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Compression Mechanisms of Unsaturated Clay under High Stresses
by Woongju Mun, M.S." and John S. McCartney, Ph.D., P.E.2

ABSTRACT: This paper investigates the compression behavior of unsaturated clay under mean
stresses up to 160 MPa and different drainage conditions. A new isotropic pressure cell was
developed that incorporates matric suction control using the axis translation technique, and a
high-pressure syringe pump operated in displacement-control mode was used to control the total
stress and track specimen volume changes. In addition to presenting results from characterization
tests on the cell, results from a series of isotropic compression tests performed on compacted
clay specimens under drained and undrained conditions are presented. These results permit
evaluation of hardening mechanisms and transition points in the compression curve with
increasing effective stress. As expected, specimens tested under undrained conditions were much
stiffer than those tested under drained conditions. In the drained tests, the rate of compression
was sufficient to permit steady-state dissipation of excess pore water pressure except under the
highest stress ranges. Suction-induced hardening was observed when comparing saturated and
unsaturated specimens tested in the drained compression tests. In both the drained and undrained
compression tests, the range of applied stresses was sufficient to cause collapse or dissolution of
the air voids (pressurized saturation) and convergence of the virgin compression lines for
unsaturated specimens with that measured for saturated specimens. A gradual transition to full-
void closure was observed at high stresses when the compression curves were plotted on a
natural scale, but the shapes of the compression curves at high stresses were not consistent with
conventional soil mechanics models when plotted on a semi-logarithmic scale. The results from
this study provides insight into how constitutive models for unsaturated soils can be extended to
high stress conditions for drained and undrained conditions.

KEYWORDS: Unsaturated soil, suction-controlled testing, axis-translation technique, isotropic

pressure cell, high stress state
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INTRODUCTION

The rapid release of energy from a shallowly-buried explosive in soil will exert an upward
pressure that depends on the compression characteristics of the underlying soil layer. The
reaction provided by the underlying soil is influenced by a variety of factors including the depth
of burial, soil type, soil density, and soil degree of saturation (Akers 2001). In the case of buried
explosives encountered in the field, the near surface soil is typically compacted and partially
saturated. Although a buried explosion is a complex, rate-dependent process, many blast
simulation models use the parameters of the quasi-static compression curve as important
constitutive inputs for the soil behavior (Zimmerman et al. 1987; Akers et al. 1995; Moral et al.
2010). Although compression curves of unsaturated silts and clays have been measured under
high mean stresses (greater than 69 MPa) by Hendron et al. (1969) and Mazanti and Holland
(1970), the compression behavior of unsaturated soils under constant suction conditions with
monitoring of changes in the degree of saturation has only been evaluated under mean stresses
up to 10 MPa (Lloret et al. 2003; Jotisankasa 2005; Jotisankasa et al. 2007). Further, there has
not been a thorough comparison between the drained and undrained compression curves of
unsaturated soils to high stresses. Accordingly, there is a need to characterize transition points in
the compression curves of unsaturated soils associated with suction-induced hardening,

pressurized saturation (air-void closure), and full-void closure over a wider range of stresses.

The objective of this study is to characterize the isotropic compression behavior of
unsaturated, compacted clays under mean stresses as high as 160 MPa. To reach this objective, a
high-pressure isotropic pressure cell was developed that permits independent control of the pore
air and water pressures within an unsaturated soil specimen along with control of the cell

pressure using a syringe pump that permits constant-rate-of-strain compression testing.
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Application of mean stresses up to 160 MPa is expected to permit evaluation of the point at
which the normally consolidated lines for different suction values converge as the air voids
collapse. Although this stress range may not be sufficient to reach full-void closure, which has
been observed to occur under stresses as high as 400 to 600 MPa in sands (Akers 2001; Ehrgott

et al. 2010), it may be sufficient to detect the onset of the transition to full-void closure.

In addition to presenting a characterization of the cell machine deflections, this paper presents
the results from a series of isotropic compression tests on unsaturated, compacted clay specimens
performed to understand the roles of initial conditions and drainage conditions, and to highlight
transitions in the compression curve over a wide range of stresses. Tests were performed on
specimens prepared by compaction at different gravimetric water contents but to the same initial
dry density to evaluate the impact of different initial degrees of saturation (and corresponding
matric suction values). Although the clay specimens may have anisotropic properties because of
the compaction process, the role of anisotropy in the volumetric response may diminish after
compression to higher stresses than the preconsolidation stress induced by compaction so it is not
explicitly considered in this study. Tests were performed on the specimens under both undrained
conditions (no outflow of air or water with varying suction) as well as drained conditions (free
outflow of air and water with constant suction). The results were synthesized to evaluate the

effects of these variables on the different transition points of the compression curve.

BACKGROUND

In general, the compression of unsaturated soils will occur due to the rearrangement of the
soil skeleton, compression of the pore fluids, and compression and potential crushing of the
individual particles (Wang & Lu 2003). The deformation of a compacted, unsaturated clay is

complex due to the interaction between the different phases. Although the pore air has a much
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softer compression response than the pore water, and rearrangement of the soil skeleton may be
resisted by capillary pressures (matric suction) related to the air-water surface tension (Matyas &
Radakrishna 1968; Wheeler & Sivakumar 1992; Fredlund & Rahardjo 1993). The deformation
characteristics of unsaturated soils also depend on the drainage conditions, which are typically
considered sensitive to the rate of loading. For example, fast loading is expected to lead to
undrained conditions, as the pore fluids may not have sufficient time to drain from the soil pores.
The rate of loading required to maintain drained conditions may decrease during compression
due to the decrease in void ratio and corresponding hydraulic conductivity, which governs the

rate of drainage of pore water from the soil.

