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1. Introduction

The effect of temperature variation on soil properties 
has long been studied in geotechnics; however, the complex 
behavior of soils under temperature variation is a barrier 
to faster development and precise predictions in this area.

Some important applications have propelled geothermal 
studies, such as nuclear waste disposal (Slovic et al., 1991; 
Hueckel & Pellegrini, 1992; Delage et al., 2000) and, more 
recently, energy piles (Mimouni & Laloui, 2014; Chen & 
McCartney, 2016).

These studies include soil-pile interaction, soil and 
foundation thermal strains, ultimate pile capacity, and 
stress and strain development due to temperature variations 
(Ng et al., 2014, 2015; Murphy et al., 2015; Goode III & 
McCartney, 2015).

In addition to these practical studies, relevant contributions 
made by several researchers in theoretical and modeling 
contexts, such as Campanella & Mitchell (1968), Demars & 
Charles (1982), Baldi et al. (1988) and Delage et al. (2000), 
allow better understanding of temperature, physical and 
mechanical effects and indicate the possibility of thermal 
consolidation.

This thermal phenomenon is a consequence of clay 
heating that leads to greater expansion of the water in the 
system than the soil solid minerals. The expansion difference, 
combined with the low soil permeability, generates excess 
of pore pressure. The pore pressure dissipation induced by 
temperature changes and the consolidation of clays subjected 
to pressure changes occur in a similar manner (Campanella 
& Mitchell, 1968).

Normally consolidated soils tend to experience only 
contraction strains when heated and apparent pre-consolidation 
stress tends to increase. On the other hand, overconsolidated 
soils tend initially to experience a rise in volume at low 
temperatures, followed by contraction at high temperatures. 
This depends on soil characteristics and the overconsolidation 
ratio (OCR) (Plum & Esrig, 1969; Baldi et al., 1988; Cui et al., 
2000; Laloui & Cekerevac, 2008).

Considering all these aspects, the State University of 
Norte Fluminense Darcy Ribeiro (UENF) research group 
has been investigating the effects of temperature change on 
the improvement of submarine clayey soil properties using 
physical modeling and special laboratory tests.

The main objective of this paper was to present the 
results of physical modeling 1g tests carried out at the 
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UENF Geotechnical Centrifuge Laboratory. A number of 
undrained shear strength profiles obtained with T-Bar tests 
of the physical models were presented.

2. Materials and methods

2.1 Container and instrumentation

Four tests were carried out in a cylindrical container 
with inner diameter of 45.7 cm and height of 48 cm. A porous 
stone was placed at the bottom of the container to ensure 
double drainage and accelerate pore pressure dissipation 
during consolidation. Vertical load was applied to the top 
of the model with a perforated steel cap, where small holes 
allowed drainage from the top. The heat source was an electrical 
resistor installed inside a 25 cm-high torpedo pile model 
with an external diameter of 2.5 mm. The same beam used 
to place the torpedo pile model in the center of the container 
was used to install 2 rods in which the instrumentation was 
placed, as illustrated in Figure 1. The rods were positioned at 
2 cm and 12 cm from the heat source and used to insert the 
pore pressure transducers and thermocouples into the model. 
Table 1 shows the distance and depth of each instrument 
associated with the rods. The consolidation system consisted 
of an electric motor coupled to a steel cap with outer diameter 
smaller than that of the inner container. The motor applied 
the load, which was recorded by a load cell.

2.2 Mixture of kaolin and metakaolin

A mixture of kaolin (40%) and metakaolin (60%) by 
weight was prepared with an initial moisture content of 
1.5 × liquid limit to be used in the model. Table 2 summarizes 
the results of the physical properties of the mud. The results 
presented show that the mixture was a fine mud containing 
84.2% silt and clay, and the specific gravity of particles was 

2.63. The liquid and plastic limits were 62.5 and 35.7%, 
respectively. The mixture was prepared in a mixer adapted to 
apply vacuum during the 30-minute homogenization process.

2.2.1 Model preparation

The homogenized and de-aerated mud was poured into 
the container and the load application system was installed 
to consolidate it in tests with overconsolidated models. 
The normally consolidated model was subjected to its self-
weight consolidation.

Three overconsolidated models were prepared, each with 
final vertical effective stress application of 25, 50 and 100 kPa. 
Given that at the end of consolidation the effective soil height 
was insufficient to install the instrumentation and carry out the 
tests, another layer of sludge was consolidated with the same 
vertical effective stress. Thus, the steel cap was removed and 
the instrumentation and torpedo pile were installed.

