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Abstract—Methods for predicting the volume change and swelling-pressure behavior of expansive clays
require detailed understanding of coupled interactions between clay microstructure and macrostructure
under hydraulic, thermal, and mechanical loads. In this study a suite of water-vapor sorption experiments
was conducted using compacted bentonites hydrated in controlled relative humidity (RH) environments
maintained under free and constrained volume-change boundary conditions. Emphasis was placed on
examining the influences of compaction and predominant exchange cation on the water uptake, volume
change, and swelling pressure response. Densely compacted specimens exhibited greater volume changes
under free swelling conditions and greater swelling pressures under fully confined conditions. Water
uptake, volume change, and swelling pressure were all more significant for Colorado (Ca2+/Mg2+)
bentonite than for Wyoming (Na+) bentonite. Plastic yielding, evident as a peak in the relationship between
swelling pressure and RH, was more evident and occurred at lower RH for the Colorado bentonite. This
observation was interpreted to reflect the limited capacity for interlayer swelling in Ca2+/Mg2+ bentonites
and corresponding structural collapse induced by the onset of water uptake in larger intra-aggregate and
inter-aggregate pores. A semi-quantitative model for the evolution of clay microstructure resulting from
interlayer hydration was considered to attribute the experimental observations to differences in the
efficiency with which transitions in basal spacing translate to bulk volume changes and swelling pressure.
Results provide additional insight and experimental evidence to more effectively model the mechanical
behavior of compacted bentonites used as buffer or barrier materials in waste repository applications.
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INTRODUCTION

A significant amount of recent research has focused

on developing methodologies for predicting the short-

and long-term behavior of compacted expansive clays

used as buffer or barrier materials for waste repositories,

most notably in the context of high-level radioactive

waste disposal (e.g. Pusch, 1994). Central to most of

these efforts is recognition of the need to consider the

role of clay particle and pore structure (fabric) in

governing the bulk clay behavior. In particular, features

of the pore fabric existing on multiple levels of scale

(typically termed the microstructure and macrostructure)

clearly must be explicitly considered. The micro and

macrostructures of compacted clay interact and evolve in

a coupled fashion as hydraulic, thermal, or mechanical

loading processes occur. This ultimately translates into

volume changes, swelling pressures, and/or hydrologic

changes measurable on the bulk scale. The extent of

these changes, however, is highly dependent on multiple

factors, including the initial fabric, compaction density,

water content, pore-water potential, confining stress,

wetting history, and the hydraulic, thermal, chemical,

and mechanical boundary conditions applied.

Techniques such as mercury intrusion porosimetry

(MIP) and environmental scanning electron microscopy

(ESEM) are providing key qualitative and quantitative

insight into compacted clay fabric, its evolution under

various types of loading, and the corresponding impact

on clay behavior (e.g. Romero and Simms, 2008).

Various forms of double-structure models have been

proposed to relate changes in clay microstructure and

macrostructure to the bulk material response, including

models for mechanical response such as swelling

pressure or volume change (Gens and Alonso, 1992;

Alonso et al., 1999; Cui et al., 2002), hydrologic

response such as water conduction or retention behavior

(Tuller and Or, 2003), and complex thermo-mechanical-

hydraulic behavior applicable to many waste-disposal

applications (e.g. Sánchez et al., 2005).

Continued advancement of these types of models

requires refinement of our basic understanding of how

clay microstructure and macrostructure evolve for

various initial, loading, and boundary conditions, and

how this evolution translates into bulk behavior.

Experimental constraints on this behavior, however,

currently remain significantly limited, a restriction due

in large part to the considerable difficulties and time

requirements necessary to make robust measurements

(Lloret et al., 2003). The present authors previously

presented results from a suite of controlled relative-

humidity swelling tests for compacted bentonites
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maintained under free swelling (unconfined) boundary

conditions (Likos and Lu, 2006). Results were inter-

preted using a simple pore-scale model proposed to

quantify the evolution of clay microstructure resulting

from sequential hydration of water layers in the

expandable mineral interlayers. Here a detailed experi-

mental program including measurements of bulk-volume

changes and swelling pressures for bentonites hydrated

under free swelling and fully confined (zero-volume-

change) boundary conditions is reported. Emphasis is

placed on examining the influences of compaction

density (void ratio) and predominant exchange cation

(Na+ vs. Ca2+/Mg2+) on measured water uptake, volume

change, and swelling-pressure response. Observations

are interpreted in light of results from the limited suite of

similar measurements available in the literature and the

Likos and Lu (2006) porosity-evolution model.

MATERIALS AND METHODS

Bentonite characteristics and preparation

Two types of bentonite were selected for testing: a

commercial Wyoming bentonite and a naturally occur-

ring bentonite sampled from an outcrop of the Graneros

shale in Golden, Colorado, USA. Cation exchange

capacity (CEC) and exchangeable cations were mea-

sured using two procedures (USDA, 2004). The ammo-

nium acetate method (pH 7) was used for exchangeable

cations and CEC measurements. Exchangeable cations

were also determined using the unbuffered ammonium

chloride procedure for comparison. The CEC values

determined using the ammonium acetate method were

66 meq/100 g and 82 meq/100g for the Wyoming

bentonite and Colorado bentonite, respectively

(Table 1). Results for exchangeable cations differed

markedly for both procedures. Ammonium chloride

results indicate that 59% Na+, 36% Ca2+, 5% Mg2+,

and <1% K+ are present in the Wyoming bentonite and

3% Na+, 59% Ca2+, 38% Mg2+, and <1% K+ in the

Colorado bentonite. Ammonium acetate results yield

more Na+ (67%) for the Wyoming bentonite and less

Mg2+ (30%) for the Colorado bentonite. The reasons for

these differences are unknown. While good agreement

was obtained for exchangeable K+ and Ca2+, exchange-

able Ca2+ is believed to be inflated at least for the

Wyoming bentonite because typically this bentonite

contains traces of calcite and/or gypsum which are

known to be dissolved partly during CEC determination

(e.g. Dohrmann and Kaufhold, 2009). Nevertheless, the

Colorado bentonite is saturated largely (>95%) by

divalent cations, whereas Wyoming bentonite contains

a minimum of 60% monovalent cations. Relatively large

liquid and plastic limits (wl = 485%, wp = 132%) for the

Wyoming bentonite reflect the predominance of Na+ in

the exchange complex. Smaller values for the Colorado

bentonite (wl = 118%, wp = 45%) reflect the predomi-

nance of divalent Ca2+ and Mg2+.

