, 1 it wssumed that the only
mechanism ol keat 1ransfer betwesn the wet Bullr and its vicimity
i5 by the evaporation of water. Under this assumplion, the place-
mend of the wel hulb in e anmasphere @ equivaient o the

pracess of lowenng the vapor pressure of waler Tom B, to P
Arvguiibriwn the hee encipy of hoth phases of vapor and ligud
are cguivalent and can be represented by

dG, VAR - $4T. (Sa)
46, — v, dP, - §, dT, ($b)

where

Voand L = the vapor and Lguid phases. respechvely.
J the free creipy,
V- specific volume,
dF = change in the pressure,
5 = specific entropy; and
dT  temperature changs.

Fallowing any ¢hange i the sestern. the condinon fo: equimbeizm
15 thdat

o, — o, (B}

The:elore,
V. 4P - 5 dT. ¥, 4P, 5§, ol (7ah
VP - YV dP, - 8 4T 5 dT, i

but. since dT = dT, - temperaiure change,
. . o
Vouf, - ¥, dP, « (5, 5, 1dT = ;_ if f {8

where L is the latenl heat of ~aporzation (per moic) Assuming,

that F — 4F,  dp,tken
L
1=V dp = 4T (9a)
T
or
o L

- — - - 1
4T V. - VT 8h!

In mosl circwnstances. one Can safely assume tha: ¥ s B
and Eq 9 becomes

0.

"_if__ L 10%
AT VT hb

Since the wapar phase 1 asswimed (o bebace as wn deal pas,

1P .
iT  RT t:12)
ar
ap_Liedr .
| P RJ; T by

where it 15 assumed that the temperazure difference T is small



envush o (hat Lomav he conudered a consiant. Adrer mizgra-
twrer B [! Bocomes

I'[ F I Lar (12
el T RTTaN -
Su'stiutmye Fg 12 into Eq 4
: LAt .
W T AT M

The gquanity AT is cabled the wer bulb depression sence 11
reprewcnts the difference i lemperature betaeen a dre and o
wet puint exashingin a humd arrosphere Equatton 23 reprasents
the ~oni waier sapar potential as a funchion af the laten! heu! of
vapuarizanion. bulb depression, and remperature.

Fertwenare, 3T is measured with 4 thermogouple rhermuom-
cter, 3T o related o the eleciromaotive force (£ by

E - oAl t1a]

whure

E = cthe electromobse Toroe an pb',
a = the therpoelectne power of the thermocouple m YK,
anid
Af = the bulb Jepression

Combiming gy 1Y and 4

LS
I
o

Simce £ aos very small, Eg 13 can be reduved to

wo- ViE

i
ol

Eguanon if represents the final relationshyp berween the ther-
mocouzle output. £ and the soil water pivtenuat By uving Egq

i6 and taking £ - 3 calgand a = &3 pV K. the hinal gela-
tionskip can he presentod s

£
b= —15.&18? .71

whire wis [no soil water poleniia in MPy
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A study of particle interaction energies in wetting of unsaturated expansive clays?

Eayuvoxn N, Youo asvn ADeEL MoOHSEN ), ModaMED
Creciechnical Research Centre, MeCufl Uneverstly, Montreal, P00, Conada 1134 2K
Recepved July 10, 199
Accepied June 12, 1992

The resufts of infiltration (welling) experimenss conducied on expansive soils demoostrate several reguirements and
constraines to the technigues used Tor the siudy of werming performance of such soils, In part, thess constrames are
a necessary oulcome of umitations imposed by the difficulties (imposaibality ) of measurement of swelling pressure
at the weiting frort. To provide a bener intight inte the development of swelling and ceaction pressure in the $oil during
the wetting process, the energies of inleraction between panticles and water are examined, especially in regard to those
forces developed in the Stern layer. The Grahame modifcation of the Stern layer has been used in this study (o provide
she basas For caloulzuons of tnteraciion energies in the inmer and outer Hebimholty planes, Companson with high-pressure
consahidation of a sodium montmordlonde al very close particle separation distances suggests that the addition af the
energies of interacticon develaped i the Saern layer to the Gooy-Chapman model would permit the double-tayer model
to beextended o ciose particls spacings, Whether 1his s wufhicient 10 account [or the stage [ welling process is a queslion
that remains to be further siudied. For the present, the test results suggest that the expression for the total soil-water
polential ¢ should account far thete [orces of interaction, thereby providvig a better aceount of the physical processes
irvalved 0 welting of the expansve clay and a more realistic Jiffusion coeflicient for the tonal welting proos,

Key words. sanl-water potential, osmotic potenhal, swelbng pressure, volurme change, welling (Tont, S1erm layer, inner
Helmhols plane, outer Helmhaolt: plane, Coulembae forces, dipole-dipole interaction, ion-dipole interaction.

Les résultats J'caperencss d'infiltration (mouillage) réalisées sut des scls gonllams demontrent |'existence de plusieurs
exigences ¢l contrdimtes pour les techniques utilisées powr I'dHude du comportemen: ao maanllage de tels sols. En paite,
ces condrainles sont "abouhissement nécessmre des imilalions imposées par les ol iqultes (impossibalité?) de mesurer
la pression de gonflement av Mronil de mouillage. Pour Teurnar une melleure compréhension du développement du
gonflement <1 de |z pression résultante dans le sol au cours du processus de mouillage, les énergies de Minteraction
entre les particules of I'eau s0nt examinées, speoalement en ce qui concerne ces 1grees développées dans la couche de
Stern La modification de Grahame de la couche de Stern a 818 ulilisés dans cette Sude powr fournir la base des caleuls
des énergics dTimteraction Jans les plans intéricurs ¢ eéxtérieurs de Helmholiz. 1a comparaison aver la consalidation
i lorte pression d'une montmorlonite de sodium avant des dislances de séparation (rés laibles entre les particules
sugetre gque I"addition au modéle Giouy Chapman des enerpes d'imleraction developpees dans |a couche de Stern permet-
traiy du medéie de double-couche détre #endu aux faibles espaceiments de particules. A savoir s oeci ot suflisazt
porur expliguer L& processus de mouillages stage [ &0 une guestion qui reste & &1re dtudice. Pour le moment, les résuliats
dressais suggrent gue eapression pour le porenticl to1al o sol-ean devrail tenir compie de ces forees d'interaction,
fournissant amnsi une melleure eaplication des prodssus physigues impliques dans le mowliage de 1'argile gonflantic,
el ur ceelfien Je diffusion plus réafisie pour [ processus total de monillage.

Muots ofeés . potertiel sul-cau, poteniie] simotique, pression dé ganfement, changoment de velume, tonf de mouillage,
couche Je Siemn, plan mienear Jde Helmmboliz, plan extérieur d¢ Helmheltz, lerce de Coulom®, ‘nieraction bipote-bipole,
interaction on bipole,

[Traduit par la rédaciion]

Can Ceslech, 7 29, 1060 1070 1992

Introduction

In unsaturated soils, the existence of a potental difference
in the soil will result in Muid flow in Lhe soil in the direction
of the potential gradient, i.e., in the diréction of decreasing
potential. OFf the various components of the soil-water
potential ¢ that influence the development of soil wetting,
the matric potential ¢, the gravitaticnal potential ¥, and
the osmolic potential ¥, are most oflen considered as being
sufficient in deseribing . The plezometric polenlial ¢, and
tht pocumatic or air-pressure potential §, are generally
considered 1o be 'lumped’’ into the makric polential ¥,
primarily because of the canditions existent or controlled
by experimental technigues.

When an external source of “free'’ waler is available, wet-
ting of the soil results. For a one-dimensional case, and for

"Paper presented ad the workshop on “'Stress Paninoning in
Enginecred Clay Barriers,” May 29-31, 1991, Duke Universiry,
Durham, .C.

Proed = Canaan +  mpried 4'a Dioucd

the situation where both ¢, and +f, are vanishingly small or
zero, as might be for the case of nonswelling soils and Lests
involyving short wetting distances or horizontal flow, if
is considered to be an wnique funchion of the volumelric
waler cantent f, the following relationship describing the
rate of change of § alang the a axis is oblainsd {Yong and
Warkentin 1975):

a8 a A5 8
1 = _ £ Xr F
Q) ar dx (k of ﬁx)

Assuming that no resuitant yelume change occurs in the soil
undergaing werting, 1.¢., the 501l 15 assumed to be 3 rigid
porous hjock with unchanging pore geometry, the connnuity
condition can be specilied as follows:

By o
1 =
2 dx ar
where » is water flux. Assuming the fluid dif fusion coelfi-
cient D 1o be a function of @ in the fallowing Torm:
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2
Bl D) - ko)

the well-recogrizéd fuid New dilfusion equation is gblained;

3 _ 3 36"
4 L - Y ipm
W% ax(”ax)

It needs 10 be noted that the relationship shown in [4] has
bevn ablained as a direct consequence of the specific con-
tinuity condition invoked, 1., no resullant volume change
oocurs as a result of fhud flow into and out of 1he sonl
(original pure geometry remains ynaltered). This condition
(i.e., nigid parous geometny} can be considered 10 be appli-
cable (mare or less) for nonswelling and noncollapsing soils,
1e, ¢ = o (no osmotic ar ovher potential gradients are
considercd). In the case of unsaturated clays, studies on the
wetting phenomensn that results from flnid Now bave been
well reported in Lhe literature, e.g., Philip and Smiles {1965},
Yong and Warkentin (1975}, Zaglavsky (1965). For clay souls
wilh liltle swelling poténtial (0o volume changel it has been
shown that the classical diffusion equation can predict
moisture transpor in the s0if. However, in the rase of expan-
sivé clavs, the presence of swelling forces influences the
development of the wetting front, resulling thereby in the
need for coasideration of interparticle relationships and
volume change in caleulaling the soil-waler porental 32 Two
limit conditions can be specified during the welting process
in lahoratory testing of unsaturated flow i expansive clays:
(i) the confmed siluation where no volurmne change is per-
mited, and {#} the unconfined case where the free swell is
allowed 1o gecur. In the Mirst instance, the restriction of
“eonstant volume' will resull in development of swelling
forces in the contained soil, and in the second instance, the
free-swell condition will produce changes 1n soil ¥volume
which will undoubtedly infiuence the diffusion rate of
moisture LFANSPON.

The scarcity of proper experimental {test) information on
swelling pressures developed in a2 canlined swelling soil dur-
ing wetting does not permit one 1o categerically slate that
the developed swelling pressures would ot aflect the trans-
port rate of the fluid, i ¢, the diffusign coefficient may (or
may not?} be considered 1o remain constant throughout the
transpert process. Development of an experimental (25t tech-
nique Lo measure swelling pressures along the test column
during the advance of the wel front is fraught with difficul
ties. Mot only is the measurement of swelling pressure at the
moving wetling front very difficult to achieve, but also it
is not inmmediately clear that measurements of total swelling
pressure oblained by gaupes located at the end of the Lest
sample, which includes both the wetted and unwelled por-
tions of Lhe test sample, are indicative of the pressures devel-
oped ar the wetting front. The problem of determination
of compression of the unwetted portion (due to the swelling
pressures developed in the wetled pertion) and its influence
on the developed swelling pressures measured ar the end of
the sample remains (o be resolved . Accordingly, assumplions
made which presume that the unsaturated sod portion
remains nigid {i.e., acts as a riptd piston?) and thus will not
alfect the developed swelling pressures at the wetting front
have yet 10 be tested Lo determine whether they are tenable,

Adopting the free-swell test condition, 1.2, dlowing unze-
stricted swelling of the sample during wetting, as a labora-
lory 1est techmque for evatuaion of the rale of maisture

transporl in unsatoraved cxpansive clavs requires one Lo
aceount for changes in the diffuston coelTicien when valume
changes and associared volumetric waler contene changes
occur along the length of the test column. Data-reduction
technigues {Yong and Warkentin 1975) that permit one 10
deduce the diffusion coelficient from measurements of
welting-front advancement must account not only for the
volulng and & changes occurring in the wetling portion of
the test column but must also ascertain Lhat the upwetied
portion remains essentially in the no-volume change {rigid}
condition. Otherwise, the changes in the bulk density {par-
Licle arrangement and porosity) of the unwetted portion
would create fluid-transport conditions dissimilar 14 1hose
in the wetted portion. Assuming a direct relarionship
between volume change and swelling-pressure develapment,
and lurther assuming that the potential equivalence of the
sweiling pressure is the osmotie potential &, n lollows that
¥y would need 1o be considered in the 3 term in 3] in the
determination of the diffusion coefhicient.

