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ABSTRACT: Thixotropy implies norequilibrium initid conditions after remolding. At the macroscale,
thixotropy manifests as the regain in mechanica properties. At the microscae, thixotropy involves
phenomena such as contact creep and interparticle force redigtribution, homogenization of pore
pressure (in saturated and partidly saturated soils), dtered ionic digtribution and mobility, and the
effects of the loose finer fraction. Low-energy therma or mechanica agitation helps overcome energy
barriers a the microscale, favoring the evolution of thixotropic phenomena Mexico City soils exhibit
sgnificant thixotropic effects; the regain in mechanica parameters is accompanied by changes in

electrica properties.
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1 THEMEXICO BASIN

The Cuenca de Mé&xico (Mexico Basn) is
predominantly a fla lacudrine plan a an
average devation of 2250 m. The Badn is
surrounded by mountain ranges. It was open
until 600000 years ago when volcanic activity
during the Quaternary Epoch closed the Basin,
resulting in the formation of ax principa lakes.
The Basin remained closed until 1789 when the
lake water was drained.

Weathered rocks, residua clays, pyroclastic
materids, gravels and sands were gradudly
eroded and the finest e ements were transported
into the basin. In addition, seam explosons
during volcanic eruptions formed dense clouds
of fine volcanic ash and other pyroclagtic
materias which were deposited as arain on the
lake surface (Zeevaert, 1982). Part of the fine
volcaric ash recryddlized into clay minerds.
The lake sediments aso contain a large amount
of odracod and diaom remans (Diaz
Rodriguez, e d., 1998). The latter gives a
porous structure to the soil, and very high void
ratio.

This paper darts with a review of sdient
agects of Mexico City soils. Then, the
phenomenon of thixotropy is andyzed into

multiple possible mechanisms. The paper ends
with an exploratory experimentd <udy of
thixotropic changes in Mexico City soils.

2 MEXICOCITY SOILS

The following lig of properties highlights the
unique characterigtics of Mexico City Soils
(DiazRodriguez, et d. 1989, 1992, 1997,
Mesii et a. 1975; Zeevaert, 1982): pladticity
index 300%; water content 400%; electrica
resgivity ~10 Ohm-m; hydraulic conductivity
~10® cm/s; minerds 14 A montmorillonite, illite
and cristobalite; cation exchange capacity ~0.9
meg/g; friction angle 42°-47°; coef. earth
pressure at rest 0.3; compression coefficient
~10; admogt congant shear modulus and
damping less than 4% for shear drainsashigh as
1%; velocity-stress exponent 0.11 (in Stu); no
srength loss even when the amplitude of the
dynamic cydes is as high as 80% of the quas-
datic strength.

One of the nmogt agtonishing properties of
Mexico City clays is the remarkable regain in
drength and deformation properties with time
after remolding. This phenomenon is referred to
asthixotropy.



3 THIXOTROPY - MICROSCALE

Origindly, the term thixotropy implied the
reversble and isothermd solid-liquid trangtion
(0e-=0l) of colloidd systems upon mechanica
excitation. However, this definition has been
generdized In soil mechanics, there are severd
rdaed tems aging, thixotropic aging,
restoration, structuration, and cold welding,
among others. Clear semantic or physicd
diginctions among these terms are difficult to
esablish. Furthermore, while thixotropic-like
behavior has been observed in various soils
around the world, it has seldom been andyzed
into its underlying causal mechaniams.

Research results in the cday minerdogy
literature show the associaion  between
thixotropic behavior and flocculaion prone clay
systems (see Van Olphen, 1951). Mixtureswith
low ionic concentration immediately st into a
gel, however, time dependent thixotropic
hardening manifests in suspensions with high
ionic concentration that tend to form flocculated
structures. Research in soil mechanics confirmed
the importance of flocculation on thixotropic
behavior (Mitchdl, 1960. Note: a
comprehensve lis of references can be
downloaded from the authors web ste, including
references to multiple related studies by Mitchell
and co-workers).