X-ray diffraction (XRD) results obtained for bulk

powder and clay-size fraction samples (Likos and Lu,

2006) indicated that the Wyoming bentonite consisted

predominantly of discrete smectite with minor kaolinite,

quartz, and zeolite. Smectite percentage ranges from 75

to 100% for typical commercial-grade Wyoming bento-

nite. The Colorado bentonite was primarily discrete

smectite with trace kaolinite and non-clay minerals. The

smectite percentage ranges from 95 to 100% of the clay

fraction and 65�100% of the whole rock for similar

bentonite beds characteristic of the Colorado Front

Table 1. Mineralogy and index properties of test materials.

Property Wyoming bentonite Colorado bentonite

Mineralogya S, K, Qtz, zeolite S, K, Qtz, calcite, feldspar

Cation exchange
capacityb (meq/100 g)

Total CEC 66 82
Na+ 59% 3%
K+ <1% <1%
Ca2+ 36% 59%
Mg2+ 5% 38%

Crystallite thicknessc (nm) 12.7 11.1

Atterberg limitsd
wl (%) 485 118
wp (%) 132 45
PI 353 73

% Clay size (<2 mm) 70�90e 90
USCS classification CH CH

a S = smectite, K = kaolinite; determined by XRD using CuKa radiation
b CEC determined by the 1 N ammonium acetate method, % extractable bases by 1 N ammonium
chloride method
c determined using the MudMaster program for glycolcated XRD patterns, smectite 001
reflection (Eberl et al., 1996)
d ASTM D4318 (ASTM, 2000), PI = plasticity index = wl�w
e assumed as typical value for commercial-grade Wyoming bentonite.
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Range sampling location (Noe et al., 2007). Typically,

smectites of Wyoming bentonites are low-charged but no

such data are available for the Colorado bentonite. Mean

thicknesses of the smectite crystallites were estimated

using the Fourier decomposition technique of Bertaut-

Warren-Averbach applied to XRD patterns obtained for

the glycolated clays (Eberl et al., 1996). Mean crystallite

thicknesses were 12.7 nm and 11.1 nm for the Wyoming

and Colorado bentonites, respectively, corresponding to

a mean of 7.6 and 6.6 expandable layers per crystallite,

respectively. The particle density of the mineral solids

(Gs) was assumed to be 2.70 g/cm3 for subsequent

porosity calculations in both cases.

The Colorado bentonite was air-dried after field

sampling and pulverized by gentle grinding to pass

through a 75 mm (#200) sieve. Compacted specimens

were prepared from the pulverized material for subse-

quent water-vapor sorption and swell testing. The

Wyoming clay was supplied in powdered form

(<75 mm) and not processed prior to compaction. A

Ca2+-exchanged form of the Wyoming bentonite was

prepared by washing it (~1 g) five times in suspension

with (~50 mL) 0.1 M CaCl2, followed by repeated

washings with distilled water until excess chloride ions

were removed as detected by AgNO3 (Moore and

Reynolds, 1997).

Scanning electron microscopy (SEM) images were

obtained using an FEI Quanta 600 instrument for

samples compacted to an initial dry density of

1.5 g/cm3. Specimens were dried and split by hand to

obtain images on the fresh surface of the split cross

section after platinum sputtering. Images (e.g. Figure 1a)

confirmed the existence of bimodal porosity comprising

inter-aggregate pores that ranged in size from ~10 mm to

100 mm and intra-aggregate pores ranging from ~0.1 mm
to 1 mm. This bimodal or double-structure and corre-

sponding range of pore sizes are consistent with previous

qualitative and quantitative observations from SEM,

MIP, and other microstructural fabric studies for

variously compacted Na+ and Ca2+/Mg2+ bentonites

(e.g. Romero and Simms, 2008).

As illustrated conceptually in Figure 1, pores com-

prising the smaller-scale microstructure of compacted

bentonites are generally designated as those correspond-

ing to interlayer separations between expandable mineral

layers (Figure 1e), discontinuities between oriented sub-

stacks of mineral layers (Figure 1d), and intra-aggregate

voids formed within the larger aggregates of clay

particles (Figure 1c). These particles, or quasicrystals

(Aylmore and Quirk, 1971), contain multiple oriented

sub-stacks of mineral layers to form network walls

within the clay aggregates. Pores comprising the

macrostructure are generally considered to be those

formed among the aggregates, also referred to as the

inter-aggregate void space (Figure 1b). These general

designations are retained in subsequent discussion of the

sorption, free-swelling, and confined-swelling test

results. In addition, the Likos and Lu (2006) porosity-

evolution model used to interpret the confined-swelling

results differentiates an interlayer void space and

corresponding interlayer void ratio (eil) from a more

broadly defined interparticle void space and interparticle

void ratio (eip). The interparticle void space is the sum of

the intra-aggregate and inter-aggregate voids

(Figure 1b). Water uptake for RH conditions of <~95%

RH occurs primarily as an expansion of interlayer

spacing (2d) within expandable mineral interlayers

with concurrent adsorption on external mineral surfaces

in both the intra-aggregate and inter-aggregate pores.

Changes in volume occurring on the interlayer scale

translate to bulk-volume change and swelling pressure

measurable at the bulk scale with efficiency dependent

on the compaction-dependent fabric of the clay and the

boundary conditions applied.

Free swell testing

Specimens for free swell testing were prepared by

compressing ~10 g of oven-dried (105ºC) clay into a

lubricated 3.78 cm diameter cylindrical mold using a

50 kN load frame. Specimens were extruded from the

mold using a piston assembly and oven dried at 105ºC a

second time to constant mass. Likos and Lu (2006)

reported detailed relationships between compaction

pressure and corresponding total void ratio for these

two clays. For the current test program, this resulted in a

suite of compacted specimens with void ratio (e) ranging

from 1.30 to 0.70 and corresponding dry density (gd)
ranging from 1.2 g/cm3 to 1.6 g/cm3. (Void ratio (e) is

defined as e = Vv/Vs, where Vv = void volume and Vs =

solids volume. Porosity (n) is defined as n = Vv/Vt, where

Vt is the total volume.) The initial specimen height

ranged from 0.54 to 0.80 cm and averaged 0.66 cm,

resulting in an average specimen volume for free and

confined swelling testing of 7.41 cm3. These relatively

thin specimens were prepared to reduce the effects of

side-wall friction in the confined-swelling tests and to

reduce the amount of time required for steady-state

water uptake and volume change to be reached.

