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1 INTRODUCTION 

Efficient and inexpensive energy storage systems rep-
resent a crucial component in the modern sustainable 
energy strategy. The thermal energy storage, defined 
as the temporary storage of thermal energy at high or 
low temperatures (Ercan Ataer, 2006), seems to be 
the most suitable tool for balancing the mismatch 
arising sometimes between the energy production and 
demand (Dincer & Rosen, 2010). Except thermal en-
ergy storages, the thermo-mechanical response of a 
rock massif subjected to temperatures around 100°C 
is investigated also in the context of high level radio-
active waste disposal. In this case, various in-situ 
heater tests were published from the KAERI Under-
ground Research Tunnel (e.g. Kwon et al., 2013), the 
Stripa mine and Äspö in Sweden (e.g. Chan et al., 
1981; Andersson & Martin, 2009), the Grimsel Test 
Site (e.g. Schneefuβ et al., 1989), and the Under-
ground Research Laboratory of AECL (e.g. 
Berchenko et al., 2004).  

Our in situ experiment has been set up in order to 
evaluate cyclic heating and cooling on the thermo-hy-
dro-mechanical characteristics of granitic rock. The 
main objective of the experiment is to confirm or rule 
out any potential changes in physical and chemical 
parameters of granitic rocks due to the thermal load 
of maximum 95°C. Appropriate attention is also paid 
to changes in the flow and circulation of groundwater 
and to the deformation of the  
 

rock massif caused by cyclic heating. These are the 
key parameters necessary for the safe design and con-
struction of underground structures intended for the 
storage of thermal energy or for radioactive waste dis-
posal. Geotechnical monitoring is focused on stress 
and strain changes in rock matrix (stressmeters and 
strain gages), pore pressure (piezometers) and dis-
placements induced along fractures (micro and 3D 
crackmeters). 

2 EXPERIMENT AND METHODS 

In the Underground Research Laboratory (URL) 
Josef, located in Central Bohemia, Czech Republic, 
granitic rock (tonalite) is being studied as a host rock 
of the underground thermal energy storage. The Josef 
URL is situated in the exploration gallery of Psí hory 
gold-bearing ore district. The rock massif is built by 
faulted/fractured granitic rocks of Sázava pluton 
which belongs to the Central Bohemian Plutonic 
Complex. It is penetrated by dense swarms of quartz 
gold-bearing veinlets and younger fissures filled with 
calcite. The crystallization age of the Sázava tonalite 
was determined by conventional zircon U–Pb method 
to 354.1±3.5 Ma (Janoušek et al, 2004). The Sázava 
pluton intruded into low metamorphosed rocks of ne-
oproterozoic Teplá-Barrandien Unit (volcanosedi-
mentary sequence of Jílove Zone) (Žák et al., 2005). 

The experiment is located in an opening about 
2.3km from the adit entrance and is covered by about 

ABSTRACT: In the frame of an in-situ experiment a study of heat stress of rock is carried out in underground 
laboratory Josef (central Europe). The rock massif is monitored in c. 10m perimeter around a heating borehole, 
being built by fractured granitic rocks crosscut by a swarm of quartz veinlets. The main objective of the study 
is to confirm or eliminate any possible changes in physical and chemical parameters of granitic rocks exposed 
to thermal load of maximum 95°C. Deformation modulus of rock massif which were used to calculate the stress 
changes was determined by Goodman Jack test. Geotechnical monitoring is focused on stress and strain changes 
in rock matrix, groundwater pressure and displacements induced along fractures. Present results indicate very 
rapid reaction of the rock massif to fluctuations in rock heating intensity and large extent of these artificially 
induced stress changes. The changes appear without any observable hysteresis. 
 

β

mentary sequence of Jílove Zone) (Žák et al., 2005). 