Time-dependent  changes  highlight  non-
equilibrium conditions after the gpplication of
shear. These cause gradients of chemicd,
eectrical, mechanica or thermd origin. In order
for time-dependent effects to manifed,, the time
scde for the equilibrating process must be
gonificantly longer than standard laboratory
measurements, which are usudly in the order of
minutes. Therefore, hypotheses about thixotropy
must daso consder possble retardation
mechanisms that can contribute to the observed
time- dependent regain in materia properties.

Severd microscae phenomena are analyzed
in this section, as potentia contributors to the
generd phenomenon of thixotropy. We address
those mechanicd and chemica processes that
can  explan  reversble  time-dependent
hardening. In this review, macroscae boundary
citeia (such  as  isothemd,  congant

composition, and congant volume) are not
required a the microscale. In other words, loca
theemd, chemica, mechanicd or dectricd
transgport can take place.

3.1 Interparticle force redistribution - Creep

The macroscae phenomenon  of  dress
corresponds to an internd  digtribution  of
interparticle contacts and interparticle norma
and shear forces. Thus, thixotropy should either
cause changes or be the result-of changes in
interparticle forces.

An experimenta sudy with photodastic
disks was conducted with arandom assembly of
12 mm and 25 mm disks, loaded under zero
laterd strain conditions. A close up view of a
few disksis presented in Figure 1.

Figure 1. Force and fabric changes due to creep
within particles

The doted lines correspond to fringes
observed immediatdy after loading, while the
continuous lines denote the fringes observed 3
weeks dfter loading. The following changes are
noticed: (1) variations in normd force, (2)
changes in shear force -denoted by the change
in the symmetry of fringes releive to the contact
normd, (3) formaion of new contacts, i.e.,
increase in coordination number. In generd, the
fastest changes take place in the most highly
loaded contacts, which are dong the principa
chans of forces Smilar mechanisms ae



expected in fine-grained platy particles, such as
clays, dthough these phenomena may teke place
a theintermediate scale of granularities.

Results from numericd  micromechanica
gmulations confirm these observaions. Kuhn
and Mitchell (1993) considered creep only on
the tangentiad component of the contact force.
Rothenburg (1992) considered creep in both
norma and tangentid components. While
specific reaults reflect the assumed mode for
contact behavior, both studies agree that the
wider the varighility in contact forces, the higher
the creep rate.

Contact force redidribution, increase in
coordination, and contact flattening during creep
give rise to a sgnificat increese in amdl drain
diffness, as it has been experimentaly shown
(Cascante and Santamarina, 1996, Santamarina
and Aloufi, 1999).

These changes are redtricted by the minimum
activation energy required for the processes
involved, such as materid creep within grains
and friction a contects. In fact, the very soft
Mexico City soils exhibit alow vaue of ky» 0.3.

3.2 Non-Uniform Pore Pressure Didtribution

While most observations on thixotropy are
based on low solidsconcentration gels,
thixotropic effects have dso been observed in
farly dense kaolins and bentonitesin the context
of diffness loss-and-regan following zero-
laterakgtrain loading in an oedometer cdl
(Figure 2).
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Figure 2. Stiffness recovery after disturbance.
Saturated bentonite specimen in rigid oedometer
(vertical stress was increased from 10 to 100

kPa).

Santamarina and Fam (1995) hypothesized
severd mechaniams, including the generation of
non-homogeneous pore pressure throughout the
s0il mass, and its subsequent redistribution and
homogenization. Given the non-linear behavior
of particulate materids, a homogeneous pore
pressure renders higher  diffness than a
heterogeneous pore pressure fidd (with the
same stress boundary conditions in both cases).
Such a stuation can develop in dud porosty
media Secondary consolidation can aso be
explained in this context.

While remalding involves moisture migration
to shear zones, moisture homogenization after
remolding involve fluid flow away from the shear
zones. Mitchdl (1960) used the changes in the
rate of thixotropic regain with temperaure to
estimate the ativation energy of the process.
The computed values of 34 kca/mol suggest
that the viscous flow of water is the man
underlying mechanism.