Water-vapor-sorption isotherms and corresponding

bulk-volume changes were measured by equilibrating

the clays in controlled-humidity environments main-

tained in the headspace of environmental chambers using

saturated salt solutions (Table 2). The RH- and tem-

perature-correction coefficients for each solution were

taken from Young (1967). Corresponding total suction

values (ct) were calculated using Kelvin’s psychro-

metric law. Sorption isotherms were obtained along a 9-

step hydration path by cycling the specimens through

each environmental chamber, starting with the first

chamber containing desiccant (silica gel) at 5% RH and

progressively ramping up through to the final chamber

containing a saturated solution of K2SO4 at 97% RH.

Equilibrium at each increment was determined by

measuring the sample mass periodically until steady
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Figure 1. SEM image (a) of compacted Wyoming bentonite showing bimodal porosity (image obtained parallel to compaction

direction). Parts b�e are conceptual diagrams of pore spaces on the (b) inter-aggregate scale, (c) intra-aggregate scale,

(d) quasicrystal scale, and (e) interlayer scale.

Table 2. Summary of salt solutions used for humidity control in free swelling tests. RH and temperature coefficient values are
from Young (1967).

Saturated salt solution RH at 25ºC (%) d(RH)/dT (%RH/C) Total suction, ct (MPa)

Desiccant 5.0* � 405
NaOH.H2O 7 0.00 359
LiCl.H2O 11.3 �0.01 294
MgCl2.6H2O 32.7 �0.06 151
MgNO3 52.8 �0.29 86
NaBr.2H2O 58.2 �0.28 73
NaCl 75.1 �0.02 39
KCl 84.2 �0.16 23
K2SO4 97 �0.15 4

* measured using thin-film capacitance hygrometer.
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state was reached. An equilibration period of 48 to 72 h

was typically required for each step, requiring ~30 days

to complete the 9-step hydration cycle. Gravimetric

water content (w = mw/ms 6 100%; mw = water mass, ms

= dry solids mass) and axial strain (ea = Dh/hi 6 100%;

Dh = change in specimen height, hi = initial specimen

height) were computed at steady state by measuring the

mass and height of the specimens to a resolution of

0.0001 g and 0.0001 cm, respectively. Specimen mass

was measured by removing the specimen from the

chamber and placing it on an electronic balance.

Specimen height was measured using a micrometer

assembly. Radial-specimen deformations required to

compute bulk volume changes were not measured but

rather were inferred by assuming that volume change

under free-swelling conditions is isotropic and that the

radial and axial strain are equal (e.g. Delage et al.,

1998). Tests were conducted at an average temperature

of 23.9ºC with a standard deviation measured among the

various chambers of 0.3ºC.

Materials prepared for free-swell testing included

three specimens of the Wyoming bentonite compacted to

representative dense (e = 0.88, gd = 1.44 g/cm3),

moderate (e = 1.10, gd = 1.29 g/cm3), and loose (e =

1.28, gd = 1.19 g/cm3) conditions (one specimen was

tested at each density). Three specimens of the Colorado

bentonite were compacted to representative dense (e =

0.74, gd = 1.55 g/cm3), moderate (e = 0.83, gd =

1.47 g/cm3), and loose (e = 0.92, gd = 1.41 g/cm3)

conditions. One specimen of the Ca2+-exchanged

Wyoming bentonite was also tested at an initial void

ratio of e = 0.88 for direct comparison with similarly

compacted specimens of the unprocessed Wyoming and

Colorado clays (i.e. those compacted to e = 0.88 and e =

0.83, respectively).

Confined-swell testing

Confined-swell tests were conducted in an apparatus

(Figure 2) developed by integrating a controlled-humid-

ity environmental chamber (Likos, 2004) with a

computer-automated, one-dimensional load frame cap-

able of maintaining constant load or deformation

conditions (Geotac Soil Testing Equipment, Houston,

Texas, USA). Relative humidity was actively controlled

from a minimum of ~1% RH to a maximum of ~95% RH

by proportioned mixing of vapor-saturated and dry-air

streams (Hashizume et al., 1996; Chipera et al., 1997).

Lateral specimen deformation was prevented by using a

confining ring with an inner diameter of 3.71 cm.

Specimen height varied depending on the initial speci-

men density and averaged ~0.7 cm. Perforated disks and

grooved spacers were placed on top and bottom of the

specimen to allow it to come to equilibrium with water

vapor in the chamber.

Confined-swell testing results were obtained for two

specimens of the Wyoming bentonite initially compacted

to void ratios of 0.75 (1.54 g/cm3) and 0.87 (1.44 g/cm3)

to represent relatively dense and loose conditions,

respectively. Two specimens of the Colorado bentonite

were compacted to void ratios of 0.75 (1.54 g/cm3) and

1.14 (1.26 g/cm3). All specimens were initially oven

dried to constant mass at 105ºC, compacted to target

void ratio directly in the confining ring in the chamber,

subjected to a dry (~1% RH) air stream for several days,

brought to an initial seating pressure of 40 kPa, and then

subjected to increasing RH increments along a multistep

hydration path. Increments continued to a maximum of

~95% RH in steps of ~10% RH. Humidity was measured

continuously and logged during testing using a thin-film

capacitance probe calibrated prior to testing using

saturated salt solutions. Zero-volume-change conditions

were maintained using the confining ring and the

automated loading frame. Corresponding swelling pres-

sure was measured and monitored for steady state using

a strain-gauged load cell integrated into the loading ram.

Swelling pressure was measured to a resolution of 8 kPa,

corresponding to 0.5% to 2.0% of the full scale range for

a typical test. A complete hydration cycle included 8 to

10 RH increments and required 5 to 7 months to

complete.

Figure 2. Schematic diagram of the experimental system for humidity-controlled swelling-pressure tests conducted under zero-

volume-change (fully confined) boundary conditions.
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RESULTS AND DISSCUSSION

Sorption behavior under free swelling conditions

Water-vapor sorption isotherms obtained for the

variously compacted specimens under free swelling

conditions were found to be essentially independent of

initial compaction density over the majority of the

measured RH range (Figure 3). The difference in water

content among either the three preparations of Wyoming

bentonite or the three preparations of Colorado bentonite

for RH values <97% did not exceed w �~1.5%. Some

deviation was observed at the highest increment (RH =

97%), where the densest preparations adsorbed less

water than the moderate and loose preparations, which

remained comparable.