2.3 Thermal consolidation and undrained shear 
strength (Su)

The thermal consolidation of each model was carried 
out with temperature increases of 30 and 60 °C above ambient 

Figure 1. (a) lay-out of the container and instrumentation (b) torpedo and instrumentation installation.

Table 1. Instrument configuration in the containers.
Radial 

distance from 
pile  

(mm)

Depth inside 
soil  

(mm)
Thermocouple PP Transducer

20 45 H11 PP11
90 H12 PP12
135 H13 -

120 45 H21 PP21
90 H22 PP22
135 H23 -
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temperature (25 °C). The temperature of the model was increased 
by turning on the heater. The increase and dissipation of excess 
pore pressure was monitored by pore pressure transducers. Thus, 
during each temperature increment and after the heater was 
turned off and the model cooled, the undrained shear strength 
profile was determined at different distances from the pile.

The undrained shear strength profiles of all tests were 
determined from the mini T-Bar tests. The T-Bar tests were 
conducted according to Stewart & Randolph (1991). Prior 
to the thermal consolidation of all the models, a T-bar test 
was carried out to obtain the initial undrained shear strength 
profile of each model. These results were used to calculate 
the Su gain after thermal consolidation.

A summary of test configurations is presented in 
Table  3 and Figure  2. Table  3 shows the temperature 
variations applied (ΔT=30 °C, ΔT=60 °C and ΔT=0 °C) and 
the distances from the pile where the tests were performed 
(2, 5, 8 and 12 cm). Each of these tests was compared to the 
initial reference test, carried out prior to thermal consolidation. 
Figure 2 illustrates the arrangement and distribution of the 
tests performed in each heating step as an example of the 
pattern used for all models.

3. Results and discussions

3.1 Mechanical consolidation

The mechanical consolidation of each container was 
carried out in steps until the final effective stress was reached. 
The mechanical consolidation curves of the models are presented 

in Figure 3, while Table 4 shows the void ratio development for 
each stress step of the consolidation. Given the good agreement 
of the curves, it can be considered that the methodology produced 
very similar models, suggesting that the undrained shear strength 
obtained with the T-Bar in each model can be compared. After 
mechanical consolidation, the steel cap was removed and the 
torpedo pile with the heater and instrumentation rods installed.

3.2 Thermal consolidation

Figure 4 demonstrates the evolution of temperature over 
time, showing the temperature of the thermocouples on the 
surface of the pile, such as those placed at different depths 

Table 2. Characterization of the kaolin and metakaolin mixture.
Fine sand

(%)
Silt
(%)

Clay
(%) G LL

(%)
PL
(%)

PI
(%)

Mixture 15.7 58.8 25.4 2.63 62.5 35.7 26.7

Table 3. T-bar test details for each stage.

Applied stress (kPa) Thermal load
Radial distance from the pile

(cm)
2 5 8 12

0 ΔT 30 °C X X
ΔT 60 °C X X
ΔT 0 °C X X

25 ΔT 30 °C
ΔT 60 °C X X X X
ΔT 0 °C X X X X

50 ΔT 30 °C X X X
ΔT 60 °C X X X
ΔT 0 °C X X X

100 ΔT 30 °C X X
ΔT 60 °C X X X
ΔT 0 °C X X X

Figure 2. Generic T-bar test arrangement showing the number and 
position of tests conducted for each heating step.
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and distances from the pile, according to Table 1. All the tests 
started with a T-bar test before any temperature was applied in 
the model. Next, an increase of 30 °C above room temperature 
was applied to the heater inside the pile, corresponding to time 
zero in Figure 4. The temperature of the pile rapidly rose to 
about 55 °C, as did the soil temperature, increasing more for 
lower positions in the soil and for distances nearer the heat 
source, as shown in the curves. After 24 h, the temperature in 
the system stabilized, and a series of T-bar tests were conducted. 
A new 30 °C rise was then applied to the heater, reaching a 
total variation of about 60 °C above ambient temperature. Once 
again, after 24 h, another series of T-bar tests were carried out, 
the heater was turned off and the system started to cool down 
naturally. Finally, after the system had cooled completely, 
identified by the equalization of all the thermocouples with 
the ambient temperature, the last series of T-bar tests were 
performed. This process was followed for all the containers, 
each with a different stress state.

3.3 T-Bar tests

The results showed a close relation between temperature 
and Su for clays, where temperature invariably influenced soil 
response. In normally consolidated tests, which obtained the 
lowest stress levels, Su strength gain during and after heating 
was the most noticeable, especially in the tests conducted 
during temperature variations. Despite the low Su magnitude 
variations in absolute values, they were the most relevant, 
proportionally to their initial strength.