In studying the wetting of a swelling 2011, 1L i Important
to distinguish eetween at lewst Lwo kinds of soil initial con-
ditious, i.¢., a completely dry soil as opposed to a partially
wel bul unsaturated soil. The first initiai conditien 18 gen-
erally referred to as a dry s0il, whereas the second kind of
initial soil condition is often referred to as a moist or partly
saturated soil. The distinction between the two nital con-
ditions is important in that for the dry swelling soil condi-
tion, the resultant volume change that ocours on wetling of
the soil would initially be due 10 hydration of the dry clay
particles. van Clphen (1977} indicales thal volume changes
as high as 100% of the present volume of the dry clay can
be obtained for the condition when Touwr monolayers of
waler enler between Lhe layers of a montmonllanite clay.
Heyond this paint, where 2 moist condition can be said to
exist, swelling of the clay soil upon wetling is a resull of
the repulsive forces developed between adjacent ¢lay par-
ticles. The two stapes of watling (van Olphen 1977) can be
convenienlly corsidered as stage |, where the volume change
1% dug 1o the hydration energies of interaction, and siage [,
where volume change is due to the encrgies developed due
1o double-layer repulsion. This is consistent with the analyses
given by Ninham (1981), who indicated that surface forces
at small distanices are dominated by surface-induced liguid
structure, and thal continuum theories are beitter applied at
distances beyond 10- 20 molecular djameters. What happens
in the stage | region of wetting? To address this question,
a study of swelling-pressure—voluttie.change relationships at
very close parlicle spacings could perhaps provide some
answers in regard Lo hydration energies af interaction estab-
lished. The insight obtained therefrom could contribute to
a better understanding of the wetting of unsaturaled expan-
sive Clays,

The Gouy—Chaprman dif fusive double-Jayer (DXL} model
has been shown 19 provide capable prediclions for interac-
tions eceurring al parlicle spacings distant lor the Stern
layer. However, evidence from reponed studies on osmotic
or swelling pressure of active clay soils shows thal at close
particle separation distances, additional foress or mecha-
nisms nel considered in the DDL models were unlikely
responsible for unpredictable volume changes or prassures,
For example, studies by Barclay er @f. (1972) show that at
particle separation distances of less than 15 A {1 A =
0.1 om), pressures between particles of sodium montmaril-
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TaBLt 1, Physical propertics of materials used

Kaolinite Sainte-Rasalic ciay Mo, 14 glass beady

Mirerals present Kaulinite Mica and chlorite, with

leldspar, amphibole, and

smail amount of

moatmerillontte
Liguid limn (e} th4 48.0
Flastiy bmin (Fe) 9.4 40
Specilic gravily 2,465 a7 2.44
Crain-s:ze distribwtion 100% < O 1000 mm GETy < 0200 mm Q5—FO0s with

diameter
TiEy o« D005 mm 2% o 0.007 mm 0.23-0.42 mm

$0%: < 0.0J1% mm

lonite im the 10 * 3 Nall solution were considerably
higher than those predicied from DL models. Siudies
reported by Israelachvili (1982) and Pashley (1982} in regard
o forces developed belween two mica surfaces immersed
in an electrolyte solution mdicate that additonal repulsive
forces could be present when particle separation distances
become less than 3 o, The modifications introduced by
the Stern {1932y model to account for non-Coulombic inter-
action between the counterions immediately adjacent to the
clay particle surfaces, together with further maodifications
introduced by Grahame [1947) indicate that a determination
of the forces raising from the interactions oocurring ar the
clay—counterion interface could provide a means for explain-
ing the “‘unpredictable volume changes or pressures. "’

The need to study some of the problems concerning
unpradictable volume changes or pressure, especially a1 close
particle spacings, is considersd Lo he & roquirement o secl-
ing out the difficult problems associated with not only the
design of experimental procedures for measurement of
moisture transpori in unsaturated expansive clays but also
analysis of the results obtained therefrom. The two-stage
concept of energies of interaction {van Clphen 1977) is a
useful concept in evaluation of the volume-change and dewvel-
oped swelling-pressure aspeels of the nmeisiure-lransport
problem. The study reported herein has been stroctured as
two separate kinds of experiments. The first Lype of experi-
ments was designed 10 examine wetting of indtally saturated
(slightly moist but not wowally dry) soils, whereas in the
second Lype of experiments swelling pressures developed al
very close particle spacings for a montmoerillonite s,
Obviously, it would have been useful Lo construct an exper-
imental technique that would permit one to obtain all the
informatign from the two types of 1ests without having (o
perform two different and separate kinds of experimenes.
However, both information and instrumhentation ¢onstraints
proved too difficult to overcome at this stage,

In the frst series of experiments, conducted to study the
wetting phenomenon of inivally unsaturated soils, the resuhts
for a natural expansive soil are exarmined in relation to the
deselopment of the wetting-front advance, with and without
constrainls on axal expansion of the test samples, This set
of resulis is compared wilh Lhe wetting performance of a
nonexpansive soil 1o provide indications as 1o the effect of
the swelling potential on conirol of the wetting characteris-
tics of the soils, The results can be used o calculate the dif-
fusion coellicient using the **wetting front advance,'” the
techoigue given in Yong and Warkentin {1975). In the
second part of the study, the energies of interaction devel-

oped between soil particles al close and disiam spacings are
evaluated 10 permit the sol-water polential o 1o take inlo
account lhe interachion coergics developed at that particle
surface - waler interface (In the Stern layer), inasmuch as
this is considered to be the stage | bydration process, and
a significant energy component in the wetling process, as
dis¢ussedd previously. The experiments conducied in support
of the development of the interparticle model included high-
pressure consolidation experiments gn a sodium montmoril-
lonite clay. It is hypothesized that the test results obtained
from the two different tvpes of experiment could indicate
whether information on pariicle interaction energies could
contribuce to a better insight into the stage T wetting and
total welling process relative 1o constrained and uncenstrained
boundary conditions.

Experimentation

Infiitration -wetting experiments

The physical properties of the natural expansive soi (from
Sainte-Rosalie, Que)), the control kuoliniw soil, snd the
Ma. 14 glass beads used to mix with the Sainte-Rosalie clay
tesied in the wetling experiments ar¢ shownin Table 1, The
Sainte-Rosalie ¢lay (SR) was used as 100% SR and as 50
and T5% 3K mixtures with Mo, 14 glass beads. To prepare
the mixtures of SK and glass beads in powdered lorm, the
SR passing through a 0.23-mum sieve was mixed with the glacs
beads in the desired proportions, and a slurry was formed
with the mixlure a1 a waer content slightly above the cor-
respondimg liguid limit. The slurry was then deaired under
vacuum in }.5<<m 1D split moulds and allowed to air,

The basic Lest apparatus for the inldiration-wetting exper-
iments shown in Fig. | urilized a double Mariotte flask sys-
1&#m to maintain 2 constant {waler) head. By varying the
elevation of the atmosphere-pressure inlet, various positive
of negative heads could be imposed for the different test
series. The basic test system was adaptied for measurement
of developed swelling pressure in the 1es1 series designed 1o
determine swelling preseure during o1l wetting, A pressure
transducer was mounted on the Jucite platen logaled al the
end of the sample. This plalen, with Lhe pressure transducer
facing the ¢nd-plate resiraint, was brought 1o bear against
the restrainl, and a zero pressure condition was experimen-
1ally set before commencemen! of the wetling tests, The
pressures developed were recorded during the advance of
the wet front in the test sample. Although this did non give
the actual pressure developed at the wetting front, it never-
theless provided information on the pature of pressures
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Fig. 1. Schemane of test system used for welling study.

being developed during werting. The question of whether
some compression of the wetted and unwelted portions of
the clay could detract (rom the actual pressures developed
at the wetiing fronl bas yel 10 be addressed,

For the unconstrained swelling test, information or: axial
cxpansion of the test sample durng wetling was obtained
by substiluting Lhe pressure gauge with an exténsometer.
A sulficient length of sample column was provided to allow
amial expansion 1o occur. The inside of the 1est ¢olumn was
likerally lubricated wilth petroleum j#lly 1o minimize {rie-
tional resistance belween Lhe test sample and Lhe sides of
the colunn, [t is, howewver, recognized thar this resistance
may be ol some conseyguencs, and thus the results ehlainsd
should be used In a qualitative sense.

High-pressure corsolidation experirmenis

Since the DDL mode!, which permits one to gain insight
it the role of soil-water ioteraction in developmen of
swelling pressures, has been well reponed for tests with
Na montmonillonite, this serics of experiments was con-
ducied using montmorillonite. The montmorillonite used in
this portion of (the study wat obtained (rom Fisher Scientific
Company, Fairlawn, N_]., and sodium saturation of the
monimorilonile was oblained by repeated washings with
1 M MNadl, Following removal of excess jalls through wash-
ing of the montmorillonite with alcohel in an aliragentri-
fuge, the montmorillonile was dried at 105°C and suhye-
quenily pulverized.

The cation exchange capacity {CEC) and the specific sur-
face area {SSA) of the sodium montmorillenile were deter-
mined using atomic-adsorption (Chabbra ef @d. 1975) and
ethylene glycol manoethy! ether (EGME, Eltantway and
Arnold |973) techniques, respectively. The values oivained
were CEC — 118 mequiv/g, and 55A = B85 m¥/g. These

values apree well with published resulis, eg., van Glphen
{1977). For pressurs measuremnents, a high-stress consolida-
tion ceil with compression capability of upto 500 M3, and
with both top and bottom draipage, was copnstructed
(Alammawi |989) to study the high-pressure swelling-
pressure characieristics of the clay using a procedure akin
10 the consodidation Lest. In the procedure used (o promote
parallel particle orientation of the clay panicles, 3 suspension
of Na-montmarillonite clay with the desired electrolyte con-
centraticn was centrifuged (using the uitracentrifuge), and
the sediment was then frozen afier decantation of Lthe super-
natam to promote dispersien of the clay afier thawing,
Experience with sediments Tormed from surface soil suspen-
sicns, especizlly those from the studies reported by Yong
(1984, indicates thal when the sediments are (rozen, the
sediment particles tend 1o he dispersed when thawed.
Although the exact mechanisms promating this tendency are
not (uily known, this procedure was adopted lor the mont-
mori.lonite clay. By subjecting the specimens to consolida-
tion loads, the mechanical compression would, in combina.
tion with the ijutial dispersed fabric of the sth], be most Likely
1o develop preferred parallel arientation of the soil particles.
To calculate the separation distance between particies
from void ratio determinations, on the assumption that the
system 5 (ully saturated and thar the soil panticles are aligned
parallel 1o cach other, the relationship given by Boll (1936)
can be uged;
51 &= v.GuS.d
where ¢ is void ratio, v, is density of water (Mg/1m?), G,
is specihc gravity of solid particles, §; is specific surface
area of the solids (m3/g), and & is one-hall of the separa-
tion distance between adjacent parallel particles. The final
consolidation lead of 400 MPa produced a voud ratio (e}
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of §.52, equivalent (o the separation half distance [of}
between particles of 0.24 nm.

void ratios (£) and separation distances (&) ol the sample
were calculated during the consolidation test, using a specific
gravity valuc of Na montmorilonite of 2.5 as determined
for the as-supplied state of the monunoritlonite, using a non-
nalar lquid (methyl alcohol CH3OH). This value i in cloze
agreement with published average values for montmonilonite
fe.g., Waidelich 1958).
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nce of wetling (ront for kaodnite clay.

Resalts and discassion

Infiltration-weiling experimenis

To demonstrate the classical siwation representative of
rigid pore geametry infiltration, as generally azsumed in the
continuity condition d»/dx = — 86/8f in development of
i3]. the advance of the wetting front lor the kaolinite samples
at various bulk densities and at various inlet suctions is
shown in Figs. 2 and 3, respectively, The linearity obtained
between wetting-front advance x and the square root of lime



YORO AND MOHAMED 1064

EHHESTES - -

t ; J_/"

v /

- P ;o

o r z/"

(W] r Nl

,_'l :_,." - ;';.--'-."__- 1
[ - F .’. . . v — H
11 /_;.n..l £ / __,_,.J'r"f 1
. o 2

z / e & ‘..l
2 s - -

2 i 5% ____‘--1*

L “hHIE - )

> A 2 a

- g Rl .

