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ABSTRACT: Chalk has long been used as a strong building material. The shallow underground room-andpillar quarries where the chalk was extracted now lie abandoned and endure the effects of time and weathering,
increasing their risk of collapse. The risk of instability is an issue for more than 10 000 towns in France. We
have studied the physico-mechanical behaviour and ageing of two types of chalk in underground quarries in
the Parisian Basin, France. The dolomitic chalk (Saint-Martin-Le-Nœud) exhibits variations in mechanical and
physical properties with horizontal pillar depth, and both density and compressive strength appear to increase
outwards from the core to the wall of the pillar. SEM analysis reveals progressive degradation and increasing
homogeneity of the grains from the edge to the inside of the pillar. In contrast, in physico-mechanical tests and
SEM analyses performed on the Estreux glauconitic chalk, no significant variation was observed between the
pillar wall and pillar core.
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INTRODUCTION

Alteration can be defined as a modification of the
physico-chemical properties of minerals and therefore rocks, by atmospheric agents, groundwater or
thermal waters (Foucault & Raoult 1995). The process is dependent on climate, water and temperature,
as well as on the nature and degree of fissuring of
the rock. Alteration generally leads to less-coherent
rocks, promoting their deterioration and eventual failure (Gupta & Seshagiri Rao 2000, Massuda 2001).
Macroscopic signs of alteration include the appearance
of cracks, microfractures and macroporosity, as well
as the presence of hard deposits that result from chemical transformations (Oyama & Chigira 2000). The
alteration of rocks by dissolution (limestones, tuffs,
sandstones, crystalline rocks), with or without mineral
neoformation, has been studied by numerous authors
(Gupta & Seshagiri Rao 2000).
The term “ageing” refers to weathering of a rock
within a medium influenced by human activity. In the
context of underground structures, the term is used
to describe the range of mineralogical and physical
modifications of the rock over time. These modifications then lead to a deterioration of the hydraulic or
mechanical properties.
The effect of time on the behaviour of an
unlined underground structure encompasses various

phenomena responsible for the variations in the material properties: (i) degradation of minerals in the
rock as a result of physico-chemical action, leading to a reduction in the mechanical characteristics;
(ii) differed deformation due to constant loading;
(iii) variations in humidity (often linked to the airing conditions in the underground quarry) and thus
in the saturation and suction conditions that affect
the rock mass, over time. These cyclical variations in
the hydric boundary conditions may generate damage
due to hydro-mechanical coupling.
The influence of all of these phenomena must be
taken into account when studying the temporal evolution of underground quarries, with the aim of being
able to provide optimum remediation strategies for
ensuring the long-term stability of the quarries with
regards to public safety and the protection of built
resources.
In the present study, we restrict our assessment of
ageing to two types of chalk sampled in two different
underground quarries. Following a short description
of the quarries and sampling methodology employed,
the scanning electron microscope (SEM) observations of the chalk samples are discussed in detail.
The trends in a number of physico-mechanical parameters (porosity accessible to water, water content,
density and uniaxial compressive strength) are then
highlighted.
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DESCRIPTION OF THE UNDERGROUND
QUARRIES

