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Structure characteristics and mechanical
properties of kaolinite soils. Il. Effects of structure
on mechanical properties

Y.-H. Wang and W.-K. Siu

Abstract: This paper reports the effects of structure on the mechanical responses of kaolinite with known and con-
trolled fabric associations. The dynamic properties and strength were assessed by resonant column tests and undrained
triaxial compression tests, respectively. The experimental results demonstrate that interparticle forces and associated
fabric arrangements influence the volumetric change under isotropic compression. Soils with different structures have
individual consolidation lines, and the merging trend is not readily seen under an isotropic confinement up to 250 kPa.
The dynamic properties of kaolinite were found to be intimately related to the soil structure. Stronger interparticle
forces or higher degrees of flocculated structure lead to a greater small-strain shear modulus, G, and a lower associ-
ated damping ratio, D;,. The soil structure has no apparent influence on the critical-state friction angle (¢, = 27.5°),
which suggests that the critical stress ratio does not depend on interparticle forces. The undrained shear strength of
kaolinite is controlled by its initial packing density rather than by any interparticle attractive forces, and yet the influ-
ence of the structure on the effective stress path is obvious.

Key words: interparticle forces, shear modulus, damping ratio, stress—strain behavior, undrained shear strength, critical state.

Résumé : Cet article présente un rapport traitant des effets de structure sur les réponses de la kaolinite avec des asso-
ciations de fabriques connues et contrdlées associées. Les propriétés dynamiques et la résistance ont été évaluées res-
pectivement par des essais de colonnes résonnantes et des essais de compression triaxiale non drainée. Les résultats
expérimentaux démontrent que les forces interparticules et les arrangements associés de fabrique influencent le change-
ment volumétrique sous une compression isotrope. Les sols avec différentes structures ont des lignes de consolidation
individuelles et la tendance a la fusion ne se voit pas facilement sous un confinement isotrope atteignant 250 kPa, On
a trouvé que les propriétés dynamiques de la kaolinite étaient intimement reliées a la structure du sol. Des forces inter-
particules plus élevées ou de plus hauts degrés de floculation de structure conduisent a un plus grand module de cisail-
lement a faible déformation G,,,, et un plus faible rapport d’amortissement associé D,;,. La structure du sol n’a pas
d’influence apparente sur ’angle de frottement a 1’état critique (¢7 = 27.5°), ce qui suggere que le rapport de contrain-
tes critiques ne dépend pas des forces interparticules. La résistance au cisaillement non drainé de la kaolinite est con-

trolée par sa densité de compactage initial plutdt que par quelque forces d’attraction interparticule. Par ailleurs,
I’influence de la structure sur le cheminement des contraintes effectives est clair.

Mots clés : forces interparticules, module de cisaillement, rapport d’amortissement, comportement contrainte—
déformation, résistance au cisaillement non drainé, état critique.

[Traduit par la Rédaction]

Introduction

The term structure when applied to fine-grained soils not
only describes the geometrical arrangement of the particles
(i.e., the soil fabric), but also implies the interparticle forces
(Mitchell 1993). This is because the two factors are inti-
mately correlated. The structure of a fine-grained soil is
crucial to its engineering properties, and therefore the asso-
ciated effects have been widely studied in terms of stiffness,
strength, deformation characteristics, fabric anisotropy and

alterations, and critical-state behavior. A review of the key
findings in these areas is presented in Table 1. Guided by
these important understandings and the fabric features re-
vealed in the companion paper (Wang and Siu 2006), the
aim of this study is to gain insights into how the mechanical
responses of kaolinite soils are affected by different known
and controllable structures. The intention is to elucidate the
mechanical property implications of (i) the competitive ef-
fects between interparticle electrical forces and the applied
state of stress; (i7) the dynamic properties, with a particular
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Table 1. Key findings concerning chemical-mechanical coupling in kaolinite clays.
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Key findings

References

Deformation characteristics and fabric changes

Soil with a flocculated structure has higher compressibility than soil with a dispersed
structure under an applied stress greater than the preconsolidation pressure

The volume change is controlled by the interparticle resistance and double-layer
repulsive forces

The larger inter-aggregate pores should be taken into account to explain deformation
behavior not controlled by the double layer

An isotropic consolidation to a pressure of about two times the prior K, consolidation
pressure can alter the strain responses to be isotropic; however, the fabric anisotropy

Review in Mitchell 1993

Sridharan and Venkatappa Rao 1973;
Sridharan and Jayadeva 1982; review
in Mitchell 1993

Delage and Lefebvre 1983

Anandarajah et al. 1996; Kuganenthira
et al. 1996

remains, even after the material is subjected to subsequent much higher isotropic
confinement, suggesting that isotropy is with respect to the cluster orientation rather

than the particle alignment within clusters

Particles tend to align perpendicular to the direction of loading during K, consolidation

Stiffness and damping ratio

The S-wave velocity decreases with an increase in ionic strength of KCI, which seems