- .r"/" ! f_.-"'g-' ‘-"'-'

t ‘llﬁ_,l -j_;'/z ‘\r ¥ . _

- u L

1 ﬁ;f L ___‘-*" RTRR S SRt T

y a .

ERRE *,("/ AL Aot

.-'f'-' ——

2 o o P

g

g w LR n
3 Ak .. _
0 23 2 A g O i

Fis. 4, Wetting-lrom advance [or Sainte-Rosalie clay (SR

confirms that the centinuity conditions leading to develop-
ment of [3] have been gencrally met. I is recalled that by
invoking the Bolizmann transform » = 24" = of®
{Yong and Warkentn 1975) to reduce the classical diffusion
cquarion (eq. [3]) to an ordinary differential equation 1o
obtain a closed-form soluion, linearity between x and square
root ¢ as a physical fact is reguired. 1t should be noted, how-
cver, that this is nol a necessary condition For the classical
diffusjon ¢quation if the continuity conditlon is restated 1o
permil volume change, Also, different forms for £4{F) can
be wrilten in relation to velume change, and the resultant
13] solved usiog numerical techniguses.,

Taking the bulk density of 1.3 Mg/m’ as the compara-
live case [or the swelling SR and nonswelling kaglinite clay,
the wet-Irent advance at varigus times of the pure SR and
SR mixtures is shown in Fig. 4. lor the situation wheee the
swelling has been allowed. For comparnison, the kaolinite
resolis [or the similar bulk density are also shown, To con-
tinue with the ¢comparisons the 50% SR mixture is chosen
to represent the restrained swelling case for wet-front
advance with time (Fig. 5). Similar comparisens can be
obained for the other SE mixtures, The results shown in
Fig. 4 demonsirate the influence of greater swelling, as rep-
resenied by the higher SR proportions, on the wel-from
advance with lime. Depanure from linearity in the x versus
()" relationship is abvious. The greater influence exercised
from the restrained swelling case, even lor the 50% SR mix-
ture, is shown by the higher degree of curvatare in the wet-
front advance versus (ime relationship. As noted from the
companion curve lusirating the developed swelling pressure
in Fig. 5, the pressures measured al Lhe unwetted end of the
sample increase in a lashion corresponding o the rale of
advance of the wet front. This relationship does nol, upon
first viewing, appeat 1o e consisient with &pectations based
on experience with classical swelling-pressure experiments

sugh as those reponed previgusly in the litetature {e.g., Bolt
1956; Warkentn and Schofield 1962; Yong er af. 1963). The
tesults indicale thal in swelling-pressure experiments ¢on-
ducted on the same kind of Ma montmorillonite (i.e., same
molal concentration}, where thin {saturated} samples are
tested, Lhe relationshup established between swelling pressure
and volumelric water conlent (Or particle spacing) is unique,
provided that the sal particles are oriented parallel to each
other. Cleatly, the relationship sstablished between swelling
pressufe and rate of advance of wet front {from the welting
experiment} shows that the physical (experimental) condi-
tions necessary for the classical swelling pressure experimernt
have nol been duplicated in the wetling experiment. The
length of the test sample used lor the wetling experiment,
coupled with possible compression of bath the wetied and
unwetted ponions of the test sample during welling, will
contribule greatly o control of the relationship between
swelling pressure and rate of advance of the wet front. Sinee
undetermined side-friction of fects will also be influential in
the development of resultant swelling pressures, it is clear
that the resulis of the developed swelling pressures cannot
be accepted as exaclt quantilative values. However, the
gualitative performance of the pressure curve provides a
good indicatior: of the participation of developed swelling
pressures in the contral of rate of wetting-front advance,
Similar 1ypes of resufis can be obtained for the 75% SR mix-
ture and for the SR clay, with greater developed swelling
pressures and correspondingly greater curvatures for Lhe
wetlting-front curves.,

The question of how all these pieces of information can
be evalvated in terms of required moedificalion of the clas-
sival fluid-diffusion relationship as represeoted by [3] can
be answered in part by a restatement of the continuity con-
dition Lo agcount for volume change, for the case where free
swelling of the soil 15 allowed during scil wetting. This can
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Fig 5. Swelling pressuce and swelling effect on weiling-front advaoce for Sainie-Resalie clay,
G- _ where v, I8 velagily of water relative to moving soil par-
R ticles. Writing Darcy’s relationship in terms of water move.
14—  a ¥R ment relative 1o the moving soil particles:
- D EEegermera 6 v, - —k d
£12- — ] 1ol e dx
T L] - . ' . ' - .
) Substituting |6} into |5], the Amid-flow diffusion eguation
B T . for the case where volume change occurs as a result of soil
n i_|_ - ‘ watting takes the following form:
Ehl 1 .
o R | a a
Lo ' om L+ en =L (¥
£ s i, I I e L
Boae " and thus
' H
2 L 9 1 g 2. 4 ( p_ B8
. .= _ y
e N I dm " dm
a - .. L ks ety | '
17 L] (I GG BLE R where void ratio ¢ and soll-water potential ¥ are assumed

Romg g ki3

Fie, &, Particle separation distance, volumelric water £on-
tent, and swelling pressure for Na-monimorillonite cley at
10 ' M NaCl

be achisved by using the material caordinale system similar
to that proposed by Philip and Smiles {196%). This systemn,
which permils accountability for volume change, 15 simple,
since The analyvtical Formulation is similar, in a sense, 1a the
no-volume-change analysis, specifying the relation bﬂwccn
malerial codrdinate o and & as

o dx
-l £

m -

w

whers ¢ is void catio. The carresponding contineily condi-
tion will then be given ay

d -
(51 5 (B0 + &) =

By
dm

to be functions of volumetric water content 4 only (withoot
significant loss of aecuracy, Yong and Warkentin 1975), and

e
-1+ =
e~ | e+ 6 i
D, - _Kk_# _ D)
1 + # 34 | I
In view of the identical form between |§] and [4], the tech-
nigue for selution of [B] would also be stmilar. Writing the
Bolizmann transform as

=M
5] & =3
[8] can be reduced 10 an wrdinary differential equation and
solved subject te Lhe specification of zppropriale boundary
condilions (Philip and Smiles 1969; Yong and Warkentin
157 5).
For the case where swelling is consirained, i.e., no volume
change under developed swelling pressures, it iz noted that,
whereas the no-volume<hange cantinuity condition is
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apparently satisfied, the test resulis obtained will not, in all
probability, maich the predictions made from the model rep-
resented by 13] because of the sweiling pressures developed,
as noted in Fig. 5. If such & the ¢ase, a reevaluation of the
swelling . volume change phenomena in the wetted and
unwetted porvons of the test column and thelr impact on
the soil-water potentjal, i.e. Lhe ¥ Llerm in 3], i needed,
espectally in regard to the wetting phenemenen where hydra-
ton interaction energies are developed at the particle
surface - water interface.

High-pressure corsafidation and pariicle inferaction anergies

As noted in the Introduciion, it is important in the study
of wetting of a swelling soil to recognize that wetling of a
completely dry soil as opposed Lo a partially wet but unsatu-
rated soil cannot be anaiyzed without due consideration to
the differences in energies of interaction established herween
particles during the course of wetting, The differences
between the two initial soil conditions are thought o be due
1o the [act that wetting of an initally dry swelling s0il pro-
duces resoltant volume change due 10 interaclion encrgies
responsible For hydration of the dry clay particles. This has
been referred to (van Qlphen 1977) a5 the stage 1 wetting
process, The reasoning given is (hat, whereas the general
DDI. models can describe the swelling-pressure and volume-
change phenomena for the stage 11 welting process where
energies of interaction due to double-laver interaction
dominate, the stage [ process where hydration [orces
dominate can benefit from a closer cxamination of the
energies of interaciion developed. To provide a means [or
¢valuation of the energies of inleraction developed i Lhe
stage | process, the energies of interaction developed in the
Stern layer are cxamingd, wsing high-pressure consolidation
tests on Ma montmorillonite, It is recognized that these

results pertain 10 the Tully saturated soil ¢ondition and
should therefore e used more 1 the qualitative scnse as
input for evaluation of the stage | wetting process than ay
quantitative vahues for direct application to analyses of wet-
ting af an initially dry swelling soil.

The results from a high-pressure consolidation test on
Ma montmorillonite are shown in Fig. 6 together with the
calculated resulls ¢obrained using the Gouy-Chapman (DDL)
model and the experimental resylis reported by Bolt (1936).
The detailed development of the relationships for the DXL
model and method for calculating the variation of total
interaclion energy (swelling pressure with panicle separation
distan¢e) can be found in various reference texts and publi-
cations, ¢ g., Kruyt (1962}, van Qlphen (1961}, Youg and
Warkentin {1975), Bohn ef af. (1979), and thus will not be
repeated herein.

The assumplions made for the computed values in Fig. &
included the following. (1) The relationship betwsen particls
scparation distance (247 and the overall system void ratio
ie), where 4 represents the equilibrium half-distance belween
interacting particles, i.e., particle spacing between two adja-
cenl interacting particles at equilibrivm, s 2d. {2} The clay
soil s Mally saturated, and hence capillary forces may he
neglectad. (3) The clay particle surfaces are smooth (i.e.,
surface roughness is ncglected). (4) The relationship between
total inleraction energy £y and the overal) soil-system pres-
sure (P) is expressed as (Barclay erafl 1976) P =
afy/a(2d). (5) Parallel orientation of clay particle has been
achieved in the high-pressure consolidation experimentation,
thus perniitting use of the face-to-face mode for calculations
using the Gouy-Chapman mede] (with and witheut the
modifications developed in this study).

The results shown in Fig, & indicate good agreement
between the measured values of Bolt {1956) and this siudy
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and also pood agreement hetween Lthe calculated values and
the experimental one for panicle spacings above 3 nm. Hlow-
ever, al values below -nm panicle spacings, the measured
values do not accord well with those calculated valoes
ebrained from the DDL model. This is not unexpected, since
the DDL mode] presumes that the porential at the charged
particle surface y,, drops linearly Lo v, the potential in the
Siern layer, and that the drop of the potential at the Stern
layer 1o the potential f,, the potential at a distance x away
from the charged particle surface (.¢., ; 1o ¢,), occurs in
the Gouy layer. To seck better accord belween experimental
ubservations and compueled values from the DDIL model,
the Stern and Grahame suggestions of the clectric double
layer, i.e., Lthe charged panicle surface and the immediate
adjacent layer of counter ioms, need 1o be ¢onsideted jn
determinauon of the additional energy 12rm required for
modification or extension of the DDL model, The Grahame
(1947 panitioning of the Stern layer into two parts, an inner
Helmholtz plane {[1IP) with potential ¥y, and an outer
Helmholiz {{JHP) with potential ¢y equal (o ¥y, provides
the opporiunity 10 examioe the interaclion cnergies devel-
oped in the layers. The problem ol a viable descriplion of
the {$01] particle) solid-liquid interlace in the ¢context of an
elecirified interface has been discussed by Bockos and Reddy
{1970). In regard to the question of the 'shicking'’ of ions
tg the elecirode, two types ol arrangement ol 1ons “struck”™
on an elecirode (Figs. 7A, 7B} (Grahame |%47); arranpe-
menl A where the hydrared ions interzet with the electrified
surface wih a waler mofecule separation, and arrange-
ment B where the lons are in direet ¢contact with the sur-
faces, resuiting thereby in partial hydration of the ions, The
problem for consideralion reduces to an assessment of whal
constitules the closest approach distance for the ons and
a determination of (be forces thar influence the sticking of
ions te the charged interface. One recognizes Lthal whatever
arrangemen! of ions and water molecules exists al the inter-
face, this arrangement needs 1o correspond to the conlipura-
tion of lowest free energy. For arrangement B Lo ocgur, lons
in the GHE must ¢nter the |[HP.