3.3 Patidly Saturated Materids

Stiffness recovery has been observed in patidly
saturated materids after they have been
disturbed from at rest conditions. At equilibrium,
the negative pore pressure experienced in the
fluid is congtant throughout the mass (within a
scae tha permits disregarding effects such as
gravity). This negative fluid pressure dters the
effective dress and resultant properties, in
paticular the smal-grain giffness. However,
when the medium is disturbed by an excitation
that causes drains usudly above the threshold
drain, menisci and pore fluid digtribution are
altered, so isthe giffness of the soil mass

Two different regions of partial saturation are
identified. In the funicular region, the water
phase is interconnected (medium and high
saturation). In this case, recovery involves pore
pressure redigtribution and fluid motion within
the continuous fluid phase. The rate of recovery
iscontrolled by permestiility, and full-recovery is
usudly posshle (Figure 3 - based on
experimenta data presented in Cho and
Santamarina, 1999). In the pendular region, the
fluid phese is not continuos (low saturation).
Weater is only present within menisci at contacts,



and the vapor pressure which is related to the
curvaiure of menisc, is respongble for
homogenizing the fluid pressure a different
contacts. Thisis a dow process. Furthermore if
the degree of saturation is smdl enough, the
rupture of a meniscus leads to the redistribution
of the fluid on the particle surface and the
meniscus may not re-generate even if particles
return to contect. Therefore, the time-dependent
recovery of giffness in partidly saturated soils
within the pendular region is dow, and may not
be complete (Figure 3).
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Figure 3. Stiffness regain in patidly saturated
ils

Mitchell (1993) reports results by P.R. Day
whereby tensometers where embedded in day
pastes (apparently saturated), alowed to reach
equilibrium, followed by the mixing of the day.
Tenson decreased immediately after mixing and
recovered with time. Besides the mechanisms
described above, these results may reflect the
entrapment of gas and its time dependent
diffuson. In addition, ionic movement after
mixing may cause particle rearrangement.

3.4 Coagulation

Depending on interparticle distance, ion vaence
and ionic concentration, two contiguous particles
may experience an dtraction resultant force
between double layer repulson and van der
Wadls dttraction, promoting coagulation (there
are other important environment variables such
as pH, and forces such as hydration forces).
Edge-to-face connectivity is affected by ionic
concentration and valance as well: as the double
layer shrinks, edge charges are exposed and the
development of edge-face contacts is facilitated.

The time scale of coagulation depends onion
movement (which is diffuson controlled) and
paticle mohility (which is viscosity controlled).
The rae of these changes increases as
temperature increases.

While coagulation implies particle movement
d, changes in interparticle distance in the order
of nanometer are sufficient. The lower the
specific surface of a clay S and the higher the
void raio &, the lesser the effect of this
displacement on the globd Strain e. For pardld

particles,

SS>gW SS :I

For example, a globd interparticle displacement
of 1 nm in a soil with $»10 nf/gr and e=1.0
causes a globd gran smdler than 10°.
Furthermore, when coagulation occurs at the
level of the mobile particles in a soil mass, it
causes no globd drain, yet the increase in
diffness may be dgnificant.

3.5 Mobile and Fixed Particles

Visudizations of granular assemblies highlight the
connectivity of particles (the "fixed" fraction).
However, dmple experiments with random
assemblies of disks clealy show a large
percentage of particles that do not directly
contribute to the transmission of load through the
il skeleton (the "mobile’ fradion). This
Stuation is heightened in gap-graded materiads
where the finer fraction is not sufficient to fill the
voids left by the coarser fraction. In this case,
the fines are held in position by gravity and other
interparticle forces (e.g., dectricd, capillary).
While the coarser fraction that forms the
skeleton experiences its own thixotropic effects
(such as creep discussed above), the mobile
finer fraction gradudly assembles around the
coarser particles. These particles stiffen contacts
and dabilize the coasegran skeleton
preventing buckling. The result is a differ soil
with a higher threshold strain. Capillary forces
feclitaie the dignment of particles aound
contacts during drying. Clay bridges and



buttresses in loess are a <dient example.
Osipov, &t a. (1984) showed the restoration of
the microfabric during thixotropic recovery,
induding the re-generation of clay bridges. Thus,
the thixotropic effects of the mobile fraction may
judify, a least in pat, the experimenta
observations whereby some materias appear to
gain or recover thelr structure with time.