Martin and Ladd 1978; Hicher et al. 2000;
Yao and Anandarajah 2003

Santamarina and Fam 1995

contrary to the prediction based on the Derjaguin-Landau—Verwey—Overbeek (DLVO)

forces

The soil structure can affect the shear modulus and damping ratio measured by resonant

column testing

Strength and stress—strain behavior

The friction angle ¢” and cohesion intercept ¢ increase with a decrease in the dielectric

constant of the pore fluid

The undrained shear strength changes with pore fluid with various dielectric constants

The undrained shear strength is governed by the interparticle forces and associated modes

Edil and Luh 1980; Du et al. 1986

Sridharan and Venkatappa Rao 1979

Moore and Mitchell 1974; Anandarajah
and Zhao 2000
Sridharan and Prakash 1999

of particle arrangement; the strength and liquid limit demonstrate consistent trends

Specimens trimmed in the horizontal and vertical directions demonstrate identical

stress—strain behavior in the triaxial tests

Experimental results suggest that the anisotropic stress—strain behavior is controlled by

Ting 1968; Kuganenthira et al. 1996

Kuganenthira et al. 1996

cluster-to-cluster orientation rather than particle-to-particle orientation

Influence of compaction procedure on the mechanical behavior
The soil structure shows no effects on the critical state in the g—p” plane but reveals an

Wheeler and Sivakumar 2000

influence in the e — Inp” space (where e is the void ratio, p” is the mean effective
stress, ¢ is the deviatoric stress, and the compaction procedure means compaction

water contents and types of compaction)

emphasis on the small-strain shear modulus G, and associ-
ated damping ratio D,;,; and (iii) the stress—strain response
and critical-state behavior.

Material and sample preparation

The clay material used in this study, namely Speswhite
Kaolin, is characterized in the companion paper (Wang and
Siu 2006), which describes the soil properties, pretreatment
procedures (washing), and methods of adjusting pore-fluid
properties in the clay suspension.

One-dimensional (1D) consolidation and specimen
trimming

The specimens used in the study of mechanical properties
were prepared by K|, consolidation of treated clay suspen-
sions with a certain pore-fluid property under an effective
vertical stress of 50 kPa (where K|, is the lateral earth pres-
sure coefficient at rest). The consolidation was considered

finished when the recorded vertical settlement converged to
a steady value. In general, the consolidation process lasted
1 week for samples with low pH and more than 1 month for
high-pH samples. The consolidated clay was then carefully
trimmed into designated sizes for testing using a tailor-made
tube with a thin lubricated wall. The sample was 35 mm in
diameter and 70 mm high for the resonant column test and
50 mm in diameter and 100 mm high for the undrained
triaxial compression test. Most of the specimens were
trimmed along the direction of the major principal stress
(i.e., the direction of the vertical loading in the K|, consolida-
tion). Nevertheless, some specimens were also purposely
trimmed along the minor principal stress direction. These
specimens are denoted “minor” or “horizontal” samples in
the following discussions. For clarification, Fig. 1 illustrates
the directions in which the specimens were trimmed.

Installation and back-pressure saturation
A low vacuum pressure of ~20 kPa was applied during
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Fig. 1. How vertical and horizontal specimens were trimmed after sample preparations by 1D consolidation (where G, is the vertical
effective stress, G} is the horizontal effective stress, and K, is the lateral earth pressure coefficient at rest).

(¢}

ro_ ’
oy =Koo',

specimen installation into the testing device to minimize any
disturbance of the soil structure. This low vacuum pressure
was continuously applied until air bubbles entrapped at the
specimen ends were removed, which took about 24 h. The
diameter and height of the specimen were then measured as
the initial values. The diameter of the specimen was gauged
using a w tape with a resolution of 0.01 mm. The diameter at
the top, middle, and bottom of the specimen was measured
and an average value was taken. The height of the specimen
was gauged using a vernier caliper with a resolution of
0.01 mm. After the outside chamber had been assembled,
deaired water was allowed to flow in, and thus the whole
specimen was immersed in water during saturation and con-
solidation to prevent air bubbles from diffusing into the
specimen. Back-pressure saturation integrated with B-value
checking was also implemented. A minimum back pressure
of 200 kPa was applied in all tests; the soil specimen was re-
garded as fully saturated when the B value was greater than
0.98.

Experimental details

Resonant column tests and undrained triaxial compression
tests were performed to investigate the effects of structure on
the mechanical properties of the kaolinite.

Resonant column test

The resonant column tests were carried out by an energy-
injecting virtual mass resonant column system (Li et al.
1998). The measurements were made under five different

Along the
major principal
stress direction ro_ '
o} =Kyoy

<—

Along the
minor principal
stress direction

isotropic stress states ranging from 50 to 250 kPa in incre-
ments of 50 kPa. The maximum strain level was controlled
to be less than 10~ for each testing. At the last stage where
the confining pressure was 250 kPa, the maximum applied
strain was allowed to reach the equipment limit of ~0.002.
The volumetric and axial strains in response to isotropic
confinement were recorded for the purpose of characterizing
the deformation behavior of soils with different fabric asso-
ciations.

