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Pile group behavior under unsymmetrical cyclic thermal loading in dry silty sand: 1g Physical modeling

Fardin Jafarzadeh?, Sina Afzalsoltani?*

Abstract
The effect of unsymmetrical thermal loading on the behavior of 2x2 pile groups is studied using 1g physical modeling. Three tests
were conducted with 1, 2 and 3 energy piles in each pile group to apply the cyclic unsymmetrical thermal load. Model piles were
closed-end aluminum pipes and the model ground was fine-grained dry silty sand, placed in the container with dry tamping technique.
10 successive heating-cooling cycles with amplitude of £6°C were applied to the energy piles. Displacements and rotations of the cap,
axial forces and bending moments along the piles, changes in soil pressure under the pile tip and temperature distribution around the
group are monitored and discussed in detail. A new parameter, named as “pile tip behavior index” (ly) is introduced to determine the
elastic/plastic state of the soil under the pile tip during each test. Results suggest that build-up of plastic zones in the soil under the
energy pile during first stages of the unsymmetrical thermal cycling along with redistribution of the mechanical surcharge among
different piles of each group may contribute to cause unallowable rotations of the pile cap.
Keywords: Energy piles, Thermo-Mechanical behavior, Pile groups, Unsymmetrical thermal loading, Physical modeling
1. Introduction

Traditional piles have been studied using physical modeling technique in several studies [1-5]. The behavior of energy piles
as a form of energy geo-structures has gained increasing scholarly attention in recent years. Some researchers directed their effort to
assess the thermal efficiency of energy piles and to reveal the involved parameters [6-10]. Some researchers investigated the behavior
of energy piles using field scale tests [11-15] or model scale tests [16-23]. Sutman et al. [24] also studied the effect of end and head
restraint condition on the behavior of energy piles using a field test and reported that the thermo-mechanical behavior of energy piles,
that is to say, axial displacements, mobilized shaft resistance and thermal stresses are highly associated with the restraint conditions on
both ends of the pile. Ng et al. [25] studied the effect of temperature increase on a floating aluminum pile in saturated sand using
centrifuge tests. They observed a pile head heave of 0.4%D and 1%D and an increase of 13% and 30% in pile overall capacity as a

result of 15°C and 30°C increase in pile temperature; respectively. Nguyen et al. [26] studied the long-term behavior of single
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aluminum energy piles in dry sand through 1g physical modeling. They reported that thermal cycling under constant mechanical load
induces irreversible pile head settlement with the largest settlement increment occurring in the first thermal cycle. They also stated that
thermal cycling did not induce noticeable changes in total pressures in soil underneath the pile base. Ng et al. [17] conducted a
centrifuge modeling of pile spacing effects on thermo-mechanical interactions between piles within energy pile groups. They
concluded that a pile spacing of 5D is preferable over a spacing of 3D in terms of serviceability limits satisfaction. Ng et al. [18]
compared the behavior of non-symmetrical thermally loaded 2x2 elevated pile group with a piled raft. They stipulated that piled rafts
undergo smaller tilts under unsymmetrical thermal loads. Senejani et al. [16] investigated thermo-mechanical behavior of a single
energy pile using a small-scale physical model setup. They reported a reduction in elastic response of the soil during longer thermal
cycles. Foglia et al. [27] conducted large-scale model tests of a single pile and two-pile groups for an offshore platform in sand. The
study found that the pile spacing and pile group configuration significantly affect the bearing capacity and settlement of the energy
pile group. Yang et al. [28] conducted physical model tests and numerical simulations to evaluate the effects of different factors on the
thermo-mechanical behavior of an energy pile group. The study found that the pile spacing, pile diameter, and soil thermal
conductivity significantly affect the thermal response of the energy pile group.

The above-mentioned studies, highlight the importance of conducting physical or full-scale model tests to evaluate the
thermo-mechanical behavior of energy pile groups. Generally, physical model tests are time consuming; hence, most of the
experimental studies on energy piles had only included short term behavior of piles with less than four thermal cycles. Therefore, the
present study aims to contribute into this domain by applying 10 successive heating-cooling cycles to account for long-term behavior
of energy pile groups. Moreover, the readings from the total pressure cells below each pile tip were adopted to introduce a new
parameter which is used to describe the elastic/plastic state of the soil under the pile tip. Pile displacements, rotations of the cap and
stresses along each pile are monitored and discussed in detail.

