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Abstract: In this research, the cyclic mechanical behavior of two heat storage sandy soils is
experimentally studied using a cyclic thermo-mechanical triaxial device. The results of the tests,
which were performed under controlled temperature conditions between 20 and 60 ◦C, show a
significant dependence of the mechanical response of the sandy soils with the amplitude of the
cyclic loading and medium temperature. The mechanical performance and accumulation of plastic
strains of the soils with an increasing number of loading cycles are discussed in view of the intrinsic
soil behavior.
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1. Introduction

Closing the gap between energy demand and supply is one of the greatest challenges of our
time. One of the many practical solutions provided by the field of energy geotechnics in satisfying
the worldwide energy demand is via clean and renewable energy schemes, such as seasonal thermal
energy storage via borehole thermal energy storage (BTES) systems (e.g., soils) or solid sensible heat
storage systems (e.g., cemented porous media). In both cases, heat or cold from solar collectors or other
forms of energy is collected and stored for long periods to be used for future industrial or domestic
purposes [1–6], and hence such systems have recently emerged as a viable and encouraging alternative
in satisfying the energy requirements of both small and large scale applications. A detailed review on
the design considerations for BTES systems is provided in [7].

Such sensible thermal energy storage systems are usually built below ground level supporting
structures (or designed as part of the sub-structure of buildings) and hence are expected to have load
bearing capabilities. Therefore, accurate study of their mechanical stability (both in terms of static and
cyclic mechanical loading, due to manmade structures as well as natural hazards such as earthquakes),
especially at elevated temperatures, should be carefully assessed prior to their design and operation by
performing appropriate mechanical tests.

Several modeling and experimental studies were carried out in the past with regards to the static
mechanical behavior of clayey soils at elevated temperatures [8–11]. Uchaipichat and Khalili [12]
performed experimental studies on the static mechanical behavior of an unsaturated silt between
temperatures of 25 and 60 ◦C using a triaxial equipment modified for testing at temperature and suction
controlled conditions. Furthermore, an example study of the mechanical stability of solid sensible
heat storage materials under the effect of static loading and temperature was presented in [13]. All of
the studies showed a significant dependence of the static mechanical performance of the investigated
soils/materials on medium temperature. Similar to the response of the soils or other heat storage
materials to static loading, their behavior upon cyclic loading is also expected to be affected by changes
in temperature.
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Considering the importance of the study of the behavior of soils subjected to cyclic loading,
several theoretical and empirical constitutive models to estimate their cyclic behavior have also been
proposed in past studies [14–18]. The behavior of clayey soils subjected to cyclic loading has been
studied in [19–21]. Cyclic laboratory tests on clayey soils are typically performed in undrained
conditions and can lead to the generation of excess pore pressures and the accumulation of shear
strains. Several laboratory experiments on the cyclic behavior of sandy soils have also been carried out
in the past. Results of cyclic triaxial tests on sand where the increase in the accumulated strains were
found to be proportional to the logarithm of the number of cycles were reported in [22]. Other tests
where the accumulation of the rate of strain of coarse-grained soils decreased proportionally with the
inverse of the number of cycles were reported in [23]. Duku et al. [24] presented the results of drained
cyclic tests on sands at various factors such as relative density, gradation, mineralogy, frequency etc.,
and Tatsuoka et al. [25] reported on the results of undrained cyclic triaxial tests on Toyoura sand at
different frequencies between 0.05 and 1.0 Hz. Overall, a negligible influence of the loading frequency
on the cyclic behavior of the soils was reported in the literature.

Depending on the drainage type of the granular media used as a heat storage material,
the application of a cyclic mechanical loading may cause an accumulation of irreversible or plastic
deformations or excess pore pressures. For drained conditions, a cyclic loading can cause the
accumulation of plastic strains at a high number of cycles even for small amplitudes of loading.
For un-drained conditions, a cyclic loading with a considerably high amplitude (such as from an
earthquake) can cause the accumulation of high pore pressures leading to the loss of strength or
liquefaction of the soil [14].

