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This  paper  investigates  bedrock  heterogeneity  by  applying  three  different  geophysical  approaches,  in
order to  study  the  long-term  behaviour  and  the  interaction  between  closed-loop  geothermal  systems.
The  investigated  site  consists  of  four  boreholes  equipped  with  geothermal  pipes  on  the  campus  of Uni-
versity  of  Liege,  Belgium.  The  first approach  includes  acoustic  borehole  imaging,  gamma-ray  logging  and
cuttings  observation  and results  to a  detailed  fracture  characterisation,  rock  identification  and  layer  dip
angle  determination.  The  second  approach  consists  of  measuring  the  thermal  conductivity  of  cuttings
at  the  laboratory.  Study  of  cuttings  thermal  conductivity  measurements  can contribute  to  bedrock  het-
erogeneity  knowledge  concerning  the  transition  of  one  formation  to another  and  the  layer  dipping.  The
third  approach  is based  on  high-resolution  temperature  profiles,  measured  during  the  hardening  of  the
grouting  material  and  the  recovery  phase  of  a Distributed  Thermal  Response  Test.  Through  this  approach
losed-loop geothermal systems a  correlation  of the  temperature  profiles  to the  geological  characteristics  of  the  surrounding  bedrock
is  identified.  The  analysis  of this  correlation  can  provide  information  on  fractured  zones,  alternation
of  different  rock  types  and  layering  dipping.  This latter  approach  can be  easily  applied  on closed-loop
geothermal  systems  to characterise  the  bedrock  and  investigate  its heterogeneity  as  well  as  contribute
to  the their  long-term  behaviour  prediction  and  to the  optimisation  of  their  efficiency.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

The characterization of rock properties and of their hetero-
eneity is critical in many engineering geology applications, in
articular for geothermal systems where thermal properties con-
rol the geothermal reservoir behaviour. This knowledge of the
ubsurface can be used to determine geothermal targets or design
nderground heat exchange systems at the regional or local scale
Fuchs and Förster, 2010). Lithological variations, mineralogy (in
articular quartz content), uneven distribution of fractures, the
resence of faults and tectonic structures and varying dip angle
ontribute to the heterogeneity of the bulk rock thermal proper-
ies in addition to variations in the water content and porosity
Guéguen and Palciauskas, 1994). Therefore, a detailed bedrock
haracterisation is crucial for understanding and predicting the

hermal behaviour of the rock mass in-situ.

Several methods have been developed in order to characterise
he bedrock at the laboratory scale, using rock samples or cut-

∗ Corresponding author.
E-mail address: gradioti@ulg.ac.be (G. Radioti).

ttp://dx.doi.org/10.1016/j.geothermics.2016.03.001
375-6505/© 2016 Elsevier Ltd. All rights reserved.
tings. Core samples or cuttings can be studied to obtain lithology
and textural data (Bradbury et al., 2007), but provide limited or no
information on fracturing. Several studies include measurement of
thermal properties at rock samples to investigate the influence of
various factors, such as mineral composition, porosity and degree of
saturation (Clauser and Huenges, 1995; Popov et al., 1999; Pechnig
et al., 2010). However, extrapolating those results to in-situ condi-
tions remains challenging (Liebel et al., 2010).

On the other hand, borehole logging may  provide more repre-
sentative information of in-situ conditions. Borehole geophysical
methods are used for site characterisation such as gamma-ray log-
ging, resistivity logging, flow meter testing, seismic logging and
borehole imaging (Monier-Williams et al., 2009). These methods
can provide information on lithology, stratigraphy and fractur-
ing (Keys, 1990) of the rock locally surrounding the borehole.
Fujii et al. (2006) and Acuña (2010) investigated anisotropic ther-
mal  behaviour by conducting Distributed Thermal Response Tests
(DTRT) in Borehole Heat Exchangers (BHEs). In both of these works,

the authors analysed temperature profiles during the heat injec-
tion and recovery phase of the test to study the distribution of
effective thermal conductivity through depth. Laloui et al. (2003)
installed thermometers in a heat exchanger pile passing through

dx.doi.org/10.1016/j.geothermics.2016.03.001
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geothermics.2016.03.001&domain=pdf
mailto:gradioti@ulg.ac.be
dx.doi.org/10.1016/j.geothermics.2016.03.001
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ifferent soil layers to study its thermo-mechanical behaviour. Fujii
t al. (2009) used optical fiber sensors to record vertical temper-
ture profiles in two bedrock case-studies in Japan and related
hese results with local geological and groundwater information,
o verify the validity of the test and interpretation method. In the
rst case a permeable granite zone of 10 m thick was related to
igher calculated thermal conductivity and quicker temperature
ecovery compared to non-permeable granite, as an effect of an
ctive groundwater flow. In the second case lower thermal con-
uctivity was related to weathered tuff, compared to unweathered
uff. Liebel et al. (2011) studied non-grouted wells in Norway and
roposed taking temperature measurements four to five hours
fter the beginning of the recovery phase. They related faster tem-
erature recovery to hydraulically active fractures and upcoming
roundwater flow from confined artesian aquifers, as an effect of
roundwater flow. They verified the existence of fractures by using
ow measurement test data, televiewer imaging and/or drillers
eports. The correlations provided in these studies concern distinct
hick rock layers and/or are based on groundwater flow effects.