The experimental design of dynamic properties involves
five different aspects. The first aspect considered is the pH
effect. In the companion paper (Wang and Siu 2006), it was
revealed that the isoelectrical point of the edge surfaces,
IEP, 44, of Speswhite Kaolin is about 5. With increasing pH
across this transition value, the fabric association can gradu-
ally change from edge-to-face (EF) flocculation to a
deflocculated—dispersed structure. Consequently, pH 4, pH 5,
and pH 7.8 specimens were prepared for investigation. Sec-
ond, the influence of ionic strength is considered in which
the behavior of pH 4 and pH 7.8 specimens was studied after
the addition of 0.15 mol/L. NaCl. The third aspect consid-
ered is fabric anisotropy. The properties of pH 4 and pH 7.8
specimens trimmed in the two perpendicular directions (il-
lustrated in Fig. 1) were assessed. The fourth aspect is the
effect of confining pressure (G ) on the dynamic properties
of the soil, with particular emphasis on the associated con-
tact behavior in terms of modulus—stress power relation-
ships. The fifth aspect is the normalized shear modulus
degradation curves (G/G,,,) and the damping-ratio curve
(DIDy;,,) for samples with different fabrics under the same
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Fig. 2. Volumetric changes (in terms of void ratios) of soils with different structures under isotropic compression.
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effective confinement (250 kPa). All of these curves were
compared with the published empirical relations correlated
with the plasticity index, PI

Triaxial undrained compression test

The undrained triaxial compression tests were performed
using a CKC triaxial system (Li et al. 1988). Based on the
method suggested by Head (1994), a strain rate of
0.015%/min for applying the deviatoric stress is required for
the specimens with the lowest permeability (i.e., the pH 7.8
specimens). This strain rate was adopted for all tests,
thereby avoiding strain-rate effects. To erase the stress mem-
ory of K, consolidation imprinted during sample prepara-
tion, the minimum effective confining pressure in the tests
was 100 kPa, which is twice the prior K, consolidation pres-
sure. This value was chosen based on stable responses of
volumetric strains to the isotropic confinement (shown later
in the paper) and the experimental findings of Anandarajah
et al. (1996). Samples with two representative fabric associa-
tions were selected for testing (i.e., pH 4 and pH 7.8 speci-
mens). The changes in stress—strain behavior after adding
0.15 mol/L NaCl to the two samples were investigated as
well.

Experimental results and discussion

Deformation characteristics under isotropic loading

A lengthy discussion of the prevailing interparticle forces
and associated fabrics formed in different pore-fluid condi-
tions is presented in the companion paper (Wang and Siu

Table 2. The compression index (C,) of soils
with different structures.

Pore fluid properties of soil sample C.

pH 4 0.453
pH 4 (minor) 0.452
pH 4 and [NaCl] = 0.15 mol/L 0.350
pH 5 0.352
pH 7.8 0.241
pH 7.8 (minor) 0.241
pH 7.8 and [NaCl] = 0.15 mol/L. 0.359

Note: The compression index C, (= Ae/A(logo ()
was determined at confining pressures greater than
100 kPa, which is twice the prior K, consolidation
pressure used in the sample preparation.

2006) and thus is not repeated in the following discussions
of experimental results.

Volume change under isotropic confinement

Figure 2 and Table 2 present the volume-change charac-
teristics of soils with different fabric associations under iso-
tropic confinement. It can be seen that the initial void ratio
and compressibility (in terms of compression index C,) are
intimately related to the microstructure—fabric association.
Although the edge-to-face (EF) flocculation dominates at
lower pH, the samples possess larger void ratios and higher
compressibility. On the other hand, denser specimens with
lower compressibility are observed as the face-to-face (FF)
alignment (or dispersed structure following the traditional
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Fig. 3. Illustrations of volume-change mechanisms for soils with a flocculated structure, i.e., pH 4 (with less aggregated structures),
pH 4 with salts, and pH 7.8 with salt specimens, and the face-to-face (FF) alignment, i.e., the 7.8 specimen.
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description) prevails at higher pH. Note that the packing of
FF alignment exists in the (consolidated) sediment of the
clay suspension with a dispersed and deflocculated structure.

The volume change can be attributed to particle orienta-
tion, rolling, and sliding and compression of the double
layer (Sridharan and Venkatappa Rao 1973; Sridharan and
Jayadeva 1982; Mitchell 1993). For the pH 7.8 specimen (a
dispersed and deflocculated structure in the suspension), a
closely packed FF alignment (in the sediment) can effec-
tively reduce the extent of particle orientation and rolling, so
the volume change can be considered mainly due to chang-
ing the double-layer thickness between particle faces. This is
illustrated in Fig. 3. This deformation is limited because of
strong double-layer repulsion. The larger inter-aggregate
pores in the flocculated structure give more freedom for par-
ticle rearrangement, however, and thus the compressibility
should be higher. This assertion agrees with the comment by
Delage and Lefebvre (1983) to the effect that intermediate
structure levels, which are not governed by double-layer
phenomena, should be taken into account when considering
the macroscopic compressibility behavior.