Chalk is an easily-crafted material that has been used
for centuries in building and construction. The shallow underground room-and-pillar quarries where the
chalk rocks were extracted have since been abandoned
and now endure the effects of time and weathering, potentially increasing their risk of collapse. In
order to prevent this risk, the “Institut National de
l’Environnement Industriel et des Risques” (INERIS)
has been studying the behaviour of the rock in two
partially flooded underground chalk quarries, subject
to water table fluctuations, at Estreux (EX) and StMartin-Le-Nœud (SM) in northern France (Gombert
et al. 2013). These quarries, located at an average
depth of 20 to 25 m, were exploited by the room
and pillar method, with an extraction rate of 60–75%.
The quarries were abandoned over a century ago. In
situ instrumentation was implemented in these quarries in 2004 and 2009, with the aim of determining
the impact of water-table fluctuations on their stability. These fluctuations lead to chemical interactions
between the chalk and the water, thereby affecting the
mechanical behaviour of the chalk through changes
in the weathering conditions (Talesnick et al. 2001,
Schroeder 2002, 2003, Risnes et al. 2003, 2005,
Duperret et al. 2005, Nguyen 2010, Gombert et al.
2013, Lafrance et al. 2014). Preliminary laboratory
characterization (e.g., mineralogical studies and uniaxial and triaxial compression tests) has also been
undertaken (Gombert et al. 2013, Lafrance et al. 2014).
Nevertheless, the hydro-chemo-mechanical behaviour
of the chalk remains poorly understood due to complex
interlocking phenomena that act on the mechanical
behaviour of chalk. It therefore remains necessary
to address this issue in the framework of multi-scale
(SEM, laboratory and in situ scales) and multi-physics
(mechanic, hydraulic and chemical) approaches.
The Saint-Martin-le-Nœud underground quarry
(SM) is located on a hillside to the south of Beauvais
(Oise, Picardie, France). The chalk was quarried by
the room-and-pillar method, leaving behind galleries
of between 3 and 5 m width, originally 4 m in height,
and irregular pillars of between 2 and 4 m width. The
estimated rate of extraction is 50% to 67% (Gombert
et al. 2013). Based on the overlying rock thickness
(25 m), the average vertical stress in the pillars is about
1 to 1.5 MPa. The stratigraphy of SM has a near-tabular
profile with a gentle dip (≈4–10◦ ). Due to this shallow
dip, the deepest parts of the underground quarry reach
the shallow aquifer, resulting in the formation of several “underground lakes”. The Santonian-age chalk is
notable for its relatively high dolomite content (14%).
The average porosity is about 42%, with a tight range
of pore-size distribution.
The Estreux underground quarry (EX) is located in
the town of Saint-Saulve, close to the city of Valenciennes in northern France. A total surface area of
approximately 105 m2 has been excavated in underground quarries that date from the 19th century. The
quarry has been abandoned for more than a century.

Like the SM underground quarry, the EX quarry was
exploited by the room-and-pillar method and contains
galleries of 1.5- to 2-m width supported by rectangular pillars measuring 1.5 to 4 m from side to side
(rate of extraction ≈78%, overlying rock thickness
≈20 m, estimated vertical stress ≈1.8 MPa; Nguyen
2010). Backfilling of the entire exploited area with
mining waste has resulted in a lowering of the height
of the gallery, from an initial height of three meters
to its present height of two meters. The stratigraphy
has a tabular profile. The Turonian-age chalk contains
a relatively high amount (24%) of glauconite, a clay
mineral of the muscovite family, and is not as homogenous as the dolomitic chalk in terms of its structure.
The porosity is around 35% and displays a tight range
of pore-size distribution.
Chalk samples were collected from both sites by
drilling 120-mm diameter, 2 m long boreholes horizontally into the pillars. Cylindrical plugs (20 mm
diameter, 40 mm height) were taken from each of the
cores at intervals of approximately 10 cm. The longitudinal axis of each plug sample is therefore parallel
to the axis of the pillar. The same sampling approach
has been successfully applied to gypsum and iron ore
in previous studies (Auvray et al. 2004, Grgic et al.
2001, Grgic et al. 2013).
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SCANNING ELECTRON MICROSCOPE
OBSERVATIONS

Samples from both quarries were examined by scanning electron microscopy (SEM). In the SM chalk,
structural differences were observed between samples collected from the pillar-walls and those taken
from the middle of the pillars. At the pillar walls,
we observed euhedral crystals of 5 to 10 microns
in size micro-calcite that presented no signs of neoprecipitation (Fig. 1a). In contrast, crystals at the centre
of the pillars were micro- to submicron-sized in size
and xenomorphic (anhedral) (Fig. 1e), probably due
to partial dissolution. It was not possible to identify
any particular zoning of these differences; both the
decrease in crystal size and the change from euhedral
to anhedral crystal shape appeared to be continuous
from the walls to the centres of the pillars. It was not
possible to distinguish or measure the dimensions of
any dissolution fringe.
In contrast to the EX chalk, no variation in crystal
size with horizontal core-depth was observed in the
Estreux chalk pillars. A number of crystals in each
sample plug exhibited clear dissolution marks (Figs. 1f
and 1j).
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PHYSICO- MECHANICAL
CHARACTERIZATIONS

