concrete subbases were smaller than those under pave-
ments with granular subbases of identical thickness.
The data indicate that, depending on subgrade proper-
ties, a 100- to 150-mm (3.94- to 5.91-in) thick ex-
panded polystyrene concrete subbase had the same ef-
fect on subgrade stress as a 250-mm (9.84-in) thick
granular subbase.

SUMMARY AND CONCLUSIONS

Tests were conducted on outdoor slabs to evaluate the
performance of pavement sections that incorporate ex-
panded polystyrene concrete subbases. An analytical
investigation was made to determine the contribution
of expanded polystyrene subbases to subgrade frost
protection and pavement load-carrying capacity.

The following are the principal conclusions that
were made based on this investigation:

1. Expanded polystyreme concrete subbases effec-
tively reduce or eliminate frost penetration into sub-
gracdes under rigid and flexible pavements. A 10-mm
(0.39-in) expanded polystyrene concrete subbase is as
effective as a 30-mm (1,18-in) granular subbase.

2. Expanded polystyrene concrete subbases reduce
pavement deflections and stresses and thereby increase
pavement load-carrying capacity. In addition, the
effect of an expanded polystyrene concrete subbase on
pavement stresses is similar to that of a relatively
thicker granular subbase.

From the results of this investigation, it is
evident that expanded polystyrene concrete subbases
have the potential of reducing pavement damage caused
by frost action in those areas where severe winter
conditions prevail.
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Some Factors That Affect Thaw Strain

Bernard D. Alkire, Michigan Technological University

Factors that affect the thaw strain of a remolded clay were studied
by using conventional isotropic and anisotropic consolidation tech-
niques. A test sequence was developed to simulate a temperature
history experienced by soils in many parts of the continental United
States. The test sequence was divided into 24-h increments and in-
cluded isothermal consolidation, undrained freezing, undrained thaw,
and isothermal recompression. For all test sequences, the loading
applied before the consolidation phase was held constant through-
out the test period. The effect of various factors on thaw strain was
determined by comparison of results obtained from isotropically
and anisotropically loaded samples subjected to confining pressures
of 103, 207, and 414 kPa (15, 30, and 60 Ibf/in2). In addition, the
effect of repeated freeze-thaw was obtained from tests where the
undrained freeze and undrained thaw phase of the test sequence
was repeated up to four times. Results from the test indicate that
thaw strain increases with increasing principal stress ratio and also
increases as the confining pressure decreases. It was also observed
that excess pore pressures developed during the undrained freezing
and undrained thaw phase of the test and that these pore pressures
are closely related to the development of thaw strain.

It is generally maintained that most strains that oc-
cur in soils are related to the application of bound-

ary stresses. However, other factors are also capable
of causing strain, and in some cases they may be more
significant than boundary stresses. Typical examples
are strains caused by changes in the physicochemical
environment and pore water chemistry. More specifi-
cally, some researchers (l, 2) have documented the
effect of temperature change on soil compressibility
and pore pressure, and others (3, 4, 5) have investi-
gated the strain that occurs when freezing is followed
by thawing.

The purpose of the experimental tests described
in this paper was to assess the effect of principal
stress ratio, confining pressure, and freeze-thaw
cycling on the magnitude of thaw strain. This infor-
mation was then used to develop a mechanistic picture
to describe thaw strain.

The general experimental approach involved tri-
axial consolidation of a test soil under anisotropic
or isotropic stress conditions. Each test involved
at least a single drained consolidation, undrained
freeze, undrained thaw, and drained recompression
phase. Various confining pressures and principal
stress ratios were used, and some of the tests in-
volved up to four cycles of undrained freezing and



undrained thawing. Results from the test program
indicate that thaw strain is substantially influenced
by principal stress ratio, number of freeze-thaw cy-
cles (thermal history), and magnitude of confining
pressure.

