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Heating pulse tests under constant volume on Boom clay
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Abstract: Boom clay formation is a potential natural host rock for geological disposal of high-level nuclear waste in Belgium.
Heating pulse tests with controlled power supply (maximum temperature was limited to 85 °C) and controlled hydraulic
boundary conditions were performed under nearly constant volume conditions to study the impact of thermal loading on the
clay formation. Selected test results of intact borehole samples retrieved in horizontal direction are presented and discussed.
The study focuses on the time evolution of temperature and pore water pressure changes along heating and cooling paths, i.e.
pore pressure build-up during quasi-undrained heating and later dissipation at constant temperature.
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1 Introduction

Boom clay is the subject of extensive research in
Belgium dealing with all phenomena that possibly
affect the performance of the clay as a potential
geological host formation for high-level nuclear waste
during gallery construction and final operation.
Specifically, thermal loading may play an important
role in this low permeability clay. There were a number
of laboratory results concerning the saturated hydro-
mechanical behaviour of Boom clay under a constant
temperature field, and studies in this area were
described by Sultan et al. [1-3]. Nevertheless,
information on hydro-mechanical response of clay
along heating and cooling paths under small-scale
laboratory conditions is very limited. Therefore, the
paper explores the consequences of thermal loading by
presenting selected results of a comprehensive test
programme performed on an axi-symmetric heating
cell described by Mufioz et al. [4]. The cell was
improved in this work to achieve higher temperatures.
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Heating pulse tests (the maximum temperature was
limited to 85 °C) on borehole samples retrieved in the
horizontal direction were performed under nearly
constant volume and controlled hydraulic boundary
conditions, i.e. constant water pressure at the bottom
drainage and top end without water flow. Selected
testing results are presented and discussed in terms of
the joint measurements of temperature and pore water
pressure changes at selected points within the sample
and along different heating and cooling paths.

2 Experimental programme

2.1 Tested material

Laboratory tests were performed on Boom clay (Mol,
Belgium). Table 1 [5] summarises the basic characteristics
and the main volumetric and gravimetric properties of
this slightly overconsolidated Tertiary clay, which
contains 20%-30% kaolinite, 20%-30% illite and
10%—20% smectite [6—8].

A soil sample was trimmed from a borehole sample
retrieved in horizontal direction with dimensions of 75
mm in diameter and 100 mm in height (bedding planes
are parallel to the direction of axial symmetry). In
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Table 1 Main properties of Boom clay [5].

De“Sityg Dry denSiEY’ P w(;{::'/ Lrgztzlrft, Insltllstli(t)(r)lt,al Density of soil}solids, Void ratio, e Porosity, n
p Mg/m) (Mg/m’) w (%) v (MPa) ps Mg/m’)
1.99-2.05 1.65-1.71 21-25 2-4 2.67 0.560-0.618 0.358-0.382
.. . - Vertical water Horizontal water
Degree of Liquid limit (using Pliisdt;lty Vertlcal(vTva:teerp‘;CéTeablhty permeability permeability
saturation, S; (%) SBCW), wr (%) I (% )’ e (m5) ? (7=80 °C), (7=20°C),
Fwy (m/s) kwh (m/s)
91-100 56 27 (2.4-3.1)x10™2 6.5x107™" (5.7-7.4)x107"

the initial state of the saturated sample, the water
content w is 23.2% and the dry density pg is
1.65 Mg/m’. The water used in the tests was synthetic
Boom clay water (SBCW), which has similar com-
position to the natural water of Boom clay formation.
2.2 Laboratory equipment and tests performed

Figure 1 shows a modified scheme of the axi-
symmetric heating cell described by Muiioz et al. [4].
A power-controlled heater (“H” in Fig.1) was installed
along the axis of the sample in the lower part of the
cell. Different transducers were used to monitor the
sample response: two miniature pore water pressure
transducers, three K-type thermocouples and top and
lateral strain gauges attached to thickness-reduced
sections. Moreover, the cell had top and bottom valves
(uy and u,) to apply the hydraulic conditions. The
transducers were described by Muiioz et al. [4]. The
cell was updated to perform heating paths at
temperatures higher than 50 °C. A data acquisition
software was specifically written to log the different
transducers.