It is expected that several key transition points will occur in the compression curves of
unsaturated clays over a wide range of mean stresses, as shown schematically in Figure 1. Initial
compression of a compacted, unsaturated clay in drained conditions will typically follow a
recompression line (RCL) having a slope «, until reaching the mean apparent preconsolidation
stress p' that is induced by the compaction process. The particular value of p.' may depend on
the suction magnitude due to the impact of suction-induced hardening (Alonso et al. 1990,
Maatouk et al. 1995; Lloret et al. 2003; Jotisankasa 2005; Jotisankasa et al. 2007; Jotisankasa et
al. 2009). These studies also observed that the slope of the virgin compression line (As) becomes
steeper with increasing suction magnitude when the compression curve is plotted in terms of
mean net stress. The impacts of suction on the preconsolidation stress and slope of the virgin
compression line (VCL) observed in these studies have been incorporated into most elasto-
plastic constitutive models for unsaturated soils (e.g., Alonso et al. 1990). Although some
constitutive models assume that the mean net stress and suction have independent effects on the

compression behavior of soils, Khalili and Lloret (2001) observed that the use of a single-value
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effective stress parameter can be used to unify the compression response of saturated and
unsaturated soils. At higher stresses, it is expected that the pore air will be expelled from the soil
pores or potentially dissolved into the pore water following Boyle’s and Henry’s laws
(Schuurman 1966). The point at which the air-filled voids are closed is referred to the point of
pressurized saturation (air-void closure). When soils are compressed to higher stress under
drained conditions, the VCLs for different suction values are expected to collapse to a single
VCL at the point of pressurized saturation (Jotisankasa et al. 2007). At very high stresses, it may
be possible to reach full-void closure. In sands, full-void closure involves particle crushing and
rearrangement that may start occurring at lower stress levels depending on the particle
mineralogy (Lee and Seed 1967; Bishop 1966; Vesi¢ and Clough 1968; Murphy 1971; Akers
2001). However, this phenomena has not been observed for clays in previous high-pressure
experiments (Hendron et al. 1969; Mazanti and Holland 1970; Murphy 1971; Casey and

Germaine 2014).

In a similar manner, initial compression of an unsaturated soil under undrained conditions will
also likely follow a recompression curve, potentially with a steeper slope «, than that observed in
drained conditions. It is uncertain whether suction-induced hardening effects on the value of «,
or a preconsolidation stress may be observed in undrained compression tests. However, at some
point the pore air is expected to be dissolved into the water (Schuurman 1966). At this point, the
compression curves for saturated and unsaturated specimens under undrained conditions are
expected to converge. Continued deformation beyond the point of air-void closure is only
expected due to elastic compression of the water and soil skeleton system (Skempton 1961),

although continued particle rearrangement and crushing may still occur.



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

Some of the transition points in Figure 1 can be observed in a real soil by re-interpreting the
compression curves of unsaturated silty clay specimens with different initial degrees of
saturation measured in constant water content oedometer tests by Jotisankasa (2005) in terms of
mean effective stress, shown in Figure 2(a). The vertical stresses reported by Jotisankasa (2005)
were converted to mean stress using a value of Ky = 0.46 estimated from Jaky’s equation using
the friction angle for this soil of 32.8°. Further, the mean effective stress p” was calculated using

the definition of Bishop (1959), given as follows:

P'=Dua T XY (D
where ppe 1s the mean net stress in excess of the pore air pressure, v is the suction, and y is the
effective stress parameter which is assumed to equal the degree of saturation (y = S;). The change
in degree of saturation AS; during compression was calculated from the change in void ratio as
the gravimetric water content in the tests by Jotisankasa (2005) was constant (AS; = wGy/Ae, w is
the gravimetric water content, G is the specific gravity, and e is the void ratio). Accordingly, the
degree of saturation curves, also shown in Figure 2(a), are the reverse images of the compression
curves. The compression curves for the unsaturated specimens show a greater preconsolidation
stress than that for the saturated specimen, although the VCL curves for the unsaturated
specimens converge with that of the saturated specimen at a mean effective stress of
approximately 1 to 2 MPa depending on the initial degree of saturation. The mean effective
stress at which the VCLs converge correspond approximately with the point at which pressurized
saturation occurred (i.e., when S; = 1). Although the slopes of the VCLs in Figure 2(a) appear to
change at the highest level of stress, this is a phenomena that needs further evaluation. The mean
effective stresses at yielding and at pressurized saturation are summarized in Figure 2(b), and

indicate that both parameters are higher for specimens with a lower initial degrees of saturation.

