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The residual stress of a thawed overconsolidated clayey soil
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ABSTRACT: Soil mechanics related to freezing and thawing has many applications in geotechnical
engineering. Freezing and thawing cycles alters physical properties of thawed soils. Freezing and thawing
were found to reduce shear strength of the thawed soils. This study presents shear properties of both a
normally consolidated clayey soil and an overconsolidated clayey soil subjected to freezing and thawing.
These tests were performed on a triaxial compression set-up adopted for thawed soil in a closed system.
Three-dirnensional freezing and thawing cycles were repeated for a saturated clayey soil. The effective
angle of internal friction of a thawed clayey soil is compared with that of unfrozen clayey soil. The
relationship between the magnitude of excess pore-water pressure due to thawing of frozen clayey soil and the
overconsolidation ratio of a clayey soil is discussed.

l INTRODUCTION

Artificial ground freezing has been used in the
construction of large-diarneter bulkhead for tunnel,
vertical shaft and underpining in soft-ground. The
wall of frozen soil formed by freezing has been used
both as a structural support and a water barrier for
construction in soft ground. After completion of
construction, the frozen soils are thawed over a long
time. The soils undergo thawing settlement and a
reduction in shear strength during the thawing
process. Freezing and thawing cause significant
changes to the liquid limit. Freezing and thawing
also cause other changes to the soil, such as
decreasing specific surface area, reducing the ability
for moisture retention, change in grain size
distribution and alteration of the soil structure.

ln this study triaxial compression tests were
conducted on a saturated clayey soil subjected to
freezing and thawing in a closed system (i.e., no
supply of water during freezing and thawing).
Normally consolidated clayey soil and
overconsolidated clayey soil were used in freezing
thawing tests. Stress-strain curves and effective
angles of internal friction for the thawed clayey soil
are presented. The excess pore'-water pressure in
the frozen soil induced by thawing was measured
after complete thawing. The excess pore-water
pressure is used for evaluate the residual stress in
thawed clayey soil.

2 LITERATURE

Othrrran & Benson (1993) photographed thin
sections of frozen specimen of compacted clay
during freezing in a closed system. They showed
that a significant network of cracks were obtained
for one-dimensional freezing and three-dimensional
freezing. Chamberlain & Ayorinde (1991) stated that
the changes in soil structure of fine-grained soil
were attributed to high soil moisture suction
developing in the freezing zone. An increase in the
effective stress in the region below the freezing front
contributes to the formation of polygonal shrinkage
cracks. Chamberlain & Gow (1979) found a
particular pattern of cracks in thin sections of frozen
Ellsworth clay. Chamberlain & Ayorinde (1991)
reported that freezing and thawing increased the
permeability by more than two orders of magnitude.
Increases in hydraulic conductivity due to freezing
have been widely documented in laboratory tests
( Chamberlain (1980)) Yong, Boonsinsuk & Yin
(1985) listed the soil changes caused by freezing and
thawing to include following; reduction of liquid
limit, change in soil structure in terms of particle
aggregation and decrease in the specific surface.

Ogata, Kataoka & Komiya (1985)
described the effects of freezing and thawing on the
strength characteristics of overconsolidated soils and
normally consolidated soils. lt was found that
stress versus strain curves in thawed soils do not



have a peak strength, and the pore pressure
parameter at failure, A J., of the thawed soil is larger
than that of unfrozen soil. Freezing and thawing
increase the effective cohesion, c' , and the angle of
internal friction, ¢' , respectively. Aoyama,
Ogawa & Fukuda (1985) examined the affects of the
physics-chemical properties of soil at freezing
temperature and observed a reduction of the
effective cohesion, c’ , with no effect on the internal
friction, ¢' _

Nishimura (1998) defined the residual
stress of a thawed normally consolidated soil by the
following equation.

U; = U,-uw, (2.1)
where of = residual stress; of = confining pressure
applied to soil specimens before freezing; LLM =
excess pore-water pressure due to thawing.

The residual stress of a frozen silty soil is
larger than that of a frozen clayey soil. The excess
pore-water pressure, um, due to thawing frozen
clayey soil increases with confining pressure. On
the other hand, the residual stress decreases with
number of freezing and drawing cycles. Nishimura
(1998) reported that even if frozen soil is thawed in
a closed freezing-thawing system, residual stresses
remain (i.e., an effective stress associated with soil
skeleton exists).