Similar observations of the water-vapor-sorption

behavior of free and confined bentonites have been

made by a number of previous studies. For example,

Villar (2007) measured the water retention behavior of

two fully confined bentonites prepared to initial dry

densities ranging from 1.30 g/cm3 to 1.70 g/cm3,

including a predominantly Na+ bentonite (MX-80) and

a predominantly Ca2+/Mg2+ bentonite (FEBEX) similar

to the Wyoming and Colorado bentonites examined here.

Differences in water uptake were found to be negligible

for RH values of <~92% (ct > 10 MPa). Loosely

compacted preparations adsorbed more water at greater

RH values, an observation interpreted to reflect the

greater amount of pore volume available for water

uptake in the looser samples.

The general interpretation in those studies and here is

that, at low RH, water is retained by the smaller

interlayer and intra-aggregate pores and is thus governed

by the surface and charge properties of the mineral

Figure 3. Water-vapor sorption isotherms for specimens compacted to various initial void ratio (e): (a) Wyoming bentonite,

(b) Colorado bentonite, (c) Wyoming, Colorado, and Ca2+-exchanged Wyoming bentonite (denoted CaX).
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surfaces rather than the larger-scale features of the pore

fabric. At higher RH, mechanisms for water-uptake

transition into a regime dominated by capillary con-

densation in the larger-scale pores. Water uptake and

retention behavior thus becomes more sensitive to the

geometric features of the pores, which are readily

modified by compaction. Conditions that constrain or

decrease the volume of the larger pores, such as high

initial density, high confining pressure, or fully con-

strained swelling, result in a decreased capacity for

continued water uptake in this regime. Previous inves-

tigations, for example, have also shown that water-

uptake behavior depends on confining stress, where, in

general, a greater amount of water was adsorbed if the

sample was free to swell than if volume change was

constrained, but this effect was most notable at higher

RH (e.g. Yahia-Aissa et al., 2001; Al-Mukhtar et al.,

1999; Villar, 2007).

The amount of water adsorbed by the Colorado

bentonite at an initial void ratio of 0.83 under free

swelling conditions was significantly greater than that

for the similarly compacted (e = 0.88) specimen of

Wyoming bentonite (Figure 3c). The Colorado bentonite

also adsorbed slightly more water than the similarly

compacted Ca2+-exchanged (CaX) Wyoming bentonite

for RH <~70%, but water uptake at higher RH was very

similar. These observations are consistent with previous

measurements of water sorption for expansive clays

under free swelling and confined swelling conditions

(e.g. Mooney et al., 1952; Keren and Shainberg, 1975,

Keren and Shainberg, 1979; Hall and Astill, 1989;

Berend et al., 1995; Saiyouri et al., 2004; Villar, 2007).

Studies using homo-ionic smectites, for example, have

shown that water uptake increases with increasing ionic

potential of the exchange cation in the general order

Na+< Ca2+<Mg2+ (Villar, 1999). Here, BET analysis of

the isotherms for RH <40% indicated that average

monolayer coverage and heat of adsorption for the three

preparations of Wyoming bentonite were 26.9 mg H2O/g

clay and 0.90 kcal/mole, respectively. Average mono-

layer coverage and heat of adsorption for the three

preparations of the Colorado bentonite were larger

(100.9 mg H2O/g clay and 1.26 kcal/mole), reflecting

the greater energy of hydration associated with the

divalent exchange complex. Monolayer coverage and

heat of adsorption for the Ca2+-exchanged bentonite

were 85.8 mg H2O/g clay and 1.08 kcal/mole. The

concave downward shape of the isotherms for the

Colorado and Ca2+-exchanged clays also indicates that

the energy of interaction between the first mono-layer of

adsorbed water molecules and the active surfaces is

greater than the energy of condensation of subsequent

layers (e.g. Keren and Shainberg, 1980). The concave

upward shape for the Wyoming clay indicates that this

difference and the corresponding hydration forces are

less. The BET derived values were independent of

compaction density because the sorption isotherms for

RH <40% were essentially unaffected by compaction.

Previous studies have also shown that at RH >~95%,

or for clays fully submerged in water, the water uptake

capacity of smectites with predominantly monovalent

exchange cations generally exceeds that of smectites

with polyvalent exchange cations. This is attributed to

the relatively weak forces of interlayer attraction in the

former, which allow the interlayers to continue to adsorb

water under osmotic processes after the hydration

energies of the exchange cations and charge sites have

been satisfied. Polyvalent systems, on the other hand, are

characterized by relatively strong interlayer attractive

forces and are generally constrained to a maximum of

three or four interlayer water layers. Thus, water uptake

at greater water content occurs primarily on external

particle surfaces and within the larger-scale pore groups.

This difference is readily apparent by the marked

difference in liquid-limit values measured for the two

clays considered here (Table 1), as well as more

generally for monovalent and polyvalent smectites in

the literature (e.g. Lambe and Whitman, 1969). Here, the

difference in water content between the dense and loose

preparations of Colorado bentonite at the greatest RH

increment (Figure 3) is larger than the difference

between the dense and loose preparations for the

Wyoming bentonite (Figure 3a). This suggests that the

sorption behavior of the Colorado bentonite at high RH

is more sensitive to compaction, which may in turn

reflect its limited capacity for interlayer adsorption

because the predominantly divalent cation exchange

complex limits the extent of interlayer dissociation. The

system more readily transitions into a water uptake

regime, therefore, dominated by sorption in the larger

pores with a consequent sensitivity to compaction of the

macrostructure. As noted subsequently, this also leads to

the onset of yielding behavior in the swelling pressure

response of fully confined specimens.

Volume-change behavior under free-swelling conditions

Several observations were apparent in the volume-

change response measured for specimens hydrated under

free swelling conditions (Figure 4): (1) unlike the water-

uptake behavior, volume-change behavior for both the

Wyoming and Colorado bentonites depended on com-

paction density; (2) the influence of compaction density

appeared more systematic for the Wyoming bentonite,

but more appreciable for the Colorado bentonite;

(3) axial strain for the natural Colorado bentonite was

significantly greater than for the Wyoming bentonite;

and (4) volume changes for the dense Wyoming

bentonite (e = 0.88) and the identically compacted

Ca2+-exchanged Wyoming bentonite (e = 0.88) were

comparable for RH <~60%. Thereafter, the curves

diverged and volume change for the Wyoming bentonite

became greater.

