subjected to a 50kPa surcharge, reported a Ch value of 1.93m?/year. Program results and the

predicted results from the solution are shown in Figure 3.1.
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Figure 3.1 Comparison of program results and results predicted using equations for degree of

consolidation

3.2 Radial Consolidation with Thermal Treatment

As discussed in section 1.3 it has been conclusively stated in many studies (Robinet,
Rahbaoui, Plas, & Lebon, 1996; Abuel-Naga, Bergado, Bouazza, & Ramana, 2007) that volume
changes in clays due to heating is stress history dependent where highly OC clays exhibit
expansive behavior and NC clays exhibit contractive behavior. As the over consolidation ratio
(OCR) reduces, the expansive behavior gradually decreases and the clay starts to contract. The

proposed model by Abuel-Naga, Bergado, Bouazza, & Ramana (2007) incorporates the above
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behavior appropriately. If the stress path is completely inside the thermal yield limit (pr), the
soil behavior will be completely expansive whereas if it is outside p; it would be contractive. If
a stress path extends from the elastic region to the plastic region straddling the thermal yield
limit, the soil will exhibit combined expansive-contractive behavior. This behavior can also be

observed clearly from the program results as seen in Figure 3.2.
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Figure 3.2 Behavior of NC, highly OC and lightly OC clays upon heating
To check the performance of the program for consolidation coupled with thermal
treatment, settlements were observed with and without a temperature increment under the
same soil conditions. The clay sample was of 0.45m diameter and 0.7m height and was
subjected to a 50kPa surcharge. The maximum temperature at the heat source was 90°C. The

assumed soil properties are given in Table 3.2.
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Table 3.2 Clay properties used in the program for radial consolidation with thermal treatment

Total unit weight 14.7 kN/m3
Initial porosity 0.67
Pre-consolidation pressure 50kPa

K 0.1

A 0.59
y™ 1.1
yLY 0.43

a 0.0007
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Figure 3.3 Settlement curves at 20°C and 90°C
Based on Figure 3.3, a 26.45% increase in the final settlement can be observed when

subjected to a thermal treatment from 20°C to 90°C. Laboratory experiments performed by
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Artidteang, Bergado, Saowapakpiboon, Teerachaikulpanich, & Kumar (2011) under similar
loading conditions for a sample of similar dimensions, unit weight and pre-consolidation
pressure (Table 3.2) report a 25% increase in the final settlement for a reconstituted clay
specimen. As discussed in Chapter 1, an increase in the rate of settlement and the magnitude

can be observed from the program results in Figure 3.3.
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CHAPTER 4: RESULTS AND DISCUSSION

The numerical program was used to observe the effect of temperature on the
consolidation behavior of the soil. Multiple cases were run varying the temperature of the heat
source, surcharge load and the initial porosity of NC clay. First, the variations in pore pressures
in the soil and flow velocities were investigated. Then the effect on settlement due to varying
surcharge loads, temperature increments and initial void porosities were observed. The
behavior of NC clays at elevated temperatures and the effect on settlement during cooling are

also discussed in this chapter.

4.1 Variation of Flow Velocity and Pore Pressure with Temperature

As discussed in Chapter 3, an increase in the rate of settlement as well as its magnitude
could be observed when the soil is subject to a thermal treatment. Furthermore, the behavior
of the flow velocities and pore pressures were observed for a soil subjected to a 100 kPa
surcharge. Two cases were run at the ambient temperature (20°C) and at 90°C respectively. As
expected, an increase in pore pressures can be seen initially due to the increase in temperature.
However, due to higher dissipation rates under drained conditions, the pore pressures
dissipates faster over time compared to the case without a temperature increment, as shown in

Figure 4.1. Figure 4.2 compares the flow velocities for the two cases and an increase in the flow
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velocity can be observed at the elevated temperature. This can be attributed to the reduction

in viscosity corresponding to an increase in temperature.
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Figure 4.1 Pore pressure variation for 20°C and 90°C
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Figure 4.2 Velocity variation for 20°C and 90°C
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4.2 Increase in Settlement

To investigate the effect of temperature on the ultimate final settlement, multiple cases
were run varying the temperature increments and surcharge loads ranging from 50 kPa to 200

kPa. The maximum settlement (smax) at elevated temperatures was compared with the

settlement (so) at the ambient temperature.