Further elaboration of the previous explanations can be
discovered by examining the behavior of samples with added
electrolytes (0.15 mol/L NaCl). Adding electrolytes de-
creases the degree of EF association at pH < IEP,4,. but in-
creases it at pH > IEP,q,.. Therefore, the initial void ratio
and compressibility of the pH 4 specimen decreased after
adding electrolytes, whereas the pH 7.8 specimen performed
in the opposite manner. In summary, soils with a higher de-
gree of EF flocculation exhibit larger void ratios and higher
compressibility in response to isotropic compression, which
is in accordance with published trends (Mitchell 1993). Fur-
thermore, the previous observations imply that the features
of fabric association demonstrated at the deposition stage
(i.e., the sediment) are preserved, to a certain extent, even
under isotropic stresses up to 250 kPa. Even at this stress,
the merging of these isotropic normal-consolidation lines is
not readily seen.

Figure 2 also compares the compression behavior of spec-
imens trimmed in the major (“vertical” specimen) and minor
(“horizontal” specimen) principal directions. For the pH 7.8
sample, the initial void ratio of the horizontal specimen is
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Fig. 4. The ratio of Ag,/Ag, of specimens under different confining pressures.
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larger than that of the vertical specimen, although their pore-
fluid properties are identical. For the two pH 4 specimens,
the differences in the initial void ratio are not apparent be-
cause their main structure is EF associations, which are ran-
domly arranged. In isotropic confinement above 100 kPa,
specimens at the same pH trimmed in the two perpendicular
directions have almost identical compression indices, as in-
dicated in Table 2.

Strain response under isotropic confinement

The deformation behavior of soils can be better revealed
by looking at the individual strain response in the axial and
radial directions. Representative cases are shown in Fig. 4 in
terms of the ratio between changes in the radial and axial
strains (i.e., Ag./Ag,), which are determined by the follow-
ing equations:

[1] Ag, i1 = (H; = Hiy )/ Higii
(2] Ag, ip1 = (D; = Di1) Digitiai

where H and D are the height and diameter of the specimen,
respectively. For instance, the €, indicated at the confinement
of 100 kPa is calculated from the height difference between
the present stage 100 kPa (H,,) and the previous stage
50 kPa (H;). Note that the diameter is derived from the mea-
sured axial strain and the volume change.

As shown in Fig. 4, changes in axial strains were larger
than the variations in radial strains. For the pH 7.8 speci-
men, this behavior (i.e., Ag, > Ag,) gives further evidence
that changing the double-layer thickness governs the defor-
mation of samples with the FF alignment. For the pH 4 spec-
imen, such a strain anisotropic response can be attributed to
different causes. Experimental observations and numerical
simulations reveal that the clay particles tend to align along
the major principal plane during 1D consolidation (Martin
and Ladd 1978; Hicher et al. 2000; Yao and Anandarajah
2003). Hence, prestraining of the EF structure along the ma-
jor principal direction is produced by the 1D consolidation

during sample preparation. Such prestraining favors axial
deformation even after the isotropic confinement is applied,
so the ratio of strain changes is always less than one. Further
evidence to support such explanations can be found by
studying the behavior of the pH 7.8 specimen with the addi-
tion of electrolytes. The formation of flocculated structure of
this specimen is mainly due to van der Waals attraction, and
therefore its skeletal resistance is weaker than that of the
pH 4 specimen where the fabric network is linked by
Coulombian attraction. The influence of prestraining is
therefore greater for the pH 7.8 sample with electrolytes,
and an even lower ratio of strain changes can be found.

Resonant column test

Effects of pH on G,,,,

Figure 5 shows that the small-strain (or maximum) shear
modulus, G, increases with a decrease in pH under the
confinement ranging from 50 to 250 kPa. This trend, to-
gether with the changes in void ratio presented in Fig. 2, in-
dicates behavior inconsistent with previously published
observations (Hardin and Black 1968; Dobry and Vucetic
1987): G, decreases with an increase in void ratio. The
contradiction is due to the structure effect (i.e., interparticle
electrical forces and associated fabric formation). The EF as-
sociation is linked together by strong Coulombian attraction
at low pH. Such a network structure strengthens the small-
strain stiffness of the soil skeleton. At high pH, where
double-layer repulsion prevails, the particle associations are
weak and so is the associated stiffness. Note that the differ-
ence in G,,,, between pH 4 and pH 7.8 specimens increases
with an increase in confining pressure. In other words, the
influence of the structure is more pronounced under higher
isotropic confinement.

Effects of pH on D,,;,

The small-strain (or minimum) damping ratio D,
decreases with a decrease in pH, as shown in Fig. 6. To en-
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Fig. 5. The effects of pH on the small-strain shear modulus (G,,,,)-
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Fig. 6. The effects of pH on the small-strain damping ratio (D,,;,).
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hance the understanding of these data, a short discussion of
the attenuation mechanism related to local fluid motion is
presented in the following.