Sequential intercalation of water layers in expandable

clay interlayers occurs over RH ranging ~0�90% (e.g.
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Norrish, 1954). Corresponding volume changes are

measurable at the interlayer scale via measurements of

basal spacing in XRD tests (e.g. Gillery, 1959; Del

Pennino et al., 1981; Huang et al., 1994; Chipera et al.,

1997; Villar, 2007) and at the bulk scale via swelling

tests conducted under controlled humidity conditions

(e.g. Bernier et al., 1997; Al-Mukhtar et al., 1999;

Villar, 1999; Lloret et al., 2003). Figure 5, for example,

summarizes a suite of basal-spacing measurements

determined by different researchers for predominantly

Na+ (Figure 5a) and Ca2+/Mg2+ (Figure 5b) expansive

clays. Such studies have indicated that the basal spacing

of Na+-smectite transitions through the zero- (d001 &
9.7 Å), one- (~12 Å), and two-layer (~15.5 Å) hydration

states when RH is increased from 0% to ~90%.

Transitions from zero-to-one and from one-to-two

water layers generally occur within RH regimes ranging

from ~10�30% RH and 60�80% RH, respectively.

While multiple hydration states typically coexist (e.g.

Ferrage et al., 2005), interlayer spacing is relatively

stable within RH domains between the transitions. In

contrast, Ca2+- and Mg2+-smectites have been shown to

retain one water layer at RH even approaching 0%,

transition to the two-layer state by RH of about 30%, and

remain stable at the two-layer state as RH approaches

90%. Transitions in basal spacing for both Na+ and Ca2+/

Mg2+ systems also exhibit hysteresis between adsorption

and desorption cycles, where larger interlayer separa-

tions are maintained to lower RH values during

desorption (e.g. Chipera et al., 1997; Laird et al., 1995).

Observations from the suite of free-swelling experi-

ments were interpreted in the context of basal-spacing

Figure 4. Axial-strain response measured along hydration paths under free swelling conditions: (a) Wyoming bentonite,

(b) Colorado bentonite, (c) Wyoming, Colorado, and Ca2+-exchanged Wyoming bentonite (denoted CaX). Positive axial strain

indicates expansion. Results from Likos and Lu (2006) are included for comparison.
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transitions associated with interlayer hydration, the

interactions between clay microstructure and macro-

structure, and the associated differences in fabric that

result from compaction. The total porosity of compacted

clay reflects contributions from the interlayer, intra-

aggregate, and inter-aggregate pores. The efficiency

with which particle-scale volume changes resulting from

interlayer hydration translate to bulk volume changes at

the specimen scale depends on the relative volume of

these internal porosities and the size and structure of the

basic pore units. The nature of the interaction between

the clay’s microstructural and macrostructural features

depends on the state of confining stress and density. The

MIP and other quantitative techniques for fabric analysis

have shown that compaction by application of external

pressure results primarily in compression of the larger

Figure 5. Summary of basal spacing measured in controlled-humidity XRD at room temperature by different authors for (a) Na+ and

(b) Ca2+/Mg2+ bentonites (after Villar, 2007). Dashed horizontal lines represent commonly reported upper and lower bounds for the

two-layer hydrate condition (15.0�15.8 Å), one-layer hydrate condition (12.3�12.7 Å), and dehydrated interlayer condition

(9.6�10.1 Å) (Ferrage et al., 2005). Bold dashed lines are trend lines adopted for analysis of porosity evolution.
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and more compressible inter-aggregate pores, while the

less compressible intra-aggregate pores are generally

unaffected (e.g. Lloret et al., 2003). Thus, for loosely

compacted specimens, the ratio of inter-aggregate pores

to intra-aggregate pores is relatively large. Interlayer

expansion is more effectively adsorbed by the larger

pore spaces. For densely compacted specimens, the ratio

of inter-aggregate pores to intra-aggregate pores

decreases. Interlayer volume changes are more effec-

tively manifest as total volume change at the specimen

boundary.

The relative lack of axial strain from 0% RH to ~30%

RH for the three preparations of Wyoming bentonite

(Figure 4a) suggests that the volume change (expansion

caused by 0-layer to 1-layer transition in basal spacing)

was internally adsorbed by the larger intra-aggregate and

inter-aggregate pores surrounding the particles. Volume

changes within this RH range for these specimens and for

the fourth, more densely compacted specimen (e = 0.77)

from an earlier study (Figure 4a) were similar, indicating

that compaction had a negligible effect within the likely

regime of the 0-layer to 1-layer transition. Interlayer

spacing from ~30% RH to 60% RH was probably

relatively stable, yet water contents increased from an

average of 3% to 7% (Figure 3a) and a small amount of

bulk-volume change occurred (Figure 4a). These volume

changes were systematically greater for the more densely

compacted specimens. Water uptake and volume change

in this range may result from a number of possible effects,

including continued filling of the first H2O layer,

interstratification of multiple hydration states resulting

from the presence of Ca2+ and Mg2+ in the exchange

complex (36% and 4% of total CEC, respectively), partial

disassociation of the quasicrystals resulting from adsorp-

tion on external surfaces, and adsorption in the larger

intra-aggregate and inter-aggregate voids via surface

hydration, electrical double layer development, or capil-

lary condensation. In the latter case, the larger pores

would either take on water without volume change or

would expand as necessary to accommodate the additional

water. If the total volume of the intra and inter-aggregate

pores is limited (e.g. for a densely compacted specimen),

then these pores would be more likely to expand, which is

what was observed here. Expansion would also be

expected to occur to a greater extent for the denser

specimens, which was also evident in the results. RH

ranging from ~60% to 80% for Na+-smectites marks

transition from the one-layer to two-layer hydrate state,

followed by a regime of relative stability, and then

ultimate transition into a regime of interlayer dissociation

via osmotic swelling. Each of the Wyoming bentonite

specimens experienced significant increases in water

content and volume within this range (Figures 3a, 4a).

The change in interlayer spacing (D2d) for the one-layer

to two-layer transition is comparable to that for the zero-

layer to one-layer transition, yet the volume change

results suggest that corresponding translation to bulk-

volume change is more efficient because the volume of

the larger pores had been reduced to accommodate the

previous zero-layer to one-layer transition.

In contrast to the Wyoming bentonite, the Colorado

bentonite specimens (Figure 4b) exhibited more appre-

ciable volume changes over the entire measured range.

Volume change initiated immediately with the first RH

increment and continued gradually thereafter, ultimately

resulting in axial strains as high as 50% for the densely

compacted specimen after the final RH increment.

Results generally trend toward the denser preparations

having larger volume changes, but the trend is more

scattered than that for the Wyoming bentonite.