The objective of this paper is to characterise the heterogeneity
f rock in-situ in the absence of high groundwater flow based on
igh-resolution temperature measurements and on rock thermal
ehaviour knowledge. We  studied high-resolution temperature
rofiles, measured by fiber optics, in four BHEs (namely B1-B4)
lled with grouting material, installed over a surface area of 32 m2

n an heterogeneous bedrock in Belgium. We located fractured
ones more than one meter thick based on temperature profiles
uring hardening of the grouting material. We  related temper-
ture profiles measured during the recovery phase to thin rock
ayers of different mineral content (thickness more than 1.2 m)
nd determined the layer dip angle. We  evaluated the correlations
hrough a detailed geological description resulting from borehole
ogging measurements conducted in the four boreholes. Moreover,

e measured the thermal conductivity of cuttings at the laboratory
nd correlated the measurements with the in-situ observations in
erms of thermal conductivity and layering.

The remainder of the paper is organised as follows. First the
eological background of the site is presented together with the
aterials and methods used in this study. Then a characterisation

f the bedrock heterogeneity (including fracture characterisation,
ock identification and layer dip angle determination) based on
orehole logging measurements follows. The laboratory measure-
ents of cuttings thermal conductivity are presented and their

xtrapolation to the in-situ conditions is discussed. The fiber optic
easurements and their correlation to the rock characteristics as

ndicated by the borehole logging results follow. Finally conclu-
ions are provided as well as a discussion on the accuracy of the
ber optic measurements analysis and its possible applications.

. Site set-up

.1. Geological settings and BHEs installation

The investigated site is located in the north-east side of the
inant Synclinorium geological structure. The geological map  of
art-Tilman (Calembert et al., 1964) provides the most recent pub-
ished geological interpretation of the bedrock for the studied area
Fig. 1). The site is also located on the North side of a local syncline.
he synclinal axis has an E-W orientation. Based on the geological
ap, the boreholes cross Emsian (Lower Devonian) detrital sedi-
entary rocks, probably corresponding to Wépion Formation and
urnot Formation. Both formations include alternations of shale,
iltstone, sandstone and quartzite. Some of these layers are lentic-
lar. From a general point of view, the Burnot Formation is mainly
omposed of red sediments while the Wépion Formation is mainly
ics 62 (2016) 79–92

made up of green layers. However, detailed studies show that red
layers are not rare into the Wépion Formation and some green beds
can be met  in the Burnot Formation (Corteel et al., 2004; Bultynck
et al., 1991). The lack of easily observable differences between these
two Formations makes their distinction very difficult.

The subsurface sediments are well documented in the geotech-
nical map  of Sart-Tilman (Calembert et al., 1975). This map includes
data from two  boreholes located in a distance smaller than 200 m
from the investigated site. Lithological logs of the two  boreholes
indicate deposits of silt, sand and gravel until a depth of approxi-
mately 7 m.  A layer of altered bedrock of a thickness approximately
3 m follows. The non-altered bedrock starts at a depth of approxi-
mately 10 m.

In order to obtain a detailed bedrock characterisation and
to investigate the influence of heterogeneity on thermal rock
behaviour in-situ, four boreholes equipped with double-U geother-
mal  pipes of 100 m long, were installed on the campus of the
University of Liege (Liege, Belgium) over a surface area of 32 m2

(Fig. 2) (Radioti et al., 2013). The boreholes of a diameter of 135 mm
were drilled by using a DTH hammer bit (destructive drilling tech-
nique) and cuttings were collected during the drilling. Moreover,
the boreholes were supported with casing at the first top meters
(15.5 m for B1, 13.5 m for B2 and 9.5 m for B3 and B4) to keep loose
soil from collapsing into the borehole. After the drilling, a bore-
hole televiewer was lowered into the four boreholes. Then fiber
optic cables were attached along the pipe loops and the double-
U pipes were lowered into the boreholes. Finally, the boreholes
were backfilled with the following grouting materials: two of them
with a silica sand-based commercial material (Geosolid), one with
a bentonite-based commercial material (Füllbinder) and one with
a homemade admixture with graphite. Erol and Franç ois (2014)
presented a detailed laboratory characterisation of these materi-
als, including the following thermal conductivity values of grout
samples: 2.35 W/mK for Geosolid, 0.95 W/mK for Füllbinder and
2.5 W/mK  for the homemade admixture with graphite.

2.2. Materials and methods

2.2.1. Borehole logging
The first approach consists in lowering a borehole televiewer

(Zemanek et al., 1970) into the boreholes to obtain high-resolution,
continuous images with 360 ◦Coverage of the local geology and
fracturing. A borehole televiewer is composed of a transducer
which is rotated 360◦ while lowered down inside the borehole. An
in-line centralizer allows the tool to be centered during the mea-
surement procedure. The transducer transmits ultrasonic pulses
(1.5 MHz), which travel through the drilling mud and undergo
partial reflection at the borehole wall, and receives the reflected
pulses. The acoustic travel time and amplitude data are recorded.
The acoustic travel time depends on the borehole radius and the
acoustic amplitude depends on the soil/rock impedance.