Page 6 of 53



Page 7 of 53

140
141
142
143
144
145
146
147
148
149
150
151
152

153

154
155
156
157
158
159
160
161

162

After measurement of the compression curve of soils under high stresses, different
constitutive relationships can be fitted to the data for use in numerical simulations. The Hybrid-
Elastic-Plastic (HEP) constitutive model was developed by Zimmerman et al. (1987) and Akers
et al. (1995) to simulate the behavior of geologic materials during blast loading. The HEP model
uses a similar segmental log-linear pressure-compression relationship to that presented in
Figure 1 for soils under drained loading. The model was developed for granular materials, so one
of the key transition points in the curve that is not shown in Figure 1 is the mean stress at which
particle crushing commences, which may not be observed in clays. Nonetheless, the segmental
nature of the pressure-compression relationship in the model indicates that additional transition
points for the suction-dependent preconsolidation stress and pressure saturation can be readily
incorporated. The model also requires measurement of an intermediate unloading curve and a
final unloading curve after reaching void closure. The HEP model has been implemented in
several numerical codes that describe the blast-induced behavior of soils, including SABER-1D

(Zimmerman et al. 1992) and EPIC (Johnson et al. 2006).

MATERIAL

A low plasticity clay obtained from a soil stockpile at a construction site on the University of
Colorado Boulder campus was selected a test material for this study, and is referred to as
Boulder clay. The clay was air-dried, crushed, and processed after collection to remove all
particles greater than the #10 sieve (aperture of 2 mm), which provided a more homogeneous and
consistent material for experimental testing. Soil classification tests were performed on Boulder
clay to measure the relevant geotechnical properties. The relevant geotechnical properties of the
clay are summarized in Table 1. Boulder clay is classified as low plasticity clay (CL) according

to the Unified Soil Classification System (USCS). Results from a standard Proctor compaction
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test shown in Figure 3(a) indicate that the optimal water content is 17.5% and the maximum dry
unit weight is 17.4 kN/m>. The tests performed on Boulder clay in this study involved specimens
compacted to a dry unit weight of 17.5 kN/m?, which corresponds to an initial void ratio of 0.51,
but prepared at different initial gravimetric water contents to evaluate the role of the initial
degree of saturation. The Transient Water Release and Imbibition Method (TRIM) of Wayllace
& Lu (2012) was used to infer the drying and wetting paths of the soil water retention curve
(SWRC) for a Boulder clay specimen having the same initial void ratio as that used in the
compression tests (0.51), as shown in Figure 3(b). The parameters of the van Genuchten (1980)
SWRC model (a, n, 6, 6;) for the soil are also shown in the figure. Further, the initial suction-
saturation points for the specimens tested in this study are also shown in the figure, which both

fall on the drying path curve of the SWRC.

EXPERIMENTAL SETUP

A picture and sketch of the components of the experimental setup are shown in Figures 4(a)
and 4(b), respectively. The setup incorporates an isotropic pressure cell used to contain the soil
specimen, a high-pressure syringe pump (model 65HP from Teledyne Isco) used to apply the cell
pressure and track changes in volume of the soil specimen, and a pressure control panel used to
control the pore air and water pressures. When provided a target cell pressure, the system
controller in the pump will direct a piston into or out of the pump reservoir until the target
pressure is met in accordance with a set of input variables defining the tolerance of the system.
Details of the syringe pump are summarized in Table 2. Pressures are delivered from the syringe
pump to the test cell using hydraulic oil through steel tubing which has the strength of 240 MPa.
Automotive brake fluid was selected for the cell fluid due to its high bulk modulus (2.068 GPa)

and because it is easy to remove from the equipment after testing.
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The pressure cell consists of a hollow stainless steel cylinder sandwiched between two 50.8
mm-thick plate. A 38.1 mm-thick, 71.1 mm-diameter bottom platen used for mounting of the
specimen is integrated into the bottom plate. A schematic view of the pressure cell is shown in
Figure 5(a), and a picture of the assembled cell is shown in Figure 5(a). A stainless steel load
frame with 76.2 mm-thick plates held together with six steel alloy rods is used to resist the
pressure within the cell. Before pressurizing the cell, the rods of the load frame are pre-stressed
to a torque of 2,983 N-m. The inside of the top plate is slightly tapered toward a flush valve so
that air can be evacuated from the cell as it is filled with hydraulic fluid. The cell has five ports
in the bottom plate. Two ports are used to supply and flush water to the bottom platen, two port
are used to supply and flush air to the bottom platen, and one port is used to supply the hydraulic
fluid to the cell. Dual rubber membranes, each with a thickness of 0.64 mm, are used to confine

the soil specimen.

A schematic view and photos of the bottom platen of the cell are shown in Figure 6. The pore
air pressure in the specimen is applied via a porous sintered stainless ring in the bottom platen of
the pressure cell. The pore water pressure in the specimen is applied via a ceramic disk also in
the bottom platen of the pressure cell having a high air-entry (HAE) suction which only permits
water to pass until reaching a suction of 300 kPa. The recess in the bottom platen that houses the
HAE ceramic disk includes a grooved flushing path that allows for uniform distribution of water
pressure underneath the disk. Water was supplied from and drained to the exterior via 1 holes
located at both ends of the grooved channel. Air was also supplied from the exterior via 1.59
mm-diameter holes located at both ends of the circular grooved channel underneath the sintered

ring.
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Pore air pressure (u,) and pore water pressure (uy) are applied to the specimen through two
independent burettes that are included in a pressure control panel. Each burette allows for the
unique application of air/water pressure, vacuum pressure, or venting. In addition, each burette is
controlled and monitored calibrated pressure gauge. During compression, the change of degree
of saturation of the soil specimen is monitored by tracking the outflow or inflow of water from
the specimen using a differential pressure transducer (DPT) connected to the pore water pressure
burette. As the compressibility of air is relatively high, dissolved air inside the water could
negatively impact the accuracy of mechanical response for high pressure testing, so it is
important to ensure that all water is de-aired prior to testing. The pressure control panel also
includes a third burette to apply a seating cell pressure at the beginning of testing, which
facilitates the flushing of air from the system. The cell pressure burette is also used to flush air
from the high-pressure syringe pump and can be controlled by an independent pressure gauge to
permit the application of the net stress easily before compression testing. When the syringe pump
is activated, the supply line from cell pressure control burette is closed using a high pressure

valve so that operation of the pump leads to inflow or outflow from the cell.