The immediate and more gradual volume change for

the Colorado bentonite may be interpreted to reflect

transition from the one-layer to two-layer hydration

state. As noted in the XRD results (Figure 5b), the

transition initiates at very low RH and occurs over a

wide range. A corresponding increase in water content

was noted in the sorption isotherms (Figure 3b) and in

the volume change response for RH >~30% to 40%,

where the XRD results would suggest a stable two-layer

hydration state. These increases indicate that concurrent

water uptake in the larger pore spaces via the mechan-

isms noted above is significant. For the two specimens

compacted to similar density (Figure 4c), axial strain for

the Colorado bentonite was 50�100% larger than for the

Wyoming bentonite. The fact that volume changes are

greater for the Colorado bentonite than for the Wyoming

bentonite reflects the general differences in the micro-

structural features of predominantly divalent smectites

and predominantly monovalent smectites. For example,

previous SEM and TEM studies using monovalent

smectites (e.g. Tessier, 1990) have shown that the

microstructures of Ca2+, Na+, and Mg2+ smectites at

low suction pressure (0.032 bar) and corresponding large

water content are similar. The number of mineral layers

making up quasicrystals within the clay aggregates,

however, is generally larger for predominantly divalent

cation systems than for predominantly monovalent

cation systems and increases as the system dries,

reaching as many as 400 face-to-face oriented layers

for Ca2+-smectite and perhaps 20 layers for Na+-smectite

at 1000 bar (~48% RH). Thus, for initially dry bentonites

compacted to the same total void ratio, intra-aggregate

voids forming the pore space among a network of

relatively thin quasicrystals in a predominantly mono-

valent system may comprise a greater fraction of the

total void volume than those formed among relatively

thick quaiscrystals in a divalent system. Interlayer

volume changes would thus be expected to be more

effectively adsorbed by the internal pore volume, which

is what was observed here.

Swelling pressure under confined-swelling conditions

Equilibrium during the suite of swelling-pressure

tests conducted under fully confined conditions typically
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required 300 to 600 h (12.5 to 15 days) for each step

(e.g. Figure 6). The amount of time to reach steady-state

swelling pressure depended on the magnitude of the RH

increment and the absolute magnitude of RH. More time

was required for the increments where the change in

swell pressure was greatest.

Steady-state swelling pressure for the Wyoming

bentonite at RH values <~20% did not increase

significantly beyond the initial 40 kPa seating pressure

for either the dense or loose specimen (Figure 7).

Increases in swelling pressure with continuing hydration

were very similar for the dense and loose preparations up

to an RH of ~50%. At higher RH, the swelling pressure

response deviated and the more densely compacted

specimen exhibited greater pressure. The dense and

loose specimens exerted pressures of 573 kPa and

317 kPa at the final and largest RH increment of 97%.

In contrast, the response of the Colorado bentonite

was more sensitive to compaction. Deviations in

swelling pressure were apparent even at the first RH

increment. The dense specimen exerted more pressure

than the relatively loose specimen over the entire

measured range. Both specimens also exhibited yielding

or collapse behavior evident as a peak in the swelling

pressure response. The dense and loose preparations

reached peak pressures at ~1300 kPa and 550 kPa,

respectively, with the peaks occurring at RH ranging

from ~50% to 70%. Swelling pressures then decreased in

both cases up to the final RH increment. Similar

responses were not evident for the Wyoming bentonite

over the measured range, but the swelling pressure for

both the loose and dense preparations did appear to level

off as RH approached 100%.

Plotting a derivative form of the response as the slope

of the relationship between swelling pressure and

relative humidity (Ds/DRH) provides additional per-

spective for interpreting these results (Figure 8).

Generalized humidity regimes corresponding to basal-

spacing transitions are shown as shaded regions on these

figures. The derivative swelling pressure response for

the densely compacted Wyoming bentonite (Figure 8a)

shows peaks occurring near 70% RH and to a lesser

extent near 10% RH. The greater peak evident at 70%

RH suggests that transition from the one- to two-layer

interlayer hydration state was efficiently translated from

the interlayer scale to the boundary of the specimen. The

less well defined peak within the range of the zero-to-

one layer transition suggests the initial interlayer

swelling was more effectively absorbed by the surround-

ing void space and thus did not translate to external

swelling pressure. As noted above, this was also

observed in the volume change response for free

swelling (Figure 4a) and from previous free swelling

tests (Likos and Lu, 2006). The lack of similar peaks in

the derivative response of the loosely compacted speci-

men suggests that both the zero-to-one and one-to-two

layer transitions were not effectively translated to the

bulk scale. The corresponding swelling pressure

response was more gradual and the maximum pressure

reached was relatively low (Figure 7). The derivative

response for the Colorado bentonite (Figure 8b), on the

other hand, indicated that the one-to-two layer transition

was effectively translated to bulk swelling pressure.

Figure 6. Example of transient RH and swelling pressure response from fully confined hydration of densely compacted (e = 0.75)

Wyoming bentonite.

Figure 7. Steady-state swelling pressures measured from fully

confined hydration tests.
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Peaks in the derivative response are evident near 20% to

30% RH for both the dense and loose preparations. This

suggests that the one-to-two layer transition was more

efficiently translated to the specimen boundary for the

dense specimen because the smaller volume of internal

voids could not accommodate the interlayer swelling as

effectively, ultimately resulting in greater swelling

pressure after the basal-spacing transition was complete.

Interpretation of yielding behavior

The yielding (peak swelling pressure) behavior

evident in the swelling pressure response of the

Colorado bentonite (Figure 7) has been observed pre-

viously in a variety of suction-controlled hydration tests

for compacted bentonites. For example, Lloret et al.

(2003) reported results from constant-volume oedometer

tests conducted under humidity-controlled conditions for

a predominantly divalent bentonite similar to the

Colorado bentonite examined here [wl = 102%; CEC =

111 meq/100 g comprising 38% Ca2+, 28% Mg2+, 23%

Na+, and 2% K+]. The results showed a peak in swelling

pressure equal to ~1 MPa for a relatively loosely

compacted specimen (g = 1.5 g/cm3) and a peak at

~8.5 MPa for a relatively dense specimen (g =

1.65 g/cm3). The corresponding RH at these peaks

ranged from ~77% RH to 92% RH. Peak swelling

pressure for a specimen compacted to g = 1.57 g/cm3

was equal to ~2.2 MPa and occurred at RH of ~90%.

This is in close agreement with the similarly prepared

dense specimen of Colorado bentonite reported here (g =

1.55 g/cm3), which reached peak pressure of ~1.3 MPa at

RH of ~70%.