In our experiment, azimuth and deviation were constantly
measured by magnetometers and inclinometers (Monier-Williams
et al., 2009). The inclination of the borehole at each point was calcu-
lated based on the moving average of these data over an interval of
10 cm,  with an orientation precision of ±0.5◦ and ±1.0◦ for the incli-
nation and the azimuth respectively. The travel time and amplitude
data were oriented with respect to the Magnetic North and con-
verted into colorized, continuous images with 360◦ coverage of the
borehole wall. Moreover natural-gamma radiation emitted by the
rocks surrounding the boreholes was  measured every 5 cm.  Based
on the borehole logging data a detailed fracture characterisation

(position, opening, orientation, dip angle) can be obtained (Paillet
et al., 1990; Williams and Johnson, 2004). Gamma-ray data and
observation of the cuttings during drilling may  result in rock iden-
tification through depth (Keys, 1990). This procedure was applied
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Fig. 1. Geological map  of the Sart Tilman area (Calembert et al., 1964).
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Fig. 2. Position of the four BHEs in the cadastral parcel Liege

o the four boreholes in order to investigate the uneven distribution
f fractures in the rock mass and to determine the layer dipping.

.2.2. Thermal conductivity of cuttings
The second approach consists in measuring the thermal conduc-

ivity of cuttings at the laboratory, commonly used for geothermal
pplications (Alonso-Sánchez et al., 2012). Sampling containers
ere used to collect cuttings during the drilling. In each container,

uttings corresponding to a depth interval ranging between 2 m
nd 6 m were gathered. From each container 1–5 dry independent
amples were prepared at the laboratory (Fig. 3a). The uncertainty
f each sample’s corresponding depth1 depends on the sampling
epth interval of each container. The measured thermal conduc-
ivity values of the samples in each container were assigned to the
verage corresponding depth of the container. The thermal con-
uctivity of 21 samples for B3 and 25 samples for B4 was  measured

t the laboratory by applying the needle probe technique (ASTM D
334-00, 2000). Theoretically, the temperature rise in an infinite
omogeneous medium due to an infinite line source is measured.

1 i.e., the depth at which the sample was collected.
 division, section C, n◦ 49S3 (retrieved from Google Earth©).

In practice, the infinite soil mass is replaced by a large cylinder (of
a height of 0.170 m and a diameter of 0.064 m in this study) and
the infinite line source is replaced by a thermal needle probe, a
device that consist of a heating wire and a temperature measuring
element. The needle, of a diameter of 1.5 mm in this study, is con-
nected to a device that produces a constant current and a device that
produces a digital readout of temperature. The needle is inserted in
the centre of the sample cylinder and a known constant current is
applied to the heater wire for sufficient long time (Fig. 3b). During
this time the temperature rise is recorded.

The sample’s thermal conductivity, �sample (W/mK), is calculated
from the quasi steady-state portion of the temperature profile as:

�sample = Q

4��T
� ln t,

where T is the temperature ( ◦C),  t is the time (s) and Q is the heat
input (W/m).  The heat input is calculated as Q = I2R/L, where I is

the applied constant current (A),  R is the total resistance of the
heater wire (˝) and L is the length of the heater wire (m).  The
thermal conductivity of the cuttings samples was  measured at room
temperature and for a heat input of approximately 6 W/m.
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Fig. 3. a) Cuttings corresponding to wine-red shale/siltstone and
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Fig. 4. Grain size distribution of cuttings.

Considering the sample a two-phase material consisting of the
olid phase (cuttings) and air phase, the cuttings thermal conduc-
ivity, �cutt (W/mK), can be calculated by means of the sample’s
orosity, n, as (Alonso-Sánchez et al., 2012):

cutt =
(
�sample/�air

)1/(1−n)
,

here air thermal conductivity is taken as �air = 0.025W/mK .
For an accurate measurement the cuttings grain size should not

ignificantly exceed the needle diameter (Kömle et al., 2010). In
his study 33% of the cuttings is finer than the needle diameter
1.5 mm)  and 92% finer than 3 times the needle diameter (4.5 mm),
s presented in Fig. 4.

.2.3. Distributed temperature sensing (DTS) technique and DTRT
rocedure

The third approach consists in measuring the temperature along
he borehole length. After drilling the boreholes, fiber optic cables
ere attached along the pipe loops and the double-U pipes were

owered into the boreholes. Temperature is measured along the
ber optics, by applying the DTS technique (Soto et al., 2007). This

echnique is based on Raman optical time domain reflectometry
Dakin and Pratt, 1985). A laser pulse is injected into the optical fiber
nd the light is scattered and reemitted from the observed point.
he backscattered light is spread across a range of wavelengths. The
aman backscatter signal is temperature sensitive. The tempera-
ure along the fiber is determined by the intensity of Raman Stokes

nd anti-Stokes signals. The position of the temperature reading
s determined by the arrival time of the reemitted light pulse. The
emperature resolution (standard deviation) was in the order of
.05 ◦C. Temperature was recorded every 20 cm (sampling inter-
 grey sandstone layers b) thermal needle probe equipment.

val) with a spatial resolution of 2 m.  Spatial resolution determines
the slope width of a measured temperature change and is an impor-
tant parameter for the temperature accuracy of local hotspots. If the
width of the hotspot is lower than the spatial resolution, the mea-
sured temperature is reduced by approximately the ratio of hotspot
width to spatial resolution (Hoffmann et al., 2007).