Overconsolidated soil also showed undrained shear 
strength variations. In these cases, the noteworthy pattern 
observed among the different containers consisted of increased 
strength in the final profile portions, at the greatest soil depths.

This region experienced positive Su variations for the 
different overconsolidation levels in the containers and the 
different distances tested. It is believed that these patterns are 
a consequence of two common characteristics in the region 
analyzed: the proximity to the bottom container drainage and 
the consequence of a more lightly overconsolidated zone at 
the greatest depths.

In addition, despite exhibiting greater average 
magnitude variation, the average strength increase for higher 
overconsolidation levels revealed a smaller percentage 
variation compared to the initial (reference) strength when 
compared to the soils with lower overconsolidation levels.

These findings can be better visualized in the following 
bar graphs (Figures  5  to  8), which compare, among the 
different consolidation levels, (a) the absolute value of 
the average Su variation, and (b) the average Su variation 
percentage, for each thermal load applied (ΔT=30 °C and 
ΔT=60 °C) and for the end of the heating-cooling cycle 
(ΔT=0 °C). Figures  5,  6,  7  and  8 show the relationships 
described for distances from the pile surface of 2, 5, 8 and 
12 cm, respectively.

An example of the interpretations reported can 
be extracted from the tests carried out at a distance of 
2 cm for containers subjected to 25 and a 100 kPa during 
consolidation, as shown in Figure 5. For the former, the 
absolute average Su increments in the studied region were 
7.32 and 1.05 kPa during ΔT=60 °C and after system cooling, 

Table 4. Void ratio variation during mechanical consolidation for different stresses applied to each container.
Total Applied 

Stress 
(kPa)

0.00
kPa

2.50
kPa

5.00
kPa 10.00 kPa 25.00 kPa 50.00 kPa 100.00 kPa

0.00 2.48 - - - - - -
25.00 2.53 2.24 1.96 1.77 1.61 - -
50.00 2.47 2.22 2.02 1.70 1.56 1.53 -
100.00 2.46 2.18 2.02 1.78 1.60 1.52 1.40

Figure 4. Temperature development over time on thermocouples 
inserted into the models.

Figure 3. Consolidation curves of the overconsolidated models.
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Figure 5. Average Su variation in (a) absolute values and (b) percentage for the 2 cm test distance.

Figure 6. Average Su variation in (a) absolute values and (b) percentage for the 5 cm test distance.

Figure 7. Average Su average in (a) absolute values and (b) percentage for the 8 cm tests distance.
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respectively, while the average percentage increase for the 
same situations were 165 and 24%. For the latter container, 
the absolute average Su increments were 16.28 and 3.1 kPa, 
during ΔT=60 °C and ΔT=0 °C, while the average gains 
were 82 and 15%.

The graphs show that the highest average Su variation 
occurred during heating with a 60 °C variation on the pile. 
Moreover, there was relevant Su variation even for the 
furthest distance – 12 cm from the pile surface. Finally, it is 
important to note that some tests showed negative average 
strength variation.

A summary of the influence of temperature on the 
average undrained shear strength of the soils is illustrated 
in Figure 9. In the figure, all the average Su variation values 
are plotted as a function of their initial reference value, prior 
to heating, for each consolidation level. On the graph, a 45° 
slope line divides the points with strength gain due to the 
influence of temperature – those above the line, and with 
strength loss – those below the line.

4. Conclusions

In general, it can be said that the experimental 
program achieved the initial goals. Mechanical and thermal 
consolidation worked very well. The T-Bar tests made it 
possible to determine the undrained shear strength profiles 
of the models in the different stages.

Due to the low level of effective stress at 1g, an 
average undrained shear strength profile was determined, 
and the efficiency of thermal consolidation evaluated by 
comparing the average value of each stage against the 
initial value.

As expected, the normally consolidated and slightly 
overconsolidated models showed the greatest percentage 
Su increase, while the strongly overconsolidated models 
show that thermal consolidation is less efficient. In addition, 
results after the heating-cooling cycle reveal some 
irreversible changes, which is more interesting from a 
technical standpoint.

Figure 8. Average Su variation in (a) absolute values and (b) percentage for the 12 cm test distance.

Figure 9. Relation between the average strength of tests under the influence of temperature and the initial average strength prior to 
heating for different consolidation levels.
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List of symbols

%	 percentage;
°C	 degrees Celsius;
cm	 centimeters;
g	 acceleration of gravity;
h	 hours;
kPa	 kiloPascal;
LL	 liquid limit;
mm	 millimeters;
NC	 normally consolidated;
OCR	 over consolidation ratio;
Su	 undrained shear strength;
UENF	 Universidade Estadual do Norte Fluminense
ΔT	 temperature variation;
σ›	 effective stress.
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