Such accumulation of plastic strains is of high importance in practical cases such as in heat storage
media, where the tolerance to displacement is small, and may endanger the long-term serviceability
of the system. Such serviceability failures within the heat storage granular media can greatly affect
the heat transport to and from the soil and the heat exchanger interface. One parameter which is
significantly affected by the serviceability failures within the heat storage media is thermal conductivity.
The thermal conductivity of the heat storage soils controls the rate of loading or un-loading of heat
storage systems and their overall efficiency [26,27].

On this basis, in this study, the cyclic mechanical stability of two heat storage sandy soils was
assessed experimentally at different amplitudes of the cyclic loading and temperatures using a cyclic
thermo-mechanical triaxial device. The findings of the cyclic loading tests at elevated temperature
reported in this study are of particular importance in the context of heat storage soils, especially
considering the limited or lack of research available in the literature in this area. The research was
conducted as part of the work of project Angus II (Figure 1), which aims at assessing the impacts of
the use of the geological subsurface for thermal, electrical and material energy storage in the context
of the transition to renewable energy sources, using the area of Schleswig-Holstein, Germany, as a
model example. As the soil in the BTES system is near dry condition with a significant hydraulic
permeability (porosity), the cyclic loading tests presented in this study were performed at fully drained
dry conditions. It should also be noted that unsaturated and dry soils have a lower effective heat
capacity when compared to saturated soils, they also possess a comparatively lower effective thermal
conductivity, which although it results in lower loading/unloading rates of heat transfer, helps better
retention of heat in the storage unit.
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Figure 1. A meso-scale 5 × 3 × 2 m3 experimental indoor high-temperature borehole thermal energy 
storage (BTES) of project Angus II in Kiel, Germany, with a cemented closed loop borehole heat 
exchanger (BHE), containing dual u-tube pipes, located at the center of the heat storage system: (a) 
installation of sensors in the heat storage soil, a fine-sand, which is one of the subjects of investigation 
of this research; (b) the heat storage system after insulation. 

2. Experimental Program 

2.1. Tested Soils 

Two coarse-grained soils, namely a fine sand, labeled here as sand A (S-A) (Figure 2a) and a 
coarse sand, labeled here as sand B (S-B) (Figure 2b) were analyzed.  
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Figure 2. A sample of: (a) sand A; (b) sand B. 

The fine sand, S-A, is also the heat storage media used in the BTES of project Angus II as shown 
in Figure 1. Whereas, the coarse sand, S-B, due to its comparatively higher hydraulic permeability, is 
used for a second set-up in project Angus II as a modular heat storage system, at a comparatively 
smaller scale, in a cylindrical barrel heated with a central BHE unit to study the convective heat 
transport in porous media in sensible heat storage systems.  

A summary of the obtained physical and geotechnical properties of the sandy soils (obtained 
through measurements in our laboratories at Kiel University), in accordance with standards [28–30], 
are presented in Table 1. The transient effective thermal conductivities and effective heat capacities 
of the sands were measured using a Decagon KD2 Pro device with a SH-1 dual needle probe, which 
has a length of 30 mm, a diameter of 1.3 mm and 6 mm of spacing between the two needles. The 
thermal parameter measurements were conducted at room temperature and in atmospheric 
pressure conditions based on transient line heat source analysis [31,32]. Figures 3 and 4 show the 
X-ray diffraction (XRD) mineralogical analysis and grain size distributions of the soils. 

Table 1. Physical properties of the sandy soils obtained through measurements at Kiel University. 

Figure 1. A meso-scale 5 × 3 × 2 m3 experimental indoor high-temperature borehole thermal energy
storage (BTES) of project Angus II in Kiel, Germany, with a cemented closed loop borehole heat
exchanger (BHE), containing dual u-tube pipes, located at the center of the heat storage system:
(a) installation of sensors in the heat storage soil, a fine-sand, which is one of the subjects of investigation
of this research; (b) the heat storage system after insulation.