Temperature was  measured during hardening of the grouting
material, at the undisturbed state and during the recovery phase of
a DTRT. The typical equipment for a TRT (Gehlin, 2002) consists of a
pump (to circulate the fluid inside the pipes), an electric resistance
heater (to inject constant heat), temperature sensors (to measure
the temperature) and a data logger (to record the measurements
during the test). The equipment is connected to the BHE pipes and
insulation layers are attached around the pipes to minimize the
heat transfer between the circulating fluid and the air. Before start-
ing the test, water is circulated at high flow rate to purge air from
the system. After purging the air the first phase of the test starts.
During this phase water is circulated inside the pipe loop to achieve
equilibrium between the water and the surrounding ground. The
second phase consists of a continuous water circulation with usu-
ally constant heat input. After the heating period, the system is left
to recover to its undisturbed state. During the test temperature is
recorded at the pipe inlet and outlet. Based on the measured data
the mean thermal conductivity of the surrounding ground and the
mean borehole thermal resistance can be calculated. During a DTRT
temperature is measured not only at the pipe inlet and outlet but
also at different depths along the borehole (Fujii et al., 2006). Our
experimental site allows us to obtain continuous high-resolution
temperature profiles along the borehole length thanks to the fiber
optics.

3. Results

3.1. Borehole logging

The televiewer measurements were conducted at depths
beneath 15.55 m for B1, 13.50 m for B2, 10 m for B3 and 10.46 m
for B4, since the boreholes were supported with casing at the first
top meters to keep loose soil from collapsing into the borehole. The
bottom depth was  98.67 m for B2, 102 m for B3 and 96.44 m for B4.
For B1 the bottom depth was  limited to 75.28 m, since collapsed
rock pieces had blocked the borehole at that depth. The following
results correspond to above depth intervals.

3.1.1. Fracture characterisation
Fig. 5 shows high-resolution images of the acoustic signal travel

time and amplitude for an extended and a slightly fractured zone.
Black zones in the travel time column correspond to low travel time
values and white zones to high travel time values. Yellow zones in

the amplitude column correspond to high amplitude values and
indicate the existence of dense soil or rock. Blue zones correspond
to low amplitude values and indicate fractures, altered rock or soft
soil. Random blue spots indicate locally broken rock due to the
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Fig. 5. High-resolution images of a) extended fractured zone in B4 and b) slightly fractu
column, structural interpretation of each fracture (opening, orientation, dip angle) and co
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ig. 6. Distribution of open fractures and borehole diameter larger than 150 mm for
he four boreholes.

rilling. Shaped curves on the images plot represent planes over
 fracture or bedding trace. Based on these data each element is
nterpreted as an open fracture, a fracture with filling, a stratifica-
ion/foliation or a lithological contact. We  note that the distinction
etween different elements is not always obvious. For example a
racture with filling could be misinterpreted as stratification.

The distribution of open fractures more than 5 cm wide for the
our boreholes, based on the logging interpretation, is shown in
ig. 6. Based on these data, fractures significantly vary in num-
er and location in the four boreholes, despite the close distance

etween them. B4 is more fractured than the other three bore-
oles, consisting of 12 fractures more than 10 cm wide and 31

ractures of an opening between 5 cm and 10 cm.  B3 seems the
ess fractured, consisting of one fracture more than 10 cm wide
red zone in B2, from left to right: acoustic travel time column, acoustic amplitude
rresponding depth values.

and 10 fractures of an opening between 5 cm and 10 cm.  More-
over, extended zones (more than one meter thick) of large fractures
(opening > than 10 cm)  are observed in B1 and B4, between 25.6 m
and 27.1 m and 29.4 m and 31.3 m depth respectively. B2 is char-
acterised by a smaller fractured zone of 70 cm between 29.2 m and
29.9 m depth. These results indicate also that the extension of some
fractures in space is limited.

The depth position where the borehole diameter is larger than
150 mm (equal to hammer bit diameter plus 20 mm)  is also shown
in Fig. 6. These measurements could indicate extended fractured
zones of more than one meter thick, between approximately 25 m
and 27 m for B1, between 24 m and 31 m depth for B2, 29 m and
31 m depth for B3 and between 28 m and 34 m for B4.

Fig. 7 shows the stereographic projection of the pole of each
discontinuity for the four boreholes (Wulff net). The dip angle of
most fractures varies between 40◦ and 70◦/horizontal and the ori-
entation varies between N40◦ and N80◦ for all the boreholes. The
median average dip angle is approximately 52◦/horizontal for B1,
54◦/horizontal for B2 and 58◦/horizontal for B3 and B4. The median
average orientation is approximately N57◦ for B1, N60◦ for B2 and
B3 and N61◦ for B4.