In the Gouy-Chapman model without the Stern correc-
tion, the charge on the surface of the particle e, must be
balanced by the total space charge in the soil solution, if
clectroneutrality is Lo be preserved, i,

" o
ap = o = —l g dx

L
where o, i3 surlace charge balanced by the diffuse Gouy-
Chapman layer, and g, is net charpge density al a distance «
fram the charged surface (volume charge]. As detailed in
the various reference texts, the Boltzmann relationship for
oy 8%

(1] e

]
2 R 2
xr
£ m T
— <y
AT fapl - =
E b p( T )

xr—a

1l

where A, is concenration of ith species at distance x, 1,
is concentration of ith species in the bulk solution {outside
the influence of the charged surface, z; is valence of
species £, € 15 electronic charge, ¢, is electric potential at x,

x5 Balizmann constant, and 7 iz absolul® wemperature.
In regard 1o ¢, the factor within the exponenual
bracket in |!1], (- &4, /2 T}, represcnes the ratio of the
electrical and 1hermat enerpies of an ion at a distange x frum
the charged surface. [nvoking the Paisson relalicnship
between electric potential rnd space density, 1.¢.,
;] d'!"l:"r

dx 'li'l':

solution for o, can be obrained as the weil-known Gouy-
Chapran equalion:

- g (]
2exT E Moo EXD (— :;ﬁh) - ll

x>

Py — =

1 s =

Hawever, with the inclusion of the Grahame- Stern
modification, and with the model shown in Fig. 7 {arrange-
meni B), [12] needs to include consideration of interactions
in the Stern layer. [demiilying the surface charge due to the
ionsg in the THP and OHPF as o, and oy, respeciively, the
surface charge at the particle surface is balanced by the ¢on.
trihutions of both g and o, as follows:

113] e, =

where o4, ~ o To determing o, ofe needs 1o Obtain the
concendration of jons of species 7 in the THFP, (n,,].
inasmuch as

(14 o — A7 e

where Ay is thickness of water layer (2.8 % 10 " m).
From the Boltzmann relationship:

En - E
P €XD (Lﬁ_ﬁ)

n‘m ean (..._ .z'i_ﬁfr!) exp (&%;—E_'ih)

where Ly, and £, refer to the inleraciion ¢nergies in the
IHF and CHP, respectively, #, ., refers 1o the concentra-
tion of 1ons of species i in the OHP, and §_,, refers to the
glecironic potential at the OHP,

E ;. can be calculaied in terms of the Coulomb forees as
Ey = E. - z4°/ER, where R is distance between the centre
of the ion § and the negative charge site of the particle, and £
is dieleceric constant. For £, one needs to cousider not
anly the same Coulomb forces but alse the short-rangs
forces ansing from (4) ion-dipole interaction, (i) dipole-
dipole interaction, and { /i) dipole-siie interaction. The ign-
dipole interaclion engrgy £y, can be computed according Lo
Batrow {1973} as

[i6] £y = 2,
ir
where u is dipole moment of the water moleculs (= 1.8 =
107 esu vm), ¢ is electronic charge (= 4.5 = 10 ' esyy,
rissum of the radii of the ion and water molecule {assum-
ing nondeformming spheres), and £ is dieleciric constant
= 3.

Since dipole-dipole inieraction ¢ould substitute for jion-
dipcle inleraction, the result of dipele—dipole interaction and
the magnitude of reduction of £  will increase 25 the num-
ber of absorbed tinteracting} warer molecules increases, This
reduction was calculated by Bernal and Flower {1933) to be

?.h + TFab

[]i] "J.J-"I

H
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from 10 1o 20% of the potential encrgy due Lo the ion- dipale
interaction when the number of absorbed water molecules
i5 3-&, according to the folowing relationship: reduslion —
£.0x%7 ). The grometrical factor 2, is given as 0344 and
1.188 lor 3 and & waler molecules adsorbed by ion, respec-
tively, In the calculations used to modily the Gouy-
Chapman model, a reduction factor aof 20% of the energy
due L iun- dipole interacion was used 1o cakoulale the dipole
interaction energy £44. on the assumption thar any MNa*®
jior could be surrounded by up Lo six water mojecules, e,
Edl] - {}.EE,d,

The vaiues lor dipole-site interaction eneray £y, may be
caleulaled as

D7) £y = ££
fl'

where r| is the distance between the cenire of the dipole and
the negative site. The relatiomship lor £y, van now be
oblained as the summation of all the interaction energies
heratofore considered, le, g = £, + Eg4 + Egq + Ey-
Accordingly, with this toal interaction energy relativnship
and the expression given for £y given in terms of £, the
term (En — E,) can now be evaluated. 1n additien, ¢,
can be calculated as follows: {{) calculating o, from the
known CEC and S., i.e., o, = CECYS; and (#) substitut-
ing [12] and [15] into {13]; the only unknown parameter is
¥ou. which can be oblained after substtution of the
crquations.

Al this junciure, it should be noted hat to calculate the
diffusion coefficient given in [3], the osmoric potential o,
{where 3, = ) needs to be considered in calculating the
tatal sail-waler polentiat ¥

The concentration of jons al the OHP can be computed
from the Boltzmann relabionship:

]
[18] o = M <X (ﬂ)

The values for ., and # . have been calculated by
Alammawi (1988) [or the MNa-montmorillonite clay used in
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Fig. 9. Particle separation distance, volumetric water content,
and swelling pressure [or Ma-monimornillonite clay with added inter-
action energy in the Stern layer, Corr, Gouoy: Chapman, cotrecied
by adeition of hydration cnergies of interaction 1o Couy - haprarn
DDI. model

the high-pressure consolidation test, using (15} and [18] 1o
give the digreibution of Na* showa in Fig. 8.

To caleulate the distribution of the electric poleotial @
at any print x,, distant from the surface of the charged par-
ticle, Lthe following conditions are used in the integralion:

dy .
. — Dand — — { f —
¥ an e ur X o

and

¥ — Wah for x — Ac
at the OHP. The inal relationship obtained takes the form
similar {0 the one given by Kruwi (1952):

v, Tty om
oo(5) - ()
Xv, ~ In
L, 2oy
oo (i) [ (55) - ]

where ¥, is the polential at a distance x, from the surlace
of Lhe charged particle. The 1erm X s written as

dre? ¥ omaziy
20 = | - -
201 «x ( BT )

Te determine whether the relationship describing ., s
valid, recalling that 1his periains to the porential at the OHF,
the experimental values lor the pressure-particle space shown
in Fig. 6 need to be compared with the calculations oblained
using the coergies of interaction developed lor the number
of ions in the IHP and OHP. The number of cations lor
ezch watcr layer away from the Na-montmorillenite surface
has been calculated by Alammawi (1969) using the model
given hersin {(Fig. B). As observed, the concenirations af
catfons in the first layer {#,;,} and the second layer [, )
are significantly higher than those in the Gouy layer. The
high concentration of cations is indicative of :he resuliant




107 CAR, GEGTECH 1, WO, 29, 29l

increase in the soil-walter potential ¢ ab close separation
distances betwaen particles,

In the caleulations of the swelling pressure using the
Gouy-Chapman model, the addition of the energies of inter-
action within the Stern layer {presented by the IHP and
OHP) to the values calculated with the Gouy-Chapman
mede] shown in Fig. & wil add more swelling pressure of
the same particle separation distance. The culculated vabues
wilh the addiional energies of interaction at the ITHP-OHP
can b seen in Fig. 9. The comparisan belween expennental
and calculated value shows good accord, indicating thereby
the merit of incorporating the potential as determined in
accord with the Grahame modification of the Stern layer
(arrangement Bin Fig. 7). The results sugpest very strongly
that the determination af the diffusion coefficient in [3]
shauld recognize the specification of ¢ in the equation, i.e.,
to be cognizant of the contribution ltom the Stern layer.
It is further suggested that the fluid-1ransport diffusion coef-
Mcienn £ inthe stage [ wetling process (van Qlphen 1977),
where the considerable enecgies of interaction are developed
in hydration (the same region referred Lo by Ninham (1981}
as the region dormunared by surface-induced bguid structure),
will not be accurately portrayed if the poientials developed
at IHP and OHP (¥4, d,) are not incorporaied ingo the
analyses considered in [3]. Continued work is nécessary 1o
combine the seis of resulis obtained in this two-pant study
Lo better evaluate the impact of these poteniials on 0.

Conclgdiog remarks: implication [or soil welling

The close correspondencs berween the calrulated values
using the energies of interaction in the IHP-CHP as addi-
tiomal te the standard Gouy-Chapman model calculalions
shows that the vy term can be used 1o provide 3 measure
te the swelling pressure component that needs ‘o he
accounted lor in measurements of ¢onstrained wetting of
expansive soils. The manner in which such calculations
should be incorparated into analyses of results for wetting
of expansive soils is currently under study. Specifically, the
hydration lorces Lhat are responsible for the hydration
energics af mleraction in the stage | weiting process referred
to by van Qlphen [1977) would need 1o be siudied in relation
ta the swelling pressure Lest resulis obrained. Central 1o any
theoretice]l ar experimental development is the need for
improvement in the measurement of swelling pressures at
the wetting front in the inliltratich-welling experiments Lo
assure thal the swelling-pressure measurements ohtained
reflect the actund swelling pressure developed at the wetting
front. [n the meantime, research into the wening perfor-
mance af expansive soils will need ro determine the welting
characteristics of the soils and the related volume expansion
during wetting, with the hope that compuations of the
various interaction energies developed and cormmesponding
volume change can be correlaled with the measured soil wet-
ting results,
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Influence of amorphous silica and iron hydroxide on inlerparticle action and soil
siurface properties
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The study of the physicochenucal properties of pure amarphous materials {complexes) consisting of Fealdy and SiC.
b % i0ws Propoermion, indicates thal the amorphous complexes will exhibit diffgrent propenies and characreristics depend-
ing an the proporctions of Fe, ), and 5i0 . Addiion of the amorphous complexes with illitic clay studied shows thar
the properties of the clay admixiure will also vary aceording to the properiies of Lhe amorphous complex, albeit (o
a lesser degree. The properties and behaviour observed for the amorphous complexes and the clay admixiures can be
inked directly to the farge specilic surface asea and high surface charge of the amorphous complexes. The contribunon
of amorphous complexes to the clay - amprphogs complex mixlures (clay admaxtures) is 1wofoeld: firstly, by the amouni
of amorphous comples in the clay admaxiure, and secondly by the compesition of the amorphous compet used. The
contribution from the amarphous complex 15 in twa forms: waer-holding capacity and boeding action. The presence
of pH-lependen; surface chargss assoclaled wich the amorphous complenes makes the physicochemieal properties angd
behaviour of the clay admixtures (=g, liquid limils and zeta polential) sensitive 13 1he pH environment, Coating of
amorphous colloids onto clay particle surfaces, shown by scanning &lectiran microscopy, Appears to be 2nhanced by
a decrease in pH of the system, indicating that the eohancement is likely dine 1o the increased electrosiatic attraction
resulling from the increased amounts of positive charges on the amarphous colloids.

Key words: amorphouvs malerials, mass ratio, zera potentind, Bingham yield stress, clay admoxiures, hydrogen bonding,
specific surface area, carion exchange capacily, anicn exchange capacity, fabric and soil siruciure.

L'étude sur Jes propridtés physicechimigues de matérianx amorphes purs [complexes), consiitués de Fe,Ch et de S0,
en propeniens diverses, indiguent gue les complexes amorphes vont présenler diffdrentes propriftés el caraciérisiigues
dépendant des proporiions de Feo(y ¢l de 50, L'addilion des complexes amorphes & 'argde ilniguoe #ludiée montre
que les propriewds de admintion d argile voni ansst varier selon les propridtés du complexes amorphe, gquoigu's o
degré mnindre. Les propridtés ef le coraportenent observd pour les complexes amorphes of les sdmintions d'argile peuvent
Eire reliés directernent & ba valeur élevie de surface spdeifique et 4 1a forte charge de surface des complexes amorphes.
L.a conuribution des complexes amorphes aux mdlanges argilecomplexe amorphe (admixtions d'argile) et double:
premiérement, par la quantité de complexe amorphe dans "admixtion d'argile, gt deunitmement, par la composition
du complexe amorphe utilist. La conrjbution du complexe amorphe se présente sous deux formes: la capacitd de retention
d'eau et la production de liens. La présence des charges de surface, dépendantes du pH, assocides aux complexes amorphes,
rend les propritiés physicochimiques et e comporiement des admixtions 4 argile {i.e., Limiles liquides o1 potentiel zEta)
smsibles & 'environnemeol de pH. L'enduisage de colloides amorphes sur les surfaces des panicules arpdeuses, mis
£n évidence par la microscopie #lectronique & balayage, semble Eire amplifng par une dimination de pH dans le systéme,
indiquant que cette amplification o8t vraisermblablement due 2 FFaugmentanion de "auraction dleciresiatique résuitant
de quantités croissantes de charps positives sur les colloides amorphes.