2. Physical Model
2.1. Model configuration and test plan

The model contains a 2x2 pile group (each pile with outer diameter of D=2 cm) placed at a center-to-center distance of 6¢cm
(3D). The soil container is a 100x100x80 cm (width x length x height) rigid steel box. The model ground is dry silty sand with
relative density of 74%, placed in the container using dry tamping technique. Figure 1 shows the schematic of the model configuration
and Figure 2 depicts the constructed model.

Pile temperature is controlled by circulating temperature-controlled water through steel U-tubes placed inside the piles. In
order to provide sufficient thermal interaction between pile and U-tube, each pile is initially filled with water. The pile group was first
mechanically loaded in 8 steps up to 400 N with resting time of 5 minutes for each step (the loading shaft itself weights 1.5 kg). Under

constant mechanical surcharge, the energy pile has gone through 10 consecutive heating-cooling cycles with temperature amplitude of
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+6°C. Three tests were conducted. In test “Groupl”, Pilel was energy pile and the other piles were non-energy piles. In test “Group2”,
Pilel and Pile2 were energy piles and finally in test “Group3”, Pilel, Pile2 and Pile3 were energy piles. After each test the whole
model was reconstructed. Test plan is outlined in Table 1.

Particle size distribution of the model ground is depicted in Figure 3. As can be seen the model ground is comprised of fine
sand and 40% passing from #200 sieve. Results of Atterberg tests showed the part finer than #200 sieve is non-plastic silt. Hence the
soil based on the Unified Soil Classification System is SM.

2.2. Model scaling and material selection

Studying the scaled-down model of an intended prototype, needs the scaling factors for different involved parameters to be
defined. Iai [29] introduced a similitude law for 1g shake table tests. Even though the present study is kinematic in its nature, the
scaling factors from lai [29] are applicable to this study as well regarding the adopted 1g modeling space. In order to include
thermal parameters in the similitude law, we have assumed that the material used in the model has the same specific heat capacity
as that of prototype. In a centrifuge test, this assumption automatically results in a scaling factor of 1 for temperature changes;
however, in 1g field, considering the scaling factor of 1 for temperate alongside with the former assumption forces the thermal
energy to have a different scaling factor than mechanical energy. Obviously, it is neither possible nor necessary to exactly scale
down every single parameter in a model test; hence, since the energy efficacy aspect of energy piles is of less importance in the

present study, a scaling factor of 1 is assumed for temperature. It is also assumed that the strains throughout the test remain in a
small range (less than 10°) which leads to a scaling factor of ﬂg = A% for the strains, with A being the geometric scaling factor.

This assumption might be erroneous if strains become large enough, for example in case of pile failure. Iai et al. [30] suggested
that when the stress-strain behavior of soil is available through laboratory tests for the entire range of strains, the scaling factor for
the strain can be directly obtained from the results of those tests.

Considering the limitations in model dimensions and test materials, a geometric scale factor of 20 is adopted in the present
study. Heat-exchanger pipes can be fitted inside either driven piles or cast-in-place concrete ones. Typically, it is more convenient
to construct cast-in-place concrete piles especially in urban areas as their construction, as opposed to driven ones, neither needs
special machinery nor makes considerable vibration and noise pollution. Prototype energy piles in the present study is assumed to
be cylindrical cast-in-place concrete piles with 12 m in length and a diameter of 60 cm. Given the geometric scale factor of 20 and
other scaling factors as outlined in Table 2, the required model pile specifications can now be derived mathematically.
Considering the theoretically calculated properties for the model piles and the materials available at the market, Aluminum pipes
of 60 cm length and 2 cm diameter are chosen as model piles. Table 3 briefly outlines the mechanical specifications of the
prototype and model piles. It is noteworthy that due to higher thermal expansion coefficient of Aluminum in comparison to

concrete, the results from this study might be exaggerated and care should be taken in extrapolation of the results to the prototype.
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3. RESULTS
3.1. Pile behavior under sole mechanical loading

Figure 4 shows time history of head displacements for different piles of the group during mechanical loading at room
temperature (21.5°C) in test “Groupl”. As can be seen, even though equal load increments were applied to the pile group in each
loading step, yet larger settlements were observed during early steps of the mechanical loading. This can be attributed to the activation
of sleeve friction along the piles and possible increase in soil elastic modulus under the pile tip due to compaction.