Geotechnical monitoring of in situ heater test 

K. Sosna & J. Záruba 
Arcadis CZ a.s., Prague, Czech Republic 

1375



120m thick rock overburden. The rock massif is mon-
itored in ca. 10m perimeter around horizontal heating 
borehole with diameter of 0.85m and length of 2.20m. 
Monitoring boreholes (0.4 to 10.5m long, ca. 130m 
total length) are used for application of non-destruc-
tive measurement methods, particularly for the mon-
itoring of thermodynamic (temperature), geotech-
nical (straingage, position, rock stress, stressmeter), 
hydraulic (piezometer, hydrostatic pressure), and mi-
croseismic (seismo-acoustic) data. Boreholes VG-1 
to VG-3 are oriented subparallel to the heating-cool-
ing (main) borehole, VG-4 is perpendicular to it. Re-
mote VG-5 trends 55° to the main borehole. The blue 
cylinder in the main borehole is an unwanted artifact 
of 3D texturing. The blue line at bottom represents an 
old prospection borehole, used presently for measure-
ment of underground water pressure. The figure de-
picts a view from the rock massif to the experimental 
adit, while the brown 3D shaded body represents an 
outer shell of the adit (Figure 1). A cyclic thermal 
load of rocks is simulated by repeated heating and 
cooling. Duration of the first cycle of heating-cooling 
lasted eleven months, the second cycle took five 
months. Additional four shorter cycles (heating be-
tween six and thirty four days) followed to simulate 
the practical working regime of the system, which 
should cover energy production peaks. The 
heater/cooler consists of an electro boiler/heat pump 
and a tank, circulating pumps, and PEX-AL-PEX 
tubes. Temperature of the water, which is used as the 
heat medium, varies between 10°C and 95°C. The 
PEX-AL-PEX tubes are coiled in the horizontal heat-
ing borehole from the depth of 1.7m to 2.2m (Figure 
2). The first 1.7m of the heating borehole is insulated 
against the heat exchange by the bags filled with cel-
lular glass insulation (FOAMGLAS). 

 

 
 
Figure 1. 3D laser scan model of the test site with monitoring 
boreholes and devices  

 

 
 
Figure 2. The heating borehole with the heating water pipe 

 
Deformation modulus of rock massif was deter-

mined by Goodman Jack test (Durham Geo Slope In-
dicator, Hard Rock Type) before and after the heating 
experiment. Ca. fifty tests were carried out in ten 
monitoring boreholes of 76mm diameter. Each test 
was comprised of two loading and unloading stages 
with the pressure step of 5MPa. The data from second 
loading stage, where the pressure level was stepwise 
increased from 20MPa to 40MPa, were selected to 
calculate the deformation modulus. 

In situ stress changes induced by thermal loading 
were measured by vibrating wire stressmeters 
(Geokon, Model 4300BX Hard Rock). Each stress-
meter is equipped with a thermistor, which enables to 
measure the temperature simultaneously. This value 
is used for correction caused by temperature changes 
of the sensor body. Three stressmeters, installed in the 
monitoring boreholes at 0°, 45°, and 90°orientations 
according to vertical direction, were required to com-
pletely evaluate stress changes in a given plane per-
pendicular to borehole axis. The stressmeters were in-
stalled in five boreholes with diameter of 60mm and 
preloaded to ca. 5MPa. Three of total fifteen stress-
meters don’t work due to cable cutting during instal-
lation. Distances of VG-1, VG-2, and VG-3 stressme-
ters are mentioned in the direction perpendicular to 
the heater borehole. Distances of VG-4, and VG-5 
stressmeters were determined in the direction parallel 
to the heater borehole (Table 1). 

 
Table 1. Stressmeters placement  

Borehole 
label 

Distance 
from the 
heater [m] 

Stressmeter 
depth posi-
tion in the 
borehole [m] 

Stressmeter 
orientation 
according to 
vertical direc-
tion [°] 

VG-1 0.78 2.00 0 
1.80 45* 
1.63 90 

VG-2 0.24 2.03 -15 
1.85 30 
1.70 75 

VG-3 0.32 2.00 0 
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Borehole 
label 

Distance 
from the 
heater [m] 

Stressmeter 
depth posi-
tion in the 
borehole [m] 

Stressmeter 
orientation 
according to 
vertical direc-
tion [°] 

1.64 45 
1.85 90 

VG-4 3.80 1.85 0 
2.02 45* 
1.59 90 

VG-5 12.60 5.79 0 
5.59 45 
5.39 90* 

(*doesn’t work due to cable cutting during installation) 
 
Groundwater pressure in the rock massif was mon-

itored by vibrating wire piezometers (Geokon, Model 
4500SH). All sensors are equipped with thermistors, 
which enable temperature measurement and temper-
ature correction for transducer thermal expansion. 
The piezometers were installed in three narrow bore-
holes drilled from horizontal heating borehole (Table 
2). They were sealed up by mechanical packers. 

 
Table 2. Piezometers placement  

Bore-
hole la-
bel 

Strike 
[°] 

Dip 
[°] 

Bore-
hole 
length 
[m] 

Packer 
length 
[m] 

Depth 
in heat-
ing 
bore-
hole 
[m] 

N-5 82 45 0.415 0.18 2.1 
N-7 82 45 0.87 0.55 1.7 
N-8 82 45 1.04 0.8 1.5 

 

3 RESULTS AND DISCUSSION 

Deformation modulus of rock massif calculated ac-
cording to (Heuze, 1984; Heuze and Amadei, 1985) 
has an average value of 9.0 GPa. This value was used 
to calculate stress changes registered by stressmeters. 