3.1.2. Rock identification
Natural gamma  radiation along the borehole was measured

every 5 cm to characterise the clay content of the rock formation.
Moreover cuttings were collected during the borehole drilling. The
gamma-ray data and observation of the drill cuttings result in a
detailed rock identification through depth. The bedrock consists
mainly of siltstone and shale interbedded with sandstone layers,
ranking between a few centimeters to a few meters (<5 m)  thick,

for the upper 65 m in B1, 72 m in B2, 75 m in B3 and 80 m in B4. The
remaining parts of the boreholes are dominated by sandstone lay-
ers more than 5 m thick. Approximately the same lithostartigraphy
is observed in the four boreholes, but at different depths. Varia-
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Fig. 7. Structural data projection of the pole of each disconti

Table 1
Layer dip angle calculation based on gamma-ray data.

depth at B2 (m)  50.30 56.30 71.30 81.20
B2B3

horizontal distance (m)  3.23 3.07 2.75 2.61
elevation difference (m)  3.30 3.10 2.70 2.70
dip  angle (◦) 45.62 45.32 44.53 45.96

B3B4
horizontal distance (m)  2.95 2.85 2.98 3.24
elevation difference (m)  2.90 2.70 3.10 3.50

t
a

c
H
l
c
r
r

3

o
d
r
c
i

dip  angle (◦) 44.54 43.55 46.15 47.18
mean dip angle (◦) 45.36

ions in the thickness of the layers (in the order of a few meters)
re observed based on the analysis of each borehole.

Fig. 8 shows gamma-ray data and geological information that
an be obtained based on the two procedures for the last 60 m of B4.
igh gamma-ray values in Fig. 8 (>80 cps) indicate shale/siltstone

ayers while low values (<80 cps) indicate sandstone layers. The
ombination of the two procedures provides information on the
ock type and the exact location of even thin rock layers with a
esolution of 5 cm.

.1.3. Layer dip angle determination
Fig. 9 shows gamma-ray data for the four boreholes. It is

bserved that the same local peaks (dots in Fig. 9) are repeated at

ifferent depths in the four boreholes. Based on these data and the
elative distance between the boreholes, the mean layer dip angle
an be calculated (Table 1). The mean layer dip angle value, approx-
mately 45◦ SE, is included in the discontinuities dip angle range
nuity on the upper hemisphere for the four boreholes.

(40–70◦) as indicated by the stereographic interpretation. Based
on this, we may  also conclude that the discontinuities presented in
the stereographic interpretation are mainly related to stratification
discontinuities.

The deviation of the four boreholes is shown in Fig. 10. The
inclination of the boreholes increases progressively through depth
(with a value of 6.82◦ in B1 at 75.8 m,  10.67◦ in B2 at 98.6 m, 13.69◦

for B3 at 102.1 m and 12.90◦ in B4 at 96.4 m)  and tends to be per-
pendicular to the layer stratification.

3.2. Thermal conductivity of cuttings

Cuttings were collected during drilling and dry samples were
prepared at the laboratory. Fig. 11 shows the measured thermal
conductivity of the cuttings for B3 and B4, where each sam-
ple was  assigned to the average corresponding depth of the
container. It is observed that high thermal conductivity values,
indicated with grey colored diamonds, correspond to mainly
sandstone/siltstone layers (low gamma-ray values). Low thermal
conductivity values, indicated with black colored circles, corre-
spond to mainly shale/siltstone layers (high gamma-ray values).
Sandstone is mainly composed of quartz and feldspar while shale
and siltstone contain a significant clay fraction. The thermal con-
ductivity of quartz, �quartz = 7.7W/mK , is much higher than the

one of non-quartz minerals, �non−quartz = 1.5 − 5.0W/mK , (Clauser
and Huenges, 1995). As a result the sandstone/siltstone thermal
conductivity is increased compared to the shale/siltstone thermal
conductivity. In this case the transition of one formation to another
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Fig. 8. Gamma-ray data (left) and geological interpretation based on gamma-ray data (middle) and cuttings observation (right) for B4.

ctivity data for the four boreholes.
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Table 2
Layer dip angle calculation based on cuttings thermal conductivity.

depth at B3 (m)  61.3 79.80 89.4
B3B4

horizontal distance (m)  2.93 3.13 3.35
elevation difference (m) 3.10 3.30 3.80
dip  angle (◦) 47.58 46.53 48.61
Fig. 9. Natural gamma  radioa

an be identified by the cuttings thermal conductivity measure-
ents.

Each sample was assigned to a layer according to its correspond-
ng sampling depth interval. Successive layers with low (or high)
hermal conductivity values were merged into one layer. Then, the

ean thermal conductivity for each layer was calculated

The results for B3 and B4 are shown in Fig. 12, where dashed

ines indicate the layer dip angle. The mean layer dip angle, approxi-
ately 48◦ SE, can be calculated based on these data and the relative

istance between the boreholes (Table 2).
mean dip angle (◦) 47.57
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Fig. 10. Deviation of the boreholes.

ity of 

t
t

Fig. 11. Measured thermal conductiv
The mean measured sandstone/siltstone and shale/siltstone
hermal conductivity is equal to 2.0 W/mK  and 1.4 W/mK  respec-
ively for both boreholes. It should be noted that cuttings thermal
cuttings (dry samples) for B3 and B4.
conductivity measurements might not be representative of the
effective thermal conductivity of the rock mass in-situ. Cuttings
contain no information on the rock mass fracturing, the degree of
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Fig. 12. Layer dipping indication based on thermal conductivity of cuttings for B3
and  B4.
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Fig. 14. Local maxima in temperature profile during hardening of the grouting
material in B1.
ig. 13. Undisturbed ground temperature measured every three months for one
ear in B2.

aturation and the thermal interaction between different layers,
arameters that influence the effective in-situ thermal conductiv-

ty. However, these measurements indicate a possible anisotropic
hermal behaviour of the rock mass in-situ, due to alternation of
ifferent rock layers through depth, with enhanced heat transfer at
ainly sandstone layers.