Mots cidr | malériaux amorphes, rapporl de masse, potentiel z€ta, cootrainle limite de Bingham, admations dargle,
liens d"hydrogine, quannié de surface spéctfigue, capacilé d’échange de calions, capacité d dchange ' anions, fabnigque
et structure du 5ol

[Traduit par la rbdaction]

Can Gealech. 1 I9, 80T 418 (1990

Iotraduction

03

Speculation on the presence of amorphous malerials in
Lhe marine ¢lays of Easiern Canada (Condon 1966; Quigley
1968) led to several later studies by many rescarchers (e.g.,
Loiselle ¢f @f. 1971; McKyes e af. 1974; Hendershot and
Carson 1978; Chigley 1980; Local ¢f of. 1984} which con-
firmed the existence of such materials and that the three
major componenls were amorphous silica, iren, and
alumina. These components are believed to exist in the
chemical forms of hydroxides and {or) oxides. Interest in
the contral exercised by the presence and concentration of
these amorphous materials has cesulted in several stuwdies

designed 1o &xamine several aspects of soil properties and
Pronal m Canada ¢ Lanprume: sy L

behaviour, canging (rom basic material characlerizations to
material performance and properties. Beginning wilh the
reporting of presence of the amorphous materials in the
marine clays, the early study of bonding or cementing estab-
lished by amorphous maierials, using EDTA (ethylene
diaminetetragoetic acd) as a leaching selotion (Loiselle ef ai,
1977), was followed by studies of disiribution and of the
development of physical and mechanical properties (e.g.,
Yong et of. 19792, 19795, Haynes and Quigley 1976; Locat
ef af. 1984; Torrunce 19870,

[n attempling 1o determing the contnbution of amorphous
materials to soil properties and behaviour, attention has been
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given by many researchers (e.g., Haynes and Quigley 1976;
Bentley and Smalley 1978, 1984; Yonpe er ol |977, 1979,
1980; Quigley 1980, 1983; Locat e gf. 1984; Yong and
Ohtsube 1987; Torrance 1987) to the thesis that the amor-
phous materials () form coalings on seil particle surfaces
{deduced from scauning electron micregraphs and from
enhancerment of X-ray peak inlensities upon removal of the
amorphous materials), and (/) form bonds between clay
particles. However, the exact Lype of bonding and the extent
or strength of the bonds formed have not been fully estab-
lished or definitely defined.

In addition 1o the interest in the role of amorphous mate-
rials in contro) of soil praperties and behaviour, the recent
imperative concern regarding the wse of clay soil as an
enpipeered barrier for containment of land disposal of
wastes has Focussed artention on the surface properties of
the soil solids in the clay-engineered barrier. The manner
in which clay soils aocomplish accumulatton of contaminants
and control transporl processas has been described in many
reference texts (e-g., Bolt and Bruggenwerl 1978; Fuller and
YWarrck 1984; Greenland and Hayes 1981). Adsorption of

z0 10

amorphous material, and admixtuores,

caiions by clay soils resulis lfom the negalive surface charges
that are characteristic of many layer-lattice minerals.
Amorphous malerials possess high specific sutface areas and
high fon-exchange capacities. The sutfaces of amorphous
materials, as far as the charge is concerned, are dependent
on pH and electrolyte concentration in the surrounding
medium. The charge arises from associalion or dissociation
of protons and may be represented by
OH"™

mard Ehhn-!

*

M-OH; =  M-OH M-O~ + H;0

where M represents a coordinated amorphous ion. The
exlent of association or dissociation of proiens is determined
by Lhe concentration of protons near the surface, and hence
by pH electralynie concentration of the soil pore fuid. The
pH a1l which the surface is unchanged is known as Lhe zero
poinl of change (ZPC). 1L depends primarily on the alfinity
¢! the amorphous ions for electrons. The charge reversal
of Lthe amoprphous material, due to changes in the pH of the
soil system in relation to the ZPC pH, will create or affect

bonding silvalions consisient with the changes in the sign
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TABLE 1. Mineralogical and chemicai composition of soils and amorphous materials used in the study
Amorphous material at mass ratio® of
Composition Illitic soil 0.00 0.10 0.25 0.40 0.54 1.00
Crystalline minerals Quartz, feidspar, calcite, illite, chlorite — —_ — — — —_
Amaorphous content (%)
Si0, 2.1 100 %0 75 60 46 0
Fe,0, 3.6 0 10 25 40 54 100
AlLO, 1.1 0 0 0 0 0 0
Total 6.8 100 100 100 100 100 100
Organic content (%) 0.2 — — — — — —
Cation concentration (mequiv./100 g)
K* 2.8 nd 18.8 6.8 4.4 1.2 nd
Na* 84 nd 148.0 184.0 215.6 2040 nd
Ca®* 65.5 nd 2.2 132 232 172 nd
Mg?* 3.2 nd 1.8 1.8 0.3 0.6 nd

NoOTE: nd, not determined.

™Mass ratio = Fey0,/(Fey 0y + Si0y).

dDetermined by Segalen’s (1968) technique for soils.
‘Cation conceniration = 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 positively 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 jonic 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 the hydroxide. The anion is thus incorporated
with the surface hydroxyl layer. This process is not sensitive
to electrolyte concentration but is sensitive to 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 ¢lay 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 ef al. 1988a,
19884; Yong and Rao 1991) that utilize macromolecules in
developing bonding with organics. Present perception of
contaminant-soil interaction suggests that clay soils 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-
mance of 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
s0il 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 c¢ation and amion
exchange capacities, and zeta potential,

Materials and methods

Hilite 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 al. 19795,
1980), accountability for composition or type of amorphous
material was achieved by using the mass ratio (MR) concept
(Yong et al. 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., (Fe;0,/(Fe,0; +
5i0,)). 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 Fe;O,. 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 et a/.
1980), a change in the MR in effect changes the composi-
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TABLE 2. Bayic geolechnical and physicochemical propertics of sols and synthesized amorphoos matenals

ASTM Syntheuzed amorphous matenial (fresh) ar mass ratio of
test 1Hinic —_——— —_—
{1530 sail 1] G.10 0.4 0.40 0.3 1
As 15 water content () D2216-80 0.8 15301 LSd1.6 9180 130.0 402.4 T
Consistency limiis
Liguid limit (%) Da313-84 NG &47.6 .2 4513 180.1 pIER ieas
Flasuc bimit {%s) A4 4022 1550 861 1125 1 9.4
Flasticity index [ %) 12.6 445 .4 415.2 2645 &7 6 1.7 1455
Flow mdex 6.0 120.0 523.6 1364 0.2 542 1795
Ot ain size
I, (k) M22-63 L0 nd nd nd nd nd nd
2, (gm} 0.4 nd nd nd nd nd nd
) 203 nd nd nd nd nd nd
c’ LN nd nd nd nd nd nd
ptl nd 5 EO 1.0 gD §.0 8.0 8.0
Speeilic surlace dred Lmze’g} nd 834 186.1 7301 639.7 49%. 58 5649 aT7.0
Cation eachangs capacity {mequiv./ F00 g} nd 15.0 4.9 &1.% 7.2 820 614 BG

liom or type of amorphous malerial and can result in corre-
sponding changes (n the soil propertics.

To synthesize amorphous silica and iron hydroxides, as
well as their mistures of varying composition, the precipita-
tion technique developed by Herbillon and Tran Vinh An
{1969) was employed. A predetermined MR was obtained
by mixing together precaleulated volumes of Felly 6H O
{0.05 M} and Na 504 9H,0 {0.05 M) slowly in a beaker.
The pH ol the mixed solutions was brought to 8 by adding
sither diluted HC or Na(H with gentle stirring for a week,
In the cases where the MR was 0 or |, corresponding respec-
tively to pure amorphous silica o7 pure iron, only the pH
adjustment was necessary, Following 1 week of gentle stir-
ring, when the amorphous complex had grown sulficiently
large in parlicle size withoul being crystallized, the complex
was repeatedly Tiltered and washed wich distilled water o
remove free salts in the suspension. Repeated Rltering and
washing was terminaled when the NaCl concentralion was
lowered to 10 ** M. The arnorphous complex thus obtained
was in the form of a gel and was used without being allowed
1o air-dry,

Fisual description of synthesized amorphous material
feormiex)

Al] the amorphous complexes were synihesized in the zame
manner. The igilowing i3 a visual deseriplion of the amor.
phous complexes in Lhe wet state (i.2., as used in the ¢xperi-
ments) with dufferent MRs using the revised Standard Colowr
Chart by Ovama and Takehara (1976): {it MR — 0 white
{an opaque ofli-white gel); (Y MR — 0.10: pale yellow fan
opaque pale yellow gel); (i) MR = 0.25: yellow (an opaque
yellow pel); (iv) MR = 0.40: brighl yellowish brown {a
yellowish brown gei): {v) MR = 0.54; boght brown {a
brown gel), (vi) MR = L1: dark reddish brown (a dark
reddish brown gel). As noted, the colour changes [rom white
to yellow, and then to brown, as the MR varies from 1o
0.25. and then ta 1. The opacity 15 reduced as the MR
increases, ioc., as rthe Jron coptent iNcreases.

Mates O, uniformiry ceeifcienr (Syy/ D el O, coefRoient f curvature (Do 8 - D)t nd, ner determaned.

Mineralogy and composition

Mineralopical analysis of the illite soil, amorphous mate-
rial, and their admixtures was gbtained through X-ray dif-
fraction (XRIM studies, using a Sicmens D500 apparatus
with CuKa radiation, Criented slides were oblained alter
drying 2 suspension (1.0% solid) of dried and gulverized
sample mixed with distilled water. For amerphous malerials,
a specimen was prepared from approximately 3 g of wet pel,
which was spread on an XRD) slide and subjected Lo air-
dving. The XRD results {dilfractograms) for illite soil, amor-
phous maiterjals, and admuxtures are presented in Fig. 1.
Since, By defimtion, amorphous matenals do not exhibat
crystalline features, XBED studies were nevertheless con-
ducted on the laboralory amerphous materials 1o confirm
Lthe atence of crystalline malerial, as demonstirated by the
diffraction patterns shown in Fig. i. As indicated by the
XE.D results, the illieg so1l is composed mainly of quart: and
feldspar as primary minerals with illite and chlorite as clay
minerals,

As expecied, the admixtures of amarphous complexes
with illiti¢ soil show no alteration of XRED peak positions
of various crystalline minerals in ¢comparison with those
belore addition of amorphous complexes. More specifically,
these data indicate that the addition of amorphous complex
neither changes the carystalline compeosition nor forms a new
species of minerals with the clays, However, the peak inlen-
sities af some minerals are more or less reduced, due prob-
akly to amorphous complex coaling (o clay minerals
(McKves e @f, 1974). Since it has betn suggesied 1hal amor-
phous iron hydroxide may graduzlly transform into a
crystalline substance, namely hetnatite and {or) goethite
upon aging under neutral pH conditions {Gastuche ef &l
[964), the XRD technigque was also used (o moenitar any
transfaormalion of amorphous complex into crystalline mat-
ter dunng “'aging’’ tests.

A trace amount ol organic matter of about 0.25 was
detected in the illite soil, using the hydroperoxide oxidation
technique {Jackson 1967). The amorphous materials deter-
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mined according 1o Scgalen’s {1968) 1echnique, lor the illitic
soil, were as [ollows: 5i0); — 2.1%, Fe, Oy — 3.6%, and
AlLO, - 1.1%, for a towal amerphous material content of
6_8%0 by weight. It is recognized that it is difficult to iden-
tify and, hence, isolate the cffect of this initial amgrphous
material present, since removal of the amorphous ¢compo-
nents by selective dissolution techniques may cause allcra-
tion of pore-Nuid chemisiry aod pechaps some disselulion
of the solid material constituents, Accordingly, quantjtalive
values piven are 1o be taken in the context of the method
used and are useful only with respect Lo a relative compan-
son of concentrations of the various constituents. This does
ugt apply te the laberatory-prepared amorphious silica or
iren hydroxide inasmuoch as these were prepared as descnibed
in the preceding section.