2. Experimental Program

2.1. Tested Soils

Two coarse-grained soils, namely a fine sand, labeled here as sand A (S-A) (Figure 2a) and a coarse
sand, labeled here as sand B (S-B) (Figure 2b) were analyzed.
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Figure 2. A sample of: (a) sand A; (b) sand B.

The fine sand, S-A, is also the heat storage media used in the BTES of project Angus II as shown in
Figure 1. Whereas, the coarse sand, S-B, due to its comparatively higher hydraulic permeability, is used
for a second set-up in project Angus II as a modular heat storage system, at a comparatively smaller
scale, in a cylindrical barrel heated with a central BHE unit to study the convective heat transport in
porous media in sensible heat storage systems.

A summary of the obtained physical and geotechnical properties of the sandy soils (obtained
through measurements in our laboratories at Kiel University), in accordance with standards [28–30],
are presented in Table 1. The transient effective thermal conductivities and effective heat capacities of
the sands were measured using a Decagon KD2 Pro device with a SH-1 dual needle probe, which has a
length of 30 mm, a diameter of 1.3 mm and 6 mm of spacing between the two needles. The thermal
parameter measurements were conducted at room temperature and in atmospheric pressure conditions
based on transient line heat source analysis [31,32]. Figures 3 and 4 show the X-ray diffraction (XRD)
mineralogical analysis and grain size distributions of the soils.
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Table 1. Physical properties of the sandy soils obtained through measurements at Kiel University.

Properties Sand A Sand B

Gravel, >2 mm (wt.%) 2.65 21.33
Sand, 0.063–2 mm (wt.%) 95.6 78.61

Silt and clay, <0.063 mm (wt.%) 1.75 0.06
Porosity n (-) 0.33 0.36

Solids specific gravity Gs (-) 2.68 2.67
Dry density ρd (kg m−3) 1790 1700

Grain diameter at 10% passing D10 (mm) 0.12 0.60
Grain diameter at 50% passing D50 (mm) 0.33 1.20

Coefficient of uniformity Cu (-) 3.33 2.17
Coefficient of curvature Cc (-) 1.30 1.28

Dry effective thermal conductivity λdry (W m−1 K−1) 1 0.309 0.295
Saturated eff. thermal conductivity λsat (W m−1 K−1) 1 2.188 2.054
Dry effective specific heat capacity cdry (M J m−3 K−1) 1 1.355 1.269
Saturated eff. specific heat capacity csat (M J m−3 K−1) 1 2.094 2.553

Unified soil classification system (USCS) SP 2 SP 2

1 Effective parameters obtained using Decagon KD2 Pro transient thermal needle probes. 2 Poorly graded sand.
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Figure 3. XRD plots of: (a) sand A; (b) sand B.
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Figure 4. Particle size distributions (percent passing P vs. grain diameter d) of the two sandy soils.

2.2. Equipments Used

The cyclic mechanical stability of the soils was analyzed experimentally using an electromechanical
cyclic triaxial testing device (Figures 5 and 6). The cyclic testing apparatus consisted of a triaxial cell
(Figure 6), a vertical loading machine (with a high precision controlled load frame and a TC4-25 load cell
with a maximum force limit of 25 kN) capable of applying cyclic deviatoric stresses at frequencies f of
up to 5 Hz and different amplitudes, a dynamic high precision cell pressure system capable of applying
cyclic cell pressure to the specimen, two WDC dynamic real time digital closed-loop actuator controllers
(one for the deviatoric stress and the other for the cell pressure), a single volume-pressure-controller or
VPC 10/1000 pore-water (back-pressure) application system (with a volumetric capacity of 1000 ml and
maximum pressure limit of 1000 kPa), a Huber Ministat 125 Pilot ONE heat pump for controlling the
temperature of the triaxial cell via a circulating fluid (glycol + distilled water) and a PC control and
datalogger unit for system control and data recording (Figure 5).
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Figure 6. Schematic representations of the triaxial cell used in testing the sandy soils: (a) outside view;
(b) inside or sectional view.