TEST PROCEDURE

All tests conducted during the experimental program
were triaxial consolidation tests that followed a set
sequence once the sample was mounted in the triaxial
device. The basic test sequence involved isotropic
consolidation at 49.1 kPa (7.1 1bf/in2), application
of the test stress conditions and isothermal consoli-
dation of the sample, undrained freezing at -6°C
(21°F), undrained thawing, and isothermal reconsoli-
dation. Each phase was continued for 24 h. Through-
out the test, the confining pressure and axial load
applied during the initial isothermal consolidation
were maintained, and axial deformation, sample vol-
ume change, pore water pressure, and temperature were
observed. For some of the tests, the basic sequence
was altered by adding one or more cycles of undrained
freezing and thawing after the isothermal reconsoli-
dation. These additional phases were also 24 h in
duration to allow adequate time for complete freezing
and thawing and development of any additional thaw
strain,

The equipmant used for the tests was a single-cell
triaxial test assembly modified for use at low tempera-
tures. Sample volume changes during the drained phases
of testing were measured by using a 25-mL (0.007-gal)
burette connected to the sample through the base of
the cell. Temperature control was achieved by cir-
culating a cooling fluid (50 percent water and 50 per-
cent ethyleéne glycol) through two layers of poly-
ethylene tubing wrapped around the outside of the
triaxial cell. The cooling fluid was cooled by using
a constant temperature bath and a portable cooling
unit. Temperatures interior to the triaxial cell
were measured with a laboratory thermometer (1.0°C
division) inserted into a test well fitted to the top
of the triaxial cell. Axial displacement was mea-
sured with a dial gauge [0.0025 mm (£0.0001 in)], and
pore water pregsure was measured by using a
temperature-compensated pressure transducer connected
to a strip recorder.

SAMPLE PREPARATION AND
SOIL TYPE

Samples used during the test program were formed by
an accelerated sedimentation process. The samples
were formed in metal tubes 30.48 cm (12 in) high and
3.49 cm (1.38 4in) in diameter and, when ready for
testing, were extruded from the tube and cut to a
length of 8.0 cm (3.15 in). To make a sample, 150 g
(0.331 1b) of oven-dried soil passing a 425-um (No.
40) U.S. standard sieve was added to water to produce
a slurry. The slurry was poured into the tubes and,
after 24 h of sedimentation, a plunger was inserted
into the tube and the slurry was consolidated to the
selected initial water content of 37 percent,

The soil used for the test program was a red silty
clay obtained from a roadway cut near Houghton,
Michigan. The liquid limit is 38.5, and the plastic
limit is 25.5. Thirty percent, by weight, of the
particles are smaller than 0.002 mm (7.87 win) in ef-
fective size, and the specific gravity of the solids
is 2.78. The classification according to the Unified
Soil Classification system is CL.

TEST RESULTS AND DISCUSSION

Freeze-Thaw Tests

A normal test sequence involved several phases and in
some cases was over a week in duration. Typical re-
sults, presented as vertical strain versus square
root of time, are shown in Figure 1 for an aniso-
tropically consolidated sample with a confining pres-
sure of 207 kPa (30 1bf/in2) and a principal stress
ratio of 1.2. It should be noted that the horizontal
axis is discontinuous and that each new phase starts
at zero. In addition, compressive strain is taken

as positive in the upward vertical direction.

The first phase, drained compression, was com-
pleted isothermally and on the square root of time
plot is similar to the type of curve one would ex-
pect for a silty clay. This part of the test se-
quence was basically a conditioning phase in which
the sample was brought to known prefreeze conditions.
During this phase, it was possible to check the re-
sponse of the measuring equipment and to observe the
sample for leaks or other undesirable conditions. The
results from this phase might also be used to calcu-
late the unfrozen strain modulus, Poisson's ratio,
and a three-dimensional coefficient of consolidation.

At the end of the compression phase, the drainage
lines to the sample were closed and the temperature was
lowered. Typically, the sample responded with a slight
expansion as the temperature decreased toward freezing
and then a large expansion as freezing of the pore
water and its associated phase change occurred. Once
the pore water was frozen, sample expansion decreased
or continued at a low rate because of creep of the
frozen soil.