Profiles of axial load for selected piles of the group in each test, as shown in Figure 5, indicate activation of the sleeve
friction as stepwise mechanical loading continues (note that the slope of the profiles decrease with an increase in the mechanical head
load in each test until it becomes constant after a pile head load of 65N). The axial load profile corresponding to the smallest head load
(from loading plate and its shaft) has a convex shape denoting negative (downward) sleeve friction along the upper half of the pile
length which is generated during compaction of the soil in the vicinity of the pile during model construction. It is also noteworthy that
the gentler slope of the profile in the deeper parts is due to higher normal stresses applied to the pile perimeter which in return
generate larger traction forces on the pile.

Comparison of parts a, b and ¢ of Figure 5 with each other indicates that the same construction method was successfully
executed for each test as the same load distribution pattern was observed along the “Pilel” of each test (other piles also showed the
same results yet are not presented for brevity.).

3.2. Temperature distribution

During the tests, the room temperature variation was limited to £0.5°C. The energy piles were connected to the temperature-
controlled water circulation system, allowing their temperature to oscillate with amplitude of £6°C between successive heating and
cooling cycles. The water-filled non-energy piles however, where not connected to any temperature control device and the variations
in their temperature is caused by the temperature changes of the energy piles.

Temperature variation of the surrounding soil is recorded by 12 thermocouples installed at different elevations and radial distances
from the piles (refer to Figure 1 for the location of sensors T1 to T12). temperature contours are calculated based on the data obtained
from the uppermost layer of thermocouples (T1 to T5 in Figure 1) and are shown in Figure 6. These contours are obtained by
interpolating the readings of the thermocouples, using Gaussian process regression (also known as Wiener-Kolmogorov prediction or
Kriging method [31]). It can be seen that in all tests, non-energy piles acted as thermal barriers. This is due to the fact that all piles
(even the non-energy piles) are initially filled with water which has a larger specific heat capacity relative to the surrounding soil;

hence it would take more energy to change the pile temperature relative to the surrounding soil.
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3.3. Pile cap displacements

Four linear displacement transducers are installed on the pile cap at four corners to monitor displacements of the piles and
rotations of the cap (Figure 2). As shown in Figure 2, in order to avoid interference of displacement sensors with the loading plate, the
sensors are not connected to the cap exactly above the location of the corresponding piles; however, in order to obtain head
displacements of each pile in the group, reading of each displacement sensor is transformed to the location of the corresponding pile
head. In order to do so, first, the equation of the cap’s plane in space is obtained using the readings of displacement sensors at each
time and then the elevation of the top of each pile (z) is calculated by inserting the x-y coordinates of that pile in the equation of the
cap’s plane.

Time histories of total pile head displacements during each test are presented in Figure 7. It can be seen that in each test, the
energy piles have larger settlements than conventional piles of the group; the larger the number of the energy piles in the group is, the
larger settlements are observed. In tests “Group2” and “Group3”, heating caused a heave in energy piles while cooling caused
settlement. The magnitude of incremental displacements in each heating/cooling phase becomes smaller with an asymptotic trend as
the cycling goes on. In test “Groupl”, during the first few heating phases, no upward displacement occurs in the energy pile until the
third heating phase in day five of the test. In fact, during first and second heating phases, the upward thermal forces generated by the
tendency of the energy pile for expansion, cannot overcome the downward reaction forces from the conventional piles of the group.
As thermal cycling continues, settlement of the energy pile and the consequent redistribution of forces acting on the pile contribute to
help the energy pile to slightly push the pile cap upwards which is recorded as small heaves during heating phases in Figure 7-a. It can
be seen from Figure 7 that the magnitude of total settlement of each pile (regardless of the tilt in the cap) in tests “Groupl”, “Group2”
and “Group3” remains smaller than the maximum allowable settlement, which is conventionally taken as 10% of the pile diameter
(2mm).