3.6 Low Amplitude Vibrations - Temperature

Experimental results show that low amplitude
vibrations can accderate thixotropic effects; this
phenomenon is caled rheopexy in the context of
clays and cydlic pre-straining in the context of
sands. Wha ae the posshle intend
mechanisms underlying rheopexy and cydlic pre-
graning?

Consder a dable soil under congant
boundary conditions. From an energy point of
view, the medium is at the bottom of an energy
wel, and any change will require overcoming
some energy threshold. At the microscde of
contacts, there is a frictiona threshold a exch
contact stopping further dippage. Likewise,
there is an energy thresold a the molecular
sca e restricting movement (thisisrelevant to the
monolayers closest to the minerd surface; for
claity, imagine dragging a caion pardld to a
negatively crerged minerd surface: successve
energy wells would be encountered in front of
each negative charge).

Vibration externdly applied to the soil may
contribute to overcoming the corresponding
energy barriers, triggering interna changes (the
associated  phenomenon  of "gochadtic
resonance” is addressed in a current report by
Wang and Santamaring). Once the process is
triggered, interndly liberated energy, for
example in the form of acoudtic emisson, may
contribute to sustain the process of change until
anew energy well is reached.

Low frequency vibrations are large wave-
length phenomena with respect to the particle
sze. However, temperature is a measure of
vibration levd, in this case @ the molecular leve.
Therefore, andogous effects are attained at the
molecular scde by increasng temperature
(atomigtic amulations confirm this observation).

While this mechaniam violates the isothermd
criterion attached to thixotropic phenomena,
background vibration and above absolute-zero
temperatures are physicd redities in Al
engineering soil environments.

3.7 Solution, Precipitation, Cementation

Solubility depends on pressure  (and
temperature): the higher the pressure, the higher
the solubility. Therefore, the high pressure a
interparticle contacts tends to favor the solubility
of the particle near the contact. The hydrated
phase diffuses to the boundary of the contact
where it precipitates. The fina effect is the
formation of a wider, more gable contact
rendering a differ medium. If the process is
massive, as in granular sdt, volumetric reduction
may be observed a the macroscde. Still, thisis
a constant compogtion phenomenon from a
boundary point of view. This phenomenon takes
place in dl mineds incduding quatz (some
polymorphs are much more sduble than quartz
a 25C; furthermore, akali ions such as sodium
increase solubility).

Cementation may develop in different forms,
including ionic bonding (eg., through a shared
divaent cation), clay bridges and buttresses, sdt
precipitation in partialy saturated materiads (sats
precipitate a contacts when the ionic
concentration in menisci reaches the saturation
levd during drying), pozzolanic effects
(duminates, slicates, carbonates).

Lessaed and Mitchel (1985) identified a
sequence of processes leading to the aging of
quick days involving oxidation, acidification,
dissolution, and ion exchange. While the
sequenceisirreversible, conditions achieved a a
given stage may be dtered during remolding, to
be further continued atter remolding.
Furthermore, these phenomena may be involved
inlaboratory studies of thixotropy.

4 MACROSCALE - MEXICOCITY SOILS
Macroscale dbservations related to the effect of

thixotropy on soil propertiesinclude:
- Increasein low drain siffness.