Undrained thaw followed a strain versus square
root of time path that was essentially the reverse of
the undrained freezing. As the temperature increased,
the sample slowly began to contract until the tempera-
ture approached 0°C (32°F), and then the sample rap-
idly contracted as pore water phase change took place.
Note, however, that more contraction occurred during
this phase than expansion during the freeze cycle;
the difference is the thaw strain associated with an
undrained freeze-thaw cycle. During the thaw cycle,
excess pore pressures developed that, when allowed to
dissipate during the recompression phase, caused ad-
ditional vertical strain (thaw consolidation). All
tests conducted on the clay exhibited similar behavior;
any difference between tests was a function of stress
level, test type, and ambient conditions.

Effect of Applied Stresses

As shown in Figures 2 and 3, the magnitude and
ratio of the applied stresses have a substantial in-

Figure 1. Typical
development of vertical
strain during test to
determine thaw strain.
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fluence on the development of vertical strain. In
these figures, the strains were normalized by sub-
tracting the total strain at the end of the isother-
mal compression phase from the total strain at any
time during the freeze, thaw, or recompression phase.
Thus, the zero point in time shown in the figures is
the end of the compression phase, and the plotted
strains show only the influence of temperature change.
The last plotted point on each curve gives the net
strain that occurred throughout the freeze, thaw, and
recompression phases.

For the anisotropically consolidated samples
shown in Figure 2, it can be observed that strain
during the freezing phase was approximately equal for
the samples and that the lower comnsolidation stress
resulted in the largest amount of strain during the
thaw cycle. Thus, the higher the confining pressure
is, the lower is the thaw strain.

From Figure 3 it can be seen that, for samples
subjected to the same confining pressure, the largest
thaw strain is associated with the anisotropically con-
solidated sample, there is little recompression of the
anistropically consolidated sample, and the vertical

the isotropically loaded sample.

Freeze-Thaw Cycling

In an attempt to determine the influence of repeated
freeze-thaw, several samples were subjected to a num-
ber of freeze-thaw cycles. The results are shown in
Figure 4, In this figure, only the normalized strain

at the end of each cycle is shown. In addition,
cycles 2, 3, and 4 have been corrected to remove the
strain that occurred during the drained recompression
after the first freeze-thaw cycle. Note that there
are two groups of curves: the upper curves, which
represent the locus of points determined from the
normalized strain at the end of a given thaw cycle,
and the lowex curves, which represent the normalized
strain at the end of a given freeze cycle. As shown
in the figure, the upper and associated lower curves
for a given test can be used to separate the total
vertical strain during a freeze-thaw cycle into a
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Table 1. Vertical strains observed during test phases.
Vertical Strain
Confining
Pressure Compression Recompression
Sample (kPa) Test Phase Freeze Phase Thaw Phase Phase Thaw Strain
3F 207 Isotropic 0.000 240 -0.000 147 0.000 175 0.000 010 0.000 028
5F 207 Isotropic 0.000 094 -0.000 102 0.000 182 0.000 006 0.000 080
5F NA -0.000 128 0.000 170 NA 0.000 042
F 414 Isotropic 0.000 266 -0.000 208 0.000 205 0.000 031 -0.000 003
9F 104 Isotropic 0.000 160 -0.000 207 0.000 242 0.000 014 0.000 035
9F 207 Isotropic 0.000 092 -0.000 143 0.000 173 0.000 004 0.000 030
9F 414 Isotropic 0.000 087 -0.000 144 0.000 168 0.000 002 0.000 024
4F 207 Anisotropic 0.000 409 -0.000 064 0.000 216 0.000 034 0.000 152
6F 207 Anisotropic 0.000 348 -0.000 055 0.000 130 0.000 005 0.000 075
6F 207 Anisotropic NA -0.000 066 0.000 106 NA 0.000 040
6F 207 Anisotropic NA -0,000 062 0.000 090 NA 0.000 028
8F 414 Anisotropic 0.000 216 -0.000 071 0.000 117 0.000 006 0.000 046
8F 414 Anisotropic NA -0.000 077 0.000 098 NA 0.000 026
8F 414 Anisotropic NA -0.000 064 0.000 087 NA 0.000 023
8F 414 Anisotropic NA -0.000 056 0.000 071 0.000 004 0.000 015

Note: 1 kPa = 0.145 Ibf/in?,



component caused by phase change (B) and a component
caused by undrained thaw strain (A). For example,

the difference between the vertical coordinates on the
upper curve for cycles 2 and 3 is the thaw strain that
occurred during cycle 3.