Figure 8 shows time histories of the cap rotation and its tilt for tests “Groupl”, “Group2” and “Group3”. The tilt can be
calculated by dividing the relative vertical displacements of any two points on the cap, by the horizontal distance between them in the
tilting direction. As can be seen, almost in all cases, heating caused a decrease while cooling caused an increase in the tilt of the cap.
The exceptions are twofold: first, in all tests, the first heating phase induced a tilt in the cap with that being almost equal for tests
“Groupl” and “Group2” and being slightly larger for test “Group3”. The second exception can be seen in test “Groupl”, where the
second heating phase as well as the first heating phase caused a slight increase in the tilt of the cap. The amplitude of oscillations in
the tilt of the cap is the largest for test “Group2” and the smallest for test “Groupl”. This amplitude becomes smaller with an
asymptotic trend in tests “Groupl” and “Group2” as the cycling continues but it seems to remain constant for test “Group3”. As

indicated in Figure 8, tilt of the cap in tests “Groupl” and “Group2” exceeds allowable limit of 1/500 (0.2%) suggested by EN 1997-1
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[32] in second and first cooling phases; respectively. In test “Group3” however, tilts of the cap touch the limit line in fourth cooling
phase for the first time and marginally exceeds the allowable limit in the following cooling phases.
3.4. Axial force along piles

Axial force along the piles is recorded by full-bridge circuits of strain gauges installed at four elevations on each pile as
shown on Figure 1. Temperature-induced axial forces or thermal axial forces along the piles at any time can be calculated by
subtracting the initial forces just before the onset of thermal cycling from the measured axial forces at that specific time. Profiles of
thermal axial forces for energy piles can be used to determine and track the location of null point during thermal cycling. According to
Figure 9-a, the null point of the energy pile in test “Groupl” is approximately at depth of 300 mm from the pile head (note that the
sign of the profile slope changes at this depth). From the second heating cycle onwards, the location of null point has moved
downwards to the depth of 400 mm in heating phases which implies that the lower half of the pile is taking more load share relative to
the upper half. Location of the null point of energy piles in tests “Group2” and “Group3” remains almost at depth of 400 mm during
all heating phases (Figure 10-a and Figure 11- a, b; respectively). Note that in all tests, the location of null point of energy piles almost
remains constant at depth of 300 mm during cooling phases. From Figure 9 to Figure 11, it can be observed that the thermal axial
force in non-energy piles does not change significantly with depth; meaning that thermal loading of energy piles does not noticeably
affect the skin frictional forces on non-energy piles. However, profiles of thermal axial force for energy piles show that during heating
phases, thermal axial force notably changes with depth denoting the effect of heating on friction forces acting on the pile sleeve.
During cooling phases, thermal axial forces does not change significantly with depth along the energy piles except for diagonal energy
piles in test “Group3” (Figure 11-b). Note that both of heating and cooling phases induce positive (compressional) thermal forces
along the diagonal energy piles in test “Group3”, except for the first two cooling phases which induce slight tensional forces in upper

half of these piles.

Figure 12 shows distribution of group’s total mechanical head load between the piles of each group (parts a, b and c of the
figure) and also the share of each pile’s tip from its head load (parts d, e and f of the figure). The share of each pile from the head load
of the group is calculated by linearly extrapolating the axial forces measured by strain gauges to the top of each pile. The axial force at
the pile tip was estimated in a similar manner. From Figure 12 (parts a to c), it can be observed that heating phases in general have
increased the load share of the energy piles while cooling phases had reductive effect which can be attributed to thermal
expansion/contraction of pile material. It was also found that the first stages of thermal cycling did not noticeably affect the load share
of the energy pile/piles; however, after a few cycles the share of energy pile starts to increase more noticeably with each heating
phase. As thermal cycling continues, irreversible increase in the load share of energy piles is accumulated. As mentioned earlier this

can be attributed to compaction of the soil under the pile tip due to excessive settlement of the energy pile and the consequent increase
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in soil elastic modulus in that region. At the beginning of all tests, Pilel took 25% of the total mechanical load of pile group (as all
other piles at the beginning of the test); at the end, this reached to 29.3%, 31.62% and 28.4% in tests “Groupl”, “Group2” and
“Group3”; respectively. The share of diagonal energy piles (Pile2 and Pile3) in test “Group3” from total mechanical head load of the
group reached to 31.4% at the end of the test for each pile.