Different physical and mechanical parameters were
determined for all cores of up to 2 m length: rock
density (dry and at saturation) (ρdry/ρsat); porosity

Figure 1. Structural and morphological variations (⇒: dissolution marks) in the Saint-Martin-Le-Nœud and Estreux chalks.

Figure 2. Variations in physico-mechanical parameters with horizontal core-depth (SCx: horizontal core, nw: porosity accessible to water, w: water content, ρ: density, Rc: uniaxial compressive strength, sat: in a saturated state, sec: in a dry state) in
the Saint-Martin-Le-Nœud chalk.

accessible to water (nw); water content at saturation (Wsat); and uniaxial compressive strength under
dry/saturated conditions (Rcdry/Rcsat). The water
used to saturate the samples was saturated (in terms
of calcite) prior to the experiments in order to avoid
any dissolution of the rock. The compression tests
were performed using a hydraulic press of 5 kN capacity. Some internal variation was observed in the data
acquired from laboratory tests performed under dry
and saturated conditions, however a discussion of these
variations is beyond the scope of our study. We can
nevertheless discuss the main variations observed in
the physico-mechanical properties of the chalk with
horizontal core-depth.
The results of the tests performed on samples
from the SM underground quarry are presented in
Figure 2: (i) the observed variations in the four

physical properties (densities, water content and
porosity) clearly indicate the existence of two distinct
domains in the pillars: one between the wall and a
depth of 75 cm, and the second from a depth of 75 cm
to the middle of pillar. In the outer domain, wet and
dry densities decrease with depth while the wateraccessible porosity and water content increase. In the
inner domain, despite some internal variation, the
physical properties generally appear to form plateaus;
(ii) in terms of the mechanical properties (uniaxial
compressive strength in saturated and dry conditions),
two domains of variation can again be identified in
the pillars but the boundary between them occurs at
50 cm horizontal depth rather than at 75 cm. In the
outer domain, uniaxial compressive strength does not
vary and can be considered constant. Approximately
the same mean value was obtained for both dry and

Figure 3. Variations in physico-mechanical parameters with horizontal core-depth (SCx: horizontal core, nw: porosity accessible to water, w: water content, ρ: density, Rc: uniaxial compressive strength, sat: in a saturated state, sec: in a dry state) in
the Estreux chalk.

saturated states. In the second (innermost) domain, the
dry uniaxial compressive strength increases with depth
whereas the strength under saturated conditions forms
a plateau with a value that is 2–3 times lower than that
obtained at the edge of the pillar (in the outer domain).
Thus, a significant drop in saturated uniaxial compressive strength occurs at the transition between the two
domains.
Results for the tests on samples from the EX underground quarry are presented in Figure 3: (i) the trends
in the physical and mechanical properties of the EX
chalk are all continuous with core-depth. (ii) the resistance of dry and saturated samples under uniaxial
compression shows some variation, but there is no
clear overall trend with core depth. However, the variation in uniaxial compressive strength is identical to
that seen in the second domain of the SM chalk, i.e.,
increasing from the wall to the middle of pillar in the
dry state and forming a near-plateau in saturated uniaxial compressive strength; (iii) overall, the trends are
more clearly defined in the EX chalk than they are in
the SM chalk, but the main variations are of smaller
magnitude at EX.
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INTERPRETATION & DISCUSSION

