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Abstract. The durability of a geothermal grout used to seal vertical geothermal
probe is evaluated. The study integrates an experimental approach and geochem-
ical models simulations. The accelerated ageing of the geothermal grout is eval-
uated in laboratory subjecting the grout to realistic geochemical and thermal ag-
gressions to which the grout can be subjected. The parameters related to the ther-
mal conductivity and the permeability are particularly monitored. An experi-
mental setting is developed to reproduce the operating conditions of a geothermic
probe under realistic containment conditions. The experimental results are the
input of the geochemical degradation models leading to the simulation of long
time scale degradation around the probe. Conclusions relating to the service life
rise from this study.

Keywords: geothermal grout, thermal conductivity, permeability, geochemical
model, freeze thaw cycles.

1 Introduction

The durability of geothermal grouts is a major issue, because the construction of vertical
geothermal probes (VGP) is confronted with the difficulty of "continuously and perma-
nently" sealing the equipment (probe loops) in the boreholes drilled in the surrounding
ground. In such a context, the main objectives of good cementation are to ensure the
protection of the environment by avoiding surface infiltration or the connection of sev-
eral aquifers, to ensure the balance of mechanical stresses in the well, but also to opti-
mize the transfer of energy (hot and/or cold) between the subsoil and the heat ex-
changer. The particularity of the thermomechanical behavior of the grout in a geother-
mal probe is mainly related to the thermal stresses due to the operation of the heat pump
(in hot or cold cycle), as well as to the peaks of operation at maximum power which
can lead, in the case of an unsuitable design of the heat exchanger, to the freezing of
the grout and the ground.

To guarantee, in the long term (at least for the operating time of the heat pump, if
possible more), the proper sealing of the structure and the thermal performance of the
geothermal installation, the grout must be able to preserve its heat transfer capacity
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(thermal conductivity), as well as its initial mechanical properties and physico-chemical
stability. The main objective of the work carried out within the framework of the
DURACIM project is to characterize, at lab scale, the accelerated ageing of the geo-
thermal grout, by reproducing the operating conditions of a geothermal probe and the
geochemical stresses to which the grout can be subjected. The observed physical phe-
nomena and the appearance of possible pathologies were coupled with a geochemical
model to extrapolate, over the long term, the durability of the grout.

2 Experimental approach and model of degradation process

The methodology used to assess the durability of geothermal grouts is based on the
development of two grout characterization devices: the interpretation of thermome-
chanical data in relation to accelerated aging of samples in the laboratory and the de-
velopment of two geochemical models to extrapolate accelerated aging over a 25-year
period. On the experimental level, the project is structured around two major axes:

- The development of a coupled device, allowing to reproduce, on a reduced scale, the
operating context of an VGP under conditions close to those of a borehole at a depth of
~200 m. This device makes it possible to recreate the grout containment conditions in
a steel oedometric cell, under thermal, hydraulic and constant mechanical stress (Figure
1).

- The evaluation of the degradation conditions of geothermal grout samples by dissoci-
ating the different alteration mechanisms (decoupled device). This device allows the
grout samples to be immersed in a thermo-regulated bath, filled with more or less ag-
gressive solutions, under atmospheric stress. 3 types of solutions are used: tape water,
water saturated with gypsum, water with sulfuric acid to ensure a sulfur content close
to the higher content quoted in French groundwater.

The study was carried out on a grout produced by an industrial partner (Heidelberg
Cement). The commercial product chosen is Thermocem, which is representative of the
products available on the market. Grout durability is assessed by analyzing the evolu-
tion of two performance indicators:

- Thermal conductivity (M), a parameter that influences the ability to transfer energy
(hot - cold) from the ground to the heat transfer fluid of the geothermal probe, and thus
the performance of the geothermal installation;

- Water permeability (K), a parameter that influences the grout's ability to prevent
possible contamination from the surface into groundwater, but also to avoid connecting
possible aquifers, and thus protect the environment.