A saturation cap was constructed to initially saturate the HAE ceramic disk before testing.
After placement of the saturation cap over the bottom platen as shown in Figure 7, the entire
system was placed under a vacuum of -75 kPa to fully de-air the system. Next, de-aired water
was passed through the flushing paths above and below the HAE ceramic. While maintaining the
water beneath the porous stone at a vacuum of -75 kPa, water was permitted to flush downward
through the HAE disk for several hours. Because of this saturation procedure and because the

axis translation tests on soils reported later in this study were all performed under backpressure,

10
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cavitation or dissolution of air were not observed in the water flowing from the base of the HAE

ceramic disk.

SYSTEM CALIBRATION

Before testing of the soil specimens, the machine deflections of experimental setup was
evaluated using an aluminum specimen with known elastic properties (Young’s modulus of 69
GPa and Poisson’s ratio of 0.334). The aluminum specimen with a diameter and height of 71.1
mm was first placed into the pressure cell and covered with the membrane. The cell was then
filled with hydraulic fluid and pressurized. Using the high-pressure syringe pump, the aluminum
specimen was subjected to an isotropic loading and unloading cycle from 0 to 160 MPa and back
under a volumetric strain of 2 %/min. The rate of the syringe pump is controlled to ensure that
the level of over-estimated pressure is marginalized. Pressure and total volume change provided
by the high-pressure syringe pump including refilling process and pressure and cumulative total
volume change with operation time are shown in Figures 8(a) and 8(b), respectively. The slight
initial non-linear shape reflects the pre-stress of the bolts of the loading frame. It is important to
maintain the pressure inside the chamber when testing materials under high pressures so that the
precise pressure-deformation relationship can be obtained. In order to verify that the cell held
pressure with minimal creep relaxation, the operation of the syringe pump was stopped for some
time. The results show that constant pressure was maintained for an hour while the pump was
stopped. The pressure effect can be observed from the subtraction of the measured data with the
displacement of the aluminum specimen, shown in Figure 9. The equation fitted to the
experimental machine deflection data is shown in this figure, which facilitated application of the

machine deflection of the cell to interpret deformation results of soil specimens.

11
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252  EXPERIMENTAL PROCEDURES

253 A series of suction-controlled isotropic compression tests under mean stresses up to 160 MPa
254  were performed. This stress range is suitable for evaluation of the point at which the normally
255  consolidated lines for different suction values converge as the air voids are compressed (air-void
256  closure), and potentially the point of full-void closure. Both specimen deformation and changes
257  in the volume of water flowing in and out of the specimen were monitored while performing
258  tests. The compression behavior of the unsaturated soil specimens under undrained conditions
259  was also investigated over the same stress range in order to consider the impact of drainage

260  conditions.

261 Several tests were performed with different initial suctions and drainage conditions.
262  Compacted specimens of Boulder clay were prepared in two lifts using static compaction with a
263  mechanical press to an initial void ratio of approximately 0.51. The compacted cylindrical soil
264  specimens have a diameter and height of 71.1 mm (1:1 ratio). Different target initial degrees of
265  saturation of 1.00, 0.90, and 0.80 were chosen with the same target dry unit weight of 17.5
266  kN/m’, respectively. The specimens with S, of 1.00 were prepared at the same compaction water
267  content as the specimens with S; of 0.90, but were then saturated by upward imbibition as will be
268  discussed in the next paragraph. The target dry unit weight and gravimetric water content of the

269  specimens at the beginning of compression are listed in Table 3.

270 To perform compression tests on saturated specimens of Boulder clay, the compacted
271  specimens were first placed within a membrane in the cell, and the saturation cap used to saturate
272  the HAE disk was placed on top of the specimen. Next, a vacuum of -75 kPa was applied to the
273 top of the specimen for at least 1 hour. Next, de-aired water was permitted to flush upwards

274  through the specimen while vacuum was maintained on the top. After flushing several pore

12
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volumes of water through the specimen, the saturation cap was then carefully replaced with the
rigid top cap (that does not have drainage ports). Then the cell pressure and (water) backpressure
were applied to the specimen in stages until a value of Skempton’s B parameter remained
constant with additional increases in backpressure. In this study, a cell pressure of 483 kPa and a

backpressure of 448 kPa were applied and B parameters greater than 0.95 were measured.