In the chalk from the EX underground quarry, the
intensity of the traces of dissolution does not vary
along the length of the core (Lafrance et al. 2014), however the porosity accessible to water decreases from the
pillar wall to the middle of the pillar. Water (vapour
and/or liquid) will progressively dissolve crystals and
penetrate a pillar towards its centre. An increase in
porosity accessible to water is therefore a direct effect
of dissolution. Consequently, the amount of empty
space, such as cracks and pores, should be greater at the
pillar walls than in the middle of the pillars. From the
SEM observations (Fig. 1), these empty spaces appear
to be in the form of dissolution cavities. The dissolution does not appear to be zoned, however, and in
fact, the entire pillar appears to have experienced partial dissolution. According to these hypotheses then,
the strength of the material should increase towards

the centre of a pillar (the edges of the pillars being
more damaged than their centres and being composed
of more porous material). However, the data obtained
from the uniaxial compression tests suggest that the
strength of the chalk is in fact highly variable, masking any correlation with core depth if it does indeed
exist. It is possible that the anthropogenic changes,
synonymous with ageing, are too advanced in these
pillars to allow either a dissolution fringe or progressive degradation to be distinguished. Investigation of
samples from a longer, horizontal borehole drilled into
the rock face could shed further light on this.
In the SM underground quarry samples, no dissolution marks were observed at the edges of the pillar at
the scale of our observations (Lafrance et al. 2014), but
dissolution marks become increasingly visible towards
the centres of the pillars. In addition, a large decrease
in the size of calcite crystals was observed from the
edge to the centre of the pillar. However, the explanation put forward for the EX chalk does not hold for
the SM chalk. Even though the density of the rock
decreases from the pillar wall to its centre, the other
parameters – water-accessible porosity, water content
at saturation and strength under uniaxial compression
in saturated conditions – all show an overall decrease
towards the centre of the pillars. In other words, the
centres of the pillars appear to be more damaged than
their walls.
In an attempt to explain these variations, a number of hypotheses can be put forward. Sorted by their
reaction rate, these include (in descending order):
(i) vertical drainage that is greater down the interior of the pillar than down its edges; (ii) aggrading
neomorphism or Ostwald ripening; (iii) an oxidizing
environment, which would favour recrystallization at
the pillar edges:
i) Vertical drainage through the pillar:
Barhoum (2014) demonstrated that a significant
proportion of the water circulation in the SM quarry
study area takes place vertically. The pillars therefore appear to act as giant stalactites (Gombert
2014). Stalactites are formed by the crystallization
of rings of calcium carbonate towards the exterior

during carbon dioxide outgassing, forming a tube
through which water can percolate. Crystallization around the pillar edges is therefore feasible.
As well as playing a role in chemical weathering
via dissolution, water also plays a part in erosion.
The dissolved ion content of the percolating waters
is usually equal to or lower than that of the lake
waters. Because the core of the pillar is in a permanent state of saturation, oversaturation/oxidation of
the environment does not occur. As the residence
times of fluids (a mixture of primarily percolating water and underground lake water (Barhoum
2014) are longer in the centre of the pillar than at
its edges, the loading surface of the crystals will
change in the presence of crystals, and dissolution as well as particle transport will dominate over
crystallization.
ii) Aggrading neomorphism (Ostwald Ripening):
In the SM chalk, the largest crystals at the
edges are well-formed rhombohedra, very different in form and size from the minute calcite shells
encountered in the chalk. No dissolution cavities
were observed in these large crystals whereas some
were observed in the smaller crystals. The fact that
dissolution marks are present in the small crystals
but not in the large crystals suggests that the latter
are more stable and more resistant to dissolution.
This discrimination between crystal size is characteristic of aggrading neomorphoism or the Ostwald
‘ripening’ phenomenon, which is driven by differences in surface energy (Ratke & Vorhees, 2002;
Voorhees & Glicksman, 1984). Ostwald ripening
is a spontaneous process in which minute solid
particles evolve through time in a lightly oversaturated liquid. The grains all have the same chemical
composition but differ in size. The ripening process is driven by the dependence of the solubility
of a crystal on crystal size, and is expressed by
the Gibbs-Kelvin relationship. The SM quarry is
situated directly at the level of the water table
(or unsaturated zone) (Barhoum 2014) and waters
derived from the lakes that have formed around the
pillar are in chemical equilibrium with the calcite,
at a pH level of around 7.30. The edges of the chalk
pillars are therefore subject to quite frequent wetting/drying cycles, which are largely synchronous
with fluctuations in the water table (Gombert 2014).
iii) Evolution in an oxidising environment predisposed
to recrystallization:
Of the different accessory minerals found in
chalk, silica, like clay, has a tendency to inhibit the
dissolution/recrystallization of calcite, which is in
equilibrium at a pH of around 8.0.
The pillar in the underground quarry at SM, appears
to have evolved in an oxidising environment. The pH
is stable at around 7.30 (and does not vary over the
course of the year; Barhoum 2014) and, like for hydrogen carbonates, the water is saturated in oxygen in a
cyclical manner according to the period of the year.
However, sufficiently oxidising conditions in the chalk
will lead to the breakdown of organic matter and the