The analysis and monitoring of the evolution of these two parameters is carried out
on grout samples that have undergone thermal stress, freeze-thaw cycles and chemical
aggression. As references, a number of studies have studied the influence of grout com-
position on its thermal conductivity: relative contents of pure cement, bentonite, water
and quartz [1][2][3][4], even graphite [5][6]. These studies show that a grout mainly
composed of sand, cement and water, with a very high sand/water mass ratio (between
2.0 and 2.4), has a thermal conductivity of about 2.3 W.K-'.m"!. The thermal conduc-
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tivity of this material is not very sensitive to water content (desiccation), unlike ben-
tonites or cements [7]. [3] Measured the hydraulic conductivity of a sample of this grout
contained in a polyethylene (PE) tube and found it to be between 10 and 107 m.s™.
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In parallel with the development of the two experimental devices, two geochemical
models are being developed [8]:

- The first, called the "grout model", is a geochemical model of grout alteration with-
out chemical element transport. This model takes into account the influence of temper-
ature as well as the different chemical solutions in contact with the grout. The model
provides the mineralogical composition and the composition of the solution obtained
after a theoretically infinite time. This model makes it possible to locate the changes in
the parameters analysed as a function of time.

- The second geochemical model, called the "alteration model", allows the produc-
tion of calculations with different hydrogeological context scenarios. Based on the re-
sults obtained on the test pilot (coupled device), the first geochemical model (grout
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model) was completed by integrating a transport component, in order to simulate the
percolation of the solution and the consequences on the chemical stability of the slurry.
Taking into account the diffusion/advection of the percolation solution makes it possi-
ble to introduce a kinetic component into the simulation. The calculations carried out
make it possible to evaluate the consistency between the physical parameters measured
and the evolution of the chemical and mineralogical parameters.

3 Results

3.1  Grout properties

At fresh state, the density and the viscosity of the slurry are controlled. The fresh den-
sity is 1460 kg.m™ and the Marsh flow time is 60 s. The water to binder ratio is 0.8.
The slurry is casted to shape blocks 210 x 350 x 250 mm?®. The setting time is about
20 h. The blocks are sealed and placed in room at 100% relative humidity. Some meas-
urements made on the reference hydrated product highlight the homogeneity of the
samples core drilled in the top and bottom of cast blocks and the reproducibility of the
measurements performed on 100 mm and 50 mm diameter samples. The hydrated prod-
uct has a low density (in a saturated state): 1580 kg.m™. The propagation velocity of
the compression and shear waves is 2340 m.s™ and 1660 m.s™! respectively. The Poisson
coefficient thus obtained is 0.31°+°0.04. The elastic moduli then calculated are in the
order of 5000 MPa. These results are in the same order than those obtained by acoustic
resonance measurements. The thermal dilation coefficient is measured: 25.10° K.,
This value appears high and remains eight time lower than the thermal dilation coeffi-
cient of HDPE used as pipe for the probe.

3.2  Coupled device

Several tests were performed in the coupled device. In order to reproduce the operating
conditions of a VGP, during a test, different temperature cycles were performed, which
could lead to freezing and thawing of the grout. During the test, a vertical load is applied
to the grout and the upstream and downstream fluid pressures are controlled to generate
a vertical gradient of fluid pressure. Temperatures are measured at different points in
the grout section. The material studied is of very good quality and no alteration in its
performance (from the perspective of a geothermal application) could be observed.

3.3  decoupled device

In the decoupled device, different degradation conditions are studied: in the first case,
the grout samples are exposed to different aggressive solutions (water, gypsum water,
acid water) under isothermal temperature conditions; in the second case, in addition to
the aggressive solutions, the samples are exposed to freeze/thaw cycles (Figure 2). Sam-
ple density and acoustical velocity are not specifically changed during the freeze thaw
cycles or during immersion in aggressive solutions.
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Fig. 1. Left Condition of specimens after each freeze-thaw exposure cycle (hlgh water, centre:
gypsum water, down: acid water) - Right: Illustration of the conservation of the cores immersed
in the trays placed in the thermo-regulated boxes during a test in isothermal condition (left: water,
centre: gypsum water, right: acid water).
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Fig. 2. Evolution of thermal conductivity - Top: after each freeze-thaw cycle for the three storage
media - Down: at each maturity for the three storage media. Solution type: blue = water, or-
ange = gypsum water, grey = acid water, yellow = x10 stronger acid water.