In Figure 12 (parts d, e and f), it can be observed that for the energy piles, the share of pile tip from the estimated head load
of the same pile, increases with each heating-cooling cycle. It can also be seen that in the majority of cases, heating of the energy pile
caused an increase in the share of pile tip from its head load while cooling had a reductive effect. This can be attributed to thermal
softening of the soil-pile interface during heating phases which happened at both the pile tip and the pile sleeve; however in the
majority of cases, thermal softening at pile sleeve interface seems to dominate the softening at the pile tip interface (note that the
opposite has happened in the first heating phase in tests “Groupl” and “Group2” causing the share of the energy pile tip from its
estimated head load to be reduced in Figure 12-d and e; respectively.). At the beginning of all tests, approximately 45% of each pile’s
head load reached to its tip. For Pilel it increased to 64%, 60% and 56% by the end of tests “Groupl”, “Group2” and “Group3”;
respectively. For the diagonal energy piles (Pile2 and Pile3) in test “Group3”, it increased to 58% at the end of the test. These numbers
do not seem to depend merely on the amount of settlement in the corresponding pile (refer to Figure 7) and possibly more complicated
interactions are contributing to this behavior which demand farther studies to be fully understood.

3.5. Total soil pressure under the pile tip

Time histories of vertical soil pressure at depth of 4cm below the pile tip for different piles at each test are recorded by four
total pressure cells (for sensor locations refer to Figure 1) and are plotted in Figure 13. It was observed that in all tests, with each
heating/cooling phase the soil pressure under the energy pile has increased/decreased; respectively. The amplitude of soil pressure
oscillations has increased gradually during the first few cycles until it remained almost constant after the fifth cycle. Moreover, in
Figure 13, the back-calculated vertical soil pressure at the location of total soil pressure sensors were also plotted after estimation

based on the Boussinesq [33] equation as follows:

1
ol =qx|1- +ol Eq. 1

()]

O',DZO is the estimated vertical soil pressure at depth of Z0 below the pile tip based on Boussinesq [33]- kPa

Where:

q is the uniform distributed load on a circular foundation (here, the pressure at the pile tip)- kPa
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R is the radius of the pile tip- cm
Z0 is depth of total pressure cell (TPC) measured from the pile tip- cm

ZO
ini

o, is the initial vertical soil pressure recorded by the total pressure cell- kPa

In the above equation, Boussinesq [33] assumed that the soil is a linear-elastic, homogenous, isotropic, semi-infinite medium. In the
present study, an attempt was made to relate any deviation of the total cell pressure readings from the pressures estimated by
Boussinesq [33] equation to deviation of the soil state from the assumptions made by Boussinesq [33]. Sadek and Shahrour [34]
reported that the Boussinesq [33] equation underestimates stresses if the soil is in plastic state. According to Figure 13-a, the measured
vertical stresses by the TPC under Pile4 in test “Groupl” is almost the same as those estimated by Eq. 1, implying that the soil in that
zone remained in elastic state during thermal cycling. Note that in test “Groupl”, the TPC readings under the energy pile during
heating phases are larger than values estimated by Eq. 1 denoting that the soil is deviating from elastic state while during cooling
phases TPC readings are relatively close to those estimated by Eq. 1.
4. FURTHER DISCUSSIONS

In order to gain a deeper insight into the behavior of the pile and especially the behavior of the soil under the pile tip, a parameter

named as “pile tip behavior index” (| ot ) is introduced which is calculated as follows:

| ==t _~a %100 Eq. 2

In which:

| . is the pile tip behavior index (%);

pt

O'bZO is the estimated vertical soil pressure at depth of Z0 below the pile tip based on Boussinesq [33]- kPa
G§° is the soil pressure at a depth of Z0 under the pile tip measured by a soil pressure sensor.

In other words, |pt somehow may indicate deviance of the soil from elastic behavior; meaning that the larger the pile tip behavior

index is, probably the more plastic the soil under the pile tip has become (note that one important assumption in Boussinesq [33]
equations is that the soil remains an elastic homogenous medium.).