clearing of crystal growth sites. Recrystallization will
take place once a site is completely free of organic
matter and the environment is enriched in calcium and
hydrogen carbonate ions (Belova and al. 2012, Robinson & Woodun 2008). The oxidising properties, the
cyclical oversaturation (via fluctuations in the water
table) and the chemistry of the water, together represent a set of conditions that are particularly favourable
to the recrystallization of calcite at the edge of a pillar. Such conditions do not appear to exist at the core
of the pillars, which are continually saturated (see the
following section).
The chalk at EX exhibits traces of dissolution but
no recrystallization (according to the SEM images).
The pH of the groundwater in the surrounding area is
clearly lower than that required for calcite equilibrium
and is therefore potentially oxidizing. However, the
chalk also contains a relatively high amount of glauconite (a green ferrous alteration mineral that forms
in a reducing environment during diagenesis) which
will act as a reducing agent. If the reduction potential
is greater than the oxidation potential, as seems to be
the case here, then the environment will remain in a
reducing state and the clay matter will retain its role as
an inhibitor of recrystallization and have a buffering
effect on the oxidising properties of the water. However, because the pH is lower than the equilibrium
pH of the calcite, the calco-carbonic equilibrium is
displaced and dissolution marks may begin to appear.
Any one of these mechanisms, or indeed a combination of two or all three, may explain the observed
decrease in the physical and mechanical properties of
the rock towards the centres of the Saint-Martin pillars. Elsewhere, a dataset comprising measurements of
resistance under compression for horizontal boreholes
drilled into a phosphate chalk underground quarry at
Malogne at Cuesmes, near Mons in Belgium (Funcken
& Welter 1996) is currently available. The resistance
values measured in the Malogne chalk appear to
decrease towards the interior of the pillar. This supports the findings of our study and allows us to favour
the hypothesis of preferential vertical drainage down
the middle of a pillar. It also suggests that the trend
shown for SM underground quarry is not merely an
isolated case.
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CONCLUSION

Evidence for temporal changes to chalk in underground quarries where human activity has long ceased,
which can be interpreted as ageing, are observed at
the underground quarry at SM. The density and intensity of dissolution marks in calcite grains appears
to decrease outwards from the inner-core of the pillar towards the pillar walls. However, rock density
decreases in the opposite direction, from the wall
towards the centre, and parameters such as wateraccessible porosity, water content at saturation, resistance to uniaxial compression under saturated conditions also present an overall decrease from the wall
towards the middle of the pillars. Three hypotheses,

sorted by their reaction rate in descending order, can be
put forward to explain the observed variations: (i) vertical drainage that is greater down the interior of the
pillar than down its edges; (ii) aggrading neomorphism
or Ostwald ripening; (iii) an oxidising environment
which favours recrystallization at the pillar edges.
At the Estreux site, the ageing of the glauconitic
chalk already appears to be at an advanced stage. The
level of uniformity in the data suggests that there is
currently no intermediate stage between a ‘healthy’
and an aged state (with dissolution marks). This may
explain why we were unable to distinguish any zoning
of either dissolution marks or resistance to uniaxial
compression.
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