2.3. Experimental Procedure

The specimens were prepared at dry moisture condition with a diameter of 100 mm and a height
of 200 mm, making sure that the bulk density was homogeneous throughout the specimen volume.
The cyclic loading tests were performed at a cell pressure of 100 kPa, which was initially applied to the
specimen and was maintained during a short stage consolidation of the samples, during which the
drainage valves were kept open and no back pressure was applied. A deviatoric stress σdev of 150 kPa
was then applied statically to the specimens to be used as the base load σdev,base for the cyclic loading
tests, which were conducted with the drainage valves fully open.

The cyclic loading tests were conducted at a frequency f of 0.1 Hz, with deviatoric stress amplitudes
σdev,amp of 10, 20 and 30 kPa, medium temperatures of 20, 40 and 60 ◦C and for a number of cycles
N of up to a maximum of around 2200. Prior to the start of the cyclic tests, sufficient temperature
stabilization time was allotted to achieve steady state conditions within the samples. The cyclic
loading and displacement data were recorded at an acquisition rate of around 0.25 s. The mechanical
(static and cyclic) loading schemes used are diagrammatically depicted in Figure 7.
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3. Results and Discussion

3.1. Time Plots

Figure 8 presents the time plot results for the first three cycles of the cyclic loading tests of the
sandy soils at room temperature.
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3.2. Cyclic Loading Results at Different Deviatoric Stress Amplitudes 

Figure 8. Cyclic loading time plots with deviatoric stress amplitudes σdev,amp of 10, 20 and 30 kPa for
(a,c,e) sand A; (b,d,f) sand B.

The plots showed a significant increase in the measured axial cyclic strain εcyc of the soil samples
with the increasing number of cycles N, as the strain and stress loops generated due to the application
of the cyclic loads were not completely closed. This led to irrecoverable strains and the accumulation
of plastic strain εacc with each applied cycle [14]. As the frequency f of the cyclic loading in this
study was in between 0 and 1 Hz, inertia forces could be neglected and the accumulated strains were
predominantly plastic [33,34].

Moreover, the magnitude of the εacc of the soils was generally the highest within the first cycle,
which is commonly referred to as the ”irregular cycle”. As expected, for both soils, the magnitudes of
the εacc increased with an increase in the applied deviatoric stress amplitude σdev,amp or cyclic strain
amplitude, corroborating previous studies [14,24].
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3.2. Cyclic Loading Results at Different Deviatoric Stress Amplitudes

Figures 9 and 10 show the results of the cyclic loading tests on the soils which were conducted at
room temperature with deviatoric stress amplitudes σdev,amp between 10 and 30 kPa.
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Figure 9. Cyclic stress–strain plots at room temperature with deviatoric stress amplitudes σdev,amp of 10
and 30 kPa for (a,c) sand A; (b,d) sand B.
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The results showed a significant increase in the measured axial cyclic strains εcyc and hence the
accumulation of plastic strains εacc of both soils with the increasing number of cycles N. The rate of
increase in the measured εacc of the soils was also directly proportional to the magnitudes of the applied
deviatoric stress amplitudes σdev,amp [14,24]. With the application of cyclic loading and changes in the
stress–strain loops of the soils, the quartz and albite dominated particle grains (grains of high angular
shape irregularity and hence interlocking, especially for sand B as shown in Figure 2, and with a high
uniformity of particle gradation leading to high soil void ratios as shown in Table 1 and Figure 4)
were subjected to changes in their inter-particle interlocking and frictional forces and the soil skeleton
underwent grain rearrangements leading to irrecoverable or plastic strains.
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Moreover, most of the measured εacc of the soils occurred within the first 100 cycles, after which
the increase in the measured εacc was gradual. When comparing the nature of the accumulation of
plastic strain of the soils due to cyclic loading with previous studies, it can be concluded that they
exhibited a typical shakedown behavior, where the strain increment decreases with the increasing
number of cycles without reaching ultimate failure [34,35]. Overall, sand A had higher recorded εcyc

and εacc values for the given number of cycles when compared with sand B (with εacc values of 0.4%
for sand A and 0.22% for sand B at around N = 2200 cycles for σdev,amp of 30 kPa at room temperature),
due to its comparatively finer texture and lower strength or compressibility modulus.