- = =20°C 50°C 70°C

90°C

125
105
85
65
45
25

settlement (mm)

-5015 50 150 250 350 450 550 650
time (hrs)

Figure 4.3 Settlement history at different temperatures for a 50 kPa surcharge
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Figure 4.4 Settlement history at different temperatures for a 100 kPa surcharge
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Figure 4.5 Settlement history at different temperatures for a 150 kPa surcharge
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Figure 4.6 Settlement history at different temperatures for a 200 kPa surcharge
It can be observed from the results in Figures 4.3 — 4.6 that for a given surcharge, the
magnitude of the final settlement increases as the maximum temperature at the source

increases. However, the effect of temperature on the settlement reduces as the surcharge
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increases. Therefore, the maximum effect from a thermal treatment can be utilized at relatively

lower surcharge levels. This complements the coupled thermal and mechanical load induced

consolidation process, as a lower surcharge load could be used whilst obtaining the maximum

output of the thermal treatment. The results are summarized in Figure 4.7.
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Figure 4.7 Effect of temperature and surcharge on settlement

The time rate of settlement also reduces as the temperature increases for a given

surcharge as shown in Figure 4.8 where time taken for 90% consolidation at different maximum

temperatures was compared. The reduction in the time rate on the other hand, decreases with

an increase in surcharge. However, it should be noted that the time taken for 90%

consolidation (tg) at elevated temperatures and the time taken for 90% consolidation at the

ambient temperature (to) correspond to different magnitudes of settlement. A better

comparison would be to relate the time taken to reach a specific magnitude of settlement at

different temperatures. Let the time taken for 90% consolidation at ambient temperature
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(20°C) be to and the corresponding magnitude of settlement be sg0. The time t’ taken to reach a
settlement of sqo at different elevated temperatures was compared with to. As seen in Figure
4.9, a significant reduction in the time can be observed as the temperature increases and this

effect reduces as the surcharge is increased.
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Figure 4.8 Effect of temperature and surcharge on time for 90% consolidation
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Figure 4.9 Effect of temperature and surcharge on time to reach sgo
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Based on the above results it can be concluded that the magnitude and rate of
settlement increases as the maximum temperature of the heat source increases. However, this

increase is less at higher surcharge loads.

4.3 Effect from Initial Void Ratio
The coefficient of consolidation (C,) is dependent on the permeability of the soil (k), the

density of water (p) and the coefficient of volume compressibility (m,) as shown in equation

35.
k

Cy = (35)
Ay

mv - 1+eo (36)

where a,, is the coefficient of compressibility and e is the initial void ratio.

The coefficient of compressibility describes the relationship between an increase in
effective stress and the corresponding change in the void ratio. Therefore, based on the above
relationships, permeability, density of water, surcharge and the initial void ratio are the factors
that would have an effect on consolidation. The permeability can also be related to the void

ratio by the following relationship (Carrier, 2003).

_p 1 1 &3

T K Ck_cSo? (1+€) e7)
The void ratio can be related to the porosity by the following equation.
n
e = E (38)
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The effect of surcharge has been investigated in section 4.2. To consider the effect of
the initial porosity, multiple cases were run varying the initial porosity at different surcharges

and temperatures. The results are presented in Figures 4.10 to 4.13.
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Figure 4.10 Effect of temperature and initial porosity on settlement at 50 kPa
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Figure 4.11 Effect of temperature and initial porosity on settlement at 100 kPa
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Figure 4.12 Effect of temperature and initial porosity on settlement at 150 kPa
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Figure 4.13 Effect of temperature and initial porosity on settlement at 200 kPa
It can be observed that the effect of temperature on the settlement is greater at lower
initial porosities. Similarly, the effect on the time to reach a specified settlement (sq) at

different initial porosities can be observed as well. It can be seen from Figures 4.14 — 4.17 that
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the time to reach a specified settlement sqo decreases as the initial porosity increases. However

the effect of the initial porosity is insignificant at higher surcharge loads.
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Figure 4.14 Effect of temperature and initial porosity on time to reach sq at 50 kPa
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Figure 4.15 Effect of temperature and initial porosity on time to reach sqp at 100 kPa
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Figure 4.16 Effect of temperature and initial porosity on time to reach sqp at 150 kPa
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4.4 Differential Settlement

When investigating the final settlement values at locations along a radius it was also
noticed that differential settlements can occur under thermal treatment. As shown in Figure
4.18, for a completely surcharge driven consolidation at ambient temperature, the final
settlements at different radial locations ultimately reach the same value. However, with
coupled mechanical and thermal loading, the ultimate settlement values at different radial
locations vary as shown in Figure 4.19. The differences in settlements can be attributed to the
differences in steady state temperatures along a radius which can change the magnitude of
thermally induced settlement. However, the differential settlement would not be pronounced

due to stress redistribution resulting from shear.
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Figure 4.18 Settlement at different radial locations at 100 kPa and 20°C

36



0.075m 0.225m 0.375m =——0.525m
0.675m 0.825m =——0.975m
250

200

150

100

settlement (mm)

50

0 100 200 300 400 500 600

-50
time (hrs)