Eigenbrod, Knutsson & Sheng (1996)
performed tests on laterally confined samples of
lightly overconsolidated fine-grained soil exposed to
one-dimensional freezing at a constant temperature
gradient. Pore-water pressures and temperature
were measured at the perimeter of the specimens at
various points along their height during freezing
thawing. Chamberlain & Gow (1979) carried out a
series of uniaxial, cyclic open-system freeze-thaw
tests on soft, normally consolidated clay specimens
at low stresses. Changes in the permeability and
structure of the soil due to freezing and thawing
were observed. The process of freeze-thaw
consolidation was explained qualitatively with
illustration of void ratio versus total stress or
effective stress spaces. lt is assumed that the
process of freezing and thawing are closely related
in order to establish the excess pore-water pressure
due to thawing of frozen soil.

Nixon & Morgenstem (1973) emphasized
the importance of the residual stress, which is the
initial effective stress in thawed soil under undrained
conditions. For ice-rich soils with high void ratio
thawing in a closed system, the residual stress of the
thawed soil is close to zero. Morgenstern (1981)
defined the origin of the residual stress
experimentally in the 1981 Rankine Lecture.
Morgenstern (1981) presented a relationship
between the measured residual stress of thawed

undisturbed fine-grained permafrost soils and the
thawed undrained void ratio. The relationship
found to be dependent on the plasticity of the soil.

Morgenstem (1981) plotted experimentally
measured residual stress versus liquidity index for
silty soils and clay. The liquidity index showed a
linear relation when plotted versus the measured
residual stress on a logarithmic scale. The residual
stress decreased with increasing liquidity index.

3 TEST PRGCEDURE

3.1 Soil materials and soil specimens

A clayey soil was used in the test program.
Physical properties of the clayey soil are shown in
Table 1. In the Japanese unified soil classification
system, a clayey soil is classified as having a low
frost susceptibility. The soil specimen was
trimmed from slurried samples for the test program.
Each clayey soil specimen has a diameter of 50' mm,
and a height of 125 mm. The reconstituted clayey
soil had a water content of 40 % and a void ratio of
1.35.

3.2 Test Programs

The tests in this study involved performing a
combination of freezing-thawing test and
consolidated Lmdrained triaxial compression test.
The triaxial compression apparatus used in this study
was capable of applying freezing and thawing to a
soil specimen in a closed system. A closed system
of freezing means that external supply of water is
not available to the specimens.

Freezing and thawing in triaxial tests were
conducted for a normally clayey soil and
overconsolidated clayey soil in closed system of
freezing. Overconsolidation ratio of the Lmfrozen
clayey soil specimens in the triaxial cell set-up
ranged from one to three. The overconsolidation
ratio, OCR, in commonly had been used in
geotechnical engineering as an expression of stress
history for saturated soils. The overconsolidation
ratio for a saturated soil is commonly given by the
following equation.

OCR :Pc/Pb
where OCR = overconsolidation ratio for a saturated
soil; pg = the current overburden effective stress;
and pc = the preconsolidation pressure.

Preconsolidation pressure of 200, 400 and
600 kPa are applied to the saturated clayey soil
specimens. At the end of the consolidation process,
the isotropic consolidation pressures were reduced to
bring the overconsolidated conditions. After
swelling has reached equilibrium, the unfrozen soil
specimens were subjected to vertical compression in
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Table 1. Physical properties of the clayey soil.

'specific gravity 2.67
Liquid limit % 59.5
Plastic limit % 34.2
Plastic index % 2_5.3Clay % 22'sm % 70'sand % 8
a triaxial compression cell under undrained
conditions in order to compare the failure envelopes
of the clayey soils subjected to freezing and thawing.
A strain rate of 0.05 %/min was adopted for the
undrained triaxial tests.