- Decrease in early contractive tendency (thus, a
decreasein early pore pressure build-up).
- Increase in quas-preconsolidation stress (a
function of P1).
- Increase in permeghility.
-Limited or no effect on effective drength
parameters.
It is worth noting that aging and cementation
cause Smilar effects
A dudy of the thixotropic response of
Mexico City soils was conducted with
gpecimens obtained from a Site located in the
ancient lacustrine zone of Mexico City, & the
Alameda Centra (19.26°N, 99.08°W). This is
Stuated near one of the most damaged areas
during the September 19, 1985 earthquake. The
samples were recovered with a Shelby tube
(125 cm in diameter), from a depth of 24 m.
The water content is w=240%, the liquid limitis
LL=399%, and the plastic imit PL= 76%. The
experimental study follows.

4.1 Large Strain Mechanica Properties

The unconfined compresson tet and the fdl
cone test were used as comparative measure-
ments to assess the time-dependent strength
changes. Cylindrical specimens (H/d=2) were
prepared from a remolded sample a the naturd
water content. Specimens were seded and
stored.

The unconfined  compression
deformation data are shown in Figure 4.

Both drength and stiffness increase with time.
The naturd undisturbed Mexico City samples
present the highest vaues. Strength is plotted vs.
aging time in Figure 5. The increase in drength
follows an exponentid reation. Unfortunately,
no measuranent of pore pressure is available,
therefore we cannot verify that the effective
dress srength parameters remained constant.
Should this be the case, the change in water
tensgon must be in the order of:
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Figure 4. Load-deformation in unconfined
compresson. Undisturbed and  remolded
pecimens with different aging time
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Figure 5. Evolution of unconfined compression
grength with time

The fdl cone tet was run with different gatic
loads. Test results are shown in Figure 6. Once
again, an exponentid increase in drength is
obtained. The vdues for the undisturbed
specimen are shown as well.
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Figure 6. Penetration of the fdl-cone [0.1mm]
vstime for different static loads.
4.2 Smal Strain Dynamic Properties

Laboratory sudies ill in progress show the
unequivoca effects of aging on low-dran
diffness and attenuation in Mexico City soils. In
particular, atenuation shows a sudden increase
when the satic load is changed, recovering
afterwards. Smilar observations were made
with materias that present contact creep ard re-
cryddlization such as pressure  solution-
precipitation €.g., granular sdt and lead shot;
Cascante and Santamarina, 1996).

4.3 Electrical Properties

Given the dependency of dectrolytes on
thixotropic behavior, it is not surprisng that
changes in conductivity and permittivity should
be observed during thixotropic changes.
Changes in complex permittivity after remolding
for aMexico City specimen are shown in Figure
7.

Fgure 7. Evolution of dectrica properties after
remolding. Mexico City soil specimen. Red
relaive permittivity and effective conductivity
measured at 0.2 GHz.

The pesks in pemittivity and effective
conductivity are reached at about the same time.
The spectrum (not shown) suggests interfacid
polarization, i.e.,, the changesin conductivity
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cause the changes in permittivity. Thus, the
underlying internd  mechanisms mugt  be
asodiated to changes in ionic mobility within the
fluid and adsorbed layers.

Note that the dteration in eectrica
properties lagts a fairly short period of time, as
compared to the long-term continuous increase
in mechanicd properties. Therefore, more than
one mechanism appears to contribute to the
thixotropic characterigtics of Mexico City soils.

5 FINAL COMMENTS

Mexico City soils ae unique in many
aspects, including strong thixotropy. Nort
equilibrium initid conditions after the gpplication
of shear lead to time-dependent "thixotropic™
changes (at virtuadly zero energy flux across the
boundary). Changes include increese in
diffness, decrease in early contractive terdency,
and increese in undrained shear drength
(however, effective srength resdua parameters
gppear to remain unatered).

Severd micro-scae phenomenaare identified
as potentia contributors to the phenomenon of
thixotropy: contact creep, interparticle force
redigribution, non uniform pore pressure



digtribution in saturated and partidly saturated
soils, dteration in ionic digribution and mobility,
the ensuing changes in interparticle forces, and
the mobility of the finer fraction in the soil mass.
Agitetion (therma or mechanical) helps over-
come energy barriers a the microscae and
facilitates thixotropic recovery.
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