Cation ¢oncentrations {soluble and exchangeable) in the
pore fluid, replaced by a silver-thiourea complex {Chhabra
er of. 1975), were determined using an atemic absorption
specirometer. The synihesized amoerphous materials show
sodium concentranions highér than the sther cations, as
indicaled in Table 1. This could be attributed to the com-
plexatien of sodiom and hydroxylated surfaces during the
preparation of the synthesized amorphous marerial; hince,
the adsorbed sodium could not be washed off by distilled
water during the synthesizing process. The mineralogical and
chemical composition af the soils and amorphous compleses
used in Lhe study is summarized in Table 1.

et pateniial measurerrtons

Detailed information regarding the zeta polential meg.
surement and 115 ¢oncepl is given in Appendix. The zeta
polential of the seils, amoerphous complex, and their admix-
tures was determin#d with the aid of a zeia meter and
application of the Helmhboliz-Smoiuchowski eguation
(Heimenz 1977). Only a minute quantity of specimen was
required to prepare a very dilute suspension {abont 0.02%
solids concentration). Several agilalions were necessary 1o
break down the s50il flocs, followed by a quisscent period
to allow Lhe samples to equilibrate with the buffering solu-
tions (i.e., vadations of solutions pH from 2 o 19).

Viscosity and Biagham yield siress delermingiion

For viscosity and Bingham yweld stress tests, the solids con-
centration of the test samples consisted of 5% amorphous
complexes for (ests on these materials. [n tests on Lhe illile
s0il and admixtures with amorphous complexes, the solids
concentration for the test sumples consisted of 10% soil
solids {for soil admixiures) The 1est samples {suspensions)
were well shaken Lo ensure uniformuly and allowed to
cquilibrate for a period of 24 h before determination of the
flow characlerislics of the samples. The viscosity values of
the samples were measured using a rotating ¢ylincrical
viscometer (Contraves Rheomat 1 %), capable of 15 dilferent
shear rates insreasing in geometric progression. The shear
siress was calculated through measurements of 1the 1orque
required to maintain a given shear rale, and the Bingham
yvield stress gbtained rom the shear rate curve was used as
an indicator ol the ilow behaviour of the material,

Infrared spectrometry (TR) srudy

The samples were prepared by mixing one part s¢il, or
amorphous complex or admixtors, with L0 paris of buffer-
ing materjal (potassiumn bramide, KB, Following mixing,
manual grinding was carried out in a moriar until the mix-

ture had turned inta a very line powder. The powder, con
taining J0% sail sample, was compressed 1 appreximately
70 20 kPa by a compressor 1o obtain a thin-section speci-
men. A blank sample {pure KBr) was also tested as
"“hackground™ along with the other samples, The infrarad
speclrometric patterns were obtained using an infrared speg-
trophetometer {model ACCUL AB manufactured by the
Beckman Company). To minimize the effect of moisture
adhering 10 the soil samples, the samples were kepl in a
desiccator prior o testing.

Scanning electran microscopic (SEM) study

A JVC T300 scanning electron microscope was used to
observe Lhe microsiracture of the soil - amorphous complex
admixtures. The ajr-dried samples from about 1 1009 {solid:
liquid) ¢oncentration suspension were coated with carbon
and subsequently with gold-patladium as required for the
SEM examination. A very small amount of s50il and (or)
amorphous complex was obtained from the previously pre-
pared and equilibrated samples for immersion in a beaker
containing distilled water at a pH preadjusted 10 8 by adding
MaOH or HClL One drop of this suspension was pipetted
and placed onlo the SEM sample stud lor air-drying before
ceating with carben and gold-palladium.

For suspensions containing samples from molded soils,
continudus agitation was perfarmed for aboul 5 min 10
ensure 1hal complete distuption of soil siructural bending
was obtained. All of the soil samples were aged lor approx-
imately 3 months in a humid room prior Lo preparation for
the SEM Lests. The magnilcation Tor SEM rests was selected
ar 15 000 = based on the rosults of several examinalions
of samples,

Resufts and discussion

Geolechrical and physicockemical propertics

Table 2 presents the test resulis of some hasic geolechnical
and physicochemical propertivs for illite so1] and amaorphous
complexes pertinent to Lhis study. The waler conlenl, ¢con-
sistency limits, and grain-size disiribution were determined
using the ASTM (1989} siandard methods as siated in
Table 2. Hydrometer tests for evaluation of grain-size dis-
ributien of the amorphous complexes (present in the form
of gel} could nol be undertaken because of the tendency for
floceulation of the complexes almost immediately afier
blending. This phenomenon 15 nol unexpecied in view of
the strong attractive forces present within the amorphous
complex. The addition of a dispersing agent did not achicve
the expecied dispersion of Lhe amorphous complex, due
perhaps to the counierreaction of the variable charged sur-
faces of 1he material. The specilic surface area values were
measured using the ethylene glycol monoethyl ether {EGME)
retention lechndgue (Fltantawy and Amold 1973). The cation
exchange capacity {CEC) was determined at a pH of 7 with
a silver-thiourea complex as a cation-replacing agent
(Chhabra et af. 197%).

As noted from Table 2, the synthesized amorphous com-
plexes showed varying values of consistency limits depend-
ing on the MR, This can be observed, for example, in the
vast difference in the hquid-linut values. The liquid Limit
decreases from 347.6 1o 180. 1% and subzequently increases
t 364.5% as the MR of the amorphous complex vades from
Oro 0.40 and thereafter 10 L. An apparent critical point exisis
al an MR of 0.40, where the liquid and plastic limils exhibit
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minimum values, As might be expected, the specific surface
areas of the amorphous complexes vary in the same manner
as their consistency Bmils. inasmach as the consistency prop-
erties are controlled by the surface area of the amorphous
complexes, Table 2 shows that a minimum value of specific
surface area is olnained at an MR of 0.40, corresponding
to the minimum values of consistency limits, The CEC of
the amerphous complexes attaing ity Mmaximum valur at an
MR of 0.40, in ¢contrast with the specific surface area mea-
surements and consistency limitg, which are al a minimum
at 0,40, As will be noted in Lhe discussions 10 follow, whereas
this might appear to be inconsisten! with mitial expectations,
the recent studics on somorphous subslilulons in amorphous
complexes reporied by Cloos e ol (1986) and Decareau
ef al. (1987 suggest that thesg substitulions are responsible
for the observed hehaviour.

Specific surface area

The results portrayed in Fig. 2 show Lhat the specific sur-
face area (55A) of freshly prepared amorphous ¢omplexes
varies from 790 mi/g for the pure silica (MR -0} to
§70 m¥/g for the pure iron {MR -1}, with a minimum
value of about 500 m-/g for the mixed iron hydroxide and
amorphous silica al ME = 0.40, indicating the surface-area
dependency on amerphous material composition. As ¢om-
parative values, if is noted that the S8A for a pure Na-
montmorillonite clay is approximately 800 m?/g, whereas
the $5As for kaolinujc and illitic soils are abour 15 and
80 m</g. respectively, which in turn suggests that the
amorphous material has a %5A close to that of Na-
moatmorillontte. Furthermore, it it known thal the higher
the surface area, the greater the number of available siles
for chemical interactions, hence, more atienualion capacily.
The variation of 58A of the amorphous complex with mass
ratio exhibils a ¥-shaped curve, very stinilar 10 that shown
for the consistency limits. The same type of relaticaship is
also observed for the admixtures composed of amorphous
complex and illitic soil.

The variable 554 measured as a result of variation of mass
ralio of the amorphous complex suggesis that the combina-
1ton of 51 and Fe during formanon of the amorphous com-
plex is nol necessarily a simple matter ol physical mixing,
but rather a more complicated procedure that alse iovolves
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¢hemical inleraclion. The minimom value of 55A =
MR = 0.40 sugpests the [ormation of larger parlicle sizes
for the amoarphous complexes and the admintures. This
would be consistent with the ohservaiion of minimum values
for the plastic and liquid himits found at MR = 0.40,
inasmuch as low watér-holding capacities are indicalive of
low S5As,

On the other hand, since the molesular weight of Si0;
is less than than of Fe,0,, the proportionality in the mass
of each component is different lTor each MR, For example,
at MR = 0.1, the mass of Si0; = 0.0166 mol/g of soil
and the mass of Fe-0; = 0.00184 mol/g of seil, whereas
at MR -~ 0.4, the mass of Si0; is the same as for
MR = 0.1, but the mass of Fe;O; = 0.011 mol/g of soil.
This in turn indicates thal at MR — 0.4, equal mass of
5i0; and Fe,04 05 present m the complex mixlore; hence,
paximuom substitution of 5i'* by Fe** and optimum sur-
face area of Lthe composition are obtained.

Tests on 1he illitic s¢il and admuxiures of the s¢il and
amorphous compicxes aged in a humid room for | vear
showed that the 554 of the illitic soi! was sipular to Lthe
“‘un-aged soil {SSA of about 89 m®/g). However, as
shown in the ¢heck samples in Fig. 2, a marked reduction
in the 55A occurred for the amorphous complex. The apeing
effect on the admixtures is nol considered significant for
the perceruage of amorphous complex used in the admixture.
Hewever, it 15 expecied that, il the amorphous complex 1%
increased o values significamuly above 13% of the mixture,
the ageing effect would be noliceable, Tt is not immediately
clear as to the direct cause of the reduction of S5A other
than a ‘‘thixotrphic'' or aggregation effecq feading 10 an
increase in amofphous complex particle size. This will be
examined in a later seclion in the discutsion provided in sup-
port ol the SEM study.

Cation gnd anion exchange capaciles ¢CEC and AEC)
Lrsing the cation exchange capacily (CEC) and aniorn
cxchange capacity (AEC) as indicators of the capability of
the s0il admixtures to provide imgraction with the indifferem
ions, i.2., ions that interact in the diffuse double layer and
have the ability to influence the magnitude an the 2¢ta polen-
tial. Since the CEC and AEC values of a $0il mass represent
the surface negativily and positivily, respectively, the CEC
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and AEC were measured a1 a pH of 7 {solution pH) to pro-
vide the same basis or comparizon of surface-charge char-
acleristics. This is necessary becavse the CEC and AEC of
sgils are functions of the pH environment {Dugquetlte and
Hendershot 1987), The CEC valves determined by the
NH** adsorption technique for some seiected samples were
comparable wilth those obtaiped by the silver-thicurea
method. Thus, the CEC values presented in 1his section are
those determuned by the latter technique.

Figure 3 shows the CEC results for both ¢he amorphous
complex and the admixtures. The measured CEC values
range lroem 2.0 mequiv./ 100 g lor the pure amacphous iron
tu B2.0 mequiv_/100 g lor the MR = (.30 amarphous com-
plex. An inlermediale value of 55 mequiv. /100 g was
oblained for the pure amorphous silica. [n contrast with the
trend shown by Lthe S5A relationship, the CEC is an inverted,
Y-shaped corve wilh a maximum value ai MR — 0.40.
A similar trend is shown [or the admixtures. Since the CEC
of the illitic soil is 16.0 megquiv. /100 g, the addition of the
i 5% amorphous complexes serves to increase the CEC of
the admixtures to about 25 mequiv. /100 g at MR — 0.4,

Whereas one would expect the CEC to increase wilh an
increase in the 58A of the amorphous complex or admix-
ture, the contrary s oblained, i¢,, the maximum CEC is
obtained when the 55A is at a minimum, a1t MR = 0.4 {refer
to Fig. 2). This apparcent comradiction is in actual fact sup-
ported by the earlier work of erbillon and Tran ¥Vinh An
(1969), where an increase in CEC was observed with increas-
ing MR. The praposition of isomorphous subslilution of
silica atoms by iron during Lhe formation of the amorphous
material has been made through a process which suggests
that when the hydrous silica and iron ions were co-
precipitating in the agqueous solution, a number of $i'"
ions can be replaced by Fel* ions. Thus, instead of form-
ing $1{OH}]. Fe(OH); is produced. The latter bears ene
negative charge, whereas the former is neutral, The concepl
of isomorphous substilution in amorphous materials was
initially proposed by Cloos ef af. (1986} for the co-
predpitated silica-alumina hydroxide, whers the silica atoms
can be partially isomorphous substituted by aluminum ions.
Most recently, 3i** —Fe?* substitution {(3i** by Fe!*) was
also suggested by Decareav ef of. (1987). 1 is, however, not
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yet immediately clear how isomorphous subsitution accuors
and why it is maximized at an MR of around 0.40, 11 would
be expected that not all of the negative charges on Lhe sur-
faces of the silica-iron hydroxide are the resolt of isemor-
phous substitution, since Lhe presence of broken bonds could
constitute anolher source of negative charges, The former
charges are permanent, whergas the latter are variable, 1.8,
pH-dependent charges.