With the application of cyclic mechanical loading and the subsequent increase in the accumulated
plastic strains and hence the compaction of soils, the effective thermal conductivity of soils is expected
to increase. This will in turn maximize the efficiency of the heat storage system by increasing the
charging/un-charging rates of the heat storage unit. However, cyclic mechanical loading may have a
negative impact on the BHE unit of the heat storage system (which is usually made of cemented porous
media) by creating serviceability failures/formation of cracks with an increase in the number of cycles
and the accumulation of plastic strains, which will in turn lower the effective thermal conductivity and
hence the efficiency of heat transfer of the cemented media.

3.3. Cyclic Loading Results at Different Temperatures

Figures 11 and 12 show the results of the cyclic loading tests which were conducted with a
deviatoric stress amplitude σdev,amp of 20 kPa and medium temperatures T between 20 and 60 ◦C.

As can be seen from the results, for the given deviatoric stress amplitude σdev,amp, an increase
in temperature T of the soils introduced elastic behavior in the soil skeleton, which allowed for the
recovery of a small portion of the total cyclic strain εcyc of each cycle (see the stress–strain loops and
stiffness changes within each cycle as depicted in Figure 11). As a result, a more stable soil configuration
with a comparatively lower measured εacc was obtained with an increase in the medium temperature
of both sands. This reduction in the measured εacc of the soils at elevated temperatures may mitigate
some of the effects of the long term serviceability failures typically caused by the accumulation of
plastic strains due to cyclic loading, which can in turn cause significant reductions to the effective
thermal conductivity of the heat storage materialsin the BTES system.

Energies 2020, 13, x FOR PEER REVIEW 9 of 12 

 

exhibited a typical shakedown behavior, where the strain increment decreases with the increasing 
number of cycles without reaching ultimate failure [34,35]. Overall, sand A had higher recorded εcyc 
and εacc values for the given number of cycles when compared with sand B (with εacc values of 0.4% 
for sand A and 0.22% for sand B at around N = 2200 cycles for σdev,amp of 30 kPa at room temperature), 
due to its comparatively finer texture and lower strength or compressibility modulus.  

With the application of cyclic mechanical loading and the subsequent increase in the 
accumulated plastic strains and hence the compaction of soils, the effective thermal conductivity of 
soils is expected to increase. This will in turn maximize the efficiency of the heat storage system by 
increasing the charging/un-charging rates of the heat storage unit. However, cyclic mechanical 
loading may have a negative impact on the BHE unit of the heat storage system (which is usually 
made of cemented porous media) by creating serviceability failures/formation of cracks with an 
increase in the number of cycles and the accumulation of plastic strains, which will in turn lower the 
effective thermal conductivity and hence the efficiency of heat transfer of the cemented media. 

3.3. Cyclic Loading Results at Different Temperatures 

Figures 11 and 12 show the results of the cyclic loading tests which were conducted with a 
deviatoric stress amplitude σdev,amp of 20 kPa and medium temperatures T between 20 and 60 °C. 

 
(a) 

 
(b) 

  
(c) (d) 

Figure 11. Cyclic stress–strain plots with temperatures of 20 and 60 °C for (a, c) sand A; (b, d) sand B. 

  
(a) (b) 

Figure 12. Accumulated plastic strain εacc vs. number of cycles N plots at different temperatures T for 
(a) sand A; (b) sand B. 

εcyc [%]
0 0.05 0.1 0.15 0.2 0.25 0.3

110

130

150

170

190
S-A, T = 20°C

Figure 11. Cyclic stress–strain plots with temperatures of 20 and 60 ◦C for (a,c) sand A; (b,d) sand B.