Freezing and thawing was repeated for a
nonnally consolidated clayey soil and an
overconsolidated clayey soil in a triaxial cell. The
soil specimens did not ' have access to external
Supply of water during freezing and thawing.
Freezing was induced by lowering the temperature
to minus 20 degrees for 15 hours. Temperature in
the triaxial cell can be controlled Hom minus 20
degrees to plus 20 degrees by a temperature control
device. Volume changes in a clayey soil due to
freezing could not be measured in this test program.
The frozen soil specimens were thoroughly thawed
in the cell. There was no change to the cell
pressure in the triaxial cell through out the freezing
thawing actions (i.e., no change in the total stress
applied to a soil specimen). Freezing and thawing
actions were repeated over three cycles.

At the end of a freezing and thawing cycle,

excess pore-water pressure, uw, in the thawed
clayey soil was measured. Triaxial compression
tests were performed on the thawed clayey soils
under undrained conditions. Pore-water pressures
during the axial compression processes were
measured.

4 TEST RESULTS

Figure 1 shows the stress-strain curves for both the
unfrozen clayey soil and the clayey soil subjected to
one freeze~thaw cycle at a confining pressure of 200
kPa. The stress-strain curve of the unfrozen clayey
soil shows strain hardening regardless of the
overconsolidation ratio value. Deviator stress
increases with axial strain. If the stress-strain
curves did not exhibit a peak deviator stress, the
shear stress at a set arbitrary axial strain value of
15.0 % was selected. Deviator stress increases
with increasing of the overconsolidation ratio value.

Stress-strain curves are changed by
freezing-thawing. Deviator stress of thawed soils
with overconsolidation ratio of two and three are
reduced in a result of freeze-thaw cycle. The
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Figure 1. Stress-strain curves.

difference between the unfrozen soil deviator
stresses and the thawed soil deviator stresses
increase with increasing axial strain. The deviator
stress of a normally consolidated clayey soil
subjected to freezing and thawing are similar to the
deviator stresses of unfrozen normally consolidated
clayey soil for axial strain up to 10 %. Beyond
axial strain of 10 %, deviator stresses are reduced by
freezing and thawing. At an axial strain of 15 %,
the shear strength of thawed soil had reduced in 22.9
kPa. Each of the thawed clayey soil with the
overconsolidation ratio, OCR, of 2 and 3 shows a
reduction of 40.6 kPa and 58.4 kPa, respectively. It
is found that reduction of the shear strength due to
freezing and thawing become larger as the
overconsolidation ratio value increases.

Figures 2-4 show the relationship between
excess pore-water pressure due to shearing and axial
straining in triaxial compression tests under
undrained conditions. Positive pore-water
pressures are generated in the clayey soil by the
vertical compression regardless of the application of
freezing and thawing. There is a peak excess pore
water pressure on the pore-water pressure and axial
strain relationship. Greater excess pore-water
pressure is generated in unfrozen normally
consolidated clayey soil than in overconsolidated
clayey soil.

Freezing and thawing affect the excess
pore-water pressures that are generated due to
shearing of  thawed soils. Excess pore-water
pressures generated in thawed soils coincide with the
excess pore-water pressures generated in unfrozen
clayey soil during the early parts of the compression
tests. Pore-water pressure generated in the thawed
soil due to shearing increases with axial strain.
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5.1 Shear strength parameter
The relationship between mean principal effective
stress and deviator stress for an unfrozen clayey soil
is shown in Figure 6. The undrained stress paths in
a clayey soil are smooth curves. Stress paths are
linear in the early parts of the vertical compression
process. Stress paths of the normally consolidated
soil lie to the left of the vertical. For an
overconsolidation ratio of 2 the stress path remains a
straight line. For an overconsolidation ratio of
three, the stress paths lie to the right of the vertical
during the shearing.

All of the stress paths in Figure 6 reach a
failure envelope. A failure envelope is presented in
terms of maximum deviator stress. The critical
state strength of a clayey soil is identified using the
effective cohesion, c’, and the slope of the failure
envelope, M, in mean principal effective stress
versus deviator stress spaces, respectively. The
slope of failure envelope, M, is computed to be
1.52. The effective cohesion, c’ , is zero.