Time history of the pile tip behavior index for different piles during stepwise mechanical loading of the pile group is presented in
Figure 14. Even though mechanical loading of the pile group was conducted with extreme caution to avoid sudden impacts on the cap,

the spikes in this figure are corresponding to inevitable slight vibrations of the pile group in the process of adding surcharge weights.
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As can be seen, the first 2-3 steps of loading caused an increase in the |pt while farther loading of the pile group reduced this

parameter which can imply an increase in soil elastic modulus due to compaction under the pile tip at larger head loads.

Time history of pile tip behavior index (| pt) during thermal cycling for different piles of each test is plotted in Figure 15. The large

spikes are corresponding to shocks caused by the thermal phase shift from heating to cooling or vice versa. Note that in tests

“Groupl” and “Group2”, the |pt for the energy piles has risen up to approximately 20% and has reduced again with the start of the
first cooling phase. From the second thermal cycle onwards, the | ot of the energy pile in test “Groupl” remained close to zero which

can be a sign of soil compaction under the pile tip after the first thermal cycle. In test “Group2” the | ot of the non-energy piles has

increased with each heating phase (especially after the third thermal cycle) and has decreased during cooling phases; in this test during
the first three thermal cycles probably the soil under the energy piles was excessively compacting with each plastic settlement and

consequently less energy was reached to the soil under the pile tip of non-energy piles which could be the reason of less increases of

the | ot for the non-energy piles during the early thermal cycles. Note that the |pt of the non-energy pile in test “Group3” followed

a similar pattern. In test “Group3~, the changes of the | ot for the energy piles are smaller relative to those observed for the energy

piles of the other two tests. This can be attributed to less head restraint in test “Group3” due to fewer non-energy piles in the group.
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7. Conclusion

In the present study three 1g physical model tests on 2x2 pile groups were conducted to study the effect of unsymmetrical

thermal loading on the behavior of the pile group. The pile groups are initially loaded in a stepwise manner to 400 N (415N
considering the weight of the loading shaft) at constant temperature of 21.5°C. In tests “Groupl”, “Group2” and “Group3”, one, two
and three energy piles were used; respectively to apply an unsymmetrical thermal load to the group. Axial forces and bending moment
along the piles of the group are recorded by full-bridge circuits of strain gauges. Displacements of the pile cap were recorded by four
displacement sensors at each corner of the cap. Temperature distribution around the energy piles is monitored using several

thermocouples at different locations around the pile group. Total soil pressure cells were used under each pile and their readings were
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adopted to introduce a new parameter named as “pile tip behavior index” - |pt . The introduced parameter is used to describe the

elastic/plastic state of the soil under the pile tip. The summary of the most important findings of this study are as follows:

1-

10-

During the initial mechanical loading of the group, larger settlements were observed during first steps of the mechanical
loading which can be attributed to the activation of sleeve friction along the piles and possible increase in soil elastic modulus
under the pile tip due to compaction.

The magnitude of total settlement of each pile (regardless of the tilt in the cap) in all tests remains smaller than the maximum
allowable settlement, which is conventionally taken as 10% of the pile diameter (2mm).

Tilt of the cap in tests “Groupl” and “Group2” exceeds allowable limit of 1/500 (0.2%) suggested by EN 1997-1 [32] in
second and first cooling phases; respectively. In test “Group3” however, the diagram corresponding to tilts of the cap touches
the limit line in fourth cooling phase for the first time and marginally exceeds the allowable limit in the following cooling
phases.

The null point of the energy pile in test “Groupl” is initially located at an approximate depth of 300 mm from the pile head.
From the second heating cycle onwards, the location of null point has moved downwards to the depth of 400 mm in heating
phases which implies that the lower half of the pile is taking larger load share relative to the upper half. Location of the null
point of energy piles in tests “Group2” and “Group3” remains almost at depth of 400 mm during all heating phases.

During cooling phases in all tests, the location of the null point of energy piles almost remains constant at depth of 300 mm
below pile tip.

In energy piles, the majority of the heating phases caused an increase in the mobilized friction in upper parts of the pile
(depths of 100 mm to 400 mm below the pile head) while having mostly a reductive effect on the mobilized sleeve friction at
depths below 400 mm from the pile head.