Energies 2020, 13, 3835 10 of 12

Energies 2020, 13, x FOR PEER REVIEW 9 of 12 

 

exhibited a typical shakedown behavior, where the strain increment decreases with the increasing 
number of cycles without reaching ultimate failure [34,35]. Overall, sand A had higher recorded εcyc 
and εacc values for the given number of cycles when compared with sand B (with εacc values of 0.4% 
for sand A and 0.22% for sand B at around N = 2200 cycles for σdev,amp of 30 kPa at room temperature), 
due to its comparatively finer texture and lower strength or compressibility modulus.  

With the application of cyclic mechanical loading and the subsequent increase in the 
accumulated plastic strains and hence the compaction of soils, the effective thermal conductivity of 
soils is expected to increase. This will in turn maximize the efficiency of the heat storage system by 
increasing the charging/un-charging rates of the heat storage unit. However, cyclic mechanical 
loading may have a negative impact on the BHE unit of the heat storage system (which is usually 
made of cemented porous media) by creating serviceability failures/formation of cracks with an 
increase in the number of cycles and the accumulation of plastic strains, which will in turn lower the 
effective thermal conductivity and hence the efficiency of heat transfer of the cemented media. 

3.3. Cyclic Loading Results at Different Temperatures 

Figures 11 and 12 show the results of the cyclic loading tests which were conducted with a 
deviatoric stress amplitude σdev,amp of 20 kPa and medium temperatures T between 20 and 60 °C. 

 
(a) 

 
(b) 

  
(c) (d) 

Figure 11. Cyclic stress–strain plots with temperatures of 20 and 60 °C for (a, c) sand A; (b, d) sand B. 

  
(a) (b) 

Figure 12. Accumulated plastic strain εacc vs. number of cycles N plots at different temperatures T for 
(a) sand A; (b) sand B. 

εcyc [%]
0 0.05 0.1 0.15 0.2 0.25 0.3

110

130

150

170

190
S-A, T = 20°C

Figure 12. Accumulated plastic strain εacc vs. number of cycles N plots at different temperatures T for
(a) sand A; (b) sand B.

4. Conclusions

Assessing the mechanical behavior (in the forms of static and cyclic loading, from manmade
structures as well as natural hazards such as earthquakes) of heat storage media in solid sensible heat
storage and borehole thermal energy storage (BTES) systems is essential prior to their design and
operation, as such systems are usually designed at or below ground level with load bearing capabilities
and supporting structures. Furthermore, for the case of cyclic mechanical loading, the accurate
estimation of the accumulated plastic strains of the heat storage material prior to the design of the
heat storage system ensures the avoidance of future long-term serviceability failures. In this study,
the cyclic mechanical performance of two heat storage sandy soils was experimentally studied using a
cyclic thermo-mechanical triaxial device.

The results showed a significant increase in the measured axial cyclic strains and the accumulation
of plastic strains of both soils with the increasing number of cycles. As expected, the rate of increase
in the measured accumulated plastic strains of the soils was also found to be directly proportional
to the magnitudes of the applied deviatoric stress amplitudes. Moreover, most of the measured
accumulated plastic strains of the soils occurred within the first 100 cycles, after which the increase in
the accumulated plastic strains wasgradual. Overall, sand A exhibited higher recorded axial cyclic
strains and accumulated plastic strains for the given number of cycles when compared with sand B
(with accumulated plastic strains of 0.4% for sand A and 0.22% for sand B at around 2200 cycles for a
cyclic loading deviatoric amplitude of 30 kPa at room temperature), due to its comparatively finer
texture and lower strength or compressibility modulus.

Furthermore, an increase in the temperature of the soils introduced elastic behavior in the quartz
and albite dominated soil skeleton, which allowed for the recovery of a small portion of the total
cyclic strain within each cycle, leading to a more stable soil configuration with a comparatively lower
accumulation of plastic strains. Overall, the results show a significant dependence of the cyclic
mechanical behavior, and in particular the accumulation of plastic strains, of the investigated heat
storage sandy soils on the amplitude of the applied cyclic loading and the medium temperature.
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