Several factors appear to be occurring during
freeze-thaw cycling. First, there is a general in-
crease in total vertical strain as the number of cycles
increases. This appears to be true for both isotropi-
cally and anisotropically loaded samples. Second,
there is a general decrease in additional thaw strain
per cycle as the number of cycles increases, Finally,
the nearly straight lines that connect the end of the
freezing phase (lower curves) suggest that phase change
during each cycle is nearly constant.

A summary of the vertical strain results for all
tests is given in Table 1. The values listed for each
phase were obtained by subtracting the vertical strain
at the end of each phase from the vertical strain at
the beginning of the phase., Negative values are as-
soclated with sample expansion. Also shown are the
thaw strains for each test. These values are obtained
by algebraically adding the results of the freeze
phase to the thaw phase. If the strain from the re-
compression phase is added to the thaw strain, the
total temperature-induced vertical strain can be ob-
tained. The values in this table support the obser-
vations already made 1n the discussion of the various
test factors.

Pore Pressure

Throughout the test period, pore pressures were moni-
tored as long as the pore fluid remained unfrozen.
Because of the limitations of the test equipment,
pore pressures were measured only at the base of the
sample. Nevertheless, some trends appeared that are
worthy of discussion.

Considering the entire test sequence, excess pore
pressures measured during the isothermal drained con-
solidation phase dissipated in the conventional man-
ner and at the end of this phase were zero. Omnce
sample dralnage was prevented and temperatures de-—
creased, pore pressures dropped into the negative
region. The magnitude of the decrease varied some-
what from test to test but was in the range of 3 to
30 kPa (0.5 to 4 1bf/in2). Pore pressures continued
to drop during this phase until the sample began to
freeze, and then the pore pressures rapidly increased
(because of the volume change that occurs during freez-
ing).

During the thaw phase, pore pressure began to in-
crease and continued to increase until the sample re-
turned to laboratory temperature. Typical increases
in pore pressure during this phase were 13 to 80 kPa
(2 to 11.5 1bf/in2). After the undrained thaw phase,
the excess pore pressures that developed during thaw
were allowed to dissipate during the recompression
phase.

A summary of pore pressure data obtained during
the undrained freeze and undrained thaw phases is
given in Table 2. For undrained freeze, Upyx is the
pore pressure at the beginning of the phase, and Unmin
is the last pore pressure reading before freezing of
the pore fluid. During undrained thaw, Upax is the
last pore pressure reading taken during the phase.
The change in pore pressure AU that occurred during
undrained freeze is Upip — Unpax and for undrained thaw
is Upax - Umin (from the undrained freeze phase). In
general, it can be observed that pore pressures de-
creased as the temperature decreased and increased as
the temperature increased. The magnitude of the
change in pore pressure during undrained freezing
increases with increasing confinement and with in-
creased cycles of freeze-thaw. The same observations
are true for undrained thaw, the difference being the
sign of the change in pore pressure.

Thaw-Strain Mechanism

Before a mechanistic picture of thaw strain can be
proposed, it is necessary to assume some conditions.
Thaw strain as defined here includes only the net
vertical strain (+ or =) in excess of phase change
that occurs during the undrained freeze and thaw phases.
In addition, the soil is normally consolidated, the
thermal gradient applied to the soil is such that mi-
gration of pore water toward the freezing front (at
least on a local basis) can occur, and the phase
change associated with water-ice transformations is
reversible. If these conditions are assumed, it is
possible to propose a mechanism for thaw strain simi-
lar to that proposed by others for strains that occur
without a change in boundary stress (1, 6, 7, 8).