The tests on unsaturated Boulder clay specimens were performed at their initial suction values
resulting from the compaction process. In order to perform drained tests at these initial suction
values, a UMS T5 tensiometer was first used to measure the initial values of suction within the
specimen as shown in Figure 10. Then the measured suction values were applied to the
specimens using the axis translation technique to permit drained compression testing. In this case,
positive air and water pressures are applied independently to the base of the specimen, with a
difference u, — uy being equal to the matric suction in the specimen. Because the same suction
that was measured in the specimen was subsequently applied using the axis translation technique,
no flow of water or air was expected from the specimen during this process. In the case of soil
specimens with higher degrees of saturation such as those evaluated in this study, it is possible
that the air pressure applied at the boundary of the specimen may be different from that in
occluded air bubbles within the specimen. However, the axis translation approach followed in
this study permits application of a constant suction boundary condition to the specimen.
Although the suction value could have been be modified in the specimen from the initial value
using the axis translation approach, this approach was not employed in this study. Specifically,
the top cap used in the compression tests does not include plumbing connections due to concerns
that the high cell pressure would compress the tubing, which means that water flow or air could

not be facilitated across the height of the specimen. Nonetheless, performing tests on unsaturated
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soil specimens at their initial compacted condition still permits new insight into to the

compression behavior of these materials under high stresses.

After establishing the initial stress state in the saturated and unsaturated specimens, mean
stresses were applied isotropically to the specimens at a constant rate using the syringe pump, up
to a cell pressure of 160 MPa. For the drained compression tests, the rate was selected to
maintain steady-state drainage during compression. Although the ASTM standard for constant
rate of strain testing (ASTM4186/4186M) provides guidance on selecting a practical loading rate
in terms of testing time it does not consider the impact of the lower hydraulic conductivity of the
unsaturated clay or the change in hydraulic conductivity with void ratio at high stresses. A
preliminary series of compression tests were performed on Boulder clay to identify the right
balance between drainage and testing time, and a constant volumetric strain rate of 1 %/hr was
found to provide a good balance. An evaluation of the adequacy of this rate in providing
drainage will be presented in the analysis section. For the undrained compression tests, the
loading rate was assumed to not have as great of an effect on the compression response.
However, a relatively slow rate of 2 %/hr was still used for the undrained compression tests

because the process of pressurized-saturation is likely time dependent (Schuurman 1966).

RESULTS
Undrained Compression Tests

A series of undrained isotropic compression tests under mean stresses up to 160 MPa are
conducted for clay specimen with several initial degrees of saturation (S,=1.0, 0.9, 0.8). The plot
of applied mean stresses versus measured volume change for the saturated soil specimen is
shown in Figure 11(a). The actual deformations of the soil were defined by subtracting the

machine deflections from the measured volume change from the pump during the test. The
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relationships between mean stress and volume change for the soil specimens were compared
with that of water having a bulk modulus of 2.2 GPa (at atmospheric pressure and room
temperature of 20 °C) in order to assess the validity of the test results, as shown in Figure 11(b).
The results indicate that the stress response curves for unsaturated Boulder clay have a bend in
the curve that likely corresponds to the point at which pressurized saturation occurs. For mean
stresses greater than bends in the curves, the compression of the soil is primarily controlled by
the pore water. However, the fact that the saturated specimen shows a slightly softer response
than that of water indicates that the soil skeleton may also have a slight effect on the undrained

compression response.

The undrained compression curves of the compacted specimens with various initial degrees of
saturation are shown in Figure 12. These curves show a downward shift with decreasing initial
degree of saturation, which corresponds to the lower initial bulk moduli of the drier soil
specimens. Although pressurized saturation occurred during undrained compression for all three
specimens, the softer initial response for the unsaturated specimens is controlled by the presence

of air-filled voids.

Drained Compression Tests

The drained tests for the saturated and unsaturated Boulder clay specimens under constant
suction were performed for isotropic stresses up to 160 MPa. During application of the initial
suction to the unsaturated specimens using the axis translation technique, the mean stress, pore
air pressure, and pore water pressure were increased in stages, as shown in Figure 13. During this
process, the initial net stress is constant and equal to 35 kPa, and the initial suction is also
constant. Next, isotropic stresses were applied to the specimen up to 160 MPa under drained

conditions with volumetric strain rates of 1.0 %/hr.

15
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344 The different amounts of outflow water for the specimens with initial degrees of saturation of
345 1.0, 0.9, and 0.8 are shown in Figures 14(a), 14(b) and 14(c), respectively. The results show that
346  the amount of outflow increases as the initial degree of saturation increases. As observed in
347  Figures 14(b) and 14(c), water started to flow out of the unsaturated specimens after a certain
348 level of stress was reached, whereas the water in the saturated specimen started to flow out
349  immediately after stress application. If a specimen is compressed under drained conditions, water
350  should flow out of the specimen at a constant rate (Gibson & Henkel 1954). Further, water
351  should be drawn back into the specimen when it is unloaded. The results in these figures indicate
352 that the rates of loading used in the tests may not have been slow enough for the unsaturated clay

353  specimens, as water was not drawn back into the specimen completely during unloading.