The effective strength of a clayey soil
subjected to one freezing and thawing cycle are
shown in Figure 7. The shape of the stress paths is
changed significantly due to freezing and thawing
process. Thawed clayey soils show relatively
straight stress path during shearing. Dilatancy of
the thawed clayey soil in the shearing process could
be expected to be different with dilatancy of the
unfrozen clayey soil. As the thawed soil reached
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critical state during shearing, stress paths lie to the
right of the vertical.

A failure envelope for the thawed clayey
soil is shown in Figure 7. The failure envelope has
a slope, M , of 1.52, and an effective cohesion, c’,
of zero for the thawed clayey soil. The thawed soil
has relative straight stress paths until the deviator
stress approaches the failure envelope inf undrained
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Figure 6. Effective stress paths
for the unfrozen soil.
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Figure 7. Effective stress paths
for the thawed soil.
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due to thawing.

conditions. Subsequently, deviator stress and mean
principal effective stress increase, moving along the
failure envelope.

The effective angle of internal friction, ¢’,
for a saturated soil can be computed from the value
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of the slope of the critical state line (i.e., failure
envelope). The effective angle of internal friction,
¢', was computed for an unfrozen clayey soil and a
thawed clayey soil, respectively. The unfrozen soil
showed an effective angle of internal friction of 37.3,
and the thawed soil had an effective angle of internal
friction of 37.3. The eifective angle of internal
friction in a clayey soil subjected to freezing and
thawing is similar to the unfrozen soil. It is to be
noted that freezing and thawing have no effect on
the angle of intemal friction.

5.2 Excess pore-water pressure
Reduction of the shear strength is due to excess
pore-water pressure, uwtn, generated as a result of
thawing of the frozen soil. Excess pore-water
pressures decrease the effective stress in a saturated
soil. Nixon & Morgenstern (1973) stated that
thawing of fine grained frozen soils lead to a build
up of excess pore-water pressure in the foundation
of a structure. Nixon & Morgenstern (1973)
measured the residual stress in fine-grained natural
and reconstituted samples of frozen soils with regard
to excess pore-water pressure, and describe the
physical interpretation of residual stress in void ratio
versus effective stress space. The residual stress is
governed by a combination of stress, thermal history
and void ratio.

Nishimura (1998) measured the excess
pore-water pressure, UW, of both a normally
consolidated clayey soil and a normally consolidated
silty soil subjected to freezing and thawing after
complete thawing. The excess pore-water
pressures due to thawing of frozen soil increase with
confining pressure. The results show that the
relationship describing confining pressure and
excess pore-water pressure is not linear. Nishimura
(1998) presented that the excess pore-water pressure
increase with increasing in number of freezing and
thawing cycles.

This study measured the pore-water
pressure in a completely thawed clayey soil under
undrained conditions. Figure 8 shows the
relationship between excess pore-water pressure and
the number of freezing and thawing cycles. Excess
pore-water pressures, UW, due to thawing are
positive, except in a clayey soil with an
overconsolidation ratio of 3. Normally
consolidated clayey soil subjected to freezing and
thawing has linear excess pore-water pressure versus
freeze-thaw cycle relationship. Greater excess
pore-water pressures are generated in a normally
consolidated clayey soil than in an overconsolidated
clayey soil as a result of thawing.



6 CONCLUSIONS

Freeze-thaw triaxial tests were performed on both a
normally consolidated clayey soil and an
overconsolidated clayey soil. All the clayey soil
specimens were subjected to three-dimensional
thawing subsequent to freezing at temperature of
minus twenty degrees without drainage. The pore
water pressures, HM, were measured at the end of
thawing in order to determine the change in effective
stress of the thawed soils.

A strain hardening behavior was observed
in both unfrozen soils and thawed soils. No peak
shear stress was observed in the stress-strain curves
for unfrozen soils and thawed soils. The deviator
stresses were plotted against the principal effective
stress for the unfrozen soils and the thawed soils,
respectively. The shape of the effective stress paths
of unfrozen soils was altered by freezing and
thawing. The tangent of the failure envelope of the
thawed soils coincides with that of the unfrozen
soils.

The pore-water pressure, "wp, due to
thawing was negative for the overconsolidated
clayey soil with overconsolidation ratio of 3. The
excess pore-water pressure, UW, of normally
consolidated soils was larger than that of the
overconsolidated soils.
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