The explanation for thaw strain can be developed
by using Figure 5. This figure shows typical curves
of volumetric and vertical strain versus effective
stress that describe the compressibility character-
istics of a soil. Along these curves a given soil
might be consclidated isothermally to a point repre-
sented by A or A'. At this point, drainage is pre-

Table 2. Pore pressure change observed during

undrained freeze and undrained thaw phases it
of testing. Undrained
Undrained Freeze Thaw
Confining
Pressure Usiic Uidin AU Upan AU

Sample Cycle (kPa) Test Type (kPa) (kPa) (kPa) (kPa) (kPa)

6F 1 206.9 Anisotropic® 0 -3.45 -3.45 27.6 31.0
2 6.90 -6.90 -13.80 6.90 13.80
3 3.45 -10.30 -13.80 0 10.30

8F 1 413.9 Anisotropic® 0 -6.90 -6.90 44,83 51.73
2 6.90 -3.45 -10.35 31.04 34.49
3 31.04 13.80 -17.24 37.94 24.14
4 37.94 -24.14 34.49  20.69

4F 1 206.9 Anisotropic® -

9F 1 103.5 Isotropic 6.90 -13.80 -20.69 37.94 51.73
2 206.9 13.80 0 -13.80 27.59  27.59
3 20.69 6.90 -13.80 27.59  20.69

F I 413.9 Isotropic =P

5F 1 206.9 Isotropic 6.90 ~20.69 -27.59 5.3 72,42
2 13.80 6.90 -6.,90 34.49 27,59

3F 1 206.9 Isotropic 13.80 6.90 -6.90 82,77 15,87

Note: 1kPa = 0.145 Ibf/in?,
Fe= 1524 ®No results,
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vented and the temperature is lowered. During this
period, thermal contraction of the pore fluid, min-
eral solids, and soil mass may all contribute to ob-
served strain. However, because drainage is pre-
vented and contraction of the pore fluid is greater
than the soil skeleton, a negative pore pressure is
induced to offset the tendency toward volume reduc-
tion. The negative pore pressure causes an increment
of effective stress +p;, and, if drainage were al-
lowed, a volumetric strain B' - BB' would occur.

Since drainage is prevented, there is no net volu-
metric strain; however, there is a vertical strain
proportional to the increase in pore pressure (9).

This is shown in Figure 5(a) as the vertical difference
between A and B. The magnitude of the vertical strain
is a function of the swell (expansion) characteristic
of the soil and should be less than the vertical strain
that would occur as a result of a virgin compression
for the same increment of effective stress (+py).

The same phenomena occur during undrained thaw
where temperature increases from just above freezing
to laboratory temperature. In this case, the induced
pore pressure will be positive, and the effective
stress will decrease by some amount -p,. In a drained
sample, this would cause volumetric rebound from BB'
to C' with the end result that the volumetric strain
would remain unchanged during the undrained freeze-
thaw cycle. Because of the different compressibility
characteristics of a soil during rebound and recom-
pression, p; and p, are not equal and, at the end of
undrained thaw, there is an excess pore pressure equal
to (py - py). If it is allowed to dissipate, this
pore pressure difference causes a volumetric strain
C' to D'. The net result is a volumetric strain that
is related to both the magnitude of excess pore pres-
sure developed during the freeze-thaw cycle and the
recompression characteristics of the soil.

Vertical strain also responds to a temperature
increase by development of a compressive strain that
is proportional to the induced pore pressure change.
This strain—--B to C in Figure 5(a)--results in a net
thaw strain equal to A-C at the end of the undrained
thaw phase. Additional vertical strain between C-D
also occurs as the excess pore pressure developed
during undrained thaw is allowed to dissipate. Thus,
vertical strain is developed in two components: a
constant volume adjustment of vertical and horizontal
strain caused by temperature-induced pore pressure
change and the vertical strain associated with dis-
sipation of excess pore pressure developed during the
undrained freeze-thaw cycle.

SUMMARY

Results from the test program show that thaw strain is
dependent on applied stress ratio, confining pressure,

and stress history. The following general observa-
tions can be made concerning the development of thaw
strain:

1. TFor the same confining stress, an anisotropi-
cally loaded sample will develop more thaw strain than
an isotropilcally loaded sample.

2. As the level of confining stress increases,
thaw strain decreases for both isotropic and aniso-
tropic loadings.

3. Increasing the number of cycles of freezing
and thawing increases the total thaw strain. However,
the increment of thaw strain for successive cycles
decreases.

4, Recompression (thaw consolidation) after un-
drained thaw is also a function of stress ratio.
Isotropically loaded samples generally exhibited the
most recompression. A related observation is that
isotropic samples also have the largest temperature-
induced pore pressure at the end of the thaw phase.
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