354 The difference between the total volume change and the outflow of water for specimens with
355  different initial degrees of saturation is shown in Figure 15. The volume change behavior of the
356  soil specimen should be similar to the total volume and void volume after air in the void of soil
357  was totally compressed. This result is attributed to the void of specimen filled with water. As for
358  saturated soil, the results indicate that the volume of water outflow is consistent with the volume
359  change of the soil until the specimen becomes very dense, as shown in Figure 15(a). The
360 difference between the water outflow and the void of soil specimen increases as the initial degree
361  of saturation becomes higher. The behavior of the water outflow becomes similar to the change
362  in soil volume after reaching a mean stress of approximately 4 MPa, as shown in Figures 15(b)
363 and 15(c). In other words, the compression curves for specimens with lower initial degrees of
364  saturation indicate that unsaturated soils behave like saturated soil after reaching the point of

365  pressurized saturation.
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As a result, a 1:1 trend between AV, and AV, can be expected for the saturated and
unsaturated soil specimens, especially after the point of pressurized saturation. The change of
void volume as a function of water outflow is shown in order to identify the effect of initial
degree of saturation as seen in Figure 16. The result for the saturated specimen shows that the
slope is almost equal to even though the amount of water drainage decreases at high stress
(approximately after 20,000 kPa). The compression curves for the unsaturated soil specimens
show a significant change in volume at the beginning of stress application, after which the trend
approaches a 1:1 slope. This corresponds to mean stresses of 3,600 and 4,300 kPa, respectively,
for the specimens with initial degrees of saturation of 0.9 and 0.8. The results for unsaturated
specimens indicate that the amount of change in the volume of voids increases as the initial

degree of saturation falls due to the compression of air before the start of pressurized saturation.

Since the void ratios are monitored during the compression through the measurement of the
volumetric strains and outflow of water from the soil specimen, the change in the degree of
saturation can also be estimated based on the known water content for the unsaturated specimens.
The change in the degree of saturation with mean effective stress for specimens with different
initial degrees of saturation is shown in Figure 17. The result shows that the point where S;
reaches 1.0 for the specimen initially at S;= 0.9 occurred at a relatively low level of stress due to
the high initial degree of saturation. Air in the voids may have compressed at a very low stress
level around 700 kPa and the change in S; cannot be seen in the graph after the pressurized
saturation. This is because there was no chance for water to be drawn back into the specimen
during the unloading process due to the effects of excess pore water pressures, which did not
have time to dissipate. On the other hand, the mean stress at the point of pressurized saturation

appears to be higher for the test on the specimen initially at S, = 0.8 (around 1,800 kPa).
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389 The drained compression curves for Boulder clay specimens having different initial degrees
390  of saturation are shown in Figure 18(a) in terms of void ratio against the logarithm of mean
391  effective stress. The detailed results from the drained tests are listed in Table 4. The mean
392 effective preconsolidation stress is influenced by the degree of saturation, increasing from
393 110 kPa for the specimen with an initial S; of 1.0 to 580 kPa for the specimen with an initial S; of
394  0.8. Then, the VCLs with various initial degrees of saturation converge toward the saturated soil
395 VCL at a mean effective stress of approximately 1500 kPa and the effect of initial degree of
396  saturation becomes less prominent. This result confirms the hypothesis on the pressurized
397  saturation after which the effect of suction is marginalized. During the unloading-reloading cycle,
398  all three Boulder clay specimens show similar behavior, although the unsaturated specimens
399  show slightly greater slopes of the RCL. The unloading rate may have been too fast in these tests

400  to permit water to fully retract into the specimens in a drained manner.

401 To better investigate the role of suction induced hardening, the void ratio of the soil
402  specimens is plotted a function of mean effective stress on a natural scale in Figure 18(b) up until
403  the point of pressurized saturation. The effect of the initial degree of saturation and the suction
404  hardening effect is clearly observed in the figure. Specifically, the rate of change in the void ratio
405  1s higher for the specimen with an initial S; of 1.0 compared to those for the specimens with an
406  initial S; of 0.9 or 0.8 when the applied stresses are relatively low. However, at stresses between
407 1000 and 2000 kPa, all three compression curves converge on a single line with an initial S; of
408  1.0. It should also be noted that the incipient stage of compression behavior with an initial S; of
409 0.8 seems to be contrary to that of 1.0 in terms of the changes in slope of the curve, due to the
410  initial impact of suction on the specimen. In other words, while the compression behavior of the

411  specimen having an initial S; of 1.0 follows an L-shaped curve, the specimen having an initial S,
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of 0.8 is displayed in S-shaped curve. Although such a difference is subtle in a natural scale, it

appears to be magnified when expressed in a logarithmic scale.

An interesting observation from Figure 18(a) is that for mean effective stresses greater than
about 30 MPa, it appears that the slopes of the VCLs become steeper than at the beginning of the
compression (suction-induced hardening). Although this feature is partially due to the semi-
logarithmic scale, it is not consistent with conventional soil mechanics theories that assume a
log-linear VCL over the full range of stresses. This may potentially due to the transition toward
full-void closure. To better investigate this behavior, the void ratio of the soil specimens is
plotted a function of mean effective stress on a natural scale in Figure 18(c) for the full range of
stress. The shapes of the compression curves indicate an asymptotic trend toward a certain void
ratio, in a similar manner to the natural-scale compression curves for low plasticity clays
measured by Hendron et al. (1969) and Mazanti and Holland (1971) and those for sand measured
by Murphy et al. (1971). This may reflect that the Boulder clay is transitioning toward full-void
closure at stresses greater than about 30 MPa. Another interesting observation from the
compression curves in Figures 18(a) and 18(b) is that the curves for the specimens with lower
initial degrees of saturation show slightly less volume change at high stresses, even though they
are all saturated. This observation may be due to the initial soil structure induced by compaction
of the unsaturated specimens to different water contents. Although the specimens with initial
degrees of saturation of 1.0 and 0.9 have similar compaction conditions, the specimen with an
initial degree of saturation of 0.8 was compacted dry of optimum and may have an initially

flocculated soil structure that has an effect on the behavior under high stresses.