Thermally induced stress changes in borehole VG-
2 (0.24m from heater) varies between 3.8MPa (sub-
vertical position) and 6.0MPa (subhorizontal posi-
tion) (Figure 3). Thermally induced stress changes in 
borehole VG-3 (0.32m from heater) varies between 
2.4MPa (horizontal position) and 5.4MPa (vertical 
position) (Figure 4). As the short testing heating with 
subsequent passive cooling were performed before 
the actual start of the experiment, the initial state of 
the stress and temperature field at time zero was quite 
different from the unaffected state. Therefore the zero 
value for the measurement was set after the first heat-
ing/cooling cycle, assuming that the effect of any 
non-uniform thermal field at the beginning vanishes 
during this period. The vibrating wire stressmeter is a 
relatively stiff instrument which suggests that its out-
put is insensitive to changes in the Young’s modulus 
of the host rock (Spathis, 1990). If there would be 
used a value of deformation modulus of 75.0GPa 

(from laboratory uniaxial compression of rock speci-
men), the stress changes values would be only twice 
higher due to sensor sensitivity factor. The sudden 
drops of stress and temperatures near the 84., 129., 
146., and 437. day of the experiment are caused by 
failure of power supply to the heater, lasting each 
time several hours. The related stress increase in VG-
2 and VG-3 boreholes reach their steady values dur-
ing following c. 60 days. The steady values are simi-
lar in the first and second heating cycle. Such a devel-
opment of stress changes indicates reversible elastic 
behavior of the granitic massif. Due to the shorter du-
ration of the additional cycles and thus lower 
achieved temperatures, there are also lower peak 
stress changes. 

 

 
 
Figure 3. Stress and temperature changes in VG-2 borehole 
(0.24m from heater) 

 

 
 
Figure 4. Stress and temperature changes in VG-3 borehole 
(0.32m from heater) 

 
The stress progress in borehole VG-4 differs both 

in the shape of the curves and in the matching be-
tween the temperature and the stress (Figure 5). VG-
4, as a representative of the remote place, is at first 
affected by the stress changes in the area closer to the 
heater until the thermal wave reaches the position of 
sensors. After that moment, the stress field responses 
to the temperature. The behavior of the stress field, 
observed for VG-4 (Figure 6), holds also for the parts 
of massif closer to the heater, but in the smaller scale. 
In the very starting phase of the cooling (or heating), 
the mechanical changes in the area quite near the 
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heater (where the heat transfer is instantaneous) affect 
the stress field at just a little more distant places im-
mediately, before the thermal changes reach the par-
ticular place. For the heating/cooling switching, the 
common response for all sensors was the immediate 
short time stress increase in the direction perpendicu-
lar to the heater and decrease in the direction longitu-
dinal to the heater. This time period differs according 
to the distance of the sensor from the heater and it is 
tons of minutes for the VG-2 (Figure 7) and VG-3, 
hours for VG-1 and weeks for VG-4. For the cooling 
/heating switching, inverse reaction occurs. 

 
 
Figure 5. Stress and temperature changes in VG-4 borehole 
(3.80m from heater) 

 

 
 
Figure 6. Detailed view of starting of the first cooling phase in 
VG-4 borehole 

 

 
 
Figure 7. Detailed view of starting of the first cooling phase in 
VG-2 borehole 

 

Groundwater pressure is monitored by piezome-
ters (Figure 8). Groundwater pressures in the two 
longer boreholes increase with heating and then 
slowly dissipate. Groundwater pressure in the short-
est borehole is only affected by packer tests. The sud-
den drops of displacement and temperatures near the 
84., 129., 146., and 437. day of the experiment are 
again caused by the failure of power supply to the 
heater. 

 

 
 
Figure 8. Groundwater pressure and temperature changes 

4 CONCLUSIONS 

Present results indicate very rapid reaction of the rock 
massif to fluctuations in rock heating intensity and 
large extent of these artificially induced stress 
changes. The changes appear without any observable 
hysteresis, i.e. they behave as reversible in respect to 
irregular experimental heat supply modifications. 
Stress changes dependence on temperature and stress 
changes reversibility could indicate low frequency of 
opened fissures of the granitic massif. The main 
mechanism of the rock massif movement is caused by 
reversible linear thermal expansion of the granite ma-
trix. However some fissures enabled the dissipation 
of groundwater pressure. 
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