Figure 4.19 Settlement at different radial locations at 100kPa and 90°C

4.5 Expansion in NC Clay

At low initial porosity and relatively low surcharge values, some initial expansion was
observed even in NC clays for high temperature increments as shown in Figure 4.20. In the
constitutive model developed by Abuel-Naga, Bergado, Bouazza, & Ramana (2007), it is stated
that only irreversible contraction is observed in the NC range. However, the above theory was
developed considering the isothermal consolidation behavior at elevated temperatures and
increasing temperatures at a constant total stress. The simultaneous application of both
mechanical and thermal loading was not comprehensively investigated. Although laboratory
and field experiments too have been conducted to validate the model, a comprehensive study
with varying surcharge loads or initial porosities was not found in the literature. Since the

numerical model couples fluid flow with compressibility characteristics of the soil considering
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multiple soil elements and simultaneously applies both the mechanical and thermal loading, it

was possible to observe this phenomena.
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Figure 4.20 Initial expansion observed in NC clay at 0.5m from drain (50 kPa and 70°C)

The reason for this initial expansion can be explained as follows. As discussed in Chapter
1, an increase in temperature can generate thermally induced excess pore water pressure. With
the heat source at the drain, locations closer to the drain will get heated sooner than those far
away. At initial stages, before the surcharge load is transferred, even the locations further away
from the drain will be at pressures closer to hydrostatic pressures. Therefore the flow could
also be in the direction away from the drain which could result in an expansion at locations
further away from the drain. As the surcharge load continues to transfer, the flow will gradually
be directed toward the drain and contraction will begin. The change in flow direction can be

observed in Figure 4.21.
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This effect can be significant at very low initial porosities and relatively low surcharge
loads when subjected to very high temperature increments. For example, for the case run at
90°C under a 50 kPa load, complete expansion was observed at locations further away from the
drain. However, by increasing the temperature only up to 70°C, the surcharge up to 100 kPa or
the initial porosity up to 0.65 while maintaining the other conditions the same, contraction
could be observed. Therefore, it is important to use an appropriate combination of
temperature and surcharge for a clay with given initial porosity to obtain a desired output for

the settlement.
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Figure 4.21 Velocity variation for NC clay at 0.5m from drain (50 kPa and 70°C)

4.6 Effects of Cooling
The effect of cooling on settlement was also included in the numerical model. It was

assumed that cooling will occur only after the settlement due to heating and surcharge is
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complete and the heat source is removed. As stated in literature (Robinet, Rahbaoui, Plas, &
Lebon, 1996), the effect on settlement due to cooling is only significant in expansive clays. In
non-expansive clays, the settlement resulting from cooling is negligible. For an expansive clay,
the magnitude of settlement due to cooling can be as large as the magnitude of settlement
generated during the heating process. However, in the results from the model, significant
contraction was observed under cooling even with non-expansive soil properties. As the
surcharge load increases the contribution to settlement from cooling can be seen to diminish as

shown in Figure 4.22.
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Figure 4.22 Settlement due to cooling at different surcharge loads for 50°C
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4.7 Thermally Induced Over Consolidation

It was also discussed in Chapter 1 that an over consolidation state will be induced in NC
clays after a heating-cooling cycle, as a result of thermal yielding of the soil. The increased pre
consolidation pressure for the corresponding thermal loading can be obtained using equation
25. The percentage increase in the pre consolidation pressure for a soil with an initial maximum
pre consolidation pressure of 100kPa and initial porosity of 0.65 subject to varying surcharge
loads and temperatures are summarized in Table 4.1. It should be noted that the initial porosity
was not meant as a classification parameter for clay but merely an observation made while

investigating the parameters affecting the compressibility.

Table 4.1 Percentage increase in pre consolidation pressure

50 kPa 100 kPa 150 kPa 200 kPa
20°C 40.17% 73.88% 103.6% 129.72%
50°C 51.64% 88.87% 121.31% 149.37%
70°C 58.27% 97.68% 131.89% 161.22%
90°C 64.35% 105.86% 141.82% 172.48%
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CHAPTER 5: CONCLUSION

In this research a computational code was developed to investigate the effect of
thermal treatment on the consolidation of fine grained soils and to determine ways of
optimizing the thermal treatment to expedite consolidation. Based on the results it can be
concluded that the magnitude and rate of settlement increase at elevated temperatures for a
given surcharge and initial porosity. This increase is more significant at relatively lower
surcharges and lower initial porosities.

Some initial expansion can be observed even in NC clays with low initial porosities when
subject to very high temperature increments coupled with a relatively low surcharge load.
Therefore, an optimum combination of temperature and surcharge should be chosen for a soil
with given initial conditions in order to obtain the maximum improvement in the settlement.

Differential settlements can occur during a coupled mechanical and thermal load
induced consolidation process due to the differences in the steady state temperatures in the
radial direction. The increase in the maximum past pressure after a heating-cooling cycle is
mainly dependent on the temperature increment.

The developed numerical model facilitated the investigation of different scenarios.
Hence, it was possible to recognize certain new aspects of the thermal treatment process which
were not previously investigated in detail. Further experimentation and numerical

investigations can be carried out to confirm the predicted behavior. As this technique is still in

42



its experimental stages, the developed numerical model will provide the framework to

determine the viability of its practical applications.
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