As mentioned, the compression behavior of the soil specimens under high stresses may not be

fully representative of drained conditions due to the decrease in hydraulic conductivity of the soil
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as it was compressed. Accordingly, at high stresses these tests do not satisfy the assumption from
ASTM D4186 that the coefficient of volume compressibility or hydraulic conductivity are
constant. Nonetheless, if the tests were performed at a slower rate such that full drainage would

have occurred, it is expected that slightly greater decreases in void ratio would occur for stresses
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greater than 30 MPa, exacerbating the increase in the slope of the VCLs observed in Figure 18(a).

The transition toward full-void closure possibly occurs due to the deformation of the clay
particles to fill the voids, or due to the drainage of hydroscopically-bound water. Although it is
possible that particle crushing could have occurred, this was not evaluated as it would have
required high intensity microscopic imaging. Particle crushing in clays under high stresses is a

subject that requires further research.

ANALYSIS
Assessment of the Impact of Initial Conditions

Alonso et al. (1990) developed the concept of the loading-collapse (LC) curve to show the
relationship between the mean preconsolidation stress (obtained from a plot of the void ratio
versus mean net stress) and the suction. The LC curve is a useful tool to quantify the suction
induced hardening behavior for a given soil. The mathematical expression for the LC curve

proposed by Alonso et al. (1990) is given as follows:

+ \[A0)-xV[4(w)-x]
p p

Where p° is a reference stress state at which one may reach the saturated virgin state starting
from unsaturated conditions, and po* is the preconsolidation stress for saturated soil. This
expression defines the set of the preconsolidation stress values (po) for each associated suction

(v). The value of A(y) represents the stiffness parameter that can be expressed as follows:
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M) =A0)1-re") +r|a@) = 20)[(A =) exp(—p) + 7] (3)
where A(0) is the preconsolidation stress at zero suction, r is a constant related to the maximum

stiffness of the soil for an infinite suction, and B is a parameter which controls the rate of

increase of preconsolidation stress (and associated stiffness) with suction.

The mean preconsolidation stress values inferred from the drained compression curves (in
terms of mean net stress) for Boulder clay along with those for silty clay measured by
Jotisankasa et al. (2009) are shown in Figure 19(a). The fitting parameters for the LC curves in
Figure 19(a) are listed in Table 5. The results indicate that an increase in the preconsolidation
stress occurs with increasing suction magnitude. The mean preconsolidation stresses observed
for Boulder clay are higher than those of the silty clay tested by Jotisankasa et al. (2009), which
may be attributed to the soil mineralogy and higher initial density. The slopes of the VCL and
RCL for specimens of Boulder clay with various initial degrees of saturation and different
drainage conditions are shown in Figure 19(b). The results indicate that the slope of the drained
compression line (As) becomes steeper with decreasing initial degree of saturation. The slope of
RCL of the unsaturated specimens in drained conditions (k) is similar to the slope of the
undrained compression line (k,), although the values started to deviate with decreasing initial

degrees of saturation.

Assessment of the Impact of Drainage Conditions

A comparison between the compression curves for Boulder clay specimens having different
drainage conditions and initial degrees of saturation is shown in Figure 20(a). The drained curves
are shown in terms of mean net stress while the undrained compression curves are shown in

terms of the mean total stress for ease of comparison as it was not possible to estimate the mean
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477  effective stress in the undrained compression tests. As expected, the results show that compacted
478  clay under undrained compression was much stiffer than in drained compression. For the
479  undrained compression, deformations occur due to the compression of the air-filled voids until
480  reaching the point of pressurized saturation (air-void closure). The bulk moduli of the undrained
481  specimens increases at stresses above the pressurized saturation, as specimen compressibility is
482  controlled by the less compressible pore water and particles. Comparing the drained compression
483  curves with that of the compression curve for the saturated specimen under undrained conditions,
484  the shapes of the curves are similar for stresses greater than 30 MPa. This may be due to the
485  decrease in hydraulic conductivity of the specimens compressed in drained conditions.
486  Specifically, the lower hydraulic conductivity may lead to relatively undrained conditions within
487  the specimen even though drainage is provided at the boundaries. If the rate of compression was
488  slower to permit full drainage at the higher range of stresses, a greater decrease in void ratio for
489  the same applied stresses would have been observed. The change of outflow rate can be used as a
490  proxy to examine the soil behavior under high stresses since it is related to the dissipation of
491  excess pore water pressures generated from the application of stresses at a constant rate. A
492  comparison between the rate of outflow and the stress application during compression for a
493  saturated specimen of Boulder clay is shown in Figure 20(b). The outflow rate is observed to
494  decrease asymptotically as the mean effective stress is increased. However, a sharp decrease
495  reflecting a significant decrease in hydraulic conductivity is not observed. This would have been

496  expected if full void closure had occurred.

497 A comparison of the effect of drainage conditions on the pressurized saturation (air-void
498  closure) in Boulder clay and in the silty clay tested by Jotisankasa (2005) is shown in Figure 21.