The main objective is to measure pore water
pressure and temperature evolution of the soil during
different hydration and heating/cooling paths. The tests
have three important phases: hydration, heating and
cooling. During the hydration phase, the backpressure
(up in Fig.1) was increased in steps (0.1 MPa for 3 days,
0.5 MPa for 2 days and 1 MPa for final testing). The
upper valve was maintained open under atmospheric
conditions during this initial phase. Throughout the
course of the heating phase, the bottom drainage was
maintained open at a water backpressure of 1 MPa
using an automatic pressure/volume controller, while
the upper valve was kept closed. This backpressure is
important since it allows measuring the pore pressure
drop during the cooling phase without invading the
negative range (below atmospheric conditions). The
initial and external temperatures were always regulated
by submerging the cell inside a temperature controlled
water bath at 19 °C.

Pore water pressure
transducer (Py,

Strain gauge
Pore water pressure
transducer (Py,

— i
Fig.1 Modified scheme of the heating cell.

The heater with controlled power supply remained
switched on for 24 hours during the heating stage and
later switched off to perform the cooling phase.
Electric power supplied to the heater is shown in Table 2
for different heating stages performed (thermal stages
2-4). Tests ended when soil temperature reached the
initial value (around 19 °C).

Table 2 Testing results in different stages.

Power  Max./min. Py1 (MPa) P,, (MPa)
Stage supply, temperature,
P (W) T, (°C)  Heating Cooling  Heating Cooling
2 2.78 28/19 1.15 0.81 1.13 0.85
3 9.63 53/19 1.38 0.48 1.39 0.48
4 19.0 85/19 1.69 0.17 1.83 0.13

3 Experimental results

3.1 Hydration phase

Permeability was measured under steady-state
conditions during the hydration phase, which was

equal to 5.7x10""* m/s and was in agreement with the
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horizontal permeability reported in Table 1 (bedding
planes are parallel to the direction of axial symmetry).
Figure 2(a) shows the time evolution of water outlet
volume measured under steady-state condition at
backpressure of 1 MPa which was used for the water
permeability determination. Figure 2(b) presents the
pore water pressure under steady-state conditions with
1 MPa backpressure at different elevations on the
sample (0.75 MPa at 25 mm from the bottom, 0.26

MPa at 75 mm and atmospheric conditions at 100 mm).

The results adequately confirm the linear relationship
of the pressure transducers in this homogeneous soil
prior to the thermal phases.

W
(=}
1

Borehole sample
wo =23.2%, e = 0.62
Kun=5.7x10"% m/s

[}
(=}
T

2.18 cm’ per day

—_
(=]
T

Water outlet volume (cm®)

0 1 1 1 1
0 4 8 12 16

Time (day)
(a) Time evolution of water outlet volume under steady-state condition.
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Fig.2 Results of hydration phase.

3.2 Heating and cooling phases

Figures 3—5 show the results obtained in thermal
stages 2—4, respectively. The maximum temperature in
the heater reached 85 °C during thermal stage 4
(Fig.5(a)), which was accompanied with a maximum
pressure build-up during quasi-undrained heating of
1.83 MPa (Py»), and slightly less than the value at
lower pore water pressure transducer (Py;=1.69 MPa),
which is placed near the bottom draining boundary
(Fig.5(b)). cooling and
returning to the initial temperature along thermal stage
4, the pore water pressures dropped to 0.13 MPa (Py;)
and to 0.17 MPa (Py,), respectively.

During quasi-undrained
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Fig.3 Results of thermal stage 2.
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Fig.4 Results of thermal stage 3.
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Fig.5 Results of thermal stage 4.
Table 2 summarizes the increased maximum

temperatures and the corresponding minimum ones by
cooling, as well as the pore water pressures obtained
from different quasi-undrained heating/cooling stages
at the maximum and minimum temperatures.

During heating stage, the pore water pressure

increased due to its large thermal expansion coefficient.