.3. DTS technique

.3.1. Temperature at the undisturbed state and during
ardening of the grouting material

Temperature was recorded every 20 cm with a spatial resolution
f 2 m during hardening of the grouting material, as well as several
ays afterwards. Fig. 13 shows the undisturbed temperature profile
existing temperature before heat injection/extraction) measured
very three months for one year in B2. The first approximately 18 m

orrespond to the thermally unstable zone, where ground tempera-
ure is influenced by the outside temperature. The thermally stable
one is characterised by the absence of the geothermal gradient. At
his zone temperature decreases through depth at a mean rate of
Fig. 15. Local maxima in temperature profile during hardening of the grouting
material in B4.

approximately 0.25 ◦C/10 m,  probably due to the existence of build-
ings and underground structures (heating feeder pipe) close to the
boreholes, that heat the surrounding ground through their founda-
tions (Liebel et al., 2011). The temperature profiles measured in B1,
B3 and B4 coincide with those of B2 for the thermally stable zone. In
the thermally unstable zone, B1 displays a lower temperature com-
pared to the other three boreholes. This could be also attributed to
the relative position of the boreholes to the university feeder pipe
that heats the surrounds ground, buried in the ground at an average
depth of 2.5 m (Radioti et al., 2015b). Undisturbed temperature was
also measured by applying an alternative procedure. A resistance
temperature detector (tolerance class A) was slowly lowered down
into one side of the loop and the temperature was measured every
10 m.  The temperature measurements from this procedure is in a
very good agreement with the corresponding fiber optics profile,
as shown in Fig. 13.

Heat is generated during the first hours of hardening of the

grouting material, which results in a temperature increase along
the borehole length. In the following days temperature retrieves its
initial undisturbed profile. Figs. 14 and 15 show the temperature
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Fig. 16. Mean ground thermal conductivity in B1, B3 and B4.

Fig. 17. Depth-average temperature evolution during the heating and the recovery
phase in B3.
8 G. Radioti et al. / Geo

rofiles after injecting the grouting material in B1 (03/07/2013)
nd B4 (19/08/2013) respectively. The first measurement of the
ndisturbed temperature profile was conducted 83 and 36 days
fter injecting the grouting material for B1 and B4 respectively.
he temperature profiles during hardening of the grouting mate-
ial are characterised by local maxima, of a significantly increased
emperature value, at 26 m for B1 and 29 m for B4. These locations
orrespond to extended fractured zones more than one meter based
n the acoustic travel time and amplitude analysis, as presented
bove in Section 3.1.1. These local maxima of the temperature
urves are probably due to a local larger quantity of grouting
aterial and/or local lower thermal diffusivity due to gathering

f fractures (Radioti et al., 2015a).
Close to the local maxima of the temperature profile in Fig. 14,

he temperature is increased between 22 m and 29 m deep. This
epth difference, equal to 7 m,  corresponds to the maximum and
ot to the exact thickness of the fractured zone. Assuming that
he thickness of the fractured zone is 2 m and is located between
5 m and 27 m deep (as indicated above by the logging analy-
is), a larger quantity of grouting material, and hence an increased
eat generation, is limited between 25 m and 27 m deep. The

ncreased temperature observed at the non-fractured zone in this
ase (22–25 m and 27–29 m deep) could be explained as the result
f the heat transfer to the surrounding ground. Hence we  can con-
lude that the maximum thickness of the extended fractured zone
s estimated to 7 m (in between 22 m and 29 m depth) for B1 and

 m (in between 26 m and 34 m depth) for B4.
Based on these measurements we can identify extended frac-

ured zones, more than one meter thick for this specific case.
he filled with grouting material fractures would locally affect
he fracture transmissivity and hence the rock mass permeability.

oreover the grouting could locally reinforce the rock mass and
odify its mechanical characteristics. Grouting materials display

ifferent thermal properties than air or water, that fill the open
ractures, and hence influence the locally effective thermal prop-
rties of the rock mass. These parameters are important for the
ydro-thermo-mechanical behaviour of the bedrock. Though ran-
om large fractures (more than 10 cm wide) or smaller fractures
of an opening between 5 and 10 cm)  cannot be identified by this
rocedure. The width of hotspots corresponding to random frac-
ures is quite lower than the spatial resolution of the measurements
2 m)  and the sampling interval (20 cm). Even if these hotspots
ere included in the measurement points, the measured tempera-

ure could be significantly reduced, and hence undetectable in the
emperature profile.

.3.2. Temperature during the recovery phase of a DTRT
Once the boreholes were drilled, the water Table was detected

o be stable at 10 m below ground surface in all the boreholes.
RTs were conducted in-situ and the mean ground thermal con-
uctivity was calculated based on the Infinite Line Source model by
pplying the forward regression technique (Tinti, 2012). The calcu-
ated thermal conductivity for B1, B3 and B4 reaches convergence
fter approximately 40 h (Fig. 16). The obtained thermal conduc-
ivity values after 40 h range from 2.8 W/mK  to 3.0 W/mK  for B1,
.9 W/mK  to 3.2 W/mK  for B3 and 2.7 W/mK  for B4. The conver-
ence of the conductivity curves indicates the absence of a high
roundwater flow.