Yielding has also been observed in the transient

swelling-pressure response of initially dry bentonites

maintained under zero-volume-change conditions and

fully immersed in water. Swelling pressure in such tests

often increases almost immediately, reaches a first

maximum soon after immersion (~1�2 days depending

on specimen size), decreases, and then gradually

increases to a second maximum as saturation is

approached. For example, Schanz and Tripathy (2009)

observed two swelling-pressure maxima in the transient

response of a predominantly divalent bentonite com-

pacted to relatively dense conditions (1.34 g/cm3 and

1.56 g/cm3) but not compacted to relatively loose

conditions (1.12 g/cm3 and 1.18 g/cm3). Katti and

Shanmugasundaram (2001) reported results for dry

Wyoming bentonite (Natural Gel, Wyo-Ben, Inc.)

compacted to loose initial conditions (e = 2.14).

Swelling pressure reached a first peak at 120 kPa,

decreased, and then gradually increased to a steady value

of 163 kPa. Pusch (1982) observed similar behavior for

compacted Wyoming Na+-bentonite (MX-80) hydrated

from an initial water content of 10%. Komine and Ogata

(1994) observed a peak in swelling pressure for Na+-

bentonite compacted to g = 1.79 g/cm3 at low initial

moisture (w = 6.3%) but not for a similar specimen

compacted to greater density (g = 2.02 g/cm3).

Specimens compacted to 1.58 g/cm3 and 1.89 g/cm3 at

greater water contents (w = 19.8% and w = 17.2%)

showed no peaks in the swelling-pressure response.

New perspective on the mechanisms leading to this

type of yielding response is gained by considering the

behavior to reflect transition from a wetting regime

dominated by interlayer hydration to a wetting regime

dominated by water uptake in the larger intra-aggregate

and inter-aggregate pores. At greater RH, energies

associated with hydration of the interlayer cations and

surface sites are satisfied such that continued water

uptake occurs via osmotic and capillary condensation

processes in the larger pore groups. Condensation of

liquid in the intra-aggregate pores results in forces that

bring particles together within the aggregates, while

Figure 8. Derivative swelling pressure response as a function of

RH from fully confined hydration tests.
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condensation occurring in the inter-aggregate pores

results in forces that bring the aggregates themselves

together. In either case, this promotes collapse of the

aggregates and the matrix of aggregates, most notably if

external stress is applied or if a zero-volume-change

condition is imposed. This ultimately results in plastic

compression of the fabric and a corresponding reduction

in bulk swelling pressure such as that noted in Figure 7.

If electrical double layers develop in the intra-aggregate

and inter-aggregate pores, collapse may also be neces-

sary to achieve particle separation distances that are in

equilibrium with the corresponding osmotic pressure

(Schanz and Tripathy, 2009), although this mechanism is

probably more relevant at higher degrees of saturation

achieved in full water immersion tests.

Considering the present results, it follows that the peak

in swelling pressure was more evident and occurred at

lower RH for the Colorado bentonite than for the

Wyoming bentonite. If the predominantly divalent

exchange complex of the former restricted interlayer

hydration to two water layers and if this state was

relatively stable for RH ranging from 40% to 90%, then

any water adsorbed within this range would have been

taken up in the larger intra- and inter-aggregate pores,

leading to the potential collapse mechanisms described

above. Considering the sorption results (Figure 3b), the

amount of water adsorbed in this RH regime was

appreciable in the case of free swelling, and has also

been shown to be appreciable for similar bentonites

hydrated under fully confined conditions (Villar, 2007). If

water taken up in the larger pores contributes to their

collapse, then the onset of collapse would be expected to

coincide with the range of RH where water uptake in these

pores becomes significant. The location of the peaks from

50% RH to 90% RH for the Colorado bentonite here and

for the similar divalent bentonite of Lloret et al. (2003)

are consistent with this range. The fact that the Wyoming

bentonite did not show a clear peak in this range but

swelling pressure did appear to level off as RH

approached 100% reflects its capacity to continue to

adsorb interlayer water even at high RH. Continued water

uptake beyond the two or three water layers at ~90% RH

occurs both in the interlayer and the larger pores,

whereupon collapse of the larger pores may occur. This

ultimately leads from a bimodal pore size to a single pore

size if wetting occurs under high confining stress or zero-

volume-change boundary conditions (e.g. Romero and

Simms, 2008) or to the formation of a dispersed gel if

wetting occurs under free swelling conditions.

Porosity evolution modeling

Likos and Lu (2006) proposed a pore-scale frame-

work to quantitatively assess the evolution of expansive

clay microstructure and macrostructure resulting from

interlayer hydration. In this section, that framework is

applied to interpret results from the current tests

conducted under zero-volume-change boundary condi-

tions. Focus is placed on analyzing results obtained for

densely compacted specimens of Colorado and

Wyoming bentonite (e = 0.75) so that comparisons

may be made with previous modeling results for

similarly compacted (e = 0.77) specimen tests under

free swelling conditions (Likos and Lu, 2006).

As noted in Figure 1b, total pore volume is con-

sidered to reside on two levels of scale and written in

terms of void ratio as

et = eip + eil (1)

where et is total void ratio, eip is an interparticle void

ratio, and eil is an interlayer void ratio. The interlayer

void ratio may be quantified from the ratio of total

interlayer volume (Vil) to the total solids volume (Vs),

which can be reduced to the ratio of an interlayer

separation distance (2d) and the thickness of the mineral

sheet (t):

eil ¼ Vil

Vs
¼ 2d

t
ð2Þ

or considering equation 1

et ¼ eip þ 2d
t

ð3Þ

The interlayer separation distance (2d) varies with

changing RH, whereas mineral sheet thickness is a

constant (t = 9.70 Å). The interlayer void ratio may be

calculated from interlayer separation distance as a

function of RH, which may be estimated by assigning

RH ranges for the transition and stability of various

interlayer hydration states. Thus, equation 3 may be

written in an incremental form to quantify the change in

total void ratio that results from coupled changes in the

interparticle and interlayer void volumes:

Det ¼ Deip þ D2d
t

ð4Þ

For tests conducted under free-swelling conditions,

the total void ratio may be computed from the measured

specimen volume (axial strain) and gravimetric water

content. For tests conducted under zero-volume-change

conditions, the total void ratio remains a constant equal

to that initially imposed by compaction. The interparti-

cle void ratio is equal to the difference in the total and

interlayer void ratios by equation 4. Changes in

interparticle void ratio may be either positive or

negative, where the latter case reflects a loss of pore

volume that occurs as expanding interlayers encroach

into the surrounding pores. Positive changes in inter-

particle void ratio reflect an expansion of the pores as

necessary to accommodate water uptake or to come to

equilibrium with repulsive interparticle forces that may

develop. For fully confined specimens, the total void

ratio may not change and any increases in interlayer void

volume must be offset by an equivalent decrease in

interparticle void volume.
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The suite of XRD measurements in Figure 5 was used

to establish representative trend lines for basal spacing

as a function of RH (denoted by bold dashed lines).