Thermal conductivity is measured after different exposure periods or freeze/thaw cy-
cles. The thermal conductivity is measured under submerged conditions by the hot wire
method in transient conditions. The standard deviation remains less than 10%. The re-
sults indicate that there is very little evolution, whether in the presence of freeze/thaw
cycles or not (Figure 3). The thermal conductivity remains higher than 1.5 W.m.K"!
under freeze/thaw conditions, and around 2 W.m'.K! under isothermal conditions
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whatever the type of aggressive solution. This value is in the same order than the data
in the literature and complies with the current standard [9].

Water permeability is measured initially and then after different time periods. The
measurement is carried out in a triaxial cell under a pressure gradient in steady state
(800 kPa confinement and 10 m hydraulic gradient). The results indicate in all cases
that the permeability remains below 10® m.s™\. Same types of results are obtained after
freeze/thaw cycles. There is no clear evolution with time or with type of immersion, as
clogging and unclogging phenomena certainly occur due to the precipitation and disso-
lution of chemical species in the porosity during the phases of curing/alteration.

Mechanical tests are carried out at constant displacement speed (2.5°mm.min!) on
samples after immersion in aggressive solutions. Reference compressive strength at 28
days is 6 MPa but the mean value obtained during this study is 4 MPa. The perfor-
mances appears quite not influenced by the type of solution used for immersion. The
most interesting behavior quoted during the test is presented on figure 4 in the case of
a cyclic compression test. The calculated stiffness is different between the beginning of
the test and before the mechanical cycles performed. We observe an evolution of stiff-
ness from one series of cycles to another (increase). However, the calculated stiffness
is identical for a given series. This phenomenon is not observable for the third cycle
presented because the material is already severely damaged. A phenomenon of material
compaction is then observed. To complete the study, a creep test is performed at a stress
of 2.5°MPa (50 % of compressive strength) on a specimen with a slenderness of 3 over
a period of 100 minutes. The creep deformation reaches 600°um.m™!, which corre-
sponds to a specific creep of 240°um.m"'.MPa’!. This is certainly due to the migration
of water into the material and compaction of the material: horizontal compaction bands
are observed at the end of the test. The ductility of the grout favors the sealing of po-
tential cracks.
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Fig. 4. Cyclic compression test on 28 days old specimen with a slenderness of 1.
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Fig. 5. Creep test on 28 days old specimen with a slenderness of 3.

3.4 Geochemical models

Geochemical models work with data evaluated from experimental developments (min-
eralogy, porosity, diffusion, diffusion coefficient, etc.). The models are in agreement
with the small changes observed experimentally. SEM additional profiles performed on
hydrated samples for 1 year seem to be in overall agreement with the model predictions.
In addition, the model shows an agreement between the compositions of the solutions
of the conservation baths acquired after one month and after one year of hydration,
which supports the approach. From the point of view of the results of geochemical
models, we can see that the only geochemical modeling applied to the evolution of
thermal conductivity (A) predicts an increase at the interface with the solution. But it
also predicts, after 30 years (figure 6), a total disappearance of the hydraulic binder, in
an area whose extension depends on the envisaged scenario (1 cm to 4 cm).
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Fig. 6. Results obtained with the "alteration model". Left: Solid calcium concentration in grout
versus probe pipe — Right: distribution of mineral composition (in cm?.L!) after 100 years.

4 Conclusions and perspectives

The study showed that the experimental devices were suitable for studying the durabil-
ity of vertical geothermal probes. The coupled and decoupled devices allow to study
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the phenomena of alteration of geothermal grouts with a good reproducibility of meas-
urements. The material studied was of very good quality and no deterioration in its
performance (from the point of view of geothermal application) could be observed. An
intrinsic variability in the material may have masked the changes in the studied prop-
erties. However, geochemical models indicate possible alteration of the hydraulic
binder in 30 years close to the probe pipe.

In terms of prospects, the following work is planned:
- Continue experiments on Thermocem grout over longer periods and/or a greater num-
ber of freeze-thaw cycles to identify the durability limits of this material;
- Apply the protocols established during this research project to different types of grout
(geothermal or not), compositions and sources;
- Evolve protocols for standardization: identify the main parameters that influence the
durability of a grout, possibly reduce protocols accordingly and propose a standard op-
erating procedure routinely usable.
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