The structure of the amarphous complex shown in Fig. 4
is postulated on the basis of the following observalions:
(i existence of Si**, Fe?*, OH {0 and H *); {if) the
amorphous complex is solid; {#i{) abundance of electrig
charpes arising from broken bonds; {iv) isomorphous
substitution of Si'* by Fe’*; and (v) polymerism of
molecules. The portrayal of both negative and positive
charges on Lhe surface of the amorphous solid shown in
Fig. 4 recognizes Lhat the negative charges ate due ¢o both
isomorphous substitulion and the presence of broken bonds
and that the positive charges arise only from the effect of
broken bonds. The charpes astociated with Lhe broken bonds
can vary in sign depending on the pH of the sysiem (envi-
ronment). By and large, a decrease in pH is associated with
an increase in the amount of posiive charges arising from
deprotonation of hydrogen {pronaltion ol oxygen) aloms.
It is conceivable that significan! hydrogen bonding may
oceur both within and outside (the amerphous domains, as
suggested by the iofrared specirometry results, since Lhere
are numerous hyvdroxyls, Marecover, a certayn amount af
cations, maostly sodium in this case, can be adsorbed on the
surfaces of the amorphous complex’s particles by the
negalive charges. The amount adsorbed is proportional to
the negative surface charges, i.e., CEC, It i3 also likely that
some cations can be entrapped beiween two units of Lthe
amorphous material complex.

To provide a means lor quantification of the surface activ-
iy, the concepl of negative surface charge density (NSCIN
is introduced. The NSCD, which is expressed as the ratio
of CEC 1o surface area [mnquiv.fm"'}. provides an indica-
lion of (the amounl of negative charges per unit area. The
higher the NSCD, the greater is the negativily. Figure 3
shows that the NSCD is maximized when MR = (.40 and
that a value as Jow as 1.2 x 107* mequiv./m? is obiained
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for pure amor?hnus iron, 1o eontrast with 164 =
10 * mequiv./m’ at MR — 0.40. This suggests that a very
small amount of negative charges are associated with pure
amarphous iron and that the negative charge densily is sig-
nilicanlly increased with the addition of ainorphous silica,
i.e., up o MR = 0.40,

The NSCD for the clay - amorphous comples admixiures
alsy shows a maximum value at MR = 040, as seen in
Fig. 5. For the pure illiic soil, the NSCD value calculated
from the CBEC and specific surface area for the soul given
in Table 2is 18.0 = 10~ mequiv./m? Whereas a compar-
ison of the NSCD values for the spil admixlure 3l vanous
MEs with the corresponding NSCD values for the amorphous
camplex shows that the NSCD of illitic clay is higher than
that for 1the amorphous complex, the values are still laower
than the NSCD value for the pure illitic soil. This is consis-
tent with the expeciation that any addition of low-NSCD
amorphous complexes will reduce the overall NSCD of the
illieie soil.

The ABRL valies for the pure amomphons insn and the dlie
soil were obtained as L0 and (.05 mequiv /10D g, respec-
tively, The AEC values for the amorphous complex and soil
admixtlures and 1heir respective posilive surface charge den-
sity (PSCD, ie.. AEC/S55A) variations with MR are shown

Clays #» 7 4 Amorphous Complexes
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Fro. 7. INusraiion of clay-amorphous silica-ivon comples
interacuion - Monding mechanisms, CB, catien bridging:
ESA. electrosiatic attraction; HI-B, hydrogen bonding; YW, van
der Waals, W, water bridging; *, replaced by elegmen: shown.

in Figs. G and 68, respectively. T1is seen that the AEC values
are generally much lower thar the CEC values, especially
for Lthose wilth a &R less than .54, The increasing trend
of AERC and PSCD with increasing MREs noted in the figures
may be altnibuted to the increasing iron content. The admix-
tures of illite soil and amorphous malerials show higher
FS{Ds in contrast with the amormhous camplex for the twa
MERs pontrayed in Fig. && because the 55As of the admix-
tures are lower than those of the amomphous materiais.
Although the amownt of positive charges is low, it is capected
that the pasitive charges would contribute Lo The tolal inter-
active forces through electrostatic aliraction.

Since the amorphous materials possess bolh positive and
negalive charges, polymenzation of the amorphous colloids
can occur in the development of an amorphous-clay 1ol
siructure, resulling in an arrangement where growth and
attachmenit of the amorphous “‘pelymer'” 1o clay particles
produces chain-like clay - amorphous materials. Figure 7
Ulusirates the possible interactions that might oecur between
¢lay munecrals and the amorphous complex, with assumed
isomarphous substitulion occurting in the clay minerals. The
development of the arrangements shown in Fig. 7 recogtizes
the potential for the lollowing interactive mechanisms.
{1} Elecirostatic antraction beiweernt clay surfaces and amor-
phous colloids. (2) Catign  brideing through odsorbed
cations, as g specied case of electrosiafic efirgction, This can
be significant, since the materials show high negalive surface
charges, especially at MR = (.40, as indicated by their CEC
values. The higher 1he negative charges, the higher the bridg-
ing strength. {3) Hydrogen bonding, e, O-H bonds
berween the cley minerals ond the amorphais compler. The
iR resolts, which indicare 1he presence of significan O-H
bonds, suggest that the amorphous complex may have
penetrated Lhe Stern laver and become physically adsorbed
onto the mineral sutfaces, thereby enhancing the van der
Waals {orces. Support for the bond lormation is found in
the scanning eleciron micrographs (Figs. 135-134, where



TLNG BT AL,

g11

+
£ +
Clar
1
*y
ey
Amee pisaus +
1
Material 1
_ } |
gl = 1EP #H = ITF I pH 3 IEP
+ 2 - + .- + -
Lav —-—— i — Righ

Figi. 8. Presentation of surface charge relative 1o scelectric poiats (1ER),

amperphous coating of the faces of the clay mingrals is
shown, 1t shauld be noted that under certain situations such
as that shown, for example, in Fig, 76 {gibbsite or brucite),
{}-H bonds would not be formed where the hydroxyls are
exposed to the amorphous material, inasmuch as the
hydroxyls at one face of the clay minerals {i-e., chlorite] are
hydroxylated., This speculation is supporied by the 1R
results, which will be discussed later. A maximuamn strength
of hydrogen bonding has been measured for s0ils with amor-
phous material composed at MR = 0,40, (4] Waler brideing
Phrowgh €3 J1 hondy of water mofecules. This is admittedly
a weak bond, {5) Van der Waeals forces. (&) (ther bonding
mechanisins yet to he (dentified.

Fetw potential (Zpy

The schematic representalion of the general nature and
distribution of the charges associated with the amorphous
material and clay particles given in Fig. B is similar to the
one depicted previously by Yong and (dhtsubo {(1987) and
is used Lo interpret the Zp measurements for the varigus
amurphous complexes and clay admixture given in Fig. 9
in relation ta pH varation. loterpreting the Zp as a mea-
sure of the electrokinetic propenies, and as a reflection of
the towal positive and negative charges from all sources, l.e.,
the net resvitant effect, the values measured at various pH
levels may be used 1o estimate the spcalled soelectric points
{1EF) of the mixtures (Yong and Ohtsubo 1987). Since the
IET is the pH value at which the net resultant slectnic charses
on the surfaces of the solid from all sources are equal Lo
rero, the electrokinetic potential is expected to be zero at
the IEP. Figure 8 demonstrates the influence of the [EP in
relation 1o the changes in the sign of the charges associated
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Fii, 9. Zeta potential variations with pH.,

with the amorphous complex and the ¢dpge charges of the
clay parlicle, The two considerations used to depict the
charges associated with the clay mineral and amorphous
complex are as follows: {7} most clay minerals have both
negative or permanent charges on their faces and positive
o1 variable charges on their sdges, and the permanent
charges do nol vary with the pH environment, whereas the
variagble charges on the edges do change with pH; and
{+) the amorphous complex possesses abundant negative
charges from broken bonds and isomorphous substitution,
but relatively few positive charges, {with the exception of
amorphous iron), and the charges associated with the broken
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bonds are vanakle in sien according to the 1EP pH of the
system,

The net charge of the amorphous complexes and clay
admixture shown in Fig. 9 varies from negative Lo positive
as the pH of the system passes Lhrough the IEF. From the
measured ZF valuees shown in Fig. 9 for (i) the amorphous
complexes, [{i) the laboratary iliic sail, and {47) the soil
adrnixture, the IEP values determined from the intersecticns
of the ploved curves with the Zp line can be obtained. It
is interesting Lo note that the addition of 1% amorphaus
complex (MR — 0.40) did not =ignificantly alter the shape
of the Zp curve for the illite soil. Another striking feature
of the results is shown in the shapes of the Zp curves for
the various amorphous complexes with MRs ranging from
0.10 1o (.54, These curves are quite similar and relatively
close to each other. Accordingly, the lEPs for these com-
plexes are not sigrificantly different. In the cade of pure
amorphous iron {i.e., MR = |.0%, one observes a signifi-
cant diffecence in the shape and position of the curve, and
correspondingly the IEP is significantly different from the
rest of the amorphous complexes, The large difference in
the Zp shown between the pure ameorphous iron and the
other amorphous complexes, where amorphous silica forms
part of the complex, suggests that the presence of the amor-

phous silica, which iz abundant m negative charges,
influences the net charge (1o the aegative side). This experi-
mental resulls obtained confirm the low AEC valuss mea-
sured for Lhis group of amorphous complexes. Considering
the Zp resulls in combination with Lthe CEC, AEC, NS{CD,
and PSCD results, one 15 led to conclude that negative
charges predominate on the surfaces of the amorphous com-
plexes (excluding amorphous iron) and Lhe clay admixtures
under “normal'” pH conditions (pH 5-10). This, howewver,
does not exclude the existence of a some positive charges,
especially for dron-rich amorphous complexes, i.e.,
MR = Q.40 and .54,

Binpgham yield siress {BYS)

lnitially, a splids concentration of 10%s {w/w} suspension,
similar 1o that used by Yong and Chisebo (1987}, was
selected for both amorphous complexes and the soll admix
lures. Singe the amorphous complexes appeared as thick
eels, especially for the MR = 0.10, the sol:ds concentration
was reduced 10 5% to facilitate testing. As can be seen in
Fig. 10a, the rheological hehaviour of the amoerphous com-
plexes is related to the MR, The Bingham yield stress (RYS)
is phserved 10 degrease significantly with an increase in the
ME, up 1o a value of (.40, apparently due to Lthe viscosity
of the complex. The effect of pH on the BYS of the clay
admixture with 15% amorphous complex at MR = 040
was also evaluated, as iNlustrated in Fig. 104, The BYS
increases with a decrease in pl from 9.5 to 6.5, due appa-
rently to the increased interparticle electrostaiic atiraction
with decreasing pH. The same trend of change with plH was
also observed for the consistency limits.

As the same given compoesition of amoerphous complex,
Le., MR, the experimental results portrayed in Fig. 108 show
an increase in BYS wilh an increase in the amount of
admixed amerphous complex, duc apparently 1o the
increased wiscosily and bonding action of the amorphous
complex. A lowering of the seil pH tewards acid conditions
ensures a moere flocculant aggreeated particle arrangement
and hence favours clay particle - amorphous cpmplex
imeractions, a4 reflected in the measured ingreased BYS (see
Fig. 104}, 1n association with the Nocculation of particles,
elecirostatic allractions arising from a higher cdge{+) Lo
Face(—} configuration and forees are enhanced. Further-
more, it i5 expected that edeef +3 12 facef — ) associalion
development 5 favourably promoted as the pH moves
towards the 1EP, at which lime maximem clectrostatic
attraction would occur as a result of the presence of equal
amounts of pasitive and aegative charges. This evalualion
of increasing BYS with decreasing pH is in agreement with
the work by Yong and Chtsubo (1987}, conceming the varia-
tion of BYSs with pH for a kaolhnite-ferryhydrite system.
Their results showed that the kaolinite and its admixtures
with ferrihydrite (amorphous irgn) produced maximum BYS
values arcund the [EP.

Infrared spectrometric study

Even though infrared spectrometry (1R) is mainly to study
the presence and strength of organic functional groups, use-
ful results were obtained to permit one to interpret the mech-
anisms af mineral - amprphous complex interaction, The
presence of abundant hydroxyls in the amorphous complexss
increases the likelihood of hydrogen bonding between the
clay minerals and amorphous complexes; a likelihood thar
can be evaluated through IR analysis inasmuch as Lthe pur-
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pose of 1R is to detect the presence and, henge, to quantify
the strength of hydrogen booding.