It is generally accepted that the measured damping ratio
of geomaterials is a lump sum result of two types of energy
loss: viscous loss and frictional loss. At small strains, the
damping ratio, D,;,, is independent of strain, so the viscous
loss prevails (Winkler et al. 1979). The higher viscous loss
occurring in clays explains the published findings that the
D, of clays is much higher than that of sands, as pointed
out by Lanzo and Vucetic (1999). The relevant energy-loss
mechanisms accounting for this viscous loss in clays remain
unclear, however. For saturated geomaterials, viscous losses
associated with pore-fluid flow have been widely studied. It

has been shown that the effect can be separated into macro-
scopic flow (i.e., Biot flow) and local flow (i.e., squirt flow)
(Mavko et al. 1979; Bourbié et al. 1987). For materials with
low permeability and skeletal stiffness, such as clays, the
loss related to Biot flow becomes irrelevant (Santamarina et
al. 2001). In this context, the energy loss due to local fluid
motion between pores and around contacting grains gains
significance. Such a loss mechanism might then account for
the high D,,;, values of clays. Indeed, this type of energy
loss has been used to explain the damping ratio of saturated
sands (Bolton and Wilson 1990; Cascante et al. 1998; Ellis
et al. 2000).

Bolton and Wilson (1990) derived the damping ratio D,
associated with local fluid motion:

© 2006 NRC Canada



608

Can. Geotech. J. Vol. 43, 2006

Fig. 7. Ilustrations of energy loss related to local fluid motion for soils with different structures.
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3] D, = DM
G

where [ is the pore fluid viscosity, f is the frequency, G is
the shear modulus of the soil skeleton, and F, is a
dimensionless fluid dissipation factor related to the soil
microstructure and micromechanics. Ellis et al. (2000) ex-
tended this expression, concentrating on this phenomenon at
particle contacts and considering the strain effects. Their
version of eq. [3] is as follows:

wf 1/3
4 D, < — (M

where M is the particle contact per unit volume where the
local fluid motion is generated. The parameter M is a func-
tion of strain. This expression by Ellis et al. implies that a
soil with more intergranular contacts, such as a soil with a
larger proportion of small particles, will have a higher damp-
ing ratio. Also, higher skeletal stiffness G can lead to a
lower damping ratio (note that the damping ratio is a ratio
between the lost and the stored energy). Although the soil
type in these two studies was saturated sand, the studies can
still provide a general idea about the factors influencing such

losses in clays. If the fabric arrangement favors local fluid
motion (e.g., more contacts) or the soil has a lower skeletal
stiffness, a higher damping ratio D, is expected.

Following this reasoning, the trend shown in Fig. 6 of
D, decreasing with a decrease in pH is not only because
the low-pH specimen has a higher G,,,,, but also because of
the associated energy-loss mechanisms. Note that the differ-
ence in damping ratio between the pH 4 and pH 7.8 speci-
mens is much greater than the differences seen in the shear
modulus. As explained previously, the D,;, value can be
considered primarily due to the viscous loss related to pore-
fluid motion around particle contacts. Therefore, as illus-
trated in Fig. 7, soil with a flocculated structure (such as the
pH 4 specimen), due to its open packing, has fewer particle
contacts where fluid motion in response to particle shearing
can take place. The result is a smaller damping ratio.

Effects of ionic strength on G,,,, and D,,;,

The addition of NaCl electrolytes promotes the formation
of flocculated structure in samples with pH > IEP . be-
cause van der Waals attraction prevails. On the other hand,
this action will weaken the EF association at pH < IEP 4,
because of the reduction in the mutual Coulombian attrac-
tion between the positive edge and the negative face. The
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Fig. 9. The effects of ionic strength on the small-strain damping ratio (D,
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Fig. 10. The effects of fabric anisotropy on the small-strain shear modulus (G,,y)-
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linkup of soil skeletons depends on these attractive forces,
and the measured G,,,, is expected to follow a similar trend.
As shown in Fig. 8, the G, of the pH 4 specimen de-
creases after adding electrolytes, and the pH 7.8 specimen
shows the opposite behavior. The value of G,,, increases
with an increase in the degree of flocculation and stronger
interparticle attractive forces. Moreover, the behavior of the
modulus for the pH 4 specimens with and without electro-
lytes explains the contradiction mentioned in Table 1: the S-
wave velocity of kaolinite specimen deceases with an
increase in ionic strength (Santamarina and Fam 1995).
The D,,;, of pH 7.8 specimens decreases after adding elec-

150
Confining pressure (kPa)

trolytes, whereas the pH 4 specimens behave in the opposite
fashion (Fig. 9), i.e., D, decreases with an increase in the
degree of flocculation. The explanation is probably similar:
increasing the degree of flocculation increases the skeletal
stiffness and decreases the number of particle contacts to fa-
cilitate fluid motion. Both factors tend to result in a lower
damping ratio.

Effects of fabric anisotropy on G,,,, and D,,;,

Since resonant column testing can only reveal the overall
shear modulus and damping ratio of soils, the effects of in-
herent fabric anisotropy were investigated using an alterna-
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Fig. 11. The effects of fabric anisotropy on the small-strain damping ratio (D,
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Fig. 12. Illustrations of particle movement with respect to shearing for the vertical and horizontal pH 7.8 specimens.
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tive method, namely testing the pH 4 and pH 7.8 samples
trimmed in two perpendicular directions. The results are
shown in Figs. 10 and 11.