DTRTs were conducted in B3 and B4. In B3, a heating period of
0 h and a recovery period of 90 h were applied. Fig. 17 shows the
epth-average temperature measured by the fiber optics during the
est. During the heating period temperature increases from 10.9 ◦C

o 15.5 ◦C, 85% of this temperature increase is recovered during the
rst 10 h of the recovery phase and more than 95% after one day.

Fig. 18 shows high-resolution temperature profiles along the
ipe loop during the recovery period in B3. The temperature Fig. 18. Recovery temperature profiles after 10 h of constant heat injection in B3.
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Fig. 19. Temperature difference between the recovery and the undisturbed tem-
perature profile in B3.
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Fig. 21. Open fractures distribution, temperature difference after 4 h of recovery
and natural gamma  radioactivity data for B4.

Table 3
Layer dip angle calculation based on fiber optics temperature profiles.

depth at B3 (m)  57.10 70.5 80.4
B3B4

horizontal distance (m)  2.87 2.91 3.15
elevation difference (m) 2.70 2.80 3.50
dip  angle (◦) 43.25 43.93 48.01
ig. 20. Open fractures distribution, temperature difference after 4 h of recovery
nd natural gamma  radioactivity data for B3.

ifference between the initial (t = 0) and the undisturbed temper-
ture increases through depth, due to the negative gradient of the
ndisturbed temperature profile. Thus, considering homogeneous
eological conditions, the heat transfer rate would increase with
epth during the first hours of recovery. In order to remove this
ffect from the measurements, the temperature difference between
ach recovery profile and the undisturbed temperature was  calcu-
ated (Fig. 19). Local peaks in these profiles indicate an uneven heat
ransfer rate through depth.

In order to investigate the possible correlation of these profiles
o rock characteristics, a temperature difference profile after 4 h
f recovery is presented in Fig. 20 and compared to gamma-ray
ata (moving average of 2 m)  and fractures distribution through
epth. The first 18 m are not included in this graph since they
orrespond to the thermally unstable zone. It is observed that
emperature local minima correspond to gamma-ray local min-
ma, indicating sandstone/siltstone layers, while temperature local
axima to gamma-ray local maxima, indicating shale/siltstone lay-
rs. The higher thermal diffusivity of sandstone/siltstone is evident
n the in-situ measurements despite the relatively small thickness
mean dip angle (◦) 45.06

of these layers. The results are in good agreement with those of the
gamma-ray data analysis (Section 3.1.2) and the cuttings thermal
conductivity analysis (Section 3.2). B3 is characterised of a few large
open fractures (opening > 5 cm)  and hence any correlation between
the fracturing and the temperature measurements is not evident in
this case.

The same procedure is applied for B4, which is quite more frac-
tured than B3. Fig. 21 shows the temperature difference profile
after 4 h of recovery compared to gamma-ray data (moving average
of 2 m)  and fractures distribution through depth for B4. Tempera-
ture local peaks coincide to gamma-ray local peaks, as in B3, for
depth greater than 35 m.  Though this correlation is not persistent
for the upper part of the borehole where an extended fractured
zone exists, between 29.4 m and 31.3 m depth, probably filled with
grouting material. The quite fractured rock at this position could be
characterised by a lower thermal diffusivity, due to air or grouting
material filling the fractures, compared to the surrounding less/non
fractured rock. Thus a local maxima is observed in the temperature
profile at the depth corresponding to the fractured zone.

In both profiles, B3 and B4, sandstone/siltstone layers more
than 1.2 m thick can be identified as local minima in the temper-
ature profiles, while thinner layers are not always detectable. As
mentioned in the case of the temperature profiles during harden-
ing of the grouting material, local temperature changes of width
smaller than the spatial resolution (equal to 2 m in this case) could
be undetectable in the measured temperature profiles. Moreover
groundwater effects are not considered in this analysis since TRTs
conducted in-situ indicate the absence of high groundwater flow,
as presented previously in this section.

The layer dip angle can be calculated based on the recovery pro-
files of B3 and B4 (Fig. 22) and the relative distance between them.

The mean layer dip angle proposed by this analysis is approximately
48◦ SE (Table 3) and is in good agreement with those proposed by
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ig. 22. Layer dipping indication based on B3 and B4 temperature measurements.

he gamma-ray data analysis (Section 3.1.3) and by the cuttings
hermal conductivity analysis (Section 3.2).

. Discussion

Two different analyses are presented for the fracture char-
cterisation: the borehole logging analysis and the fiber optic
emperature profiles analysis. The extended fractured zones (thick-
ess more than 1 m)  location is limited between 22 m and 29 m
eep for B1 and between 26 m and 34 m deep for B4, for both
pproaches. For B1, the middle of the fractured zone is located at a
epth of 26 m for both approaches. The thickness of this fractured
one is 2 m based on the borehole logging analysis and between

 m and 7 m based on the temperature profile analysis. For B4, two
xtended zones are located close to each other (between 28.0 m and
1.4 m and between 32.1 and 33.4 m depth) based on the logging
nalysis. The fiber optic temperature analysis indicates one frac-
ured zone, coinciding with the two fractured zones of the logging
nalysis. Its middle is located at 29 m and its thickness is between

 m and 8 m.  The results of both analyses are in good agreement
ith each other. The filled with grouting material fractures would

ocally affect not only the thermal but also the hydro-mechanical
ehaviour of the bedrock and would contribute to its possible
patial anisotropic behaviour. In the case of non-grouted wells,
here temperature measurements during hardening of the grout-

ng material cannot be obtained, water-bearing fractures could be
ocated by measuring the temperature along the borehole during
he recovery phase of a TRT (Liebel et al., 2011).