Corresponding evolution of interlayer and interparticle

void ratio was plotted for the Wyoming bentonite

(Figure 9a) and the Colorado bentonite (Figure 9b)

under free and fully confined swelling conditions.

Interlayer void ratio (solid circles) for the Wyoming

bentonite was computed from the trend line in Figure 5a

and shows transitions through the zero-layer, one-layer,

and two-layer hydration states. Interlayer void ratio for

the Colorado bentonite was computed from the trend line

in Figure 5b and shows transition from the initial one-

layer hydration state to the two-layer hydration state by

RH of 40%. Open circles show the interparticle void

ratio modeled under zero-volume-change conditions

computed using the fixed total void ratios (et = 0.75)

and equation 4. Open triangles show interparticle void

ratios computed for similarly compacted specimens (et =

0.77) under free-swelling conditions.

The modeled interparticle void ratio decreased in a

similar way during the zero-to-one layer transition for the

free and confined Wyoming bentonite specimens

(Figure 9a). In both cases, the interparticle volume

decreased from initially 100% of the total void volume to

~66%. The ratio of interlayer void volume to interparticle

void volume increased from 0% to 51%. As noted above,

this reduction of the larger-scale pore volume did not

translate into swelling pressure for the confined specimen,

nor did it translate into volume change for the unconfined

specimen. The modeled interparticle void ratio for the

unconfined specimen from ~30% RH to ~60% RH

increased significantly. This suggests an expansion of the

larger pores that may have been necessary to accommodate

the water adsorbed within this range or to come to

equilibrium with repulsive forces from double layers

developing among the larger particle groups. The modeled

interparticle void ratio for the confined specimen over the

same range was stable because the interlayer void ratio was

stable and because the specimen did not change the total

volume. The swelling pressure within this range, however,

increased from ~100 kPa to 300 kPa, suggesting that water

uptake occurred in the interparticle pores and that constraint

on expansion of these pores resulted in swelling pressure

measurable at the specimen boundary. The RH from ~60%

to ~80% marked transition from the one-layer to the two-

layer hydrate state. In the case of free swelling, concurrent

expansion of the interparticle voids occurred and resulted in

significant bulk-volume change. The interparticle void

volume for the confined specimen decreased to accommo-

date the transition, which resulted in a large increase in

swelling pressure. The increase in swelling pressure was

more appreciable for this interlayer transition than for the

first (Figure 8a) because the volume of the interparticle

voids prior to the transition was much smaller.

Modeling results for the Colorado bentonite

(Figure 9b) are quite different. The interlayer void

volume initially represented 42% of the total void

volume because testing commenced from the one-layer

hydration state. The corresponding interparticle void

volume was 58% of the total void volume. Transition

from the one-layer to two-layer hydration state for the

confined specimen resulted in expansion of the particles

into the surrounding voids. This decreased the inter-

particle void volume from an already relatively small

58% to 30% of the total void volume. The reduction

caused an immediate and efficient translation to bulk

swelling pressure (Figure 7) and a well defined peak in

the derivative swelling pressure response (Figure 8). The

unconfined specimen during the one-to-two layer

transition showed a similarly efficient translation to

bulk-volume change accompanied by a concurrent

increase in the interparticle void volume. The modeled

interlayer void volume for RH from ~40% to 90% was

stable, and thus the interparticle void ratio for the

confined specimen remained stable. Water uptake in

these voids may have resulted in adjustments to their

structure and a corresponding relaxation of swelling

pressure. The total volume of the unconfined specimen

increased considerably in the same range as the volume

of the interparticle pores increased to accommodate the

water being adsorbed.

Figure 9. Modeled evolution of interlayer (eil) and interparticle

(eip) void ratio for free and confined swelling tests: (a)Wyoming

bentonite and (b) Colorado bentonite. Specimens for confined

swelling tests were compacted to an initial total void ratio of

0.75. Specimens for free swell tests (Likos and Lu, 2006) were

compacted to an initial total void ratio of 0.77.
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SUMMARY AND CONCLUSIONS

The mechanical behavior of compacted bentonite

within the interlayer swelling regime was examined via

controlled-humidity sorption tests conducted under free-

swelling and confined-swelling conditions. Emphasis

was placed on examining the influences of compaction

density and predominant exchange cation (Na+ vs. Ca2+/

Mg2+) on measured sorption, volume change, and

swelling pressure response. Water-vapor sorption beha-

vior for both bentonites was essentially independent of

compaction density for RH <~95%. Volume changes

measured under free-swelling conditions and swelling

pressures measured under fully confined conditions, on

the other hand, were dependent on compaction density.

Densely compacted specimens exhibited both greater

volume changes and greater swelling pressures.

Relatively low density and low confining stress condi-

tions created an environment conducive to a more open

fabric and a larger volume of intra-aggregate and inter-

aggregate voids such that interlayer expansion was more

effectively decoupled from volume changes and swelling

pressures measurable at the specimen boundary.

Relatively high density and high confining-stress condi-

tions created an environment conducive to a more closed

fabric, such that interlayer expansion was more effi-

ciently translated to measurable bulk response. New

perspective into the yielding response of bentonites

hydrated under confined conditions was obtained by

illustrating that yielding may correspond to transition

from a wetting regime dominated by interlayer hydration

to a regime dominated by water uptake into larger scale

pore groups. Yielding was shown to be more significant

and to occur earlier for Colorado (Ca2+/Mg2+) bentonite

than for Wyoming (Na+) bentonite, observations inter-

preted to reflect the limited capacity for interlayer

swelling in the former. Semi-quantitative analysis of

porosity evolution showed that interlayer-volume change

resulting from the zero-to-one layer transition in basal

spacing for Wyoming bentonite was effectively absorbed

internally by the larger-scale pores. Corresponding bulk-

volume change and swelling pressure were insignificant.

The one-to-two layer transition was more effectively

translated into volume change and swelling pressure

because the volume of larger-scale voids had been

reduced. The one-to-two layer transition for Colorado

bentonite was less efficiently accommodated by the

larger voids, resulting in much larger changes in volume

and swelling pressure.
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