At pH 7.8, the G, value of the horizontal specimen was
greater than that of the vertical specimen (Fig. 10), even
though it possessed a higher void ratio (as can be seen in
Fig. 2). Such behavior can be explained by looking into the
details of the reacting interparticle forces in response to
small-strain shearing. As illustrated in Fig. 12, particle
movement in the vertical sample is mainly hindered by van
der Waals attraction. On the other hand, for the horizontal
specimen, the movement is mainly resisted by double-layer
repulsion. With increasing confinement, the separation dis-
tance between particles is reduced, so a larger double-layer
repulsion and (or) even stronger short-range repulsion such
as Born repulsion and solvation (hydration) forces come into
play. As a result, the G, difference between the two
pH 7.8 specimens increases with an increase in confinement,
and the G, of the pH 7.8 horizontal specimen becomes
greater than that of the pH 4 specimens, which had stronger
interparticle forces and an EF network.

There is no difference in D, between the two pH 7.8
specimens, except at the transition of stress states from the

il

Particle orientation is perpendicular
to the direction of particle motion

K, condition to isotropic confinement (6( < 100 kPa), as
shown in Fig. 11. The ratio of D,;, between the vertical and
horizontal specimens at 250 kPa confinement is 1.04. Com-
paring only the energy-loss portion, however, the ratio was
higher at 1.36. This is because the vertical specimen had a
smaller modulus and therefore lower stored energy influenc-
ing the damping ratio. This observation suggests that particle
movement in the horizontal specimens facilitates pore fluid
movement to increase the energy loss and the associated
damping ratio.

The results for the two pH 4 specimens, as expected,
showed similar G,,,, values, suggesting the insignificance of
stiffness anisotropy due to inherent fabric arrangement. In-
deed, the flocculated structure exhibited random particle ori-
entation. Moreover, the D,;, values of these two specimens
were also similar except at the transition of stress states
(6( < 100 kPa).

Effects of confining pressure on G, and D,,;,

The shear modulus G,,,,, as expected, always increases
with an increase in confining pressure, but the increment is
dependent on the soil structure. The modulus—stress relation-
ship is used for further discussions on this matter:
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Fig. 13. The logarithm—logarithm plot of modulus versus confinement.
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Table 3. The o and B parameters of the modulus—stress relationships for soils with different structures

under isotropic confinement.

o (MPa) B
Pore fluid properties of soil sample o3 <100 kPa o©( =100 kPa o( <100 kPa o&( = 100 kPa

pH 4 0.895 2.24 0.846 0.647

pH 4 and [NaCl] = 0.15 mol/L — 1.78 — 0.684

pH S 1.020 1.97 0.786 0.643

pH 7.8 0.778 1.62 0.839 0.677

pH 7.8 and [NaCl] = 0.15 mol/L 0.957 1.81 0.813 0.676
, O\ ments. This indicates greater fabric changes due to altering
[5] Goax = O So the stress state. Supporting evidence for this is found in
1 kPa Fig. 14, where the change in volumetric strain in response to

where G, is the shear modulus, o and [ are fitting parame-
ters, and G, is the isotropic confining pressure. The varia-
tions of G,,,, in response to different confining pressures are
shown in Fig. 13 in a logarithm-logarithm plot; the fitting
parameters o, and [3 are listed in Table 3. Note the boundary
separating the two different modulus—stress relationships at
the confinement of 100 kPa. The stiffness response to isotro-
pic loading apparently becomes stable at confinements
greater than 100 kPa.

The o and B parameters can capture the features of con-
tact behavior in response to the state of stress (Santamarina
et al. 2001). Collectively speaking, a higher o value repre-
sents a soil that has a stronger packing or stiffer particles; a
higher 3 value indicates that the soil stiffness is more sensi-
tive to confinement (reflecting relatively weaker interparticle
forces) and (or) has greater compressibility (reflecting rela-
tively more severe fabric changes due to loading). Com-
paring the same specimen below and above the 100 kPa
confinement, a higher (3 value is observed for lower confine-

the confining pressure is presented. The greatest volumetric
changes occurred as the confinement increased from 50 to
100 kPa. At o = 100 kPa, soil specimens with stronger
flocculated structures exhibited slightly higher o values and
lower B values, and soil specimens with weak dispersed
structures showed slightly lower o values and higher 3 val-
ues. This is in accordance with the previous discussions.

The influence of confinement on the small-strain damping
ratio D, can be seen in Figs. 6, 9, and 11. D,;, decreases
when the confining pressure increases from 50 to 100 kPa
and then becomes nearly constant at higher confining pres-
sures. In other words, except for the transition stage of
changing the stress state, D,;, is independent of the isotropic
confinement.