The thermally induced bending moments and axial forces in the piles of this study are well below the yield limits of the pile
material. However, due to cyclic nature of the thermal loading, fatigue effects which can build up cracks within the pile

material over the long run, should be taken into account, regardless.

The introduced “pile tip behavior index”- | . was found to be useful in interpretation of the soil behavior under the pile tip.

pt
During the initial mechanical loading of the group, the first 2-3 steps of loading caused an increase in the |pt while farther

loading of the pile group reduced this parameter which can imply an increase in soil elastic modulus due to compaction under

the pile tip at larger head loads.

From the second thermal cycle onwards, the | ot of the energy pile in test “Groupl” remained close to zero which can be a

sign of soil compaction under the pile tip after the first thermal cycle.
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11- In tests “Group2” and “Group3” the |pt of the non-energy piles has increased with each heating phase (especially after the

third thermal cycle) and has decreased during cooling phases.

12- In test “Group3”, the changes of the | ot for the energy piles are smaller relative to those observed for the energy piles of the

other two tests. This can be attributed to less head restraint in test “Group3” due to fewer non-energy piles in the group.
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Table 1 Test plan

Mechanical Energy pile
Test name Number of energy piles Soil type
surcharge (kg) temperature (°C)
Groupl 1 Air-dried silty sand (Dr=70%) 41.5 21.5+6 (10 cycles)
Group?2 2 Air-dried silty sand (Dr=70%) 41.5 21.5+6 (10 cycles)
Group3 3 Air-dried silty sand (Dr=70%) 41.5 21.5+6 (10 cycles)
Table 2 Adopted scaling factors in the present study
Hydro-Mechanical quantities [29, 30] Thermal quantities
Scaling factors | Quantity Scaling factors
Quantity
(prototype/model) (prototype/model)
Ay =4, =1 Ao =2 =1
A =208 A, =A%
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Acceleration 1 Temperature hg
Length A Time (Diffusion) 22
Thermal expansion coefficient by
Density Ap %
0
Time (Dynamic) (M»S )0-5 Thermal conductivity 1
Displacement AN, Thermal diffusivity 1
Stress M»p Specific heat 1
Strain xg Energy (heat) 7»37»’)7»9
. AA

Stiffness y A
Force A R
Energy (mechanical) X4kag

440

441

442

443

444

445 Table 3 Mechanical specifications of the piles in prototype and in the physical model

Assumed prototype pile (concrete pile with circular section)

E(GPa) Diameter(cm) I(cm?) Section area-A (cm?)

25 60 635850 2826

Mathematically required model pile specifications

Quantity Scaling factor Prototype Model
El (kN.m?) 245 — 2 158962.5 0.222156847
EA (kN) A25 =202° 7065000 3949.455065

Adopted model pile specifications
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Outer diameter (cm)

2

Wall thickness (cm) 0.12
Inner diameter (cm) 1.76
Imogei(CM*) 0.314239142
Anmogei(€M?) 0.708384
EAluminum (GP&) 70
EImodel 0.2199674
EAmodel 4958.688
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Fig. 1 Schematic views of the model configuration; a) plan view and b) section 1-1
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467 Fig. 7 Time histories of pile head displacements for tests a) "Groupl"”, b) "Group2" and c) "Group3"
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470 Fig. 8 Tilt and rotation angle of pile group caps in each test
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472 Fig. 9 Temperature-induced axial force profiles along a) Pilel, b) Pile2,3 and c) Pile4 for test "Group1"
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474 Fig. 10 Temperature-induced axial force profiles along a) Pile1,2 and b) Pile3,4 for test "Group2"
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477 Fig. 11 Temperature-induced axial force profiles along a) Pilel, b) Pile2,3 and c) Pile4 for test "Group3"
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480 Fig. 12 Share of each pile from total mechanical head load on the group (415 N) for a) Groupl, b) Group2, ¢) Group3 and share of
481  pile tip from each pile's head load for d) Group1, e) Group2 and f) Group3
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Fig. 13 Time histories of total soil pressure under different piles in each test
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488 Fig. 14 Time history of pile tip behavior index before the onset of thermal cycling and during mechanical loading of the pile group for
489  different piles in tests: a) "Group1”, b) “Group2” and c) “Group3”
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Fig. 15 Time history of the pile tip behavior index for different piles of each test
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