499  The result indicates that the mean stress at pressurized saturation for the specimens tested under
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undrained conditions is higher than that for specimens tested under drained conditions, which
makes sense as air can escape from the specimens tested under drained conditions. Pressurized
saturation occurred at a lower mean stress for the silty clay evaluated in a constant water content
test by Jotisankasa (2005). Although the cause of the difference could be the soil properties, the
tests on the two soils were also conducted under different drainage conditions and stress paths. In
case of the drained tests performed on Boulder clay, the suction is forced to be constant, while in

the case of the constant water content test, the suction is permitted to change.

CONCLUSION

The compression behavior of compacted clay specimens with various initial degrees of
saturation and different drainage conditions was evaluated using a newly developed isotropic
pressure cell under mean stresses up to 160 MPa. Overall, the compression curves for compacted
soils under drained and undrained conditions confirm the presence of hypothetical transition
points for different compression mechanisms of unsaturated soil under high stresses. The initial
degrees of saturation was found to play an important role in values of the mean preconsolidation
stress, the point of pressurized saturation (air-void closure) interpreted from the compression
curves. At high pressures, the compression curves for specimens with different initial degrees of
saturation tended to converge with the curve for saturated conditions. As the compression curves
at high stresses follow different trends than expected from conventional soil mechanics theories,
potentially due to the transition to full-void closure. These observations indicate that caution
should be used when extrapolating the slope of the VCL from low to high stresses. Although
further research on different soil types is necessary to extend constitutive relationships for the
compression of unsaturated soils to high stresses, the transition points observed in the

compression curves in this study provide insight into how these relationships can be defined.
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673  Table 1: Geotechnical properties of Boulder clay
Property Value
Dio <1.7x10™* mm
D3 <0.001 mm
Dso 0.001 mm
Percent fines 100 %
Gs 2.70
Liquid limit, LL 41
Plastic limit, PL 18
Plasticity index, PI 23
Activity, A 0.75
Maximum dry unit weight, ¥4 max 17.4 kN/m?
Optimum water content, Wp 17.5%
Compression index, C, 0.23
Recompression index, C, 0.04
Drained friction angle, ¢’ 33°
674
675  Table 2: Capacity details of the high-pressure syringe pump
Pressure range (MPa) 0.07 ~ 165
Cylinder capacity (ml) 68
Flow rate (ml/min) 0.00001 ~ 25
Flow accuracy +0.3% of set point
Dimensions (HxWxD, m) 1.03%0.27%0.45
676
677  Table 3: Test variables
. Initial Initial Gravimetric B V?l'ue / Initial Volumes (;f Soil Phases
Test Drainage Void Degree of Water Initial (mm”)
No. Condition Ratio Saturation, Content, w Suction VY, V. V.
S, (%) (kPa)
1-1  Undrained 0.51 1.00 18.9%* 097/- 189,566 96,420 7,489
1-2  Undrained 0.51 0.92 17.2 -/ 80 189,645 96,044 7,324
1-3  Undrained 0.51 0.84 15.7 -/89 188,899 95,608 15,435
2-1 Drained 0.51 1.00 18.9%* 0.95/- 189,879 96,107 8,021
2-2 Drained 0.51 0.92 17.3 -/ 80 189,156 95,699 7,399
2-3 Drained 0.51 0.82 15.5 -/89 188,704 97,004 17,815
678  *Compacted at w = 17.3% then saturated using upward flow under vacuum to w = 18.9%
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Table 4: Summary of test results
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Test No. 1-1 1-2 1-3 2-1 2-2 2-3
Drainage condition Undrained | Undrained | Undrained | Drained Drained Drained
Water content (%) | 54,101 |173/168 | 15.7/14.6 | 172/112 | 17.3/9.91 | 15.5/9.21

(Initial/Final)
Degree of saturation, S, | , o, /| 50 | 0.92/0.98 | 0.84/0.81 | 1.00/0.96 | 0.92/1.00 | 0.82 /1.00
(Initial/Final)
A ] ] ]
(o) 0.0279 0.0611 0.0737
K (ky)
Cinto) 0.0044 0.0067 0.0131 0.0053 0.0060 0.0059
Mean effective
preconsolidation stress, | 19,000 1,100 250 110 380 580
p'c (kPa)
v 189,566/ | 189,645/ | 188259/ | 189.879/ | 189.156/ | 188,704/
Vol <ol s 191,759 | 187,044 | 187278 | 188,067 | 187.422 | 187,707
‘;l“me" Sl v 96,420/ | 96,044/ | 96,248/ | 96,107/ | 95,699/ | 95,505/
(‘;nﬁjzlfg‘iﬁ‘al)) v | 93835 | 86346 | 87460 | 59367 | 50,160 | 46,739
v 7489 / - 73247 ) 16347/ | 8021/ 4 age | 6315/
a 1,576 13,780 2.667 ; ’
Void ratio 0.51/049 | 0.51/0.46 | 0.51/0.47 | 0.51/032 | 0.51/021 | 0.51/0.25
(Initial / Final)
Mean effective stress at
pressurlzel;l' saturation, ) 6,000 9,000 ) 1,100 1,800
]JS
(kPa)

Table 5: Comparison between fitting parameters for the LC yield curve function of Alonso et al.

(1990) for different low plasticity clays

Parameters Boulder clay Silty clay
(this study) (Jotisankasa et al. 2009)
r 300 60
B 0.08 MPa’! 0.05 MPa’!
p° 2 MPa 3.50 MPa
Do 0.11 MPa 0.04 MPa
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