Normalized modulus (G/G,,,,) and damping ratio
(D/D,,,;,) curves

Figures 15 and 16 present the normalized modulus
(G/G ) and damping ratio (D/D,,;,) curves, respectively, of
soils with different structures under an effective confinement
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Fig. 14. Changes in volumetric strains, Ag,, under different confining pressures. The value of Ag, is calculated based on eqs. [1] and

[2], i.e., Ag, = Ag, + 2A¢,.
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Fig. 15. The normalized modulus curve (G/G,,,,) under an effective confinement of 250 kPa for soils with different structures. The
broken lines represent the empirical relations proposed by Vucetic and Dobry (1991).
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of 250 kPa. The empirical relations related to the plasticity
index (PI) proposed by Vucetic and Dobry (1991) are also
shown. Although the plasticity index PI of kaolinite samples

with different structures ranges from 16 to 30, the normal-
ized modulus and damping ratio curves are very similar. The
observed PI independence may be due to higher confine-

© 2006 NRC Canada



Wang and Siu

Fig. 16. The normalized damping ratio curve (D/D,

613

) under an effective confinement of 250 kPa for soils with different structures.
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The broken lines represent the empirical relations proposed by Vucetic and Dobry (1991) for which the y-axis is damping ratio in
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Fig. 17. Effective stress paths of pH 4 and pH 7.8 specimens (where ¢ is the initial void ratio).
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The linear threshold strain was approximately 0.004%,
which is greater than would be predicted by the empirical
relations for the case where PI = 30 (Vucetic and Dobry
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Fig. 18. Effective stress paths of specimens at the effective confinement 100 kPa (where ¢ is the initial void ratio).
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1991). Furthermore, after the curves depart from the con-
stant plateau with respect to the strain, the variation is
greater than the that indicated by the empirical relations.

Triaxial test

Effects of pH on the stress—strain behavior and
undrained shear strength S,

Figure 17 presents effective stress paths of specimens at
pH 4 and pH 7.8 under three different confining pressures.
The pH 4 specimens exhibit contractive tendencies towards
the critical state. A critical-state line for the triaxial com-
pression tests with a slope M, = 1.09 can be obtained; the
corresponding critical-state friction angle ¢, is 27.5°. The
pH 7.8 specimens demonstrated completely different re-
sponses: they contracted initially, passed through a phase-
transformation state, and then dilated with the same stress
ratio. Although the pH 7.8 specimens did not behave the
same as the pH 4 specimens, which always reached a well-
defined critical state within a tolerable strain range of ~25%
(the specimen deformed too much for accurate measure-
ments at larger strains), the trends still suggest that the criti-
cal stress ratio of the pH 7.8 specimen was close to that of
the pH 4 specimens. The dilative response of the pH 7.8
specimens may be attributed to the closely packed fabric and
strong double-layer repulsive forces. It is interesting to ob-
serve the phase transformation behavior, which generally oc-
curs in sand.

Table 4 lists the measured undrained shear strength §, at
the ultimate state. For the pH 4 specimens, the value was
much lower than that for the pH 7.8 specimens at all con-
finements, although the interparticle attraction in pH 4 speci-
mens is stronger. In contrast with the stiffness behavior and
previously published results (Moore and Mitchell 1974;
Sridharan and Prakash 1999; Anandarajah and Zhao 2000),
the interparticle attractive forces did not appear to have a
strong influence on the undrained shear strength S, for spec-
imens under effective confinements greater than 100 kPa. On
the contrary, the initial packing density, i.e., denser or looser,

Table 4. Undrained shear strength (S,) of soils with different
structures at different confining pressures.

S, (kPa)
Confining pH 4 pH 7.8
pressure (kPa) specimen specimen
100 19.5 48.1
200 40.3 79.0
300 66.0 77.5¢

“The undrained shear strength S, is expected to be larger than the mea-
sured value because the test was stopped at the onset of shear banding.

was the dominant factor in determining S,, which is the
same as typical soil behavior.

Effects of ionic strength on the stress—strain behavior
Figure 18 shows the effective stress path in the g—p” space
of the specimens with electrolytes under an effective con-
finement of 100 kPa (where ¢ is the deviatoric stress, and p’
is the mean effective stress). The specimens without excess
electrolytes are also shown for comparison. The specimens
at pH 4 and pH 7.8 with 0.15 mol/L NaCl exhibited behav-
ior similar to that of the pH 4 specimens without excess
electrolyte, namely showing a contractive tendency towards
the critical state. This reveals that soils behave similarly in
response to shearing if they all have a flocculated structure.
Moreover, specimens with electrolytes attain the same criti-
cal stress ratio as that of the pH 4 specimens, suggesting that
the critical-state line in the g—p’ plane is independent of
interparticle forces and the initial soil fabric. This behavior
supports the conceptual model proposed by Lambe (1960),
which is that the shear strength is mainly controlled by parti-
cle friction at large strains. Also, this friction behavior is in
accordance with the microscopic model proposed by Matsui
et al. (1980). The friction angle ¢” (and the slope of the M,
line) depends mainly on the mineral type. In summary, for
the kaolinite clay used in this study, the critical-state stress
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Fig. 19. The deformation characteristics of specimens in the e — Inp plane.
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ratio for the compression test is similar regardless of the
interparticle forces and associated fabrics.