Figure J] shows the [R results ef the amerphous com-
plexes and the amorphous comples admixtures with illitic
soil. The LR pattern of the blank specimen {potassium
bromide, KBr) used as an inert media, showed no peak but
a clear background. The resubts noted from the 1R patterns
for the individual samphes indicate that there are {ive main
peak frequency bands represénting, respectively (from high
to Jow frequency), (a) free O-H; (d) bonded O-H, including
intra- and infermolecular and dimeric-polymeric bonds;
(c) capillary condensed or absorbed O-H e¢ither
polymolecularly or by monolayer; {&) 5i-0; and (¢) uniden-
tified. A surnmary of peak frequency and intensity of each
individual sample is given in Table 3, which is taken directly
from the experimental data shown in Fig. 11, The Nrst
description in Table 3 is the wavelength, and the second is
the intensity al the specifisd wavelength. The descriptions
of each frequency band in 1erms of () inensity, (i) func-
tional group, and {fif) type of vibration of thar functional
group are summarized in Table 4, based on the work of
Kiselev and Lygin (1975) and Parker (1971). Free - partially
free O-Hs are seen 10 be present mainly in the illitic soil.
An interesting obs¢rvalion concerns the next three bands,
especially b and 4. ]n band &, peak frequency is shifted
upwards as the MR of amorphous complexes varies from
0 to 0.40. Moreover, the maximum shift towards a higher

frequency pumber occurs at MR = 040, where the
strongest hydrogen bonding appears. Correspondingly, most
sampies exhibit reduced O-H peak intensities at MR = 0.40,
A similar observation is oblained for the weak O-H group
in band ¢. 11 i5 suspected that an increase in 0-H bonding
sirength must be accompanied by a relevant decrease inhe
bonding strength ol an adjacent group. Lndeed, in band 4,
a reverse relationship, opposite to the O-H bands, is
observed between the peak fregquency shift and the MR for
the S5i-0 inleraction. More specifically, 1he weakest 5i-0
bonding strength is found 16 occur critically for the sample
with MR = 0.40, This phenomenon is konown as the
bathochromatic effect. Two possibililies may explain the
observed bathochromatic #ffect. Firstly, the silicon n tha

OH
f
5i- 0 group acts with the adjacent hydroxyls to form —Sji—{}
OH

groupe, and this interaction can apparently weaken the 5i-0
intermalecular bonding strength. Secondly, because of silico-
iron polymerization and isomorphous substituiion, Fe may
occupy a4 position next to the Si—-0 group, forming an
S5i-0-Fe chain as shown in Fig. 4. Since iron is more
chemically active than silican in terms of protonation, 1he
in-between oxygen is attracted ta the iron, thereby resulting
in a reducticn of Si-C bonding strength. It is very likely that
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TagLE 1. Infrared study results of soil samples showing peak frequency apd intensicy

Amorphous material (MR)

IHinie ol + amarphous

Bard range Si1GH)Y, Fe{OHj,
Class  [wave number,]/cm) 0.0 10 040 1.0 [l sod O0A15  0.534515%  0.4415%e  LLOA15%
a LT LY E 16027y
tr I500- 300 MMM FHINAD 46024 0015 400(Z8Y  JIDZZ) 1630025 a3 MHIKIE
c 1645- 1620 1635061} I645(A0) 16350391  1A3KTA)  1643(59) 1620040) 163K 54) 1640{&1] 16134
o 1090- 1 (r2 0 1090 <0y 108S5(E8)  LOM1S) W34 <oy 106 <0y 105 <0)  102KZ) 10304 < 0)
¢ RG-S40
MerEs: Yalues in the table are peak Freguency, sith inteqily {pecoenl Iranumisen) given 10 parenibees.
Tagig 4. Charactensty infrared bands of varions groups encountersd
Frequency
range Type af
Class (wave pumber, /o) InTensity Group vibration Description
a A000- 3500 Variable O-H Streiching Free to paniaily lree
{-Hs
L] 35003400 Strong {sharp) O-H Streiching Bonded O-Hs
including nira- and
intermodecutar and
dimeric-palymeric
bonds
c 1645=-1620 Weak {sharp) 0-H Swretching Capillary
condensed or
absorbed O-Hs
eilher
porlymalecularly or
by monolayer
d 10%0-1020 Strong (broad) Si=0r Siretching Bonding lrem and
Si-0-5
H
Si—l!}-Fr
£ BO0-400 Yariable (broad) ¥ Siretching Vibranuon of 5i, Fe
Al O, and H
inreractions

HOrg: Table baxed on Kiselev and Lygin {1973 and Parker (1971).

both mechanisms can occur simultaneously in the redociion
of 5i-0 bonding strength.

Scanning electron microscopy {SEM)

SEM micrographs (photographs) were obtained for some
selected samples aged for 3 months, Analyses of their
microstructure are magde based mainly on the following
observations and ¢comparisons.

Amorphous marerial

Figures 12¢-12d present Lhe micrographs of the amor-
phous complexes with MRs ol O (pure silica}, 0.10, 0.4,
and | {pure iron), respectively. One common cbservalion
made from the four micrographs is Lhe irregular shape of
their microstructures, which confirms the XRD siudy,
Unlike the clay minerals, this neocrystalline matter (amor-
phous materialt does not take the form of plates or indicate
sharp edges. butl rather spherical floc units that form largs
amorphows malenal clouds, as seen lrom the micrographs,
especially from (Fig. 1223, where the MR = 0.40. The dif-

ference between amorphous silica (Fig. 12a) and irom
(Fig. 124 is not only the opacity, as seen very clearly by
eye, bul also the form, which consists of large unilom,
smoeth-looking ¢louds, compared with the latler, which s
seerningly less untform and rougher. The silica-iron mixed
hydroxide at MR = .10 (Fig. 125 and MR = 0.40
(Fig. 12¢) shows a very distinet Tabric arrangement. In terms
of shape, the MR = (.10 amorphous complex 5 more
uniform and fner, whereas the latter is uniform bul 5
coarser and tends to aggregate. Moreoyer, if i5 very easy 1o
identify each individual fabrie unit in Fig. 12c, where the
spherical-shaped particles can be observed. This is, perhaps.
an indication of sirong intermolecular anraction, resulting
probabiy from the hydrogen bonding detected in the IR 1251,
cation bridging, coulombic forces, etlc.

IMitic cley and amorphows material

The illitic clay, as shown jn Fig. 13g, is seen to have 1o
amorphous material coating on most of the particle surfaces,
though some fine particles, located in the centre, are seen.
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Fi: 12, SEM microphotography of amorphous matenal complexes with mass ratooy of O (g}, 0.1 {8, 0.4 (), and 1.0 {d}. Scale

bars - | pm.

These fine particles may consist of colloid fractions of both
ounerals and eriginal amnorphous matier. One may notice
that coating of amorphous colloids ano elay panticles occurs
immediately after the amorphous material is introduged. In
Figs. 136-134, amorphous colloids are adsorbed mainly on
the faces of the fine paniicles, wher¢as the cdges remain
mostiy free of colloids, This evidence supgests that at
pH B0, the negatively charped amorphous material s
attracted to the negative faces of clay panticles by au least
three mechanisms: (63 O-H bonding, (o) calion bridging
action, and (/i) coulambic {electrostanic) forves.

The first mechanism has been substantiated by the |R
results obained, as discossed previgusly. The second mech-
anism ¢an be deduced from the high negaiive surface charges
{CECY) measured, As noted previouwsly, cations exist in
hetween the faces of the clay pasticles amd amorphous col-
leids, farming a bridge. The tnird mechanism 15 directly
infecred Tram the resulis of the CEC and ACE measare-
ments, i relauan to the negatively charged luces that elec-
trostatically atiract the positively charged edges of the clay
particles.

The effect of remoulding can be seen in the micrograph
shown in Fig. 134, where & collapsed structure with a more
face-to-face association ks observed, with some 2norpious
coating on the fages. The microphotograph shown in Fig. 14

for pH = 6.5 indicates that no significant difference can
be noticed, except that more ¢oating of amorphous parficles
SEETNS Lo cxist i1 contrast wih that of MR = 040 a5 pH 8.0
The increasing tendency of amorphous maierial coating with
decreasing pll 1o pH 6.5 is due primarily 10 the increased
glectrosiatic attraction, This experimental finding matches
the previpus work reponted by Yong and Ohsubo (19871

Concluding remarks

The experimental results olmainsd from this study indicate
that amorphous matenials consisting of Fe0y and Si0; will
exhibit different propertios and characteristics depending on
the proportions of Fe,(2y and Si0,. Addition of the amor-
rhous materials of various proponions {i.e., amorphous
complexes) to the illitie clay studied shows that Lhe proper-
tics af the clay admixture will also vary according to the
properties of the amorphous complex, albeit to a lesser
degree. The propertics and behaviour observed for the amor-
phous complexes and the ¢lay admixtures can be jinked
directly 10 the large specilic surface area and high surfacs
charge of the amorphous complexes, The specific surface
area measured for the amorphous complexes varies from
almost 800 m%/g 1o a minimum of %00 m*/g and subse-
quently to a value of 6§77 m¥/g 25 the mass ratio increases
from 0 to 04010 |, respectively. Cation exchange capacity
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measurements indicate values of 54.9 mequiv. /100 g for
ME = 0, B1.0 mequiv./100 g for ME = 0.449, and
8.0 mequiv./ 1) g Tor MR = |,

The centribution of amerphous complexes to the clay -
amorphous complex mixtures (clay admixiures) s twolold:
firstly by the amount ol amorphous complex in the clay
admixture, and secondly by the composition of the amor-
phious complex used. The coatdbution from the amoerphous
complex is in two formis: water-holding capacity and bond-
mg action. When the amorphous complex present in the clay
admixture consists prmarily of silica {up 1o a mass rano of
0.2%) or mainly of iron {kevond a mass ratio of 0.60), the
resultant specific surface area is large, thereby producing
a latge waler-holding capabiity, However, when the amor-
phous complex has a mass rata at or cloge va &40, the resul-
tant minimal specific surface area will produce correspon-
dingly mininumny plasticily and water-holding capacity.

Because of the prescnce of pH-dependent surface charges
asspciated with the amorphous complexes, the
physicochemical properties and behavioor of the clay admix-
wures {&.g., lqud limits and zela potontial) vary with the
pH environment. Coating of amorphous ¢colloads onto ¢lay
particle surfaces, shown by scanning eleciron microscopy,
appears to be enhanced by a decreasc in pH from 8.010 6.5
of the system. Ut may be deduced that this enhancement 18
due to the increased electrostalic attraction which is a result
¢f the increased amoeunts of positive charpges on Lhe amor-
phous colloids.
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Appendix

Feia potendial (Zp}

Zela potenual is an experimentally determined potential measured in Lhe diffuse double layer, The exact
emplacemenl where this potential is measured remains questicnable. Defined 1o be close to the shear plane
of a colloid or a charged surface, Zp is oflen described as the potential at the surface of shear, very close

1o the Stern layer (Hiemenz 1979),
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Diirect associalion between Zp and a pariicle’s surface and Stern layer renders this propenty a valuable
ool Lo investigate adsorption and particle interactions. Changes in Zp and elecirophoretic mobility could
provide valuable information in the emplacement of adsorption (i.e., inside or outside the shear plane)
(Hiemenz 1979 on {f) the lormation of the adsorbed polymer, (i) the polymer's ability to compress a
particle’s dif fuse double layer, {§ii} the countercharpe effect of adsorbed polymers, and (iv) the selective
adsorption of polymers on clay edges and (or) surfaces,

Zp changes could be directly used 1o evaluale Lhe slate of dispersibility of a system (rom a microscopic
point of view, with application to a soit’s dislocalion, piping, and ercsion susceptibility (Yong and Sethi 1977

Method of calenlation of Zp

Electrophoretic mobility was measured by tracking 10 individual panticles per data point. Triplicale points
were collecled (total of 30 tracked panticles) and averaged. Calculation of a sampie's elecirophoretic mobi)s
ity (EM) was carried put as [ollows:

. 4. 10cm
EM Ty

where & 15 length of micrometer diviston {160 pm), 10 cm i3 length of the cell tube, ! is time in seconds
Lo Llraverse one division, and V is voltage applied (volis). Zp (in mV} calculations were derived from the
Helmnholtz-Smoluchowski equation {Yong ef af. 19878), which reads as follows:

_ 4x-Vi-EM

- Dt

where V1 is viscosity {in poises {1 P = 0.1 Pa-s)) ol the suspending liquid at 15°C, and D is disleciric
constant of the suspending liquid at 23°C,

Zp