Three different approaches are presented for rock identifica-
ion in this case-study: cuttings observation and gamma-ray data
nalysis (borehole logging), cuttings thermal conductivity analy-
is and fiber optic temperature profiles analysis. Based on the first
pproach, the exact location of thin rock layers can be detected
ith a resolution of 5 cm and three different rock types were

dentified (sandstone, shale and siltstone). Sandstone is mainly
omposed of quartz and feldspar while shale and siltstone contain

 significant clay fraction. The thermal conductivity of quartz is
uch higher than the one of non-quartz minerals, and as a results

andstone thermal conductivity is higher than the shale and silt-

tone thermal conductivity. This indicates the possible anisotropic
hermal behaviour in-situ due to different mineral composition of
ock layers. The second approach is limited by the sampling depth
nterval ranging between 2 and 6 m in this case-study. The third
ics 62 (2016) 79–92

approach identifies layers thicker than 1.2 m. These layers can be
easily detected in the recovery temperature profiles, by exclud-
ing the extended fractured zones, since groundwater flow effects
are not dominant in this case-study. In the opposite case, driller’s
well reports could help to distinguish groundwater flow zones from
layers of different mineral content (Liebel et al., 2011).

Three different approached are compared for the layer dip angle
determination gamma-ray data analysis (borehole logging), cut-
tings thermal conductivity analysis and fiber optic temperature
profiles analysis. The calculated mean dip angle values of the three
approaches, based on B3 and B4 data, are in good agreement
with each other (maximum difference of 6%). The borehole log-
ging approach for B2 and B3 results in the same dip angle as for B3
and B4. Moreover the calculated layer dip angle values are included
in the discontinuities dip angle range (40–70◦) as indicated by the
stereographic interpretation.

The temperature difference between the profile during hard-
ening of the grouting material and the undisturbed temperature
in B4 is presented in Fig. 23, together with the temperature dif-
ference profile after 4 h of recovery and the gamma-ray data. It is
observed that after 40 m depth temperature local maxima coin-
cide with local maxima of the recovery profile which correspond to
gamma-ray local maxima, indicating shale/siltstone layers. These
local maxima are significantly lower than the one at 29 m which
corresponds to the fractured zone.

5. Conclusions

A bedrock heterogeneity investigation is presented based on
in-situ and laboratory geophysical measurements. Temperature
profiles during hardening of the grouting material allow us to
locate extended fracture zones, more than one meter in this spe-
cific case. The profiles during hardening of the grouting material
were obtained at different time period in B1 and B4 after inject-
ing the grouting material. Hence a behaviour comparison between
the two  types of the grouting cannot be deduced by these mea-
surements. More measurements or a continuous monitoring could
provide information on the behaviour of different grouting mate-
rials during hardening, as well as on the required time for the
temperature to retrieve its initial profile after the BHE installation.

Based on temperature measurements during the recovery phase
of a DTRT we can detect layers with different mineral content
since they display a different thermal behaviour. Layers thinner
than 1.2 m or random fractures cannot be identified by this pro-
cedure. The resolution of the applied procedure is limited by the
measurement parameters, spatial resolution and sampling inter-
val. Lower spatial resolution and sampling interval in combination
to a longer-duration heating phase of the TRT could improve the
resolution of the results. Investigation of more than one boreholes
in a limited rock mass can contribute significantly to bedrock het-
erogeneity knowledge. Comparison of the boreholes temperature
profiles results in determination of the layer dipping.

Based on the cuttings thermal conductivity the transition of one
formation to another and the layer dipping is indicated, since in
this case their different mineral composition results in a different
thermal conductivity. This approach is easy to implement, but is
not applicable if a limited quantity of cuttings is available or in
the case of soil layers. Cuttings measurements should be studied
qualitatively for extrapolating them to in-situ conditions. Cuttings
contain no information on the rock mass fracturing, the degree of
saturation and the thermal interaction between different layers,
parameters that influence the effective in-situ thermal behaviour.
It is also possible to conclude that, given the increasing number
of closed-loop geothermal systems in Walloon region and Europe
and the wide application of TRTs, it would be of interest in any
BHE to measure the temperature during hardening of the grouting
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Fig. 23. Temperature difference of the profile during hardening of the grou

aterial and after 4 h of recovery. Alternatively to fiber optic cables,
 temperature sensor (e.g. thermocouple element, resistance tem-
erature detector) can simply be lowered down into the pipe to
btain the temperature profiles. This approach is cost-effective and
asy to implement and would give valuable information about the
ock nature and stratification, as well as about the rock geother-

al  reservoir potential. In combination to a mathematical model or
dvanced numerical modelling, this approach could contribute to
he long-term behaviour prediction of closed-loop geothermal sys-
ems and to optimisation of their efficiency. Ongoing work includes
esearch for predicting the system behaviour by taking into account
he impact of heterogeneity based on this characterisation study.
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