Normal consolidation line and critical-state line in e — Inp’
space

The soil response at the critical state in void ratio (e) —
Inp” space is shown in Fig. 19. As noted previously, soils
with different fabric associations apparently render individ-
ual normal consolidation lines (NCL) and different volumet-
ric responses. Hence, two different normal consolidation
lines can be found for soils with flocculated associations
(pH 4) and dispersed structures (pH 7.8, FF alignment). The
critical-state line (CSL) of the pH 4 specimens in the e — Inp’
space is also shown in Fig. 19. It can be seen that the NCL
of the pH 4 specimen is steeper than its CSL (not parallel),
which implies that normally consolidated samples show
stronger contraction tendencies (or higher excess positive
pore-water pressure) under lower effective confining pres-
sures when subjected to undrained shearing.

The initial and critical states of the pH 4 and pH 7.8 spec-
imens with electrolytes in the e — Inp” plane are also indi-
cated in Fig. 19 (under an effective confinement of 100 kPa).
The initial and critical states of these two specimens do not
lie on the NCL and CSL of the pH 4 specimen. That is, the
soil structure affects not only the normal consolidation re-
sponse, but also the critical state in the e — Inp” plane. This
behavior is similar to that observed by Wheeler and
Sivakumar (2000): the macrofabric (inter-aggregate pores) is
sheared to the critical state, but the microfabric of individual
clay packets (intra-aggregate pores) may not reach a state
such that the influence of the initial fabric is not completely
erased. Also, these discussions implicitly echo the comments
made by Kuganenthira et al. (1996): the anisotropy effects
on the stress—strain behavior are controlled by cluster-to-
cluster orientation rather than particle-to-particle orientation.
Nevertheless, further study is required to verify the non-
uniqueness of the CSL in e — Inp” space and the associated
causes.

Conclusions

The Speswhite Kaolin with known and controlled fabric
associations was used to investigate the effects of structure
on the mechanical responses of the material. The initial void
ratio of the soil packing and its compressibility were found
to be intimately related to the soil structure. Individual nor-
mal consolidation lines can be discovered for soils with dif-
ferent structures, and any merging trend is not readily seen
for isotropic confinements up to 250 kPa. When the EF asso-
ciation dominates, the samples possess larger void ratios and
higher compressibility, which is associated with the inter-
aggregate pores. On the other hand, denser specimens with
lower compressibility due to stronger double-layer repulsion
are observed when the FF alignment prevails. The strain re-
sponse never becomes isotropic, even when subjected to
higher confinements. Such anisotropic behavior, with the ax-
ial strain always greater than the radial strain, is because of
the inherent fabric anisotropy formed at the deposition stage
and (or) the prestraining effects occurring during K, consoli-
dation in the sample preparation.

The influence of structure on the dynamic properties at
small strains (i.e., G, and D) is apparent. The EF asso-
ciation, linked by strong Coulombian attraction at pH <
IEP, 4., demonstrates a higher Gy, At pH > IEP 4., where
double-layer repulsion prevails, the linkup is weakened and
so is the associated G,,,,. The addition of NaCl electrolytes
promotes the formation of a flocculated structure in speci-
mens with pH > IEP.,. because van der Waals attraction
prevails. This weakens the EF association at pH < IEP,g, by
reducing Coulombian attraction between the positive edge
and the negative face. Although the linkup of soil skeletons
depends on these attractive forces, the magnitude of G,
follows the degree of flocculation. D, is associated with
the energy loss related to the local fluid motion and the skel-
etal stiffness G,,,. Soils with a flocculated structure possess
higher G, and have fewer particle contacts, which facili-
tates fluid motion in response to shearing. As a result, a
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smaller damping ratio is observed. On the other hand, soils
with the face-to-face alignment such as that of the pH 7.8
specimen exhibit the opposite characteristics and therefore
have a higher damping ratio. It should be noted that the
damping ratios D, of soils with different structures demon-
strate confinement independence.

The horizontal and vertical specimens at pH 7.8 show
very different G,,,, values because of the different particle
alignment and the reacting interparticle forces in response to
shearing. Because the particle arrangement in the EF net-
work is random, the two pH 4 specimens (horizontal and
vertical) show similar G,,,, values. Although the plasticity
index PI of kaolinite specimens with different structures
ranges from 16 to 30, the normalized modulus and damping
ratio curves are very similar. Such PI independence may be
due to the higher confinement applied (250 kPa). The linear
threshold strain was similar for all specimens, about 0.004%,
but greater than that predicted by the empirical relations of
Vucetic and Dobry (1991).

Interparticle attractive forces do not have an apparent in-
fluence on the shear strength at the critical state. The
critical-state line in the g—p” plane obtained from undrained
triaxial compression tests seems unrelated to the pore-fluid
properties and the associated initial soil structure. The slope
M, was found to be 1.09, and the corresponding critical-state
friction angle was 27.5°. The undrained shear strength S,
was also unrelated to the interparticle attractive forces, and,
similar to typical soil behavior, the initial packing density is
the dominant factor determining S,,.

The soil structure affected the stress—strain behavior.
Specimens with a flocculated structure exhibited a contrac-
tive tendency until reaching the critical state, whereas speci-
mens with the FF alignment demonstrated more complicated
behavior as follows: contracting initially, passing through a
phase transformation state, and then dilating with the same
stress ratio. In the e — Inp” plane, the soil structure not only
produced unique normal consolidation lines, but also re-
sulted in different critical states for specimens under the
same confinement (100 kPa).
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