The changing magnitude of pore water pressure
depends on the rate and the range of temperature
increase/decrease (quasi-undrained heating), soil
compressibility (dependent on the stress state), thermal-
expansion coefficient, water permeability, porosity, as
well as the applied hydraulic boundary conditions. The
change in pore water pressure under thermal loading
and saturated conditions was analyzed assuming the
volumetric compatibility between soil matrix and their
constituents (liquid and solid) using compressibility
and thermal expansion coefficients [9, 10]. Figure 6
summarizes the absolute values of the changes in pore
water pressure for each thermal stage at maximum/
minimum temperatures during quasi-undrained heating/
cooling (absolute values of temperature changes are
obtained from measuring point 7} heater). In thermal
stage 4, a larger pressure build-up is detected at the
upper pore water pressure transducer due to the fact
that the measuring point is located at a larger distance
from the draining boundary. As observed in Fig.6, the
quasi-undrained pressurisation coefficient, defined
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Fig.6 Pore water pressure changes vs. temperature changes at 7
heater.

as the pore pressure increase due to unit temperature
increase, around 0.013 MPa/°C is obtained.

As observed in Figs.3(b), 4(b) and 5(b), after the
quasi-undrained heating pulse, pore water pressures
dissipate at constant temperature towards the value
applied by the hydraulic boundary condition (1 MPa).
Pore water pressure Py, dissipates more slowly due to
its larger distance from the draining bottom boundary.
It can be observed in the figures that the time required
to dissipate pore water pressure at upper transducer is
less than 12 hours. An equivalent phenomenon is
observed in these figures after the quasi-undrained
cooling, in which pore water pressures increase at
constant temperature towards 1 MPa after the initial
drop. Again, pore water pressure Py, dissipates more
slowly due to its larger distance from the draining
bottom boundary.

Figure 7 presents a zoom of the time evolution of
pore water pressure (Py,) and temperature (7%) changes
during thermal stage 4 in both heating and cooling
phases. These sensors are located close to the draining
boundary and at the same height (Fig.1). As observed,
changes in water pressure develop at a faster velocity
compared with temperature changes during quasi-
undrained heating/cooling conditions. In fact, pressures
start to dissipate or increase towards the hydraulic
boundary condition applied before the temperature
reaches its maximum or minimum value in the heating
or cooling phase. A similar fast water pressure
response compared with temperature was observed
when heating under water undrained conditions.
Regarding water pressure dissipation before reaching
the maximum temperature, Gens et al. [11] observed a
similar response under in-situ conditions, in which
pore pressure evolutions did not match the temperature.
Numerical analyses of these heating/cooling tests
under different hydraulic boundary conditions are
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Fig.7 Zoom of time evolution of pore water pressure (Py;) and
temperature (73) changes during thermal stage 4.

currently being performed to explain these observed
features.

4 Conclusions

A series of tests along heating and cooling paths
were performed on Boom clay, a potential host
formation for geological disposal of high-level nuclear
waste in Belgium, to study the impact and
consequences of thermal loading on this deep clay
formation. Thermal tests were performed in a
fully-instrumented  heating cell ~with  several
thermocouples and pressure transducers under nearly
constant volume and controlled hydraulic boundary
conditions. Selected results of a comprehensive
experimental programme on intact borehole samples
retrieved in the horizontal direction were presented and
discussed in terms of the joint measurements of
temperature and pressure changes during the
application of heating/cooling cycles. A value of the
quasi-undrained pressurisation coefficient, defined as
the pore pressure increase due to unit temperature
increase, about 0.013 MPa/°C, was obtained when
plotting water pressure changes in different quasi-
undrained heating/cooling stages at maximum and
minimum temperatures. When comparing simultaneously
the time evolutions of pressures and temperatures, it
was observed that water pressure changes developed at

a faster velocity compared with temperature changes
during the quasi-undrained heating and cooling
consitions. In addition, pore water pressures started to
dissipate or increase towards the hydraulic boundary
condition applied before the temperature reached its
maximum or minimum value in the heating or cooling
phase, i.e. pore pressure evolution did not match the
temperature one.

The extensive data collected are currently being
used to calibrate thermal and hydraulic properties by
gathering thermal, hydraulic and mechanical results

using a fully coupled thermo-hydro-mechanical code.
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